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RESUME ETENDU DE LA THESE EN FRANCAIS
CHAPITRE I: INTRODUCTION

La recherche présentée dans ce manuscrit est le résultat d'une étude dietvoide
ans, au cours de laquelle jai étudié les propriétés antibactériennes des matrices organiques
(MO) de la coquille des bivalves d'intérét économifoee pr oj et sdéinscrit
consortium FishMedP h D pi | ot ® par | GAUna Mater Btediorur@ncdre Bol o
appelée UniBo). Il a pour visée a long terme la possibilité de recycler les coquilles de bivalves
de consommation courante (hu tres, moules, <c
coproduits de la péche et de la conmufture- en vue de développer une économie vertueuse.
Les coquilles vides, aprés consommation, sont en effet une ressource extrémement abondante,
qui ne sont valorisée a ce jour que par des applications de peu de valeur ajoutée (remblais,
bétons, complémmnt s al i ment aires pour volaille). Or,
processus de biomin®ralisation, ce qui i mp |
organiques (protéines, polysaccharides), pratiguement pas exploités actuellementjbton p
a pour but de mettre en évidence certaines propriétés de ces composés organiques coquilliers,
et en particulier | eur capacit® antibact ®ri e
de recherche d'agents antibactériens dans les coqigllbs/alves plutdt que dans les tissus
mous. La deuxieme nouveauté réside dans le fait que le projet cible spécifiguement des
pathogénes marins de poissons et de mollusques. Ainsi, a moyen terme, mes recherches peuvent

avoir des applications relativementd ect es dans | e domaine de | 0

1.1 Introduction

Depuis la naissance de la civilisation au Pre©hient, les étres humains ont toujours
cherché a s'installer pres des cétes. En raison des avantages évidents que procure un acces direct
aux mes et aux océans, les peuplements humains sont en effet (pré)historiquement plus
concentrés dans les zones cétiéres, cette tendance se renforgant massivement aujourd'hui avec
'augmentation drastique de la population mondiale. Selon une estimation duritnegdes
Nations Unies pour I'Environnement (UNEP), environ 40 % de la population mondiale vit a
moins de 100 kilométres de la cote. Ce pourcentage atteint 60 % si I'on considére une zone
frangeante de 150 km. Ce p h ®n olenfaingae parmiiles | ust r
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 dt€énde population et de l'activité économique
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dans les zones cotieres généres une intensification des pressions environnementales exercées
sur les écosystémes cétiers. Ce phénomeéne, qui n'épargne aucune partie du globe, est
particulierement marqué en Eusgt dans le bassin méditerranéen, qui déja soumis a un trafic
maritime intense et a une surexploitation de ses ressources aquatiques, voit sa vulnérabilité
s'accentuer d'année en année.

OQutre | a favorisation doexpor pastramsgort pr odu
maritime, les environnements cotiers offrent des avantages concrets aux zones densément
peuplées en termes de disponibilité alimentaire immédiate. La péche cotiere, la péche hauturiere
et les installations aquacoles constituent ainsi legipanx 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 e¢ldwiayas,
dont les bienfaits orété reconnus trés t6t dans I'histoire de 'Humanité. En effet, les premieres
traces de consommation de mollusques remontent a plus de 100 000 ans (voir Chapitre 1). De
nos jours, les techniques de conchyliculture et de péche des mollusques proputkeEmnieess
au rang de denrée alimentaire essentielle a I'échelle mondiale. Cette importance est
particulierement marquée en Asie et en Europe ou ils constituent une part significative du
régime alimentaire et de I'économie maritime. Cependant, leur uitgerlimite pas a la
consommation : depuis la préhistolecoquille organe de protection externe des mollusques,

a éteé recyclée et employée a des fins multiples, allant de I'esthétique au pratique en passant par
les us culturels. Ces aspects variést sxplorés plus en détail dans la seconde section du
Chapitre | de ma thése (1.2Des ornements aux biotechnologies : L'évolution de l'utilisation

des coquillages de mollusques a travers les ages », revue bibliographique soumise a la revue
internationaleJournal of Ethnobiology

La coquille est un exosquelette biominéralisé et, a ce titre, présente des propriétés
physigues et biochimiques particulieres dues a sa nature emgaémle. En effet, la fraction
organique, également appelée matrice coqugllien 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 cetteatrice, qui comprend un large éventail de fonctions peu
connues, qui ne sont pas nécessairement associees au processus de biocalcification. En quelques
mots, la coquille est devenue une source potentielle de composants intéressants dans plusieurs
domainesd'application, notamment dans les biomatériaux, la santé ou l'environnement. La
recherche de fimol ®cul es utiles dans | es coqu

de coquilles vides produits suite a la consommation alimentaire de mollusgoes s
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considérables : on estime qu'environ 10 millions de tonnes de coquilles provenant d'huitres,
palourdes, coquilles Saidacques et moules sont produites chaque année. Une grande partie
de ces d®chet s reste t ot al e mertarttes nuisamcep | oi t ¢
environnementales et sociétales (Mosmtsal, 2019; Topi | et Bp2028V Dahs le
présent manuscrit, je revisite l'utilisation des déchets coquilliers, dans la perspective de
développer des applications innovantes a forte vagautée : l'utilisation de substances
antimicrobiennes issues de coquilles d'intérét économique. A cette fin, j'ai extrait et caractérisé
les matrices organiques des coquilles de plusieurs espéeces de moljusqye$ a i ai nsi
place deux types detest de cr i bl age anti bact®ri en, comp
protéomique. Les résultats de mes travaux peuvent avoir des retombées dans divers domaines,
not amment en aquacul tur e, dans |l a sant® ou
recherche discrit dans le cadre du programme pluriannuel FishRteEd (nnovative
Technologies and Sustainable Use of Mediterranean Sea Fishery and Biological Rgsources
piloté par l'université de Bologne. D'une maniere générale, ce programme s'inscrit dans une
recheche de mise en place dune 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 awe aas's d
trois dernieres années, je souhaite partager avec le-a lecteur-ice de ce manuscrit une
introduction dans laguelle je brosse le tableau des multiples utilisations des coquillages a travers
les &ges (section 1.2) et passe en revue la production desquabs et énumere les défis actuels
de cette industrie (section 1.3). Enfin, je conclus le premier chapitre en exposant le plan général

de la partie pratigue de mon travail (section 1.3).
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1.2. Des Ornements Aux Biotechnologies : L'Evolution de I'Utibsades Coquillages de
Mollusques a Travers les Ages

Section calibrée comme un article de revue bibliographique qui est actuellement soumis a une
revue internationale (Journal of Ethnobiology) pour publication.

Les mollusques ont toujours représenté sorce importante de nourriture pour les
populations humaines. Un sepoduit de la consommation de mollusques est la coquille, un
squelette externe composé de carbonate de calcium. Plutét que d'étre simplement considérée
comme un déchet, la coquille desllusques a, a de nombreuses reprises au cours des temps,
été réutilisée ou recyclée pour des applications diverses et variées. Cette revue énumere les
différentes utilisations des coquilles de mollusques au cours des siécles, depuis le paléolithique
jusqu' " aujourd' hui . Pour plus de clart®, | oali
les utilisations esthétiques, religieuses et culturelles, les utilisations pratiques, les utilisations
médicinales et pharmaceutiques traditionnelles et, elefnapplications récentes et futures.

Les coquilles étant des composites organneraux, elles constituent un immense réservoir de
macromolécules potentiellement bioactives qu'il convient d'étudier. Le développement
d'applications a haute valeur ajoutéesées sur I'exploitation des coquillages représente une
perspective fascinante pour les temps a 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 k santé et de la gestion des déchets.

Dans cette revue, br ve en comparaison de
je tente de couvrir au mieux les multiples utilisations des coquillages a travers le temps et
I'espace. Bien que certaines de oégtilisations soient anciennes ou traditionnelles, elles
révélent des propriétés remarquables mais insoupgconnées des coquillages : pensons simplement
a I'exemple étonnant des implants dentaires mayas en nacre de mollusque (section 1.2.3.
«Médecine Tradibnnelle et Usages PharmaceutigeesAujourd'hui, en 2025, on ne sait
toujours pas ce qui a fait le succes de cette opération réalisée il y a 12 ou 13 siecles. Une partie
du secret réside probablement dans les composants organiques de la matrice, dpiinacre
per mett einntt @groastti®on doéi mpl ants de nacre dans
a considérer les coquillages comme d'immenses réservoirs inexplorés de composants bioactifs

et & revisiter leur reconversion pour des applications a kialger ajoutée.
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1.3. Aquaculture des Mollusques : Dynamiques de Production, Défis et Développements Futurs

Dans cette section de ma thése, je fournis une analyse approfondie de I'évolution
historique et des tendances contemporaines de l'aquaculturaotlasques. Je retrace le
développement de I'exploitation des mollusques depuis le Paléolithique inférieur jusqu'a nos
jours, mettant en lumiere les innovations et les pratiques qui ont fagonné cette industrie. En
effet, la transition du PaléolithiqueAu® o | i t hi que voit | 6®vol uti on
vers une activité organisée. Afin de pérenniser cette ressource, les populations articulent les
préléevements autours des cycles de vie des mollusques, développant des pratiques de gestion
durablede st ocks et allant jusqudé”™ |l a cr®ation d
par I'élevage d'huitres plates dans la Rome antique. Ces développements historiques ont jeté les
bases de I'aquaculture moderne des mollusques.

L'aquaculture des mollusga a connu une croissance significative ces derniéres
décennies, surpassant pour la premiere fois la péche 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%1Ide la production aquatique totale. Les mollusques représentent
environl72 1% de tous |l es produits aquacoles sel or
de plus de 75% des bivalves sur le marché, atteint une production mondiale annuelle d'environ
18,9 millions de tonnes. Les huitres creuses et les coquillesJaanues figurent parmi les
espéeces marines les plus exploitées. La Chine domine la production mondiale, représentant 85%
de la biomasse totale, tandis que I'Europe contribue a hautels%eEn Europe, 'Espagne
est le plus grand producteur aquacole de mollusques, se concentrant principalement sur la moule
méditerranéennilytilus galloprovincialis La France, quant a elle, est le principal producteur
européen d'huitres creuddagallana dgas, avec une production annuelle de 78 000 tonnes. Il
convient de noter que la génération de gmasluits coquilliers dans la conchyliculture est
significative, représentant jusqu'a 75% du poids total de la production dans la plupart des
exploitations.Cette proportion varie selon les especes, allant de 45% pour les moules a 90%
pour certaines especes a 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 devenil e pri nci pal producteur de
partie de la population humaine. Ce secteur trés actif de l'industrie alimentaire génére d'énormes
guantités de soysroduits, les coquilles, estimées a environ 10 millions de tonnes par an. Bien
gueles 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 a la fois

environnementales et sociales. Les connaissances passees, traditieno@tieEsmporaines sur
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les propriétés supposées et avérées des coquilles de mollusques suscitent l'intérét pour ces
organes minéralisés prometteurs, qui ne demandent qu'a étre reutilisés. En effet, plusieurs
études se concentrent déja sur les propriét@&piosluctives et cicatrisantes des coquilles de
bivalves ; et I'état actuel des problématiques de proliférations de pathogenes souleve des
inquiétudes concernant les miasoganismes multirésistants et les maladies émergentes dans
les secteurs sensiblesegsont la sécurité alimentaire, la conservation des environnements et de

la santé humaine en général.

Dans ce contextema recherche doctorale se concentre sur la recherche de
molécules antibactériennes dans une ressource gaspillée tres abondant@i ansi
l'intention de développer une nouvelle approche, innovante et sophistiquée, pour valoriser les
coquilles du secteur alimentaire. A cette fin, j'ai extraiteactérisé les matrices organiques
de sept bivalves de consommation courante et j'ai réadiséblage antibactériencontre des
pathogénes marins en combinaison avec une approgretéomique sur les extraits de
coquilles.

La structure de mon manuscrit se déroule comme suit : dans le chapitre suivant, le
Chapitre 1, je discute des difféerentystémes de défense des bivalves, avant de me concentrer
sur la description des coquilles des modéles que j'ai étudiés et de leurs microstructures. Ce
chapitre se termine par I'établissement d'un inventaire exhaustif et actualisé de tous les peptides
et prdéines antimicrobiens (AMPP) identifiés dans les tissus mous des mollusques, en
établissant un paralléle avec ma recherche doctorale de ces molécules dans les tissus calcifiés
de la coquille. LeChapitre llireprésente le point central et expérimental @enanuscrit. J'y
présente la mise en place du criblage antibactérien et l'analyse protéomique qui s'ensuit : les
espéeces modéles utilisées comme sources de molécules potentiellement bioactives, leurs cibles
bactériennes et l'adaptation des protocoles dts teur des microrganismes marins. Ce
chapitre comprend deux articles, I'un portant sur un protocole innovant permettant d'utiliser
pour la premiére fois des composés insolubles de la matrice coquilliere, et I'autre soumis pour
publication, exposant legsultats positifs du criblage antibactérien.Qleapitre [Vregroupe
les miscellanées : les données non publiées (résultats négatifs du criblage) et les phases
i nter m®di aires des exp®rimentations. Ces do
fournisent des informations cruciales sur I'ensemble du criblage antibactérien et sur la culture
de bactéries encore peu documentées. Dabbdeitre V je développe la discussion générale
de ma these et je présente une vue d'ensemble des connaissances @éwglappau criblage
antibactérien et a I'exploration protéomique des extraits de matrice coquillere. 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. Bnfe Chapitre VIest une annexe a mon projet de
recherche doctorale. J'y insére deux articles auxquels j'ai collaboré de fagon substantielle : I'un
publié en 2023, explorant le domaine biomédical a travers les propriétés inductives
ostéogéniques de la mac et I'autre sur un nouveau procédé analytique combinant I'imagerie
multispectrale et les gels électrophorétiques de pigments de coquilles de gastéropodes existants
et fossiles (45 millions d'années).

CHAPITRE Il : FOCUS SUR LES MECANISMES DE DEFENSBES MOLLUSQUES
2.1. Les Mécanismes de Défense Intrinseques des Mollusques

Pour introduire ce travail de criblage antibactérien au sein de tissus calcifiés des
bivalves, il est i mportant dbéexposer | es m®c
jeu dans | e cadre doune fonction antibact ®r i
d'animaux les plus diversifiés. Ces organismes a corps mou sont largement répandus dans le
monde, ayant colonisé divers écosystemegrestres, marins et d'eaauwte- tout en étant
confront ®s aux menaces de | a pr®dation, de |
pathogénes. Pour survivre, les mollusques ont développé une série de mécanismes de défense
adaptés a leurs niches écologiques et auxsiores environnementales locales.-dela des
stratégies comportementales de survie, leurs défenses intrinséques comprennent la protection
physigque par les coquilles, les défenses physitmiques par le mucus et les substances
antimicrobiennes, et les ré@pses cellulaires par les hémocytes. Ce chapitre explore ces
systemes de défense intégrés et leurs synergies, avant de se concentrer sur les coquilles des
bivalves modéles utilisés au cours de ce doctorat et sur les composants moléculaires identifiés
dansles tissus mous des mollusques.

La coquille joue un réle crucial dans la protection mécanique contre la prédation et les
forces d'écrasement, tout en réduisant |'exposition aux parasites et en limitant la dessiccation.
Elle sert également de support stuet, permettant aux mollusques de maintenir la forme et
I'intégrité de leurs organes internes, et facilite la motilité via I'attachement mus(iudaved|,

1984; Cortie, 1992; Pondet al, 2020a).Bien que la présence d'une coquille externe soit
caracéristique de nombreux mollusques, ce trait n'est pas systématique au sein du phylum. Les
coquilles "vraies" sont observées dans le ggudum Conchifera, comprenant cinqg classes de
mollusques a coquille. Cependant, certains clades ont secondairemerdliséeou méme

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

constituées de carbonate de calcium-49% du poids), avec une matrice organique
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représentant -5%. Cette matrice, composée de diverses biomolgcydteie un rdle de
r®gul ation du d®p't min®ral | ors de | a for ma
demeure a ce jour a découvrir (Weieeal, 1984; Nudelmaset al, 2006; Marin, 2020). Chez
les conchiferes, les coquilles sont général@menstituées de deux polymorphes de carbonate
de calcium : I'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 spcifiques. Le type et l'organisation des microstructures présentes dans une
coquille influencent sa solidité, sa flexibilité et sa durabilité (Matial, 2012; Lianget al,
2021).

Les trois mécanismes suivants font partie d'un systéme de défensgpueh@ncellulaire
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 autlesmucus”, les "défenses cellulaires” et les
"s®curit®s mol ®cul aires" sont particuli reme
gui ont |l ieu dans tous | es compartiments du
viscoélastique complexsécrétée par les mucocytes des tissus en contact avec I'environnement
extérieur. Composé principalement d'eau et de glycoprotéines, il joue un role crucial dans la
survie des mollusques, représentant jusqu'a 25% de leur budget énergétique. Il remplit de
nombreuses fonctions physiologiques essentielles : il facilite la locomotion, aide a la rétention
d'eau chez les espéces terrestres et intertidales, posséde des propriétés antifouling et
antimicrobiennes, et participe a la cicatrisation et a 'homéostastet €galement de médium
pour la migration des hémocytes et I'accumulation dAMPPs, renforcant ainsi les défenses
immunitaires. Sa composition et ses fonctionnalités varient selon les espéces et leurs
environnements. Les défenses cellulaires sont asspegdes hémocytes, qui jouent un réle
central dans le systeme immunitaire inné des mollusques. Ces cellules mobiles, présentes dans
I'némolymphe et les tissus, se divisent en trois catégories selon leur taille et leur granularité.
Leurs fonctions princigles incluent la reconnaissance de particules étrangeres, la signalisation
immunitaire, le transport et la sécrétion de substances bioactives (toxines et/ou AMPPS),
| 6attaque d i forganisnees iwgtrass (phagocytos®, formation de nodules,
encapsulaon, mélanisation/biominéralisation) et la régulation de divers processus de
réparation tissulaire (coquille, plaies, coagulation sanguine). Les défenses moléculaires des
mollusques sont omniprésentes dans tout I'organisme et comprennent des molécules de
reconnaissance, des protéines de signalisation et des effecteurs antimicrobiens. Les hémocytes

jouent un réle central en produisant, stockant, transportant et sécrétant ces composés défensifs.
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Le systéeme de défenses moléculaires inclut des lectines,atémes a domaine fibrinogéne

et C1q, des enzymes lytiques, et la cascade de la phénoloxydase (PO). Les peptides / protéines
antimicrobien(ne)s (AMPPs) sont particulierement efficaces contre un large spectre de
pathogenes. Certains mollusques ont dévelapgs défenses moléculaires spécialisées et
adaptées a leurs interactions interspécifiquesc 6 est | e cas des venins
gastéropodes ou des pigments permettant de produire de l'encre chez les céphalopodes.
L'ensemble de ces mécanismedecun environnement hostile aux envahisseurs potentiels,
illustrant l'adaptation évolutive des mollusques a leurs niches écologiques. Les sections
suivantes de ce chapitre approfondissent les aspects des défenses des mollusques qui font I'objet
de ma rechehe doctorale, a savoir les coquilles des especes de bivalves étudi€es ici et les

AMPP présents dans les tissus mous des mollusques.

2.2. Les Bivalves et leurs Coquilles

JO®t ablis dans cette section une dlesscri pt
qui ont été utilisées au cours de ma recherche doctorale et une illustration de leurs
microstructures via des images de Microscopie Electronique a Balayage (MEB). Les
illustrations macroscopiques ont été fournies par Jérdbme Thomas (Biogéoscientisg)uan
les images MEB ont été acquises par-méme et par une stagiaire de Master, Marie Aries
Lasseron qui a travaillé dans I'équipe Biominéralisation du laboratoire Biogéosciences de
f®vrier ° mai 2024. Pour | e servations étaestenraccord ur e s
avec la littérature antérieure, en particulier Tagkoal. (1969, 1973) et Carter (1990). Ma these
se base sur sept mod | e s : qlare fiériomarphesegsie sdnd i nt ®
| 6 a man d &lycdneerismglgcymesj la moule méditerranéenimdytilus galloprovincialis
I'huitre creuse du Pacifiqdagallana gigasla coquille Sainrtlacque$ecten maximysinsi
que trois euhétérodontes que sont la coque comim@enastoderma edulda praireVenus

verrucosaet la palarde japonais&enerupis philippinarum

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

Les mollusques sécretent une variété de composeés antimicrobiens comme effecteurs de
leur systeme de défense chimique contre les micrommas envahissants. Parmi eux, les
peptides antimicrobiens (AMPs) sont de petites molécules cationiques a large spectre d'activité,
qui peuvent étre classés en trois catégories principales basées sur leurs caractéristiques

structurelles : les AMPs riches eystéine (comme les défensines), les AMPs riches en proline,
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et les AMPs linéaires & conformatidshélicale. L'étude des AMPs des mollusques est
principalement limitée a leurs tissus mous, avec des disparités importantes dans l'identification
des AMPs entre les especes, en partie dues aux différences dans leur exploitation économique.
Je choisis dansa thése d'utiliser le terme plus large de peptides et protéines antimicrobiens
(AMPPs) pour englober la diversité des molécules impliquées dans le systeme immunitaire inné
des mollusques, y compris les protéines et enzymes qui interagissent fréquenendat av
réseaux d'’AMPs. Comme brievement 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
especes. Leur expression peut étre généralisée dans l'organigméeifigue a certains tissus,
constitutive ou modulée lors de réponses immunitaires. Les AMPPs remplissent diverses
fonctions antimicrobiennes, notamment la destruction directe des pathogenes, l'activité anti
biofilm et des effets bactériostatiques ou fatafiques. lls agissent sur différentes cibles
cellulaires et moléculaires, comme les membranes microbiennes ou les composants
intracellulaires, et peuvent également jouer un role dans le déclenchement de I'élimination des
pathogenes. Leur efficacité dépegénéralement de leur concentration et certains AMPPs
peuvent interagir entre eux ou moduler | a seE€
diversit® fonctionnelle conf re aux AMPPs db
diverses appl@tions 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 moll(SBhaest al, 2016; Teradchet al,

2017; Ahmacet 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
consommeés. Dans cette section, je dresse la liste exhausBv& MPPs de mollusques
identifiés a ce jour, en Table 2.1, comportant les especes sources, les espéces cibles et les

éventuels mécanismes antimicrobiens identifiés.
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CHAPITRE Ill : PROPRIETES ANTIBACTERIENNES DES EXTRAITS COQUILLERS
3.1.Introduction

Cechapitre repr®sente | e ciur de |l a reche
il est axé sur le criblage antibactérien de substances extraites des coquilles de bivalves d'intérét
®conomique. JOy expose | es asppisijepréeseneearm ni qu e
article publié détaillant le protocole d'extraction de la matrice organique et les méthodes
développées pour utiliser la Matrice Insoluble dans I'Acide (Awsdluble Matrix, ou AIM,
en anglais). Enfin, les résultats positifs obtetass du criblage sont inclus dans un article
soumis a une revue internationale, tandis que les résultats négatifs sont présentés dans le

Chapitre IV des O6Miscell an®eso.

3.2. CriblageAntibactérien

Le criblage antibactérien est un processus systématisaet\d identifier et évaluer des
agents antibactériens potentiels. Dans le cadre de ma recherche doctorale, ce criblage s'inscrit
dans un effort dbioprospectionse concentrant sur la ressource naturelle peu explorée que sont
les matrices organiques desquilles de bivalvegValgaset al, 2007; Cushniet al, 2020)

Les méthodes de criblage antibactérien sont classées en trois catégories principales : 1) les
méthodes de criblage initial (qualitatives ou sepmntitatives), 2) les méthodes de criblage
secondaire (quantitatives), et 3) les méthodes de criblage tertiaire (techniques avancées a haut
débit). Chaque méthode offre des avantages spécifiques et présente des limitations en termes
de codt, de temps et de ressources nécesghietsl & Bulet, 199; Balouiri et al, 2016;
Cushnieet al, 2020; Massouckt al, 2020) Des exemples tirés de la littérature illustrent
I'application de ces méthodes de criblage aux organismes marins, notamment aux mollusques,
démontrant le potentiel de ces animaux consoarces de molécules antimicrobiennes,
motivant ainsi I'exploration des matrices organiques des coquilles de bivalves comme source
potentielle de nouveaux agents antibactériens (Datfat, 2009; LopezAbarrateguiet al,

2012)

Les sept modeles bivalyesélectionnés sont, comme deécrits précédemmeént
glycymeris, M. galloprovincilis, M. gigas, P. maximus, C. edule, V. verruaisH.
philippinarum Le processus de nettoyage des coquilles et de production de la poudre qui sert
de mat ®r i a utradisn deblaarsagrice organiue (OM) est décrit dans cette section.
La table 3.1 expose |l es quantit®s doOM extr

bactériennes sélectionnées sont des pathogenes 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 aestuarians, Vibrio harveyi LMG7890, Vibrio
harveyiORM4, Vibrio mytili et Vibrio tapetisCECT4600. En tant que bactérimsrines, ces

souches impliguent une adaptation minutieuse des protocoles expérimentaux a leurs conditions
de vie, tant en termes de t e mpalireaddéveleppaptc er t a
dans des mil i eux f(Rodrigwss)e Gawatho, @022) .y dgtermina@onr i e

de ces parameétres a nécessité des tests préliminaires exposés dans le Chapitre 1V. Deux types
de tests sont réalisés pour le criblage antibactérierun t est o6cl assi qued de
(Baueret al, 1966) criblage initial per mettant not ami
(Lutet-Toti et al, 2024) et un test de microdilutions sur plaques, criblage secondaire réservé
aux Matrices Sol u-BdlublesMattia ASM) dour irder di earafsér tes d
m®cani smes dobéacti on Zgotai&bParterROBl; Rudilleptal, 2018;s e x t r
Blazanin, 2024)

3.3. DétournerUsage tinePresse Mnuellede Laboratoire purdesTestsde Bioactivité Un
Protocolelnnovant pur Testetes Matices Insolublesle « Déchets» Coquillers

Article de protocole publié dans Methods and Protocols

LutetToti, C., Da Silva Feliciano, M., Debrosse, N., Thomas, J., Plasseraud, L., & Marin, F.
(2024).Diverting the Use of Han®perated Tablet Press Maohs to Bioassays: A Novel
Protocol to Test 0 Wa s Meathtbds bnal Protbcaldi(R) eArtiGen2e | | Ma
https://doi.org/10.3390/mps7020030

Cet article décrit de maniére détaillée un nouvpaiocole permettant de tester la
totalit® des matrices coquilli res. En effet
fraction importante des extraits est totalement insoluble dans des solvants aqueux, ce qui limite
fortement leur utilisation | t ®r i eur e pour des tests dbéacti vi
nous présentons un protocole qui contourne cet obstacle technique. Aprés une extraction
adaptée des protéines de coquille et la production de deux fractions orgatiinesolule,
l'autre insoluble nous utilisons une presse a comprimés manuelle pour générer des comprimes
bien calibrés constitués a 100 % d'une matrice de coquille insoluble. Un contriiRed€Ta
qualité des comprimés montre que la pression utilisée dansdsepn'altére pas les propriétés
moléculaires des extraits insolubles. Les comprimés produits peuvent étre directement testés
dans différents essais biologiques, tels que I'essai de la zone d'inhibition bactéricide en boite de

Pétri. Le détournement detilisation de la presse a comprimés manuelle ouvre de nouvelles
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perspectives dans l'analyse des matrices de coquilles insolubles, pour la découverte de

nouveaux composants bioactifs.

34. LesCoquilles deBivalvesPrésententlles desPropriétésAntibacériennes ? Criblage de
MatricesOrganiquesCalcifiantesContreDeux Pathogene$/larinsMajeurs

Section calibrée comme un article de recherche originale, soumis a revue internationale
Science of the TOTal ENvironment (STOTEN).

Chez les mollusques, le pexsus de biominéralisation de la coquille est régulé par un
ensemble de macromolécules, mieux connu sous le nom de matrice organique de la coquille.
Les progres récents des techniques "omiques" a haut débit ont montré que cette matrice est
constituée de pkieurs protéines aux fonctions extrémement diverses. Dans le présent article,
nous montrons que certains extraits organigqueslubles ou insolublesde la coquille de
bivalves couramment consommeés possedent des propriétés antibactériennes contre deux
pathogénes marins Vibrionaceadijvibrio salmonicidaet Vibrio harveyj souche ORM4. Cet
effet antibactérien est corroboré par l'identification formelle de plusieurs peptides antibactériens
par protéomique, dans les différentes fractions de la coquibiee Mtude la premiere de ce
type - attire 'attention sur les coquilles de bivalves d'intérét économique en tant que sources
précieuses mais soestimées de substances antibactériennes, utilisables en aquaculture. Plus
généralement, le recyclage deasproduits de la coquille dans des applications a haute valeur
ajoutée contribuera au développement d'une économie circulaire durable.

Les résultats positifs du criblage antibactériens sont exposés dans cette section, ainsi
gue ceux de | Genpabvwseappet®@omi qbéi denti fier d
coquilles des bivalves ®tudi ®s, i est doai
d6AMPP soit d®t ect ®eciphdagent urelpartie dedeuresséquenca avec. Ce
desAMPPgl 6 or i gi nes vari ®es, des mammif res aux
ou des anoures. Ce criblage des extraits par une approche protéomique a permis de détecter des
AMPPs d®) " identifi®s dans dbéautrgesesgédaumes
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 V : MISCELLANEES
4.1. Résultats Négatifs du Criblagatibactérien

Dans ce soushapitre, jerésume les résultats négatifs et les données non publiées
criblage antibactérien ssmentionné Quatre des six pathogénes marins testés n‘ont montré
aucune sensibilité significative aux extraité. aestuarianusV. harveyiLMG7890, V. mytili
et V. tapetisCECT4600. Ces résultats négatifs peuvent s'expliquer par diverses raisons,
notammentinerésistance des soucleasx substances antimicrobiennkesbsence de composeés
antimicrobiens dans les coquilles testées,lawnécessité d'une action synergique entre
différentes fractiongui sont artificiellement séparées dans les tests de criblaggEonditions
expérimentales, en particulier le®ncentrationsde molécules actives testées, pourraient
égalemenétre” Higiheode ces résultats négatifsn effet, nous ne pouvons exclure que les
concentrations de nos extraits, utilisées pour nos testsjnsoiffisantespour observer une

quelconquéioactivité.

4.2. Caractérisation des Souches Bactériennes Marg@efsction des Standards Antibiotiques
et Analyse Générale de la Croissance Bactérienne

Cette sectiomlécrit les tests préliminaires effectués pour caractérisriamique de
croissance desouches pathogenes maringfisées comme cibles du criblageart de réaliser
le testde microdilution avetes extraitsASM de coquilles. Ces tesgséliminairespermettent
de déterminer les conditions optimales de croissateehaque souche, ainsi que les
antibiotiques a utiliser commetandardsainsi que leurs gradents de concentrations
(tétracycline, aature de sodium ou agent vibriostatique v0129) en fonction de l'altération
graduelle et progressive de la croissance bactérienne obgeegéalturesont été menées sur
dest emps d O ipaerrgetidntd 6 appr @cbéieent i ret ® de |l a cour
bact ®r iaalise,de leud mdifération a leur moren mesurant I'absorbande milieu
liquidee. Tr oi' s | ongueurs dbéondes ont alors ®t® me
sélectionner la plus adégeaaau suivi de la dynamique de croissance bactérienne dans le cadre
de tests avec des agents coloféss tests ont ainsi permis de déterminer les intervalles de
mesure dbébabsorbance, doesti mer | es ‘'agantr ®e s |
vibriostatique v012@n tantquestandard antibiotiquéans les tests de microdilutien raison
de ses propriétés acidifiantes intrinseques qui interferent avec l'indicateur de pH utilisé dans les

essais
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CHAPITREYV : DISCUSSION GENERALE

5.1. Récapitulatitles Activités de Recherche Effectuées au Cours du Doctorat

Ces trois ans de recherches doctorales mardagotemiere expl@tion des agents
antibactériens dans les coquillessdevalves - plutbét que dans les tissus mougiblant
spécifiqguementles pathogenes marin€e projetinnovanta impliqué I'extraction dematrices
organiques (OM)des coquillesde sept espéces de bivalves, suivie d'oaeactérisation
biochimique par analyse deelg d'électrophorésé.a composante expérimentalest donc
centrale- de ma thésest représentée par une étude bioprospective, un cridtdifpactérien
desextraitscoquillerscontre six souches bactériennes matri@escriblage a consisté en deux
testscomplémentairesun testde diffusion sur disque efn testde migodilution en culture
liquide. Enfin, uneanalyseprotéomique a étéffectuéepour détecter la présended A MP P s

connusdans les extraitstt e n témblir dds&orrélations avec la bioactivité observée.

5.2. Limitations du Projet

Au cours de mon doctara, et de par sa nature interdi
rencontré plusieurs difficultés qui ont limité certains aspects de mes rechéecpesduction
de poudres décontaminées et I'extraction des matrices organiques se sont révélées étre des
proaessus longs et fastidieux, limitant les quantités de mat®aielgiquedisponible pour les
tests. La culture de bactéries maripes caractérisées 0 e s t r v ® ®e parti cu
nécessitant deimstallations spécifiques pour garantir daesditions de croissanceéaleset
des adaptationsedtoutes lesechniqueset protocoles expérimentau&insi, les milieux de
cultures adaptés aux souches marines, leurs dynamiques de croissances, leurs sensibilités aux
substances mai s a u desleurs keflutles pné onposéi dest qontrairgkes g u e
exp®ri mentales avec | esquelles il a fallu c¢
limite du projet L'absence de standards établis pour ces pathogénes marins a nécessité de
nombreux essais pour opiser les protocoles expérimentaext ne per met auj ou
encore de comparer mes résultats de fagcon aussi compléte que ce qui peut étre fait avec des
souches dites @assiques (E. coli, Bacillus sppe t c. &6 manque de données sur les
modeles étués a également engendré des limitations danall/se protéomique, notamment
par | 6 o mi s s ipeptidegnan odnseignésedand ées bases de données mais bien
présents dans nos extraitlse s quantit ®s d6OM extraitla ont |
nature de | 6 a rfiettuées eualitative {détection igiuptutdt que quantitative
(donnant | es proportions dans | es OM, i nforn
synergies des AMPPS)
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5.3. Compilation de Tous les RésultatsChiblage Antibactérien
Les résultatsdes deux tests deriblage antibactérien, laiffusion sur disquet la
microdilution, sont résumés date Table5.1, qui couvie a la foisles résultats positifs et
négatifs deChapitreslll et IV. Je compare danstte section les résultats en fonction des
souches bactériennes et des especes de bivalves, apportant des hypotheses quant aux différences
observ®es, notamment cell e doun :@aumssurnavref r ant
le bivalve hote dévefuperat des parades contre un pathogéne agressif frequemment rencontré
associant forte virulence et sensibilité dudit pathogéne aux extraits coqDkbemestecker &
King, 2019)
Les résultats étant complexes et nombreux, je résume ici quelques ntré éug, qui
me semblent les plus représentatifs de ma tl#seffet,A. salmonicideet V. harveyiORM4
présentat le plus de sensibilité aux extraitsoquilliers tandis que les autres souches ne sont
affectées que par un ou deux Allsbpartenant 8. gigaset P. maximusCes deux bivalves
sont |l es mod |l es du <criblage d®montrant du
observation de réponses bactériennes trés similaires entre les deux éspidate C. edule
se démarque en produisdatplus largez o n énhibdiénd e c r o i A sabmoriciela d 6
Lédanal yse prot®omi que de cet sigdigraddiAtMPIRst aen
sein des autres bivalvegji pourrait expliqueret effet particulierAutre fait notable, le&\IM
de C. edue, G. glycymeriset V. verrucosaont un effet particulier su¥. harveyiORM4,
produisant desouronneslanchéatregrangeant lezones d'inhibition, possiblement dus a des
facteurs diffusibles. Ces trois bivalves sont les seuls a montrer une inhilgtlarcissance
d'ORM4 autour depoudresde coquilles, ce qui suggerka présence de composés antibactériens
puissantst/ou enquantité suffisante dans la matrice organique des coquibbestes», dont
I'effet n'est pas limité par leur occlusion daas bktructurexzarbonatées. En analysant les
résultats du second test de criblage (microdilution), on observiel.ggalloprovincialisest le
seul bivalve i mpactant | Asanbecdx param tres d
Lestestsde microdilutionrévélent queertains extraits ASMIterentsignificativement
les parametres de croissance bactéri¢tmex de croissance maximal et capacité de charge

Les extraits sembler#t premiere vudactériostatiguesnhibantla croissance bactérieneg

limitant la proliféation en les placant dans un état de st@spendant,d h y p od'effetss e
bactéricidesles extraits coquilliens'est pas excluecomme abordé précédemment, les limites
expérimentales rencontrées lors de ce criblage peuvent impliquer que la Conecentratio
Bact ®ricide Minimale (MBC) nodait pas ®t ® att
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Léanal yse prot®omi que des extraits a pern
des coquilles des bivalves ®t edid®sa,u imoiest ud
doAMPP soit d®t ect ®eciphdagent uelparte dedeuresgquenca avec. Ce
des AMPPs do6origines vari ®es, des mammif res
ou des anoures. La d®t eroierd, spécifiqlied SAcBrRaiRs extraits,a n t
intrigue quant a leur nature et suggere une forme de spécialisation accrue des bivalves aux
pathog nes. Léensemble des r®sultats de | 6an
combi nai sons dedsA MPPtsr aiut ss,eime dqui encour age

synergiques de ces derniers.

5.4. Perspectives

Les r®sul tats o0 bt eplusieuirs petspectigegirdiaypen ti ¢ adtaina
prometteuses, notamment dans les domaines de I'aquaculture, deité abaentaire et de la
conservation environnemental&a mise en évidence gopriétésantibactériennes contre des
pathogenes marins dans les extraits de coquilles de bivalves issus du secteur alimentaire
encourage | a recher clotte codi@la® @ h i ic lait, dans® ene sdtaannsc
meilleure conservatiodes produits de la méars de leur transpart a di mi nuti on de
produits toxiques dans | es systetmémedand haquac.
conservation du patrimoe attaqué par certaines souchans un contexte ou les défis
environnementaux et sanitaires s'intensifiérst particulierement intéressant de chercher des
solutions innovantes doéorigine naturelesl e par

coquilles de mollusques doéint®r°t ®conomi que

5.5. Conclusion

Pour conclure, m¢éhésede doctorase caractérise par une approche interdisciplinaire,
couvrant des domaines variés tels que I'histoire de l'art, I'ethnobiologie, la biominéralisation, la
biologie moléculaire, la bioinformatique et la microbiolodites recherches expérimentases
sontconcentrég sur un criblage antibactériede coquilles de bivalves d'intérét économique,
appligué aux pathogenes marins Vibrionaceae, et complété paxkpioeagon protéomique
antimicrobienne. Les résultatde mes recherches metternh évidenceune activité
antibactérienne d#®lagallana gigaset Pecten maximusontreplusieurs de cepathogéenes,
ainsi que celle d€erastoderma eduleontreAliivribrio salmonicida. Dans le cas d€. harveyi

ORMA4, souche rpréserdnt a la fois & bactérie & plus virulente etd plussensible du criblage,
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j 6®mets | 6hypoth se dodébune cour se “suivadtlar me mer

théorie de laReine Rouge. Ce projet exploratoire apportele nouvelles perspectives dans
I'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 NahleApplication Biomédicale de la Nacre dans la
Minéralisation Ostéoblastique

Article derecherche originalgublié dans Marine Biotechnology

Nahle, S, LutetToti, C., Namikawa, Y.et al. Organic Matrices of Calcium Carbonate
Biominerals Improve Osteoblastic Mineralizatioklar Biotechnol 26, 53%49 (2024).
https://doi.org/10.1007/s1012824-10316w

De nombreux organismes incorporent des solidegyamques 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 extracelluabstéoblastique. Parmi elinctada margaritifera
est bien conreipour la capacité de sa matrice organique a stimuler les cellules osseuses. Dans
ce contexte, nous avons voulu étudier les effets des extraits de coquilles de trois autres espéces
de Pinctada (Pinctada radiata Pinctada maximaet Pinctada fucata sur la minéralisation de
la matrice extracellulaire ostéoblastique, en utilisant un maadleiéro de cellules précurseurs
ostéoblastiques de souris (MC3E3). Pour mieux comprendre la relatid?inctada
minéralisation osseuse, nous avons évalué les effets de 4 autres mollusques nacrés qui sont
phylogénétiquement éloignés et distincts du gélinetada En outre, nous avons testé 12
mollusques non nacrés et un groupe supplémentaire. Des poudoegiidles biominérales ont
été préparées et leur matrice organique a été partiellement extraite a l'aide d'éthanol. Tout
d'abord, I'effet de ces poudres et extraits a été évalué sur la viabiltéldéssMC3T3-E1.
Nos résultats indiquent que ni la poedhi la matrice soluble dans I'éthanol (ESM) n'affectent
la viabilité cellulaire a de faibles concentrations. Nous avons ensuite évalué la minéralisation
ostéoblastique a l'aide de la coloration au rouge d'Alizarine et nous avons constaté que la
minéralisation de MC3T3E1 était principalement induite par les biominéraux nacrés, en
particulier ceux qui appartiennent au geRiectada Cependant, quelques biominéraux non

nacrés ont également été capables de stimuler la minéralisation extracellulaireri3ansdle,
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nos résultats valident la capacité remarquable des extraits de biominéraux CaCO3 a promouvoir
la minéralisation osseuse. Néanmoins, d'autres éndetso etin vivo sont nécessaires pour

identifierles mécanismes d'action des biominéraux tlagss

6.2. Collaboration aveclLuca Polacchi: L'Electrophorése surGel Couplée a la
Photoluminescencéévele des BiochromesComplexes dans le€oquillagesModernes et
Fossiles

Section cal i br ®adaereclherchse orgioalepnseumis @ eevudéemationale:
Methods in Ecology and Evolution

L'électrophoréese 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 biochromesine classe importante de composés organiques de faible poids
moléculaire communément associés aux exosquelettes calcifiés. Nous décrivons une nouvelle
approche basée sur le couplage entre I'électrophorése et I'imagerie spectrale de luminescence
pour réveer les biochromes invisibles, les identifier chimiquement, mettre en évidence leur
possibleinteraction putative avec les macromolécules de la coquille et, enfin, en obtenir de
grandes guantités. Notre protocole repose sur trois étapes clés : une exdmot®a 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 a gramtielie par électrophorese préparative
couplée a l'imagerie spectrale de luminescence, afin d'obtenir des quantités significatives de
biochromes d'intérét (étape 3). Les étapes 1 a 3 ont été appliquées avec succes a des extraits de
coquilles de gastéropodescents, tandis que les étapes 1 et 2 ont été appliquées a des coquilles
fossiles. Notre protocole a permis l'identification directe et non invasive sur gel des molécules
de porphyrine, méme a I'état de tradas-dela des biominéraux de carbonate deigaicelle
ouvre de nouvelles voies pour I'étude d'une large gamme de composites biologiques,
minéralisés ou non, qui contiennent des biochromes luminescents. Elle est particulierement
adaptée aux spécimens anciens et aux fossiles, en vue de retradee l&riggvolution 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 thenebieleefits 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 byetftunited Nations Environment Programme (UNEP)
indicates that about 40% of the worl dbés pop
This percentage reaches 60% if one considers a zone of 150 kms. Significantly, among the
twenty largest cities in theorld, 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
envronmental pressures on coastal ecosystems become more severe. No region in the world
escapes this threat, particulanhyEurope andaround the Mediterranean basin, an extremely

busy Sea becoming increasingly vulnerable each year.

Beside favoring the posslity of long-distance export of local goods via maritime
transport, coastal environments offer practical solutions tsibgd 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 protemseral salts and oligelements, the
benefits of which were recognized very early in humankind histodeed, the first traces of
mollusk consumption date back more than 100.000 years (see sécdiorMolluscan

Aquaculturé. Nowadays, because mollusks can be harvested or grown in huge amounts, they
represent an indispensable food resource all over ohie vespecially 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 aesthedl to practical via cultural uses, an aspect that | treat in this chapter, in

the nextsection L.2. From Ornaments to Biotechnologie$he shell is a biomineralized

exoskeleton and, as such, exhibits peculiar properties due to its -onjaeral naturelndeed,

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 statix, 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 biomaieral s, heal th or environment.
in shellso is particularly relevant since
considerable: one estimates that around 10 million tons of shells coming from consumed
oysters, clms, scallops, mussels are produced each year at world scale and a large proportion
of this waste materials is totallyerx p| oi t ed (eTa,R02B). IPadlditiony thelse

huge concentrations of waste induce environmental and societal nuisancesdMir 2019).

In the present manuscript, | 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, | have extracted and dtar&zed 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 plurianual FishMedPhD 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 circulangcono
committed to generate sustainable sectors of food production, health and waste management.

Before even presenting some of the experimental results | have acquired during these
last three years, | want to share with the reader of this manuscriptesualed introduction, in
which | 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, |
conclude chapter one by exposimg tgeneral 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

Submittedn 2025to Journd of Ethnobiology, SAGE Editions
LutetToti, C12 Thomas J, Falini, G2, Goffredo, S, Gabillot, M* and Marin, E.

1UMRCNRSUB-EPHE 6282 0Biog®osciencesd, Universit® de Bou
2 Dipartimento di Ch i nmadater St@lioarn OnimersitaCdi Bologna, Botogna, JtalyA |

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

Bologna, Italy.

4UMRCNRSUBE 6298 O0ARTEHI S6, Uni versit® de Bourgogne Eur
* Correspondence: frederic.marin@uourgogne.fr; camille.lutebti@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, thellosk 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 thousds 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
represerdtions in art, currency and wealth, practical applications, shells in medicine, recent and
future applications. As shells are organmeral composites, they constitute an immense
reservoir of potentially bioactive macromolecules that need to be investigdthe
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 sectofsodf production, health and waste

management.

Keywords:seashells; mollusks; human applications; recycling

1.2.1.Introduction

Al &m going to throw away my find (a shell
This shell has served me, exciting in turn wham, what | know, what | 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 aircle 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
endo . .. This is how the French no-%49) i st ,
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concluds hi s meditation (ALO6OHommee,efiThe ®aqguialnid:
Shell and Other Textso, 1937) based on the o

on the seashore.

The mollusk shell has always exercised a power of fassmatver 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 shapeiarcolor; for some of themthe nautilus, the land snail,
the tiger cowriei 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 superi or mechani cal properties, Or
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 @sarhedly,
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 transtbrit 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 seveesl sourc
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 therenment 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 usesstp& 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 applicadions of high added value, in particular in the fields of biomaterials, health and

zootechnics.
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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 belbrigatgibbosula
gastropods shells from the Middle Paleolithic era in Morocco (Bizmoune cave), more than
142,000 years ago (Sehasshal, 2021). To date, these shells are consides the first
evidence of a calcareous material of marine origin to be likely consumed and recycled as
ornaments. They were intentionally perforatedinute flint drill stones were found on the site
-and used as fbeads 0, nidonceodGndll arifgct thabis gefdfoated r o0 a d ¢
and suitable to be used as adornn@ent (-Y®sef Mayer, 2015). During the same period
(Middle Paleolithic), 50,000 years ago, Iberian Neanderthals of the Cueva de los Avione deposit
used pierced shells éfcanthocardig of Glycymerisand ofSpondylusdecorated with red and
black mineral pigments, in what seems to have been body ornaments &iia@010). The
Upper Paleolithic period saw one of the first widespread occurrences of personal
ornamentationwith 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 mentation
comes from the Grimaldi grave, 11 130 yelt (Late Epigravettian), where two children were
found in association of thousands of pierced shells of the marine gas@gplughe neritea.
These shells were probably embroidered to garments cowbengbdominal region, such as
loincloths or tuniques (Herw§ambieret al, 2001; PlankenhorRarrell, 2023). In this specific

example, shells were associated with funeral rites.

The major symbolic significance of shell ornaments is undoubted in vandiuses
across time. In South Africa, 480 years old beads found in Sibudu Cave show no signs of
wear, suggesting a purely symbolic use rather than practical adornment (Vanétaaten
2019).

1.2.2.2.Mesolithic Iron Age

As human societies progressed throdghNlesolithic and into the Neolithic period, the
use of shell beads became more sophisticated. In Mesolithic S&ybiape neritedeads were
added to embroidery, with evidenceprolonged use indicated by wear patterns (Cristiani &
Bor i | ,Nass®nhiB )emained particularly popular for creating beads, with archaeological
evidence spanning from South Africa to Morocco (Basef Mayer, 2015; Vanhaerexn al,
2019). The evintion 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 (Henshilwooet al, 2004; Tsoraket al, 2020). In European Neolithtimes,

a unique form of shell ornamentation emerged
These double buttons had a diameter of about half a centimeter and exhibited in their thickness

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

that this prehistoric feature may be somehow considered as the ancestor of tkowell
tradition of Apearliesodo, popular in the Lond
sew nacre buttons on their jatk These standardized, pelidte ornaments were likely used

as decorative additions to clothing (Sakalauskeatitd, 2019), likely worn only during special
occasions: ceremonies or religious rituals. A tunic could carry dozens to hundreds of these
douwble 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 andedobgd

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 usedniaking double buttons was coming

from marine sources (Mediterranean Sea) and was the subject edisbaigce exchanges

across Europe. A recent study on three archaeological sites (Danish, German and Romanian)
combining proteomics and geochemistry (Sauakaite 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 longlistanceexchanges of raw materials in this specific cageich did not

prevent longdistance exchanges of shells in other cadd$at is particularly interesting to

notice is that while the raw material was common and found locally, the sophisticated
fabricaticn t echni que was exported throughout Eur
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 beaade from marine
and freshwater mollusk shells were used for necklaces and decorations (Beukes, 2000). The
cul tur al i mportance of shell ornaments persi
during the late Iron Age, cowries and freshwater selsswere 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 fregmtly used for ornaments in the Mediterranean basin was
Spondylus gaederopu$e 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, withan upper valve uniformly dark red, and the lower one, of an immaculate whiteness
(Sakalauskaitet al, 2020). Artefacts (rings, buttons, tubes, beads) made from this shell are
widespread in Neolithic times in Europe, indicating that they have been @madegkported
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 co@0-1200 CE), where whelk and oyster shell beads,
pendants, and gorgets were produced using raigling techniques (Pearson & Cook, 2008).

In Egypt, cowrie shells have a particularly long history as popular ornaments
showcasing social status: the el traces date back to the Epipaleolithic and continue in pre

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

PreColumbiancivilizations also used shells for body and architectural ornaments:
similarly - but in a completely independent mannerto what happened around the
Mediterranean basin, shells of tgenusSpondyluswere also utilized by South American
Pacific cultures since the third millenium BC until thé'téntury (Lodeiros Seijet 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 @¢dast,in 16"
century Huatulco, Mexico, shell ornamentations, beadings, and decoratenes even
integrated into common architecture (Gonzélez, 2002).

1.2.2.4.Modern Era

The prestige associated with shell ornaments persisted throughouttbentdry, as
an intercontinental trade of shell products flourished. Nacreous shells were heavily éand oft
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 shellsingatitaeeling
collectors from around the worllautilus 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 higiriged for their rarity and exoticism
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(Jal govec, 2023) . Il n Europe, they found t he
decorated them through various techniques. These included engraving, painting, and carving
intricate representations of flowemystical creatures, and scenes in relief on the shell surface.

The vivid orangestriped periostracum (outer layer) was often incorporated into designs (wall
papers, tapestries). A large majority of these nautilus shells were crafted into decorative
contaners 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

Al 1T minal objects at the i nt er soascrthequmestéof ar t
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 st2028)y of nature (Jal govec,

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 elephantavaf mollusk shell with
geometric or more complex shapes furniture, mostly of precious exotic wood. This activity,
performed ircabinetmaking workshagl over Europeprovided a wide range of furniture, such
as dressers, desks, bedside or cdtibes, 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
gastropodHaliotis, highly recognizable by its inserts of greenish reflections, but also the pearl
oysterPinctadg which color varies from light grey to dark brown and, at last, the freshwater

musseHyriopsis which gave white to pinkish nacre inserts.

1.2.2.5.Contempaoary 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 (Gonzalez, 2002).
A market for rather aesthetic oriented uses for shells or shadfiada has developed from the
eighteenth to the twentfjrst 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 tegals (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 mathpearl: purses, pill boxes,

snuff boxes (Fig. 1.1, G), rosary boxes or even nacreous fly boxes, very common in the
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French noble female society of thé"@ntury. One has also to mention the specific use of flat
rounded valves of the SouBast Asian oystelPlacuna placentathe particularity of which is

their transparency. These shells were and still are used for making composite boxes, coasters
or even crystatlear sound mobiles. This first category comprises also mofkgearl cutlery

(mostly forks and spoons), extremely ptar 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. Besgleetnar
properly speaking, another curiosity, well diffused and popular during tRecéetury,
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 rangbjetts, 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 neadf shells, miniature landscapes made of shell, country or
marines scenes sculpted from shells, and so on.... Many of these objects, that are synonym of
6kitschoé, were ext rMeemtaryand ipagemanaay, aelstitl pogulat, h e 2
buttheir 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 thiethientury,
the world capital for motheof-pearl buttons and probably the most important center of
production of nacreous objects in Europe. T
tabletierso) in the earl y fmployeesarsd.stil praddcesy , t h

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 growirdgmand 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 oh@e 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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Figurel.1: Collection of decorative objects made from mollusk shellsAA he Fr ewen Cupdé by Joh
York, polished and engraved, depicting marine life and floral motifs andgjlitenounts circa. 1650 (engraved)

16581660 (mounts)On displayin Victoria and Albet Museum, London, Unite&ingdon B: Naturalisticdetail

oft he rever se si d;&€: Sodvenir thagfrom Partegal,dOnSouwwenip decoration depicting a coco

nut on a pearl oyster shell, ®@entury, Tahiti, France; E: box made of transludelgicunasp. shell plates

assembled together with brass rails"20e nt ur vy, France; F: Freshwater uni ol
velvet gussets, #lcentury, UK; G: Snail snuffbox, S@&entury, France (&G: F. Marin personal collection; photos

C-G by Jérdme 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 strictpthe vast majority of pearls curtgnon the market are not "pieces of
shell" so to speak, but result from a unigque 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 accompanid&y a graft, in an organthe 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 amitself

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 calkdral 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 48k, 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 dewged 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.

Thesecond 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 faniiipljlemasp.). The shedl 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 becpiwithout 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). Bfierent 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
alternativeshave been found, such as the use ofRimetadapearl oyster nacre for making
nuclei, or the development of artificial nuclei made of calcium carbédregted material
(6Bironited).

The third product derived from the shell in the pearl industry is tiséeblialso called
"mabé”, a process commonly practiced by every gaaducing 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 shagolymer (a halfirop 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 oearring. The mabé is a {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 maximizefitebiity of
an "average" recipient oyster (which we know will not produce beautiful pearls), because 2 or
3 mabés per valve can be obtainiesl, (4 to 6 blisters per specimeiN)abés are relatively cheap

but beautiful alternatives to pearls.

1.2.4.Shells 3 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 healthissuesorairs, most notably the fievil e
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 arejuite 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 Bbthea
rugosa(formerlyTurborugosus s ea snail, known as the fASai n:
an amulet and a talisman in various coastal communities of the western Mediterranean, proving
very popular in Corsican jewelry. Interestingly, similar hofbgies surround the Asidrurbo

snail s’ "Eye of Shiva" in Hindu culture. Ch

often falsely advertised as such in European souvenirs shops and sustain the majority of global
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trades (Cagniar@t al, 2024). In ddition 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 Nikge lithotherapy, modern shamanism
promotes wearing ae 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 shellsyhich will be further elaborated upon in another section oféview
(Gonzalez & Vallejo, 2023).

Another famous example of religious symbol in the Catholic church includes the scallop
Pecten jacobeugr maximu$, the shell of which when worn on clothes, bags, sticks or as
pendants was used by the pilgrims of 8#ago 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 thatduring all the MiddleAge, 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 Midekgge, consisted of cups made obrs¢. From
the Renaissance times, with commercial exchanges with -E@sthAsia, stone fonts were
currently replaced by the lower valves of the giant claidacna gigasthe heaviest bivalve
known to date. Examples of trlieidacnashells used as fontsriche seen in Ssulpice church
in Paris. The fonts of the $taul StLouis church in Paris come from a Caribbean specimen

offered by the wetlknown novelist Victor Hugo, in 1843.

At last, in India and China, from the ".8entury to recent, little BuddHaures were
frequently inserted and glued inside the shells (between the shell and the mollusk mantle) of
the freshwater musseldyriopsisandCristaria genera) or of the pearl oyst@&ifictada genus

in a similar manner t e sedtidnke2.3pDenved Sketl Praducts of f 6 ma

Pearl Industry . The 6gr af-to-spebk, producethdver dveeks dagers of nacre

covering the Buddha figures. Animals were sacrificed and shells were then collected. These
objects, named Buddhas blisteafds, 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 aresidemed the earliest wind
instruments, and second oldest musical instruments after percussions (Montagu, 20&8; Fritz
al., 2021). Through reproduction studies, archeologists aim to reconnect each instrument to
their past uses and current equivalentspuadng their frequencgltering 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 adulate tones (Kolagt al, 2022).

PR A Y 4 'S 4 '

Figure1.2: Conch shell trumpst A: Musical trumpetPgua New Guinea, 20century. Displayed in the Royal

Ontario Museum, Toronto, Canada (Daderot, 20B1Hora, Japanese battle horn, laté"t@ntury,conchshell,

German silver, cotton mesh, copper, nickel, zinc and (da&900, 2013); Gt daga® t r umpet used
ceremonies, National Gugak Center, South Korea; D: Trumpet made of conch shell with copper, gilt copper alloy
and semprecious stones, metal pendant with dragon motif, used in the monastic orchestra, Tibet, 18th/19th
century Displayed at the British Museum, London, Unit€ithgdom (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 & Shald,),2@ore
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 craftrpami&dorations and
ergonomic adaptations (such as coated mouthpieces and lanyard attachments) serving as
testimonies to our evolution (Moyle, 1990). In this contextHbea described by Fukui (1994)
as a AConch Trumpet 0, ieslasgnificantraean Japanese histopyl e ,
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 stilsed 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, harpsighdrds
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 propasggenat
high-end guitars (classic, folk or electric) with nacre incriistes in their neck and their body.

Nacreous guitar picks are also commercialized to give a sharper sound.

1.2.6.ShellRepresentations Art
Pictorial and sculptural representations of seashells are prevalent across successive art

movements, embodying the niea powers and artifacts associated with founding myths,
prophets and saints from various religions. The examples are abundant: let us simply consider
theBirth of Venusfrom Botticelli (1485), with Venus emerging from a valve of a giant scallop,

a symba of fertility, Oystersfrom Edouard Manet (1862) &hellfrom Salvador Dali (1928).

During the golden age of The Netherlands, ornate nautilus shells were meticulously depicted in
hyperrealistic stiltife paintings, such as that of Willem Clagdeda (594-1680). 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 direcatenial uses of the molluscan shells and not their pictorial
representation: their intangible symbolism and ensuing portrayals belong to a broad

philosophical and aittistory investigation.
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1.2.7.Currencies and Wealth
Molluscan shells served as currency anecfmus goods across diverse societies from

prehistoric times to the ¥9century, illustrating their longtanding economic significance
(Fauvelle, 2024). Among these, cowries aidrginella shells were the most prevalent, as
evidenced by the distributiaf 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.
economic systems and their suitability for standardizat¥amg, 2021). In the same context of
governance, specific regions favored different gastropod families with easily distinguishable
traits and local availability. This is the casenzimbuolive shells, used exclusively in the

Kongo kingdom for centuriesr@iko, 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,quesnd mounted on threads, as a
form of money. A prime example is tdevaramoney of Guinea, where the value of shell disk
strings was determined by their length (Echterhélter, 2020). Another examplaabutiem
New-Guinea, consisting of strings dfassarius cameluperforated shells (Thomas, 2007).
Similarly, tribes along the Pacific coast of North America exchabgedaliumshells referred
to ashaik-wa. These elongated shells were also strung together, with their value indicated by
both each indidual shell length and the number that were sewn together (Einzig, 1949; A. M.
Gonzalez, 2002). This approach enabled the development of a nuanced system of valuation
based on multiple interacting facto®ampunrepresents 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 functimasnpumwvere used
as diplomatic tools in treatyaking processes. This use p&ted 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 exanegk thetafuliaefrom 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 integrativepart of social and political life.
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e z S Ul
Figurel.3: Shellmoney. A:Wampuntuff, shell, leather, sinepWMohawk populationCanada, Great Lakes regjon
18" century Exposed ilMusée duQuai Branly, Paris, France (Anonymous, 2013),VBampunbeads made by
E. J. Perry (Wampanoag/Eastern Cherok#é®dpurpleonesare quahog antthewhite oneswhelk (Mary Meredith
2009); C:Tabushell money harvest. Nathaly, young Melanesian girl collectingsllddae snails in the slit of a
muddy shoreline; D: Processitapu shell money, handrilled shells with plyers onto a string of cane;Tabu
shell money trading, K oAgay@ tabu wieelskby tlapaneSe repResentatiles asea o f
diplomatic act of apology and reconciliation after World War IFKQictures by Claudio Sieber Photography,
Papua NewGuinea, Shell Money Project 2018).
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Shells were also as accounting to facilitate the exchange of goods, rather than proper
currency (Iroko, 290). As illustrated above with the compleampum 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 resaflution
a major diplomatic incident in ¥3century 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 connextrdlhents, 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 cowrielsleven 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 shellsyas mone
This marked a shift in the dynamics of international trades and the end of tretdodghg use
of one of the world's oldest forms of currency. However, unexpectedly, one notes a persistence
of the usé until now- of tabuin New-Guinea, among the Tailtribe, 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;€) (Thomas, 2007).

1.2.8.Practical Applications, Past and Present
1.2.8.1.Daily Tools

Shells are articularly 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;
Coloneseet al, 2011). In Hawaii, shells were similarly repurposed for food and herbaceous
fiber preparation (Buck & Hiroa, 2003). In Nigeria, shells have kegrart 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 postnortem, suggesting deliberate Ilgating 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 thenthe base material for crafting everyday items in Mississippidh 14
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century, including combs, cutters, scrappers, containers, and sewing tools. Not all objects were
taskspecific: some exhibit traces of wear and rework indicating reuse, repairing and
repuposing 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 toohking and understanding of matesialelative
toughness (Darlas, 2007; Colonesal, 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 mussePinna nobilis during the Iron Age, the Southastern Iberia (Siera of Chegene)
was already known as a mining area for the extraction of lead (in the form of gaehead
sulfide). Lead was melted and poured into molds made of shells of adult specimens of the
Mediterranean fan mussinna nobilis the giant nacre (Gosne&022). 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 procedsg. 1.4, A) The ingots were then transported by boat
along the coasts of France ataly 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 {IMI™ century BC) are preserved in the Museum of

Biterrois, Béziers, France.

Interestingly, a similar function (use as cast) was attributed to cuttlebone$épian
officinalis (Ossasepia casting technique) along Normandy coasts (Fig. 1.4, B), during the whole
Bronze age (M. Gabillotpersonal communicatignin the region of Bopfingen, Germany
during the early Medieval period marked by Allamani predominance (Blumer & Knaut, 1991),
and in several other regions. In Central Asia, this technique was used fron{'thentury BC
to the IVt century AD for creang jewelry, particularly rings, as evidenced by findings in Oxus
(Tajikistan) and Tillyatepe (Afghanistan) (Neva, 2008). The casting process involved cutting
the cuttlebone lengthwise, carving calcium carbonate or pressing the object model into it, and
finally pouring the hot metal into the mold. As they are mainly made out of porous calcium
carbonate and chitin, cuttlebone molds are disposable and burn out after a singlaisise.
technique has been revived today by goldsmith jewelers for castingrgbsiler, both for its
unique surface patterns and its eeffective advantage, producing a silver casting in half an
hour (Held, 2019).
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Figure 1.4: Shell molds.A: lead ingot from I\l century BC (Cabrera Island, Spaingst from a single shell
valve of an adult specimen Binna nobilis(Musée des Beaux Arts de Béziers, Roxelane CicekliD$sasepia
cast with a brooch. Facsimile of a Middle Bronze Age item (around 1500 BC) found in Norieatidgtion
ArTeHiS, Mareva @billot).
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1.2.8.3.Artistic Toolsand Pigments

During the Neolithic period (around 9000 years ago) in southern Anatolian Plateau site
of Catalhoyuk, freshwater mussels served as palettes containers to hold and mix pigments for
cave paintings (Tsorakit al, 220). 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 théurability 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, Miesian, and Polynesian cultures, smooth,
glossy cowries known dshowere used to polispelecloths, giving them a shiny finish (Buck
& Hiroa, 2003). In Papua New Guinea, a tradition developed of crushing and burning molluscan
shells to produce white gunent, 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 (Kehindet 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 oftergrpducts of these processes, though they found various

secondary uses in many cultures (Alberti, 2008).

1.2.8.4.Shells inArchitectureand Construction

The discovery of shell fragments as integrate parts of architecture and constructions
demonstrates the intentional repurposing of shelpioglucts by ancient societies, with
comparable applications across the world. During the Bronze &kgshed murex shells were
often recycled into lime plaster after dye extraction around Aegean purple industries (Brysbaert,
2007; Bergeet al, 2024). Alberti (2008) and Carannante (2014) note that these crushed shells

were either used ds for filling or calcined in mixtures for construction.

Along the coasts of Brazil, large accumulation of shells, referred to as shell mounds or,
more simplysambaquiswere builtby preColumbian tribes, between 8000 and 600 years ago
(Okumura & Eggers, 2005; Wagnet al, 2011) Primarily described by théesuit Ferndo
Cardim in 1584sambaquigonsisted 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 sactuary for dead people.
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In addition to maximizing the utility of shell byroducts, their reuse as construction
materials strengthened the structural integrity of buildings. This is typically the case in pre
Hispanic Mexico, where Pankonien (2008) repdintat 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
andsand stuccos tesolate 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 ogstee shel
regularly observed in house structures in Florida (USA), China and Spain (Btatj2019).
Simpler applications like piles of whole or crushed shells or shells and sand mixtures are
frequent in embankments and dikes, improving the soliditypantection power of coastal
structures compared to standard concrete. Furthernetuening shells to marine environments
in coastal structures provides additional ecosystem services as substrates to local wild

populations and carbon sequestratigiorris et al, 2019; P. Chest 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 ancestrale., has been known for cemtes, 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 nditions and alkalinize the soil (Leet al, 2008). Soil
amendment by shell powder has other beneficial effects, as it bringsmicients, contributes
to fix pollutants (heavy metals such as cadmium and lead and poisons as arsenic), modifies the
bacteial composition of the soil and, generally, improves its overall quality (Zle¢reg,
2023). Although edible oysters represent the main source of soil amendment, mussel shells give
similar positive results (Alvarezt al, 2012). Today, there is an aairesearch in this domain

of agronomy.

A second utilization of shells in agriculture consist in feeding poultry with food
complemented with shell granulates or oysteell grit (Henuk & Dingle, 2002; Morrist al,
2019). This traditional practice aing 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 pdury based on shell granulates are nowadays available on the net.
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1.2.8.6.0ther 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(Aeddls
Gonzalez, 2002). Polynesian and Micronesian communities also assembled and carved shells
to createmakauhooks and fishing lures. They developed sophisticated octopi baits and hook
shapes to minimize fish escape that are now deeply intertwinedlttwat and spiritual
heritages (Fig. 1.5) (Buck & Hiroa, 2003, Thomas, 2007). In Florida and Puerto Rico, pierced
shells of the bivalve€odakia orbicularisandLucina pectinatadentified in archeological sites
were used as weights of fishing nets, ie-@olumbian times (Keegaet al, 2009). These
examples highlight the importance of shells in subsistence activities across different societies.

Figurel.5: Fishing gears made of mollusk shells and shell prod&ctBahitan lure for octopus hunting;owries,

sticks, plant fibre, mothewf-pearl, I. 44 cm, Tahiti and the Society Islands, Hanover ¥8&#%sed in the National
Museum of AustraliaCanberra, AustraljaB: Tahitian lure for octopus huntingcowries, sticks, @int fibre,
motherof-pearl, I. 33 cm, 6.5 cm (fishook), Tahiti and the Society Islands, Inv. Oz 3®dosed in the National
Museum of AustraliaCanberra, Australia. C: Mother of pearl fish hook. Collected from the Society Islands during
Cook's voyageso the Pacific, 1768780. Exposed at the Australian Museudarlinghurst, Australigd AM,
Photography DeptPaul Ovenden, 2009); D: Bone fish hook backed by mother of pearl and with a barbed tortoise
shell hook bound by fibre. Probably collected from Taxgring Cook's second and third voyages to the Pacific
17731780. Exposed at the Australian Museaylinghurst, AustraligAM, Photography Dept Paul Ovenden,
20009).
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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 technigaes not mastered yet.

In her book documenting economic and cultural structuration of modern Mexican society,
Gonzaélez (2002) describes the market of processed molluscan shells spreading across regions.
Households were respectfully specialized in collegtioleaning, 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 rolas 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 ethnomedicineworldwide, 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 isnegtigible, 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 dootadebioactivity 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, shelkérived materials were incorporated into
healing concoctions and measles treatments (Kelehdd, 2015). Cowrie shellsGypraea
moneta have found numerous applications in Seddha and Ayurvedic medicine, including
calcium supplementation for both humaansd animals (Immanuedt 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 alternativedr treating conditions like heartburn, dyspepsia (Immaetell, 2012;
Ansari, 2019; J. A. Gonzalez & Vallejo, 2023). The absorbent nature ofdgraled powders
has also been utilized in artiarrheal treatments. Today, sachets of finely ground paevder

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 Gretle world and early
Byzantium for oral care (Voultsiadou, 2010). In contemporary Spanish ethnomedicine, dried
powdered cuttlebone is still used for this purpose (Gonzdlalz 2016).

Beyond the bioactivity strictly attributed to calcium carbonatell semedies 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 (Almeidaet al, 2000). Ths 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, affiieckles (Gonzalez & Vallejo, 2023). Terrestrial snail shells and ashes of
burned Muricidae shells were used for skin diseases in medieval Eastern Mediterranean and
ancient GrecdRoman communities (Lev & Amar, 2008; Ahmedal, 2018). Cuttlebone and
nage powder extracts have demonstrated wound healing properties by promoting cell
proliferation and stimulating fibroblasts (Gonzélez & Vallejo, 2023). In digestive health, snail
shells and ashes of burned Muricidae shells were used to heal stomach wasnplsrgatives
in medieval Eastern Mediterranean and ancient GRmman communities (Lev & Amar,

2008; Ahmacket al, 2018). However, in traditional Unani medicine, some shell preparations
were considered hard on the stomach and coimdérated in respatory 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 thewer mandible of an individual who lived between tiReid
8" century AD, three nacre implants, cut into tooth shape, were identified in replacement of
three missing incisors. Surprisingly, these implants were not ingsottthortembut 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-mdegpated,
without any trace of rejection or infection (Fig. 1.6). This suggeststlte 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 possibtat potential antimicrobial factors contained in

nacre implants precluded the infection of the lower jaw.
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A

Figure 1.6: Mayan seashell implanted false teeth, Peabody Museum of Archaeology and Ethhi@ogrd
University, Cambridge, 3A (E. Marin, 2023)

Gynecological applications of shelerived 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 gastropogercula were prescribed in medieval
Cairo Jewish communities to regulate menstrual cycles and treat uterine diseases (Lev & Amar,
2008).

Interestingly, nacre powder and its wasetuble components have shown
anticonvulsant and sedatipnotic activities, suggesting potential applications in
neurological treatments. In ophthalmology, pulverized ash&sytifus galloprovincialis(the
edible mussel) and cuttlebone shells have been used to treat eye infections and dryness in both
veterinary and human medie (Voultsiadou, 2010; Gonzalet al, 2016).

The immunemodulating properties of shell materials have also been explored. Burned
shells of Muricidae and Ranellidae were used in ancient GRecoan and early Byzantine
communities for their aninflammabry and immunesnhancing effects (Voultsiadou, 2010;
Ahmadet al, 2018). These preparations were also used to treat arthritis (Lev & Amar, 2008).
Similarly, powdered cuttlebones and bivalve shells have been traditionally used asgau@anti
treatments ahalexipharmics in the Hispanic peninsula (J. A. Gonzalez & 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
(Benkendorffet al, 2015; Summeet al, 2020). Such research could uncowew therapeutic
applications for shellerived materials and contribute to the development of novel

pharmaceutical products.
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1.2.10.Recent and Future Applications: Biotechnology, Engineering and Others
1.2.10.1.Smart Construction Materials

One of the main branches of emiag mollusk shell recycling today is the production
of Asmarto concrete, in continuity with the
cementitious binder, powdered shells enhance concrete properties in drainage, elasticity and
resistance thigh-pressure and heat chocs (Bamigbetal, 2021; P. Chest 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 cycloneslduidimg 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 traditbtomarete (Mcet al, 2018; Y. Zhangt al,
2020; Ahmecet 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, thusedreasing anthropogenic pressure on coastal regionst(®o2018; Shetty
et al, 2023).

These mixes have also demonstrated better thermal insulation by limiting heat leakage
(P. Zhanget al, 2019; Supaet al, 2021). Recently, painting companies l{&eol Roof France
released paints containing oyster shell powder, with the goal to increase the -athedo
reflective power of building roofs, thereby reducing the need for air cooling systems. Further
research and development are required tagedistainable 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 functidfuser
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/¢8etti 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 aeey 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 ma@molecules, 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 (ealg 2022).These properties

are also applicable to liquid environments, notably for water depollution, as powder treatments,
innovative polymers or spondie textures that trap, kill or flocculate harmful substances
(Tudor et al, 2006; Weerasooriyagedra & Kuma&Q018; Triunfoet al, 2022; Basileet 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 processin@Morris et al, 2019; Summat 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 watrde 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, aléalexploring the bioactive organic
matrix of the shells (Veniaat al, 2019). A growing push for an integrated, lasgale approach
to reuse hand revalorize these abundanrprogucts has emerged, with both industrial and
academic researchers explgriseveral methods of bioconversion (Mogisal, 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 carsdx as catalysts for biodiesel
production (Viriyaempikulet al, 2010). The development of advanced functional biomaterials
is a strong lead among biotechnological applications. Mollusk derived calcium carbonates can
sustain good covalent functionalizati 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 (Magnabastcal., 2021; Triunfoet al, 2022).

Expanding orbiomedical applications, recent studies on shell powders demonstrate the
participation of some microstructurésnamely, motheof-pearl - in bone mineralization
improvement by stimulating osteoblast activity (Flaussal, 2013; Brionet al, 2015; Nahs
et al, 2024). This remarkable property was observed for the first time more tharthingdy
years ago, firstin vitro (Silve et al, 1992) and laterin vivo (Atlan et al, 1997). The

osteoinductive and osteogenic effect of nacre was explained kyrékence, in the nacre
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matrix, of signaling molecule$ such as BMPs (Bone Morphogenetic Proteins) but not
exclusivelyi involved in the transduction pathway for activating osteoblastdyoneforming

cells, in the synthesis of bone collagen and ottmeplete 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 (vertebrat®ie) 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 pioneering works on nacre
effects on bone mineralization were followed by a large numbgr \dfo andin vitro studies
summarized inZhanget al, 2017). Interestingly, the nacre matrix, in particular its lipidic
fraction, was also found to exert a beneficial and restorativet effieibe skin (Rousseat 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 bicmerics, which can be then utlized as highly
biocompatible osteoinductive grafts (Kalal, 2012; FernandeRBenast al, 2023). Likewise,
the properties of the calcifying organic matrix are gradually being uncovered and assessed,
revealing fibroblast stnulation and antinflammatory effects (Almeidat al, 2000; Immanuel
et al, 2012; Z-C. Chenet al, 2016). These recent advances come as preliminary validations
of some ethnomedicine applications described earlier in this review: some mollusk ghells ca

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 bactesfid@ling substances. Our recent findings (LuTetti et al,
2024; LutetToti et al, 2025,submittedo STOTEN suggest indeed that different cocktails of
antimicrobial peptides and proteins (AMPPSs) are present in the mineralizing matrix of the shell
of different bivalves of economic interest. This discovery cah éipplications 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 agmcgessful. 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 applicatadrhigh 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 isghoto 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, 2010he mem 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 shellfishin 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
(Coloneseet al, 2011). This became then a common practice, which meant an aatapoati
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 mountsgconcheiros or fAmi ddenso: gegions,eheycconsighaf largei n ¢ o
deposits of shells emptied after meat consumption, whether marine of freshwater (Bailey, 1975;
Rabettet al, 2011; Wijsmaret al, 2019; Rick, 2024). The stratification of shell middens and
the dating of layers show thatishconsumption wageither likelyintensivenor 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-@stégnation of their representation in the
archaeolgical 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

(Hausmanret al, 2019).

During the transition from the Paleolithic to theolithic period, the harvesting of
mollusks evolved alongside the development of agriculture. Initially, foraged mollusks served
as temporary food substitutes during times of scarcity (Coloaesé¢, 2011). However,
through sedentarization, mollusks bew a consistent part of the diet: for instance, gastropod
harvesting persisted in northeastern Moroccan communities while cultivated crops provided
stable food stocks (Hutteret al, 2014; Yane®t al, 2018). The collection of mollusks was
species setgive, all yeasround, with seasonal variation of volumes, over centunesome of
these communities, terrestrial snails were gathered and even kept alive before planned
consumption, while systematic perforations suggest active processing for foaer€raital,,

2014). These early domestication practices imply {@ng resources management skaisd
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an understanding of molluscan life cyglesrking the switch from plain harvesting to nascent

forms of (aqua)culture (Yanes al, 2018).

The purpledye industry in the Mediterranean region, which flourished from the Late
Bronze Age through the Byzantine period, represents one of the earliestsdatge
exploitationsof mollusks for their derived products (here, dy&he first nondomestic, large
scde workshops emerged in Minoan Crete, eventually spreading along the entire Mediterranean
coast. This industry primarilytilized Muricidae gastropods for producing dyes used in
ceramics, textiles, and wall paintings (Carannante, 2014; lacovou & Mylohg, Bérgeret
al., 2024). The process involved collecting live animals using baited baskets and exclusively
using them for dye production, with no alimentary use. Multiple speciduatidae were
employed, each producing varying shades of purple. Theactxin process involved
deliberately crushing the shell to access the hypobranchial gland (Alberti, 2008), resulting in
the animal's death, with the shells beconsigpificant byproducs of the industry. The dye
production was labeintensive, requiringarge quantitiesof animals to extracsufficient
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 (lacovou & Mylona,
2019 Bergeret d., 2024). In Huatulco, Mexico, a more sustainable approach to dye extraction
developed, particularly with thearacol parpura(Pankonien, 2008)nitiated around00 BCE
the production of purpléxindais a womeHed artisanshighat continues to thrivieday. They
invented pecific methoddor handshellfishing in intertidal zoneand forlow-impact, non
lethal dye extractionallowing longterm management of the gastropodgiditionally,
harvesting sites wereand are stilli periodically selected, pventing 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 exploitatianaaol purpuracan
be regarded as sustainable aquaculdaptive larvesting strategiesere not limited to dye
extraction, but weralsoapplied tomollusks consumed for food: for example, Mississippian
cultures developed extensive knowledge on mollusks biology and behavior, adapting their

methods to nocturnaknvesting 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
ltalian coastsMussel culture developed strongly in Franc& &8ntury with the introduction

of bouchotswhich are artificial subtracts made of ropes and put in the intertidal zones to
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increase and localize juvenile recruitment. By th& tentury, France was already ylga

producing 2000 tons of flat oyster@Vijsmanet al, 2019)

1.3.2.Contemporary Production Trends
1.3.2.1.Shell Products and Pearls

As illustrated in the first half of thisntroductive chapteiLutettoti et al, 2025,
submittedto 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 (Mattaiez
2018; Smaagt al, 2018).Various mollusks, including some oysters, scall@osne freshwater
musselsand gastropods like abalones and conchs, produce pearls as a defense mechanism.
Indeed,the secretionof a pearlis triggered when foreign objects enter the epatial space,
potentially harming the sctissues or transmitting pathoge@oncentric &yers ofminerals
eventually encapsulate the intruding object, forming a smooth, pearh natural pearbver
time (Shenet al, 2020). These natural pearls are only exceptidnay 6 n aegc maeeoofl s 0 ,
motherof-pearl. For example, the queen conch sheldétus(ex-Strombu$gigas produces
natural pink pearls made of aragonite, but with a fully crotseellar microstructure. Other
natural pearls can be prismatic calgitilke the very rare browio-red pearls of the

Mediterranean fan mussé&inna 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 largen suaatécular
in Japan, at the end of the™® beginning of the 20 century. Naigai (2013) reports the
development of pearl culture in Japarthis period during whichumerous attempts were made
to develop a reproductible protocol to induce peaninftion inthe Akoya oysterPinctada
fucataSever al met hods were successively devel or
Awrapping methodod and the Apiece methodo, ai
pearls and survival rates of the nusks. Sincéhese early developmentke pearl industry has
grown into a global enterprise spanning over 30 counamesthe process of pearl formation
has been standardized: pearl oysters are grafted with a spherical nucleus and a minute piece of
mantlet i ssue of a donor oyster, t-buegicabaperaidnt 6; t
performed in the gonad; after 18 months (in French Polynesia), a singlé peadcted inside
the pearl sack that emanates from the development of the ¢aatbe collected. Then, a second
nucleus can be inserted into the pearl sack, for generating a second pearl 18 mon@israter

has emerged as the worldbés | argest producert
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representing 98% of the global output.vver, it is worth noticing that more than 99% of this
Chinese production consistsearls of the freshwater triangle shell musSeiptyriopsis(ex-
Hyriopsig cumingit In the marine pearls sector, Japan leads with an annual production of 23
tons, folowed by China with 18 tons and French Polynesia with 12,9 tons, which is exclusively
exploitingPinctada margaritiferaoysters (Zhiet al, 2019).Other relatively important players

in the production of marine pearls are Australia, Indonesia, Philippy@s)mar, Papua New
Guinea, India, Cook Islands, Mexic@/hile pearls represent the flagship product of pearl
industry, a derived produtctof lesser valué consist in inserting and glueing an object between

the inner surface of the pearl oyster and thathadissue. This object, usually a sesphere,

or a semi drop, is progressively covered by nacre deposits. After six months in the lagoon, the
oyster is collected amdb®be épdebamriIs@ eirs pceuatr |for,c
and can b commercialized. One oyster can produce at the same timemabé¥2 to 4 per

valve). Usually,mabéproducing oysters are specimens of lesser quality for grafting, or old
specimens that have already been grafted once or twice. Contrarily to pehésare 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. Consatjy, this review will not delve further into these
topics, as it is primarily centered on thefipduct shells derived from molluscan exploitation

for food consumption.

1.3.2.2.Shellfish and Aquaculture of Edible Mollusks

In the 1990s, fisheries and aquacrétaccounted 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). Howeverthe distribution between the two sectors has significantly shifted, with
aguacul tureds share escalating to nearly 51%
State of the World Fisheries Report (2024), 2022 marked a milestone as aquacndtuct g
volumes surpassed those of capture fisheries for the first time, reaching a record of 130.9

million tons of biomass.

According to Wijsmaret al.(2019), bivalves account for 14% of all marine production
worldwide In these 14%only 11% coming frm 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 ltalyésg i al i zi ng i n staln202). Theé RA's ) ( Ti
State of World Fisheries and Aquaculture report (2024) highlights thataydtures 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 subverfazmilgate the establishment of
nurseries populated through naturarwetment or hatchery reproduction (Ministry of Primary
Industries, 2013; Wijsmaet al, 2019).

1.3.2.3.Conchyliculture

At world scale, lhe total mollusk aquaculture productiancounts forapproximately
18,911,320 tons annually (FAO, 2024). Mollusks represemiral 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 conrig from New Zealand, which produces 94 000 tons of blue

mussels Mytilus edulig annually (Wijsmaret al, 2019).

With over 6 million tons produced annually worldwide almost entirely through
conchyliculture, cupped oysterdldgallana gigay represent thesecondargest 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). Smadl 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 &g conchyliculture mainly involves the mussglytilus
galloprovincialisand the warty venugenerupis philippinarumwith limited or experimental
culture of Pacific cupped oystelagallana gigasThis can be explained by the fact that the
two main actorsf 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 Sdaave little space available for conchyliculture, leading fioféssh-oriented
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distribution of agquaul t ur e i ndustries amongetdle2020t er r an

Carvalho & Guillen, 2021; United Nations Environment Programme, 2021).

In Europe, Spain is the largest producer or mollusks through aquaculture in weigh,
contributing to approximate0% of the total production. Its conchyliculture primarily focuses
on the Mediterranean musa&ytilus galloprovincialis which constitutes 83% of its production
and a third of total European exportsinweigh Fr ance representsf EuUr ope
cupped oysterMagallana gigaswith 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% oflglenues (Hough,
2022 FAO, 2024). Conversely to the specialized conchyliculture organization of Spain, France
has a more balanced strategy, cultivating a variety of bivalves: Pacific dyistgaiana gigas
account for 46.6%, blue mussélytilus edulisfor 37.9%, and Mediterranean musddigilus

galloprovincialisfor 8.8% (Wijsmaret al, 2019).

As bivalves are shebearing mollusks primarily harvested for their soft tissues, the
generation of shell byproducts in conchyliculture represents a signiéispect of the industry.
Indeed, shells account for a substantial portion of the total bivalve biomtsapproximately
10 million tons of shells produced annualyaquaculture systemegpresentingip to 75% of
the totaloutputweight in most opetans (Morris et al, 2019; Summaet 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 shieisnussels
- this propot on drops to around 45 %, whil e some m

(Japanese scalldgizuhopecten yessoensfSummaeet al, 2022)

Tablel.1: Mass of dry shells produced by seven bivalves of econor@estt 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 speeibeof
represent the experimental models used in the following chapters of my doctoral thesis.

Mollusk Glycymeris Mytilus Magallana| Pecten |Cerastodermi Venus | Venerupis
species glycymeris| galloprovincialis| gigas | maximus edule verrucosg philippinarum
Mean mass of

the whole wet  55.03 7.42 67.22 142 6.99 43.01 19.44
body (9)

Mean mass o

the emptied 40.26 3.42 44.24 94 4.46 29.23 11.05
dry shell (g)

% mass of the

shell / whole 73% 47% 66% 66% 64% 68% 57%
wet body
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As previouslybriefly introduced while tscussing 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
andbouchotsor bottomsheltered 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 substratess, whil
scallops may be grown using suspended nets or on the SEAEDFA, 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 producBardies have shown that bivalve
aguaculture can produce up to 28,000 kg of protein per hectare per year, which is significantly
higher than terrestrial livestock systerfr example, annualdef production typically yields
only about 9.5 kg of proteiper hectee. Moreover, bivalve aquaculture generates significantly
lower greenhouse gas emissions, producing about 11 tons per ton of edible protein compared
to 340tonsfor 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 aquaculWikér & Aldridge,
202Q Azraet al, 2021; Verdegerat al, 2023)

1.3.3.Threats and Limitationsf Conchyiculture
Evaluating guacultue carrying capacitys essential for austainable management of

bivalve productionThis conceptncompasses four main dimensions: physical capacity (the
total areallocated to rearinjgproduction capacity (the maximum saisable yield of cultured
bivalveg, ecological capacity (the density above which ecological imp@gusa), and social
capacity (the level of development acceptable to local communiepending on the
implantation site, limitations can occur in ang raultiple of these dimensions, coming as
obstacles in the production rates and sustainability of conchyliculture installé@iorasal &

van Duren, 2019)or instance, significant challenge in landased closed systems of mollusk
aguaculture is waterlfiation, recycling, and depollution to limit environmental impact and

reduce resource consumptiQrerdegenet al, 2023).

Another challenge is the waste management of shelloblyicts, which constitute a
substantial portion of conchyliculture productidvihile some shells anepurposedor various

applications described in sectidnl From Ornaments to Biotechnologighe 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. &1 instance, in the UK, it costs around 80£ per ton to dispose of shells in
landfills, which can lead to illegal dumping in uncontrolled pilasglditionally, in some
countries, landfills may not even be a viable option for disposal, forcing prodacdrs
consumersto resort to less regulated method#is 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 hehishfaty concerns,
necessitating the implementation of organized shell waste management st(itegie®t al,

2019; Summaet al, 2022) While waste management represents one of the challenges facing
conchyliculture, the following sections will expéo other critical threats andhallenges

currently facingconchyliculture.

1.3.3.1.Diseases

Bivalves are predominantly filter feedereaking them good candidates for rearing as
minimal impact animals. However, this feeding strategy also makeshigty sensitve to
environmental stressors such as climate, physicochemical changesjcaobial pathogens
(Ponderet al, 2020; Verdegenet al, 2023) This vulnerability has been demonstrated
throughout History, with significaninpactsthat even participatedinalpi ng t odayds
production landscape. For instandaring the 19509 ortugalexperienced mass mortalities of
bivalves related to protozoan parasitism that led to drastic population deSimgarly, the
French oyster industry faced a crisighie 1970s when local populations were wipedadtgr
successive infectionsecessitating their replacement with exotic species from Canada. This
introduction, while intended to revive the industry, subsequently led to disease outbreaks
other speciedue to exotic parasitic infectioifg/ijsmanet al, 2019).

Bivalves are susceptible to a diverse range of microorganisoigging herpesvirus,
gill necrosis virusRoseovariugaffectingjuvenile oysters)Vibrio speciesNocardiabacteria,
Perkinsusspp (attackng themantle epithelium)Marteilia (Traverset al, 2015 Kunselmaret
al., 2024) Their proliferation and transmission, facilitated by global maritime trade, can
severely impact aquaculture production at a large scale. For instaroze 2808 repetitive
herpesvirus outbreaksaused a persistent drop in globgskter and scallop production yield
rates (Wijsmaret al, 2019).Vibrio bacteria represent another global threat: while some strains
induce coldwater vibriosis, physiologically limitedjeographically, others are adapted to
warmer waters and can be observed around multiple contifkasbulinet al, 2017; Trigaet
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al., 2023) I n France, Mani | a crowa nng diseasebeV. @pelis) ect e ¢
outbreaks. This infection inded high mortality rates, witllteration of the tissuesnd
progressingoloredmarkings on the shell (Paillard, 2004)

Abiotic environmental factors can also be at the origin of bivalve diseasebitenzal
dewelopmentsof the bivalve shell Antifouling chemicals have been shown to exert dramatic
effects on shell growth: during the 80s, the usdrifutyltin spread on ship hulls and port
beams caused severe losses for nearby bivalve exploitations. Bivalves exposed to this chemical
often exhibited sHe deformites( wi t h t he f or mati on of 6 chaml
abnormal growth patterns, and finally, a decreased thickness and heightened brittleness
(Dyrynda, 1992; Lacoste & Gaertaktazouni, 2015)

1.3.3.2.Food Safety and Human Health Concerns

When cosuming infected bivalves, interspecific pathogen transmission is sometimes
possible towards humans. This is the case for microorgasisamsasVibrio spp, norovirus,
andhepatitis Avirus, which can cause severe (sometimethfeatening) conditions imumans.
In cases when pathogens are effectively barred from entering the body, unsuspecting consumers
could still be ingesting harmful amounts of microbial toxins. For exanipéetoxinsand
saxitoxins provoke neurological illnesses in humans, rangomg frhronic pain to paralysis
(affections better known to the general public as the grouped paralytic shellfish poisoning).
These toxins accumulaten mollusk tissues are produced by cyanobacteria, particularly
dinoflagellates like Alexandrium catenelleor Karenia spp., which thrive in rising sea

temperaturegArnich et al, 2021)

1.3.3.3. Climate Change Impacts

The spread ofbivalve microbial diseases is exacerbated by climate change and
anthropogenic activities As warming temperatures favor the proliferatiasf some
cyanobacteria and microalgae specidarmful Algal Blooms (HABs)lead to declines in
conchyliculture production andubstantialeconomic lossesHABs are indeed capable of
directly killing bivalves by producing toxins, inducing hypoxic/anoxic watenditions, or
even clogging their gills and digestive track®r instance, France incurred $2 million in losses
for Mytilus edulisin 2019 due to market closuraadsuspensionafter 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 sucdcessirviving individuals Weakened
pathogen esistances almost always result in secondary infections: pathagbrim bacteria
have been observed to opportunistically contaminate oysters infectad dyanobacteria.
catenella(Abi-Khalil et al, 2016).

The combination oboth higher sea watdemperatures and low pHypercapnia) has
significantly negative impaston overall bivalve fitness andphysicochemicalresilience.
Mussel for example show sharp decline in byssus strength, valve opening time, shell growth
and thicknessinder hypercapniand extreme water temperature evefiszer et al, 2014;
Martinezet al, 2018; Cubilloet al, 2021; Lassouedt al, 2021).This tendency is even more
often observed among populations that are not usexpteriencingyreat temperature gradients
throughout the yeafLattos et al, 2023 Azizan et al, 2024).In itself, aceanacidification
mainly impactslarvd developmentnotably in shell formation. The adults show indeed better
resilience to low pH thanks to their periostracum (the organic outer tdyihe shell) and
behavioral adaptatior(siendrikset al, 201Q Auzoux-Bordenaveet al, 2019).

1.3.3.4. Space Competition

The space used for mollusk rearing came intocompeition with wild habitats and
other anthropic coastal uses, such awaritime tranport, environmental conservation,
construction, and recreational activitig$is space competition is even more visible in densely
populated areas. For exampijrop® s b ipredaudtion das declined by 100,000 tons over
20 years due teeduction of avidable cultivable marine zones: the vast majority of this decrease
was observed ithe Netherlandswhich is currently expanding its territory @reviously

submerged aredsVijsmanet al, 2019).

1.3.3.5. Impacts on Wild Environments a@@dmmunities

Bivalve aquaulture, 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 risknetig drift and
inbreeding depressiofVhen in opersystems, the circulation of their offsprings might greatly
challeng thegenetic diversityof wild populations(Hollenbeck & Johnston, 2018; Zengsr
al., 2019)
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Although theimpact of cultivating allochthonous nhasks on wild autochthonous
mollusks is still poorly understood and studieshe can presume that a constant input of
allochthonous larvae bring imbalance the native ecosystems by creating invasive populations
( Ti letialp2020).

By introducing ©ianges in nutrients availability dynamjicsonchyliculture locally
impacts planktonic communities, but leteym significant modifications have not been
documented yet. The beneficial or detrimental nature of tmegacits depend athe trophic
charge of theites, seasonal changes andipstallation situatiorfanthropized or wild pristine
areas)(Ministry of Primary Industries, 2013Pigestive waste from mollusks can modify
sediment composition and create mudbadpacting benthic communiti€s T i letialn282Q
Smaalet 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 conchylicu#, this can have both positive and negative
impacts depending on the pegisting environment and volume of the artificial habitat. Often
considered as Fish Aggregating Devices (FADs), they can provide new habitats to struggling
native species. Howevetheir installation has to be well thoughwer, as they could have
adverse effects by promoting invasive species recruittheritates in NewZealandMinistry
of Primary Industries, 2013)pr 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 surveillanc&quaculture, due to itdquid environment,
increases the transmissionprasites and pathogenghile antibiotics are traditionally used
in bath treatments as prophylactic, therapeutics, metaphylactics and growth promoters, this
same environment can foster the rise and spantibiotic resistance, which can persist long
term in the water and be transmitted to untreated populafitis spread has been observed
beyond aquaculture systems, leaking into the natural enviror{Meandaet al, 2013 Ali et
al., 2014; Hossaiet al, 2022).

Sustainable alternativeso antibiotics include probiotics, phage therapy, and
ultrafiltration of water in closed systeniske in terrestrial agriculture, selective breeding and

genomic selection are performedmong oysters notablyin order to increase growth rates
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and resistance to pathogdillenbeck & Johnston, 2018; Zengsral, 2019) However,as
mentioned earliethese methods hawest limitationsare solelyapplicalbe to closed systems,

andor might sustainecological impats on wild microbial communities (Kunselman 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. Thi s met hod, called fAseedodo or Aspat o
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 seedserayemor

than not be unfit for exploitatioftmaalet al, 2021).

1.3.4.2. Integrated MultiTrophic Aquaculture (IMTA)

The development dhemarine polyculture branch of conchyliculturainly comes as
a sustainable effort to reduce fish farming impg@arballera Brafiaet al, 2021) While
effectively reducing these negative impadtgegratedMulti-Trophic Aquaculture (IMTA)
also improves mollusk production but requires more space and complex maintg¢hance
marine aquaculturdt faces challenges imstallations and struggles to develwpareas with
limited space like Europe (Hughes & Black, 2016;etal, 2017).

IMTA is improving mollusk production in length, growth rate and wemgthe filter
feeding bivalvesact as allochthonous nutrient feedersdueing aquacultureriginated
eutrophication of wildenvironmenrg (Saraet al., 2009) Structural organization designs have to
be adapted to the species involved so that they share positive interactions rather hinder each
ot her 6 s d(éuwetal, 20p7/in@utsitie of Mediterranean SEMTA exploitations are
often coupled with multi activity platforms offshosejch asvind energy plantévan den Burg
et al, 2017) More studies and development of thegegrative systemare needed to assess
and evalate the environmental benefits compared to economical ¢¥stet al, 2017
Giangrandest al, 2021; Nederlott al, 2022)

1.3.4.3.0pen Ocean Aquaculture

Transitioningfrom inshoreto offshore aquaculture tenseen as a solution to space
competition, partularly in the MediterraneaBea There, the creation of artificial substrate
and habitats in previously purely pelagic environments cdimked to carbon sequestration
and reef restoratigrbut open ocean aquaculture systdar® challenges inpoor nutrient

availability andow economic viability (Giangrandet al, 2021).
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1.3.4.4.Innovative Products and Approaches
Sustainable solutiorsre developetb reduce the impacts and prevalence of microbial

pathogens in mollusk aquaculturéhey currentlyinclude reseach onwater ultrafiltration,
probiotics,andphage therapywVhile ultrafiltration through sand filters has shown promising
results against somébrio species, it is a lengthy and costly process, applicable only to closed
systems. Depuration, a similar thed, also faces these limitatioiZhang et al, 2018

Kunselmaret al, 2024)

While certain fish diseases are prevented by vaccines, their development is not
achievable in mollusksecause of thelack of acquired immune systeioweverjt is possibé
to induce immunization hr ough Ai mmune p2ldmiolecular défense® Ch a g

and form proto vaccines treatme(iielisleet al, 2023; Tammast al, 2024)

The use of mpbiotics from sponge associated fungi secreting enzyiagshowrantr
vibrio capacities and comes as an interesting solution in vibrioses combattingSiraifisdien
Bahry et al, 2021) It is however important to consider the consequences of probiotics and
phage therapy in open environmeritey may have unintended ecolagiempacts on wild
microbial communitie§Ringg, 2020Kunselmaret al, 2024)

Medicationadministratiorthrough feeding, and new antibiotic use strategies are being
explored, but face challenges such as the rise of antibiotic resistéweciterfeeding strategy
of bivalves also complexifies the distribution of drugs: they often have to be suspended into the
waterand thus have to exert limited effects on +target organisms or be used in closed
systemgLulijwa et al, 2020; Pepi & Focardi, 202BondadReantaset 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 gdroglucts, 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 considensdstes 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, thajuatewaiting 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 landsoaiess concerns regarding
multidrugresistant microorganisms and emaggdiseases 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. | thereby
intend to developnew, innovative, sophisticated way to valorize shé&lsthis end, | extracted

and characterize the organic matrices of seven bivalves from the common consumption and
performed antibacterial screening against marine pathomeocsmbination with a protenic

approach on the shell extracts.

The structure of my manuscript unfolds as follows: in the next chapter, Chapter 2, |
discuss the general system of bivalve defenses, before focusing on the description of the shells
and shells microstructure of my dtad models. This chapter ends with the establishment of an
exhaustive uio-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 fothe shell.

Chapter 3 represents the main course of this manuscript. There, | presenuthefset
the antibacterial screening and following proteomic analysis: the studied model sources of
putative bioactive molecules, the bacterial targets, and theredqadaptation for marine
microorganisms. This chapter encompasses two papers, one published on the innovative
protocol allowing the first i me use of i nsolubl e compounds

submitted, exposing the positive results of theesuray.

Chapter 4 regroups the miscellanea: the-poblished 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 covdrall antibacterial

screening and the growth of poorly documented bacteria under several conditions.

In Chapter 5, | build the general discussion of my thesis, and produce an overview of
the knowledge developed with this antibacterial screening anelgpnat exploration. | 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, | insert two papers on which |
collaborated: one plished in 2023, exploring the biomedical field through the osteogenic
inductive properties of nacre; and ome a novel analytical process combining multispectral
imaging and electrophoretic gels of shell pigments of extant and fossil gastropods @® milli

yearold). 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 animalseTduods bodied
organisms are widely distributed globally, thriving in various ecosystaarsestrial, marine,
and freshwateir while facing threats from predation, desiccation, parasites, and pathogens. To
survive, mollusks have developed a range of defenechanisms 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 respes 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 Primaiyefense 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 agaiestation and crushing forces,
reduces parasite exposure, and limits desiccation by minimizing the evaporative surface area
(Lowell, 1984;Cortie, 1992; Pondeet al, 2020a) This rigid construction also serves as a
structural support, enabling mollusksmaintain 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 characteotis
systematic amongst members of this phylumApkcophorasuperclass for instance, consists
of shellless wormlike mollusks, while their close relatives, Bayplacophora- one of the
most notable examples being the chiterevelop shellike overlapping plates and spicules
that partially cover their body. ATrueodo shel
are observed in th@onchiferas ubp hyl um, whi ch comprises five
theBivalvia, GastropodaScaphopod, CephalopodaandMonoplacophorgFig. 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 haphsig), 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 externdaheitan

shells are primarily made of calcium carbonate (CgQ&hich 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, glysmpsy lipids, pigments and diverse
metabolites (Mariret al, 2012). This matrix is supposed to regulate the mineral deposition
during shell formation but its precise role is still being discussed (Wened, 1984;
Nudelmanet 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 defind 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 nacrengotherof-

pearl), foliated calcite, crosséaimellar 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, aragoniticragmssesses a fracture toughness about
thousand times higher than that of a geological abiotic aragdait&soret al, 1988) These
microstructures will be discussed further in the following part of this chapte2(8e@he

bivalve shell, where | inroduce the shells of the bivalve models used during my doctorate.

Phylum Subphylum Superclass Class
Bivalvia
Gastropoda
Scaphopoda
Conchifera

Cephalopoda

Monoplacophora
Mollusca — placop

Polyplacophora

Aculifera

Solenogastres

Aplacophora

Caudofoveata

Figure2.1: 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 (Abyahg2024;
MolluscaBase eds., 2024). The Subphyla and a discriminating superclass are represented in burgundy red. In blue,
| put the emphasis on the Bivalvia class, which encosgzathe models studied in this thesis.
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As mollusks colonized a vast diversity of environments, marineshwater or
terrestrial, they evolved shells with a high variability in shapes, organization, composition,
development strategies, thickness and derisie & lwasa, 2005; Lowenstarat al, 1989;
Ponderet al, 2020a) Multiple adaptations have been documented on shell thickness and
microstructuralcomposition depending on predator presence and on their appendices: for
example, specific valve curvatgreand sizes can put crab claws into failure (Blundon &
Kennedy, 1982 eonardet al, 1999 Bronmarket al, 2011). Another interesting adaptation to
stressors is the mitigation of physicochemical pressure by the development of rounder, more
globular shape of shells as inducible defense under elevated pCO2 conditienew pH
waters) (Stallingst al, 2021). This plasticity in shell morphology in response to environmental
cues can even be found within species, in cases where the pressure is parsitolag
(Stanley, 1970; Leonaret 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 organigimtaran be quite limiting in
terms of movements that are much needed to achieve proper fithess (foraging, mate research,
reproductioné). Furthermore, some predators
overcome shells, underlining the tradeatiture of shell adaptations, between mechanical
strength and behavioral defenses. compromising between escape or defensive aggression,
see sectiong.1.2. Mucusaind2.1.4. Molecular defenspfRundle & Bronmark, 20Q1Johnson,

2020).

Although acelluar, mollusk shells are neither inestoskeletons nor O6deadd s e

products: they can slightly remodel by superficial internal dissolution, during hypoxia or
anaerobiosis phases. Furthermore, repair and regeneration processes ensure continued
protecton 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
Aburstso in rapid minereadli2008;tCranat al,(202d)tAsb e, 1
shells also sustain damage from microbial attacks, a similar increase of mineralization can be
observed under these stressors, supported by heightened hemocyte recruitment €T ahkler

2011). This last response shares nature with othernéoatizationinvolving mechanisms that

will be discussed later in this chapter (2ek3. Cellular defensgs

The following three mechanisms are part of an integrated chemical and cellular defense
system, that is efficient when the shell fails to proteollusks or when they lack one. While

al | defense mechanisms introduced in this <c¢h
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ncell ul ar def enseso, and Amol ecul ar securiti

activations occurring acreevery 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 environmet (hantle epithelium, gills, faand 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 compoybdwies & Hawkins, 1998Allam & Raftos,

2015; Pales Espinosga 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 physiolgical processes and acts as both a physical and chemical barrier
for mollusks(Davieset al, 1990; Davies & Hawkins, 1998; Ponagral, 2020a)

The adhesive and lubricant properties of mucus are essential to molluscan locomotion,
allowing them to glidedhere 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 vuaecathéehydration
and the hydrated gel nature of the mucus acts as moisture cor®ol i Es K i & Jaros
Davies & Hawkins, 1998wamotoet al, 2014)

Another key function of mucus lies in its antifouling and entrapping properties, which
along with bating cilia, immobilizes microorganisms and rids the body and its close
surroundings of potential pathogens (Franzenbatr@l, 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 supatibacterial efficacy
(Gl i EBski & Jarosz, 1997,; Adéthlazel6)Sonke sdedies of , 201
gastropods even secrete a mucus charged in metale@pnsépper, iron, manganese, zinc),
which showed high toxicity against Gram posstiand negative bacteria (Pét al, 2015
Greistorferet 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 stiowlaf fibroblast

proliferaton, whi ch are critical processes i n woun
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1997). Furthermore, the mucus exhibits detoxifying properties through the presence of
antioxidants like Glutathion&-Transferase (GST) and Superoxide Dismutase (SOD)hwhic
offer protection against free radical damage @itl, 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),
facilitatingh ei r movements, pathogen rDawes&Hawking,on ( G|
1998; Allam & Raftos, 2015) and phagocytic activity by entrapping and concentrating
exogenous particles (Pales Espinesal, 2016). This medium function is further appreetht
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 coedraticroenvironment,
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 mucualizeekcin specific
physiological functions. This is exemplified by the terrestrial gastr@uvydu aspersunwhich
produces three types of mucus: an adhesive one for the pedal surface, a lubricating one for foot
and shell movements, and finally an antiralial one covering the mantle (Campion, 1961,
Cerullo et al, 2023). Some species’ mucus.g(, Phyllidia varicosa contains volatile
compounds that can be toxic to predators (Cinghal, 1985; Dutertreet al, 2014). Other
specialized functions includihe dehydrated mucus ropes for suspension, mucus trails for
interindividual signaling, and mucus sacks for food capture and reproduction (&@halse
1978; Davies & Hawkins, 1998). These mucus types will not be further discussed here, as they

do not fal 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 okrnest in current research: the mucus could have
promising applications in biomedicine and materials science as solutions in skincare, drug

delivery, tissue engineering, and composite materialsg®dt, 2015).
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2.1.3.Cellular Defensesfhe Mobile Immune Regmse

Aside from mucocytes (the secretory figobl
defenses of mollusks are carried by hemocytes, which represent the main cellular component
of their innate immune system. Hemocytes are particularly mobile cetlgitbalate in the
hemolymph and infiltrate tissues, and can also be found in the pallial and extra pallial cavities
(Dest oumi etuak 20809 Aczordimg to Grinchenko and Kumeik®022)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) hyaliescy(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 regulatiariafs/tissue processes
such as repairs, miner al i z a;tAl-khaaifa,2022)gr owt h (

The first defensive mechanism of hemocytes is the production of Pattern Recognition
Receptors (PRRSs) to enable the recognition of exogenatislggm 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 tHRRRs might undergo bacterial speespgcific triggers
through pathogeassociated molecular patterns attachment and be linked to a form of
Aprimingd i mmunity, where the individuals di
infections, but they daot appear to depend on the virulence of the strains (Rtlailg 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. Whenzin@isabundance of the
invaders are too much for a single hemocyte, they gather in large numbers and engage in nodule
formation or encapsulatiqnD e s t 0 u mi etwlx2026;2AkKhalaifah, 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 atidlgs, hemocytes build
A p as $ with hé 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 organismsigiternal compartments as well as in the
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mucus, see sectidh1l.2. Mucus These compounds include highly reactive oxygen species
(ROS), nitric oxide (NO), antimicrobial peptides and proteins (AMPPs) and hydrolytic enzymes
(Canesi & Pruzzo, 2016). Additiatly, infected hemocytes can perform ETosis: they sacrifice
themselves to release a combination of Db&kckbone structures forming extracellular traps
that are adorned with histones and granulocyte antimicrobial proteins, thus immobilizing and

killing the pathogens and triggering a foolproof phagocytosis (Guima&astaet 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
secgeting some of its key components, namely antimicrobial molecules. Hemocytes are also
engaged in shelepair, wound healing and blood clotting (lvanitaal., 2017). In addition,
although largely understudied, their role in shell formation in mollusksblean mentioned
several timegMount et al, 2004; Songet al, 2019) suggesting that the shell biomineral

deposition is not solely a process regulated by the mantle epithelium.

2.1.4.Molecular Defensesthe Chemical Arsenal

Although mollusks do not possesstibodies, 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. Althogh 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 thbymucus
epithelial cells and mucocytes in the pallial cavity and extrapallial {pPates Espinosat 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 ¢ fof inactive precursors
(propeptides and pigropeptides). These cells, circulating in the hemolymph and residing in
connective tissues, carry and release their contents in infected sites upon immunological
triggers (see hemocytes recruitmengifi.3.Cellular Defensds inducing quick and localized
increase in concentrations of defensive facfoG1 i &Es k i & Gdrdoletals 2015) 19 9 7

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 by recognition molecules such as PRRs and proteoglycan
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recognizing proteins (PGRPs) These are supported by more versatile proteins like lectins,
fibrinogenrelated domain proteins (FReP) and C1q dorcaimaining proteins (C1qDC),
which also participatsn chemotaxis and direct elimination of pathogékdema, 2015; Gerdol
et al, 2015) Extracellular signaling is facilitated by cytokines and cytoKike proteins, which
have powerful immunomodulatory effects even at low concentrations. The effectautes)e
responsible for directly killing and destroying pathogens, include various lytic factors such as
bactericidal and permeabildipcreasing proteins, the phenoloxidase cascade (PO), enzymes
like lysozyme and protease along with microbial proteaseitoins. The PO cascade, for
instance, leads to melanization both intracellularly and extracellularly, affecting extracellular
matrix arrangement and shell mineralization, as se®emerupis philippinarunshells during
Vibrio tapetisinfection causing "mwn ring disease(Borregoet al, 1996; Gl i EBski
1997; Paillard, 2004)Additionally, as mentioned abovésReR C1gDC, opsonin and
agglutinins (lectin being the main representative for this category) also contribute to pathogen
destruction G | ki &Harosz, 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
spectrunmantimicrobial activity through widely diversified mechanisipAlam & Raftos, 2015;
Bachereet al, 2015) Their variety and specific features are discussed later in this chapter (see
section2.3. Antimicrobial Components in Mollusks Soft Tissy@s | Ist 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 Defensg$ut also at a molecular deadby transmembrane pumgsat 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 wastexins and microorganisms in bivalve cells (Pain & Parant,
2003).

As previously mentioned in the context of cellular and mucosal defenses (see sections

2.1.2and2.1.3, mollusks maintain an inhospitable environment for potential invaders through

various mdecular 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 harpbka proboses (Dutertreet 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 thaork synergistically. Under the protection of the shell
whenitis presertper f or mi ng the fAheavy dutyo and prov
mucus facilitates hemocyte movement and concentrates antimicrobial compounds, while
constantly cleaningpithelial 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
chalenges and external threats. The following sections of this chapter will delve deeper into
the aspects of mollusk defenses that are involved in my doctoral reseampecific bivalve

shells and the AMPPs found in soft mollusk tissues.
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2.2.The Bivalve Shell
2.2.1.Structureand Function
Bivalves are characterized by their distinctive vadved shells. While serving the

general protective functions discussed earlier2skd . The She)] bivalve shells exhibit some

features that are also observed in othefldearing 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,
polysacchades and proteins, it impermeabilizes and provides protection to the underlying
calcified layers against erosion and pH variatifbswenstamet al, 1989; Pondeet al,
2020a)

The inner layers of bivalve shells are mineralized, with aragonite and ecalcit
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 (s&21.1. The She)] variations can occur amongesjies at population levels

depending on environmental stressors (both biotic and ak(star)n et al, 2012 Checeet al,

2018) The emergence of common shell microstructures is a complex topic that spans over
millions of years, challenging the retragiof 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
Cambrianperiod. The apparition of nacreous structure (also called mothmrarl)would be

slightly younger, with early identifications around 480 million years ago, during the early
Ordovician period. Crossddmellar and foliated structures are thought to rexaved later
around the 443 million years ago, becoming more prevalent in later geological j€eplds

et al, 1969 Carter (ed.), 1990; Pondest al, 2020a) Typical examples of bivalve
microstructures are presented in the later section, wherectilm®ghe 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
CaCQ minerals and the organic matric (OM) into the extrapallial sf&ay. 2.2)(Addadiet
al., 2006; Marinet 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 tempfatemineral 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 microstatures, resulting in the complex and layered architecture observed
in adult bivalve shell¢Kniprath, 1981; Checa, 2000; Pondral, 2020a) For instance, the
outer mantle folds typically secrete the periostracum, while the middle and inner are tdsponsi
for the prismatic and nacreous layers, respectively. in the case ofpramatic bivalves.
Below, illustrated by Figure 2.2 is the examplé\oda, a bivalve exhibiting a fibrous prismatic

layer and, internally, a crossémellar one.

Periostracum

Calcifying fi" )
epithelium &

Extrapallial space

Figure2.2: The physiology of mollusk shell calcification with the exampléiafa sp Figure adapted from (Marin
et al, 2012) and redrawn from (Waller, 1980).

2.2.2.0rganic Matrix

As briefly mentioned above (s@el.1.The Shellithe shell contains a complex cocktalil

of organic molecules that are an integral p
matrixo. They are an amalgamate of proteins,
which chitin), ligds, 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(fFeénsy, 1855) but the

fi r st modern biochemical characterizations a
allowing to characterize all proteinaceous constituents of a shell matrix (tballetd
Afshell omed), was i mp(Marmeo20)ed only 15 years a
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For a long timeuntil 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). Fingidsketc
the eighties, a molecular model of nacre was proposed in the earlyl200&alismanet al,

2001) This model targets the interaction of three major components: chitin (an insoluble
Asugar 0 p eatetylgliecosamné), fakming a 3D flexibleamework, hydrophobic
(silk-fibroin-like) proteins forming a gel containing the third ingredient, acidic polyanioaic (
aspartic acierich) proteins which are the mineral nucleators and, at the same time, can inhibit
crystal growth. This ternary modedlies 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 yddtarin et al, 2013 Marin, 2020) Many
of them areminor, 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 seyofezsuch as
carbonic anhydrase (CA), tyrosinase, proteases, peroxidase, cyclophilin. It also comprises some
proteins with an ExtraCellular Matrix signature (ECM), such as laminin, decorin;liE&F
VWFA, in addition to proteins involved in interactingthv sugars (lectins, chitibinding,
peritrophin A). Other keylayers are proteins involved in protease inhibitor functions (serpin,
Kunitz-like, Kazaltype domains), proteins interacting with divalent cations (ependymin, Ca
binding proteins with EF hangsnd a large array of proteins that exhibit Jo@mplexity
domains. In this last category one finds Asp/@ain proteins, Asn/Ghrich proteins, Ser/Thr
rich proteins, Arg/Lysich proteins, Cys/Metich proteingdMarin, 2020)

Except the acidic proteinghe 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 assoeited 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 ynmences
invites us to reconsider their putative functions. The idea that these histone or-likstone
proteins could serve as antimicrobial factors in the shell matrix has emerged in the last few

years(Marin, 2020; Oudokt al, 2020) It then becomelgicalto explore this possibility
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2.2.3.StudiedBivalve 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 Scaming Electron Microscopy (SEM) pictures. Macroscopic illustrations were provided by
Jérdbme Thomas (Biogéosciences) while SEM pictures were acquired by me and by a Master
trainee, Marie Aries Lasseron who worked in the Biomineralization team of Biogéaslahc
from February to May 2024. For the microstructures, we checked that our findings were in
agreement with earlier literature, in particular Tagbal.(1969, 1973jand Carte{1990) Our
models are presented according to the classical phylogdBiyalfiia, namely pteriomorphid
bivalves first . glycymerisM. galloprovincialis M. gigas P. maximu}y then euheterodont

ones C. edule V. philippinarum V. verrucosa (Figure 2.3).

Order
Class Subclass Infraclass  Subterclass (except *: superorder)  Species

Pectinida <4sssmm Pecten maximus

Limida

Pteriomorphia

Arcida 4 Glycymeris glycymeris

Ostreida ¢mmmm Magallana gigas

Mytilida <mmmmm Mytilus galloprovincialis

Autobranchia

Unionida

Palaeoheterodonta
Trigonida

Archiheterodonta

Carditida

Heteroconchia Venerupis philippinarum

—— Venerida

Sphaerida Venus verrucosa

——— Myida

Imparidentia® Cardida <4mmmm Cerastoderma edule

Bivalvia |

Adapedonta

Galeommatida

Euheterodontia

Gastrochaenida

Lucinida

Anomalodesmata*®

Nuculida

Protobranchia

Nuculanida

Solemyida

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 MeilhBaséAhyonget al, 2024; MolluscaBase eds., 2024).
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2.2.3.1.Glycymeris glycymeris: Shell Morphology and Microstructures

The shell of the dog cock{glycymeris glycymeriLinnéet al, 1758; Mendes da Costa
et al, 1778) is circular, convex, thick and solidis 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 zigzagpdterns displaying high intrespecific variability (Fig. 2.4). Similarly to
otherGlycymeriss peci es, the periostracum can be fAhali
border. The internal shell surface exhibits a simple pallial line (integripalliaig)t\wo
brownish adductor muscle scars of similar size (isomyarian). Ribs are visible in the outer shell
border (Huber, 2010; Nolf & Swinnen, 2013).

Figure2.4: Shells of two specimens of tlieg cockleG. glycymerisshowing both inside and outside views. Red
arrows: myostraca; Green arrows: concentric growth lines.

The first mineralized outer layer consists of a crodastllar structure (Fig. 2.5,-8).
The structuration of the aragoniteystals gradually transitions to a middle layer made of
Asi mpl eo straighter crossed | amel | ae. Thi s
distinguishable from the previously described outer layer. The inner layer of the shell is again
made of crossethmellar aragonite, but this time orthogonally oriented from the outer layer
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( A b r-lookirg ¢eature, Fig. 2.4, B), providing higher pressure resistance. Growth bands are
observable through the presence of fibrous prism features in the inner layetha@eneral

shell curvature (Fig. 2.5, H). The periostracum exhibits pili on the shell border (Fig:J2.5, |

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 greemmws). These regular perforations are
thought to increase the shell és resistance
further propagation through the whole shell. Biological functions are also suggested, as they
could play a role inite sensory system of the dogckle, during the biomineralization process,

or in the attachment of the mantle of its shell. As in other species of bivalvesydiséracal

layer contains prismatic calcite for muscle attachm@aster (ed.), 1990; Béhetal., 2016;
Crippaet al, 2020b, 2020a)
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- r ; ‘.) \ 500pum

Figure2.5: Scanning Electron Microscope imagesGfglycymerishell fragments. M: whole-thickness view
of a fractured shell; C: fibrous prism growth band encased in the criasaetlar microstructure; BF: crossed
lamellar layer; GH: inner crossedamellar layer with alternations of fibrous prismatic structures; I: whole view
of a shdlfragment 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 musséliytilus galloprovincialigLamarck, 1819) form equivalve,
thin shells reaching up to 15cm. &brganicperiostracums darkbrown colored, thick when
compared to the whole shell thicknelisis often intact, or if not, eroded only at the umbo
region. Its surface is entirely covered by regular microtopographic folds, preventing parasitic
attachmats 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. Thasithgeand 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 Miyjwstracunfor
abductor muscle insertion is not alys visible(Scardincet al, 2003 Oliver et al, 2016).

Figure2.6: Shell of the Mediterranean mus$él galloprovincialis,showing both valves with inside and outside
views.

The mineral shell oM. gdloprovincialis is composed of two layers of different
crystalline forms of CaC®(Fig. 2.7, A). The outer layer is made of dense calcitic prisms,
unidirectionally inclined following the general shell curvature (Fig. 2:D)CThese prisms are
extremely hin (1-2 um in diameter). The inner layer of the shell is aragonitic, with layers of
flat nacre tablets assembled together in the
is about 1 um or less (Fig. 2.7sHp. The transition zone between thesmatic and nacreous
layers is abrupt and shows thighly obliqueorientations of their microstructures (Fig. 2.7, D
E) (Tayloret al, 1969 Carter(ed.), 1990; Gaet al, 2015)

Figure 2.7: Scanning Ectron Microscopy images of shell fractureshf galloprovincialis. A: whole shell
showing all the layers, including the periostracum; B: clgseof the organic periostracum showcasing
microtopographic folds; C: calcitic prismatic layer-ED transitionzones between the calcitic prisms and
aragonitic nacre layers; F: aragonitic flat nacre tabt&tsl; aragonitic nacre with ongoing biomineralization and
formation of tablets (Lasseron, 2024).
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CHAPTERII T MOLLUSCAN DEFENSES

2.2.3.3.Magallana gigas: Shell Morphology and Mastructures

The Pacific cupped oystdfagallana gigagpresents 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 arggylurplepigmented
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 growdriods, with irregular curvatures and
borders creating undulations and folds (Fig. 2.8). When closed, the valves are hermetically
sealed in spite of their irregularitf.h e i nteri or of the valves 1is
| arge and haedadvuicltyo rc omuosmyerdan); thecpallial lirfe ns simme. The
hinge is well developed and of dysodont type, characterized by regressed égdhet al.,
1969; Thunberg, 1793%alvi & Mariottini, 2017)

Figure2.8: Shell of the Pacific cupped oystdr gigas,showing both valves with outside (top) and inside (bottom)
views. Left: lower valve; Right: upper valve. Red arsparagonitic adductamyostracumGreen arrows: calcitic
chalky deposits.
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The mineral shell oM. gigasis entirely made of calcite, with the exception of the
aragonitic myostraddayer (particularly visible in the adductor myostracum, Fig8, 2ed
arrow). The outer layer is a thin, prismatic calcite (Fig. 2.9, AJ)Gwith asmooth 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 notdgenous, since one observes an alternation
of dense foliae and di sj ae,ddcethuosshaeeosits (Fio.f A cF
2.9, B). The chalky layers are in fact porous foliae with anarchic directionsyhit& looking
and brittle undepressure and torsion (Fig. 2.9K. 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 hingeeanthbo. The
chalky layers are mainly attributed to rapid growth and bursts in biomineralization rates during
the oyster shell development (either as stresponses or in a broader fitness strategy), and
can also be associated with crushing resistaredneak dissipation. Finally, they are also
considered as compensation layers for a sessile genus that grows attached on a rocky, irregular
substrat€Gray, 1833; Checat al, 2018; Banker & Sumner, 2020)
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Figure2.9: Scanning Electron Microscopy images of slices of the shel.ajigas,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 layes, the grey spots are resin invasion in the hollow chambers of the outer shell; B: alternance of layers
of foliated calcite and chalky lensesEC transition zones between the foliated calcite and the chalky lenses, with
apparent sheets of calcite. F:s#ap 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.
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