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1Résumé

Résumé!

TITRE!:! Interaction! hôte! –! parasite! en! contexte! insulaire!:! relations! entre! Fasciola!

hepatica!(Trematoda)!et!les!mollusques!Galba!cubensis!et!Pseudosuccinea!columella!

(Gastropoda)!sur!l’Île!de!Cuba!

RÉSUMÉ!

Les!interactions!hôte!–!parasites!sont!des!systèmes!qui!affectent!probablement!la!totalité!des!

êtres!vivants!et!constituent!un!facteur!clé!dans!la!compréhension!de!la!dynamique!des!maladies!

infectieuses.! Nous! avons! abordé! cette! problématique! en! utilisant! le! système! Fasciola!

hepatica/Lymnaeidae!sur!l'île!de!Cuba.!Cette!thèse!utilise!une!!approche!basée!sur!différentes!

disciplines!de! la!biologie! comme! l’écologie!des! !populations! (distribution! et! abondances!de!

mollusques!hôtes!intermédiaires),!l'écologie!parasitaire!(données!de!prévalences!naturelles!de!

parasites!chez!les!hôtes),!la!génétique!des!populations!en!utilisant!des!marqueurs!microsatellites!

(tant! pour! le! parasite! que! pour! les!mollusques! hôtes),! et! des! études! de! susceptibilité! et!

compatibilité!douve/limnée.!

En! ce!qui! concerne! la!diversité!génétique!du!parasite,!une! très!haute!diversité!et!une! forte!

probabilité!d’allofécondation!ont!été!observées.!En!revanche,!des!différenciations!significatives!

entre!souches!n’ont!pas!été!trouvées.!Les!taux!d’infection!chez!le!bétail!sont!très!élevés.!

Pour!ce!qui!est!de!la!biologie!des!populations!des!limnées!hôtes,!on!a!cartographié!la!distribution!

des!deux!espèces!présentes!à!Cuba!:!Galba!cubensis!qui!est!très!répandue!et!!Pseudosuccinea!

columella!qui!n'est!présente!que!dans!la!partie!centre"occidentale.!Nous!avons!mis!en!évidence!

des!différences!concernant!les!types!d’habitats!préférés!pour!chaque!espèce!:!G.!cubensis!est!

plus!ubiquiste!et!se!retrouve!beaucoup!plus!dans!les!sites!anthropisés.!

L'étude! des! compatibilités! douve/mollusque! a! révélé! l’existence! de! populations! avec! une!

résistance!naturelle!à! l’infection!par!F.!hepatica!chez! la! limnée!P.!columella.!Ces!populations!

sont! génétiquement! différenciées! des! populations! sensibles.! La! plupart! des! populations!

sensibles!sont!monomorphes!avec!le!même!haplotype!très!répandu.!En!revanche,!nous!avons!

observé!une!diversité!génétique!plus!importante!chez!G.!cubensis!qui!suggère!un!temps!évolutif!

plus!ancien!à!Cuba.!L’échantillonnage!fait!dans!une!zone!où!la!fasciolose!sévit!fortement!chez!le!

bétail! a! révélé! un! très! faible! taux! d’infection! naturel! chez! les! limnées,!mais! avec! de! fortes!

variations!d'intensités.!Différentes!combinaisons!douve/limnée!sympatriques!et!allopatriques!

testées!expérimentalement!ont!montré!une!compatibilité!supérieure!de!G.!cubensis!qui!suggère!

une!meilleure!adaptation!aux!souches!de!F.!hepatica!cubaines.!

Les! résultats! obtenus! montrent! que! la! compréhension! de! la! dynamique! des! maladies!

infectieuses!ainsi!que!leur!contrôle!doivent!s’appuyer!sur!des!connaissances!très!solides!de!la!

biologie,!écologie,!génétique!et!évolution!des!systèmes!hôtes!–!parasites.!

MOTS"CLÉS!:! interaction!hôte!–!parasite,!écologie,!génétique!de!populations,!microsatellites,!!

douve!du!foie,!fasciolose,!trématode,!parasitologie,!limnée,!mollusque.!

DISCIPLINES!:! biologie,! évolution,! écologie,! génétique! des! populations,! malacologie,!

parasitologie.!

INTITULÉ!ET!ADRESSE!DU!LABORATOIRE!:!MIVEGEC,!UMR!IRD!224!CNRS!5290!UM,!

911!Avenue!Agropolis,!BP!64501,!34394!Montpellier!Cedex!5,!France.!
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2Résumé

Abstract!

TITLE:! Host! –! parasite! interactions! in! an! insular! context:! relationships! between!

Fasciola! hepatica! (Trematoda)! and! the! snails! Galba! cubensis! and! Pseudosuccinea!

columella!(Gastropoda)!in!the!Island!of!Cuba!

ABSTRACT!

Host!–!parasite!interactions!are!biological!systems!that!probably!affect!every!living!being.!It!also!

constitutes! a! key! factor! in! the! understanding! of! infectious! diseases.! This! subject! has! been!

studied!using!the!Fasciola!hepatica/Lymnaeidae!system!in!the!insular!environment!of!Cuba.!This!

thesis!makes!a!biological!multidisciplinary!approach!through!population!ecology! (distribution!

and!abundance!of! intermediary!hosts!snails),! infection!rates!estimations!of!parasites! in! their!

hosts,!population!genetics!using!microsatellites!markers!(for!both!parasite!and!snails!hosts),!and!

studies!of!susceptibility!and!compatibility!fluke/snail.!

The! genetic! diversity! of! the! parasite! is! characterized! by! high! values! of! diversity! as!well! as!

probability!of!cross!fertilization.!However,!we!failed!to!detect!significant!differences!between!

the!strains!but!a!highly!infection!rate!is!shared!in!cattle.!

Regarding!the!lymnaeid!snails,!the!distribution!of!the!two!occurring!species!is!mapped!showing!

that!Galba!cubensis!is!widely!distributed!while!Pseudosuccinea!columella!only!exists!in!central"

western!Cuba.!Both!snail! species!differ! in!preferred!habitat! types!and!G.!cubensis!displays!a!

higher!ecological!plasticity!commonly!observed!in!heavily!human"transformed!sites.!

Differences!in!host"parasite!compatibilities!have!been!revealed.!It!has!been!noted!the!existence!

of! some!populations!of!P.!columella!with!a!natural! resistance! to!F.!hepatica! infection!which!

display!a!marked!differentiation!of!their!population!genetic!structure!compared!to!susceptible!

populations.!Most!susceptible!populations!are!monomorphic!with!a!very!common!haplotype!in!

Cuba.!Conversely,!we!observed!a!higher!diversity!in!G.!cubensis!indicating!a!larger!evolutionary!

time! in! Cuba.! The! sampling! conducted! in! a! fasciolosis! endemic! area! revealed! very! low!

prevalences!in!the!snail!populations.!However,!strong!variation!in!parasite!mean!intensity!within!

individuals! supports! the! high! infection! rates! observed! in! cattle.! Different! sympatric! and!

allopatric!fluke/snail!combinations!were!experimentally!tested!in!which!G.!cubensis!proved!to!

be!more!compatible!and!suggest!a!better!adaptation!to!the!circulating!F.!hepatica!in!Cuba.!

Our! results!show! that! the!understanding!of! infectious!diseases’!dynamics!and! their!effective!

control!must!strictly!rely!in!a!full!knowledge!of!the!biology,!ecology,!genetics!and!evolution!of!

host!–!parasite!systems.!

KEY!WORDS:! host!–!parasite!interactions,!ecology,!population!genetics,!microsatellites,!

liver!fluke,!fasciolose,!trematode,!parasitology,!lymnaeid!snail,!molluscs.!

DISCIPLINES:! biology,! evolution,! ecology,! population! genetics,! malacology,!

parasitology.!
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Resumen!

TÍTULO:! Interacción! hospedero! –! parásito! en! contexto! insular:! relaciones! entre!

Fasciola! hepatica! (Trematoda)! y! los! moluscos! Galba! cubensis! y! Pseudosuccinea!

columella!(Gastropoda)!en!la!Isla!de!Cuba!

RESUMEN!

Las! interacciones!hospedero!–!parásito!son!sistemas!que!afectan!probablemente!a! todos! los!

seres!vivos!y!constituyen!un!factor!clave!en!la!comprensión!de!la!dinámica!de!las!enfermedades!

infecciosas.! Esta! problemática! ha! sido! abordada! por! medio! del! sistema! Fasciola!

hepatica/Lymnaeidae! en! el! contexto! insular! de! Cuba.! Esta! tesis! hace! se! acerca! al! tema!

basándose!en!diferentes!disciplinas!de!la!biología!como!la!ecología!de!poblaciones!(distribución!

y! abundancia! de! moluscos! hospederos! intermediarios),! ecología! parasitaria! (datos! de!

prevalencia! naturales! en! los! hospederos),! genética! poblacional! utilizando! marcadores! de!

microsatélites! (tanto! en! el! parásito! como! en! los! moluscos! hospederos),! y! estudios! de!

susceptibilidad!y!compatibilidad!duela/limnea.!

En! relación! a! la! diversidad! genética! del! parásito,! una! alta! diversidad! y! probabilidad! de!

fecundación! cruzada! fueron! encontradas.! Sin! embargo,! no! se! observaron! diferencias!

significativas!entre!aislados.!Las!tasas!de!infección!en!el!ganado!fueron!muy!elevadas.!

En! lo!que! concierne!a! los!moluscos! limnéidos,! se!mapeó! la!distribución!de! las!dos!especies!

presentes!en!Cuba:!Galba!cubensis!es!la!más!propagada!mientras!que!Pseudosuccinea!columella!

solo!existe!en!la!región!centro"occidental.!Se!observaron!diferencias!en!relación!a!los!tipos!de!

hábitat!preferidos!por!cada!especie:!G.!cubensis!presenta!una!mayor!plasticidad!ecológica!y!es!

fácilmente!adaptable!a!condiciones!de!fuerte!antropización.!

El!estudio!de!compatibilidad!duela/limnea!reveló!la!existencia!de!poblaciones!de!P.!columella!

con! resistencia!natural! a! la! infección!por! F.! hepatica.! Estas! poblaciones! son! genéticamente!

diferenciadas!de! las!poblaciones!susceptibles.!La!mayor!parte!de! las!poblaciones!susceptibles!

son!monomórficas!con!un!haplotipo!muy!común.!Sin!embargo,!se!observó!una!mayor!diversidad!

en!G.!cubensis!que! indica!un!mayor!tiempo!evolutivo!en! la!Isla.!El!muestreo!realizado!en!una!

zona!endémica!de!fasciolosis!mostró!prevalencias!naturales!muy!bajas!en!las!poblaciones!de!los!

moluscos! pero! con! fuertes! variaciones! observadas! en! la! intensidad! parasitaria.! Diferentes!

combinaciones! simpátricas! y! alopátricas! de! duelas/limneas! probadas! experimentalmente!

muestran!una!compatibilidad!superior!de!G.!cubensis!que!sugiere!una!mejor!adaptación!a! las!

cepas!circulantes!de!F.!hepatica!en!Cuba.!

Los! resultados! obtenidos! indican! que! la! comprensión! de! la! dinámica! de! las! enfermedades!

infecciosas,!así!como!su!control,!deben!apoyarse!sobre!conocimientos!sólidos!de! la!biología,!

ecología,!genética!y!evolución!de!los!sistemas!hospedero!–!parásito.!

PALABRAS!CLAVE:! interacción! hospedero! –! parásito,! ecología,! genética! de! poblaciones,!

microsatélites,!duela!del!hígado,! fasciolosis,! trematodo,!parasitología,!

limnea,!molusco.!

DISCIPLINAS:! biología,! evolución,! ecología,! genética! de! poblaciones,! malacología,!

parasitología.!
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Avant!propos!

Cette!thèse!porte!sur!un!des!sujets!centraux!en!biologie!évolutive,!mais!est!en!même!

temps!directement!liée!à!l’épidémiologie!des!maladies!tropicales!:!les!interactions!hôtes!

–!parasites.!Ici,!on!étude!particulièrement!les!relations!entre!des!petits!mollusques!d’eau!

douce!de!la!famille!Lymnaeidae!et!la!grande!douve!du!foie!Fasciola!hepatica.!Pour!étu"

dier!cette!problématique,!on!a!profité!de! la!situation!particulière!de! l'île!de!Cuba,!un!

endroit!très!touché!par!la!douve,!mais!qui,!du!fait!de!son!insularité,!bénéficie!d'une!ré"

duction!naturelle!de!variables!biologiques!comme!le!nombre!d’hôtes!définitifs!et!inter"

médiaires.!L'approche! intègre!différents!types!d’études,!en!combinant!des!études!de!

prévalences!naturelles,!d'écologie!sur! le! terrain,!de!génétique!des!populations,!et!de!!

susceptibilité/compatibilité! de! combinaisons! sympatriques! et! allopatriques! des!mol"

lusques!et!douves.!

La!thèse!est!divisée!en!trois!chapitres!qui!contiennent!les!principaux!résultats!obtenus!

et!constituent!les!axes!fondamentaux!de!recherche,!précédés!d’une!introduction!géné"

rale!et!suivis!d’une!discussion!générale!qui!essaie!de!mettre!en!relation!les!aboutisse"

ments!scientifiques!avec!le!contrôle!de!la!fasciolose.!Tout!cela!est!suivi!d’une!petite!par"

tie!correspondant!aux!conclusions!et!perspectives!de!travail.!
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Introduction!

Les!interactions!hôtes"parasites!

L’étude!des!relations!entre!les!hôtes!et!les!parasites!est!un!point!d’intérêt!central!

en!biologie!évolutive! (Joachim!et!al.!2001)!et!est! indispensable!pour! comprendre! la!

dynamique! des! maladies! infectieuses! (Hawley! et! Altizer,! 2011).! La! coévolution! des!

interactions! hôtes"parasites! résulte! d'une! sélection! naturelle! réciproque! entre! la!

résistance!de!l’hôte!et!la!virulence!du!parasite!(Thompson,!1994).!Ce!type!de!sélection!

explique!comment! les!parasites!sont!sélectionnés!de! façon!à!ce!qu’ils!surmontent! la!

résistance! de! leurs! hôtes.! Par! conséquent,! les! hôtes! possédant! des! gènes! rares! de!

résistance! ont! un! avantage! sélectif! (Hamilton! et! al.! 1990).! En! théorie,! cet! avantage!

sélectif,!tant!pour!les!hôtes!que!pour!les!parasites,!favorise!la!reproduction!sexuée!car!

elle!produit!une!descendance!plus!diversifiée!génétiquement.!Ce!principe!est! connu!

comme! la!Théorie!de! la!Reine!Rouge!et!a!été!utilisé!pour!expliquer! les!variations!de!

fréquences!alléliques!dans!les!systèmes!hôtes"parasites!(Van!Valen,!1973).!L’existence!

de!variations!génétiques!dans! la!résistance!de! l’hôte!et! la!virulence!du!parasite,!ainsi!

que! la! spécificité! de! génotypes! particuliers! de! virulence! des! parasites! envers! des!

génotypes!particuliers!d'hôtes,!sont!des!prérequis!nécessaires!au!fonctionnement!de!ce!

modèle!(Joachim!et!al.!2001).!

Dans!le!contexte!de!la!Reine!Rouge,!les!interactions!hôtes"parasites!peuvent!aboutir!

à!une!adaptation! locale!entre! les!hôtes!et! les!parasites!(Gandon!et!van!Zandt,!1998!;!

Dybdahl!et!Storfer,!2003).!Les!effets!directs!d’une!coévolution!entre!hôtes!et!parasites!

sont!très!liés!à!l’évolution!de!la!virulence!et!de!l'infectivité,!ainsi!qu’à!la!propagation!des!

maladies!infectieuses!(Nuismer!et!Otto,!2005).! !

Aucune!relation!hôte"parasite!ne!peut!être!séparée!des!changements!naturels!ou!

anthropiques!de!l’environnement.!Plusieurs!espèces!de!parasites!sont!utilisées!comme!

bio"indicateurs!des!impacts!dans!les!écosystèmes!(Vidal"Martínez!et!al.!2010).!Différents!

types!d’environnement!dans! lesquels! les!hôtes!ont!une! interaction!avec! les!parasites!

affectent!fortement!la!spécificité!et!la!sélection!de!génotypes!(Wolinska!et!King,!2009).!

En!ce!qui!concerne!les!interactions!hôtes"parasites,!la!probabilité!d’infection!ainsi!que!
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la! virulence! dépendent! de! facteurs! particuliers! de! l’environnement! (Sandland! et!

Minchella,!2003).!

Les! parasitoses! liées! à! l’eau! sont! un! des!modèles! les! plus! intéressants! dans! les!

systèmes!hôte"parasite"environnement.!En!effet,!ce!sont! les!maladies!qui!affectent! le!

plus!fortement!les!populations!humaines!dans!les!pays!pauvres,!et!pour!lesquelles!il!est!

urgent! d'approfondir! la! connaissance! de! leur! épidémiologie.! Beaucoup! de! ces!

parasitoses!sont!causées!par!un!parasite!Digène!(Plathelminthe,!Trématode)!qui!utilise!

un!mollusque!aquatique!comme!hôte!intermédiaire!dans!son!cycle!de!vie.!Les!exemples!

les! plus! connus! de! ces! systèmes! mollusque/trématode! sont! les!

Planorbidae/Schistosoma! spp.,! les! Hydrobiidae/Paragonimus! spp.! et! les!

Lymnaeidae/Fasciola!spp.!Les!mollusques!de!cette!dernière!famille!jouent!un!rôle!très!

important!dans!la!transmission!d’au!moins!71!espèces!de!trématodes!appartenant!à!13!

familles! différentes! (Bargues! et! al.! 2001).!Un! de! systèmes! les! plus! intéressants! est!

précisément!celui!des!Lymnaeidae/Fasciola!hepatica.!

Les! maladies! transmises! par! les! mollusques! d’eau! douce:! l’exemple! de! la!

fasciolose!

La!majorité,!et!probablement!la!totalité!des!êtres!vivants!sont,!au!moins!durant!une!

partie!de!leur!vie,!affectés!par!des!parasites!qui!sont!responsables!d'une!grande!diversité!

de!maladies.!Les!êtres!humains!n’échappent!pas!à!cette!règle!et!un!certain!nombre!de!

parasitoses!ont!été!décrites!partout!dans!le!monde!(Polley!et!Thompson,!2009).!Un!des!

groupes! de! parasitoses! les! plus! importants! est! celui! des! parasitoses! tropicales,! qui!

affectent!profondément! les!pays!en!voie!de!développement! (OMS,!2013).!Parmi!ces!

maladies,!quelques"unes!ont!été!considérées!comme!prioritaires!au!niveau!mondial!et!

sont! la!cible!de!programmes!financés!destinés!à! les!étudier!et! les!contrôler.!C'est!par!

exemple!le!cas!du!paludisme,!de!la!tuberculose!ou!du!choléra!(Molyneux!et!Malecela,!

2011).!En!revanche,!il!existe!un!groupe!de!maladies!qui!n’ont!pas!fait!l’objet!du!même!

intérêt!et!qui!ont!été!cataloguées!comme!«!maladies!tropicales!négligées!»!(MTN)!par!

l’Organisation! mondiale! de! la! santé! (OMS).! Dans! cette! catégorie! se! trouvent! des!

maladies! qui! ont! une! large! distribution! et! des! prévalences! élevées! dans! les! régions!

pauvres,!telles!que!la!dengue,!la!maladie!de!Chagas,!la!leishmaniose,!l’onchocercose!etc.!

(Liese!et!al.!2010).!C'est!également!le!cas!de!toute!une!gamme!de!maladies!liées!à!l’eau!
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ou!à! l'alimentation,!comme! les!schistosomoses!ou! la!fasciolose.!La! liste!complète!des!

MTN!établie!par!l’OMS!(OMS,!2013)!est!résumée!dans!le!Tableau!1.!

Tableau!1.!Maladies!tropicales!négligées!selon!l’OMS!(2013).!

Pathogène! Maladie! Vecteur/Hôte!
Personnes!

infectées!

Virus!
Dengue! Moustiques! 50"100!M!

Rage! Mammifères! 60!000!

Bactérie!

Ulcère!de!Buruli! "! inconnu!

Lèpre! "! 190!000!

Trachome! "! 84!M!

Pian!(Framboesia)! "! inconnu!

Protozoaires!

Maladie!de!Chagas! Triatomes! 8!M!

Maladie!du!sommeil! Mouche!Tsé"Tsé! 30!000!

Leishmanioses! Phlébotomes! 1,3!M!

Helminthes!

Cysticercoses/Taenioses! Mammifères! 50!M!

Dracunculose! Crustacés! 146!

Echinococcose! Mammifères! 1!M!

Trématodoses!liées!aux!aliments!

(Fasciolose,!Clonorchiase,!
Opistorchiase,!Paragonimose)!

Mollusques! 56!M!

Filariose!lymphatique! Moustiques! 120!M!

Onchocercose! Simulies! 37!M!

Schistosomose! Mollusques! 240!M!

Helminthiases!de!la!terre! "! 880!M!

!

Devant!une!telle!situation,!il!est!d’importance!capitale!que!les!programmes!de!lutte!

et!de!contrôle!s’appuient!sur!des!connaissances!très!solides!de!la!biologie,!de!l’écologie!

et!de! l’évolution!des!systèmes!hôtes"parasites.!Or,!ces!systèmes!parasitaires!peuvent!

être!directement!ou!indirectement!affectés!par!les!conditions!environnementales!dans!

lesquelles! ils! se! développent.! Les! variations! environnementales! peuvent! altérer! la!

dynamique!épidémiologique!(changements!dans!les!densités!des!hôtes!et!des!vecteurs)!

et!l’efficacité!de!la!transmission,!et!peuvent!modifier!les!interactions!dans!les!systèmes!

hôte"parasite! (Wolinska!et!King,!2009).!L’épidémiologie!de!ces!maladies!est!de!cette!

manière!indissociable!des!études!sur!les!interactions!hôte"parasite"environnement.!
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Importance!de!la!fasciolose!au!niveau!mondial!

Parmi!les!Maladies!Tropicales!Négligées,!la!fasciolose!s’inscrit!comme!un!des!sujets!

d’intérêt!croissant!du!point!de!vue!médical!et!vétérinaire!(WHO,!2007).!Cette!maladie,!

transmise!par!des!mollusques,!est!causée!par! les!espèces!de!Digènes!hermaphrodites!

Fasciola!hepatica!Linnaeus,!1758!et!Fasciola!gigantica!Cobbold,!1855!(Platyhelminthes!:!

Trematoda!:!Digenea).!Leur!transmission!est!fortement!liée!à!la!présence!de!mollusques!

de!la!famille!des!Lymnaeidae!Rafinesque,!1815.!Les!adultes!de!Fasciola!spp.!vivent!dans!

les! canaux! biliaires! du! foie! de! plusieurs!mammifères!mais! les! larves! doivent! passer!

obligatoirement! par! des!mollusques! hôtes! intermédiaires! avant! de! s’établir! dans! le!

nouvel!hôte!définitif.!Les!animaux!domestiques!sont!habituellement! les!plus! infectés!

mais! cependant,! il! est! intéressant! de! noter! que! quelques! petites! espèces! de!

mammifères!(notamment!rongeurs)!peuvent!avoir!un!rôle!important!comme!réservoirs!

du!parasite!dans!la!nature!(Ménard!et!al.!2000!;!2001).!

Du! point! de! vue! épidémiologique,! la! fasciolose! est! considérée! comme! une!

parasitose!à!très!large!distribution!latitudinale,!longitudinale!et!altitudinale!des!régions!

tropicales!et!tempérées!(Mas"Coma!et!al.!2009)!(figure!1).!Les!deux!espèces!de!douves!

peuvent! infecter!un! large! spectre!de!mammifères!hôtes!définitifs! incluant! l’Homme!

(Hurtrez"Boussès!et!al.!2001).!Toutefois,!alors!que!F.!gigantica!est!restreinte!à!l'Afrique!

et! l'Asie,!F.!hepatica!appelée!également!grande!douve!du! foie,!est!cosmopolite.!Elle!

affecte!sévèrement!le!bétail!(surtout!ovins!et!bovins)!partout!dans!le!monde!mais!a!aussi!

un! impact! important! sur! les! populations! humaines! (Mas"Coma! et! al.! 2005)! dans!

certaines!zones!endémiques,!voire!hyper"endémiques! (Iran,!Egypte,!Pérou!et!surtout!

Bolivie).!
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!

Figure! 1.!Distribution!mondiale! de! la! fasciolose! par! Fasciola! hepatica! et! Fasciola! gigantica!
(adapté!de!OMS,!2013).!Les!régions!avec!des!prévalences!estimées!sont!en!rouge.!En!jaune!ce!
sont!les!régions!potentielles!où!sont!présents!les!mollusques!hôtes!intermédiaires.!

Plusieurs!pays!ont!décrit!l’apparition!de!la!fasciolose!dans!des!zones!où!elle!n’existait!

pas!auparavant!(émergence),!alors!que!d’autres!pays!décrivent!la!réémergence!de!cette!

parasitose!dans!des!zones!déjà!sous!contrôle!(Arjona!et!al.!1995).!L’OMS!estime!à!plus!

de!2.4!millions!le!nombre!de!personnes!infectées!et!à!près!de!180!millions!le!nombre!de!

personnes!à!risque.!En!dépit!de!cette!situation! les!Fasciola!spp.!sont!placées!dans!un!

groupe!connu!comme!les!‘’plus!négligés’’!parmi!les!parasites!déjà!négligés!(WHO,!2007).!

Tandis! que! ces! chiffres! se! maintiennent! ou! augmentent! du! point! de! vue! médical,!

l’Organisation! des! Nations! Unies! pour! l’alimentation! et! l’agriculture! s’intéresse! au!

problème! que! la! fasciolose! pose! pour! l’élevage! du! bétail! (FAO,! 2003).! Des! études!

rapportant!des!cas!d’animaux! infectés!et!utilisés!pour! l’alimentation,!pour! les!travaux!

agricoles!ou!pour!le!transport!sont!de!plus!en!plus!fréquentes.!Cette!maladie!du!bétail!

mais!aussi!de!l’Homme!est!reconnue!comme!un!important!problème!dans!quelques!pays!

européens!(Rondelaud!et!al.!2005)!mais!surtout!en!Egypte!(Haridy!et!al.!1999;!Haseeb!

et!al.!2002;!Esteban!et!al.!2003)!et!sur!l’Altiplano!Bolivien!(Esteban!et!al.!1997;!Fuentes,!

2006).! Dans! d’autres! pays! comme! l’Argentine! et! l’Espagne,! le! bétail! est! fortement!

infecté!par!F.!hepatica!mais!les!cas!humains!sont!très!rares!(Paz"Silva!et!al.!2003;!Kleiman!

et!al.!2007).!En!Asie,!quelques!régions!d’Iran!et!du!Vietnam!montrent!des!prévalences!

très!élevées!tant!par!F.!hepatica!que!par!F.!gigantica!dont!des!formes!hybrides!ont!été!
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décrites,!ce!qui!rend!plus!complexe!encore! le!scénario!de! transmission! (Rokni,!2008;!

Nguyen!et!al.!2011).!

Comme! la! plupart! des! maladies! transmises! par! des! vecteurs,! les! épidémies! de!

fasciolose! à! petite! ou! à! grande! échelle,! dépendent! de! plusieurs! facteurs! essentiels!

étroitement! liés! comme! les! interactions! hôtes"parasites,! la! manipulation! des! hôtes!

définitifs! (le!bétail),!et! les!conditions!socio"environnementales.!Bien!que! la! fasciolose!

animale!ne!semble!pas!directement!liée!aux!modifications!anthropiques,!les!plus!forts!

taux!d'infection! chez! les!hôtes! intermédiaires!et!définitifs! sont!enregistrés!dans!des!

zones!fortement!anthropisées!(Mas"Coma!et!al.!2005).!

Biologie!des!douves!du!foie!:!le!cycle!de!vie!de!Fasciola!spp.!

Outre!F.!hepatica!et!F.!gigantica,!deux!autres!espèces!de!Fasciola,!F.!nyanzae!Leiper,!

1910! et! F.! jacksoni! Cobbold,! 1869,! ont! une! distribution! limitée! et! très! spécifique! à!

certains!hôtes!définitifs! (hippopotame! chez! F.!nyanzae!et!éléphant! chez! F.! jacksoni)!

(Dinnik!et!Dinnik,!1961!;!Caple!et!al.!1978).!En!revanche,!et!en!accord!avec!les!résultats!

phylogénétiques!de!Lotfy!et!al.!(2008)!et!Heneberg!(2013)!l’espèce!F.!jacksoni!est!très!

proche!de!Fascioloides!magna!et!doit!être!considérée!comme!appartenant!à!ce!dernier!

genre.!

Le!cycle!de!vie!de!Fasciola!spp.!est!hétéroxène!en!comportant!un!hôte!intermédiaire!

et!un!hôte!définitif!(figure!2).!Les!parasites!adultes!vivent!dans! les!canaux!biliaires!du!

foie!des!mammifères!où! leur!reproduction!sexuée!a! lieu.!Approximativement!40!000!

œufs!par!parasite!sont!pondus!tous! les!jours!et!sont!éliminés!dans! le!milieu!extérieur!

avec!les!selles.!Quand!les!conditions!de!température!et!d’humidité!sont!favorables,!les!

œufs!peuvent!éclore!après!14!à!20!jours!de!développement!(Vignoles!et!al.!2001!;!Souza!

et!al.!2002).!Une! larve!appelée!miracidium!sort!de!chaque!œuf!et,!dans! les!24h,!doit!

trouver! un! mollusque,! une! limnée,! susceptible! de! s’infecter! (Andrews,! 1999).! Le!

miracidium!peut!nager!vers! les! limnées!qui! sont!généralement!à! la! surface!de! l’eau! !

grâce!à!son!phototropisme!positif,!puis!à!un!chimiotaxisme!une!fois!qu’il!est!proche!des!

limnées!(Wilson!et!Denison,!1970).!Les!larves!pénètrent!les!mollusques!au!niveau!de!la!

partie!supérieure!de!la!tête,!du!pied!ou!du!manteau.!Une!fois!pénétré!à!l’intérieur!de!la!

limnée,!la!métamorphose!aboutit!au!sporocyste!en!24!heures!(Wilson!et!al.!1971).!Cette!

étape!peut!durer!2!à!3! jours!et! les! rédies!peuvent!se!multiplier!et!produire!d’autres!
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rédies! de! deuxième! génération! (Rondelaud! et! al.! 2009).! Finalement,! chaque! rédie!

produit!entre!8!et!10!cercaires.!Ces!étapes!font!partie!de! la!reproduction!asexuée!du!

parasite!et!sont!très!dépendantes!de!la!compatibilité!avec!la!limnée!hôte!(Vázquez!et!al.!

2014).!

!

Figure!2.!Cycle!de!vie!de!Fasciola!spp.!

L’émission!des!cercaires!peut!avoir!lieu!aussi!bien!de!jour!que!de!nuit.!Les!conditions!

environnementales! ainsi! que! celles! du! mollusque! peuvent! influer! sur! le! temps! de!

formation!et!l’émission!des!cercaires!(Novoblisky!et!al.!2013).!La!période!de!maturation!

(période! prépatente)! peut! varier! de! 38! à! 86! jours! selon! les! conditions!

environnementales!(Mas"Coma,!2005).!

Quand!les!cercaires!sont!matures,!elles!sortent!de!la!limnée!mais!leur!élimination!

dans!le!milieu!extérieur!peut!fragiliser!le!mollusque!(Gutiérrez!et!al.!2000).!Les!cercaires!

nagent! dans! l’eau! et! s’enkystent! dans! la! végétation! aquatique! ou! semi"aquatique!

(Dreyfuss!et!al.!2004)!ou!sur!une!surface!solide!et!se!transforment!en!métacercaires.!Des!

métacercaires!flottantes!à!la!surface!de!l’eau!ont!été!aussi!mises!en!évidence!(Dreyfuss!

et!al.!2006).!Les!mammifères!susceptibles!s’infestent!en!avalant!les!métacercaires!avec!
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l’eau!ou!la!végétation.!Un!parasite!juvénile!se!forme!dans!le!duodénum!et!migre!vers!le!

foie!où! il!s’établit!et!devient!sexuellement!mature.!Un!parasite!adulte!de!F.!hepatica!

peut! vivre! jusqu'à!15! ans! chez! certains!hôtes! (Andrews,!1999).!Bien!que! les!douves!

soient!des!parasites!hermaphrodites,! les!adultes!se! reproduisent! le!plus!souvent!par!

allofécondation! (Hurtrez"Boussès! et! al.! 2004!;! Mas"Coma,! 2005!;! Vilas! et! al.! 2012!;!

Cwiklinski!et!al.!2015).!

Caractéristiques! ! générales! ! des! ! différents! ! stades! ! de! ! développement! !

des!douves!du!foie!

Les!différents!stades!de!développement!des!douves!du! foie!sont!très!similaires!à!

ceux!du!reste!des!digènes!(Hickman!et!al.!2001).!A!la!différence!de!quelques!trématodes!

digènes,! une!métacercaire! est! formée! après! que! la! cercaire! ait! quitté! le!mollusque!

(figure!3).!

!

Figure! 3.! Caractéristiques! générales! des! différentes! phases! de! développement! de! Fasciola!
hepatica.!A!=!adulte!(cc:!cône!céphalique,!ov:!ovaire,!t:!tégument,!tes:!testicules,!ut:!utérus,!vit:!
vitellum,!vo:!ventouse!orale,!vv:!ventouse!ventrale);!B!=!œuf!embryonné!(o:!opercule);!C!=!œuf!
éclos;!D!=!miracidium!(cg:!masses!germinales,!ci:!cils,!oc:!ocelles);!E!=!sporocyste;!F!=!rédies!(ae:!
appendices!évaginés,!ce:!cercaires,!ph:!pharynx,!td:!tractus!digestif);!G!=!cercaires!(c:!corps,!q:!
queue);!H!=!métacercaire!(pe:!paroi!extérieure,!pi:!paroi!intérieure).!Photos!A.A.!Vázquez.!
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Adultes!

Les!adultes!de!Fasciola!sont!des!trématodes!caractérisés!par!une!bouche!en!position!

antérieure,!un!pharynx!et!un!intestin!ramifié!en!deux!branches.!Deux!ventouses,!une!en!

position! orale! (incorporant! la! bouche)! et! l’autre! sur! la! partie! ventrale! (acétabulum)!

aident!à!la!fixation!et!la!locomotion!de!l’animal!adulte!(figure!3A).!La!ventouse!orale!se!

trouve!à! la!base!du!cône!céphalique!(Jones,!2005).!Le!parasite!adulte!a!une!forme!de!

feuille! plus! ou! moins! allongée! et! dont! les! dimensions! varient! selon! l’espèce.! Les!

dimensions!des! adultes! sont!de! 20! à! 30!mm!de! longueur! et! 8! à! 12!mm!de! largeur!

(Andrews,!1999).!Des!études!morphologiques!montrent!une!nette!différenciation!entre!

F.!hepatica!et!F.!gigantica,!ainsi!qu’entre!des! formes!hybrides!dans!quelques!régions!

asiatiques! (Afshan! et! al.! 2013!;! Valero! et! al.! 2012).! Toutefois,! dans! les! zones! de!

sympatrie,!des!morphes!intermédiaires!existent!et!rendent!la!détermination!sur!critères!

morphologiques!impossible!(Lotfy!et!al.!2008;!Ashrafi!et!al.!2006;!Periago!et!al.!2008).!

Un! ovaire! sous"médian! généralement! à! droite! est! caractéristique.! Le! tégument! est!

couvert!de!petites!épines.!Les!adultes!peuvent!se!nourrir!du!sang!de!l’hôte!définitif!et!

d’autres!éléments!nutritifs!apportés!par!la!bile!(Andrews,!1999).!

Œufs!

Les!œufs!mesurent!115!à!120!µm!de!longueur!et!55!à!60!µm!de!largeur!(figure!3B,C).!

A! l’une!des!extrémités!un!opercule!est!présent!et!s’ouvre!au!moment!de! l’éclosion!à!

cause!la!pression!interne!de!la!larve!(Andrews,!1999).!

Miracidia!

Les!miracidia!ont!une!forme!conique!et!tout!le!corps!est!couvert!de!cellules!ciliées!

qui!aident!à!la!locomotion!(figure!3D).!La!lumière!est!le!facteur!le!plus!important!pour!

l’activation!du!miracidium!mais! les!variations!abruptes!de!température!sont!aussi!des!

stimuli! efficaces.! Cette! larve! n’a! pas! de! système! digestif! et! deux! yeux! simples! sont!

protégés!par!des!pigments!(Andrews,!1999).!

Sporocystes!

Les! sporocystes! produisent! des! rédies! qui! sont! la! forme! larvaire! qui! vit! le! plus!

longtemps!dans!la!limnée!(Andrews,!1999)!(figure!3E).!Les!sporocystes!migrent!vers!la!

glande!digestive!en!utilisant!le!système!circulatoire!de!la!limnée!(Magalhães!et!al.!2008).!
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Rédies!

Les! rédies! peuvent! atteindre! une! longueur! d’environ! 1! mm! et! présentent! un!

pharynx!utilisé!pour!la!nutrition!(figure!3F).!Des!études!ont!montré!que!les!rédies!de!F.!

hepatica! peuvent! ingérer! et! éliminer! les! larves! d’autres! digènes! comme!

Paramphistomum!spp.!(Kearn,!1998).!Les!rédies!peuvent!produire!2"3!générations!de!

rédies!filles!ou!de!cercaires!à!température!ambiante!(Rondelaud!et!al.!2009).!

Cercaires!

La!cercaire!de!Fasciola!spp.!est!une! forme!typique!de!Gymnocephalous!cercariae!

(Frandsen!et!Christinsen,!1984).!La!queue!est!simple!et! le!corps!n’a!ni!stylet!ni!collier!

épineux!(figure!3G).!

Métacercaires!

La!métacercaire!enkystée!forme!une!capsule!avec!une!double!paroi!(figure!3H).!Les!

kystes!qui!survivent!longtemps!augmentent!ainsi!la!probabilité!d’être!consommés!par!

l’hôte!définitif.!Quand!les!kystes!sont!ingérés!par!les!hôtes!vertébrés,!les!couches!de!la!

paroi! interne! protègent! la! métacercaire! de! l’environnement! chimique! pendant! sa!

traversée!de!l’estomac.!La!sortie!du!kyste!est!un!processus!actif!par!action!mécanique.!

Le!stimulus! le!plus! important!est! le!dioxyde!de!carbone!à!39°C.!Les!douves! juvéniles!

récemment!désenkystées!migrent!pour!une!transformation!totale!dans!le!parenchyme!

du!foie!(Andrews,!1999).!

Diversité!d'hôtes!définitifs!

Si!l’on!considère!le!large!spectre!d'hôtes!définitifs!(voir!pour!revue!Hurtrez"Boussès!

et! al.! 2001),! F.! hepatica! est! un! parasite! généraliste,! caractéristique! qui! lui! a!

probablement!permis!de!s’établir!dans!le!monde!entier!(Mas"Coma!et!al.!2009).!Cette!

espèce!a!été! identifiée!pour! la!première!fois!chez! le!mouton!mais!peut!parasiter!une!

grande! variété! de! mammifères! herbivores! et! occasionnellement! omnivores! comme!

l’Homme!(Andrews,!1999)!et!très!rarement!des!oiseaux!(Vaughan!et!al.!1997).!En!dehors!

du!mouton,!ce!trématode!infeste!les!vaches,!les!buffles,!et!les!porcs!(Mas"Coma!et!al.!

2009),!ainsi!que!les!ânes!et!plus!rarement!les!chevaux!(Alves!et!al.!1988,!Haridy!et!al.!

2002).!Chez!les!animaux!sauvages,!F.!hepatica!a!été!signalée!chez!les!cerfs!(Shimalov!et!

Shimalov,!2000),! les! rats! (Mas"Coma!et!al.!1987),! les! loutres! (Valero!et!al.!2002),! les!



!

Interactions!hôtes!–!parasites!dans!le!modèle!Fasciola!hepatica/Lymnaeidae!

20Introduction

ragondins!et!les!lapins!(Ménard!et!al.!2000).!On!retrouve!également!F.!hepatica!chez!des!

mammifères!autochtones!comme! les! lamas!et! les!alpacas!des!Andes!sud"américaines!

(Cornik,!1988!;!Neyra!et!al.!2002)!et!les!marsupiaux!en!Australie!(Spratt!et!Presidente,!

1981).!Dans!le!cas!de!F.!gigantica!les!chameaux!en!Afrique!jouent!aussi!le!rôle!d’hôtes!

définitifs!(Haridy!et!Morsy,!2000).!

Les!mollusques!hôtes!intermédiaires!de!Fasciola!spp.!

Bien!que!la!fasciolose!soit!largement!répartie!dans!le!monde,!les!prévalences!sont!

très! variables! et! dépendent! de! la! présence! des! espèces! de! mollusques! hôtes!

intermédiaires.!Les!mollusques!de!la!famille!Lymnaeidae,!servent!d'hôtes!intermédiaires!

aux!Fasciola!spp.!Les!limnées!sont!très!bien!représentées!sur!tous!les!continents.!Ce!sont!

des!mollusques!pulmonés!(Mollusca!:!Gastropoda!:!Heterobranchia)!qui!n’utilisent!pas!

de!branchies!pour!la!respiration!mais!une!paroi!vascularisée!(poumon)!qui!permet!les!

échanges!gazeux.!Toutes!les!espèces!sont!hermaphrodites!et!peuvent!se!reproduire!par!

autofécondation!ou!allofécondation.!Les!limnées!sont!présentes!des!régions!tropicales!

aux!régions!tempérées!ou!même!froides!(Caron!et!al.!2007!;!Correa!et!al.!2011!;!Vinarski,!

2011).!A! l’exception! de! l’espèce! Pseudisidora!productata! (endémique! de!Hawaii),! la!

coquille!des! limnées! est!dextre! et! les! tentacules! sont! généralement! triangulaires! et!

aplatis!(Pouslednik,!2006).!

On!pense!aujourd’hui!que!cette!famille!comprend!une!centaine!d’espèces!(Correa!

et!al.!2010),!bien!que!près!de!1200!taxons!aient!été!décrits!dans!le!monde!(Hubendick,!

1951!;!Burch,!1982).!La! famille!des!Lymnaeidae!a! fait! l’objet!récemment!de!plusieurs!

études!taxonomiques!et!phylogénétiques!à!cause!de!l’importance!de!ces!espèces!dans!

la!transmission!de!la!fasciolose!(Bargues!et!al.!2007;!Correa!et!al.!2010;!Vinarski,!2013).!

Selon!Vinarski! (2013),! les! limnées! se!divisent!en!deux! sous"familles,! Lymnaeinae! (16!

genres)!et!Radicinae!(10!genres).!

Transmission!de!Fasciola!spp.!par!les!limnées!à!échelle!mondiale!

Quelques!genres!de!limnées!sont!connus!pour!être!les!principaux!vecteurs!de!chacune!

des!espèces!de!Fasciola.!Le!groupe!des!Galba!est!plus!relié!à!F.!hepatica!tandis!que!le!groupe!

de!Radix!est!généralement!relié!à!F.!gigantica!(Bargues!et!Mas"Coma,!2005).!Cependant,!les!

préférences!écologiques!plutôt!que!l’affinité!phylogénique!peuvent!expliquer!le!pattern!de!

spécificité!des!hôtes!par!Fasciola!spp.!dans!différents!régions!(Lotfy!et!al.!2008).!
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Dans! le! genre!Galba,!G.! truncatula!est! l’espèce!hôte! la!plus! importante!dans! la!

transmission!de!F.!hepatica!à!l’échelle!mondiale!(Bargues!et!al.!2012).!Cette!espèce!est!

très!répandue!en!Europe!(Caron!et!al.!2014),!en!Afrique!du!Nord!(Mekroud!et!al.!2006)!

et!en!Amérique!du!Sud!(Pointier!et!al.!2009).!D’autres!espèces!sont!aussi!importantes!

comme! G.! cubensis! dans! la! région! Caraïbe! (Vázquez! et! al.! 2014!;! Pointier,! 2008),!

Pseudosuccinea! columella! au!Brésil! (Magalhães! et! al.! 2004)! et! aux! États"Unis! (Cruz"

Reyes! et! Malek,! 1987),! Galba! viatrix! en! Amérique! du! Sud! (Cucher! et! al.! 2006)! et!

Austropeplea! tomentosa!en!Australie! (Molloy!et!Anderson,!2006).!Dans! le! cas!de! F.!

gigantica,!l’espèce!Radix!natalensis!est!considérée!comme!l’hôte!le!plus!important!en!

Afrique!(Lotfy!et!al.!2008)!tandis!que!Radix!rubiginosa!est!responsable!de!la!transmission!

dans!le!Sud"Est!asiatique!(Kaset!et!al.!2010).!Les!espèces!de!limnées!dont!la!capacité!de!

transmettre!Fasciola!spp.!est!connue!sont!présentées!dans!le!tableau!2.!

Tableau!2.!Genres!et!espèces!de! limnées!étudiées!avec! la! capacité!de! transmettre! Fasciola!
hepatica! (Fh)! ou! Fasciola! gigantica! (Fg)! dans! le! monde! (espèces! marquées*! signifie! que!
l’infection!n’a!été!testée!qu’expérimentalement).!

Espèce!de!limnée! Localité!type! Distribution! Référence!

Austropeplea!

tomentosa!

(Pfeiffer,!1855)!

Auckland!
(Nouvelle!
Zélande)!

Australie! Molloy!et!Anderson!(2006)!

Galba!cousini!

(Jousseaume,!1887)!
Chanchu"Yacu!
(Equateur)!

Equateur!(Fh)!
Colombie!(Fh)!
Venezuela!(Fh)!

Pointier!et!al.!(2004)!

Velásquez!(2006)!

Galba!cubensis!

(Pfeiffer,!1839)!
Cuba!

Cuba!(Fh)!

Etats"Unis!(Fh)!

Porto!Rico!(Fh)!

Antilles!(Fh)!

Colombie!(Fh)!

Mexico!(Fh)!
Uruguay!(Fh)!

Venezuela!(Fh)!

Vázquez!et!al.!(2014)!

Olsen!(1944)!

Cruz"Reyes!et!Malek!(1987)!

Hoffman!(1930)!

Gretillat!(1966)! !

Petitclerc!et!Barré!(1986)!

Pointier!et!al.!(2008)!

Correa!et!al.!(2010)!

Morales!et!Pino!(1983)!

Galba!humilis!(Say,!
1822)!

South!Carolina!
(USA)!

Mexico!(Fh)! Cruz"Mendoza!et!al.!(2004)!

Galba!modicella!(Say,!
1825)!

Owego,!New!

York!(USA)!
Etats"Unis!(Fh)! Rognlie!et!al.!(1996)!

Galba!neotropica!

(Bargues!et!al.,!2007)!
Canals,!Río!
Rimac!(Pérou)!

Argentine!(Fh)!

Pérou!(Fh)!

Bargues!et!al.!(2007)!

Mera!y!Sierra!et!al.!(2009)!
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Tableau!2.!(suite)!

Espèce!de!limnée! Localité!type! Distribution! Référence!

Galba!schirazensis*!
(Bargues!et!al.!2012)!

La!Trampa,!
Mérida!
(Venezuela)!

Colombie!(Fh)!

Venezuela!(Fh)!

Mexique!(Fh)!

Equateur!(Fh)!

Correa!et!al.!(2011)!

Dreyfuss!et!al.!(2015)*!

Caron!et!al.!(2015)!

Galba!truncatula!

(Müller,!1774)!
Thangelstedt!
(Allemagne)!

Amérique!du!Sud!
(Fh)!

Afrique!(Fg)!

Îles!Britanniques!
(Fh)!

Europe!(Fh)!

Meunier!et!al.!(2001)!

Durand!et!al.!(2002)!

Dar!et!al.!(2002)!

Pointier!et!al,!(2009)!

Relf!et!al.!(2011)!

Galba!viator!

(d’Orbigny,!1835)!
Río!Negro!
(Argentine)!

Argentine!(Fh)!

Brésil!(Fh)!

Pérou!(Fh)!

Uruguay!(Fh)!

Kleinman!et!al.!(2004)!

Carvalho!et!al.!(2004)!

Galba!viridis!

(Quoy!et!Gaimard,!
1832)!

Guam!

Hawaii!(Fh)!

Micronésie!(Fh)!

Australie!(Fh)!

Cowie!(1997)!

Kerr!(2013)!

Molloy!et!Anderson!(2006)!

Galba!bulimoides!

(Lea,!1841)!
Oregon!(USA)! Etats"Unis!(Fh)! Foreyt!et!Todd!(1978)!

Lymnaea!diaphana!

(King,!1830)!
San!Gregorio!
(Chili)!

Argentine!(Fh)!

Chili!(Fh)!

Pérou!(Fh)!

Larrea!et!al.!(1994)!

Bargues!et!al.!(2012)!

Duffy!et!al.!(2009)!

Lymnaea!stagnalis!

(Linnaeus,!1758)!
Europe! Europe!(Fh)!

Bargues!et!Mas"Coma!
(2005)!

Myxas!glutinosa*!

(Müller,!1774)!
Fridrichsdal!
(Denmark)!

Sibérie!(Fh)! Vinarski!et!al.!(2013)*!

Omphiscola!glabra!

(Müller,!1774)!
Fridrichsdal!
(Denmark)!

France!(Fh)! Dreyfuss!et!al.!(2003)!

Pseudosuccinea!

columella!

(Say,!1817)!

Philadelphia!
(Etats!Unis)!

Cuba!(Fh)!

Etats"Unis!(Fh)!
Amérique!du!Sud!
(Fh)!

France!(Fh)!

Afrique!(Fh)!

Asie!(Fh)!

Australie!(Fh)!
Nouvelle!Zélande!
(Fh)!

Pullan!et!Whitten!(1972)!

Malek!et!Cogswell!(1980)!

Gutiérrez!et!al.!(2011)!

Prepelitchi!et!al.!(2003)!

Molloy!et!Anderson!(2006)!

Pointier!et!al.!(2007)!

Radix!auricularia!

(Linnaeus,!1758)!
Europe!

Europe!(Fg)!Oman!
(Fg)!

!

Afshan!et!al.!(2013)!

!
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Tableau!2.!(Suite)!

Espèce!de!limnée! Localité!type! Distribution! Référence!

Radix!bactriana!

(Annandale!et!
Prashad,!1919)!

Quetta!
(Afghanistan)!

Turkménistan!(Fg)!
Bargues!et!Mas"Coma!
(2005)!

Radix!balthica!

(Linnaeus,!1758)!
Baltic!Sea!
littoral!

Europe!(Fh)! Caron!et!al.!(2014)!

Radix!euphratica!

(Mousson,!1874)!
Samava!
(Mésopotamie)!

Iraq!(Fg)!
Bargues!et!Mas"Coma!
(2005)!

Radix!gedrosiana!

(Annadale!et!
Prashad,!1919)!

Chamal,!Quetta,!
Kandahar,!
Seistan!
(Afghanistan)!

Iran!(Fg)! Ashrafi!et!al.!(2004)!

Radix!labiata*!
(Rossmaessler,!1835)!

!

Europe!(Fh)!

Turquie!(Fh)!

Urals!(Fh)!

Caron!et!al.!(2007)*!

Radix!lagotis!

(Schrank,!1803)!
Fleuve!Danube!
(Allemagne)!

Europe!(Fh)!

(Danube!bassin)!
Bank!(2011)!

Radix!luteola!

(Lamarck,!1822)!
Bengale!(Inde)! Népal!(Fg)!

Bargues!et!Mas"Coma!
(2005)!

Radix!natalensis!

(Krauss,!1848)!
Port!Natal!
(Afrique!du!Sud)!

Afrique!(Fh,!Fg)!
Dar!et!al.!(2010)!

Lotfy!et!al.!(2008)!

Radix!ovata!

(Draparnaud,!1805)!
France! France!(Fh)! Dreyfuss!et!al.!(2000)!

Radix!peregra!

(Mülller,!1774)!
Fridrichsdal!
(Danemark)!

Europe!Centrale!
(Fh,!Fg)!

Bargues!et!Mas"Coma!
(2005)!

Radix!rubiginosa!

(Michelin,!1831)!
!

Asie!de!l’est!
Malaysia!(Fg)!

Kaset!et!al.!(2010)!

Radix!subdisjuncta!

(Nevill,!1878)!
Ladak!(Inde)! Turkménie!(Fg)!

Bargues!et!Mas"Coma!
(2005)!

Radix!swinhoei!

(Adams,!1866)!
!

Sud"Est!asiatique!
Philippines!(Fg)!

Kaset!et!al.!(2010)!

Radix!tenera! ! !

(Küster,!1863)!
Perse! Turkménie!(Fg)!

Bargues!et!Mas"Coma!
(2005)!

Stagnicola!caperata!

(Say,!1829)!
Indiana,!Etats!
Unis!

Amérique!du!
Nord!(Fh)!

Knapp!et!al.!(1992)!

Stagnicola!corvus!

(Gmelin,!1791)!
Thuringe!
(Allemagne)!

Europe!(Fh)! Beran!(2008)!

Stagnicola!fuscus!

(Pfeiffer,!1821)!
Füred,!Tihany!
(Hongrie)!

Europe!(Fh)! Beran!(2008)!

Stagnicola!palustris!

(Müller,!1774)!
Oregon,!Etats!
Unis!

Europe!(Fh)! Beran!(2008)!

!

!
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L’Archipel!Cubain!et!la!transmission!de!la!fasciolose!

Cuba!est!un!archipel!situé!à!l’entrée!du!Golfe!du!Mexique!au!Sud!de!la!Floride,!dans!

la!Mer!Caraïbe.!L’Archipel!Cubain!est!formé!majoritairement!par!deux!îles,!Cuba!et!l’Île!

de!la!Jeunesse!(antérieurement!connue!comme!l’Île!des!Pins).!S’ajoutent!près!de!4!000!

îlots!(figure!4).!L’Île!de!Cuba!est!une!bande!de!terre!longue!et!étroite!d’environ!1!250!

km!avec!191!km!dans!la!partie!la!plus!large.!Sa!superficie!est!de!105!007!km²!et!elle!est!

peuplée!de!11! 240! 000!habitants.! Trois! formations!montagneuses! importantes! sont!

présentes!au!centre!et!aux!extrémités!de!l’île.!Les!plaines!prédominent!avec!de!vastes!

surfaces! de! terres! basses! facilement! inondables! à! la! saison! des! pluies.! Ce! type!

d’environnement!offre!des!habitats!très!favorables!pour!les!limnées,!où!elles!peuvent!

maintenir!des!populations!stables!pendant!toute!l’année!(Perera,!1996).!La!température!

moyenne!annuelle!de!l’air!à!Cuba!est!27°C!et!l’humidité!relative!est!de!85%.!Il!y!a!deux!

périodes!de!fortes!pluies!au!cours!de!l’année!:!en!mai"juin!et!en!septembre"octobre!et!

une!période!plus!sèche!entre!décembre!et!mars.!

!

Figure!4.!Localisation!géographique!de!l’Île!de!Cuba!dans!la!région!Caraïbe.!

Le!parasite!F.!hepatica!a!été!signalé!à!Cuba!au!début!du!XXe
!siècle!avec!quelques!cas!

humains!(Kourí!et!Arenas,!1931).!A!la!suite!des!travaux!de!Kourí!(1940),!l’étude!de!cette!

parasitose!et!de!sa!prévalence!dans!la!population!humaine!et!le!bétail!est!abandonnée!

jusqu’à! la! fin!des!années!1990!voire!au!début!des!années!2000! (Espino!et!al.!1998!;!

Beovides!et!al.!2006;!Díaz!et!al.!2011).!Pourtant,!au!moins!huit!épidémies!humaines!

importantes!et!plusieurs!cas!sporadiques!ont!été!enregistrés!entre!1944!et!2013!à!Cuba!

(figure!5)!(Rojas!et!al.!2010).!L’augmentation!des!cas!isolés!observés!le!plus!souvent!dans!
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les!régions!rurales!n'est!pas!négligeable!(Díaz!et!al.!2011).!Les!infections!humaines!par!

F.! hepatica! à! Cuba! ont! été! traditionnellement! associées! aux! cultures! du! cresson!

(Nasturtium! officinale).! Ce! type! de! culture! est! caractérisé! par! une! inondation! des!

parcelles!où!les!limnées!trouvent!un!habitat!favorable!pour!s’établir!(Ferrer!et!al.!1989).!

La!gestion!du!cresson!et!des!autres!cultures!à!Cuba!peut!nécessiter! l’utilisation!de! la!

force! animale,! particulièrement! des! bovins.!Or,! le! cycle! de! vie! de! F.! hepatica! peut!

fonctionner! parfaitement! si! les! animaux! utilisés! sont! infectés.! D’autres! formes!

d’infections!humaines!ont!été!rapportées,!comme!l’utilisation!de!l’eau!contaminée!par!

des!métacercaires!flottantes!(Rojas!et!al.!2010).!

!

Figure!5.!Localisation!des!principales!épidémies!de!fasciolose!humaine!à!Cuba!avec!le!nombre!
de!cas!et!la!source!d’infection.!

En! plus! des! problèmes! de! santé! publique,! la! fasciolose! à! Cuba! présente! des!

problèmes!importants!au!niveau!vétérinaire!avec!un!coût!économique!associé!très!élevé!

(González!et!al.!2007;!Brito!et!al.!2010).!Les!effets!les!plus!notables!de!cette!parasitose!

pour!l’élevage!sont!les!pertes!de!poids!et!la!mortalité!de!nombreux!animaux,!les!saisies!

aux!abattoirs,!et!les!coûts!excessifs!des!produits!antiparasitaires!utilisés!par!l’État!Cubain!

(Rojas!et!al.!2010).!Cette!parasitose!est!très!difficile!à!contrôler!à!Cuba!actuellement!car!

c’est!un!pays!où!il!y!a!de!grandes!difficultés!à!obtenir!les!médicaments!antiparasitaires!

et! les!mollusquicides!nécessaires!pour!combattre! les!mollusques.!Les!estimations!des!

pertes!économiques!dues!à!la!fasciolose!au!cours!des!dernières!années!sont!résumées!

dans!le!tableau!3.!

!
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Table!3.!Estimations!des!pertes!dues!à! la! fasciolose!dans! l’élevage!entre!2009!et!2013! (IMV,!
2013).!

Années!
Nombre!total!de!foies!

infectés!

Proportion!de!foies!

parasités!(%)!

Masse!de!foies!perdus!

(kg)!

2009! 124!430! 26,84! 390!268!

2010! 125!921! 34,83! 362!188!

2011! 158!794! 46,11! 468!858!

2012! 148!565! 44,82! 509!576!

2013! 114!851! 31,62! 561!478!

Total! 548!131! 29,40! 2!292!368!

!

La! transmission! de! F.! hepatica! à! Cuba! est! permise! par! la! présence! de! deux! (et!

uniquement!deux)!espèces!de! limnées! (Galba!cubensis!et!Pseudosuccinea!columella)!

décrites!depuis!longtemps!(Aguayo!et!Jaume,!1947).!Les!études!de!malacologie!médicale!

concernant!les!limnées!et!la!transmission!de!fasciolose!à!Cuba!se!sont!plutôt!intéressées!

à! l’écologie!et!à! la!biologie!des! limnées!cubaines!(Perera,!1996)!ou!à! la!résistance!de!

certaines!populations!de!P.!columella!à!l’infection!par!F.!hepatica!(Gutiérrez,!2004).!De!

plus,!quelques! travaux! concernant! le! contrôle!de! leur!populations!afin!de! réduire! la!

transmission!sur!le!terrain!ont!étudié!des!alternatives!chimiques!et!biologiques.!Dans!le!

premier! cas,! des! mollusquicides! obtenus! à! partir! de! plantes! endémiques! (Agave!

legrelliana)! ont! été! testés! (Yong! et! Rodríguez,! 1994).! Les! stratégies! de! contrôle!

biologique!sur!les!hôtes!de!F.!hepatica!à!Cuba!ont!étudié!le!thiaridae!Tarebia!granifera!

et!le!planorbidae!Helisoma!duryi!qui!ont!la!capacité!de!réduire!les!populations!de!Galba!

cubensis! (Perera!et!al.!1991!;!1993).!En! revanche,! les!études!n’ont! jamais! intégré! les!

interactions!hôtes"parasites!en!analysant!la!compatibilité!douve/limnée,!les!prévalences!

naturelles!ni!expérimentales,!pas!plus!que! la!diversité! génétique!qui!permettrait!de!

mieux!comprendre!la!susceptibilité!et!virulence!dans!ce!système.!

!
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Objectifs!de!l’étude!

Les! objectifs! généraux! de! notre! étude! sont! de! déterminer! et! caractériser! les!

principaux!facteurs!impliqués!dans!l’interaction!entre!F.!hepatica!et!les!deux!espèces!de!

limnées!présentes!à!Cuba.!

Pour! répondre! à! cet! objectif,! nous! proposons! des! objectifs! spécifiques! sur! les!

interactions!douves!–!limnées!à!Cuba,!à!savoir!:!

!! Diversité!de!douves!

"!Comparer! les!prévalences!naturelles!de! F.!hepatica! chez! les!hôtes!définitifs!

(bovins)!;!

"!Caractériser!la!diversité!de!souches!de!douves!provenant!de!différentes!régions!

à!Cuba.!

!! Ecologie!et!biologie!des!populations!des!hôtes!intermédiaires!

"!Comparer!la!distribution!et!l’écologie!des!limnées!présentes!à!Cuba!;!

"!Déterminer!la!structure!génétique!de!leurs!populations!naturelles.!

!! Compatibilité!douve!–!limnée!

"!Caractériser!les!taux!d’infections!naturelles!chez!les!mollusques!dans!les!aires!

de!transmission!de!la!fasciolose!à!Cuba!;!

"!Déterminer!expérimentalement!la!compatibilité!hôte"parasite!entre!différentes!

souches!de!douves!et!de!populations!de!limnées.!
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Chapitre!1!:! Diversité!de!la!douve!du!foie! !

(Fasciola!hepatica)!à!Cuba!

!

!

1.1.!Relation!diversité!génétique!–!capacité!d’infection!

La!capacité!d’infection!d'un!parasite!est!étroitement!liée!à!sa!diversité!génétique,!

qui! fait!qu'il!est!plus!ou!moins!compatible!avec!ses!hôtes! (Dybdahl!et!Storfer,!2003).!

Fasciola!hepatica!présente!une!grande!diversité!génétique!qui!suggère!une!préférence!

de!l’allofécondation!pour!ce!parasite!hermaphrodite!(Hurtrez"Boussès!et!al.!2004!;!Vilas!

et!al.!2012!;!Cwiklinski!et!al.!2015).!Les!marqueurs!microsatellites!sont!aisément!utilisés!

pour! explorer! la! structure! génétique! d’une! population! particulière! grâce! au! large!

polymorphisme!qu'ils!présentent!(de!Meeûs!et!al.!2007).!Chez!la!douve!du!foie,!Hurtrez"

Boussès!et!al.!(2004)!ont!isolé!et!caractérisé!six!marqueurs!microsatellites!très!utilisés!

dans!des!études!de!diversité!génétique!(e.g.,!Vilas!et!al.!2012).!Ici,!dans!notre!étude,!on!

explore! la! génétique! des! populations! de! huit! isolats! de! F.! hepatica! provenant! de!

différentes!régions!de!Cuba!pour!mieux!comprendre!la!diversité!et!le!fonctionnement!

de!ce!parasite.!On!compare!aussi!les!différents!taux!d’infection!chez!les!bovins!de!ces!

souches!dans! les!abattoirs.!Ceci!va!aider!à!améliorer! la!connaissance!des! interactions!

hôtes"parasites!et!pourra!contribuer!à!la!mise!en!place!de!politiques!sur!la!gestion!du!

bétail!en!relation!avec!le!flux!génétique!de!douves!entre!différentes!populations.!

Article!1!:!accepté!dans!Journal!of!Helminthology!

"#$#%&'! ($)! &$*#'%&+#! )&+#,-&%.! /*! %0#! *123#! Fasciola hepatica!

45,#6(%/)(7!8&9#$#(:!*,/6!;2<(!

"#"#!$%&'()&*!+#!,-(../0*!1#!2%.34)&*!"#!"56/*!"#!+75)07!/.8!2#!9(:;:)&<=-(00>0!
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1.2.!Matériel!et!Méthodes!

1.2.1.! Échantillonnage! de! F.! hepatica! et! estimations! des! taux! d’infection! aux!
abattoirs!

L’échantillonnage!des!huit! isolats!de!F.!hepatica!a!été! fait!dans!des!abattoirs!de!

différentes!régions!à!Cuba!entre!2010!–!2012!(voir!figure!1.1!pour!les!localités!exactes!

et! tailles! d’échantillons).! Un! isolat! est! considéré! comme! le! stock! de! douves!

échantillonnées!dans!un!même!abattoir,!à!la!même!date!et!chez!une!même!espèce!hôte.!

Sept!isolats!de!douves!de!vaches!(Artemisa,!Bahía!Honda,!La!Palma,!Loma!Candelaria,!

Guane,!Santa!Cruz!et!Sagua)!et!un!de!buffle!(Jaruco)!ont!été!échantillonnés.!Les!taux!

d’infection!aux!abattoirs!ont!été!obtenus!par! l’inspection!systématique!des! foies!des!

bovins!abattus!à!chaque!fois.!Pour!la!localité!La!Palma,!deux!échantillonnages!ont!été!

réalisés!(voir!table!1.1!pour!les!dates).!

Les!douves!adultes!récupérées!vivantes!ont!été!stockées!directement!dans!l’éthanol!

(95%).!Pour! la! localité!de! La!Palma,!on!a!gardé! seulement! les! individus! collectés!en!

septembre!2010.!A!cause!de!contraintes!aux!abattoirs,!il!a!été!impossible!d’obtenir!les!

douves!d’un!hôte!de!Santa!Cruz!et!de!sept!hôtes!de!Jaruco.!Pour!les!autres!isolats,!on!a!

échantillonné!au!moins!une!douve!par!hôte!définitif!(voir!tableau!1.1!pour!les!détails).!

Tous!les!individus!de!différents!bovins!qui!appartenaient!au!même!isolat!ont!été!stockés!

ensemble.!

!

Figure!1.1!:! Localisation!des! isolats!de! Fasciola!hepatica!utilisés! (entre!parenthèses!:!

tailles!d’échantillons!de!chaque!isolat)!

! !
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1.2.2.!Extraction!d’ADN,!amplification!de!microsatellites!et!génotypage!

Une!petite!partie!du!tissu!appartenant!à!la!partie!postérieure!de!chaque!individu!de!

douve!(2!mm²)!a!été!utilisé!pour!l’extraction!d’ADN.!L’extraction!a!été!faite!en!utilisant!

la!méthode!au!Chelex!(Estoup!et!Martin,!1996)!adaptée!pour!des!plaques!de!96!puits.!

En!bref,!le!tissu!de!chaque!individu!a!été!séché!(élimination!de!l’alcool)!et!placé!dans!un!

puits! contenant! 100! µL! de! Chelex®100! (5%)! (Bio"Rad! Laboratories,! Inc.)! et! 5! µL! de!

protéinase!K!(10!mg/mL).!La!plaque!a!été!vortexée!et!incubée!durant!une!nuit!à!56°C,!

puis!10!min!à!95°C.!Après!nouveau!vortexage!et!centrifugation!à!6000!xg!pendant!six!

minutes,! le!surnageant!contenant! l’ADN!a!été!récupéré!et!conservé!au!congélateur!à!!

#20°C.!

L’ADN! extrait! a! été! dilué! de! moitié! et! utilisé! pour! les! amplifications! de!

microsatellites.!Quatre! loci!microsatellites! (FH15,!FH23,!FH25!et!FH222CBP;!numéros!

d’accession!Genbank!respectifs!AJ508371,!AJ508372,!AJ508373!and!AJ003821)!ont!été!

amplifiés! par! PCR! conformément! aux! protocoles! décrits! par! Hurtrez"Boussès! et! al.!

(2004).!Chaque!locus!a!été!amplifié!en!utilisant!2!µL!d’ADN!dilué!dans!20!µL!de!volume!

de!réaction!contenant!4!µL!buffer!5x!(Promega),!1,2!µL!MgCl2!25mM,!2!µL!dNTPs!2mM!

(Invitro"gen/Life!Technology),!1!µL!de!chaque!amorce!(10!pmol)!et!0,2!µL!de!Taq!ADN!

polymérase!1U!(Promega)!(20!µL!QSP).!Les!amorces!ont!été!marquées!par!fluorescence!

pour!les!utiliser!dans!un!séquenceur!automatique!ABI!(ABI!Prism!310!Genetic!Analyser,!

Applied!Biosystem,!Perkin"Elmer,!USA).!Les!séquences!des!amorces!sont!celles!décrites!

par! Hurtrez"Boussès! et! al.! (2004).! Les! amplifications! ont! été! conduites! sur!

thermocycleurs! MJ"Research! PTC! 100! 96"puits.! Elles! ont! consisté! en! 4! min! de!

dénaturation!à!94°C,!31!cycles!à!température!d’hybridation!(FH15!=!48°C,!FH23!=!50°C,!

FH25!=!51°C,!FH40!=!50°C)!pendant!30! s,!puis!30! s!à!72°C,! suivis!d'une!étape! finale!

d’élongation!à!72°C!pendant!10!min.!Un!microlitre!du!produit!PCR!de!chaque!échantillon!

a!été!dilué!1/100.!Un!mix!contenant!3!µL!du!produit!PCR!dilué,!0,25!µL!de!marqueur!de!

taille!(GENESCAN!500!LIZ,!Applera)!et!15!µL!Hi"Di!Formamide!(20!µL!QSP)!a!été!utilisé!

pour!les!électrophorèses!automatiques!au!séquenceur.!La!lecture!des!tailles!des!allèles!

a!été!faite!en!utilisant!le!logiciel!GeneMapper®!v.!4.0!(Applied!BiosystemsTM).!

! !
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1.2.3.!Analyses!de!génétique!de!populations!

Les!paramètres!courants!de!génétique!de!populations!tels!que! le!nombre!moyen!

d’allèles!(a),!les!estimateurs!d’hétérozygotie!observée!(Ho)!et!attendue!(He),!et!le!FIS!ont!

été!calculés!pour!chaque! locus.!La!différenciation!par!paire!de!populations!(FST)!a!été!

aussi!calculée.!Toutes!les!estimations!ont!été!faites!en!utilisant!le!logiciel!FSTAT!v.2.9.3.2!

(Goudet,!2001).!La!correction!de!Bonferroni!a!été!utilisée!pour!les!cas!de!tests!multiples!

(Rice,! 1984).! Les! génotypes! multilocus! (GTMLs)! identiques! ont! été! identifiés! et! la!

probabilité!d’observer!n!copies!d’un!GTML!sous!reproduction!panmictique!(valeur!Psex)!

a!été!testée!en!utilisant!GENECLONE!2.0!(Arnaud"Haond!et!Belkhir,!2007).!Les!individus!

avec! des! valeurs! Psex! statistiquement! significatives! (Psex! <! 0,05)! ont! été! considérés!

comme!étant!le!résultat!d'une!multiplication!clonale!–!infection!par!des!métacercaires!

issus!d'un!même!miracidium!–!(Vilas!et!al.!2012).!La!diversité!génotypique!a!été!aussi!

estimée!par!l’index!adapté!de!Simpson!(Arnaud"Haond!et!Belkhir,!2007).!

1.3.!Résultats!

1.3.1.!Taux!d’infection!des!bovins!aux!abattoirs!

!Les!deux!espèces!de!bovins!étudiées!(vaches!et!buffles)!étaient!infectées.!Les!taux!

d’infections!observés!après!visites!successives!aux!abattoirs!ont!varié!entre!20%!(Guane)!

et! 100%! (La! Palma! et! Loma! Candelaria).! Les! prévalences! les! plus! hautes! ont! été!

enregistrées!dans!la!région!occidentale!de!Cuba!(Pinar!del!Río),!tandis!que!dans!la!région!

du! centre"ouest! les! valeurs! variaient! entre! 60! et! 85%! (tableau! 1.1).!Au!moment!de!

l’échantillonnage,!quelques!livraisons!de!bovins!ont!été!signalées!comme!traitées!avec!

du!Triclabendazole!à!La!Palma!(deuxième!échantillonnage,!décembre!2010).!Toutefois,!

des!prévalences!de!70%!ont!été!trouvées!dans!ce!lot!de!bovins!traités.!

! !
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Tableau!1.1.!Taux!d’infection!du!bétail!abattu!dans! les!différentes! localités! (dont! les!

noms!correspondent!aux!isolats!de!Fasciola!hepatica).!

T!:!traité!avec!Triclabendazole,!N!:!nombre!d’hôtes!définitifs!examinés!

Bovin! F.!hepatica!isolat! Province! N!
Bovins!

infectés!(%)!
Date!

Nombre!de!

douves!

collectées!

par!hôte!

Vaches! Artemisa! Artemisa! 30! 10!(33,33%)! Sep!2010! 2"3!

Vaches! Bahía!Honda! Pinar!del!Río! 15! 14!(93,33%)! Sep!2010! 2"3!

Vaches! Guane! Pinar!del!Río! 5! 1!(20%)! Jan!2011! 19!

Vaches! La!Palma! Pinar!del!Río! 10! 10!(100%)! Sep!2010! 2"3!

Vaches! La!Palma!(T)! Pinar!del!Río! 20! 15!(75%)! Déc!2010! 0!

Vaches! Loma!Candelaria! Pinar!del!Río! 17! 17!(100%)! Oct!2010! 1"2!

Vaches! Santa!Cruz! Mayabeque! 40! 31!(77,55%)! Fev!2011! 1*!

Vaches! Sagua! Villa!Clara! 18! 11!(61,11%)! Avr!2011! 1"2!

Buffles! Jaruco! Mayabeque! 30! 26!(86,66%)! Fev!2012! 1*!

*on!a!seulement!pu!échantillonner!les!douves!de!30!foies!à!Santa!Cruz!et!23!à!Jaruco.!

1.3.2.!Structure!des!populations!et!diversité!génétique!

Les!quatre!loci!étudiés!sont!polymorphes!dans!chacun!des!huit!isolats.!Au!total,!trente!

allèles!ont!été!répertoriés!parmi!tous!les!isolats!et!loci!étudiés!(moyenne!des!allèles!par!

locus!:!7,5!±!3,7!SD).!Le!locus!FH222CBP!est!le!plus!polymorphe!avec!12!allèles!différents!

tandis!que! les! locus!FH25!est! le!moins!polymorphe!(3!allèles).!On!n’a!pas!observé!de!

déséquilibre!de!liaison!significatif!entre!toutes!les!paires!de!loci.!

Le! nombre! moyen! d’allèles,! les! hétérozygoties! observée! et! attendue,! ainsi! que! les!

valeurs!de!FIS!pour!chaque!population!sont!présentés!dans! le!tableau!2.2.!Des!écarts!

significatifs!à!l’équilibre!de!Hardy"Weinberg!(HW)!ont!été!observés!pour!les!isolats!de!

Bahía!Honda,!Loma!Candelaria!et!Santa!Cruz.!En!revanche,!ces! forts!écarts!n’ont!été!

trouvés!que!dans! le! locus! FH23! (FIS!=!1! (p!<0,05),!0,726! (p!<!0,05)!et! 1! (p!<!0,005)!

respectivement)! tandis! qu'aucun! des! autres! loci! n'a! manifesté! d'écart! significatif! à!

l’équilibre! de! Hardy"Weinberg.! Ces! résultats! sont! cohérents! avec! ceux! de! Hurtrez"

Boussès!et!al.!(2004)!qui!avaient!signalé!l’existence!d’allèles!nuls!à!ce!locus!FH23.!Pour!

cette!raison,!on!a!décidé!de!ré"analyser!les!données!sans!ce!locus!(tableau!2.2).!

! !
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Table!1.2.!Nombre!moyen!d’allèles! (a),!hétérozygoties!observée! (Ho)!et!attendue! (He),!FIS!et!

valeur!de!P!après!correction!de!Bonferroni!pour!chaque!isolat!étudié.!

en!italique!:!valeurs!obtenues!sans!le!locus!FH23!

NS!=!non!significatif,!SD!=!écart"type!

n!=!nombre!d'individus!analysés!

Isolat! n! a!(±!SD)! Ho!(±!SD)! He!(±!SD)! FIS! P!

Artemisa! 28! 3,75!(±!1,26)!

3,67!(±!1,53)!

0,415!(±!0,309)!

0,463!(±!0,36)!

0,450!(±!0,233)!

0,421!(±!0,277)!

0,078!

"0,098!

NS!

NS!

Bahía!Honda! 30! 4,75!(±!2,36)!

5,33!(±!2,52)!

0,383!(±!0,345)!

0,510!(±!0,285)!

0,583!(±!0,248)!

0,551!(±!0,294)!

0,343!

0,074!

0,0030!

NS!

La!Palma! 29! 4,5!(±!1,92)!

5!(±!2)!

0,473!(±!0,297)!

0,511!(±!0,352)!

0,537!(±!0,225)!

0,529!(±!0,275)!

0,119!

0,032!

NS!

NS!

Jaruco! 23! 4,25!(±!2,22)!

5!(±!2)!

0,372!(±!0,334)!

0,496!(±!0,275)!

0,523!(±!0,24)!

0,475!(±!0,27)!

0,290!

"0,042!

NS!

NS!

Loma!

Candelaria!

29! 4,75!(±!1,71)!

5!(±!2)!

0,422!(±!0,254)!

0,502!(±!0,242)!

0,571!(±!0,243)!

0,539!(±!0,288)!

0,261!

0,07!

0,0050!

NS!

Guane! 19! 5!(±!1,83)!

4,67!(±!2,08)!

0,496!(±!0,203)!

0,453!(±!0,225)!

0,605!(±!0,291)!

0,521!(±0,291)!

0,181!

0,131!

NS!

NS!

Santa!Cruz! 30! 5,25!(±!2,22)!

5,67!(±!2,52)!

0,429!(±!0,38)!

0,572!(±!0,308)!

0,59!(±!0,252)!

0,55!(±!0,293)!

0,274!

"0,039!

0,0009!

NS!

Sagua! 12! 4!(±!0,82)!

4!(±!1)!

0,513!(±!0,164)!

0,573!(±!0,136)!

0,625!(±!0,122)!

0,577!(±!0,095)!

0,178!

0,007!

NS!

NS!

On!a!observé!une!très!faible!différenciation!entre!populations!(FST!=!0,05,!NS).!Le!tableau!

1.3!montre!les!valeurs!de!FST!entre!tous!les!paires!de!populations.!Pratiquement!aucune!

paire!de!populations!n'est!différenciée,!à!l’exception!de!Guane!et!Artemisa!(probabilité!

ajustée!après!correction!de!Bonferroni!:!0,034).!

! !
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Tableau!1.3.!Valeurs!de!l’estimation!de!la!différenciation!génétique!entre!les!paires!d’isolats!(FST)!

isolats!:!AT:!Artemisa,!BH:!Bahía!Honda,! LP:! La!Palma,! JA:! Jaruco,! LC:! Loma!Candelaria,!GU:!

Guane,!SC:!Santa!Cruz.!SA:!Sagua.!

!*:!P!<!0,05!

! AT! BH! LP JA LC GU SC! SA

AT! 0! ! !

BH! 0,03! 0! !

LP! 0,12! 0! 0 !

JA! 0,02! 0! 0 0 !

LC! 0,14! 0,01! 0,04 0,06 0 !

GU! 0,14*! 0,02! 0,06 0,06 0 0 !

SC! 0,12! 0,02! 0,08 0,05 0 0 0!

SA! 0,13! 0,02! 0,05 0,05 0 0 0,05! 0

A!cause!de!l’existence!d’allèles!nuls,!le!locus!FH23!a!été!exclu!du!recensement!des!

GTMLs.! Avec! les! loci! restants! (FH15,! FH25,! FH222CBP)! on! a! trouvé! 83! GTMLs.! La!

moyenne!de!GTMLs!par!isolat!est!de!13,66!mais!on!a!trouvé!une!relation!étroite!avec!la!

taille!d’échantillon!(corrélation!de!Spearman!R!=!0,781!;!P!=!0,012).!Les!noms!et!nombres!

de!GTMLs!de!chaque! isolat,! l’index!de!diversité!de!Simpson!adapté!aux!GTMLs!et! les!

valeurs!Psex!statistiquement!significatives!sont!présentés!dans!le!tableau!1.4.!La!diversité!

génotypique!est!élevée!pour! chacun!des! isolats.! La! valeur! la!plus!basse!est!0,861! à!

Artemisa.!On!a!trouvé!23!MLGTs!répétés!entre!les!isolats!tandis!que!60!ont!été!observés!

seulement!dans!des! isolats!particuliers.!Uniquement!deux! isolats! (Artemisa!et! Santa!

Cruz)!ont!montré!GTMLs!répétés!ayant!de!valeurs!Psex!<!0,05.!

!
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Tableau! 1.4.! Nombre! d’individus! (N)! avec! tous! les! loci! amplifiés,! nombre! de! génotypes!

multilocus!(GTMLs),!diversité!génotypique!(D)!et!GTMLs!avec!valeurs!de!Psex!<!0,05!observées!à!

chaque!isolat!de!Fasciola!hepatica.!

F.!hepatica!

isolat!
N!! D!

Nom!du!GTMLs!(nombre!de!

répétitions)!

GTMLs!

avec!Psex!<!0,05!(n)!

Artemisa! 23! 0,861!
AC,!AJ!(8),!BF,!BG!(3),!BH!(3),!BO,!
BP,!D,!H,!I,!N,!U!

BG!(1),!BH!(1)!

Bahía!Honda! 19! 0,994!
AC,!AJ,!AM,!AX,!AZ,!B,!BC,!BE,!BJ,!
BM,!BR,!CA,!CB,!CC,!F,!V!(2),!W,!Y!

!

La!Palma! 9! 0,972! AF!(2),!AR,!AS,!AW,!BQ,!BX,!G,!V! !

Jaruco! 26! 0,978!

A,!AD,!AF,!AG,!AH,!AI,!AJ!(2),!AK,!
AU(2),!AW!(3),!AX,!BK,!BV,!BW,!J,!V,!
W,!Z!

!

Loma!

Candelaria!
23! 0,992!

AA,!AE,!AF,!AJ!(2),!AO,!AW,!B,!BA,!
BD,!BG,!BH,!BN,!BZ,!CE,!D,!K,!P,!T,!
U,!V!(2),!W!

!

Guane! 15! 1,000!
A,!AC,!AG,!AH,!AJ,!AN,!AQ,!AV,!AW,!
AX,!BU,!CF,!R,!S,!T!

!

Santa!Cruz! 24! 0,956!
AC!(4),!AJ!(2),!AL,!AP!(2),!AT,!AU!(3),!
AX,!AY,!BB,!BI,!BL,!L,!M,!O,!P!(2),!Q!

AC!(1),!AT!(1)!

Sagua! 11! 1,000! A,!AB,!AP,!BS,!BW,!BY,!C,!CD,!E,!R,!X! !

!

1.4.!Discussion!

1.4.1.!Prévalences!naturelles!de!F.!hepatica!chez!les!bovins!à!Cuba!!

On!a!bien!noté!que!le!parasitisme!par!F.!hepatica!dans!les!populations!des!bovins!à!

Cuba!est!intense!et!persistant,!même!si!les!taux!d’infection!varient!entre!localités.!Nous!

avons!trouvé!des!individus!infectés!dans!tous!les!lots!d'animaux!abattus.!La!plupart!des!

prévalences! sont! très! élevées! (>60%,! sauf! pour! Guane! et! Artemisa).! Les! petites!

différences!observées!dans! les! taux!d’infection!peuvent!être!expliquées! soit!par!des!

différences! locales! dans! la! transmission! (par! exemple! risque! d'accéder! à! des! sites!

contaminés,! densités! de! mollusques! vecteurs! etc.),! soit! par! des! différences! de!

compatibilité/susceptibilité/infectivité!dans! le!système!bovin"douve.!De!plus,! l’âge!de!

l’hôte!définitif!peut!jouer!un!rôle!important!si!le!foyer!de!contamination!est!persistant!

(les!hôtes!âgés!doivent!avoir!une!probabilité!supérieure!d’être!infestés).!!

! !
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1.4.2.!Infection!de!vaches!versus!buffles!

Les!espèces!d'hôtes!différentes!peuvent!être!plus!ou!moins!compatibles!avec! les!

différents! isolats.!Au!contraire,!nos!résultats!montrent!que! les!prévalences!de!buffles!

sont!similaires!à!celles!de!vaches.!De!plus,!les!valeurs!FST!entre!l’isolat!de!buffle!(Jaruco)!

et!celles!de!vaches!ne!sont!pas!significatives.!Ce!fait!suggère!que!le!brassage!génétique!

est! très! commun!entre! les! isolats!de!douves!présents!à!Cuba.!Ces! résultats! sont!en!

accord!avec!ceux!de!Hurtrez"Boussès!et!al.!(2004)!qui!n’ont!pas!trouvé!différenciation!

génétique!significative!entre!les!douves!infectant!bovins,!ovins!et!porcins.!

1.4.3.!Effets!des!traitements!!

Il! est! également! intéressant! d'avoir! observé! quelques! bovins! traités! avec! du!

Triclabendazole! (TCBZ)!qui!est! le!médicament!de! choix! contre! la! fasciolose! (Fried!et!

Abruzzi,!2010).!Etonnamment,!les!taux!d’infection!sont!élevés!(75%)!chez!ces!animaux!

traités.!Ceci!suggère!que!quelques!infrapopulations!de!douves!(c’est"à"dire!les!douves!

existant!dans!un!individu!hôte)!évitent!l’effet!du!TCBZ!probablement!par!une!résistance.!

Nonobstant,!on!n’a!pas! trouvé!de!différences!génétiques!entre! la!zone! traitée!et! les!

zones!non"traitées.!Une!réduction!de!la!diversité!allélique!devrait!être!mise!en!évidence!

chez!les!zones!traitées!à!cause!de!forts!goulots!d’étranglement!qui!ne!sont!pas!observés!

ici.!Ceci!dit,!il!n'est!pas! impossible!que!des!traitements!aient!aussi!été!appliqués!dans!

d'autres!zones!sans!que!nous!ayons!été!mis!au!courant!lors!de!l'abattage.!Il!n'en!reste!

pas!moins!que!la!politique!de!contrôle!par!traitement!au!TCBZ!ne!semble!pas!efficace.!!!!

1.4.4.!Diversité!génétique!de!F.!hepatica!à!Cuba!

Le!nombre!d’allèles!trouvés!chez! les!huit! isolats!de!F.!hepatica!à!Cuba!révèle!une!

très!haute!diversité!génétique.!En!revanche,!il!est!intéressant!de!noter!que!l’isolat!avec!

la!plus! faible!diversité!allélique! (Artemisa,!moyenne!d’allèles!:!3,67)!présente!aussi! la!

plus!faible!prévalence!chez!les!hôtes!définitifs.!

La!grande!douve!du!foie!est!connue!pour!pouvoir!«!choisir!»!entre!!autofécondation!

et!l’allofécondation!en!fonction!du!nombre!des!douves!dans!un!foie!(Hanna!et!al.!2008).!

En! revanche,! l’absence! d'écarts! à! l’équilibre! de! Hardy"Weinberg! indique! une!

prédominance!de!l’allofécondation!(Hurtrez"Boussès!et!al.!2004!;!Cwiklinski!et!al.!2015).!

Quand!cette!stratégie!de!reproduction!est!associée!à!un!flux!génétique!important!(par!



!

Interactions!hôtes!–!parasites!dans!le!modèle!Fasciola!hepatica/Lymnaeidae!

37Chapitre!1!:!Fasciola!hepatica!à!Cuba

exemple!le!mouvement!de!bétail!infecté!dans!et!entre!provinces!à!Cuba),!cela!se!traduit!

par! une! grande! population! très! diversifiée! et! sans! différenciations! entre! sous"

populations.!La!diversité!génétique!dans!ce!cas!peut!permettre!au!parasite!de!s’adapter!

à! différentes! populations! locales! d'hôtes! intermédiaires! et! définitifs! (Gandon! et! al.!

1996!;!Schulte!et!al.!2013).!De!plus,!la!probabilité!de!trouver!dans!une!population!très!

diversifiée!des!individus!résistants!aux!drogues!antihelminthiques!(comme!le!TCBZ)!est!

élevée.!

Les!résultats!concernant!la!richesse!allélique!sont!en!accord!avec!ceux!observés!par!

Vilas!et!al.! (2012),!bien!que! les!valeurs!trouvées!dans!notre!étude!soient! légèrement!

supérieures.!En!revanche,!l’hétérozygotie!observée!sur!!l’Altiplano!Bolivien!par!Hurtrez"

Boussès!et!al.!(2004),!en!utilisant!les!mêmes!marqueurs!microsatellites,!était!plus!faible!

que! celle! trouvée! ici! pour! les! douves! cubaines.! Récemment,! un! nouveau! jeu! de!

microsatellites! a! été! développé! chez! F.! hepatica! et! testé! sur! des! populations! du!

Royaume!Uni!(Cwiklinski!et!al.!2015).!Les!résultats!de!leur!étude!ont!montré!des!valeurs!

d’hétérozygotie!observée!et!de!diversité!allélique!supérieures!à!celles!notre!étude!pour!

presque!tous!les!loci!explorés.!

La!faible!valeur!du!coefficient!de!différenciation!génétique!(GST)!observée! indique!

que! seulement! 4%! des! différences! génétiques! détectées! sont! expliquées! par! les!

différences!entre!les!populations.!Les!seules!valeurs!de!FST!significatives!entre!les!isolats!

de!Guane!et!Artemisa!pourraient!être! le! résultat!d’un! isolement!maintenu!entre!ces!

souches.!Si!on!comprend!que!Cuba!est!une! île!étroite!et!que! l'importation!de!bétail!

provenant!d'autres!régions!du!monde!est!!très!limitée,!les!facteurs!géographiques!et!la!

gestion!des!bovins!(transport!d'animaux!entre!les!différentes!régions)!peuvent!être!des!

facteurs!expliquant! l'absence!de!différenciation!entre! localités.!Malheureusement,!on!

n’a!pas!pu!échantillonner! les!douves!de! la! région!orientale!à!Cuba!mais!des! futures!

études! incluant! ces! souches! pourront! contribuer! à! mieux! décrire! la! transmission! à!

l'échelle!totale!du!pays.!

Le!nombre!de!GTMLs!observés!parmi! les!huit! isolats!étudiés!est! similaire!à!ceux!

observés!par!Vilas!et!al.!(2012)!en!considérant!la!taille!d’échantillonnage.!Ces!auteurs!

ont!détecté!des! copies!multiples!de!GTMLs! surtout! chez! les!ovins,!et!en!proportion!

moindre! chez! les! bovins.! En! revanche,! malgré! le! fait! que! notre! étude! ait! exploré!
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uniquement! les! douves! chez! les! bovins,! on! n’a! trouvé! que! deux! isolats! avec! deux!

individus!qui!peuvent!être!considérés!comme!le!résultat!de!la!reproduction!clonale.!Ce!

résultat!renforce!l’idée!d’une!reproduction!sexuée!très!commune!chez!la!douve!du!foie!

à!Cuba!et!suggère!l’existence!de!multiples!sources!de!contamination.!

Nos! résultats! suggèrent! une! relation! très! étroite! entre! la! diversité! génétique! de! F.!

hepatica!et!les!activités!de!gestion!du!bétail!à!Cuba,!bétail!qui!est!fortement!infesté.!La!

compréhension!de!l’effet!de!la!variabilité!génétique!et!de!l’adaptation!hôte"parasite!au!

niveau!des!hôtes!intermédiaires!et!définitifs!est!cruciale!pour!la!prévention!et!le!contrôle!

de!la!fasciolose.!La!diversité!génétique!mise!ici!en!évidence!doit!être!mise!en!regard!des!

variations! de! compatibilité! douve/mollusques,! point! qui! sera! appréhendé! dans! le!

chapitre!3.!



!
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Chapitre!2!:! Ecologie!et!biologie!des!

mollusques!lymnéidés!à!Cuba!

!

2.1!La!famille!Lymnaeidae!à!Cuba!:!une!communauté!appauvrie!

Les! espèces! de! la! famille! des! Lymnaeidae! sont! caractérisées! par! une! diversité!

conchyliologique! très!élevée!et!en!même! temps!une!plasticité!éco"phénotypique!qui!

empêche!une!distinction!claire!entre!les!espèces!(Correa!et!al.!2010,!2011).!De!plus,!leur!

anatomie!est!extrêmement!homogène!(Pointier!et!al.!2009)!ce!qui!limite!les!possibilités!

d'identification!sur!des!critères!morpho"anatomiques!(Correa!et!al.!2011).!

La!diversité!mondiale!estimée!de! la! famille!est!d'environ!une!centaine!d’espèces!

(Jarne!et!al.!2010).!En! revanche,!actuellement!60!espèces! sont! recensées! seulement!

pour! la! région!de! l’Amérique!du!Nord! (Johnson!et!al.!2013).!Cette!diversité!est! sans!

doute!largement!sur"estimée,!à!cause!d'un!grand!nombre!de!synonymies.!

A!Cuba,!la!situation!est!beaucoup!plus!simple,!puisque!la!famille!des!Lymnaeidae!y!

est! représentée! seulement! par! deux! espèces! (Pointier! et! al.! 2005)!:!Galba! cubensis!

Pfeiffer,! 1839! et! Pseudosuccinea! columella! Say,! 1817.! En! effet,! tandis! que! la! faune!

malacologique! à!Cuba!est! très! riche!et!diversifiée!pour! ce!qui! concerne! les!espèces!

marines!et!terrestres,!ce!qui!a!fait!considérer!Cuba!comme!le!Paradis!des!Malacologistes!

par!Henry!A.!Pilsbry!(Espinosa!et!Ortea,!2009),!les!mollusques!d’eau!douce!ne!suivent!

pas!le!même!pattern!et!sont!faiblement!représentés.!Cette!faible!diversité!en!espèces!

peut!être!expliquée!par!la!théorie!de!MacArthur!et!Wilson!(1967)!:!l'équilibre!du!nombre!

d’espèces!dans!une!île!dépend!de!la!distance!au!continent!et!de!l’aire!de!l'île.!Ces!deux!

facteurs! affectent! directement! les! taux! d’extinction! et! colonisation.! La! condition!

d’insularité!à!Cuba!réduit!donc!le!nombre!d'espèces!à!Cuba!par!rapport!à!l’Amérique!du!

Nord.! Les! espèces! de! mollusques! dulçaquicoles! représentent! 1,37! %! de! toutes! les!

espèces! de!mollusques! à! Cuba! (1319! espèces! terrestres,! 1770!marines! et! 43! d’eau!

douce)!et!les!limnées!4,65!%!des!espèces!d’eau!douce.!Un!pattern!similaire!de!richesse!

pour!les!limnées!se!retrouve!dans!le!reste!des!îles!des!Caraïbes!avec!une!ou!deux!espèces!

par!île!(Pointier,!2008).!En!revanche,!les!Lymnaeidae!sont!plus!diversifiés!en!Amérique!

du! Sud!;! par! exemple,! seulement! pour! le! genre!Galba,! cinq! espèces! sont! présentes!
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(Correa!et!al.!2010)!et!on!peut!trouver!jusqu'à!trois!espèces!de!ce!genre!dans!une!même!

communauté!(Alda!et!al.,!en!prép!:!article!No.!2).!

!

Les! deux! espèces! de! limnées! cubaines! ont! fait! l'objet! de! quelques! révisions!

taxinomiques! depuis! leurs! descriptions! respectives! et! quelques! synonymies! ont! été!

utilisées!(tableau!2.1).!Cependant,!les!études!récentes!de!phylogénie!moléculaire!sur!les!

limnées!hôtes!de!fasciolose!mettent!au!clair!la!nomenclature!des!deux!espèces!(Correa!

et!al.!2010).!

Tableau!2.1.!Synonymies!utilisées!pour!les!deux!espèces!de!limnées!cubaines.!

Espèce! Synonymes! Référence!

Galba!cubensis! Lymnaea!cubensis! Pfeiffer,!1839!

Bakerilymnaea!cubensis! Burch,!1982!

Fossaria!cubensis! Pointier!et!al.!2005!

Pseudosuccinea!columella! Lymnaea!francisca! Poey,!1858!

Lymnaea!columella! Paraense,!1983!

Etudier! la! fasciolose! à! Cuba! nécessite! de! s'intéresser! à! ces! deux! espèces! de!

mollusques!car!aussi!bien!G.!cubensis!que!P.!columella!ont!montré!expérimentalement!

une!susceptibilité!élevée!vis"à"vis!de!souches!cubaines!de!F.!hepatica!(Gutiérrez!et!al.!

2003).!

2.1.1!Galba!cubensis!Pfeiffer!1839!

L’espèce!G.! cubensis! a! été! décrite! de! Cuba! (localité! type,! donnée! sans! plus! de!

précision)!sous!le!nom!de!Lymnaea!cubensis!Pfeiffer,!1839,!et!caractérisée!comme!très!

commune!dans!les!rivières!et!lacs!de!Cuba!(Aguayo!et!Jaume,!1947).!La!coquille!est!de!

Article!2!:!soumis!à!Veterinary!Parasitology

!"#$%&%"'( )"*%&( +,)-)( ,.( .*)/%,&,)%)0( *( 12&-%3&$4( 567( .,8( -+$(

)%12&-*"$,2)( %9$"-%.%/*-%,"( ,.( -+8$$( /8:3-%/( Galba( )3$/%$)( *"9( %-)(

*33&%/*-%,"(%"(/,112"%-%$)(.8,1(;,8-+(*"9(<,2-+(=1$8%/*!

"#!$%&'(!)#!*+,--'.(!$#$#!/012,31(!$#!4,5678831(!9#!:86;3(!$#!<8%'-&+=908>'31(!?#!
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couleur! brune! uniforme! avec! une! ouverture! semi"circulaire.! Les! adultes! peuvent!

atteindre!10,5!mm!de! longueur.!Cette!espèce!est!très!amphibie!et!on!peut! la!trouver!

près!de!l’eau,!sur!la!végétation!ou!la!boue!humide!(figure!2.1).!Dans!quelques!endroits!

comme! les! canaux! d’irrigation,! les! individus! peuvent! être! observés! complètement!

immergés.!L’eau!est!toujours!nécessaire!pour!pondre!les!œufs!et!maintenir!l’humidité!

requise!pour!le!développement!et!l’éclosion.!

!

Figure!2.1.!Galba!cubensis.!A!:!coquille,!B!:!individu!sur!la!fange,!C!:!population!de!G.!cubensis!

dans!un!endroit!humide.!Trait!noir!=!5!mm.!

Des!études! sur! les! traits!d'histoire!de!vie!de!G.! cubensis!dans!des! conditions!de!

laboratoire!ont!montré!que! les! individus!peuvent! survivre! six!mois,!et!que! le!pic!de!

reproduction!a!lieu!vers!l'âge!de!sept!semaines!(Gutiérrez!et!al.!2000).!

Cette!espèce!a!été!trouvée!infectée!par!F.!hepatica!sur!le!terrain!plusieurs!fois!(voir!

les!taux!d’infection!dans!la!section!3.1).!De!plus,!G.!cubensis!a!été!la!seule!espèce!décrite!

dans! les! sites!de! transmission!de! fasciolose!après!des!épidémies! (Ferrer!et!al.!1985,!

1989).!

2.1.2!Pseudosuccinea!columella!Say,!1817!

Parallèlement,! l’espèce! P.! columella! a! été! décrite! à! Cuba! comme! Lymnaea!

(Pseudosuccinea)! francisca! Poey,! 1858,! dans! la! localité! de! Potrero! Omoa! à! Güines!

Article!3!:!Journal!of!Helminthology!(2011)!85:!109"111(

>%8)-(8$3,8-(,.(&*8#*&()-*'$)(,.(Fasciola hepatica(%"(*(?%&9(3,32&*-%,"(

,.(Pseudosuccinea columella(.8,1(62@*(*"9(-+$(6*8%@@$*"(

$#!4,5678831(!$#$#!/012,31(!O#!L3>6'(!?#!F'-@I31(!$#A#!A+883'(!F#!L,85831=M+,..N.(!

?#="#!"+6-5638!'-&!$#!PI78+-!
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(localité!type).!Cette!espèce!a!été!trouvée!aussi!à!Pinar!del!Río,!La!Habana!et!Matanzas!

(Aguayo!et! Jaume,!1947).!Postérieurement,! L.! francisca!a!été! considérée! comme!un!

synonyme!de!P.!columella!(Paraense,!1983).!La!coquille!de!cette!espèce!est!brune!avec!

un!très!long!dernier!tour!de!spire!et!une!spire!courte.!Le!périostracum!a!des!sculptures!

spirales!très!caractéristiques!qui!évitent!toute!confusion!avec!les!espèces!terrestres!du!

genre!Succinea!(figure!2.2).!Les!individus!de!P.!columella!peuvent!atteindre!environ!20!

mm!de!longueur.!Cette!espèce,!à!la!différence!de!G.!cubensis,!est!très!aquatique!et!on!

la!trouve!rarement!hors!de!l’eau.!

!

Figure!2.2.!Pseudosuccinea!columella.!A!:!coquille,!B!:!individu!dans!l’eau,!C!:!rides!axiales!sur!le!

periostracum!de!P.!columella,!D!:!espèce!terrestre!Succinea!uva.!Trait!noir!=!5!mm.!

Dans!des!conditions!de!laboratoire,!P.!columella!peut!vivre!jusqu'à!six!mois!(comme!

G.!cubensis)!mais!le!pic!reproductif!apparaît!vers!la!cinquième!semaine!(Gutiérrez!et!al.!

2001).!

L’espèce!P.!columella!a!été!trouvée! infectée!à!Cuba!pour! la!première!fois!dans! la!

localité!El!Pilón,!Pinar!del!Río!en!2010.!Cette! localité!est!une!rizière,!dans! laquelle! les!

bovins! sont! utilisés! pour! les! travaux! agricoles.! Les! densités! de! limnées! y! sont! très!

élevées.!On!a!observé!une!prévalence!en!F.!hepatica!de!3%!chez!les!P.!columella!de!cette!

zone!(Gutiérrez!et!al.!2011).!

Parallèlement,! des! populations! résistantes! à! l’infection! expérimentale! par! F.!

hepatica!ont!été!décrites!pour!cette!espèce!à!Cuba!(Gutiérrez!et!al.!2003).!

! !
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2.2!Distribution!et!préférences!d’habitats!des!limnées!à!Cuba!

La!distribution!historique!des!limnées!cubaines!a!été!rapportée!par!diverses!études!

à!la!fin!des!années!1990!(Perera,!1996!;!Yong,!1998).!En!revanche,!ces!études!se!sont!

appuyées! sur! la! compilation! de! données! accumulées! pendant! les! trente! dernières!

années.! Une! étude! pour! recenser! toutes! les! localités! reste! donc! nécessaire! pour!

actualiser! la! distribution! de! ces! espèces! par! région.! De! plus,! la! connaissance! des!

préférences!d'habitats!pour!chacune!des!espèces!est!indispensable!pour!comprendre!la!

transmission!de! fasciolose.!Avant!de! s’intéresser!à! la! stratégie!de!contrôle!dans!une!

épidémie! de! fasciolose,! il! faut! une! connaissance! précise! de! la! localisation! des!

populations!à!contrôler.!Il!est!bien!connu!que!les!limnées!sont!capables!de!s’établir!dans!

plusieurs!écosystèmes,!mais! comprendre! les!patterns!de!distribution!et! l’association!

avec!un!type!d’habitat!spécifique!reste!essentiel!pour!minimiser!les!efforts.!

2.2.1!Matériel!et!Méthodes!

On! a! échantillonné! 370! localités! sur! l'ensemble! de! l’archipel! pour! recenser! les!

limnées!(figure!2.3).!Les!cartes!de!distribution!ont!été!réalisées!en!utilisant!le!Système!

d’Information!Géographique!MapInfo!v11.0!(Pitney!Bowes!Software!Inc.,!2011)!à!partir!

de!données!précises!de!longitude!et!latitude!obtenues!par!un!GPS!(Garmin)!dans!chaque!

localité.!

!

Figure!2.3.!Localités!échantillonnés!à!Cuba!(cercles!rouges).!

Chaque!type!d’habitat!a!été!identifié!en!accord!avec!la!clé!de!la!Convention!RAMSAR!

pour! les! zones! humides! (RAMSAR,! 2006).! Tous! les! habitats! ont! été! caractérisés! en!

fonction!de!leur!degré!d'anthropisation!(peu!transformés!ou!très!transformés)!(tableau!

2.2).!
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Les!comparaisons!entre!les!deux!groupes!pour!chaque!espèce!ont!été!testées!par!

un! test! non"paramétrique! U! (Mann"Whitney),! en! utilisant! le! logiciel! Statistica! v8.0!

(StatSoft,!Inc.,!2008).!Toutes!les!différences!ont!été!considérées!comme!statistiquement!

significatives!à!partir!d’une!valeur!de!P!<!0,05.!

Tableau!2.2.!Typologie!de!chaque!écosystème!en!fonction!du!degré!d'anthropisation.!

Type!d’habitat! Degré!d'anthropisation!

Ruisseau!

Peu!transformé!

Savane!inondable!

Source!

Rivière!

Mare!temporaire!

Mare!permanente!

Très!transformé!

Lac!artificiel!

Champs!agricoles!inondés!

Canal!

Etang!artificiel!

Lagune!d’épuration!

Fossé!collecteur!d’effluents!

!

2.2.2.!Résultats!

2.2.2.1!Distribution!des!limnées!à!Cuba!

Les!cartes!de!distribution!des!deux!espèces!(figure!2.4)!montrent!que!G.!cubensis!

est!très!répandue!sur!l'ensemble!de!l’île!de!Cuba!tandis!que!P.!columella!occupe!la!partie!

occidentale,! jusqu'à! la! province! de! Camagüey,! dans! le! Centre"Est.! Le! nombre! de!

populations! par! région! est! variable! avec! une! représentation!moindre! dans! la! partie!

orientale.!
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!

Figure!2.4.!Distribution!des!limnées!cubaines.!A!=!Galba!cubensis,!B!=!Pseudosuccinea!columella.!

2.2.2.2!Préférence!d’habitats!par!espèce!de!limnée!à!Cuba!

Sur! la! figure! 2.5! sont! présentés! les! habitats! les! plus! courants! où! se! trouvent!

normalement!les!populations!de!limnées!à!Cuba.!L’espèce!G.!cubensis!est!prédominante!

dans!les!endroits!les!plus!fortement!anthropisés!voire!pollués,!alors!que!P.!columella!se!

trouve! de! manière! égale! dans! des! habitats! naturels! et! anthropisés! (figure! 2.6).! Le!

nombre! de! populations! diffère! significativement! entre! les! types! d'habitats! (peu!

transformé!et!très!transformé)!pour!G.!cubensis!(P!=!0,024),!mais!pas!pour!P.!columella!

(P!=!0,8).!

!
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!

Figure!2.5.!Ecosystèmes!typiques!pour!les!limnées!à!Cuba.!A!=!ruisseau!(V122,!Pinar!del!Río)!;!B!

=!rivière!(Río!Negro,!Sancti!Spíritus)!;!C!=!lac!artificiel!(Hanabanilla,!Villa!Clara)!;!D!=!cressonnière!

(Batabanó,!Artemisa)!;!E!=!rizière!(Pilón,!Pinar!del!Río)!;!F!=!mare!permanente!(IPA,!Pinar!del!

Río)!;!G!=!savane!inondable!(La!Coca,!La!Habana)!;!H!=!mare!temporaire!(V505,!Artemisa)!;!I!=!

microhabitat!avec!une!population!de!limnées!(Galba!cubensis)!à!La!Havane.!
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!

Figure!2.6.!Nombre!de!populations!échantillonnées!par!type!d’habitat!chez!les!deux!espèces!de!

limnées!à!Cuba!(Galba!cubensis!et!Pseudosuccinea!columella).!Ru!=!ruisseau!;!Ri!=!rivière!;!TI!=!

terrain!inondé!;!S!=!source!;!MT!=!mare!temporaire!;!MP!=!mare!permanente!;!LA!=!lac!artificiel!;!

CA! =! champ! agricole! inondé!;! CI! =! canal! d’irrigation!;! EA! =! étang! artificiel!;! LO! =! lagune!

d’épuration!;!F!=!fossé!collecteur!d’effluents.!

2.2.3.!Discussion!

Le!pattern!de!distribution!observé!chez!les!deux!espèces!met!en!évidence!une!plus!

large! tolérance! de! G.! cubensis! aux! conditions! écologiques! à! Cuba.! Ce! fait! est!

probablement! dû! à! l’histoire! évolutive! de! cette! espèce! dans! l’archipel.! L’espèce!G.!

cubensis!a!été!décrite!à!Cuba!par!Pfeiffer!(1835)!comme!très!commune,!ce!qui!suppose!

qu’elle!était!établie!dans!l’archipel!depuis!longtemps.!L’invasion!de!P.!columella!à!Cuba!

est!probablement!plus!récente.!Cette!espèce!est!probablement!originaire!de!l’Amérique!

du!Nord!(Baker,!1925)!et!peut!avoir!été!introduite!à!Cuba!par!exemple!par!des!oiseaux!

aquatiques!ou!par! l’activité!humaine.!Cette!espèce!est!très!répandue!par! le!monde!à!

cause!de!son! introduction!par! le!commerce!des!plantes!aquatiques!et!est!considérée!

comme!exotique!(Pointier!et!al.!2009!;!Lounnas!et!al.,!soumis!:!article!No.!7).!

Le!fait!qu’on!trouve!G.!cubensis!couramment!dans!des!endroits!moins!naturels!et!

plus!affectés!par!les!activités!humaines,!ainsi!que!son!pattern!de!distribution!couplé!à!

son!comportement!amphibie!augmentent!la!probabilité!de!s’infecter!et!transmettre!la!

douve!du!foie.!

!
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2.3!Ecologie!des!limnées!

Les! études! écologiques! des! populations! de! mollusques! d’intérêt! médical! et!

vétérinaire! sont! essentielles! pour! comprendre! leur! rôle! dans! la! transmission! des!

maladies.!Dans!certains!cas,!il!est!nécessaire!d’avoir!une!connaissance!quantitative!de!

la!composition!d’une!communauté!dans!un!endroit!particulier!ou!au!cours!du!temps.!

Dans! le! cas! d’assemblages! de! mollusques! d’eau! douce,! la! diversité! est! fortement!

affectée! par! les! changements! de! la! végétation! aquatique! et! les! facteurs! physico"

chimiques!de! l’eau! (Perera,!1996),! ainsi!que! les! relations! interspécifiques! comme! la!

compétition!ou!le!parasitisme!(Dillon,!2000).!

L’écologie! des! limnées! est! donc! particulièrement! intéressante! pour! suivre! la!

transmission!de!F.!hepatica.!Des!études!ont!montré!que!la!stabilité!des!populations!et!

la!forte!abondance!des! limnées!sont!directement!proportionnelles!à!un!très!fort!taux!

d’infection!par!F.!hepatica!chez!les!bovins!(Prepelitchi!et!al.!2011).!Par!ailleurs,!quelques!

espèces! de! plantes! (notamment! Juncus! spp.)! peuvent! être! considérées! comme! de!

bonnes!indicatrices!de!!présence!de!G.!truncatula!(hôte!prépondérant!de!F.!hepatica!en!

France)!(Rondelaud!et!al.!2011).!Cependant,!les!études!sur!l’écologie!des!limnées!dans!

les! conditions! naturelles! ne! sont! pas! très! nombreuses! par! rapport! à! celles! sur! les!

planorbidés!vecteurs!de!schistosomiase!ou!quelques!thiaridés!qui!jouent!un!rôle!dans!la!

lutte!biologique!(Pointier!et!Jourdane,!2000!;!Pointier!et!al.!2005).!A!Cuba,!le!travail!le!

plus!complet!sur!l’écologie!des!mollusques!d’eau!douce!a!été!mené!par!Perera!(1996),!

en! analysant! les! variations! de! l’abondance! à! différentes! échelles! temporelles! et!

spatiales.!Une!étude!réalisée!par!Gutiérrez!(2004),!plus!centrée!sur!la!relation!entre!les!

limnées!cubaines!et!quelques!facteurs!du!milieu,!a!considéré!deux!localités!à!Pinar!del!

Río! et! a! mis! en! évidence! quelques! corrélations! positives! intéressantes! entre! la!

température!et!les!nitrites!avec!P.!columella!et!la!dureté!avec!G.!cubensis.!

Des! études! sur! la! dynamique! des! populations! des! deux! espèces! dans! la! nature!

restent!à!faire.!Il!est!surtout!important!de!tester!les!corrélations!entre!les!abondances!

de!mollusques!et! les! facteurs!écologiques!dans!différents! sites.!De!plus,! l’évaluation!

écologique! de! populations! résistantes! de! P.! columella! est! très! intéressante! pour!

comprendre!leur!maintien!et!leur!fonctionnement!dans!des!régions!de!fasciolose.!Notre!

étude!a!donc!comme!objectif!compléter!ces!travaux!en!étudiant!plusieurs! localités!à!

Cuba.!
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2.3.1!Matériel!et!Méthodes!

Deux! localités!dans! la!région!de! la!Havane!ont!été!régulièrement!échantillonnées!

pour!étudier!la!dynamique!des!populations!de!mollusques!d’eau!douce!(figure!2.7).!!

!

Figure!2.7.!Sites!échantillonnés!dans! la!province!de!La!Havane!pour!étudier! la!dynamique!de!

populations!de!limnées.!

2.3.1.1!Localité!de!Jibacoa!

Cette!localité!est!située!dans!la!région!Nord"Est!de!la!Havane,!dans!une!zone!rurale.!

Deux! sites! y! ont! été! sélectionnés! pour! étudier! la! dynamique! des! populations! de!

limnées!:!Canasí! (23,13044°N!;!81,79094°O)!et!Frayle! (23,1475°N!;!81,8807°O).!Canasí!

n’a!été!pas!signalé!comme!foyer!de!fasciolose.!L’habitat!est!une!mare!temporaire!peu!

profonde! avec! quelques! plantes! aquatiques! parmi! lesquelles! Cabomba! furcata! est!

prédominante.!La!végétation!du!bord!correspond!est!constituée!de!graminées.!Le!site!

est!éloigné!des!zones!habitées!et!les!perturbations!humaines!peuvent!être!considérées!

comme!nulles.!Frayle!se!trouve!près!de!la!mer,!à!7!km!de!Canasí!et!l’endroit!est!considéré!

comme! une! zone! de! fasciolose! animale.! Le! site! est! couvert! par! de! la! végétation!

herbacée,! en! majorité! des! graminées.! La! plupart! du! site! est! inondé! et! quelques!

bâtiments!destinés!à!l’élevage!des!bovins!se!trouvent!à!proximité.!Le!sol!est!boueux!et!

très!humide!presque!toute!l’année!;!les!excréments!de!bovins!y!sont!abondants.!Ce!site!

est! habité! en! permanence! par! les! personnes! employées! à! l’élevage! qui! modifient!

constamment!l’habitat!des!limnées.!Les!deux!sites!ont!été!échantillonnés!une!fois!par!

mois!pendant!une!année!(2011).!

! !
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2.3.1.2!Localité!de!La!Coca!

La!localité!de!La!Coca!se!trouve!à!l’Ouest!de!la!Havane,!dans!une!région!endémique!

de! fasciolose.! La! région! est! une! grande! aire! de! terrains! bas! normalement! inondés!

pendant!la!saison!des!pluies!;!elle!est!destinée!à!l’élevage!des!bovins.!Toute!la!zone!est!

traversée!par!des!canaux!d’irrigation!qui!sont!en!même!temps!utilisés!pour!abreuver!le!

bétail.!La!plupart!de!la!végétation!est!constituée!de!graminées!mais!dans!les!canaux!on!

peut! trouver!quelques!plantes!aquatiques!comme!Typha!dominguensis!et!Eichhornia!

crassipes.! Deux! sites! d’échantillonnage! de! mollusques! ont! été! sélectionnés! en!

considérant! les!populations!de!P.!columella.!Le!premier! site!est!appelé!Los!Negrines!

(22,95687°N!;!82,46496°O),!avec!une!population!de!P.!columella!susceptible!à!l’infection!

par!F.!hepatica.!Le!deuxième!site!s’appelle!Segundo!Potrero!(22,95541°N!;!82,45982°O)!

et!se!trouve!à!700!m!à!l’Ouest!de!Los!Negrines.!Une!population!de!P.!columella!résistante!

à!F.!hepatica!est!établie!dans!ce!site.!Les!deux!sites!ont!été!échantillonnés!une!fois!par!

mois!pendant!deux!années!(2011"2012).!

2.3.1.3!Echantillonnage!et!variables!mesurées!

Pour! chaque! localité,! on! a! estimé! l’abondance! relative! de! chaque! espèce! en!

comptant!le!nombre!de!mollusques!échantillonnés!pendant!15!minutes!(Perera,!1996)!

à! l’aide!d’une!passoire!de!maille!de!1!mm!et!de!pinces.! L’échantillonnage!a!été! fait!

toujours!par! la!même!personne! (AA!Vázquez)!entre!9h!et!10h.!Tous! les!mollusques!

collectés!ont!été!stockés!directement!dans!de!l'éthanol!80%,!puis!comptés!et!identifiés!

au!laboratoire.!L’identification!des!espèces!a!été!faite!d’après!Pointier!et!al.!(2005).!

Les! variables! environnementales! ont! été! séparées! en! facteurs! abiotiques! et!

biotiques.!La!dureté!totale!et!en!carbonates!(°d),!la!température!(°C),!la!concentration!

en! nitrites! (mg/mL)! et! en! phosphates! (mg/mL),! la! concentration! en! oxygène! (%),! la!

salinité!(ppm)!et!le!pH!ont!été!mesurés!en!utilisant!un!kit!d’analyse!de!l’eau!(Merck).!La!

végétation!aquatique!a!été!appréciée!par!un!indice!de!recouvrement!selon!les!critères!

suivants!:!5=!>75%!;!4=!entre!50!et!75%!;!3=!entre!25!et!50%!;!2=!entre!5!et!25%!;!1=!<5%.!

Deux!indices!écologiques!ont!été!calculés!sur!la!base!de!l’abondance!de!chaque!espèce!

de!mollusque!par!localité.!L’indice!de!diversité!de!Simpson!(D)!:!
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! ,! où! pi! correspond! à! la! proportion! de! l’espèce! i! et! S! au!

nombre!d’espèces!dans!l’assemblage!(Simpson,!1949)!;!!

et!la!régularité!entre!les!espèces!ou!la!probabilité!de!rencontre!interspécifique!(PRI)!:!

,!où!N!correspond!au!nombre!d’individus!

de!toutes!les!espèces!et!ni!au!nombre!d'individus!de!l’espèce!i!(Hurlbert,!1972).!

Afin! de! déterminer! les! associations! pouvant! exister! entre! l’abondance! des!

mollusques! et! les! variables! environnementales,! des! analyses! canoniques! des!

correspondances!ont!été!effectuées!(Ter"Braak!et!Verdonschot,!1995).!Ce!type!d'analyse!

permet!de!détecter!les!relations!unimodales!entre!les!distributions!des!espèces!et!les!

variables!externes.!

Une! courbe! de! rang/abondance! qui! permet! de! comparer! les! changements!

d’espèces!rares!et!dominantes!a!été!tracée!dans!quelques!sites.!Ce!type!d’analyse!est!

utilisé!pour!compléter!les!indices!écologiques!et!visualiser!les!relations!entre!les!espèces!

(Magurran!et!McGill,!2010).!

2.3.2!Résultats!

2.3.2.1!Localité!de!Jibacoa!

L’espèce!G.!cubensis!a!été! la!seule! limnée!trouvée!à!Jibacoa!dans! les! !deux!sites.!

Outre!cette!espèce,!les!mollusques!d’eau!douce!trouvés!sont!Melanoides!tuberculata!et!

Tarebia! granifera! (Thiaridae),! Pyrgophorus! parvulus! (Hydrobiidae),! Physa! acuta!

(Physidae)!et!Biomphalaria!helophila,!Drepanotrema!anatinum,!Drepanotrema!lucidum,!

Drepanotrema!cimex!et!Gyraulus!parvus!(Planorbidae).!

L’abondance!de!G.!cubensis!diffère!drastiquement!entre! les!deux!sites!de!Jibacoa!

ainsi!que!la!diversité!de!l’assemblage!de!mollusques.!Il!est!notamment!intéressant!que!

G.!cubensis!passe!de!rare!à!dominante!quand!les!conditions!écologiques!varient!(figure!

2.8).!A!Canasí,! l’écosystème!est!dominé!par! le! thiaride!M.! tuberculata! tandis!que! les!
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planorbides!jouent!un!rôle!important!à!maintenir!des!valeurs!élevées!de!diversité.!On!a!

trouvé!tout!le!contraire!à!Frayle!où!les!planorbides!sont!toujours!peu!abondants!et!G.!

cubensis!est!majoritaire.!

!

Figure! 2.8.! Courbe! de! rang/abondance! d’espèces! entre! les! sites! Canasí! (cercles)! et! Frayle!

(triangles)!à!Jibacoa.!

Les!deux!premiers!axes!de!l’analyse!canonique!des!correspondances!réalisée!pour!

la!localité!de!Jibacoa!expliquent!58%!de!la!variance!et!87%!de!la!variance!forcée!par!les!

variables!explicatives.!Les!associations!entre!les!espèces!et!les!facteurs!écologiques!sont!

supérieures!à!0,85!(tableau!2.3).!

Tableau! 2.3.! Valeurs! propres! et! pourcentages! d’explication! de! la! variance! obtenue! après!

l’analyse!canonique!des!correspondances!réalisée!pour!la!localité!de!Jibacoa.!

! Axe!1! Axe!2!

Valeurs!propres! 0,789! 0,204!

Pourcentage! 51,573! 6,588!

Pourcentage!cumulé! 51,573! 58,161!

Pourcentage!cumulé!forcé! 75,101! 87,234!

Corrélations!espèces!–!environnement! 0,934! 0,871!

Le!diagramme!de!dispersion!(figure!2.9)!montre!une!relation!intéressante!entre!G.!

cubensis!et!les!concentrations!en!phosphates!et!nitrites.!En!revanche,!sa!relation!avec!la!

diversité!et!la!plupart!des!espèces!est!négative.!A!Canasí!presque!tous!les!mollusques!

sont!associés!positivement!avec!la!dureté!de!l’eau!et!les!variations!de!la!diversité.!Le!pH!
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et!la!température!ne!sont!pas!fortement!associés!à!une!espèce!particulière,!tandis!que!

la!végétation!est!faiblement!reliée!aux!espèces!à!Canasí.!La!relation!entre!G.!cubensis!et!

les! conditions!écologiques!à!Frayle! (beaucoup!plus!anthropisé)!est!évidemment!plus!

forte!que! à!Canasí.! La! salinité!qui!est! légèrement!plus!haute! à! Frayle!ne!paraît!pas!

affecter! la!population!de! limnées.!La!régularité!des!espèces,!plus!haute!à!Canasí,!est!

négativement!associée!avec!la!structure!de!la!communauté!de!mollusques!à!Frayle!et!

surtout!avec!G.!cubensis.!

!

Figure!2.9.!Diagramme!d’ordination!de! l’analyse!canonique!des!correspondances! fait!pour! la!

localité!de!Jibacoa.!Les!variables!environnementales!sont!représentées!par!leurs!vecteurs!et!les!

espèces!et!sites!par!des!centroïdes!(D!=!diversité!de!Simpson!;!PRI!=!régularité!;!VA!=!végétation!

aquatique).!

2.3.2.2!Localité!de!La!Coca!

A!La!Coca!on!a!trouvé!les!deux!espèces!de!limnées!cubaines,!bien!que!G.!cubensis!

soit!présente!seulement!à!Los!Negrines.!En!revanche,!P.!columella!est!très!bien!établie!

dans! les!deux!sites!échantillonnés.!Les!autres!espèces!de!mollusques!qui!complètent!

l’assemblage!à!La!Coca!sont!P.!acuta! (Physidae)!ainsi!que!D.!anatinum!et!Gundlachia!

radiata!(Planorbidae).!
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Los!Negrines,!qui!s'avère!être!le!site!le!plus!riche,!a!subi!deux!colonisations!par!G.!

cubensis,!très!éphémères,!pendant!les!mois!de!mars"avril!(2011)!et!avril"juin!(2012).!Il!

est!très!intéressant!de!noter!que!la!population!de!P.!columella!dans!ce!site!est!composée!

d'individus!susceptibles!et!résistants!à!F.!hepatica!en!sympatrie.!Les!limnées!résistantes!

sont!apparues!au!début!de!2011,!ont!augmenté!en!effectif!jusqu'en!octobre!2011,!pour!

finalement! décliner! jusqu'à! disparaître! en! juin! 2012.! En! revanche,! des! individus!

susceptibles! se! sont!maintenus! de! façon! relativement! stable! pendant! toute! l’étude!

(figure! 2.10A).! Les! espèces! P.! acuta! et! D.! anatinum! ont! montré! des! fluctuations!

similaires!dont!la!première!a!été!la!plus!abondante.!

!

Figure!2.10.!Fluctuations!des!abondances!relatives!des!espèces!de!mollusques!d’eau!douce!à!La!

Coca.!A!=!Los!Negrines!;!B!=!Segundo!Potrero!(S!et!R!signifient!susceptible!et!résistant!à!l’infection!

par!Fasciola!hepatica).!

! !
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Le! scénario! a! été! très! différent! à! Segundo! Potrero! où! tous! les! individus! de! P.!

columella!étaient!résistants!à!F.!hepatica.!Ce!site!arbore!une!diversité!très!faible!avec!

les!espèces!de!planorbidés!D.!anatinum!et!G.!radiata!dont!les!!populations!sont!très!peu!

abondantes.!Bien!que!la!population!de!P.!columella!soit!restée!stable!pendant!toute!la!

durée!de!l’étude,!la!plus!faible!abondance!a!été!rencontrée!entre!mars!et!avril!(figure!

2.10B).!Le!pic!d’abondance! le!plus!haut!a!eu! lieu!en! janvier"février!2011.!Une! légère!

tendance!à!la!recolonisation!a!été!observée!à!partir!de!mai!2012.!

L’analyse!canonique!des!correspondances!réalisée!entre!les!espèces!et!les!facteurs!

écologiques!à!La!Coca!explique!par!les!deux!premiers!axes!60%!de!la!variance!et!89%!de!

la!variance!forcée!par!les!variables!explicatives!(tableau!2.4).!Cette!analyse!fait!ressortir!

une!relation!particulière!entre! les!abondances!des! individus!susceptibles!et!résistants!

de!P.!columella!et!les!variations!du!pH!et!dureté!de!l’eau!(figure!2.11).!

Tableau! 2.4.! Valeurs! propres! et! pourcentages! d’explication! de! la! variance! obtenue! après!

l’analyse!canonique!de!correspondances!réalisée!pour!la!localité!de!La!Coca.!

! Axe!1! Axe!2!

Valeurs!propres! 0,808! 0,108!

Pourcentage! 52,818! 7,073!

Pourcentage!cumulé! 52,818! 59,89!

Pourcentage!cumulé!forcé! 78,325! 88,813!

Corrélations!espèces!–!environnement! 0,967! 0,839!

Une! forte! relation! négative! entre! le! pH! et! l'abondance! des! individus! résistants!

témoigne!d'une!préférence!pour!une!eau!légèrement!acide.!Cette!relation!est!inverse!

chez!les!individus!susceptibles!qui!sont!plus!abondants!quand!le!pH!oscille!entre!7!et!8.!

Il! est! très! intéressant! de! remarquer! que! la! population! de! P.! columella! résistante! à!

Segundo!Potrero!se! trouve!dans!des!eaux!particulièrement!peu!dures! (2°d! "!4°d).!En!

revanche! la!dureté,!de! l’eau!à!Los!Negrines,!où! les!P.!columella!sont!majoritairement!

susceptibles,!est!plus!forte!et!positivement!corrélée!à!l'abondance!de!ces!individus.!

!
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!

Figure!2.11.!Diagramme!d’ordination!de!l’analyse!canonique!des!correspondances!fait!pour!la!

localité!de!Jibacoa.!Les!variables!environnementales!sont!représentées!par!leurs!vecteurs!et!les!

espèces!et!sites!par!des!centroïdes!(D!=!diversité!de!Simpson!;!PRI!=!régularité!;!VA!=!végétation!

aquatique!;!DT=dureté!totale!;!DC=dureté!en!carbonates).!

L’espèce!G.!cubensis!ne!semble!pas!fortement!associée!avec!les!variables!étudiées.!

Cependant,!cette!espèce!n’a!connu!deux!explosions!démographiques!que!dans! le!site!

dont! les! facteurs! environnementaux! ont! les! valeurs! les! plus! élevées.! La! diversité!

d’espèces!est!associée!aux!populations!présentes!à!Los!Negrines!tandis!que!la!régularité!

a!des!valeurs!très!faibles.!Dans!ce!site!la!physe!P.!acuta!est!dominante.!En!revanche,!sa!

présence!ne!semble!pas!affecter!la!population!de!P.!columella.!Il!ne!paraît!pas!exister!de!

relation! entre! les! individus! susceptibles! de! P.! columella! et! la! saisonnalité! des!

précipitations.! En! revanche,! la! population! résistante! à! Segundo! Potrero! augmente!

légèrement!avec!la!saison!de!pluie.!

Les!relations!entre!les!abondances!de!limnées!et!les!indices!de!diversité!dans!tous!

les!sites!étudiés!sont!présentés!dans!le!tableau!2.5.!On!observe!notamment!une!relation!

inverse!entre! la!diversité!et! les!abondances!de!G.!cubensis!et! !P.!columella!(individus!

résistants).!En!revanche,!l'abondance!en!!individus!susceptibles!de!P.!columella!semble!

indépendante!de!la!diversité!ou!la!régularité!de!l’assemblage!de!mollusques.!
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Tableau!2.5.!Corrélations!entre!les!abondances!de!G.!cubensis!et!P.!columella!(S!=!susceptible!et!

R!=!résistante)!et!les!indices!de!diversité!(Simpson)!et!régularité!(PRI)!dans!les!sites!étudiés.!N!=!

nombre!d’observations,!R!=!coefficient!de!corrélation!de!Spearman,!P!=!probabilité!associée.!

Relation! N! R! P!

G.!cubensis!"!D! 48! "0,57321! 0,00897!

G.!cubensis!"!PRI! 48! "0,37119! 0,00939!

P.!columella!(S)!"!D! 24! "0,15441! 0,47126!

P.!columella!(S)!"!PRI! 24! "0,04945! 0,81850!

P.!columella!(R)!"!D! 48! "0,63895! 0,00001!

P.!columella!(R)!"!PRI! 48! "0,64280! 0,00001!

!

2.3.3!Discussion!

Les! résultats! obtenus! dans! chacun! des! sites! mettent! en! évidence! des!

caractéristiques! écologiques! très! différentes! pour! chaque! espèce! de! limnée.! Ces!

caractéristiques! relèvent! d'une! part! des! conditions! du!milieu! ! (paramètres! physico"

chimiques! de! l’eau)! et! d'autre! part! des! relations! avec! les! autres! espèces! dans!

l’assemblage! de!mollusques.! Ces! deux! facettes! conditionnent! le! rôle! écologique! de!

chaque!limnée!(compétiteur,!hôte!intermédiaire!de!parasites,!etc.)!dans!l’écosystème.!

L’espèce!G.!cubensis!est!considérée!comme!amphibie!(Perera,!1996)!et!pour!cette!

raison!l’abondance!et!la!distribution!de!ses!populations!ne!sont!pas!fortement!affectées!

par!les!variables!aquatiques.!L'absence!de!relation!directe!entre!son!abondance!et!les!

paramètres!physico"chimiques!de!l’eau!résulte!!probablement!de!sa!large!tolérance!vis"

à"vis! de! ces! variables.! Cependant,! G.! cubensis,! qui! vit! près! de! l’eau! et! se! trouve!

occasionnellement! submergée! peut! être! sensible! aux! variations! brusques! de!

paramètres! comme! le! pH! ou! les! concentrations! en! quelques! ions.!Une! espèce! très!

proche,!!G.!truncatula,!est!très!similaire!à!G.!cubensis!pour!ce!qui!est!de!son!amphibiose!

(Goumghar!et!al.!2004).!Cette!espèce!est!décrite!comme!l'hôte!intermédiaire!majoritaire!

de!F.!hepatica!en!France!(Rondelaud!et!al.!2006)!et!dans!quelques!régions!de!l’Afrique!

(Mekroud!et!al.!2006)!et!de!l’Amérique!du!Sud!(Bargues!et!al.!2007).!Son!amphibiose!et!

sa!plasticité!écologique!sont!probablement!déterminantes!pour!sa!large!distribution!et!

donc!son!rôle!comme!vecteur!de!fasciolose.!La!tolérance!écologique!chez!G.!cubensis!a!

été!déjà!montrée!par!Perera!(1996)!dans!quelques!sites!à!Cuba.!Notre!étude!révèle!de!

plus! une! association! positive! entre! l'abondance! de!G.! cubensis! et! la! salinité,! ce! qui!
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renforce!l'idée!d'une!large!tolérance!écologique.!De!même,!son!abondance!est!liée!aux!

concentrations!en!nitrites!et!phosphates,!ce!qui!témoigne!de!sa!capacité!à!occuper!des!

habitats!fortement!pollués!par!les!activités!humaines.!!

Les!résultats!obtenus!pour!P.!columella!sont!différents.!Cette!espèce!est!beaucoup!

plus!aquatique!que!G.!cubensis!(Pointier!et!al.!2005)!et!par!conséquent!plus!affectée!par!

les!facteurs!physico"chimiques!de!l’eau.!Une!corrélation!positive!entre!l'abondance!en!

P.! columella,! le!pH!et! la! concentration!en!nitrites!a!été!déjà!observée!par!Gutiérrez!

(2004)!dans!une!étude!menée!à!Pinar!del!Río,!Cuba.!Un!apport!majeur!de!notre!étude!

est!de!considérer!séparément!les!individus!de!P.!columella!susceptibles!versus!résistants!

à! l'infection! fasciolienne.!Ainsi,! les!conditions!de!pH,!dureté!et! les!concentrations!en!

phosphates!et!nitrites!pour!la!population!susceptible!sont!les!mêmes!que!ceux!rapportés!

par!Perera!(1996)!dans!d'autres!localités!à!Cuba.!En!revanche,!la!population!résistante!

présente!une!tolérance!remarquable!aux!faibles!valeurs!de!dureté!et!à!une!acidité!de!

l'eau.!Ce!phénomène!pourrait!s'expliquer!par!trois!hypothèses!non!exclusives!:!1)!ces!

conditions!seraient!nécessaires!à!la!survie!de!ces!individus!résistants,!qui!auraient!donc!

une!écologie! totalement!différente!de!celle!des! individus!sensibles.!2)!Les!conditions!

d’acidité!et!de!faible!dureté!de!l’eau!ne!seraient!pas!favorables!aux!autres!espèces!de!

mollusques,! ce! qui! favoriserait! les! P.! columella! par! relâchement! de! la! compétition!

interspécifique.! En! conditions! expérimentales,! il! a! été! observé! que! les! P.! columella!

résistantes!sont!faiblement!compétitives!par!rapport!aux!individus!sensibles!(Gutiérrez!

et!al.!2005a).!Il!est!donc!difficile!d'expliquer!que!les!individus!résistants!se!maintiennent!

dans!les!endroits!peu!favorables!aux!autres!mollusques!à!moins!que!les!événements!de!

colonisation! soient! très! rares! et! que! des! individus! résistants! aient! été! les! seuls! à!

s'installer!dans!ces!zones.!En!cas!de!colonisation!du!site!par!des!individus!sensibles,!on!

pourrait!donc!s'attendre!à!ce!que!ceux"ci!supplantent!les!résistants.!(3)!Une!troisième!

explication!pourrait!être!que!les!fortes!prévalences!parasitaires!ans!ces!sites!favorisent!

les!individus!résistants!au!détriment!des!sensibles.!

En! ce! qui! concerne! la! relation! entre! abondance! des! limnées! et! diversité! des!

mollusques,! les! résultats! diffèrent! entre! les! espèces.! La! corrélation! négative! entre!

l'abondance!de!G.!cubensis!et!la!diversité!est!probablement!due!à!ses!faibles!aptitudes!

compétitives! envers! les! autres! espèces! dans! certaines! conditions.! Une! relation!
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particulièrement!négative!a!été!observée!entre!G.!cubensis!et!T.!granifera!(Thiaridae)!

par!Gutiérrez! (2004),! très! similaire!à! ce!qu’on!a! trouvé!à! Jibacoa.! Les! thiaridés! sont!

connus!comme!agents!compétiteurs!des!mollusques!hôtes! intermédiaires!tels!que! les!

espèces! de! Biomphalaria! dans! la! région! Caraïbe! (Pointier! et! Jourdane,! 2000).! Les!

espèces!T.!granifera!et!M.!tuberculata!peuvent!être!hautement!compétitrices!dans!les!

écosystèmes!stables,!avec!peu!de!variations!climatiques,!et!peu!perturbés!par!l’Homme.!

Cet!effet!a!été!montré!à!Cuba!par!Perera!(1996)!en!étudiant!deux!cressonnières!dans!la!

région!de!Batabanó!(La!Havane).!Dans!cette!étude,! les!populations!de!T.!granifera!ne!

sont! jamais! stables,! tandis! que!G.! cubensis! est! présente! de!manière! ininterrompue!

pendant! toute! l’année.! Les! deux! écosystèmes! étudiés! à! Jibacoa! montrent! des!

caractéristiques!opposées.!Dans!le!cas!de!Frayle,!l’endroit!est!très!instable!à!cause!des!

activités!humaines!;!!hormis!G.!cubensis,!les!seules!espèces!établies!sont!des!planorbidés!

caractérisés!par!un!taux!de!reproduction!élevé.!A!Canasí!en!revanche,!le!site!est!!plus!

stable!et!peuplé!par!plusieurs!espèces.!Cette!diversité!spécifique!plus!élevée!entraîne!

une!diminution!de!l'abondance!en!G.!cubensis!et!ce!faisant,!diminue!probablement!la!

probabilité!de!transmettre!F.!hepatica.!

Dans! le! cas! de! P.! columella,! on! ne! trouve! pas! de! relation! entre! diversité! en!

mollusques!et!abondance!des!individus!susceptibles.!Ces!résultats!sont!cohérents!avec!

une!étude!menée!dans!deux!sites!à!Pinar!del!Río!(Cuba)!qui!montre!des!populations!de!

P.! columella! très! stables! pendant! huit! mois! en! coexistence! d'avec! autres! espèces!

(Gutiérrez!et!al.!2005b).!Il!semblerait!donc!que! les!P.!columella,!au!moins! les!souches!

sensibles,!ne!souffrent!pas!de!la!compétition!avec!d'autres!espèces!de!mollusques.!En!

revanche,! au! cours!de! notre! étude!nous! avons!observé!une! relation!négative! entre!

abondance!des!!individus!résistants!et!la!diversité!ou!la!régularité!globales.!Ceci!pourrait!

être!interprété!comme!un!coût!écologique!à!la!résistance,!se!soldant!par!un!moins!bon!

potentiel!compétiteur!(Webster!&!Woolhouse,!1999).!

!
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2.4!Diversité!génétique!des!limnées!à!Cuba!

Les! études! génétiques! sont! une! des! approches! essentielles! pour! aider! à!mieux!

comprendre!les!interactions!hôtes"parasites!(De!Meeus!et!al.!2007).!Ces!types!d'études!

ont! déjà! fourni! des! résultats! très! intéressants,! par! exemple! sur! le! modèle!

Biomphalaria/Schistosoma! (Bech! et! al.! 2010)! pour! lequel! la! connaissance! de! la!

compatibilité! mollusque/parasite! a! amélioré! la! compréhension! et! le! contrôle! de! la!

schistosomiase!(Prugnolle!et!al.!2006).!

Appliquées!au!système!douve"limnées,!ces!approches!permettent!notamment!de!

comprendre!qui!sont!les!hôtes!capables!de!transmettre!le!parasite!(Bargues!et!al.!2003!;!

Correa! et! al.! 2010)! ou! encore! quelles! sont! les! caractéristiques! des! populations!

représentant!les!plus!grands!risques!épidémiologiques!(Meunier!et!al.!2001!;!Lounnas!et!

al.,!soumis!:!article!No.!6).!!Les!études!de!phylogénie!moléculaire!ont!éclairé!les!relations!

évolutives!entre!les!genres!et!espèces!qui!peuvent!être!concernés!par!les!programmes!

de!contrôle!de!fasciolose!(Correa!et!al.!2010).!De!plus,!les!études!génétiques!permettent!

également! d'identifier! formellement! des! espèces! cryptiques! (qu'on! est! incapable!

d'identifier!sur!des!critères!morpho"anatomiques)!et!de!pouvoir!ainsi!caractériser!leur!

écologie!et!leur!susceptibilité!vis"à"vis!de!la!douve!(Correa!et!al.!2011!;!Standley!et!al.!

2013!;!Alda!et!al.,!soumis!:!article!No.!2).!Enfin,! l'étude!de! la!structure!génétique!des!

populations!permet!d'accéder!(1)!aux!caractéristiques!bio"écologiques!du!mollusque,!(2)!

à! l'histoire!de! ses!populations!et! (3)! aux! relations!entre!biologie!des!populations!et!

caractéristiques!environnementales.!Ces!sujets!ont!été!largement!abordés!chez!Galba!

truncatula.! (1)!Par!exemple,! les! forts! !écarts!à! l'équilibre!d'Hardy"Weinberg!observés!

(Meunier! et! al.! 2001)! sont! essentiellement! expliqués! par! la! prédominance! de!

l'autofécondation! chez! ce! mollusque,! ce! qui! a! été! confirmé! par! une! approche!

expérimentale! combinée! à!une!étude!de! génétique!des!populations! (Meunier! et!al.!

2004a).!Il!a!de!plus!été!montré!que!la!faible!diversité!génétique!intra"population!et!la!

Article!4!:!en!préparation!(

A$"$-%/(9%#$8)%-:(,.(-+$(-?,(B:1"$%9()"*%&)(#$/-,8)(,.(.*)/%,&,)%)(%"(

62@*0(G. cubensis *"9(Pseudosuccinea columella(

$$#!/012,31(!)#!*+,--'.(!$#!K6'(!"#!$%&'(!?#!F0-@I31(!Q#!F'85+86(!"#!K'>6&(!?#="#!

"+6-5638( F# L,85831=M+,..N.
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forte!différenciation!entre!populations,! indépendante!de! la!distance,!sont!expliquées!

par!de!forts!effets!de!la!dérive!génétique!(Meunier!et!al.!2004b).!En!effet,!G.!truncatula!

vit!le!plus!souvent!dans!des!habitats!temporaires,!dont!les!assèchements!causent!de!très!

forts! goulots! d'étranglement,! suivis! de! recolonisation! par! quelques! individus.! (2)!

Toujours!chez!Galba!truncatula,!Meunier!et!al.!(2001)!ont!montré!une!absence!totale!

de!différenciation!génétique!entre!populations!échantillonnées!sur!l'Altiplano!bolivien,!

plus! forte!zone!d'endémie!de! la! fasciolose!:! tous! les! individus!étudiés!possédaient! le!

même!génotype!multilocus.!En!cohérence!avec!des!études!malacologiques,!ces!auteurs!

interprètent! ce! résultat! comme! une! introduction! très! récente! (quelques! dizaines!

d'années)!de!ce!vecteur!sur!l'Altiplano.!Cette!introduction!réussie!aurait!ainsi!permis!à!

la!grande!douve!de!s'implanter!dans!cette!zone.!!(3)!En!étudiant!la!diversité!génétique!

des!populations!de!limnée!tronquée!dans!un!réseau!hydrographique!en!France,!Hurtrez"

Boussès!et!al.!(2010)!ont!mis!en!évidence!un!isolement!par!la!distance!mesurée!le!long!

des!drains!du!réseau!hydrographique.!Ce!résultat!apporte!un!éclairage!sur!la!dispersion!

des!mollusques!(de!proche!en!proche,!en!suivant! le!flux!d'eau)!et!peut!permettre!de!

mieux!comprendre! les!voies!de!colonisation!des!systèmes!hydrographiques.!De!façon!

cohérente,!Garcia!(2009)!a!montré!que!la!diversité!génétique!de!G.!truncatula!au!Maroc!

est!bien!plus!faible!dans!des!réseaux!d'irrigation!construits!que!dans!des!systèmes!moins!

anthropisés.! Ce! résultat! est! particulièrement! intéressant! si! on! considère! que! la!

compatibilité!et!la!susceptibilité!d’infection!peuvent!varier!avec!la!diversité!génétique.!

Afin!de!mieux! comprendre! la!biologie!des!populations!de! limnées! à!Cuba,!nous!

avons!souhaité!leur!appliquer!ce!type!d'approche.!En!contexte!insulaire,!les!événements!

d'introductions!sont!moins!fréquents!que!sur!les!continents.!De!plus,!le!fait!d'être!sur!

une! surface! relativement! faible! et! surtout! bien! délimitée! permet! d'espérer! que! les!

prospections!sont!mieux!documentées!que!sur!les!continents.!!

Pour! caractériser! la!diversité! génétique,! les!marqueurs!microsatellites! sont! bien!

adaptés!(voir!chapitre!1).!Ce!marqueurs!avaient!déjà!été!développés!pour!P.!columella!

(Nicot!et!al.!2008),!mais!n'étaient!pas!disponibles!pour!G.!cubensis.!Nous!avons!donc!

commencé,!avec!Manon!Lounnas!(Lounnas!et!al.,!soumis!:!article!No.!5),!par!mettre!au!

point!un!jeu!de!marqueurs!microsatellites!chez!G.!cubensis.!

Ici,!nous!présentons!la!première!étude!à!Cuba!qui!décrit!la!diversité!génétique!et!la!

structure!des!populations!des!limnées!vectrices!de!F.!hepatica.!



!

Interactions!hôtes!–!parasites!dans!le!modèle!Fasciola!hepatica/Lymnaeidae!

62Chapitre!2!:!Les!mollusques!lymnéidés!à!Cuba

2.4.1!Matériel!et!Méthodes!

2.4.1.1!Populations!de!limnées!utilisées!pour!les!études!de!génétique!de!populations!

On!a!échantillonné!12!populations!de!G.!cubensis!et!20!de!P.!columella!à!Cuba!(figure!

2.12)!en!tenant!compte!de!la!distribution!connue!pour!chaque!espèce.!Trois!populations!

de!P.!columella!avaient!les!caractéristiques!phénotypiques!!(pigmentation!du!manteau)!

caractéristiques!des!individus!résistants!à!F.!hepatica!(Gutiérrez!et!al.!2003).!Pour!ce!qui!

est! de!G.! cubensis,! les! sites! de! Fulgencio!Oroz,!Vaqueria! 126! et!Vaqueria!Alfa"Beta!

correspondent!à!des!foyers!majeurs!de!transmission!de!la!fasciolose.!Tous!les!individus!

ont!été!collectés!sur! le!terrain!à! la!main!et! immédiatement!stockés!dans!de! l'éthanol!

(95%).! Tous! les! échantillons! ont! été! rapportés! au! laboratoire! en! vue! d'analyses!

ultérieures.!

!

Figure! 2.12.! Populations!de! limnées! cubaines! (Galba! cubensis! et! Pseudosuccinea! columella)!

utilisées!pour!les!études!de!génétique!de!populations.!

Chaque!individu!a!été!disséqué!à!l’aide!d’une!loupe!binoculaire!pour!la!recherche!

de!stades!larvaires!de!trématodes.!

2.4.1.2!Extraction!d’ADN!et!amplification!

Une!petite!partie!(2!mm²)!du!pied!de!chaque!individu!a!été!utilisée!pour!l’extraction!

d’ADN.!L’extraction!a!été!faite!en!utilisant!la!résine!Chelex,!selon!le!protocole!de!Estoup!

et!Martin!(1996),!adapté!pour!des!plaques!de!96!puits.!Le!tissu!de!chaque!individu!a!été!

séché!(élimination!de!l’alcool)!et!placé!dans!un!puits!contenant!100!µL!de!Chelex®100!

(5%)! (Bio"Rad! Laboratories,! Inc.)! et! 5!µL!de!protéinase!K! (10!mg/mL)! (Promega).! La!

plaque!a!été!agitée!au!vortex!et!incubée!durant!une!nuit!à!56°C,!puis!10!min!à!95°C.!Le!
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mix!a!été!centrifugé!à!6000!xg!pendant!6!minutes.!Le!surnageant!contenant!l'ADN!a!été!

récupéré!et!conservé!au!congélateur!à!"20°C.!

2.4.1.3.!Amplification!de!loci!de!microsatellites!

Les!amplifications!ont!été!conduites!dans!des!!thermocycleurs!MJ"Research!PTC!100!

96"puits.! Les! amorces! ont! été!marquées! par! fluorescence! pour! les! utiliser! dans! un!

séquenceur!automatique!ABI!(ABI!Prism!310!Gentic!Analyser,!Applied!Biosystem,!Perkin"

Elmer,!USA).!

2.4.1.3.1.!Galba!cubensis!

On!a!amplifié!12!loci!microsatellites!chez!G.!cubensis!(Lounnas!et!al.!soumis!:!article!

No.! 5)!:! GCU01! (n°! d'accession! à! Genbank!:! KT285812),! GCU05! (KT285813),! GCU13!

(KT285814),! GCU21! (KT285816),! GCU23! (KT285817),! GCU26! (KT285818),! GCU27!

(KT285819),! GCU30! (KT285820),! GCU31! (KT285821),! GCU34! (KT285822),! GCU37!

(KT285823),!et!GCU39!(KT285824).!Chaque!locus!a!été!amplifié!par!PCR!en!utilisant!2!µL!

d’ADN!de!chaque!individu!dans!un!volume!final!de!réaction!de!20!µL!contenant!2,5!µL!

buffer! 10X! (Roche),! 2! µL!MgCl2! 25! nmol/L,! 2,4! µL! dNTPs! 2mmol/L! (Invitro"gen/Life!

Technology),!1!µL!de!chaque!amorce!(10!pmol)!et!0,2!µL!de!Taq!ADN!polymérase!1U!

(Roche).!Le!programme!d’amplification!a!consisté!en!10!min!de!dénaturation!à!95°C,!

puis!40!cycles!comportant!30!s!à!95°C,!30!s!à!température!d’hybridation!(55°C)!et!60!s!à!

72°C,!suivis!d'une!étape!finale!d’élongation!à!72°C!pendant!10!min.!

Article!5!:!soumis!à!Canadian!Journal!of!Zoology

C),&*-%,"( *"9( /+*8*/-$8%D*-%,"( ,.( .%.-$$"( 1%/8,)*-$&&%-$( &,/%( %"( *"(

%"-$81$9%*-$(+,)-(,.(.*)/%,&%*)%)E(-+$(.8$)+?*-$8()"*%&(Galba cubensis(

FG,&&2)/*E(A*)-8,3,9*H(

)#!*+,--'.(!$#$#!/012,31(!"#!$%&'(!Q#!F'85+86(!R#!4'%16-(!?#="#!"+6-5638(!"#!K'>6&(!

F#!L,85831=M+,..N.!
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2.4.1.3.2.!Pseudosuccinea!columella!

Dans! le! cas! de! P.! columella,! 8! loci! microsatellites! (Nicot! et! al.! 2008)! ont! ! été!

amplifiés!:! PCO01! (n°! d'accession! à! Genbank! EU04295),! PCO02! (EU049296),! PCO07!

(EU049299),! PCO12! (EU049303),! PCO13! (EU049304)! et! PCO20! (EU049309).! Chaque!

locus!a!été!amplifié!par!PCR!en!utilisant!1!µL!d’ADN!de!chaque!individu!dans!un!volume!

final!de!réaction!de!10!µL!contenant!2!µL!buffer!5X!(Promega),!1!µL!MgCl2!25nmol/L,!0,5!

µL!dNTPs!2mmol/L!(Invitro"gen/Life!Technology),!0,2!µL!de!chaque!amorce!(10!pmol)!et!

0,2!µL!de!Taq!ADN!polymérase!1U!(Promega).!Le!programme!d’amplification!a!consisté!

en!10!min!de!dénaturation! initiale!à!94°C!puis!30!cycles!de!30!s!à!94°C,!30!s!à!55°C!

(température!d’hybridation)!et!30s!à!72°C,!puis!une!étape! finale!d’élongation!à!72°C!

pendant!10!min.!

2.4.1.4.!Génotypage!de!loci!de!microsatellites!

Un!microlitre! du! produit! PCR! de! chaque! échantillon! a! été! dilué! 1/100.!Un!mix!

contenant!1!µL!du!produit!PCR!dilué,!0,25!µL!de!marqueur!de!taille!(GENESCAN!500!LIZ,!

Applera)!et!15!µL!Hi"Di!Formamide!(20!µL!QSP)!a!été!utilisé!pour! les!électrophorèses!

automatiques! sur! séquenceur! (ABI! Prism! 310! Genetic! Analyser,! Applied! Biosystem,!

Perkin"Elmer,!USA).!La! lecture!des! tailles!des!allèles!a!été! faite!en!utilisant! le! logiciel!

GeneMapper®!v.!4.0!(Applied!BiosystemsTM).!

2.4.1.5.!Analyses!de!génétique!de!populations!

Les!statistiques!courantes!de!génétique!de!populations!comme! le!nombre!moyen!

d’allèles!(a),!les!hétérozygoties!observée!(Ho)!et!attendue!(He),!et!!le!FIS!ont!été!estimés!

pour!chaque!locus.!La!différenciation!par!paire!de!populations!(FST)!a!été!aussi!évaluée.!

Tous! les!calculs!ont!été!faits!en!utilisant! le! logiciel!FSTAT!v.2.9.3.2!(Goudet,!2001).!La!

correction!de!Bonferroni! a!été!utilisée!pour! les! tests!multiples! (Rice,!1984).! Le! taux!

d’autofécondation!(s)!a!été!estimé!à!partir!des!valeurs!de!FIS!:!s!=!2FIS/(1+FIS)!(Hartl!et!

Clark,!1997).!

Les!génotypes!multilocus!(GTML)!ont!été!obtenus!pour! les! individus!avec!tous! les!

loci!microsatellites!amplifiés,!et!ils!ont!été!codés!par!lettre!(une!lettre!=!un!GTML).!On!a!

testé!l’isolement!par!distance!(Rousset,!1997)!grâce!à!un!test!de!Mantel!en!utilisant!le!

logarithme!népérien! (ln)!de! la!distance! géographique! euclidienne! (‘’à! vol!d’oiseau’’)!
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entre! populations! (km)! et! la! différenciation! génétique! transformée! en! FST/(1"FST).!

L’analyse!a!été!faite!avec!le!logiciel!FSTAT!v.2.9.3.2!(Goudet,!2001).!

Les!distances!génétiques!entre!populations!de!Nei!(1972,!1978)!ont!été!estimées!

par! le! logiciel!Genetix!(Belkhir!et!al.!2004).!La!matrice!de!distances!obtenue!a!servi!à!

construire! un! réseau! neighbour"joining! (NJ),! grâce! au! logiciel! SplitsTree4! (Huson! et!

Bryant,!2013).!

2.4.2.!Résultats!

2.4.2.1.!Dissection!de!mollusques!et!infection!par!des!parasites!

Au!total!257!individus!de!G.!cubensis!et!329!de!P.!columella!provenant!de!12!et!20!

localités! respectivement,! ont! été! disséqués.! La! dissection! de! mollusques! a! montré!

l’infection! par! F.! hepatica! de! deux! individus! de! la! localité! IPA.! On! n’a! pas! trouvé!

d’infection!par!d’autres!espèces!de!parasites!dans!aucune!des!localités!étudiées.!

2.4.2.2.!Diversité!génétique!chez!l’espèce!Galba!cubensis!à!Cuba!

Trois! loci! (GCU01,! GCU13! et! GCU39)! se! sont! révélés! monomorphes! pour! les!

populations!étudiées.!Tous!les!autres!sont!polymorphes!avec!une!moyenne!d’allèles!par!

locus!de!2,33!(±!0,49!SD).!

Table!2.6.!Nombre!d’allèles!(a),!richesse!allélique!(r),!hétérozygotie!attendue!(He),!et!coefficient!

génétique!de!différenciation!(GST)!chez!Galba!cubensis!par!locus.!

Locus! a! r! He! GST!

GCU01! 2! 1,025! !0,014! 0,020!

GCU05! 2! 1,137! !0,051! 0,892!

GCU13! 2! 1,116! !0,064! 0,077!

GCU21! 3! 1,080! !0,039! 0,746!

GCU23! 2! 1,211! !0,112! 0,613!

GCU26! 3! 1,103! !0,056! 0,417!

GCU27! 2! 1,233! !0,121! 0,583!

GCU30! 3! 1,140! !0,075! 0,667!

GCU31! 2! 1,214! !0,074! 0,851!

GCU34! 2! 1,105! !0,054! 0,430!

GCU37! 3! 1,412! !0,224! 0,539!

GCU39! 2! 1,030! !0,016! 0,012!

Moyenne! 2,333! 1,150! !0,075! 0,667!
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Les!paramètres!de!génétique!des!populations!par!site!étudié!sont!donnés!dans! le!

tableau!2.7.!Le!nombre!moyen!d'allèles!par!locus!varie,!pour!les!différentes!populations,!

entre! 1! et! 2,3! (moyenne!:! 1,37! S0,38! SD).! Quatre! populations! sont! entièrement!

monomorphes! pour! l'ensemble! des! loci,! tandis! que! pour! les! autres! populations,! on!

détecte!du!polymorphisme!à!au!moins!un!locus.!La!diversité!allélique!est!faible!dans!tous!

les! cas! (maximum! à! Zanja! Pastorita!:! 2,33! S0,49! SD).! Les! valeurs! d'hétérozygotie!

attendue!sont!également!faibles!(moyenne!0,075!±0,064!SD).!

Les! taux! d'hétérozygotie! observée! sont! faibles! dans! tous! les! cas! (moyenne! 0,1!

±0.114!SD)!et!les!écarts!la!panmixie!élevés!et!significatifs!(moyenne!0,825!±0,169!SD).!Il!

en!découle!donc!des!taux!d'autofécondation!estimés!très!forts!(tous!supérieurs!à!79%,!

sauf!à!Fulgencio!Oroz!:!64%)!

Tableau!2.7.!Nombre!moyen!d’allèles! (a),!hétérozygoties!observée! (Ho)!et!attendue! (He),! FIS!

(probabilité!après!correction!de!Bonferroni)!et!taux!d’autofécondation!estimé!(s)!pour!chaque!

population!chez!Galba!cubensis!!(N!:!nombre!d’individus!analysés).!

Population! N! a!(±SD)! Ho! He! FIS!(p)! s!

Desagüe!Distrito!1! 24! 1,000!(±0)! 0! 0! NA! NA!

Empresa!Eléctrica! 25! 1,333!(±0,49)! 0,1!(±0,3)! 0,04!(±0,06)! 0,819!(<0,01)! 0,900!

Fulgencio!Oroz! 5! 1,583!(±0,49)! 0,15!(±0,36)! 0,15!(±0,23)! 0,467!(NS)! 0,636!

Jibacoa! 16! 1,000!(±0,51)! 0,1!(±0,3)! 0,19!(±022)! 0,944!(<0,01)! 0,971!

La!Julia! 10! 1,083!(±0)! 0! 0! NA! NA!

Parque!Zoológico! 25! 1,333!(±0,28)! 0! 0,04!(±0,15)! 1,000!(<0,01)! 1!

Río!Cauto! 23! 1,583!(±0,51)! 0,1!(±0,44)! 0,09!(±0,14)! 0,917!(<0,01)! 0,956!

Río!Yayabo! 28! 1,166!(±0,38)! 0,4!(±0,99)! 0,17!(±0,21)! 0,858!(<0,01)! 0,923!

Vaquería!Alfa"Beta! 30! 1,583!(±0,51)! 0! 0,06!(±0,15)! 1,000!(<0,01)! 1!

V126! 18! 1,416!(±0,67)! 0,2!(±0,4)! 0,08!(±0,09)! 0,706!(<0,01)! 0,827!

Zanja!Ferrer! 25! 1,083!(±0,29)! 0,1!(±0,3)! 0,09!(±0,13)! 0,882!(<0,01)! 0,937!

Zanja!Pastorita! 28! 2,333!(±0,49)! 0,05!(±0,22)! 0,01!(±0,03)! 0,657!(NS)! 0,792!

!

! !
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Concernant! la! différenciation! entre! populations,! le! FST! global! est! de! 0,666! (p!=!

0,011).!Les!valeurs!de!FST!entre!paires!de!populations!sont!présentées!dans!le!tableau!

2.8.!La!plupart!des!paires!de!populations!sont!significativement!différenciées.!Le!fait!que!

la! population! de! Fulgencio!Oroz! ne! soit! significativement! différenciée! d'aucune! des!

autres! peut! s'expliquer! par! le! faible! nombre! d'individus! (5)! étudiés! pour! cette!

population.! En! revanche,! on! peut! souligner! que! les! deux! autres! populations!

correspondant!aux!sites!de!transmission!de!la!fasciolose!(Vaquería!126!et!Vaquería!Alfa"

Beta)! ne! présentent! pas! non! plus! de! différenciation! significative! entre! elles,! alors!

qu'elles! sont! significativement! différenciées! de! la! plupart! des! autres! populations!

étudiées.!On!a!observé!de!l’isolement!par!la!distance!globalement!(test!de!Mantel,!R²!=!

17,09!;!P!=!0,0001).!

Tableau!2.8.!Valeurs!de!FST!entre!populations!chez!Galba!cubensis!(populations!:!VAB!=!Vaquería!

Alfa"Beta,!CA!=!Río!Cauto,!DD!=!Desagüe!Distrito!1,!EE!=!Empresa!Eléctrica,!FO!=!Fulgencio!Oroz,!

JI!=!Jibacoa,!LJ!=!La!Julia,!PZ!=!Parque!Zoológico,!RY!=!Río!Yayabo,!SB!=!Surgidero!Batabanó,!ZF!=!

Zanja!Ferrer,!ZP!=!Zanja!Pastorita).!

! DD! EE! FO! JI! LJ! PZ! CA! RY! VAB! V126! ZF! ZP!

DD! 0! ! ! ! ! ! ! ! ! ! ! !

EE! 0,884*! 0! ! ! ! ! ! ! ! ! ! !

FO! 0,791! 0,809*! 0! ! ! ! ! ! ! ! ! !

JI! 0,756*! 0,622*! 0,466! 0! ! ! ! ! ! ! ! !

LJ! 1,000*! 0,834*! 0,823! 0,700! 0! ! ! ! ! ! ! !

PZ! 0,471! 0,820*! 0,628! 0,687*! 0,902*! 0! ! ! ! ! ! !

CA! 0,890*! 0,880*! 0,628! 0,733! 0,844! 0,752*! 0! ! ! ! ! !

RY! 0,406*! 0,000! 0,414! 0,444! 0,597! 0,450*! 0,661! 0! ! ! ! !

VAB! 0,836*! 0,661*! 0,645! 0,663*! 0,680*! 0,805*! 0,780*! 0,517*! 0! ! ! !

V126! 0,811*! 0,718*! 0,553! 0,616*! 0,703*! 0,754*! 0,739*! 0,490*! 0,192! 0! ! !

ZF! 0,780*! 0,637*! 0,503! 0,585! 0,637! 0,749*! 0,737! 0,461! 0,060! "0,013! 0! !

ZP! 0,977*! 0,764*! 0,897! 0,778*! 0,906*! 0,916*! 0,905*! 0,618*! 0,425*! 0,702*! 0,585*! 0!

*différenciation!significative!après!correction!de!Bonferroni!(valeur!ajustée!de!P!=!0,000758)!

Au!niveau!des!génotypes!multilocus!(GTML),!on!a!observé!27!GTML!différents!parmi!les!

12!populations!étudiées!chez!G.!cubensis!(tableau!2.9!et!figure!2.13).!Le!nombre!de!GTML!

par!population! varie! entre! 1! et! 5! avec!une!moyenne!de! 2,75! (±! 1,35! SD)!;! la!moyenne!

d’individus!par!génotype!est!de!4,22!(±!6,97!SD).!La!plupart!des!GTML!ne!se!retrouve!que!

dans!une!population,!à!l'exception!de!quatre!GTML!(F,!P,!R,!S)!qui!sont!communs!à!plusieurs!

populations.!Les!populations!qui!partagent!des!GTML!sont!proches!géographiquement.! Il!

est!aussi!intéressant!de!noter!ces!GTML!les!plus!répandus!sont!aussi!les!plus!abondants!à!

l'intérieur!des!populations.!
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Table!2.9.!Populations,!tailles!d’échantillons!et!génotypes!multilocus!chez!Galba!cubensis!pour!12!

loci!microsatellites.!(N:!individus!analysés!après!l’exclusion!des!individus!avec!un!locus!non!amplifié).!

La!figure!2.13!montre!la!distribution!géographique!des!différents!GTML!chez!G.!cubensis!

à!Cuba.!Le!réseau!formé!à!partir!des!distances!génétiques!(Nei)!affiche!sept!regroupements!

de! génotypes! les! plus! proches.! On! peut! observer! que! ces! clusters! sont! plus! au! moins!

répandus! à! Cuba! et! seulement! trois! populations! (Jibacoa,! Río! Yayabo! et! Río! Cauto)!

présentent!des!GTML!uniques!d’un!seul!cluster.!

!

Figure!2.13.!Génotypes!multilocus!(GTML)!à!partir!de!12!loci!de!microsatellites!chez!la!limnée!

Galba!cubensis.!A!=!Distribution!géographique!à!Cuba!des!différents!GTML!par!population.!B!=!

Réseau!formé!en!utilisant!la!méthode!UPGMA!à!partir!des!distances!génétiques!(Nei)!de!chaque!

GTML!(des!couleurs!différentes!correspondent!à!des!clusters!différents).!SI!=!savane!inondée,!F!

=!fossé!collecteur!d’effluents,!Ru!=!Ruisseau,!LA!=!lac!artificiel,!R!=!rivière.!

Population!
N!(nombre!de!GTML!

différents)!
Noms!des!GTML!(nombre!d’individus)!

Desagüe!Distrito!1! 11!(1)! F!(11)!

Empresa!Eléctrica! 13!(4)! O!(1),!P!(10),!Q!(1),!V!(1)!

Fulgencio!Oroz! 1!(1)! H!(1)!

Jibacoa! 5!(5)! J!(1),!K!(1),!L!(1),!W!(1),!AA!(1)!

La!Julia! 4!(1)! U!(4)!

Parque!Zoológico! 14!(2)! E!(6),!F!(8)!

Río!Cauto! 4!(3)! B!(1),!C!(2),!D!(1)!

Río!Yayabo! 7!(4)! A!(1),!G!(1),!N!(2),!P!(3)!

Vaquería!Alfa"Beta! 21!(3)! R!(9),!S!(10),!Y!(2)!

V126! 11!(4)! I!(1),!M!(1),!S!(7),!T!(2)!

Zanja!Ferrer! 5!(3)! R!(1),!S!(3),!Z!(1)!

Zanja!Pastorita! 18!(2)! R!(17),!X!(1)!



!

Interactions!hôtes!–!parasites!dans!le!modèle!Fasciola!hepatica/Lymnaeidae!

69Chapitre!2!:!Les!mollusques!lymnéidés!à!Cuba

2.4.2.3.!Diversité!génétique!chez!l’espèce!Pseudosuccinea!columella!à!Cuba!

Les!six!loci!étudiés!sont!polymorphes,!particulièrement!PCO12!qui!présente!7!allèles!

différents!à!Cuba!(Tableau!2.10).!!

Tous! les!paramètres!de!génétique!des!populations!pour! chaque!population! sont!

résumés!dans!le!tableau!2.11.!

La!diversité!allélique!dans!les!20!populations!étudiées!est!très!faible!(moyenne!2,034!

±! 0,646! SD).! Cinq! populations! (Pilón,! El! Antojo,! Puesto! de! Mando,! Guillén"Boca! et!

Arroyo)! sont! entièrement! monomorphes! pour! les! six! loci! étudiés.! Ces! populations!

monomorphes!sont!réparties!sur!l'ensemble!de!la!région!étudiée.!Il!est!intéressant!de!

souligner!que!les!deux!populations!qui!ont!la!plus!grande!variation!allélique!(La!Coca!et!

Babiney!:!2,17!S!0,75!SD)!sont!toutes!deux!composées!d'individus!résistants!à!l'infection!

par!la!douve!(la!troisième!population!résistante,!El!Azufre,!présente!une!diversité!plus!

faible!:!1,17!±!0,41!SD).!

Les!hétérozygoties!attendues!(moyenne!0,1!±!0,09!SD)!et!observées!(moyenne!0,03!

±!0,056!SD)!sont!faibles.!Sauf!dans! la!population!de!Rio!Arimao!où! les!hétérozygoties!

observées!et!attendues!sont!similaires!(FIS!=!0,038,!NS),!toutes!les!populations!étudiées!

ont!des!FIS!élevés!et!significatifs!après!correction!de!Bonferroni!(FIS!moyen!0,667!±!0,313!

SD).!Excepté!donc!dans!la!population!de!Rio!Arimao,!les!taux!d'autofécondation!estimés!

sont!forts!(>!64%).!

Tableau! 2.10.! Nombre! d’allèles! (a),! richesse! allélique! (r),! hétérozygotie! observée! (Ho)! et!

attendue!(He),!et!coefficient!génétique!de!différenciation!(GST)!chez!Galba!cubensis!par!locus.!

Locus! a! r! He! GST!

Pco01! 4! 2,093! 0,066! 0,756!

Pco02! 4! 1,374! 0,086! 0,053!

Pco07! 4! 2,358! 0,056! 0,784!

Pco12! 7! 3,109! 0,276! 0,464!

Pco13! 3! 1,446! 0,072! 0,268!

Pco20! 3! 1,828! 0,060! 0,643!

!

! !



!

Interactions!hôtes!–!parasites!dans!le!modèle!Fasciola!hepatica/Lymnaeidae!

70Chapitre!2!:!Les!mollusques!lymnéidés!à!Cuba

Tableau!2.11.!Moyenne!du!nombre!d’allèles!(a),!hétérozygoties!observée!(Ho)!et!attendue!(He),!

FIS!(probabilité!après!correction!de!Bonferroni)!et!taux!d’autofécondation!estimé!(s)!pour!chaque!

population!chez!Pseudosuccinea!columella!(N!:!nombre!d’individus!analysés).!

Population! N! a!(±SD)! Ho!(±SD)! He!(±SD)! FIS!(p)! s!
rLa!Coca! 37! 2,17(±0,75)! 0,056!(±0,074)! 0,304(±0,227)! 0,816!(<0,01)! 0,90!
rBabiney! 26! 2,17(±0,75)! 0,068!(±0,059)! 0,249(±0,197)! 0,726!(<0,01)! 0,84!

IPA! 19! 2,00(±1,10)! 0,068!(±0,121)! 0,127(±0,164)! 0,469!(<0,01)! 0,64!

Parque!Lenin! 26! 1,67(±0,82)! 0,019!(±0,045)! 0,087(±0,104)! 0,786!(<0,01)! 0,88!

Río!Arimao! 13! 1,83(±0,75)! 0,249!(±0,259)! 0,239(±0,267)! 0,038!(NS)! 0,08!

Río!Hondo! 15! 1,50(±0,84)! 0,025!(±0,039)! 0,092(±0,191)! 0,733!(<0,01)! 0,85!

Río!Manaquita! 15! 1,50(±0,84)! 0,028!(±0,044)! 0,149(±0,25)! 0,814!(<0,01)! 0,90!

Río!Yayabo! 20! 1,33(±0,52)! 0,01!(±0,025)! 0,174(±0,27)! 0,940!(<0,01)! 0,97!

Tío!Pancho! 22! 1,17(±0,41)! 0,008!(±0,019)! 0,008(±0,02)! 0!(NS)! 1,00!

Vaquería!7! 13! 1,33(±0,52)! 0,031!(±0,049)! 0,101(±0,212)! 0,689!(<0,05)! 0,82!

Vegas!Grandes! 10! 1,33(±0,52)! 0,05!(±0,083)! 0,117(±0,24)! 0,571!(NS)! 0,73!

Arroyo! 16! 1,00(±0,00)! 0! 0! "! 1,00!

Puesto!de!Mando! 6! 1,00(±0,00)! 0! 0! "! 1,00!

El!Antojo! 6! 1,00(±0,00)! 0! 0! "! 1,00!
rEl!Azufre! 19! 1,17(±0,41)! 0! 0,076(±0,186)! 1!(<0,01)! 1,00!

Guillén"Boca! 15! 1,00(±0,00)! 0! 0! "! 1,00!

Río!Central! 7! 1,50(±0,84)! 0,048!(±0,073)! 0,091(±0,163)! 0,478!(NS)! 0,65!

Matadero!de!Aves! 24! 1,50(±0,84)! 0,007!(±0,017)! 0,17±(0,263)! 0,959!(<0,01)! 0,98!

Pilón! 6! 1,00(±0,00)! 0! 0! "! 1,00!

San!Juan!y!Martínez! 14! 1,17(±0,41)! 0! 0,024(±0,058)! 1!(NS)! 1,00!

r!!:!populations!de!P.!columella!résistantes!à!l'infection!par!F.!hepatica!

Le!FST!global!est!de!0,339! (p!=!0,203).!Le! tableau!2.12!montre! les!valeurs!FST!par!

paires!de!populations.! Les!populations!qui! sont! significativement!différenciées!de! la!

plupart!des!autres!sont!les!populations!résistantes!à!F.!hepatica!(La!Coca,!Babiney!et!El!

Azufre).!Ces!populations!résistantes!sont!non!seulement!différenciées!de!populations!

sensibles,!mais!également!entre!elles.!Seule!la!!population!susceptible!(Matadero!Aves)!

est!différente!de!cinq!autres!populations!susceptibles.!
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Au!niveau!du!génotypage!multilocus!(incluant!les!six!loci!microsatellites),!on!a!trouvé!

36!GTML!différents!(tableau!2.13).!Le!nombre!moyen!de!GTML!est!de!2,764!(±!1,562!SD)!

pour! les! populations! susceptibles! et! de! 6,333! (±! 3,785! SD)! pour! les! populations!

résistantes!;! la!différence!est!statistiquement!significative! (valeur!t"Student!2,93!;!P!=!

0,008).!Parmi!les!18!GTML!observés!chez!les!individus!résistants,!deux!seulement!(E!et!

F)!sont!partagés!entre!deux!populations!résistantes!(El!Azufre!et!La!Coca).!Le!GTML!Y!est!

le!plus! fréquent!et! le!plus!répandu!à!Cuba!;! il!est! le!seul!affiché!dans! les!populations!

monomorphes.!Par!ailleurs,! il! faut!souligner!que! les! individus!trouvés! infectés!par! !F.!

hepatica!à!Pilón!et!IPA!sont!de!génotype!multilocus!Y.!Le!GTML!T!a!été!trouvé!seulement!

dans!les!populations!les!plus!orientales!(Río!Manaquita,!Río!Central!et!Matadero!Aves).!

Il!est!à!noter!que!ce!même!génotype!T!se!retrouve!dans!différents!endroits!du!monde!

et!est!considéré!comme!invasif!(Lounnas!et!al.,!soumis!:!article!No.!7).!

Tous! les!GTML!restants!peuvent!être!considérés!comme!rares!et!diffèrent! les!uns!

des!autres!par!des!changements!à!un!ou!quelques!loci!(figure!2.14B).!

Tableau!2.13.!Tailles!d'échantillons!(N)!et!génotypes!multilocus!(GTML)!pour!20!populations!de!

Pseudosuccinea!columella!à!Cuba.!

Population!

N!(nombre!

de!GTML!

différents)!

Nom!du!GTML!(nombre!d’individus)!

Tío!Pancho! 4!(1)! Y!(4)!

San!Juan!y!Martínez! 14!(2)! Y!(13),!AC!(1)!
rEl!Azufre! 19!(2)! E!(6),!F!(13)!

Río!Hondo! 2!(1)! Y!(2)!

IPA! 9!(5)! Y!(5),!AP!(1),!AT!(1),!AW!(1),!AY!(1),!AZ!(1)!

Pilón! 6!(6)! Y!(6)!
rLa!Coca! 23!(9)! A!(2),!B!(4),!C!(1),!D!(2),!E!(9),!AK!(1),!AL!(1),!AM!(2),!AS!(1)!

Parque!Lenin! 13!(2)! Y!(12),!AQ!(1)!

Vaquería!7! 9!(4)! Y!(5),!AR!(1),!AU!(2),!AV!(1)!
rBabiney! 20!(8)! G!(3),!H!(1),!I!(7),!AF!(2),!AG!(1),!AH!(1),!AJ!(4),!AO!(1)!

Vegas!Grandes! 3!(2)! AU!(2),!AV!(1)!

El!Antojo! 10!(4)! Y!(6),!AN!!(1),!AR!(2),!AX!(1)!

Río!Arimao! 4!(3)! AN!(1),!AR!(2),!AX!(1)!

Río!Manaquita! 8!(3)! Y!(4),!AR!(1),!AU!(3)!

Río!Yayabo! 17!(4)! R!(1),!T!(7),!V!(1),!Y!(8)!

Puesto!de!Mando! 6!(1)! Y!(6)!

Guillén"Boca! 15!(1)! Y!(15)!

Río!Central! 7!(3)! L!(1),!T!(1),!Y!(5)!

Matadero!de!Aves! 16!(4)! L!(1),!T!(1),!Y!(13),!AA!(1)!

Arroyo! 16!(1)! Y!(16)!

les!populations!marquées!r!!correspondent!à!des!P.!columella!résistantes!
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La!figure!2.14A!montre!la!distribution!des!36!GTML!observés!dans!les!20!populations!

de!P.!columella!à!Cuba.!On!peut!noter!que! le!GTML!Y!est!présent!dans! la!plupart!des!

populations!de!l’Ouest!à!l’Est!et!est!absent!des!populations!résistantes,!ainsi!que!de!deux!

populations!susceptibles! (Vegas!Grandes!et!Río!Arimao).!Le!réseau!de!GTML! formé!à!

partir!des!distances!génétiques!(Nei)!n’a!réussi!à!former!que!trois!groupes!majoritaires!

et!deux!petites!associations!de!deux!GTML!chacune!(figure!2.14B).!Tous!les!GTML!des!

individus!susceptibles!se!regroupent!dans!deux!clusters!(rouge!et!gris!sur!la!figure!2.14),!

dont!un!comprenant! la!majorité!des!GTML! (rouge).!Deux!des!grands!clusters! (vert!et!

bleu)!et!un!petit!(violet!;!figure!2.14)!regroupent!les!GTML!des!individus!résistants.!Il!est!

à!noter!qu'un!GTML!(AN)!trouvé!dans!la!population!sensible!de!Río!Arimao!est!proche!

des!GTML!présents!dans!les!populations!résistantes!de!El!Azufre!et!La!Coca!(cluster!vert!

sur!la!figure!2.14).!

!

Figure!2.14.!Génotypes!multilocus! (GTML)!à!partir!de!6! loci!de!microsatellites!chez! la! limnée!

Pseudosuccinea! columella.! A! =! Distribution! géographique! à! Cuba! des! différents! GTML! par!

population.!B!=!Réseau!formé!en!utilisant!la!méthode!UPGMA!à!partir!des!distances!génétiques!

(Nei)!de!chaque!GTML! (les!couleurs!différentes!correspondent!à!des!clusters!différents).!TI!=!

terrain!inondé,!R!=!rizière,!Ru!=!Ruisseau,!LA!=!lac!artificiel,!Ri!=!rivière,!MP!=!mare!permanente,!

CI!=!canal!d’irrigation,!S!=!source.!

! !
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2.4.3.!Discussion!

2.4.3.1.! Génétique! des! populations! de! Galba! cubensis! et! sa! relation! avec! la!

transmission!de!Fasciola!hepatica!à!Cuba!

!

La!transmission!de!F.!hepatica!par!G.!cubensis!dans! le!monde!est!circonscrite!à! la!

région!néotropicale!et!probablement!à! la!portion!Sud!de! la! région!néarctique! (Cruz"

Reyez!et!Malek,!1987!;!Correa!et!al.!2011!;!Lounnas!et!al.!soumis!:!article!No.!6).!Plusieurs!

sites!de! transmission!dans! lesquels! la!présence!de!G.! cubensis!a!été! confirmée! sont!

documentés!aux!Etats!Unis!(Kaplan!et!al.!1997)!et!à!Cuba!(Ferrer!et!al.!1985!;!cet!étude,!

voir!résultats!3.1),!ainsi!qu’en!l’Amérique!du!Sud!(Pointier!et!al.!2009).!Seule!la!génétique!

des!populations!peut!aider!à!éclairer!les!patterns!de!diversité!génétique!en!relation!avec!

la!circulation!des!souches!de!douve!dans!chaque!région.!!

La! faible! diversité! allélique! par! population,! ainsi! que! les! très! forts! écarts! à! la!

panmixie!chez!cette! limnée!suggèrent!un!régime!de!reproduction!très!autofécondant!

(moyenne! du! taux! d'autofécondation!:! 0,911! ±! 0,11! SD)! #sachant! que! les!

échantillonnages!ont!été!réalisés!sur!de!très!faibles!surfaces,!on!peut!a!priori!exclure!un!

effet!Wahlund".!Au!moins!deux!autres!limnées!du!groupe!Galba!sont!déjà!connues!pour!

une! préférence! à! l’autofécondation! (G.! truncatula!:! Meunier! et! al.! 2004a!;! G.!

schirazensis!:!Correa,!2010),!de!même!que!d'autres!lymnéidés!(P.!columella!:!Nicot!et!al.!

2008,!Correa,!2010,!cette!étude!;!Omphiscola!glabra!:!Hurtrez"Boussès!et!al.!2006).!!

Bien!que!G.!cubensis!ait!été!décrite!pour!la!première!fois!à!Cuba!(Pfeiffer,!1835),!rien!

ne!dit!que!cette!localité!type!coïncide!avec!l'aire!d'origine!de!cette!espèce.!En!revanche,!

il!est!raisonnable!de!penser!à!une!histoire!évolutive!suffisamment!ancienne!sur!l’île,!qui!

permettrait! d'expliquer! la! diversité! génétique! trouvée! (27!GTML! différents! pour! 12!

populations).!Les!valeurs!de!FST!montrent!une!nette!différenciation!entre!la!plupart!des!

populations,!qui!pourrait!être!expliquée!soit!par!une!divergence!entre!populations!à!

Article!6!:!en!préparation(

="/%$"-(#$8)2)(8$/$"-(%"#*)%,"0(-?,('$"$-%/()%'"*-28$)(%"(/,&,"%D*-%,"(

+%)-,8:(,.(*(.8$)+?*-$8()$&.%"'()"*%&(Galba cubensisIneotropica!

)#! *+,--'.(! "#! $%&'(! $#$#! /012,31(! $#! 4,5678831(! )#! O+-T(! ?#! F0-@I31(! $#<#!

9'8>031(! ?#! ),116+(! /#! )'@6'.(! *#! )'856-6(! <#! 9+C'(! A#! /6.-6>3.GC=A+%%6(! *#!

"83H3%65@I6(!R#!$C'2,6(! ?#!$83-'.(!B#F#!*+G38(!"#!K'>6&(!"#! ?'8-3(! ?#="#!"+6-5638(!F#!

L,85831=M+,..N.!
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partir! d'un! événement! d'introduction! unique,! soit! par! plusieurs! événements!

d'introduction!indépendants.!En!cas!d'introductions!répétées,!on!s'attendrait!à!observer!

des!GTML!très!différents!les!uns!des!autres!et!une!diversité!génétique!intra"population!

d'autant!plus!faible!que!la!date!d'introduction!est!récente!(Roman!et!Darling,!2007).!Au!

contraire,! le! fait!qu'il!y!ait! très!peu!de!populations!entièrement!monomorphes!et! la!

ressemblance! entre! la! plupart! des!GTML! (qui! diffèrent! les! uns! des! autres! à! un! ou!

quelques!loci)!seraient!plutôt!en!faveur!d'une!diversification!progressive!à!partir!d'une!

(ou!quelques)!souche(s)!arrivée(s)!anciennement!(plus!de!180!ans)!à!Cuba.!En!effet,!à!

partir!de! la!population!d'origine,!une!augmentation!du!nombre!d’allèles!différents!à!

chaque! locus! peut! se! produire! par! mutations! (Roman! et! Darling,! 2007).! De! plus,!

l'isolement!par!la!distance!que!nous!observons!(les!populations!se!ressemblent!d'autant!

plus!qu'elles!sont!géographiquement!proches)!est!!en!faveur!d'une!colonisation!de!l'île!

par! G.! cubensis,! de! proche! en! proche,! à! partir! d'une! population! source! introduite!

initialement.!!

Le!fait!qu'il!n'y!ait!pas!de!différenciation!significative!entre!les!populations!de!zones!

touchées!par!la!fasciolose!mériterait!d'être!approfondi!par!des!études!complémentaires.!

Il!faudrait!en!effet!déterminer!s'il!s'agit!d'un!seul!hasard!(d'autant!que!les!populations!

sont!relativement!proches!géographiquement)!ou!s'il!existe,!dans!ces!populations,!des!

génotypes!plus!sensibles!à!l'infection!ou!plus!compatibles!avec!les!souches!de!douves!

qui!circulent.!!

2.4.3.2.! Diversité! génétique,! pattern! de! distribution! des! populations! susceptibles! et!

résistantes!de!Pseudosuccinea!columella!à!Cuba!et!liens!avec!les!risques!de!transmission!

de!la!fasciolose.!

Article!7!:!re"soumis!à!Molecular!Ecology(

Clone!invasion!as!a!health!threat:!the!case!of!Pseudosuccinea!columella!

vector!of!fasciolosis!

)#!*+,--'.(!$#A#!A+883'(!$#$#!/012,31(!$#!K6'(!?#="#!"+6-5638(!$#!96@+5(!?#F#!B.@+;'8(!

"#!K'>6&(!"#!?'8-3(!?#!$83-'.(!R#!$C'2,6(!)#"#!K,;+6.(!P#!46U3-31(!$#!4,5678831(!A#!

4+-10%31=R'UV831(! B#F#! *+G38(! <#! 9+C'(! *#! "83H3%65@I6(! ?#! F0-@I31(!9#! :86;3(! A#!

/6.-6>3.GC=A+%%6(!)#!O+-T(!F#!L,85831=M+,..N.!
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Notre!étude!montre!les!mêmes!patterns!que!ceux!déjà!décrits!par!des!travaux!sur!

la!même!espèce!:!une!très!faible!diversité!et!de!très!forts!écarts!à!la!panmixie,!cohérents!

avec!la!prédominance!de!l'autofécondation!(Nicot!et!al.!2008!;!Lounnas!et!al.,!soumis!:!

article!No.!7).!En!revanche,!trois!populations!(IPA,!Río!Central!et!surtout!Río!Arimao)!ont!

montré!des!valeurs!très!faibles!du!taux!d’autofécondation.!Plusieurs!travaux!ont!montré!

que!la!fécondation!croisée!représente!un!avantage!dans!les!populations!soumises!à!de!

fortes! pressions! parasitaires! (Lively,! 1987!;! Agrawal! et! Lively,! 2001).! Inversement,!

l'autofécondation!peut!être!sélectionnée!dans!des!milieux!imprévisibles!et!très!variables!

(Baker,! 1967),! assurant! la! reproduction! même! si! un! seul! individu! survit! ou! vient!

recoloniser!le!milieu.!On!attendrait!donc!des!taux!d'autofécondation!plus!faibles!dans!

des!milieux! plus! stables! et/ou! dans! des! endroits! soumis! à! de! plus! fortes! pressions!

parasitaires.! La! localité! IPA! a! été! antérieurement! signalée! comme! une! zone! très!

probable!de!fasciolose!(Gutiérrez!et!al.!2005b).!IPA!est!une!des!deux!seules!localités!où!

des!individus!infestés!ont!été!trouvés!sur!le!terrain!(voir!résultats!3.1.2)!et!correspond!à!

une!mare!permanente!peu!variable!pendant!l’année!car!il!s’agit!d’un!écosystème!fermé!

et! adapté! pour! stocker! l’eau.! Les! deux! autres! sites,! Río! Central! et! Río!Arimao! sont!

reconnus! comme! des! sites! actifs! de! transmission! de! la! douve! (IMV,! 2013)! et!

correspondent!à!des!rivières!de!taille!moyenne!qui!ne!souffrent!pas!de!modifications!

significatives!à!chaque!saison.!

Contrairement!à!ce!que!nous!avons!montré!pour!G.!cubensis,!on!observe!!peu!de!

différenciation!entre!populations,!sauf!pour!les!populations!résistantes!à!la!douve!qui!

sont!clairement!différenciées!des!autres.!Ceci!est!en!accord!avec!des!travaux!précédents!

qui!montraient!que!ces!populations!résistantes!sont!génétiquement!différenciées!des!

sensibles! (Fernández"Calienes! et! al.! 2004).! En! effet,! !Gutiérrez! et! al.! (2003)! avaient!

détecté!pour!ces!populations!des!profils!nettement!différents!de!RAPD!en!utilisant!17!

amorces.!

On!a!trouvé!chez!P.!columella!sept!populations!entièrement!monomorphes!et!un!

génotype!multilocus! (Y)!prédominant,!présent!dans!15!des!20!populations!étudiées.!

Cette!très!faible!diversité!génétique!peut!être!expliquée!par!un!goulot!d'étranglement!

très!récent,!qui!serait!dû!à! l'introduction!de!cette!souche!sur! l'île,!suivie!d'une!rapide!

expansion!dans!différents!sites.!Un!cas!similaire!a!été!documenté!chez!G.!truncatula!sur!
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l'Altiplano!Bolivien! (Meunier!et!al.!2001).!De!plus,!une!analyse!des!populations!de!P.!

columella!à!l'échelle!mondiale!(Lounnas!et!al.,!soumis!:!article!No.!7)!montre!de!la!même!

façon!l'existence!d'un!génotype!multilocus!invasif!(T!;!figure!3.15),!qui!se!retrouve!seul!

dans!des!populations!très!distantes!(Colombie,!Pérou,!Venezuela,!!Antilles,!Afrique!du!

Sud,!îles!de!l'Océan!Indien).!Ce!génotype!invasif!mondial!est!également!présent!à!Cuba,!

uniquement!dans!deux!populations! (Río!Central!et!Matadero!de!Aves).!En! revanche,!

notre!étude!montre!que!deux!(La!Coca!et!Babiney)!des!trois!populations!résistantes!à!la!

fasciolose!ont!une!diversité!allélique!plus!importante!que!toutes!les!autres!populations!

étudiées.!La! troisième!population! résistante! (El!Azufre)!est! localisée!dans!une!petite!

source!isolée,!et!est!probablement!soumise!à!des!goulots!d'étranglement!plus!fréquents!

que! les! deux! autres! qui! sont! dans! des! terrains! inondables! beaucoup! plus! vastes! et!

stables.!

Dans!l'étude!de!Lounnas!et!al.!(soumis!:!article!No.!7),!nous!avons!combiné!l'analyse!

des! marqueurs! microsatellites! (fortement! variables)! à! celle! de! marqueurs!

mitochondriaux!conservés!(COI!et!16S).!Il!en!ressort!qu'on!trouve!dans!les!populations!

cubaines!trois!haplotypes!différents!(sur!10!enregistrés!dans!l'ensemble!des!populations!

étudiées!par!le!monde)!(Figure!3.15).!Un!de!ces!haplotypes!(n°10)!se!retrouve!dans!la!

plupart!des!populations!échantillonnées!dans! le!monde!et!comprend! les!populations!

invasives!(GTML!T).!On!peut!donc!penser!que!cet!haplotype!aurait!été!introduit!assez!

récemment!à!Cuba!et!que!les!loci!microsatellites!ont!eu!le!temps!de!diverger!légèrement!

depuis.!Parmi! les!génotypes!présents!dans!cet!haplotype,!un!(Y)!semble!avoir!un!fort!

potentiel! invasif!et!avoir! colonisé! très! récemment!plusieurs! sites!de!Cuba! (plusieurs!

populations!entièrement!monomorphes!pour!ce!GTML).!Enfin,! il!n'est!pas! impossible!

que! le!GTML! T,!qui! se! répand! très! rapidement! à! travers! la!planète,! soit! arrivé! tout!

dernièrement! dans! quelques! sites! à! Cuba.! Un! suivi! temporel! de! la! composition!

génétique!de!ces!populations!permettra!de!savoir!s'il!supplante!les!autres!génotypes!ou!

pas.!Les!deux!autres!haplotypes!(n°!4!et!5"!figure!3.15)!sont!rassemblés!dans!un!cluster!

différent.!L'haplotype!n°5!correspond!aux!populations!résistantes!à!la!fasciolose,!ce!qui!

confirme! qu'elles! sont! génétiquement! différentes! des! populations! sensibles.! Le! fait!

qu'elles!ne!montrent!qu'un!seul!haplotype!mitochondrial!peut!être!interprété!comme!

l'acquisition!relativement!récente!et!unique!de!cette!résistance!(à!partir!d'un!haplotype!

ancêtre!commun!aux!haplotypes!4!et!5!qui!aurait!déjà!été!présent!à!Cuba).!



!

Interactions!hôtes!–!parasites!dans!le!modèle!Fasciola!hepatica/Lymnaeidae!

78Chapitre!2!:!Les!mollusques!lymnéidés!à!Cuba

!

Figure!3.15.!Réseau!de!Maximum! likelihood!de! trois!gènes!concaténés,!16S!et!CO1,!dans!79!

individus!de!Pseudosuccinea!columella.!Dix!clusters!sont!représentés!par!différentes!couleurs!

correspondant!aux!cercles!dans!la!carte.!Cluster!1!(rouge)!:!USA!–!Pennsylvanie;!Cluster!2!(bleu)!:!

Colombie;!Cluster!3!(violet)!:!Argentina!et!Paraguay;!Cluster!4!(vert!clair)!:!Cuba;!Cluster!5!(vert)!

Cuba"!individus!résistants!à!Fasciola!hepatica;!Cluster!6!(rosé)!:!USA!–!Texas;!Cluster!7!(brun)!:!

USA! –! sud! de! la! Floride;! Cluster! 8! (rosé! clair)!:! USA! –! Floride!;! Cluster! 9! (orange)!:! USA! –!

Mississippi!;!et!Cluster!10!(jaune)!:!Colombie,!Cuba,!Guadeloupe,!Venezuela,!Pérou,!Polynésie!

Française,! Afrique! du! Sud,! Madagascar,! Mayotte,! La! Réunion,! France! et! USA.! Figure! dans!

Lounnas!et!al.!soumis!à!Molecular!Ecology,!article!No.!7.!

! !
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!L’introduction!de!P.!columella!dans!le!monde!est!connue!pour!se!produire!à!partir!

d’évènements! aléatoires! comme! les! inondations,! la! dissémination! par! des! oiseaux!

aquatiques!ou!les!activités!humaines!(par!exemple!le!commerce!de!plantes!aquatiques)!

(Madsen!et!Frandsen,!1989!;!Pointier!et!al.!2007).!La!date!d’introduction!de!P.!columella!

à!Cuba!est! inconnue,!mais!cette!espèce!a!été!décrite!à!Cuba!en!1858!sous! le!nom!de!

Lymnaea! francisca! (Poey).! On! peut! donc! raisonnablement! penser! à! une! première!

introduction!au!début!19ème!siècle.!!On!peut!donc!supposer!que!ce!premier!événement!

d'introduction!à!Cuba!aurait!apporté! les! individus!ancêtres!des!haplotypes!4!et!5!;!à!

partir!de!cette!souche,!serait!apparue!la!résistance!(haplotype!5).!Compte"tenu!du!coût!

à!la!résistance!(Gutiérrez!et!al.!2005a),!celle"ci!se!maintiendrait!sous!la!pression!exercée!

par!la!douve.!Les!premières!descriptions!de!fasciolose!humaine!à!Cuba!datent!de!1930!

(Kourí!et!Arenas,!1931).!Même! si! la!douve!pouvait!déjà! circuler!dans! les! troupeaux!

auparavant,!cette!période!pourrait!correspondre!à!une!intensification!de!la!fasciolose!à!

Cuba.!Le!parasite!aurait!pu!exercer!à!partir!de!ce!moment"là!une!pression!suffisante!sur!

les! populations! de! mollusques! pour! sélectionner! des! individus! résistants.! Une!

introduction!beaucoup!plus!récente!de!P.!columella!(haplotype!10)!se!serait!produite!à!

l'Ouest!ou!au!centre!de!l'île!(voir!résultats!2.2.2.1),!et!une!souche!majeure!(GTML!Y)!se!

serait!répandue!très!rapidement.!

Les! introductions! de! vecteurs! sont! très! problématiques! pour! les! risques!

épidémiologiques.!En!effet,!d'une!part!les!populations!récemment!introduites!ont!une!

diversité! génétique! réduite!et!donc!ont!peu!de! chances!de! comporter!des! individus!

résistants!au!parasite.!D'autre!part!certaines!populations!sont!invasives,!colonisant!très!

vite!un!grand!nombre!de!sites.!Si!on!admet!un!coût!à!la!résistance!(comme!proposé!par!

Gutiérrez!et!al.!2005a),!il!est!peu!probable!que!les!génotypes!ayant!de!grandes!aptitudes!

de!colonisateurs!soient!en!même!temps!résistants!au!parasite.!On!peut!donc!penser!que!

la!capacité!d'invasion!de!P.!columella!représente!un!vrai!danger!pour!la!propagation!de!

la!grande!douve!du!foie.!La!capacité!de!transmettre!la!douve!du!foie!par!des!populations!

de!P.!columella! introduites!dans! le!monde!a!été!confirmée!au!Brésil!et!en!Argentine!

(Marques!et!al.!2006!;!Zarco!!et!al.!2011),!en!Egypte!(Grabner!et!al.!2014)!et!en!Australie!

(Molloy!et!Anderson,!2006).!De!même,!la!transmission!de!F.!hepatica!par!cette!espèce!

est!présumée!en!Afrique!du!Sud!(Kock!et!al.!2003)!et!dans!les!îles!du!Pacifique!où!elle!a!

été!aussi!introduite,!incluant!Hawaï!(Cowie,!2001!;!Pointier!et!Marquet,!1990).!Il!est!donc!
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important!de!continuer!à!surveiller!de!près!les!populations!de!P.!columella!en!différents!

endroits!du!monde.!

Finalement,!pour!conclure!ce!chapitre!sur! la!biologie!des!populations!de! limnées!

cubaines,!on!a!affaire!à!deux!vecteurs!de!la!fasciolose!qui!ont!une!histoire!évolutive!et!

une! écologie! bien! différentes.! Les! données!malacologiques! suggèrent! que! les! deux!

mollusques!seraient!présents!à!Cuba!depuis!un!peu!plus!de!deux!siècles!environ.!Malgré!

ce! temps! d'occupation! similaire! et! un! système! de! reproduction! comparable!

(autofécondation! majoritaire)! la! structure! de! leurs! populations! est! différente.! Nos!

résultats! suggèrent! en! effet! que! les! populations! de!G.! cubensis! auraient! peu! à! peu!

divergé! et! se! seraient! légèrement! diversifiées! au! cours! du! temps! et! de! leur!

dissémination.!En!raison!de!son!amphibiose,!G.!cubensis!semble!moins!sensible!que!P.!

columella! aux! variations!du!milieu! (assèchements)!et! aux!perturbations! causées!par!

l'Homme.!Les!populations!de!cette!espèce!semblent!donc!plus!stables.!Le!pattern!est!

différent! chez! P.! columella,! où! la! diversité! intra"population! très! faible! témoigne! de!

goulots! d'étranglement! plus! fréquents! (milieux! plus! instables)! et! d'événements!

d'introduction!récents.!On!a!donc!probablement!pour!cette!espèce!un!mélange!entre!

populations! introduites!récemment!et!populations! issues!d'une!occupation!ancienne,!

au! sein!desquelles!des!variants! résistants!à! la!douve!ont!pu!être! sélectionnés.!Si!on!

envisage!que! la!douve!serait!arrivée!sur! l'île!peu!de!temps!après! les! limnées,!on!peut!

penser!que!la!plupart!des!populations!de!G.!cubensis!ont!entamé!à!ce!moment"là!une!

coévolution!avec!la!douve.!Chez!P.!columella,!on!aurait!en!revanche!un!mélange!entre!

populations! qui! ont! aussi! une! histoire! co"évolutive! assez! longue! avec! la! douve! et!

populations!nouvellement!arrivées!qui!n'ont!pas!connu!la!même!histoire.!

On!arrive!là!aux!limites!de!l'approche!de!terrain.!En!effet,!bien!qu’une!population!de!

limnées!puisse!être! infectée!avec!F.!hepatica,!trouver! les! individus! infectés!reste!très!

difficile!à!cause!de! leur!écologie!(Ciparis!et!al!2013!;!Jokela!et!Lively,!1995)!(pour!des!

résultats!considérant! les! limnées!cubaines!voir!résultats!3.1.2).! Il!est!donc!difficile!de!

tester!si!ce!sont!toujours!les!mêmes!génotypes!de!mollusques!qui!sont!responsables!de!

la!transmission.!Un!échantillonnage!exhaustif!dans!d'autres!aires!de!fasciolose,!à!Cuba!

ou! dans! d'autres! régions! du!monde! peut! aider! à! avancer,!mais! on! ne! peut! pas! en!

parallèle!se!passer!d'une!approche!expérimentale.!
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Fasciola!hepatica!/!limnées!à!Cuba!

3.1!Infections!naturelles!des!différentes!populations!de!limnées!

Les!infections!naturelles!de!mollusques!sont!un!des!sujets!les!plus!intéressants!pour!

les!parasitologistes!et!les!malacologistes!qui!veulent!étudier!la!dynamique!des!maladies!

infectieuses!transmises!par!ces!hôtes!intermédiaires!(Cichy!et!al.!2011).!La!recherche!de!

larves!de!parasites!dans!les!mollusques!a!révélé!une!très!grande!diversité!de!digènes!qui!

peuvent!infecter!ces!hôtes!et!a!permis!donc!d'augmenter!les!connaissances!sur!maladies!

transmises! par! ces! hôtes! (Zbikowska! et! Nowak,! 2009).! Les! études! des! prévalences!

naturelles! permettent! de! connaître! les! pics! d'infestation! dans! les! populations! et!

d’identifier!les!espèces!d’hôtes!particulières!pour!certains!parasites!(Gürelli!et!Göçmen,!

2007!;!Mage!et!al.!2002).!

Dans! le!cas!de! la! transmission!de! fasciolose,!ces!parasites!sont!connus!pour!être!

transmis!par!une!grande!variété!d’espèces!de! limnées! (Correa!et!al.!2010),!mais! les!

patterns! d’infection! peuvent! différer! selon! l’espèce! hôte! et! les! conditions!

environnementales! (Cruz"Mendoza!et!al.!2004).!Des!études!ont!été! réalisées!dans! la!

région!du!centre!de!la!France!chez!l’espèce!G.!truncatula.!Ces!études!ont!montré!une!

stabilité!d’infection!par!F.!hepatica!sur!le!terrain!(Mage!et!al.!2002).!En!même!temps,!

une!étude!réalisée!sur! l’espèce!Omphiscola!glabra!dans! la!même!région!montre!une!

augmentation!des!prévalences!au!cours!d’une!période!de!six!ans!(Dreyfuss!et!al.!2003).!

Il!a!été!montré!ensuite!qu'il! s'agit!d'un!événement!de! transfert!de! la!douve!vers!un!

nouvel!hôte,!O.!glabra! (Correa,!2010).!Plus! largement,! ce! type!d’étude! a!permis!de!

caractériser! le! très! large! spectre!d'hôtes!de!F.!hepatica.!Parmi! les!exemples! les!plus!

frappants,!on!peut!citer!les!travaux!de!Hamed!et!al.!(2009)!chez!l’espèce!de!Planorbidae!

Article!8!:!Parasitology!Research!(2015)!114:!4205"4210!

"#$%&#'!(&)*#')+,)!-+!.%/#+!(0(%'#$-0+1!02!$3)!'45+#)-6!1+#-'!Galba

cubensis!-+2),$)6!7-$3!$3)!'-*)&!2'%8)!Fasciola hepatica9!15#''!*#'%)1!

60!5#$$)&!
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Bulinus!truncatus,!qui!a!été!trouvée!infectée!avec!une!prévalence!de!39%!au!nord!de!la!

Tunisie.!De!même,!Relf!et!al.!(2009)!ont!décrit!73.9%!de!prévalence!chez!le!mollusque!

terrestre!Omalonyx!matheroni!(Succinidae).!

Alors! que! la! situation! de! la! fasciolose! est! très! préoccupante! à! Cuba,!

paradoxalement,!aucune!étude!sur!les!prévalences!naturelles!n’avait!jamais!été!réalisée.!

Ce!point!est!pourtant! indispensable!pour!étudier! les!relations!entre!F.!hepatica!et! les!

espèces!de!limnées.!Bien!que!des!individus!de!G.!cubensis!aient!été!observés!infectés!

sur!le!terrain,!surtout!après!les!épidémies!de!fasciolose!(Ferrer!et!al.!1985),!des!études!

systématiques!considérant! la!prévalence!et! l’intensité!d’infection!restaient!à!faire.!Ici,!

nous!présentons!les!premiers!résultats!d’infections!naturelles!chez!les!deux!espèces,!G.!

cubensis!et!P.!columella,!dans!différentes!régions!de!Cuba.!On!discute!aussi!de!la!relation!

entre!prévalences!naturelles!et!risques!de!transmission!de!F.!hepatica.!

3.1.1.!Matériels!et!Méthodes!

L’échantillonnage!des!limnées!a!été!réalisé!dans!la!région!occidentale!de!Cuba,!en!

considérant!qu’il!s’agit!de!la!région!la!plus!fortement!affectée!par!la!fasciolose!humaine!

(Rojas!et!al.!2010).!Onze!sites!avec!différents!types!d’habitats!ont!été!échantillonnés!

(tableau!3.1)!dans!différentes! localités!à!Cuba.!Toutes! les! localités! sont! répertoriées!

comme!des!zones!à!fasciolose!par!les!autorités!vétérinaires!de!chaque!municipalité.!Les!

limnées!collectées!ont!été!rapportées!vivantes!au!laboratoire!pour!leur!identification!et!

la!vérification!de!l’infection.!Dans!le!cas!de!l’espèce!P.!columella,!les!individus!ont!été!

séparés!en!résistants!et!susceptibles!d’après!les!marqueurs!phénotypiques!décrits!par!

Gutiérrez!et!al.!(2003b).!Tous!les!échantillonnages!ont!été!réalisés!entre!janvier!et!mars!

2013! pendant! la! saison! sèche,! qui! correspond! au! pic! de! contamination! des! hôtes!

définitifs.! Les! espèces! d’hôtes! définitifs! domestiques! observées! sont! la! vache! (Bos!

taurus)!et!le!buffle!(Bubalus!bubalis).!Les!individus!de!ces!espèces!d’hôtes!sont!connus!

pour!se!déplacer! librement!au!sein!des! localités!étudiées.!Dans!chacune!des! localités,!

on!a!vérifié!l'infection!des!bovins!par!examen!systématique!des!foies!aux!abattoirs!:!les!

prévalences!dépassaient!les!70%!(voir!résultats!du!chapitre!1).!!

Tous! les! individus!échantillonnés!ont!été!disséqués! sous! la! loupe!binoculaire!en!

cherchant!des!stades!larvaires!de!trématodes!(rédies!et!cercaires).!Le!nombre!de!rédies!

a! été! compté! afin! de! déterminer! l’intensité! parasitaire.! Dans! chaque! localité,! la!
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prévalence,!ainsi!que! l'intensité!et! l'abondance!moyennes! (Bush!et!al.!1997)!ont!été!

examinées.!La!présence!d'autres!espèces!de!trématodes!a!aussi!été!enregistrée!pour!les!

deux!espèces!de!limnées.!L’identification!de!ces!larves!a!été!faite!en!utilisant!la!clé!de!

Frandsen!et!Christensen!(1984)!et!Rondelaud!et!al.!(2009).!

Tableau!3.1.!Localités!et!types!d’écosystèmes!pour!les!limnées!échantillonnées!dans!la!région!

occidentale!de!Cuba!pour!étudier!le!taux!d’infection!naturel!par!F.!hepatica.!

Localité! Site! Coordonnées!GPS! Habitat!
Espèce!de!

limnée!

Espèce!

hôte!

définitif!!

Havane! La!Coca! 22,957°!N;!#82,464°!O!
canaux!

d’irrigation!

G.!cubensis!

P.!columella!
Vache!

Jaruco! CPA! 23,078°!N;!#81,917°!O!
pâturage!

inondable!

G.!cubensis!

P.!columella!
Buffle!

La!Palma! IPA! 22,664°!N;!#83,558°!O!
mare!

permanente!
P.!columella! Vache!

La!Palma! El!Pilón! 22,846°!N;!#83,359°!O! rizière! P.!columella! Vache!

La!Palma! Vaquería!108! 22,558°!N;!#83,367°!O!
pâturage!

inondable!
G.!cubensis! Vache!

La!Palma! Vaquería!122! 22,544°!N;!#83,354°!O!
pâturage!

inondable!
G.!cubensis! Vache!

La!Palma! Vaquería!127! 22,568°!N;!#83,376°!O!
pâturage!

inondable!
G.!cubensis! Vache!

La!Palma! Vaquería!131! 22,594°!N;!#83,372°!O!
pâturage!

inondable!
G.!cubensis! Vache!

Artemisa! Vaquería!503! 22,731°!N;!#82,659°!O!
pâturage!

inondable!
G.!cubensis! Buffle!

Artemisa! Vaquería!505! 22,731°!N;!#82,659°!O!
pâturage!

inondable!
G.!cubensis! Buffle!

Sandino! Los!Modesto! 21,978°N!;!#84,263°!O! rizière! P.!columella! Vache!

3.1.2!Résultats!

Trois!types!de!cercaires!ont!été!trouvés!chez!les!mollusques!disséqués!:!(1)!cercaires!

avec!une!queue!simple,! longue!et!blanche!du!type!Gymnocephalous!cercariae!avec! la!

ventouse!ventrale!dans!la!région!centrale!du!corps!(F.!hepatica),!(2)!cercaires!de!petite!

taille,! marron,! du! type! Amphistome! cercariae! (Paramphistomatidae),! et! (3)! petites!

cercaires!brévifurquées!(Schistosomatidae).!Les!cercaires!identifiées!comme!F.!hepatica!

ont! été! observées! avec! des! rédies!montrant! un! pharynx! bien! développé,! un! collet!

d’anneaux! et! deux! appendices! dans! la! région! postérieure! caractéristiques! de! cette!

espèce.!
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Le!tableau!3.2!résume! les!données!d’infection!naturelle!chez! les!deux!espèces!de!

limnées.!La!prévalence!moyenne!de!F.!hepatica!a!été!de!2,94%!chez!G.!cubensis,!avec!

des!variations! importantes!entre!populations! (min!:!0%,!max!:!11,4%).!On!n’a! trouvé!

aucun!cas!de!co"infection!entre!F.!hepatica!et!d'autres!espèces!de!trématodes!dans!le!

même!individu.!Il!faut!noter!que!l’espèce!P.!columella!a!été!trouvée!infectée!dans!deux!

localités!pour!la!première!fois!à!Cuba.!Les!prévalences!sont!de!2%!(IPA)!et!3%!(Pilón).!

Tableau!3.2.!Prévalence!naturelle,! intensité!et! abondance!moyennes! chez! les!deux!espèces!

limnées!à!Cuba!infectées!avec!F.!hepatica!et!infection!par!d’autres!familles!de!trématodes.!

N!=!nombre!de!mollusques!examinés!

n=!nombre!d'individus!parasités!par!F.!hepatica!(%!=!prévalence)!

nt!=!nombre!d'individus!infectés!par!un!autre!Digène!

Site! N! n!(%)!
Infection!par!d’autres!!

digènes!(nt)!

Intensité!

moyenne!(±!SD)!

Abondance!

moyenne!(±!SD)!

Galba!cubensis!
!

La!Coca! 135! 0! Schistosomatidae!(1)! "! "!

CPA! 100! 3!(3)! "! 35,67!(±!11,93)! 1,07!(±!6,35)!

V108! 100! 5!(5)! Schistosomatidae!(1)! 16,60!(±!13,05)! 0,83!(±!4,48)!

V122! 122! 2!(1,64)! "! 26!(±!24,04)! 0,43!(±!3,97)!

V127! 79! 9!(11,39)! "! 26,11!(±!19,29)! 2,97!(±!10,39)!

V131! 100! 1!(1)! Paramphistomatidae!(3)! 76! 0,76!(±!7,6)!

V503! 80! 0! Paramphistomatidae!(2)! "! "!

V505! 100! 4!(4)! "! 6,06!(±!7)! 0,28!(±!1,74)!

Total! 816! 24!(2,94)! ! 24,21!(±!20,02)! 0,71!(±!5,3)!

Pseudosuccinea!

columella!

!

Pilón! 100! 3!(3)! "! "! "!

La!Coca! 100! 0! "! "! "!

IPA! 100! 2!(2)! "! "! "!

Total! 300! 5!(1,66)! ! ! !

Dans!chacune!des!populations!de!G.!cubensis,!on!observe!une!distribution!de!F.!

hepatica!fortement!agrégée!(figure!3.1)!:!la!plupart!des!individus!sont!sains!et!un!petit!

nombre!d'individus!possède!une!grande!quantité!de!rédies.!L’intensité!de!l’infection!par!

F.!hepatica!varie!entre!1!et!76!rédies!par!mollusque!hôte.!L'individu!qui!portait!76!rédies!

était!le!seul!infecté!dans!sa!population!(V131),!sur!un!échantillon!de!100.!De!même,!pour!

la! population! V122,! seulement! deux! individus! sur! 122! étaient! infectés,! avec! des!

intensités!respectives!de!9!et!42!rédies.!
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!

Figure!3.1.!Histogrammes!de!distribution!du!nombre!de!rédies!(classes)!de!Fasciola!hepatica!par!

individu!disséqué!de!Galba!cubensis.!

3.1.3!Discussion!

Ces! résultats! constituent! une! première! approche! pour! étudier! les! prévalences!

naturelles!de!F.!hepatica!dans!les!populations!cubaines!de!G.!cubensis!et!P.!columella.!

L’espèce!G.!cubensis!est!considérée!comme!l’hôte!prépondérant!de!ce!parasite!à!Cuba!

(voir! résultats! chapitre! 3!:! infections! expérimentales).! C'est! aussi! l'espèce! la! plus!

commune!sur!les!aires!de!pâturages!(voir!résultats!chapitre!2)!ce!qui!pourrait!expliquer!

son!implication!majeure!dans!la!fasciolose!du!bétail.!

P.!columella!est!considérée!comme!un!très!bon!hôte!intermédiaire!de!F.!hepatica!

dans!quelques!pays!où!elle!a!été!introduite!comme!l’Australie,!le!Brésil!ou!l’Argentine!

(Molloy!et!Anderson,!2006!;!Coelho!et!al.!2009!;!Prepelitchi!et!al.!2011)!mais!ceci!n'avait!

jamais!été!démontré!à!Cuba.!Notre!étude!est!donc! la!première!qui!décrit! l’infection!

naturelle!de!P.!columella!à!Cuba!et!même!dans! la!région!Caraïbe.!En!effet,!malgré! la!

forte! susceptibilité! observée! expérimentalement! chez! P.! columella! (Gutiérrez! et! al.!

2002),!aucun!mollusque!de!cette!espèce!n’avait!jusqu'ici!été!trouvé!infecté!sur!le!terrain.!

Les! cinq! individus! que! nous! avons! trouvés! infectés! présentaient! la! pigmentation!
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particulière!du!manteau!considérée!comme!un!très!bon!marqueur!phénotypique!de!P.!

columella!susceptible!à!F.!hepatica!(Gutiérrez!et!al.!2003b).!

3.1.3.1.!Appréciation!générale!de!l’infection!par!les!digènes!

La!présence!de!parasites!de!la!famille!Paramphistomatidae!que!nous!avons!détectés!

peut!être!reliée!aux!rôles!de!G.!cubensis!et!des!bovins!comme!hôtes!intermédiaires!et!

définitifs!de!ces!digènes!(Vázquez!et!al.!2014).!Une!étude!menée!dans!l'Est!de!la!France!

chez!G.!truncatula!a!montré!une!prévalence!de!1,8%!(en!été)!et!de!2,5%!(en!automne)!

de! F.!hepatica,!mais!des!prévalences!de!8,9! à!20,3%!de!Paramphistomum!daubneyi!

(Degueurce!et!al.!1999).!Selon!Rondelaud!et!al.!(2004)!il!existe!une!compétition!entre!

de!P.!daubneyi!et! F.!hepatica!:!en! cas!de! co"infection,! au!bout!de!3! semaines!post"

infection,!le!paramphistome!a!tendance!à!exclure!la!douve.!

Dans!d'autres!systèmes!hôte"parasite,!les!prévalences!chez!les!hôtes!intermédiaires!

sont! similaires.! En! Guadeloupe,! dans! les! foyers! d’arrière! mangrove! la! prévalence!

naturelle! observée! chez! l’espèce! Biomphalaria! glabrata! infectée! par! Schistosoma!

mansoni!varie!entre!0,25%!(Pointier!et!Théron,!1979)!et!0,6%!(Théron!et!al.!2004).!En!

revanche,!les!prévalences!chez!les!rats!(hôtes!définitifs)!vont!de!91%!(Sire!et!al.!2001)!à!

94%!(Théron!et!al.!2004).!Ces!valeurs!sont!comparables!à!celles!que!nous!avons!trouvées!

chez!les!bovins!infectés!par!la!douve!du!foie!(chapitre!1).!Elles!confirment!que!des!taux!

d'infestation!très!bas!chez!les!hôtes!intermédiaires!peuvent!suffire!à!maintenir!le!cycle!

du!parasite!et!à!engendrer!de!fortes!prévalences!chez!les!hôtes!définitifs.!!

3.1.3.2.!Prévalences!et!risques!de!fasciolose!

Les!prévalences!pour!F.!hepatica!trouvées!ici!(0"11,39%)!sont!cohérentes!avec!celles!

observées!pour!d’autres!espèces!de! limnées!dans!d'autres!aires!de! transmission.!Par!

exemple,!un!échantillonnage!extensif!de!l’espèce!Galba!truncatula!réalisé!en!Angleterre!

entre!1960!et!1969!a!montré!des!prévalences!inférieures!à!2%!(Ollerenshaw,!1971).!Une!

synthèse!faite!par!Rondelaud!et!al.!(2009)!sur!la!même!espèce!G.!truncatula!donne!des!

prévalences!de!3%!au!Maroc!et!11,4%!en!Espagne.!De!manière!similaire,!Kleiman!et!al.!

(2007)!ont!enregistré!des!prévalences!de!0,67%!en!Argentine!chez!l’espèce!Galba!viatrix,!

tandis! que! Dreyfuss! et! al.! (2005)! ont! observé! des! valeurs! entre! 1,4! et! 1,8%! chez!

Omphiscola!glabra!dans!le!centre!de!la!France.!Les!prévalences!et!intensités!observées!
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dans! notre! étude! semblent! donc! parfaitement! compatibles! avec! une! transmission!

efficace! de! F.! hepatica! dans! l’aire! échantillonnée.! En! revanche,! chez! l’espèce! G.!

truncatula,!les!prévalences!décrites!sont!plus!élevées!(4,6"33%)!dans!les!régions!où!F.!

hepatica!infecte!plus!de!70%!des!hôtes!définitifs!que!dans!les!aires!où!moins!de!30%!des!

bovins!sont!parasités!(0"7,6%)!(Rondelaud!et!al.!2009b).!Il!peut!donc!paraître!surprenant!

d’avoir! trouvé! dans! notre! étude! des! prévalences!modérées! chez! les!mollusques! (0"

11,39%)!alors!que!F.!hepatica!a!été!détectée!chez!plus!de!70%!des!bovins!(voir!résultats!

chapitre!1).!En!revanche,!on!a!trouvé!ici!des!valeurs!d’intensité!chez!G.!cubensis!(24,21!

±!20,02!SD)!plus! importantes!que!celles!observées!chez!G.!truncatula! (12,3"17,1)!par!

Mage!et!al.!(2002).!La!production!totale!de!cercaires!chez!G.!cubensis!pourrait!donc!être!

équivalente,!voire!supérieure!à!celle!chez!G.!truncatula.!

Différentes!études!ont!signalé!de!fortes!variations!interannuelles!de!prévalences!sur!

le! terrain.! Ces! différences! sont! attribuées! aux! effets! des! conditions! climatiques,!

particulièrement!les!précipitations!qui!conditionnent!l'éclosion!des!œufs!de!F.!hepatica.!

Par! exemple,! il! a! été! montré! en! Angleterre! que! les! prévalences! chez! l’espèce! G.!

truncatula!peuvent!atteindre!20%!quand! les!conditions!sont!favorables!(Ollerenshaw,!

1971).!De!manière!similaire,!un!suivi!de!141!sites!dans!le!centre!de!la!France!pendant!12!

années!a!révélé!des!oscillations!de!3,3!à!7,2%!(Mage!et!al.!2002),!tandis!qu’une!étude!

sur!deux!populations!en!Algérie!a!montré!des!prévalences!entre!4,6"5,9%!et!2,6"3,1%!

(Mekroud! et! al.! 2004).! En! revanche,! les! différences! observées! dans! notre! étude! ne!

peuvent! pas! être! liées! aux! conditions! climatiques! car! tous! les! échantillons! ont! été!

collectés!à!la!même!période!(et!donc!dans!des!conditions!climatiques!similaires).!

3.1.3.3.!Variations!inter"populations!

Bien!que!les!abondances!soient!similaires,!on!a!observé!des!variations!importantes!

entre! les! populations! tant! pour! les! prévalences! (0"11,39%)! que! pour! les! intensités!

moyennes! (6,06"76).!Puisque! les!prévalences!chez! les!hôtes!définitifs! sont!du!même!

ordre!de!grandeur!d'un!site!à!l'autre,!on!se!serait!attendu!à!des!prévalences!similaires!

pour!G.!cubensis!entre! les!sites!(voir!Rondelaud!et!al.!(2009b)!pour!une!comparaison!

avec!G.!truncatula).!Ces!différences!trouvées!entre!populations!peuvent!être!dues!aux!

variations!de!conditions!environnementales!d'un!site!à!l'autre!(la!richesse!du!milieu!en!

éléments! nutritifs),! et/ou! à! des! différences! de! compatibilité! entre! la! population! du!
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mollusque!et!l’isolat!du!parasite.!Des!études!expérimentales!doivent!être!menées!pour!

tester!si!ces!différences!ont!une!base!génétique!ou!pas!(voir!résultats!expérimentaux!

dans!ce!chapitre).!

3.1.3.4.!Variations!intra"populations!

Comme! c'est! généralement! le! cas! dans! les! interactions! hôte"parasite,! les!

distributions!de!F.!hepatica!dans!chaque!site!sont!fortement!agrégées.!Ce!résultat!peut"

être!dû!aux!différences!de!susceptibilité!parmi!les!individus.!Ce!fait!peut!être!dû!à!des!

différences! génétiques! de! compatibilité! ou! de! résistance! au! parasite,! comme!

précédemment! montré! expérimentalement! par! Meunier! (2002)! chez! G.! truncatula,!

et/ou!à!des!différences!d’âge!ou!de!condition!physiologique!du!mollusque!au!moment!

de!l’infection.!En!fait,!chez!G.!truncatula,!la!plus!forte!probabilité!d'infection!est!obtenue!

à!l'âge!de!quatre!semaines!(Rondelaud!et!al.!2009b).!Par!ailleurs,!des!G.!truncatula!bien!

nourris! sont!moins! susceptibles! à! l’infection! et!montrent! une! production! de! rédies!

supérieure!par!rapport!aux!mollusques!affamés!(Kendall,!1949;!Kendall!et!Ollerenshaw!

1963;!Abrous!et!al.!1999).!Le!stress!induit!par!la!pollution!peut!aussi!augmenter!le!risque!

d’infection!(Abrous!et!al.!1999).!

La!variation!du!nombre!de!rédies!trouvées!chez! les! individus!de!G.!cubensis!peut!

dépendre!de!plusieurs! facteurs,! liés!à! la!biologie!du!parasite,!à!celle!de! la! limnée!ou!

encore!à! l’interaction!entre! les!deux.!Des!valeurs!moyennes!de! rédies! trouvées!chez!

l’espèce!G.! truncatula!en!France!oscillent!entre!15,8!et!25,7,! selon!qu'il! s'agit!d'une!

infection!mono!ou!bi"miracidiale!respectivement! (Rondelaud!et!al.!2004).!Dans!notre!

étude,! quelques! individus! de!G.! cubensis! ont! développé! plus! de! 40! rédies! avec! un!

maximum! de! 76! rédies.! Ce! fait! suggère! une! bonne! compatibilité! des! populations!

cubaines!de!G.!cubensis!avec!les!souches!de!F.!hepatica!en!présence.!

La!compréhension!de!l’écologie!de!la!transmission!des!parasites!par!leurs!hôtes!est!

un!aspect!clé!de! l’épidémiologie!des!maladies.!Les!différences!des!prévalences!entre!

sites!montrent!que! la! transmission!de!F.!hepatica!peut!être! très!variable!d'un! site!à!

l'autre.! Bien! que! de! fortes! densités! des! populations! de! limnées! augmentent! la!

probabilité!de!s’infecter!et!de!transmettre!le!parasite,!une!vaste!proportion!d'individus!

peut!toujours!rester!non"infectée.!La!probabilité!qu'a!un!individu!hôte!de!s'infecter!peut!

être!fonction!de!plusieurs!facteurs!:!(1)!des!variations!temporelles!de!la!population!de!
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mollusques.!La!dynamique!de!la!population!de!mollusques!peut!en!effet!ne!pas!coïncider!

avec! la! présence! des! hôtes! définitifs,! émetteurs! d'oeufs! de! parasite,! dans! un! site!

particulier.!Par!exemple,! si! les!densités! sont!basses!au!moment!de! l’introduction!du!

parasite!la!probabilité!de!rencontre!diminue.!On!a!montré!(chapitres!précédents)!que!

les! populations! de! G.! cubensis! semblent! beaucoup! plus! stables! que! celles! de! P.!

columella,!qui!subiraient!de!plus!fortes!variations!d'effectifs.!Il!est!donc!possible!que!la!

douve! ait! un! hôte! intermédiaire! assuré! toute! l'année! avec! G.! cubensis! et! plus!

occasionnel,!en!fonction!des!variations!d'effectifs,!avec!P.!columella.!(2)!La!distribution!

spatiale!dans!l’habitat!:!une!distribution!agrégée!des!hôtes!intermédiaires!dans!la!zone!

fréquentée! par! les! hôtes! définitifs! devrait! augmenter! la! probabilité! d'infection! des!

mollusques.!Au!contraire,!si!ceux"ci!ont!une!distribution!«!éparpillée!»,!les!probabilités!

de!rencontre!risquent!d'être!moindres!(par!exemple,!le!miracidium!peut!ne!trouver!pas!

un!bon! signal!chimique!des!mollusques!hôtes!et!mourir).! (3)!La!capacité!du!parasite!

(miracidium)!à!persister!dans!le!milieu!et!à!se!déplacer!vers!son!hôte!:!si!celui"ci!a!une!

faible!tolérance!aux!conditions!du!milieu,! il!risque!de!mourir!avant!d'avoir!atteint!un!

hôte!compatible.!Inversement,!si!les!miracidia!survivent!bien!et!sont!actifs!dans!ce!type!

de!milieu,!la!probabilité!d'infecter!des!mollusques!augmente.!!!

Pour!ce!qui!concerne!l'infection!des!hôtes!définitifs,!celle"ci!peut!être!favorisée!dans!

les!systèmes!où!la!dispersion!des!cercaires!est!plus!importante.!Ce!peut!être!le!cas!dans!

les!écosystèmes! inondés!sur!de! larges!surfaces!où! les!cercaires!peuvent!se!disperser!

largement!avant!de!s'enkyster!sur!un!support.!Cette!dispersion!peut!être!augmentée!

dans!le!cas!de!métacercaires!flottantes!(Rondelaud!et!al.!2004),!mais!nous!n'avons!pour!

l'instant!pas!de!données!sur!cette!stratégie!à!Cuba.!!

En! résumé,! il! est! important! de! maintenir! nos! efforts! pour! caractériser! le! plus!

finement!possible! les! sites!actifs!de! transmission!de! la! fasciolose!dans! les!différents!

biotopes.!Les!stratégies!de!contrôle!dépendent!de!ce!type!de!données.!

! !
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3.2!Compatibilités!douve"mollusque!:!infections!expérimentales!

Plusieurs! études! ont! montré! comment! la! combinaison! de! différentes! souches!

sympatriques! de! F.! hepatica! et! de! limnées! peut! augmenter! la! transmission! par!

adaptation! locale! (Hurtrez"Boussès!et!al.!2001).!D’autres!observations!montrent!que!

dans! certaines! conditions,! les! combinaisons! allopatriques! entre! douves! et! limnées!

arrivent!à!être!très!compatibles!et!peuvent!ainsi!améliorer!la!transmission!(Gasnier!et!

al.!2000!;!Cohelo!et!al.!2009!;!Dar!et!al.!2013).!Ceci!peut!poser!de!graves!problèmes!

épidémiologiques!dans!la!mesure!où!les!souches!de!douve!peuvent!circuler!facilement!

(par!le!commerce!du!bétail)!et!être!amenées!à!rencontrer!des!limnées!allopatriques.!!

Ci"après! nous! décrirons! les! résultats! d’infections! expérimentales! utilisant!

différentes!combinaisons!de!souches!géographiques!de!F.!hepatica!et!de!G.!cubensis!et!

P.!columella!de!différentes! localités.!L’objectif!est!de!mieux!comprendre! les!effets!de!

ces!combinaisons!et!leurs!conséquences!sur!la!transmission!de!la!fasciolose!à!Cuba.!

3.2.1!Matériels!et!Méthodes!

3.2.1.1!Echantillonnage!des!populations!de!limnées!et!des!souches!de!parasites!

Les!échantillons!biologiques!tant!de!limnées!que!de!souches!de!F.!hepatica!ont!été!

prélevés!dans!différentes!localités!à!Cuba!(figure!3.2)!et!apportés!vivants!au!Laboratoire!

de!Malacologie!à!l’Institut!de!Médecine!Tropicale!à!la!Havane,!Cuba.!Dix!populations!de!

G.!cubensis!et!neuf!de!P.!columella!ont!été!échantillonnées!dans!différents!habitats!en!

2011!et!2012,!à!l’aide!de!passoires!et!de!pinces.!

Article!9!:!Journal!of!Helminthology!(2014)!8:!434"440!

Fasciola hepatica!-+!.%/#9!,05(#$-/-'-$4!02!6-22)&)+$!-10'#$)1!7-$3!$70!

-+$)&5)6-#$)! 1+#-'! 301$1:! Galba cubensis! #+6! Pseudosuccinea 

columella!

!"!"#$%&'()&*#+"#,%-./)&*#+"34"#456-76)8*#!"#=/>85-*#,"#9(878)&3:5(;;<;!
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Figure!3.2.!Distribution!géographique!des!sites!d’échantillonnage!des!limnées!et!des!souches!de!

Fasciola!hepatica.!Riz!=!rizière!;!M!=!mare!;!S!=!source!;!R!=!ruisseau!;!CI!=!canal!d’irrigation!;!TI!=!

terrain!inondé!;!F!=!fleuve.!

Cinquante!individus!ont!été!échantillonnés!par!localité.!Les!mollusques!de!chaque!

localité! ont! été! élevés! au! laboratoire! à! une! température! de! 26! à! 28°C! jusqu'à! la!

génération! suivante.!Tous! les!mollusques!ont!été!nourris! avec!des! algues! selon!une!

méthode!de!routine!(Sánchez!et!al.!1995)!en!boîtes!de!Petri!à!raison!de!dix!individus!par!

boîte.!Trois!des!neuf!populations!de!P.!columella!sont!des!populations!résistantes!à!F.!

hepatica! (La! Coca,! La! Playita! et! Babiney)! selon! les! marqueurs! phénotypiques! de!

résistance! (pattern! de! points! de! pigmentation! du! manteau! différent)! décrits! par!

Gutiérrez!et!al.!(2003).!

Six!souches!de!F.!hepatica!ont!été!échantillonnées!dans!des!abattoirs!de!différentes!

localités!à!Cuba!(Arroz,!Bahía!Honda,!La!Palma,!Artemisa,!Santa!Cruz!et!Sagua!;!figure!

3.2).!Les!adultes!de!F.!hepatica!ont!été!récupérés!vivants!à!partir!des!foies!de!bovins!

infectés!et!placés!dans!une!solution!de!glucose!(9%)!et!chlorure!de!sodium!(0,85%),!pour!

l’obtention!des!œufs.!Trois!heures!après,!les!œufs!ont!été!transférés!dans!une!solution!

saline!(0,85%)!et!placés!à!l’obscurité!à!4°C.!Les!adultes!ont!été!ensuite!fixés!dans!l’alcool!

(95%)!pour!des!études!ultérieures.!

3.2.1.2!Infections!expérimentales!

Les!œufs!de!F.!hepatica!ont!été!placés!dans!de!l’eau!déchlorée!à!28°C!et!à!l’obscurité!

pour!la!maturation!des!miracidia.!Après!14!jours,!les!œufs!ont!été!exposés!à!la!lumière!

blanche!afin!de!stimuler!leur!éclosion.!Pour!chaque!localité,!trente!limnées!âgées!d’une!

semaine!ont!été!tirées!au!sort!et!placées!dans!des!puits!contenant!de!l’eau!sans!chlore!

(une!limnée!par!puits).!Cinq!miracidia!ont!été!placés!dans!chaque!puits!contenant!une!

limnée.!De!l’eau!a!été!ajoutée!pour!remplir!complètement!les!puits!qui!ont!ensuite!été!
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recouverts!d’une!lame!en!verre!afin!d’éviter!la!sortie!de!l’eau!des!limnées.!Après!trois!

heures!d’exposition! aux!miracidia,! les! limnées!ont! été! transférées!dans! leurs!boîtes!

d’élevage.!L’infection!de!tous! les!mollusques!exposés!a!été!vérifiée!par!dissection!25!

jours! après.!Quinze! limnées! de! chaque! espèce! et! de! chaque! localité! n'ont! pas! été!

exposées!aux!miracidia!et!font!donc!office!de!témoins.!L’infection!des!mollusques!morts!

au!cours!de!l’étude!a!systématiquement!été!vérifiée.!

Pour!mesurer! l’intensité!parasitaire!dans!chaque! limnée,!tous! les!mollusques!ont!

été! écrasés! au! 25ème! jour! post"exposition! et! soigneusement! disséqués! selon! la!

méthodologie!décrite!par!Caron!et!al.!(2008).!Toutes! les!rédies!de!chaque! limnée!ont!

été!comptées.!Les!résultats!ont!été!analysés!pour!tester! les!paramètres!suivants!:!(1)!

susceptibilité!des!limnées!à!l’infection!par!F.!hepatica!;!(2)!différences!de!susceptibilité!

entre!les!populations!de!limnées!;!et!(3)!compatibilité!entre!les!souches!de!douves!et!les!

populations!des!limnées!en!termes!d’intensité!parasitaire!(Rondelaud!et!al.!2004).!Nous!

avons! ainsi! évalué! la! prévalence! parasitaire! (pourcentage! de! mollusques! infestés)!

l’intensité! parasitaire! (nombre! de! rédies! par! mollusque! infesté)! et! la! survie! des!

mollusques!infestés.!

3.2.1.3!Analyse!des!données!

Les! comparaisons!entre!groupes!ont!été!analysées!par!des!analyses!de! variance!

simples!et!factorielles!(ANOVA,!populations!de! limnées!et!souches!de!douves!comme!

facteurs),!et!entre!espèces!par!le!test!non"paramétrique!U!Mann"Whitney.!La!preuve!de!

Tukey! a! été! utilisée! pour! déterminer! les! différences! entre! moyennes.! Toutes! les!

différences!ont!été!considérées!comme!statistiquement!significatives!pour!une!valeur!

de!P!<!0,05.!

!

3.2.2!Résultats!

Les!essais!d’infections!expérimentales!avec!les!deux!espèces!de!limnées!ont!montré!

des!niveaux!de!susceptibilité!différents!vis"à"vis!de!F.!hepatica!(figure!3.3,!tableau!3.3).!

Galba! cubensis! est! globalement!plus! susceptible! à! l’infection! (52! à! 93%,!prévalence!

moyenne!69%)!que!P.!columella!(17!à!56%,!prévalence!moyenne!49%).!Ainsi,!chez!G.!

cubensis! il!y!a!plus!d’individus! infectés!et!beaucoup!plus!de!rédies!par! limnée!(figure!

3.3).!Le!nombre!moyen!de!rédies!chez!G.!cubensis!est!de!22,43!(±!11,82!SD)!tandis!que!
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chez!P.!columella!la!moyenne!est!de!15,35!(±!8,35!SD).!Une!valeur!maximum!de!55!rédies!

par!mollusque!a!été!observée!chez!chacune!des!deux!espèces,!bien!que!ces!intensités!

parasitaires!soient!rares.!

!

Figure!3.3.!Proportion!de!limnées!infectées!(A)!et!production!de!rédies!(B)!chez!G.!cubensis!et!P.!

columella!;!les!populations!résistantes!de!P.!columella!ne!sont!pas!incluses.!

Les!trois!populations!de!P.!columella!avec!des!marqueurs!phénotypiques!typiques!

de!résistance!(Gutiérrez!et!al.!2003)!n’ont!montré!aucune!infection,!quelle!que!soit!la!

souche!de!douve!à!laquelle!elles!ont!été!exposées.!

Que! ce! soit! chez!G.! cubensis! ou! chez! P.! columella,! une! grande! variabilité! a! été!

observée!parmi!les!populations,!les!taux!d'infection!moyens!variant!de!19!à!97%!et!de!

21!à!92%!respectivement!(tableau!3.3).!

! !
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Tableau!3.3.!Taux!d’infection!(%)!de!Galba!cubensis!et!Pseudosuccinea!columella!de!différentes!

localités!exposées!expérimentalement!à!des!souches!différentes!de!Fasciola!hepatica!de!Cuba!

(données!25ème!jour!post"exposition,!N=30!pour!chaque!population).!Trois!populations!de!P.!

columella!résistantes!provenant!de!Babiney,!La!Playita!et!La!Coca!se!sont!avérées!résistantes!

aux!six!souches!de!F.!hepatica!testées!(données!non!montrées).!

! Souches!de!F.!hepatica!

! La!

Palma!

Bahía!

Honda!
Arroz! Artemisa!

Santa!

Cruz!
Sagua! Moyenne!%!

G.!cubensis! ! ! ! ! ! ! !

Vega!Amado! "! "! "! "! 70! 23! 47!

Vaquería!125! "! "! 100! 73! "! "! 87!

Vaquería!131! "! "! 100! "! "! "! 100!

La!Coca! "! "! 97! 87! 63! "! 82!

Vaquería!7! "! "! 100! 83! 83! 20! 72!

Canasí! "! "! 90! "! "! "! 90!

Guanayara! "! "! 100! "! "! "! 100!

Arroyo!Dolores! 53! 33! 100! 83! 90! 0! 60!

Juraguá! "! "! 83! 100! "! 33! 72!

Turey!Baracoa! "! "! 100! "! "! "! 100!

Moyenne!%! 53! 33! 97! 85! 77! 19! !

P.!columella! ! ! ! ! ! ! !

Los!Modesto! "! "! 80! "! "! "! 80!

El!Azufre! "! "! 100! "! "! "! 100!

Vaquería!125! "! "! 97! 77! 20! 10! 51!

Los!Negrines! "! "! "! 97! 57! 43! 66!

Vaquería!7! 43! 40! "! "! 30! 10! 27!

Moyenne!%! 43! 40! 92! 87! 36! 21! !

Les!G.!cubensis!provenant!de!Vega!Amado,!Arroyo!Dolores,!Vaquería!7!et!Vaquería!

125!produisent!deux!fois!plus!de!rédies!(moyenne!28!±!8.5!SD)!que!!celles!de!La!Coca!et!

Juraguá!(moyenne!14!±!6,5!SD),!quelle!que!soit!la!souche!de!douve!utilisée!(figure!3.4).!

En! revanche,! il!est! intéressant!de!noter!qu’il!n’y!a!pas!de! corrélations!entre! le! taux!

d’infection!et! le!nombre!de! rédies!par!mollusque!chez!aucune!des!deux!espèces! (G.!

cubensis!:!r!=!"0,118!;!P!=!0,542!;!P.!columella!:!r!=!0,144!;!P!=!0,569).!
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Figure! 3.4.! Production! de! rédies! chez! G.! cubensis! et! P.! columella! infectées! de! différentes!

localités! avec! cinq!miracidia!de! F.!hepatica.!Des! lettres!différentes! signifient! les!différences!

significatives!!entre!les!moyennes.!

Les!souches!de!F.!hepatica!Arroz!et!Artemisa!montrent!la!plus!forte!infectivité!pour!

n’importe!quelle!espèce!ou!population!de!limnée!(97!et!85%!pour!G.!cubensis,!et!92!et!

87%! pour! P.! columella! respectivement).! En! revanche! la! souche! de! Sagua! présenté!

toujours!un! taux!d’infection! très! faible! (19!et!21%)! (Tableau!3.3).! Les! souches!de! F.!

hepatica! montrent! également! une! production! variable! du! nombre! de! rédies! par!

mollusque,! indépendamment!de! la!combinaison!espèce!de! limnée/population!utilisée!

(figure!3.5).!Les!souches!de!Santa!Cruz!et!Bahía!Honda!sont!les!plus!productives!tandis!

que!celle!d’Artemisa!est!la!moins!productive.!
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Figure!3.5.!Production!de!rédies!de!chaque!souche!de!F.!hepatica!chez!les!espèces!de!limnées!

G.!cubensis!et!P.!columella.!Barres!verticales!=!déviation!standard.!

Le!nombre!de!mollusques!vivants!au!25ème! jour!post"infection!varie! légèrement!

entre!espèces!de!limnée!et!en!fonction!des!souches!de!parasite!(figure!3.6).!!Dans!tous!

les!cas,!la!survie!est!plus!élevée!chez!G.!cubensis!que!chez!P.!columella,!quelle!que!soit!

la!souche!de!douve.!Les!souches!de!F.!hepatica! les!moins!virulentes!pour!G.!cubensis!

sont!celles!d'Arroz!et!d’Artemisa,!suivies!par!celle!de!Santa!Cruz.!Que!ce!soit!pour!G.!

cubensis!ou!P.!columella,!la!souche!de!Sagua!apparaît!comme!la!plus!virulente.!!

!

Figure!3.6.!Proportion!de!limnées!survivantes!chez!G.!cubensis!et!P.!columella,!au!jour!25!post"

infection!avec!chaque!souche!de!F.!hepatica.!
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3.2.3!Discussion!

Jusqu’à!présent! les!différences!de!compatibilité!entre!G.!cubensis!et!P.!columella!

n’avaient!jamais!été!étudiées!par!des!expériences!au!laboratoire!en!utilisant!différentes!

souches!de!F.!hepatica.!Les!résultats!qui!montrent!des!différences!d’infectivité!et!de!

production! larvaire! parmi! les! souches! de! F.! hepatica! pourraient! expliquer! pourquoi!

certaines!régions!de!Cuba!sont!plus!sujettes!aux!épidémies!de!fasciolose!(par!exemples!

les!isolats!de!Bahía!Honda!et!La!Palma!à!Pinar!del!Río).!Malheureusement,!il!n’a!pas!été!

possible! de! tester! d’autres! souches! de! F.! hepatica! provenant! de! la! région! la! plus!

orientale!de!Cuba.!

Les!différences! trouvées!entre! les!deux!espèces!de! limnées! concernent! les! taux!

d’infection,!la!production!de!rédies!et!la!survie!des!individus!infectés.!Elles!montrent!que!

G.! cubensis! est! l’hôte! le! plus! compatible! pour! F.! hepatica! à! Cuba.! Perera! (1996)! et!

Vázquez! et! al.! (2009)! avaient! envisagé! ce! résultat! en! se! basant! sur! la! présence!

dominante!de!G.!cubensis!dans!les!sites!de!transmission!de!fasciolose!et!sur!les!patterns!

de!distribution!des!deux!espèces!de!limnées.!Contrairement!à!des!études!réalisées!en!

Amérique!du!Nord!qui!ont!montré!que!P.!columella!est!plus!susceptible!que!G.!cubensis!

à!l’infection!par!F.!hepatica!(Cruz"Reyes!et!Malek,!1987)!nos!résultats!suggèrent!que!P.!

columella!serait!moins!compatible.!Ceci!dit,! la!plupart!des!populations!montrent!des!

taux!d'infection!et!une!production! larvaire! importants!et!P.!columella!peut!donc!être!

considérée!comme!un!hôte!non!négligeable!de!la!fasciolose.!Font!exception!quelques!

populations! dont! notre! étude! confirme! qu'elles! sont! résistantes! à! la! fasciolose.! Ces!

populations! résistantes! se! trouvent! dans! des! zones! où! G.! cubensis! est! également!

présente!(Gutiérrez!et!al.!2005!;!Vázquez!et!al.!2009)!et!permet!de!maintenir!le!cycle!de!

la! douve! du! foie! à! des! niveaux! de! forte! endémie! (Rojas! et! al.! 2010).! La! présence!

permanente! et! de! forts! taux! de! F.! hepatica! dans! ces! zones! fait! qu'une! pression! de!

sélection!permanente!et! intense!s'exerce!sur! les!mollusques.!Cela!pourrait!permettre!

d'expliquer! le!maintien!de!génotypes! résistants!de!P.! columella!malgré!un! coût!à! la!

résistance.!

Toutefois,!à!côté!des!populations!de!P.!columella!résistantes,!quelques!autres!(e.g.!

El!Azufre,!souche!sensible)!ont!montré!une!susceptibilité!très!forte!au!parasite!mais!une!
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très!faible!survie!post"infection!quand!on!teste!une!souche!de!douve!particulière!(e.g.!

Arroz).!On!pourrait!voir!là!un!signe!de!maladaptation!(Meunier,!2002).!

Les! résultats! obtenus! à! Cuba! suggèrent! que! quelques! populations! de! limnées!

confrontées! à! des! souches! allopatriques! de! F.! hepatica! peuvent! parfaitement!

transmettre!le!parasite.!Certaines!souches!ou!espèces!se!sont!révélées!plus!compatibles!

avec! des! souches! de! douve! distantes,! indiquant! qu’une!mauvaise! gestion! du! bétail!

infecté! ainsi! que! l’introduction! de! limnées! très! compatibles,! peuvent! provoquer! de!

nouvelles!épidémies!de!fasciolose!dans!certaines!localités.!Des!résultats!similaires!ont!

été!observés!au!Brésil!(Coehlo!et!al.!2009),!en!France!(Gasnier!et!al.!2000)!et!en!Egypte!

(Dar! et! al.! 2013)! avec! des! combinaisons! allopatriques.! En! revanche,! beaucoup! de!

variabilité!a!été!observée!dans!ce!type!d’interaction,!suggérant!que!la!relation!entre!les!

mollusques!et!les!parasites!dépend!de!multiples!variables!(e.g.!écologie!du!mollusque,!

diversité!génétique!des!mollusques!et!parasites,!gestion!des!hôtes!définitifs,!etc.).!Ainsi!

des!combinaisons!sympatriques!de!mollusques!et!de!parasites!ont!été!trouvées!parfois!

plus!efficaces!(Osnas!et!Lively,!2011),!parfois!moins!(Goumghar!et!al.!2001).!Plusieurs!

travaux! se! sont! penchés! sur! l'adaptation! locale! dans! ce! type! d’interaction! (voir! par!

exemple!pour!revue!Hurtrez"Boussès!et!al.!2001).!Le!résultat!de!ces!relations!concernant!

l’infection!par!le!parasite!est!probablement!fortement!lié!à!:!(1)!la!durée!de!l’interaction!

(les! anciennes! combinaisons!pourraient! être!mieux! co"adaptées)!;! (2)! la! capacité!de!

dispersion!des!hôtes!et!des!parasites!(voir!Gandon!et!al.!(1996)!;!Gandon!et!Michalakis,!

(2002)!:! on! s’attend! à! une! adaptation! locale! quand! la! dispersion! du! parasite! est!

supérieure! à! celle! de! l’hôte,! ce! qui! est! le! plus! probable! dans! le! cas! du! système!

douve/limnée)!;! (3)! l’écologie! des! hôtes! intermédiaires! et! définitifs!(des! nécessités!

écologiques! similaires! augmentent! la! probabilité! de! rencontre);! et! (4)! la! diversité!

génétique!(des!compatibilités!de!génotypes!mollusques!et!parasites!peuvent!augmenter!

l’infection!et!la!reproduction!du!parasite).!

Le!scénario!de!transmission!de!la!fasciolose!est!fortement!dépendant!de!l’existence!

d’une!richesse!spécifique!des!limnées!car!de!nombreuses!espèces!!peuvent!jouer!le!rôle!

d’hôte!intermédiaire!de!F.!hepatica!dans!le!monde!(Correa!et!al.!2011).!Heureusement,!

ce! scénario! à!Cuba! est! considérablement! plus! facile! à! décrire! avec! seulement! deux!

espèces! de! limnées! impliquées! dans! la! transmission! du! parasite! d’autant! que! ces!
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espèces!ont!des! caractéristiques!écologiques!différentes.!Tandis!que!G.! cubensis!est!

largement!répandue!dans!toute!l’île!de!Cuba!avec!des!populations!présentes!dans!des!

habitats!naturels!ou!anthropisés!et!parfois!pollués,!P.!columella!n’a!jamais!été!trouvée!

dans!la!partie!orientale!de!île!et!paraît!préférer!les!habitats!moins!anthropisés!(Vázquez!

et!al.!2009).!Au!cours!de!cette!étude,!nous!avons!montré!que!ces!deux!espèces!sont!

également!différentes!en!ce!qui!concerne!leur!susceptibilité!au!parasite!et!leur!capacité!

de!transmission!en!étroite!relation!avec!la!souche!de!F.!hepatica!utilisée.!



!
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Conclusions!et!Perspectives!

Considérations!générales!sur!la!transmission!de!Fasciola!hepatica!et!le!contrôle!de!

la!fasciolose!:!applicabilité!des!résultats!obtenus!

Des!risques!à!surveiller!

Les! aires! de! répartition! des! espèces! sont! fortement! conditionnées! par! les!

caractéristiques!climatiques.!Les!hôtes!et!les!parasites!n'échappant!pas!à!cette!règle,!la!

distribution!des!maladies!est!dépendante!du!climat!et!impactée!par!les!modifications!de!

celui"ci!(Pavloski,!1966,!Emmanuel!et!al.!2011).!Plus!largement,!l'épidémiologie!de!bon!

nombre!de!maladies! infectieuses!est!modifiée!par! les!bouleversements!des! facteurs!

environnementaux!(Shuman,!2010).!Sans!tenir!compte!de!ces!changements,!les!risques!

épidémiologiques!ne!peuvent!pas!être!correctement!évalués,!comme!le!montrent!des!

exemples!de!maladies!dont!l'épidémiologie!est!connue!(dengue,!maladies!diarrhéiques!

et! respiratoires! aigües)! mais! pour! lesquelles! des! prévisions! ont! échoué! faute! de!

connaissances! précises! sur! les! dynamiques! spatio"temporelles! (Shuman,! 2010).! La!

fasciolose!est!un!exemple!de!cette!problématique!et!Cuba,!ainsi!que!d'autres!régions!

dans!le!monde,!sont!susceptibles!de!voir!un!changement!dans!la!dynamique!du!système!

hôte!–!parasite!suite!aux!changements!d'origine!anthropique.!

Une!des!raisons!majeures!de!la!très!large!distribution!de!la!fasciolose!dans!le!monde!

est!probablement!la!capacité!du!parasite!F.!hepatica!à!infecter!une!vaste!gamme!d'hôtes!

tant! intermédiaires! que! définitifs! (Hurtrez"Boussès! et! al.! 2001!;! Correa! et! al.! 2010!;!

WHO,!2013).!On!peut!donc!considérer!que!dès!qu'une!espèce!de!mollusque!compatible!

est!présente,!la!grande!douve!peut!s'installer!dans!un!nouvel!endroit.!Les!conditions!de!

température! et! d'humidité,! couplées! aux! changements! de! régimes! pluviométriques,!

peuvent!permettre!la!colonisation!de!nouvelles!aires!par!les!limnées.!Cette!expansion!

est!probablement!favorisée!par!un!certain!nombre!d'activités!humaines!(transport!de!

réserves! d'eau,! commerce! de! plantes! aquatiques,! etc.),! qui! augmentent! les! risques!

d'introduction!de!mollusques!Lymnaeidae!dans!différents!endroits.!C'est!d'ailleurs!ce!

qu'on!observe!avec!la!colonisation!très!récente!de!G.!truncatula!sur!l'Altiplano!bolivien,!

ou!l'invasion!de!P.!columella!ou!G.!schirazensis!dans!plusieurs!régions!du!monde!(Correa,!

2010!;!Lounnas!et!al.!soumis!:!article!No.!7).!Sous!réserve!de!températures!assez!élevées,!
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G.!cubensis!n'échappe!pas!à!la!règle!:!une!étude!récente!menée!par!Alda!et!al.!(en!prép)!

montre!que!cette!espèce!s'est!subitement!étendue!en!Amérique!Latine,!notamment!en!

Equateur! où! les! auteurs! la! décrivent! dans! dix! localités! où! elle! était! absente! il! y! a!

quelques!décennies.!La!situation!est!d'autant!plus!préoccupante!que!G.!cubensis!semble!

faire!preuve!d'une!forte!plasticité!écologique!et!a!une!capacité!marquée!à!occuper!une!

large!gamme!d'habitats,!même!très!instables!ou!très!pollués.! !

Si! à! cette! équation! on! additionne! les! effets! de! l’activité! humaine! (notamment!

gestion!des!troupeaux,!extension!des!zones!irriguées,!etc.)!qui!facilitent!la!convergence!

des! autres! variables! nécessaires! pour! initier! ou! maintenir! la! fasciolose,! une!

recrudescence!de!cette!maladie!est!prévisible.!

Cuba!devrait!donc!non"seulement!être!considérée!comme! zone!à! risque!car! l'île!

possède!deux!espèces!de!Lymnaeidae!clairement!compatibles!et!dont! les!populations!

sont! capables! de! colonisation! rapide,!mais! aussi! parce! qu'on! n'est! pas! à! l'abri! de!

l'installation!d'une!nouvelle!espèce!hôte!(par!exemple!G.!schirazensis).!La!présence!de!

plusieurs!autres!espèces!de!mollusques!d'eau!douce!(voir!chapitre!2)!peut!être!un!frein!

à!une!nouvelle!colonisation!dans!ce!système! insulaire.!Toutefois,!Cuba!présente!une!

haute! diversité! d’écosystèmes! et! il! n'est! pas! exclu! que! cette! gamme! de! niches!

écologiques!puisse!permettre!l'installation!d'une!nouvelle!espèce,!qui!pourrait!encore!

augmenter!les!risques!de!transmission!dans!des!zones!jusqu'ici!épargnées.!

Ici,!dans!cette!étude,!on!a!essayé!d'utiliser!une!approche!intégrative!en!abordant!le!

plus! complètement! possible! les! différents! aspects! qui! affectent! le! système! hôte! –!

parasite! exploré.! Cette! approche,! en! milieu! insulaire,! nous! a! permis! d’aborder!

relativement!simplement! les!questions!scientifiques!posées!:!(1)!diversité!de! la!douve!

du! foie! (tant! du! point! de! vue! génétique! que! des! capacités! d'infection! des! hôtes!

définitifs),! (2)! écologie! et! biologie! des! limnées! hôtes! intermédiaires! (distribution,!

adaptation! aux! différents! écosystèmes! et! structure! génétique),! (3)! différences! de!

compatibilité!douves!–!limnées.!Ces!résultats,!en!plus!de!contribuer!aux!connaissances!

des! systèmes!hôtes!–!parasites!et!à! la! compréhension!des! risques!d'émergences!ou!

réémergences,!peuvent!être!utilisés!en!vue!d'un!meilleur!contrôle!de!la!maladie.!

! !
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Quelles!possibilités!de!contrôles!?!

Le!contrôle!de!F.!hepatica!peut!être!effectué!sur!n’importe!lequel!des!éléments!qui!

interviennent! dans! le! cycle! de! vie! du! parasite.! La! figure! 6! donne! un! aperçu! des!

opportunités!de!contrôler!la!fasciolose!chez!les!humains!ou!les!animaux!domestiques,!

ainsi!que!les!possibles!contraintes!ou!avantages!examinés!à!la!suite!de!nos!résultats.!

!

Figure!6.!Diagramme!qui!relie!les!opportunités!de!contrôle!à!chaque!étape!du!cycle!biologique!

de!Fasciola!hepatica.!Dans!les!cadres!intérieurs!:!avantages!ou!contraintes!possibles!d’après!les!

résultats!obtenus!dans!cette!étude.!

Chez!le!bétail!ou!les!humains,!des!traitements!anti"parasitaires!peuvent!être!utilisés!

pour! lutter!contre! les!douves!adultes.!Le!médicament!de!choix!est! le!Triclabendazole!

(Fried!et!Abruzzi,!2010),!réputé!efficace.!Toutefois,!ces!traitements!sont!lourds,!coûteux!

et!plusieurs!cas!de!résistances!ont!été!décrits!dans!le!monde!(McConville!et!al.!2006).!A!

l'issue! de! notre! étude,! on! peut! s'inquiéter! en! observant! qu'un! troupeau! traité! au!

Triclabendazole! présente! des! prévalences! similaires! à! celles! des! lots! non"traités!!!

L'évolution! de! la! résistance! est! bien! documentée! pour! de! nombreux! exemples!

d'applications!de!traitements!contre!des!maladies!ou!d'insecticides!contre!des!vecteurs.!

Des!travaux!emblématiques!sont!notamment!ceux!sur!la!résistance!des!moustiques!aux!

insecticides!(Raymond!et!al.!1991,!2001)!:!des!variants!résistants,!apparus!naturellement!

dans! les!populations,! sont! sélectionnés!par! l'application! intense!d'insecticides! (alors!

qu'ils! sont! contre"sélectionnés! dans! les! zones! non! traitées,! à! cause! d'un! coût! à! la!
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résistance).!De!plus,!ces!variants!se!propagent!rapidement!dans!différentes!régions!du!

monde! par! migration,! le! plus! souvent! liée! aux! activités! humaines! (transport! des!

moustiques!adultes!dans! les!avions!ou!des! larves!avec!des!produits!exportés!pouvant!

stocker! de! l'eau! "pneus,! pots! de! plantes,! etc.").! Les! mêmes! mécanismes! peuvent!

s'appliquer! aux! risques!de! résistance! chez! la!douve.!On! a! en!effet!observé! chez! les!

douves!une!diversité!génétique!élevée!à!l'intérieur!des!isolats,!en!grande!partie!liée!au!

régime!allofécondant!de!ces!parasites.!Cela!suggère!que!la!probabilité!d'apparition!de!

variants! résistants! est! sans! doute! élevée! et! que! ceux"ci! pourraient! être! facilement!

sélectionnés!par!l'utilisation!massive!de!traitements.!De!plus,!les!souches!analysées!ne!

présentent!pas!d’importantes!différenciations!génétiques!entre!elles,!ce!qui!signifie!qu'il!

y! a! du! mélange! entre! les! différents! génotypes.! La! circulation! du! bétail! entre! les!

différentes!régions!est!probablement!à!l'origine!de!ce!brassage.!Il!se!pourrait!aussi!que!

des!hôtes!définitifs! sauvages! (par!exemple! les! sangliers!ou! les! rongeurs)!assurent! la!

dispersion!des!douves! sur!des!distances! importantes.!Pour!aller!plus! loin,! il! faudrait!

pouvoir!analyser!la!diversité!génétique!des!douves!en!ayant!une!meilleure!connaissance!

de! l'histoire! individuelle!du!bétail!hôte!définitif!:!quel!est!son!âge!(on! s'attend!à!une!

accumulation!de!parasites!au!cours!de!la!vie!et!à!une!augmentation!de!la!diversité!si!les!

souches!contaminantes!sont!variées)!?!Où!a"t"il!pâturé!(plus!l'animal!a!circulé,!plus!les!

sources! de! contamination! devraient! être! variées! et! donc! la! diversité! devrait!

augmenter)!?!Quels!traitements!a"t"il!reçus!et!quand!(on!s'attendrait!à!de!forts!goulots!

d'étranglement!et!donc!une!réduction!de! la!diversité!juste!après! le!traitement,!puis!à!

une! nouvelle! augmentation! de! diversité! avec! des! nouvelles! contaminations)!?!

Evidemment,!toutes!ces!données!sont!compliquées!à!obtenir!car!il!est!difficile!d'accéder!

aux! informations!dans! les!abattoirs!à!Cuba.!Une!autre!approche!pourrait!consister!à!

comparer! la! diversité! génétique! des! douves! chez! des! hôtes! domestiques!

(potentiellement!traités)!et!sauvages!(a!priori!non"traités).!

Au!niveau!des!miracidia,!l’attraction!des!larves!de!digènes!par!des!mollusques!non!

vecteurs!a!été!discutée!par! Johnson!et!Thieltges! (2010)!et!particulièrement!explorée!

chez! le!parasite!Schistosoma!mansoni!et! l’ampullaire!Marisa!cornuarietis! (Combes!et!

Moné,!1987).!Cependant,!ces!études!utilisent!généralement!des!espèces!de!mollusques!

appartenant!à!des!familles!ou!des!ordres!différents!de!ceux!de!l’hôte!typique.!Même!s'il!
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a!été!montré!ailleurs!dans!le!monde!que!F.!hepatica!peut!infester!des!mollusques!autres!

que!des!Lymnaeidae!(notamment!Planorbidae!;!Hamed!et!al.!2009),!on!ne!sait!rien!de!

cette!possibilité!à!Cuba.!

En!revanche,!à!l'échelle!intra"spécifique,!on!a!trouvé!à!Cuba!différentes!populations!

de!P.!columella!(hôte!normal!de!F.!hepatica)!résistantes!à! l’infection.!On!a!essayé!de!

caractériser!tant!écologiquement!que!génétiquement!ces!populations,!dont!on!aurait!

pu! imaginer! qu'elles! pourraient! servir! comme! agents! de! contrôle! biologique! des!

populations!sensibles.!Ces!populations!sont!génétiquement!un!peu!plus!diversifiées!que!

les!autres!;!elles!pourraient!donc!avoir!un!potentiel!adaptatif!plus! important,!qui! leur!

permettrait!de!s'adapter!à!une! large!gamme!d'habitats.!Au!contraire,!on!a!trouvé!ces!

populations!limitées!à!des!endroits!très!particuliers!du!point!de!vue!physico"chimique,!

ce!qui!semble!laisser!peu!de!chances!qu'elles!puissent!coloniser!les!zones!de!populations!

sensibles.!

! En!ce!qui!concerne!les!larves!qui!se!développent!chez!les!mollusques,!on!a!observé!

des! variations! de! taux! d’infection! et! de! production! de! rédies! selon! les! souches! du!

parasite!et! la!population!de! limnée.!Dans! tous! les! cas,! la! comparaison!des!données!

expérimentales,!des!prévalences!sur!le!terrain!et!des!taux!d'infection!des!hôtes!définitifs!

montre!qu'il! suffit!que!quelques!mollusques!compatibles! soient! infectés!pour!que! la!

douve!soit!très!présente!chez!les!hôtes!définitifs.!Des!combinaisons!mollusque/douve!

qui!permettent!une!plus!grande!production!de!cercaires!peuvent!encore!augmenter!les!

risques!de!transmission!et!rendre!encore!plus!difficile!un!contrôle!efficace!et!durable.!

Pour!mieux!comprendre!ces!variations!de!compatibilité!il!faudrait!intensifier!les!travaux!

expérimentaux!pour!(1)!caractériser!les!traits!d'histoire!de!vie!des!hôtes!et!des!parasites!

dans!des!combinaisons!allopatriques!et!sympatriques!(comme!fait!Meunier,!2002!sur!le!

système!G.!truncatula"F.!hepatica).!Nous!avons!commencé!à!aborder!des!traits!de!vie!

du!parasite!(infectivité,!virulence,!production!de!rédies)!;!il!faudrait!en!ajouter!d'autres!

(durée! pré"patente,! taux! d'émission! cercarienne,! production! de! métacercaires,!

proportion!de!métacercaires!flottantes).!Il!serait! intéressant!en!parallèle!de!suivre! les!

traits! d'histoire! de! vie! des! limnées! infectées! et! témoins!:! survie! post"infestation,!

fécondité!précoce!et!tardive,!survie!et! fécondité!après!«!guérison!».!Cela!permettrait!

d'avoir!une!image!plus!complète!de!l'interaction!et!de!mieux!évaluer!la!production!de!
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descendants!de!la!douve!en!fonction!des!combinaisons!avec!les!souches!de!mollusques!

(par!exemple!un!parasite!qui!a!une!forte!infectivité!mais!tue!beaucoup!de!mollusques!

produira! finalement!peut"être!moins!de!descendants!qu'un!parasite!qui! se! retrouve!

avec!des!prévalences!plus! faibles!mais!qui!affecte!peu! la!survie!des!mollusques).!Ces!

expériences!pourraient!aussi!être!faites!dans!différentes!conditions!de!nutrition!ou!de!

qualité! de! l'eau,! pour! voir! en! quoi! les! paramètres! du!milieu! peuvent!modifier! les!

résultats!de!l'interaction.!(2)!En!complément,!il!sera!intéressant!d'aborder!l'interaction!

du!point!de!vue! immunologique!et!d'explorer! les!mécanismes!moléculaires! impliqués!

dans!les!processus!de!résistance!et!de!susceptibilité!des!hôtes!aux!parasites.!

Le!contrôle!pourrait!aussi!passer!par!le!fait!de!réduire!les!contacts!entre!les!hôtes!

définitifs!et! les!hôtes! intermédiaires,!pour!que! le!cycle!du!parasite!ne!fonctionne!pas!

correctement.!Ici,!on!butte!sur!deux!problèmes!essentiels.!(1)!En!tenant!compte!de!la!

forte! amphibiose! de! G.! cubensis! et! de! la! forte! possibilité! pour! P.! columella! de! se!

maintenir! dans! des! milieux! très! aquatiques,! les! mollusques! hôtes! peuvent!

potentiellement!occuper!tous!les!types!de!milieux!d'eaux!douces,!des!plus!stables!aux!

plus!temporaires.!(2)!On!retrouve!la!même!tendance!pour!les!vaches!(plutôt!dans!des!

milieux!émergés)!et! les!buffles!(qui!sont!présents!dans!des!zones!toujours!en!eau).!A!

moins!de!changer!franchement!la!façon!de!gérer!les!troupeaux,!par!exemple!en!ne!les!

laissant!plus!pâturer!librement!et!en!évitant!de!les!utiliser!pour!les!travaux!agricoles,!on!

voit!mal!comment!éviter!les!contacts!hôtes!définitifs!–!hôtes!intermédiaires.!

Différentes!stratégies!de!contrôle!ont!été!décrites!chez!les!mollusques!:!(1)!contrôle!

biologique! (utilisation!des!mollusques!compétiteurs!qui!déplacent! les!espèces!hôtes,!

introduction! de! parasites! d’hôtes! définitifs! différents! qui! éliminent! les! larves! de! F.!

hepatica!chez!les!mollusques!–par!exemple!Echinostoma!revolutum,!voir!Suhardono!et!

al.!(2006)").!On!a!vu!que!les!espèces!G.!cubensis!et!P.!columella!peuvent!se!trouver!en!

présence!d'autres!espèces!de!mollusques.!Toutefois,! les!abondances!de!P.!columella!

sont!apparues!comme!indépendantes!de!la!diversité!en!mollusques!;!on!voit!donc!mal!

quels! mollusques! compétiteurs! pourraient! les! limiter.! Notre! étude! a! en! revanche!

montré!une!relation!négative!entre!diversité!en!mollusques!(notamment!Thiaridés)!et!

abondance!en!G.!cubensis.!Un!contrôle!des!populations!de!G.!cubensis!pourrait!être!

envisagé!en!favorisant!les!peuplements!de!Thiaridés,!au!moins!dans!les!sites!stables!et!
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peu!pollués!où!ces!mollusques!peuvent!se!maintenir!correctement.!La!situation!est!plus!

compliquée! dans! les! sites! soumis! à! des! assèchements,! auxquels! les! Thiaridés! ne!

résistent!pas!(contrairement!à!G.!cubensis).!Dans!ce!cas,!il!faudrait!étudier!la!possibilité!

de!gérer!les!niveaux!d'eau!pour!les!maintenir!plus!constants!dans!les!zones!fréquentées!

par!les!hôtes!définitifs.!En!revanche,!il!semblerait!que!cette!lutte!biologique!ne!soit!pas!

une!bonne!solution!dans!les!sites!les!plus!pollués!où!les!communautés!sont!appauvries!

et!où!G.!cubensis!a!tendance!à!se!retrouver!dominante.!Dans!ce!cas,!les!stratégies!de!

lutte!biologique!contre! les!mollusques!vecteurs!devraient!d'abord!passer!par!un!bon!

contrôle!du!rejet!des!effluents!et!par!de!l'épuration!des!eaux.!(2)!Une!autre!stratégie!de!

lutte! contre! les! mollusques! décrite! dans! la! littérature! est! le! contrôle! chimique!

(utilisation!de!mollusquicides).!Ce! type!de!méthode!présente!de!nombreux!défauts,!

notamment! car! les! produits! utilisés!manquent! de! spécificité! et! leur! écotoxicité! est!

souvent!un!problème!(notamment!pour!les!vertébrés!qui!consomment!les!mollusques).!

Compte"tenu!de!notre!étude,!et!sous!réserve!des!limites!ci"dessus,!ce!type!de!traitement!

pourrait! être! envisageable! pour! les! P.! columella! qui! présentent! peu! de! diversité!

génétique.!A!condition!que!les!souches!présentes!soient!sensibles,!on!pourrait!penser!à!

un! contrôle!efficace.!En! revanche,! la!méthode! serait! sans!doute!peu!utile! contre!G.!

cubensis!;!étant!donné!sa!diversité!génétique!un!peu!plus!importante!et!les!capacités!de!

colonisation!de!ces!mollusques,!on!risquerait!de!sélectionner!et!voir!se!propager!des!

variants! résistants,! comme!évoqué!plus!haut!au! sujet!des!moustiques! résistants!aux!

insecticides.!(3)!Le!contrôle!physique!passe!par!la!transformation!des!habitats.!Comme!

dit! ci"dessus,! la! gestion! des! niveaux! d'eau,! en! tenant! compte! des! caractéristiques!

écologiques!des!vecteurs,!pourrait!être!une!piste! intéressante.!Avant!d'être!mise!en!

œuvre!elle!nécessiterait!des!études! sérieuses!combinant!biologie!des!populations!et!

hydrologie.!La!limitation!des!sites!pollués!(cf.!ci"dessus)!semble,!au"delà!des!avantages!

écologiques! et! sanitaires! qu'elle! peut! représenter,! une! stratégie! intéressante! pour!

limiter!les!populations!de!G.!cubensis!et!donc!diminuer!le!nombre!des!foyers!potentiels!

de!fasciolose.!En!tout!cas,!il!est!toujours!indispensable!d’intégrer!toutes!les!stratégies!

de!contrôle!(«!lutte!intégrée!»),!ce!qui!pourra!uniquement!arriver!au!contrôle!efficace!

dans!les!zones!de!transmission.!
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Cette!discussion! souligne! la!nécessité!de!prendre!en! considération! les!différents!

compartiments!du!système!hôte"parasite!et!d'utiliser!des!approches!multiples.!On!a!fait!

dans!ce!travail!un!pas!en!avant!en!combinant!les!descriptions!de!terrain,!la!génétique!

des!populations!et! les!expériences!d'infestations,!mais! il!faudrait!aller!plus! loin.!Cette!

façon!de!travailler!devrait!être!maintenue!en!veillant!à!appliquer!systématiquement!les!

différentes!approches!sur!chacune!des!populations!(ce!qu'on!n'a!pas!pu!forcément!faire!

ici!pour!des!contraintes!techniques).!Elle!devrait!être!étendue!pour!étudier!un!plus!grand!

nombre!de!populations,!sur!toute!la!surface!de!l'île.!En!effet,!on!n’a!pas!eu!l’opportunité!

d’explorer!la!structure!génétique!des!douves!dans!la!partie!la!plus!orientale!de!Cuba!à!

cause!de!limitations!logistiques.!Il!serait!intéressant!de!tester!si!on!retrouve!les!mêmes!

patterns!que!ceux!observés!dans!la!zone!occidentale!et!centrale.!De!plus,!les!approches!

que!nous!avons!utilisées!doivent!être!renforcées!par!d'autres!disciplines,!notamment!

l'hydrologie! sur! le! terrain! et! l'immunologie! et! les! interactions! moléculaires! en!

laboratoire.!

Pour!finir,!si!des!stratégies!de!contrôle!de!la!fasciolose!peuvent!être!envisagées!en!

tenant! compte! de! multiples! paramètres,! biologiques! et! environnementaux,! les!

problèmes! peuvent! facilement! empirer! sans! vigilance! et! en! faisant! des! erreurs! de!

gestion.!Il!semble!donc!important!que!scientifiques,!décideurs!des!stratégies!de!gestion!

du!bétail!et!des!milieux!et!responsables!administratifs!de! l'agriculture!et!de! l'élevage!

travaillent!ensemble!et!se!concertent,!en!vue!d'un!contrôle!efficace!et!durable!de! la!

fasciolose.! C'est! dans! cet! esprit! que! nous! sommes! en! train! de!mettre! en! place! des!

formations!sur!la!fasciolose,!abordant!les!résultats!obtenus,!à!destination!des!décideurs!

impliqués!dans!la!gestion!du!bétail!à!Cuba.!
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,#.0?'/&&*#==#&'%)V/*&=')%A#*'&.=#/=#=:'"/0',#'%*/0=-/%#&'.0'A.?A#*'$*#D/-#0"#')('

(/=".)-)=.='.0'-)V'.0")R#'")+0%*.#='X\E^:'8Z6HY1'LA#=#'$/*/=.%#='/*#'%*/0=R.%%#&',C'

(*#=AV/%#*'=0/.-=')('%A#'(/R.-C'<CR0/#.&/#'VA."A'$-/C'/0'.R$)*%/0%'*)-#'.0'%A#'

&.=%*.,+%.)0'/0&'&.D#*=.%C')('Fasciola'=$$1'XK)**#/ et al.:'8Z6ZY1'<CR0/#.&'=0/.-='/"%'/='

.0%#*R#&./%#'A)=%=')('%A#'$/*/=.%#'VA#*#'/=#B+/-'*#$*)&+"%.)0')('%A#'-/*D/-'=%/?#'%/T#='

$-/"#1'@#B+/-'*#$*)&+"%.)0')""+*='.0'R/RR/-=:'%A#'&#(.0.%.D#'A)=%')('Fasciola =$$1'

XE+*%*#47F)+==G= et al.:'8ZZ6Y1'

U0'K+,/:'(/=".)-)=.='.='0)%'")0=.&#*#&'/'A+?#'$+,-."'A#/-%A'$*),-#R'X/-%A)+?A'=#D#*/-'

.R$)*%/0%')+%,*#/T='A/D#')""+**#&:'=##'I)i/= et al.:'8Z6Z'()*'/'*#D.#VY',+%'.%='#((#"%'.0'

"/%%-#'.='&#D/=%/%.0?'()*'%A#'0/%.)0/-'#")0)RC1'^0-C')0#'=$#".#=:'F. hepatica:'.='T0)V0'

%)')""+*'/0&'.%'.='%*/0=R.%%#&',C'%A#'%V)'=$#".#=')('-CR0/#.&'=0/.-='$*#=#0%'.0'K+,/:'

Galba cubensis'/0&'Pseudosuccinea columella'X2345+#4 et al.:'8ZZa_'j+%.c**#4 et al.:'

8Z66Y1'k*#D.)+='#B$#*.R#0%/-'.0(#"%.)0='A/D#'=A)V0'%A/%'G. cubensis'"/0',#'")0=.&#*#&'

/='%A#'R/.0'.0%#*R#&./%#'A)=%'.0'%A#'.=-/0&'=.0"#'.%='$)$+-/%.)0='$*#=#0%'/'A.?A#*'

")R$/%.,.-.%C'%)'%A#'&.((#*#0%'$)$+-/%.)0=')('%A#'$/*/=.%#'%#=%#&'X2345+#4 et al.:'8Z6bY1'

Pseudosuccinea columella A)V#D#*'=##R='%)'/-=)'$-/C'/'*)-#'.0'%A#'%*/0=R.==.)0'=.0"#'

=#D#*/-'$)$+-/%.)0='$*)D#&'%)',#'#B$#*.R#0%/--C'")R$/%.,-#'V.%A'F. hepatica'/0&'=.0"#'

0/%+*/-'.0(#"%.)0'A/=',##0'*#$)*%#&'Xj+%.c**#4 et al.:'8Z66_'2345+#4 et al.:'8Z6bY1'

f)R#=%."'&#(.0.%.D#'A)=%=')('F. hepatica .0'K+,/'/*#'R/.0-C',)D.0#'/0&')D.0#'VA."A'/*#'

A.?A-C'=+="#$%.,-#'%)',#")R#'.0(#"%#&'.0'%A#'(.#-&1'U0'=)R#'/*#/=:'/0%.A#-R.0%A."'/*#'

*#?+-/*-C'+=#&1'LA#=#'%*#/%R#0%='/*#'#B$#"%#&'%)'"/+=#'=%*)0?',)%%-#0#"T='.0'$/*/=.%#'

$)$+-/%.)0='/0&'%)'=#-#"%'*#=.=%/0%'-.D#*'(-+T#=1'K/%%-#'.0'K+,/'A/D#'=+((#*#&'/'$*)-)0?#&'

0/%+*/-'=#-#"%.)0'=.0"#'Bos taurus'V/='(.*=%'.0%*)&+"#&',C'%A#'@$/0./*&='/%'#/*-C'

")-)0.4/%.)0'=%/?#='/0&'R/C'A/D#'=)R#'R.B%+*#'V.%A'?#0#='(*)R'Bos indicus .0%*)&+"#&'

(*)R'!(*."/'Xl(() et al.:'8Z68Y1'LA#'.0%*)&+"%.)0')('Bubalus bubalis'=##R='%)',#'



5!

!

)*.?.0/%#&'(*)R'!+=%*/-./'/0&'L*.0.&/&'/0&'L),/?)'X<#==#*'!0%.--#=Y'.0'#/*-C'6amZ='

X;.%/%:'8ZZaY1'U0(#"%.)0')('V/%#*',+((/-)=',C'K+,/0'=%*/.0=')('F. hepatica'")+-&',#'%A+='

")0=.&#*#&'*#"#0%'")R$/*#&'%)'")V=1'

LA#'.0(#"%.D#'"/$/".%C')('&.((#*#0%'=%*/.0=')('F.'hepatica'.='#B$#"%#&'%)',#'"-)=#-C'*#-/%#&'

%)'%A#.*'?#0#%."'&.D#*=.%C'VA."A'"/0'%+*0'%A#R'R)*#n-#=='")R$/%.,-#'V.%A'%A#.*'A)=%='

XfC,&/A-'`'@%)*(#*:'8ZZHY1'U%'A/=',##0'/-*#/&C'=A)V#&'%A/%'F. hepatica &.=$-/C='/0'

.R$)*%/0%'?#0#%."'&.D#*=.%C'%A/%'=+??#=%='/'$*#(#*#0%./-')+%"*)==.0?'R/%.0?'.0'.%='

&#(.0.%.D#'A)=%='XE+*%*#47F)+==G= et al.:'8ZZb_'2.-/= et al.:'8Z68_'KV.T-.0=T. et al.:'

8Z6NY1'LA#'+=#')('R."*)=/%#--.%#='/='?#0#%."'R/*T#*='%)'#B$-)*#'%A#'?#0#%."'=%*+"%+*#')('/'

?.D#0'$)$+-/%.)0'.='D#*C'")0D#0.#0%',#"/+=#')('%A#'A.?A-C'$)-CR)*$A.=R'+=+/--C'()+0&'

.0'%A#.*'/--#-#='X&#';##o= et al.:'8ZZOY1'U0'%A#'"/=#')('F. hepatica:'E+*%*#47F)+==G= et al.'

X8ZZbY!A/D#'.=)-/%#&'/0&'"A/*/"%#*.4#&'R."*)=/%#--.%#'R/*T#*='%A/%'A/D#',##0'+=#(+-'.0'

?#0#%."'&.D#*=.%C'=%+&.#='X2.-/= et al.:'8Z68Y1'E#*#'V#'#B$-)*#'%A#'$)$+-/%.)0'?#0#%."=')('

#.?A%'$)$+-/%.)0=')('F. hepatica'(*)R'&.((#*#0%'*#?.)0=')('K+,/'.0')*&#*'%)',#%%#*'

+0&#*=%/0&'%A#'(+0"%.)0.0?')('%A.='A)=%n$/*/=.%#'=C=%#R'/.R#&'/%'%V)'=$#".(."'5+#=%.)0=J'

X6Y'\A/%'/*#'%A#'-#D#-=')('?#0#%."'&.D#*=.%C')('K+,/0'-.D#*'(-+T#=p:'/0&'X8Y'f)'-.D#*'

(-+T#='(*)R'&.((#*#0%'?#)?*/$A."/-'-)"/-.%.#=')*'(*)R'&.((#*#0%'&#(.0.%.D#'A)=%='=A/*#'%A#'

=/R#'$)$+-/%.)0'?#0#%."'=%*+"%+*#p'LA.='V.--'0)%')0-C'")0%*.,+%#'%)'#0A/0"#'%A#'

T0)V-#&?#')('A)=%7$/*/=.%#'.0%#*/"%.)0=',+%'V.--'/-=)'A#-$'%)'&."%/%#'$)-.%."=')('"/%%-#'

A+=,/0&*C'R/0/?#R#0%'.0'/"")*&/0"#'%)'%A#'?#0#%."'(-)V',#%V##0'$)$+-/%.)0=1!

! !
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A(%#,&(1-!($)!6#%0/)-

Sampling of d1'A#$/%."/'

LA#'=/R$-.0?')('#.?A%'$)$+-/%.)0='X(-+T#='(*)R'/'$/*%."+-/*'-)"/-.%CY')('F. hepatica'V/='

"/**.#&')+%'.0'=-/+?A%#*A)+=#='(*)R'&.((#*#0%'*#?.)0=')('K+,/',#%V##0'8Z6Z'/0&'8Z681'

@/R$-#&'$)$+-/%.)0='V#*#J'j+/0#'X>/0+/*C'8Z66Y:'</'k/-R/'X%V)'"/R$/.?0='V#*#'

")0&+"%#&'.0'@#$%#R,#*'/0&'f#"#R,#*'8Z6ZY:'<)R/'K/0&#-/*./'X^"%),#*'8Z6ZY'/0&'

F/Aq/'E)0&/'X@#$%#R,#*'8Z6ZY'.0'V#=%#*0'K+,/_'!*%#R.=/'X@#$%#R,#*'8Z6ZY:'>/*+")'

Xd#,*+/*C'8Z68Y'/0&'@/0%/'K*+4'Xd#,*+/*C'8Z66Y'.0'"#0%*/-7V#=%#*0'K+,/_'/0&'@/?+/'

X!$*.-'8Z66Y'.0'"#0%*/-'K+,/1'LA#'.0(#"%.)0'*/%#='/%'%A#'=-/+?A%#*A)+=#='V#*#'),%/.0#&'

#B/R.0.0?'%A#'%)%/-.%C')('-.D#*='(*)R'#/"A'-)"/-.%C1'

!&+-%'(-+T#='V#*#'")--#"%#&'/-.D#'.0'%A#'-.D#*')('.0(#"%#&',)D.0#='/0&'.RR#&./%#-C'=%)*#&'

.0'#%A/0)-'mZ['+0%.-'(+*%A#*'/0/-C=#=1'd)*'</'k/-R/'-)"/-.%C:'=/R$-.0?'V/=')0-C'R/&#'

&+*.0?'%A#'"/R$/.?0')('@#$%#R,#*'8Z6Z1'f+#'%)'")0=%*/.0%='.0'%A#'=-/+?A%#*A)+=#:'.%'A/='

,##0'.R$)==.,-#'%)'),%/.0'(-+T#='(*)R')0#'&#(.0.%.D#'A)=%')('@/0%/'K*+4'/0&'(*)R'=#D#0'

A)=%=')('>/*+")1'd)*'%A#')%A#*'$)$+-/%.)0=:'V#'=/R$-#&'/%'-#/=%')0#'-.D#*'(-+T#'$#*'

&#(.0.%.D#'A)=%1'@/R#'(-+T#r='$)$+-/%.)0'(*)R'&.((#*#0%'A)=%='.0&.D.&+/-='V#*#'$))-#&'

%)?#%A#*1'LA#'$)$+-/%.)0=')('!*%#R.=/:'F/Aq/'E)0&/:'</'k/-R/:'<)R/'K/0&#-/*./:'

j+/0#:'@/0%/'K*+4'/0&'@/?+/'"/R#'(*)R'.0(#"%#&'")V='XBos taurusY'VA.-#'%A#')0#'(*)R'

>/*+")'V/='*#")D#*#&'(*)R',+((/-)='XBubalus bubalisY1

Molecular analysis'

!'=R/--'$.#"#')('%.==+#'(*)R'%A#'$)=%#*.)*'#0&')('#/"A'.0&.D.&+/-'X/,)+%'8'RRsY'V/='

+=#&'()*'fW!'#B%*/"%.)01'fW!'#B%*/"%.)0'V/='$#*()*R#&'()--)V.0?'%A#'R#%A)&'

&#="*.,#&',C'Q=%)+$'`';/*%.0'X6aaPY:'/&/$%#&'()*'aP'V#--='$-/%#=1'F*.#(-C'&#="*.,#&:'%A#'
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%.==+#'(*)R'#/"A'.0&.D.&+/-'V/='&*.#&'/0&'$-/"#&'.0'/'=.0?-#'V#--'")0%/.0.0?'6ZZ't<')('

N['KA#-#Bu6ZZ'XF.)7I/&'</,)*/%)*.#=:'U0"1Y'/0&'N't<')('$*)%#.0/=#'e'X6ZR?nR<Y1'

LA#'")0%#0%')0'%A#'$-/%#'V/='R.B#&'.0'D)*%#B'/0&'%A#0'.0"+,/%#&')D#*0.?A%'/%'NPvK'/0&'

6Z'R.0'/%'aNvK1'LA#'R.B%+*#'V/='%A#0'"#0%*.(+?#&'/%'PZZZ'B?'()*'P'R.0+%#='/0&'%A#'

=+$#*0/%/0%'V/='")--#"%#&'/0&'=%)*#&'/%'78ZvK'+0%.-'(+*%A#*'/0/-C=#=1'

fW!'#B%*/"%'V/='&.-+%#&'6n8'/0&'+=#&'()*'R."*)=/%#--.%#='/R$-.(."/%.)0=1'd)+*'

R."*)=/%#--.%#'-)".'XdE6N:'dE8H:'dE8N'/0&'dE888KFk_'j#0,/0T'/""#==.)0'0+R,#*='

!>NZmHO6:'!>NZmHO8:'!>NZmHOH'/0&'!>ZZHm86:'*#=$#"%.D#-CY'V#*#'/R$-.(.#&'%A*)+?A'

$)-CR#*/=#'"A/.0'*#/"%.)0'XkKIY'/"")*&.0?'%)'$*)%)")-='&#="*.,#&',C'E+*%*#47F)+==G=

et al.'X8ZZbY1'Q/"A'-)"+='V/='/R$-.(.#&'+=.0?'8't<')('&.-+%#&'fW!'.0'/'8Z't<')('

*#/"%.)0'D)-+R#'")0%/.0.0?'b't<',+((#*'NB'Xk*)R#?/Y:'618't<';?K-8'8NR;:'8't<'

&WLk='8R;'XU0D.%*)7?#0n<.(#'L#"A0)-)?CY:'6't<')('#/"A'$*.R#*'X6Z'$R)-Y'/0&'Z18't<'

)('Taq'fW!'k)-CR#*/=#'6l'Xk*)R#?/Y1'LA#*R)"C"-.0?'V/='$#*()*R#&'+=.0?'/';>7

I#=#/*"A'kLK'6ZZ'aP7V#--'/0&'")0=.=%#&')('b'R.0')('.0.%./-'&#0/%+*/%.)0'/%'abvK:'H6'

"C"-#='/%'abvK:'/00#/-.0?'%#R$#*/%+*#'XdE6N'w'bmvK:'dE8H'w'NZvK:'dE8N'w'N6vK:'

dE888KFk'w'NZvKY'()*'HZ=:'HZ='/%'O8vK'/0&'/'(.0/-'#-)0?/%.)0'=%#$'O8vK'()*'6Z'R.01'

k*.R#*='V#*#'(-+)*#="#0%-C'-/,#--#&'%)',#'+=#&'.0'/0'!FU'/+%)R/%#&'=#5+#0"#*'X!FU'

k*.=R'H6Z'j#0#%."'!0/-C=#*:'!$$-.#&'F.)=C=%#R:'k#*T.07Q-R#*:'l@!Y1'^0#'R."*)-.%#*'

)('kKI'$*)&+"%='(*)R'#/"A'=/R$-#'V/='&.-+%#&'6n6ZZ1'!'R.B'")0%/.0.0?'H't<')('&.-+%#&'

kKI'$*)&+"%:'Z18N't<')('.0%#*0/-'=.4#'=%/0&/*&='XjQWQ@K!W'NZZ'<Ux:'!$$-#*/Y'/0&'

6N't<')('E.7f.'d)*R/R.&#'X8Z't<'y@kY'V/='+=#&'()*'/+%)R/%#&'#-#"%*)$A)*#=#=1'

I#/&.0?=')('/--#-#'-#0?%A='V#*#'$#*()*R#&'+=.0?'%A#'j#0#;/$$#*u'D1'b1Z'=)(%V/*#'

X!$$-.#&'F.)=C=%#R=L;Y1
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Population genetics analysis'

K+**#0%'$/*/R#%#*=')('$)$+-/%.)0'?#0#%."='-.T#'%A#'R#/0'0+R,#*')('/--#-#='XaY:'%A#'

),=#*D#&'XH)Y'/0&'#B$#"%#&'XH=Y'A#%#*)4C?)=.%.#=:'/0&'FU@:'V#*#'#=%.R/%#&'()*'#/"A'

-)"+=1'k/.*V.=#'&.((#*#0%./%.)0',#%V##0'$)$+-/%.)0='XF@LY'V/='/-=)'%#=%#&1'Q=%.R/%.)0='

V#*#'")R$+%#&'+=.0?'%A#'=)(%V/*#'d@L!L'D81a1H18'Xj)+&#%:'8ZZ6_'/D/.-/,-#'(*)R'

A%%$JnnVVV1+0.-1"An.4#/n=)(%V/*#=n(=%/%1A%R-Y1'F)0(#**)0.'")**#"%.)0='V#*#'/$$-.#&'()*'

R+-%.$-#'%#=%='XI."#:'6ambY1'U&#0%."/-'R+-%.-)"+='?#0)%C$#='X;<jL=Y'-)".'V#*#'

.&#0%.(.#&'/0&'%A#'$*),/,.-.%C')('),=#*D.0?'n ")$.#=')('/';<jL',/=#&')0'*/0&)R'R/%.0?'

X$=#B'D/-+#=Y'V/='%#=%#&'+=.0?'jQWK<^WQ'81Z'X!*0/+&7E/)0&'`'F#-TA.*:'8ZZOY1'

U0&.D.&+/-='V.%A'$=#B'D/-+#='=%/%.=%."/--C'=.?0.(."/0%'X$ ]'Z1ZNY'/*#'%)',#'")0=.&#*#&'/='/'

*#=+-%')('"-)0/-'*#$*)&+"%.)0'X2.-/= et al.:'8Z68Y1'j#0)%C$."'&.D#*=.%C'V/='/-=)'

"/-"+-/%#&'%A*)+?A'%A.='=)(%V/*#'+=.0?'/0'/&/$%#&'@.R$=)0'.0&#B1'

'

B#-21%-

Cattle infection rates'

LA#'.0(#"%.)0'*/%#'),=#*D#&'/%'=+""#==.D#'D.=.%='%)'%A#'&.((#*#0%'=-/+?A%#*A)+=#='D/*.#&'

,#%V##0'8Z['Xj+/0#'$)$+-/%.)0Y'/0&'6ZZ['X</'k/-R/:'<)R/'K/0&#-/*./Y1'E.?A#*'

$*#D/-#0"#='V#*#'),=#*D#&'.0'$)$+-/%.)0='(*)R'%A#'V#=%#*0'$*)D.0"#')('k.0/*'&#-'Iq)'

VA#*#/='D/-+#=')('PZ7mN['V#*#'()+0&'.0'%A#'V#=%7"#0%*/-'/0&'"#0%*/-'*#?.)0'$*)D.0"#='

XL/,-#'6Y1'L*#/%R#0%='V.%A'L*."-/,#0&/4)-#'V#*#'*#$)*%#&'.0'</'k/-R/'.0'%A#'=#")0&'

"/R$/.?0'Xf#"#R,#*'8Z6ZY',+%'%A#'=A.$R#0%'V/='()+0&'.0(#"%#&'/%'R)*#'%A/0'OZ[1'

F)%A'=%+&.#&'=$#".#=')(',)D.0#'X")V='/0&',+((/-)=Y'V#*#'.0(#"%#&1!
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Population structure and genetic diversity'

!--'()+*'-)".'*#=+-%#&'$)-CR)*$A."'.0'%A#'#.?A%'=%+&.#&'$)$+-/%.)0=1'!'%)%/-')('HZ'/--#-#='

V#*#'),=#*D#&'/R)0?'%A#'()+*'=%+&.#&'-)".'XR#/0'0+R,#*')('/--#-#='$#*'-)"+=J'O1N'z'H1O'

@fY1'<)"+='dE888KFk'*#=+-%#&'%A#'R)=%'$)-CR)*$A.":'V.%A'68'&.((#*#0%'/--#-#=:'/0&'

-)"+='dE8N'%A#'-#=='$)-CR)*$A."'X%A*##'/--#-#=Y1'!0C'=.?0.(."/0%'-.0T/?#'&.=#5+.-.,*.+R'

V/='),=#*D#&'()*'/--'$/.*=')('-)".1'

;#/0'0+R,#*')('/--#-#=:'),=#*D#&'XH)Y'/0&'#B$#"%#&'A#%#*)4C?)=.%C'XH=Y'/0&'FU@'D/-+#='

$#*'$)$+-/%.)0'/*#'?.D#0'.0'L/,-#'81'\#'),=#*D#&'=.?0.(."/0%'&#D./%.)0='(*)R'E/*&C7

\#.0,#*?'#5+.-.,*.+R'.0'%A*##'$)$+-/%.)0=J'F/A./'E)0&/:'<)R/'K/0&#-#*./'/0&'@/0%/'

K*+41'E)V#D#*:'=%*)0?'&#D./%.)0=')0-C'")0"#*0#&'-)"+='dE8H'XFU@'w'6'X$']'Z1ZNY:'Z1O8P'

X$']'Z1ZNY'/0&'6'X$']'Z1ZZNY'*#=$#"%.D#-CY'VA#*#/='0)0#')('%A#')%A#*'-)".'$*#=#0%#&'

=.?0.(."/0%'&#D./%.)0='(*)R'E/*&C7\#.0,#*?'#5+.-.,*.+R1'LA#=#'*#=+-%='/*#'")0=.=%#0%'

V.%A'%A)=#')('E+*%*#47F)+==G= et al.'X8ZZbY'VA)'=.?0/--#&'%A#'$*#=#0"#')('0+--'/--#-#='/%'

-)"+='dE8H1'\#'%A#*#()*#'*#7/0/-C=#&'%A#'&/%/'V.%A)+%'-)"+='dE8H'XL/,-#'8Y1'

'k)$+-/%.)0='V#*#'0)%'=.?0.(."/0%-C'&.((#*#0%./%#&'XF@L'w'Z1ZN:'W@Y1'L/,-#'H'?.D#='F@L'

D/-+#=',#%V##0'$/.*=')('$)$+-/%.)0=1'k*/"%."/--C'/0C'$/.*')('$)$+-/%.)0'V/='=.?0.(."/0%-C'

&.((#*#0%./%#&:'#B"#$%#&'j+/0#'/0&'!*%#R.=/'XF)0(#**)0.7'/&i+=%#&'$*),/,.-.%CJ'Z1ZHbY1!

f+#'%)'%A#'$*#=#0"#')('0+--'/--#-#=:'V#'#B"-+&#&'-)"+='dE8H'(*)R'%A#'")R$+%/%.)0')('

R+-%.-)"+='?#0)%C$#='X;<jL=Y1'!'%)%/-')('mH';<jL='V#*#'),=#*D#&'/R)0?'%A#'#.?A%'

=%+&.#&'$)$+-/%.)0='+=.0?')0-C'%A#'-)".'dE6N:'dE8N:'dE888KFk1'LA#'R#/0'0+R,#*')('

;<jL='$#*'$)$+-/%.)0'V/='6b1mO'Xz'b18a@fY',+%'.%'V/='()+0&'%)'&#$#0&')('%A#'=/R$-#'

=.4#'X@$#/*R/0'")**#-/%.)0'I'w'Z1Om6:'$'w'Z1Z68Y1'LA#'0/R#='/0&'0+R,#*')(';<jL='.0'

#/"A'$)$+-/%.)0:'@.R$=)0'&.D#*=.%C'.0&#B'/&/$%#&'()*';<jL='/0&'$=#B'D/-+#='

=%/%.=%."/--C'=.?0.(."/0%'/*#'=+RR/*.4#&'.0'L/,-#'b1'j#0)%C$."'&.D#*=.%C'V/='()+0&'A.?A'

()*'#D#*C'$)$+-/%.)0'V.%A'%A#'-)V#=%'D/-+#')('Z1mP6'.0'!*%#R.=/1'\#'()+0&'8H';<jL='
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!

*#$#/%#&'/R)0?'&.((#*#0%'$)$+-/%.)0='VA.-#'PZ'V#*#'),=#*D#&')0-C'V.%A.0'/'=.0?-#'

$)$+-/%.)01'^0-C'%V)'$)$+-/%.)0='X!*%#R.=/'/0&'@/0%/'K*+4Y'=A)V#&'*#$#/%#&';<jL='

V.%A'D/-+#=')('$=#B']'Z1ZN1!

!

8&-'2--&/$

!-%A)+?A'.0(#"%.)0'*/%#='D/*.#&'/R)0?'=/R$-#=:'.%'.='"-#/*-C'0)%#&'%A/%'$/*/=.%.=R'.0'

K+,/0',)D.0#'$)$+-/%.)0=',C'F. hepatica'.='#B%#0&#&'/0&'$#*=.=%#0%1'!--'/%%#R$%='%)'

.0D#=%.?/%#'.0(#"%.)0'.0'=/"*.(."#&'/0.R/-='/%'=-/+?A%#*A)+=#='V#*#'$)=.%.D#1'E)V#D#*:'

%A#*#'V#*#'0)'R/i)*'&.((#*#0"#='.0'.0(#"%.)0'*/%#='VA."A'V#*#'+=+/--C'/,)D#'OZ['.0'

R)=%'"/=#=1'U0'/0C'"/=#:'%A#'=R/--'&.((#*#0"#='.0'.0(#"%.)0'*/%#='&#%#"%#&'"/0',#'

#B$-/.0#&',C'#.%A#*'&.((#*#0%'#")-)?."/-'%*/0=R.==.)0'="A#R#=')*'&.((#*#0%'

=+="#$%.,.-.%Cn.0(#"%.D.%C')('%A#'A)=%n$/*/=.%#'=C=%#R1'!-=):'%A#'/?#')('&#(.0.%.D#'A)=%='

R/C'$-/C'/0'.R$)*%/0%'*)-#'=.0"#')-&#*'.0&.D.&+/-='/*#'=+$$)=#&'%)'&.=$-/C'A.?A#*'

.0(#"%.)0='.('%*/0=R.==.)0'.='?*/0%#&1'@.0"#'%A#'#")-)?C')('%A#'.0%#*R#&./%#'A)=%'=0/.-='

+=+/--C')D#*-/$='V.%A'%A/%')('%A#'(.0/-'A)=%='X,)D.0#=Y'X2345+#4 et al.:'8Z6bY'

%*/0=R.==.)0'"/0',#'$*)R$%#&'/0&'%A+='.0(#"%.)0'*/%#='V)+-&',#")R#'-/*?#*'XE/V-#C'`'

!-%.4#*:'8Z66Y1

f.((#*#0%'&#(.0.%.D#'A)=%'=$#".#='R/C'&.((#*'.0'")R$/%.,.-.%C'V.%A'/'$/*%."+-/*'$/*/=.%#'

$)$+-/%.)01'E)V#D#*:'-.D#*'(-+T#'$*#D/-#0"#='.0'V/%#*',+((/-)='V#*#'=.R.-/*'%)'%A)=#'

),=#*D#&'.0'"/%%-#'/0&'F@L'D/-+#=',#%V##0',+((/-)'$)$+-/%.)0'X>/*+")Y'/0&'")Vr='

$)$+-/%.)0='V#*#'0)07=.?0.(."/0%1'LA.='(/"%'=+??#=%='%A/%'?#0#%."'#B"A/0?#='/*#'D#*C'

")RR)0'/R)0?'F. hepatica'=%*/.0='".*"+-/%.0?'.0'K+,/1'LA#=#'*#=+-%='/*#'")0=.=%#0%'V.%A'

%A)=#')('E+*%*#47F)+==G= et al.'X8ZZbY'VA)'&.&'0)%'(.0&'=.?0.(."/0%'?#0#%."'

&.((#*#0%./%.)0',#%V##0'-.D#*'(-+T#='.0(#"%.0?'")V:'=A##$'/0&'$.?1'U%'.='0)%#V)*%AC'%A/%'
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!

=-/+?A%#*A)+=#='*#$)*%#&'%A#'"/%%-#')(',#.0?'%*#/%#&'V.%A'L*."-/,#0&/4)-#:'VA."A'.='%A#'

&*+?')('"A)."#'()*'(/=".)-)=.='Xd*.#&'`'!,*+44.:'8Z6ZY1'E)V#D#*:'%A#'.0(#"%.)0'*/%#='

V#*#'0)%'4#*)'/0&'"/0'/"%+/--C',#'")0=.&#*#&'.R$)*%/0%'XON[Y1'LA.='R/C'.0&."/%#'%A/%'

=)R#'.0(*/$)$+-/%.)0=')('F. hepatica'X(-+T#='.0=.&#')0#'$/*%."+-/*'A)=%'.0&.D.&+/-Y'/*#'

/"%+/--C'/D).&.0?'%A#'#((#"%')('%A#'&*+?='$*),/,-C'%A*)+?A'/'*#=.=%/0"#1'W#D#*%A#-#==:'

%A#*#'V#*#'0)%'.R$)*%/0%'&.((#*#0"#='.0'?#0#%."'&.D#*=.%C',#%V##0'%*#/%#&'/0&'+0%*#/%#&'

/*#/='VA."A'.0&."/%#'%A/%'%*#/%R#0%'.='0)%'"/**.#&')+%'/%'/'-/*?#'="/-#')*'$*)$#*-C1'!'

&#"*#/=#'.0'%A#'/--#-."'&.D#*=.%C'V)+-&',#'#B$#"%#&'.0'%A#'%*#/%#&'/*#/'%A*)+?A'=%*)0?'

?#0#%."',)%%-#0#"T='VA."A'V#*#'0)%'),=#*D#&'A#*#1

LA#'0+R,#*')('/--#-#='()+0&'.0'%A#'0.0#'=%+&.#&'$)$+-/%.)0=')('F. hepatica'(*)R'K+,/'

*#D#/-='/'A.?A'?#0#%."'&.D#*=.%C:'V.%A'=R/--'D/*./%.)0',#%V##0'$)$+-/%.)0=1'U%'.='A)V#D#*'

0)%#V)*%AC'%A/%'%A#'$)$+-/%.)0'%A/%'$*#=#0%='%A#'=R/--#=%'/--#-#'&.D#*=.%C'X!*%#R.=/:'

R#/0'0+R,#*')('/--#-#=J'H1POY'.='/-=)'%A/%'V.%A'=R/--#=%'$*#D/-#0"#='.0'&#(.0.%.D#'A)=%='

XHH1HH[Y1'

!-%A)+?A'%A.='=$#".#='.='T0)V0'%)'=A.(%'(*)R'=#-(7(#*%.-.4/%.)0'%)'"*)==7(#*%.-.4/%.)0'

&#$#0&.0?')0'%A#'0+R,#*')('(-+T#='.0')0#'-.D#*'XE/00/ et al.:'8ZZmY:'%A#'/,=#0"#')('

&#D./%.)0'(*)R'E\'#5+.-.,*.+R'),=#*D#&'.='/0'.0&."/%.D#')('/'$*#&)R.0/0"#')('"*)==7

(#*%.-.4/%.)0'XE+*%*#47F)+==G= et al.:'8ZZb_'KV.T-.0=T. et al.:'8Z6NY1'\A#0'%A.='

*#$*)&+"%.D#'=%*/%#?C'.='")+$-#&'V.%A'/0'.R$)*%/0%'/R)+0%')('?#0#%."'(-)V'X.1#1'.0(#"%#&'

"/%%-#'R)D#R#0%'V.%A.0'/0&',#%V##0'$*)D.0"#=Y'%A#')+%")R#'.='%*/0=-/%#&'.0%)'/'&.D#*=#'

R#%/$)$+-/%.)0')('F. hepatica.'j#0#%."'&.D#*=.%C'.0'%A.='"/=#'R/C'(/D)+*'%A#'$/*/=.%#'%)'

/&/$%'%)'&.((#*#0%'$)$+-/%.)0=')(',)%A'.0%#*R#&./%#'/0&'&#(.0.%.D#'A)=%='Xj/0&)0 et al.:'

6aaP_'@"A+-%# et al.:'8Z6HY1'F#=.&#=:'%A#*#'.='/0'.0"*#/=#&'$*),/,.-.%C'%A/%'?#0#%."/--C'

&.D#*=.(.#&'.0&.D.&+/-='R/C'#="/$#'%A#'#((#"%')('/0%A#-R.0%."'&*+?='=+"A'/='

L*."-/,#0&/4)-#'%+*0.0?'/'$/*%."+-/*'$)$+-/%.)0')('%A#'$/*/=.%#'*#=.=%/0%1'
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!

LA#'*#=+-%='*#?/*&.0?'?#0#%."'&.D#*=.%C'/*#'")0=.=%#0%'V.%A'%A)=#'),=#*D#&',C'2.-/= et al.'

X8Z68Y'.0'%#*R=')('/--#-."'*."A0#=='/-%A)+?A')+*'D/-+#='/*#'=-.?A%-C'A.?A#*1'E)V#D#*:'%A#'

A#%#*)4C?)=.%C'),=#*D#&'.0'%A#'F)-.D./0'!-%.$-/0)',C'E+*%*#47F)+==G= et al.'X8ZZbY'

VA#0'+=.0?'%A#'=/R#'R."*)=/%#--.%#'-)".'V/='-)V#*'%A/0'%A)=#'*#$)*%#&'A#*#'()*'K+,/0'F. 

hepatica1'I#"#0%-C'/'0#V'$/0#-')('R."*)=/%#--.%#='A/=',##0'&#="*.,#&'()*'F. hepatica'

+=.0?'=/R$-#='(*)R'l0.%#&'e.0?&)R'XKV.T-.0=T. et al.:'8Z6NY1'LA/%'=%+&C'*#$)*%#&'

A.?A#*'D/-+#=')('),=#*D#&'A#%#*)4C?)=.%C /0&'=/R$-#&'/--#-#='()*'/-R)=%'#D#*C'-)"+='

%A/0'%A)=#'.0()*R#&'A#*#1'LA#'-)V'D/-+#')('?#0#%."'&.((#*#0%./%.)0'")#((.".#0%'XG@LY'

),=#*D#&'.0')+*'=%+&C'.0&."/%#='%A/%')0-C'b[')('?#0#%."'&.((#*#0"#='&#%#"%#&'.='#B$-/.0#&'

,C'&.((#*#0"#='/R)0?'$)$+-/%.)0=1'U0'(/"%:'F@L'D/-+#=',#%V##0'$)$+-/%.)0='V#*#')0-C'

=%/%.=%."/--C'=.?0.(."/0%',#%V##0'!*%#R.=/'/0&'j+/0#'VA."A'")+-&',#'/'*#=+-%')('/'

$*),/,-#'R/.0%/.0#&'.=)-/%.)0')('%A#=#'=%*/.0=1'LA.='.0&."/%#='%A/%'#D#0'.('?#0#%."'

&.D#*=.%C'.='A.?A'")0=.&#*.0?'%A#'0+R,#*')('/--#-#='=/R$-#&'/0&'),=#*D#&'

A#%#*)4C?)=.%C:'.%'&)#='0)%'&.((#*'R+"A'(*)R'*#?.)0='.0'K+,/1'U('V#'%/T#'.0%)'

")0=.&#*/%.)0'%A/%'K+,/'.='/'0/**)V'.=-/0&'/0&'%A/%'")RR#*"#')(',)D.0#='.='="/0%C'

")R$/*#&'%)')%A#*'")+0%*.#=:'%A#'?#)?*/$AC'(/"%)*'.='-.T#-C'%)'=+$$)*%'%A#'(/"%'%A/%'R)=%'

F. hepatica'$)$+-/%.)0='/*#'?#0#%."/--C'/-.T#1'l0()*%+0/%#-C:'V#'")+-&'0)%'=/R$-#'(-+T#='

(*)R'%A#'#/=%#*0'*#?.)0',+%'(+%+*#'V)*T='.0"-+&.0?'%A)=#'=/R$-#='V.--'")0%*.,+%#'%)'

&#="*.,#'%A#'%*/0=R.==.)0'.0'%A#'VA)-#'")+0%*C1'

LA#'0+R,#*')(';<jL='),=#*D#&'/R)0?'%A#'#.?A%'=%+&.#&'$)$+-/%.)0='.='.0'/"")*&/0"#'

V.%A'%A)=#'),%/.0#&'.0'2.-/= et al.'X8Z68Y'")0=.&#*.0?',)%A'=/R$-#'=.4#=1'LA#=#'/+%A)*='

()+0&'=.?0.(."/0%'R+-%.")$C';<jL='#=$#"./--C'.0'=A##$'%A/%'V#*#'0)%'),=#*D#&'.0'%A#'

=/R#'$*)$)*%.)0'.0'"/%%-#1'E)V#D#*:'&#=$.%#'%A#'(/"%'%A/%'V#')0-C'#B$-)*#&'F. hepatica 

(*)R'"/%%-#:'.0')+*'=%+&C')0-C'%V)'.0&.D.&+/-='(*)R'%V)'$)$+-/%.)0='"/0',#'")0=.&#*#&'

%A#'*#=+-%')('"-)0/-'/R$-.(."/%.)01'LA.='*#=+-%'*#.0()*"#='%A#'.&#/'%A/%'=#B+/-'*#$*)&+"%.)0'
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.='%A#'")RR)0'"A)."#'.0'K+,/0'F. hepatica /0&'=+??#=%='%A#'#B.=%#0"#')('R+-%.$-#'

=)+*"#=')('")0%/R.0/%.)01'

^+*'*#=+-%='=+??#=%'/'"-)=#'*#-/%.)0',#%V##0'$/*/=.%#'?#0#%."'&.D#*=.%C'/0&'"/%%-#'

R/0/?#*./-'/"%.D.%.#='*#(-#"%#&'.0'%A#'.0(#"%.)0'*/%#='/%'=%+&.#&'=-/+?A%#*A)+=#=1'

l0&#*=%/0&.0?'%A#'#((#"%')('?#0#%."'D/*./,.-.%C'%)?#%A#*'V.%A'A)=%7$/*/=.%#'/&/$%/%.)0'/%'

,)%A'.0%#*R#&./%#'/0&'&#(.0.%.D#'A)=%='-#D#-='V)+-&',#'"*+"./-'%)'$*#D#0%'/0&'")0%*)-'

(/=".)-)=.='.0'K+,/1'f.((#*#0"#='.0'")R$/%.,.-.%C',#%V##0'F. hepatica'/0&'%A#'%V)'

-CR0/#.&'=0/.-'=$#".#='#B.=%.0?'.0'K+,/'A/D#',##0'#B$-)*#&'/0&'&.="+==#&'X2345+#4 et 

al.:'8Z6bY'*#D#/-.0?'"#*%/.0'$/*/=.%#'$)$+-/%.)0='%)',#'R)*#n-#=='.0(#"%.D#'%A/0')%A#*=1'

LA#=#'D#*C'=/R#'$/*/=.%#'$)$+-/%.)0='/*#'%A)=#'+=#&'.0'%A.='=%+&C'()*'VA."A'?#0#%."'

&.D#*=.%C'.='0)V'+0D#.-#&1'd)*'.0=%/0"#:'%A#'$)$+-/%.)0')('!*%#R.=/'V.%A'%A#'=R/--#=%'

$*#D/-#0"#'.0'&#(.0.%.D#'A)=%'/0&'V.%A'%A#'-)V#=%'/--#-#'*."A0#=='A/='=A)V0',C'2345+#4

et al.'X8Z6bY'%)',#'%A/%'V.%A'%A#',#%%#*'.0(#"%.D.%C'/?/.0=%'R)--+="=',+%'/-=)'V.%A'%A#'

-)V#=%'"#*"/*./-'$*)&+"%.)0'/0&'%A#'-)V#=%'D.*+-#0"#'.0'-CR0/#.&'=0/.-=1'@+"A'=%+&.#='

V.--'%A#*#()*#'A#-$'%)',#%%#*'+0&#*=%/0&'A)=%=7-.D#*'(-+T#'.0%#*/"%.)0=1';/0/?#*='/0&'

&#".=.)0'R/T#*='R+=%'%A#0'%/T#'.0%)'")0=.&#*/%.)0'%A#=#'(.0&.0?='%)'A#-$'R.%.?/%#'

(/=".)-)=.='#R#*?#0"#')*'*#7#R#*?#0"#'.0'*.=T'/*#/=1'

!

='3$/?1#)96#$%-!

LA#'/+%A)*='V)+-&'-.T#'%)'%A/0T='D#%#*.0/*C'%#"A0."./0='(*)R'=-/+?A%#*A)+=#='%A/%'

A#-$#&'.0'%A#'=/R$-.0?')('.0(#"%#&',)D.0#'-.D#*=1'LA.='V)*T'V/='=+$$)*%#&',C'%A#'

U0=%.%+%'&#'I#"A#*"A#'$)+*'-#'fcD#-)$$#R#0%'XFQ@L'?*/0%'%)'!1!121Y1'\#'/*#'%A/0T(+-'

%)'%V)'/0)0CR)+='*#D.#V#*='/0&'%A#'#&.%)*'%A/%'R/&#'D/-+/,-#'")RR#0%='VA."A'A#-$#&'

%)'.R$*)D#')+*'R/0+="*.$%1'

' '
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B#*#,#$'#-!

=,$(2)CD(/$)E!FG!H!I#130&,E!>G'X8ZZOY'j#0K-)0#'81ZJ'/'")R$+%#*'$*)?*/R'%)'/0/-C=#'

?#0)%C$."' &/%/:' %#=%' ()*' "-)0/-.%C' /0&' &#="*.,#' =$/%./-' "-)0/-'

)*?/0.4/%.)01]A%%$Jnn=.7

V/?0#*1+/-?1$%n""R/*nR/*##n=)(%V/*#1$A$p=)(%w?#0"-)0{1'

;/,,#(E!=GE! J-'/<(,E! KGE! 82,($)E! LGE! 8(+&)E! LGE! K(,$#E! LGE! L/&$%&#,E! KG!H!D2,%,#MC

I/2--N-E!FG'X8Z6ZY'F*.&?.0?'?/$='.0'%A#'R)-#"+-/*'$AC-)?#0C')('%A#'<CR0/#.&/#'

Xj/=%*)$)&/J'k+-R)0/%/Y:'D#"%)*=')('d/=".)-./=.=1'Evolutionary Biology,'OP:'Hm61'

&).J'6Z166mPn6bO6786bm76Z7Hm61'

;?&31&$-3&E! >GE! =11#$E! >GE! Q(;/2,-#E! JGE! R&11&(6-E! 8G! H! L(%#,-/$E! FG' X8Z6NY'

KA/*/"%#*.=/%.)0')('/'0)D#-'$/0#-')('$)-CR)*$A."'R."*)=/%#--.%#'-)".'()*'%A#'-.D#*'

(-+T#:'Fasciola hepatica:'+=.0?'/'0#B%'?#0#*/%.)0'=#5+#0".0?'/$$*)/"A1'Infection,

Genetics and Evolution,'ST:'8am7HZb1'&).J'6Z16Z6Pni1R##?.&18Z6N1ZH1Z6b1'

)#!A##U-E!5GE!A';/.E!>GE!L,29$/11#E!VGE!;0#+&11/$E!;GE!82,($)E!LGE!D2,%,#MCI/2--N-E!

FG!H!B#$(2)E!VG'X8ZZOY'k)$+-/%.)0'?#0#%."='/0&'R)-#"+-/*'#$.&#R.)-)?C')*'A)V'

%)' ||&#},+=5+#*' -/' ,~%#rr1' Infection, Genetics and Evolution,' W:' HZm7HH81' &).J'

6Z16Z6Pni1R##?.&18ZZP1ZO1ZZH1'

8/,$&E!LGE!L,(#%E!XGE!8#'3#,-E!XG!H!"(<,&#1E!FG'X8ZZaY'QR#*?.0?'())&7,)*0#'$/*/=.%#=1'

Veterinary Parasitology,'OYS:'6aP78ZP1'&).J'6Z16Z6Pni1D#%$/*18ZZa1ZN1Z8P1'

8.<)(01E!AG!H!F%/,*#,E!=G'X8ZZHY'k/*/=.%#'-)"/-'/&/$%/%.)0J'I#&'y+##0'D#*=+='@+.".&#'

e.0?1' Trends in Ecology and Evolution,' OZ:' N8H7NHZ1' &).J' 6Z16Z6Pn@Z6Pa7

NHbOXZHYZZ88H7b1'

J-%#<($E!KGE!"/$M[1#ME!;GE!;2,%(1#E!VGE!A2\/MC=$%/1&E!;GE!](1#,/E!AGE!I(,92#-E!AGE!J1!

F(.#)E!AGE!J1!R(3##1E!=GE!=<)#1CR(0(<E!̂ GE!A/$%,#-/,E!=GE!J$9#1-E!8GE!F(+&/1&E!

QG! H! A(-C;/6(E! FG' X8ZZHY' EC$#*#0&#R."' (/=".)-./=.=' /==)"./%#&' V.%A'

="A.=%)=)R./=.='D.--/?#='.0'%A#'W.-#'f#-%/')('Q?C$%1'American Journal of Tropical 

Medicine and Hygiene,'Y_:'b8a7bHO1'

J-%/2`E!=G!H!A(,%&$E!aG'X6aaPY';/*5+#+*='R."*)=/%#--.%#=J'.=)-#R#0%'�'-�/.&#'&#'=)0&#='

0)07*/&.)/"%.D#=:' "/*/"%c*.4/%.)0' #%' R.=#' /+' $).0%' �\\\' &)"+R#0%�1'

A%%$JnnVVV1.0/$?1.0*/1(*n&=/nR."*)=/%nR."*)=/%1A%R' �/""#==#&' )0' 8H' @#$%#R,#*'

8ZZb�1'
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V,&#)E!IG!H!=<,2MM&E!=G'X8Z6ZY'd))&7,)*0#'%*#R/%)&#'.0(#"%.)0=')('A+R/0='.0'%A#'l0.%#&'

@%/%#=')('!R#*."/1'Parasitology Research,'OPY:'68PH768mZ1'&).J'6Z16ZZOn=ZZbHP7

Z6Z76mZO7Z1'

V2#$%#-E! AG' X8ZZPY' I#R)%#' =#0=.0?' /0&' "-.R/%#' &/%/' /=' /' T#C' ()*' +0&#*=%/0&.0?'

(/=".)-)=.=' %*/0=R.==.)0' .0' %A#' !0&#=J' *#D.#V' /0&' +$&/%#' )(' /0' )0?).0?'

.0%#*&.=".$-.0/*C'$*)i#"%1'Geospatial Health,'O:'Na7OZ1'

"($)/$E! FGE! ;(`/?&#ME! ĜE! 82</&-E! ĜE!A&'0(1(3&-E! Ĝ! H!a1&+&#,&E! @G' X6aaPY' <)"/-'

/&/$%/%.)0' /0&' ?#0#7()*7?#0#' ")#D)-+%.)0' .0' /' R#%/$)$+-/%.)0' R)&#-1'

Proceedings of the Royal Society London B,'TYS:'6ZZH76ZZa1'

"/2)#%E!KG'X8ZZ6Y'd@L!L:'/'$*)?*/R'%)'#=%.R/%#'/0&'%#=%'?#0#'&.D#*=.%.#='/0&'(.B/%.)0'

.0&."#=1']A%%$JnnVVV1+0.-1"An.4#/n=)(%V/*#=n(=%/%1A%R-{1'

"2%&b,,#ME!=GE!][Mc2#ME!=GE!D#+&(E! ĜE!F[$'0#ME!KGE!;/,,#(E!=GE!D2,%,#MCI/2--N-E!FGE!

L/&$%&#,E!KG!H!50b,/$E!=G'X8Z66Y'd.*=%'*#$)*%')('-/*D/-'=%/?#=')('Fasciola hepatica'

.0'/'V.-&'$)$+-/%.)0')('Pseudosuccinea columella'(*)R'K+,/'/0&'%A#'K/*.,,#/01'

Journal of Helminthology,'Zd:'6Za76661'&).J'6Z16Z6On@ZZ886ba�6ZZZZHNZ1'

D(6&1%/$E!RGE!=e#1,/)E!BG!H!5($#-#E!BG'X6aaZY'@#B+/-'*#$*)&+"%.)0'/='/0'/&/$%/%.)0'%)'

*#=.=%'$/*/=.%#='X!'I#D.#VY1'Proc. Natl. Acad. Sci. USA,'ZW:'HNPP7HNOH1'

D($$(E! BGE! J)9(,E! DGE!A/**#%%E! 8GE!A';/$$#11E! FGE! V(&,?#(%0#,E! @GE! I,#$$($E! "GE!

5,2)9#%%E!=GE!D/#.E!JGE!;,/6&#E!QGE!5(.1/,E!FG!H!8($&#1E!BG' X8ZZmY'Fasciola 

hepaticaJ'E.=%)-)?C')(' %A#' %#=%.=' .0'#??7$*)&+".0?'/&+-%=')(' =#D#*/-' -/,)*/%)*C7

R/.0%/.0#&'.=)-/%#=')('(-+T#='?*)V0'%)'R/%+*.%C'.0'"/%%-#'/0&'=A##$'/0&'.0'(-+T#='

(*)R' 0/%+*/--C' .0(#"%#&' A)=%=1' Veterinary Parasitology,' OdW:' 88878Hb1' &).J'

6Z16Z6Pni1D#%$/*18ZZm1ZO1Z881'

D(?1#.E! 8G! H! =1%&M#,E! FG' X8Z66Y' f.=#/=#' #")-)?C' R##%=' #")-)?."/-' .RR+0)-)?CJ'

+0&#*=%/0&.0?'%A#'-.0T=',#%V##0')*?/0.=R/-'.RR+0.%C'/0&'.0(#"%.)0'&C0/R."='.0'

0/%+*/-' $)$+-/%.)0=1' Functional Ecology,' Td:' bm7PZ1' &).J' 6Z16666ni16HPN7

8bHN18Z6Z1Z6ONH1B1'

D2,%,#MCI/2--N-E! FGE! 82,($)E! LGE! K(<</2,Cf(0(<E! BGE! "2b9($E! KGE! A#2$&#,E! ;GE!

I(,92#-E!AGE!A(-C;/6(E!FG!H!B#$(2)E!VG'X8ZZbY'U=)-/%.)0'/0&'"A/*/"%#*.4/%.)0'

)(' R."*)=/%#--.%#' R/*T#*=' .0' %A#' -.D#*' (-+T#' XFasciola hepaticaY1' Molecular 

Ecology,'g:'Pma7PaZ1'&).J'6Z16666ni16bO67m8mP18ZZb1ZZOmP1B1'
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D2,%,#MCI/2--N-E!FGE!A#2$&#,E!;GE!82,($)E!;G!H!B#$(2)E!VG'X8ZZ6Y'fC0/R."=')('A)=%�

$/*/=.%#' .0%#*/"%.)0=J' %A#' #B/R$-#' )(' $)$+-/%.)0' ,.)-)?C' )(' %A#' -.D#*' (-+T#'

XFasciola hepaticaY1'Microbes and Infection,'S:'mb67mba1'

K(,$#E!LG!H!50b,/$E!=G' X8ZZ6Y'j#0#%."' =%*+"%+*#' .0'0/%+*/-'$)$+-/%.)0=')(' (-+T#='/0&'

=0/.-=' J' /' $*/"%."/-' /$$*)/"A' /0&' *#D.#V1' Parasitology,' OTS:' 8O7bZ1' &).J'

6Z16Z6O�@ZZH66m8ZZ6ZZOO6N1'

K/0('0&6E! DGE! Q&%%1#E! 5G! H! J<#,%E! 8G' X8ZZ6Y' j#0#%."' D/*./%.)0' .0' /' A)=%7$/*/=.%#'

/==)"./%.)0J' $)%#0%./-' ()*' ")#D)-+%.)0' /0&' (*#5+#0"C7&#$#0&#0%' =#-#"%.)01'

Evolution,'dd:'66HP766bN1'

>0($E!AGE!F(h&)E!AGE!B&(ME!DGE!=06#)E!XGE!D#E!QGE!F0(0M()E!AGE!D2--(&$E!=GE!>0($E!

AGE!@c<(1E!fG!H!f0(/E!KG' X8Z6HY'LA#'?-),/-',+*&#0')(' (/=".)-)=.=' .0'&)R#=%."'

/0.R/-='V.%A'/0')+%-))T')0'%A#'")0%*.,+%.)0')('0#V'/$$*)/"A#='()*'&./?0)=.='/0&'

")0%*)-1'Parasitology Research,'OOT:'8b8678bHZ1'&).J'6Z16ZZOn=ZZbHP7Z6H7HbPb7

P1'

A(-C;/6(E!FGE!](1#,/E!AG=G!H!I(,92#-E!AG8G'X8ZZaY'Fasciola:'<CR0/#.&='/0&'E+R/0'

d/=".)-./=.=:'V.%A' /'j-),/-'^D#*D.#V')0'f.=#/=#'L*/0=R.==.)0:'Q$.&#R.)-)?C:'

QD)-+%.)0/*C' j#0#%."=:' ;)-#"+-/*' Q$.&#R.)-)?C' /0&' K)0%*)-1' Advances in 

Parasitology,'Y_:'b676bP1'&).J'6Z16Z6Pn@ZZPN7HZm�XZaYPaZZ87H1'

A#2$&#,E!;GE!5&,(,)E!;GE!D2,%,#MCI/2--N-E!FGE!82,($)E!LGE!I(,92#-E!AGE!A(-C;/6(E!

FGE! L/&$%&#,E! KGE! K/2,)($#E! KG! H! B#$(2)E! VG' X8ZZ6Y' </"T' )(' R)--+="/0' A)=%'

&.D#*=.%C' /0&' %A#' %*/0=R.==.)0' )(' /0' #R#*?.0?' $/*/=.%."' &.=#/=#' .0' F)-.D./1'

Molecular Ecology,'OP:'6HHH76HbZ1'

A&%(%E!=G'X8ZZaY'F�(/-)='&#'!?+/'#0'K+,/J'^*q?#0'C'#D)-+".�01'Asociación Cubana de 

Producción Animal,'S:'bN7bm1'

B&'#E!DG'X6ambY'!0/-C=.0?'%/,-#=')('=%/%.=%."/-'L#=%=1'Evolution,'gS:'88H788N1'

B/h(-E!QGE!][Mc2#ME!=GE!8/6#$#'0E!@G!H!B/<#,%-/$E!QG'X8Z6ZY'd/=".)-./=.=J'"/0'K+,/'

")05+#*' %A.=' #R#*?.0?' $/*/=.%)=.=p' Trends in Parasitology,' TY:' 8P7Hb1' &).J'

6Z16Z6Pni1$%18ZZa16Z1ZZN1'

F'021%#E!BGE!A(32-E!;G!H!F'021#6<2,9E!DG'X8Z6HY'E)=%�$/*/=.%#'")#D)-+%.)0'(/D)+*='

$/*/=.%#'?#0#%."'&.D#*=.%C'/0&'A)*.4)0%/-'?#0#' %*/0=(#*1'Journal of Evolutionary 

Biology,'TY:'6mHP76mbZ1'&).J'6Z16666ni#,1686Ob1'
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50/6`-/$E!KG'X6aabY'The Coevolutionary Process1'KA."/?):'LA#'l0.D#*=.%C')('KA."/?)'

k*#==1'

5/1($E!BG'X8Z66Y'd/=".)-./=.='f+#'%)'Fasciola hepatica /0&'Fasciola gigantica U0(#"%.)0J'

!0'l$&/%#' )0'LA.=' |W#?-#"%#&r'W#?-#"%#&'L*)$."/-'f.=#/=#1'LabMedicine,'gT:'

6ZO766P1'&).J'6Z16HZan<;<dFFmk\b@!Z�>U1'

i**/E!aGE!='/-%(E!=GE!A(,%j$#ME! FG!H!B/$)(E! BG' X8Z68Y' j#0#%."' "A/*/"%#*.4/%.)0' )('

K+,/0'K*#)-#'"/%%-#'+=.0?'R)-#"+-/*'%))-=1'Biotecnología Aplicada,'T_:'68O768m1'

](1#,/E!AGE! L#,#MC;,#-`/E! @GE! >0/2<<($#E!AGE!=,%&9(-E! LGE! L($/+(E!AGE! a,%&ME! LGE!

A('/E!]GE!J-`&$/M(E!KG!H!A(-C;/6(E!FG'X8Z68Y'Fasciola hepatica'$A#0)%C$."'

"A/*/"%#*.4/%.)0'.0'!0&#/0'A+R/0'#0&#R."'/*#/=J'2/--#C'D#*=+='/-%.$-/0."'$/%%#*0='

/0/-C=#&'.0'-.D#*'(-+T#='(*)R'=A##$'(*)R'K/i/R/*"/'/0&';/0%/*):'k#*+1'Infection,

Genetics and Evolution,'OT:'bZH7b6Z1'&).J'6Z16Z6Pni1R##?.&18Z681Z61ZZa1'

][Mc2#ME!=GE!F[$'0#ME!KG!H!D#+&(E! Ĝ'X8ZZaY'f.=%*.,+".�0'C'$*#(#*#0"./'&#'A3,.%/%='&#'

R)-+=")=' A)=$#&#*)=' .0%#*R#&./*.)=' &#' Fasciola hepatica' #0' K+,/1' Revista

Cubana de Medicina Tropical,'YO:'8bm78NH1'

][Mc2#ME!=GE! F[$'0#ME! KGE! L/&$%&#,E! KGE! 50b,/$E!=G! H! D2,%,#MCI/2--N-E! FG' X8Z6bY'

Fasciola hepatica' .0' K+,/J' ")R$/%.,.-.%C' )(' &.((#*#0%' .=)-/%#=' V.%A' %V)'

.0%#*R#&./%#'=0/.-'A)=%=:'Galba cubensis'/0&'Pseudosuccinea columella1'Journal

of Helminthology,'ZZ:'bHb7bbZ1'&).J'6Z16Z6On@ZZ886ba�6HZZZHm81'

]&1(-E!BGE!][Mc2#MCL,&#%/E!FG!H!L($&(92(E!JG'X8Z68Y'K)0%*/=%.0?'$/%%#*0=')('$)$+-/%.)0'

?#0#%."'=%*+"%+*#')('Fasciola hepatica'(*)R'"/%%-#'/0&'=A##$J'UR$-."/%.)0='()*'%A#'

#D)-+%.)0')('/0%A#-R.0%."'*#=.=%/0"#1'Infection, Genetics and Evolution,'OT:'bN7N81'

&).J'6Z16Z6Pni1R##?.&18Z6616Z1Z6Z1'

RDa' X8ZZOY' LA#' �0#?-#"%#&�' 0#?-#"%#&' V)*R=1' Actions Against Worms Newsletter,'

8#'#6<#,:'67m1'

RDa'X8Z6HY'@+=%/.0.0?'%A#'&*.D#'%)')D#*")R#'%A#'?-),/-'.R$/"%')('0#?-#"%#&'%*)$."/-'

&.=#/=#=J' @#")0&'\E^' *#$)*%' )0' 0#?-#"%#&' %*)$."/-' &.=#/=#=1'WHO Technical 

Report Series:'6N8$1'
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5(<1#!OG!L,#+(1#$'#!4k:!/*!Fasciola hepatica!&-/1(%#-!&$!'/?-!($)!<2**(1/#-l!*,/6!

1/'(1&%&#-!&$!;2<(m!X!n!$26<#,!/*!0/-%-!#e(6&$#)G!

F. hepatica!

`/`21(%&/$!
"#/9,(`0&'!;//,)&$(%#-! L,/+&$'#! X! k!

!*%#R.=/' 88vbHr8N1ZhW'_'m8vbarNP1Ph\ !*%#R.=/' HZ' HH1HH'

F/Aq/'E)0&/' 88vNHr8P1ahW'_'mHv6mr661Nh\ k.0/*'&#-'Iq)' 6N' aH1HH'

j+/0#' 88v66r6P16hW'_'mbvZrHb1ah\' k.0/*'&#-'Iq)' N' 8Z'

</'k/-R/'
88vbbrNP1bhW'_'mHvHZr8N18h\

k.0/*'&#-'Iq)' 6Z' 6ZZ'

</'k/-R/' k.0/*'&#-'Iq)' 8Z' ON'

<)R/'K/0&#-/*./' 88vHbrH618hW'_'mHv8Hra1Ph\' k.0/*'&#-'Iq)' 6O' 6ZZ'

@/0%/'K*+4' 8HvNr861NhW'_'m6vNZrH81Hh\' ;/C/,#5+#' bZ' OO1NN'

@/?+/' 88vN8r6P1HhW'_'mZv66r6816h\ 2.--/'K-/*/' 6m' P6166'

>/*+")9' 8Hvbrbb18hW'_'m6vNNrH1Nh\' ;/C/,#5+#' HZ' mP1PP'
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!

5(<1#!TG!A#($!$26<#,!4oF8:!/*!(11#1#-!%/9#%0#,!?&%0!/<-#,+#)!4H/:!($)!#e`#'%#)!

4H-:!0#%#,/M.9/-&%&#-E!($)!F@F +(12#-!41#+#1!/*!-&9$&*&'($'#!(*%#,!I/$*#,,/$&!

'/,,#'%&/$:!*/,!#('0!Fasciola hepatica!`/`21(%&/$m!+(12#-!&$!&%(1&'-!(,#!%0/-#!

/<%(&$#)!?&%0/2%!1/'2-!VDTSG!

F. hepatica 

`/`21(%&/$!

=$(1.-#)!

*123#-!
=11#1#-! H/! H- F@F!

=,%#6&-(' 8m' H1ON'Xz'618PY

3.67 (± 1.53)'

Z1b6N'Xz'Z1HZaY

0.463 (± 0.36)'

Z1bNZ'Xz'Z18HHY

0.421 (± 0.277)'

Z1ZOm'XW@Y

-0.098 (NS)'

I(0j(!D/$)('HZ' b1ON'Xz'81HPY

5.33 (± 2.52)'

Z1HmH'Xz'Z1HbNY

0.510 (± 0.285)'

Z1NmH'Xz'Z18bmY

0.551 (± 0.294)'

Z1HbH'XZ1ZZHZY

0.074'(NS) 

Q(!L(16(' 8a' b1N'Xz'61a8Y

5 (± 2)'

Z1bOH'Xz'Z18aOY

0.511 (± 0.352)'

Z1NHO'Xz'Z188NY

0.529 (± 0.275)'

Z166a'XW@Y

0.032 (NS)'

K(,2'/' 8H' b18N'Xz'8188Y

5 (± 2)'

Z1HO8'Xz'Z1HHbY

0.496 (± 0.275)'

Z1N8H'Xz'Z18bY

0.475 (± 0.27)'

Z18aZ'XW@Y

-0.042 (NS)'

Q/6(!

;($)#1(,&('

8a' b1ON'Xz'61O6Y

5 (± 2)'

Z1b88'Xz'Z18NbY

0.502 (± 0.242)'

Z1NO6'Xz'Z18bHY

0.539 (± 0.288)'

Z18P6'XZ1ZZNY

0.07 (NS)'

"2($#' 6a' N'Xz'61mHY

4.67 (± 2.08)'

Z1baP'Xz'Z18ZHY

0.453 (± 0.225)'

Z1PZN'Xz'Z18a6Y

0.521 (±0.291)'

Z16m6'XW@Y

0.131 (NS)'

F($%(!;,2M' HZ' N18N'Xz'8188Y

5.67 (± 2.52)'

Z1b8a'Xz'Z1HmY

0.572 (± 0.308)'

Z1Na'Xz'Z18N8Y

0.55 (± 0.293)'

Z18Ob'XZ1ZZZaY

-0.039 (NS)'

F(92(' 68' b'Xz'Z1m8Y

4 (± 1)'

Z1N6H'Xz'Z16PbY

0.573 (± 0.136)'

Z1P8N'Xz'Z1688Y

0.577 (± 0.095)'

Z16Om'XW@Y

0.007 (NS)'
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!

5(<1#!SG!J-%&6(%#-!/*!`(&,?&-#!9#$#%&'!)&**#,#$%&(%&/$!4FF5:!+(12#-!<#%?##$!

`/`21(%&/$-m!=57!=,%#6&-(E!ID7!I(0j(!D/$)(E!QL7!Q(!L(16(E!K=7!K(,2'/E!Q;7!

Q/6(!;($)#1(,&(E!"i7!"2($#E!F;7!F($%(!;,2MG!F=7!F(92(m!l!1#+#1!/*!-&9$&*&'($'#!

`!p!PGPd!

! =5! ID! QL! K=! Q;! "i! F;! F=!

=5' Z' ' ' ' ' ' ' '

ID' Z1ZH' Z' ' ' ' ' ' '

QL' Z168' Z' Z' ' ' ' ' '

K=' Z1Z8' Z' Z' Z' ' ' ' '

Q;' Z16b' Z1Z6' Z1Zb' Z1ZP' Z' ' ' '

"i! PGOgl' Z1Z8' Z1ZP' Z1ZP' Z' Z' ' '

F;' Z168' Z1Z8' Z1Zm' Z1ZN' Z' Z' Z' '

F=' Z16H' Z1Z8' Z1ZN' Z1ZN' Z' Z' Z1ZN' Z!

! !
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5(<1#!gG!a''2,,#$'#!/*!621%&1/'2-!9#$/%.`#-!4AQ"5:!($)!9#$/%.`&'!)&+#,-&%.!&$!

Fasciola hepatica!`/`21(%&/$-m!X!q!$26<#,!/*!($(1.-#)!*123#-!(*%#,!#e'12)&$9!

&$)&+&)2(1-!?&%0!(%!1#(-%!/$#!1/'2-!$/$C(6`1&*&#)E!?&%0!/$#!AQ"5!,#`#(%!&$!#('0!/*!

I"E!ID!4=,%#6&-(:!($)!=;E!=5!4F($%(!;,2M:!?&%0!`-#e!p!PGPdG!

F. hepatica 

`/`21(%&/$!
X!!

"#$/%.`&'!

8&+#,-&%.!
X/G!/*!AQ"5!,#`#(%-!

=,%#6&-(! 8H' Z1mP6'
AC, AJ (8), BF, BG (3), BH (3), BO, BP, 

D, H, I, N, U 

I(0j(!

D/$)(!
6a' Z1aab'

AC, AJ, AM, AX, AZ, B, BC, BE, BJ, 

BM, BR, CA, CB, CC, F, V (2), W, Y!

Q(!L(16(! a' Z1aO8' AF (2), AR, AS, AW, BQ, BX, G, V!

K(,2'/! 8P' Z1aOm'

A, AD, AF, AG, AH, AI, AJ (2), AK, 

AU(2), AW (3), AX, BK, BV, BW, J, V, 

W, Z!

Q/6(!

;($)#1(,&(!
8H' Z1aa8'

AA, AE, AF, AJ (2), AO, AW, B, BA, BD, 

BG, BH, BN, BZ, CE, D, K, P, T, U, V 

(2), W!

"2($#! 6N' 61ZZZ'
A, AC, AG, AH, AJ, AN, AQ, AV, AW, 

AX, BU, CF, R, S, T!

F($%(!;,2M! 8b' Z1aNP'
AC (4), AJ (2), AL, AP (2), AT, AU (3), 

AX, AY, BB, BI, BL, L, M, O, P (2), Q 

F(92(! 66' 61ZZZ' A, AB, AP, BS, BW, BY, C, CD, E, R, X!

!

!



!



!"
"

#$%&'(()*"(+",)()-'./-0"1/-/2'(+3+40"

!"#$%&%"'()"*%&(+,)-)(,.(.*)/%,&,)%)0(*(12&-%3&$4(567(.,8(-+$(

)%12&-*"$,2)(%9$"-%.%/*-%,"(,.(-+8$$(/8:3-%/(Galba()3$/%$)(*"9(

%-)(*33&%/*-%,"(%"(/,112"%-%$)(.8,1(;,8-+(*"9(<,2-+(=1$8%/*(

1'3/-"53*/"!67686"9/.+.":+$../2"7686"5.(+.'+"53);/.*-+",<=>$)="1)-)-/"?6"53@-)*+"

A$('B--)="?6"C)32+."D-'%)"E6"53%)-(+"F-3/.*+GC<-H/)="I6"J)..0"9$=='+G5-+K/"L6"

:$'44'"9/-('.'"M+%3)2"N6"9/-'(=/"O)3'GP-/=+"Q6"F-3/.*+"50/>$'"R6"J+2B"5-)./2"!S6"

T3/H'/"O/-+33"9$U'="1/-);/"!!6"P-'K"#/&":+V)-"!76"F2K/-"C+0/"!?6":$K'3/"

1-)W)3'(KX'"!E6"O-'2('./"Y'2.'H)2V0GO+33'"!E6"1/(-'K)"Z/H'*"!I6"J)/.G1')--)"1+'.(')-"

!L6"#03H')"[$-(-)=G\+$22]2"76!N"

!"O).(-+"*)"P2($*'+2"1/-/2'(+3^4'K+2"0"*)",)K(+-)2"_OFC`OPaGDC:1b6"\+$3)H/-*"!7S"2c.")cL!"

0"L76"!RSS":/"13/(/6"\$).+2"5'-)26"5-4).('./d"
7"`.2('($("*)"M)KX)-KX)"W+$-"3)"ZBH)3+WW)&).(6"9`,PAPO6"D9!"e"OCM#"I7RS"e"`MZ"77E"

9/3/*')2"`.@)K(')$2)2")(",)K()$-2f"PK+3+4')6"AB.B('>$)6"PH+3$('+.")("O+.(-g3)6"O).(-)"`MZ6"

9+.(W)33')-6"T-/.K)d"
?":/%+-/(+-'+"*)"9/3/K+3+4h/6"`.2('($(+"*)"9)*'K'./"a-+W'K/3"1)*-+"i+$-hd"O'$*/*"*)":/"[/%/./6"

O$%/d"
E"P2K$)3/"*)"\/K()-'+3+4h/"0":/%+-/(+-'+"O3h.'K+6"T/K$3(/*"*)"#/3$*6"D.'H)-2'*/*"`.*$2(-'/3"*)"

#/.(/.*)-6"\$K/-/&/.4/6"O+3+&%'/"
I"`.2('($(+"C/K'+./3"*)"`.H)2('4/K'^.")."#/3$*"1j%3'K/"`C#1`d""
L"`.2('($(+"C/K'+./3"*)"`.H)2('4/K'^.")."#/3$*"1j%3'K/"`C#1`6"A$/0/>$'36"PK$/*+-d"""
N":/%+-/(+-'+"*)"1/-/2'(+3+4'/":$'44'"9/-('.'"0"K+3/%+-/*+-)26"A$/0/>$'36"PK$/*+-d"
Q"O`k6"D.'H)-2'*/*"O).(-/3"*)"PK$/*+-6"l$'(+6"PK$/*+-d"
R"T/K$3(/*"*)"9)*'K'./"*)"3/"D.'H)-2'*/*"C/K'+./3"*)"#/."54$2(h."*)"5-)>$'W/6"1)-$"
!S"T/K$3(/*"*)"\'+3+4h/"9/-'./6"D.'H)-2'*/*"O').(h@'K/"*)3"#$-6"1)-$d"
!!"D.'H)-2'*/*"C/K'+./3"*)"#/."5.(+.'+"5%/*"*)3"O$=K+6"1)-$d"
!7"O).()-"@+-"PH+3$('+./-0"/.*"aX)+-)('K/3"`&&$.+3+406"Z)W/-(&).("+@"\'+3+406"D.'H)-2'(0"+@"

C)m"9)n'K+6"53%$>$)->$)6"C9QN!?!6"D#5d"

!?"#)KK'^."*)"\'+X)3&'.('/2'26"`.2('($(+"*)"9)*'K'./"a-+W'K/36"D.'H)-2'*/*"O).(-/3"*)",).)=$)3/"

0"O).(-+"W/-/"P2($*'+2"2+%-)"9/3/-'/"`5P#G`C[6"911#6"O/-/K/26",).)=$)3/d""
!E"D.'*/*"*)"PK+3+4h/"*)"M)2)-H+-'+2"0",)K(+-)2"*)"1/-/2'(+26"Z)W/-(/&).(+"*)"PK+3+4h/6"

A).B('K/"0"PH+3$K'^.6"T/K$3(/*"*)"O').K'/2"Pn/K(/2"0"C/($-/3)26"D.'H)-2'*/*"*)"\$).+2"5'-)26"

O'$*/*"D.'H)-2'(/-'/6"1/%)33^."76"E"W'2+6":/%+-/(+-'+"II6"O'$*/*"5$(^.+&/"*)"\$).+2"5'-)2"

O!E7QPA56"5-4).('./d!

!I"O).(-)"*oPK+3+4')"T+.K('+..)33)")("PH+3$('H)"D9M"I!NI6"!R!R"M+$()"*)"9).*)6"O/&W$2"

OCM#6"?E7R?"9+.(W)33')-"O)*)n"I6"T-/.K)d"



7"
"

!L"D#M"?7NQ"OCM#eP1[P6"OM`F\P"D.'H)-2'(Bp "*)"1)-W'4./.6"1)-W'4./.6"T-/.K)d""
!N"ZBW/-()&).("*)"\'+3+4')ePK+3+4')6"T/K$3(Bp "*)2"#K').K)26"D.'H)-2'(Bp "9+.(W)33')-"76"

9+.(W)33')-6"T-/.K)d"

1d"53*/"/.*"9d":+$../2"K+.(-'%$()*")>$/330"(+"(X)"m+-V"

"

8"a+"mX+&"K+--)2W+.*).K)"2X+$3*"%)"/**-)22)*f(3%&*8*&9*>'1*%&?/,1"_1d"53*/b"

a+(/3"m+-*"K+$.(f" 76?7E"_)nK3$*'.4"-)@)-).K)26"(/%3)26"/.*"@'4$-)2b"

1/4)"K+$.(f" !L"'."(+(/3"

" !S"()n("W/4)2"_m'(X+$("-)@)-).K)2b"

" 7"(/%3)2"

" !"@'4$-)"

" 7"(/%3)2"'."#$WW3)&).(/-0"&/()-'/3"

M$..'.4"X)/*f"`*).('@0'.4"K-0W('K"Galba"2W)K')2"

(

@$:(A,89)0(Galba truncatula6"Galba cubensis6"Galba neotropica6"Galba schirazensis6"

2./'326"Fasciola hepatica6"#+$(X"5&)-'K/6"C+-(X"5&)-'K/d(

( (



?"
"

=B)-8*/-(

Y)"*)2'4.)*"/"&$3('W3)n"1OMq%/2)*"'."3).4(X"W+30&+-WX'2&"+@"&'K-+2/()33'()2q(X/("

)./%3)2"(X)"'*).('@'K/('+."+@"(X-))"K-0W('K"Galba"2W)K')2f"Galba cubensis6"Galba

schirazensis6"/.*"Galba truncatulad"aX)2)"2W)K')2"/-)"2./'3"_+-"W+().('/3"2./'3"X+2(2b"+@"

@/2K'+3+2'2d"Y)"(X)."/WW3')*"(X)"&$3('W3)n"1OM"(+"RI7"'.*'H'*$/32"@-+&"RL"3+K/3'(')2"_."r"

RdI"s"7dN"W)-"3+K/3'(0b"@-+&"C+-(X"/.*"#+$(X"5&)-'K/d"Y)"@+$.*"(X/("QR"3+K/3'(')2"

W-)2).()*"G. cubensis6"G. schirazensis6"/.*c+-"G. truncatulad"Y)"@+$.*"()."3+K/3'(')2"

m'(X"(m+"2W)K')2"/.*"(m+"3+K/3'(')2"m'(X"(X)"(X-))"2W)K')2"K+)n'2('.4d"aX)"+(X)-"NN"

3+K/3'(')2"m)-)"K+&W+2)*"%0"+.)"+@"(X)2)"2W)K')2d"F(X)-"Galba"2W)K')2q.+("/&W3'@')*"

%0"(X)"&$3('W3)n"1OMqX/H)"%))."@+$.*"/(")'4X("3+K/3'(')2d"aX)2)"+(X)-"2W)K')2"m)-)"

Galba humilis6"Galba viator6"/.*"Galba cousinid"[)-)6"m)"-)W+-("@+-"(X)"@'-2("('&)"(X)"

W-)2).K)"+@"G. schirazensis"'."D#5"/.*"(X)".+-(X)-.&+2("*'2(-'%$('+."@+-"(X'2"2W)K')2d"

aX'2"'2"/32+"(X)"@'-2("&+3)K$3/-"'*).('@'K/('+."+@"G. truncatula"'."D#5d"`."+-*)-"(+"H/3'*/()"

(X)"/KK$-/K0"+@"(X)"&$3('W3)n"1OM6"m)"/&W3'@')*"/.*"2)>$).K)*"(X)"'.()-./3"

(-/.2K-'%)*"2W/K)-"7"/.*"(X)"K0(+KX-+&)"O"+n0*/2)"2$%$.'("!"'."!EN"'.*'H'*$/32d"aX)"

2)>$).K)2"m)-)"K+.2'2().("m'(X"(X)"-)2$3(2"@+$.*"%0"(X)"&$3('W3)n"1OMd"aX'2"()KX.'>$)"

'2"/KK$-/()6"KX)/W6"2'&W3)6"-/W'*6"-)W-+*$K'%3)6"/.*"/*/W(/%3)"(+"/"3/-4)"2)("+@"

'.*'H'*$/32d"aX'2"()KX.'>$)"K/."%)"K+.2'*)-)*"/2"/"X)3W@$3"(++3"(+"%)"$2)*"'."@$-(X)-"

2($*')2"(X/("@+K$2"+."2($*0'.4")K+3+4'K/3"W-)@)-).K)2"+@"Galba"2W)K')2"/.*"

'.(-/2W)K'@'K"'.()-/K('+.2"'."+-*)-"(+"%)(()-"K+&W-)X).*"(X)")W'*)&'+3+40"+@"@/2K'+3+2'2d"



E"
"

C"-8,92/-%,"(

Galba"2./'32"_:0&./)'*/)b"/-)"'.()-&)*'/()"X+2(2"+@"@/2K'+3+2'26"/"*'2)/2)"(X/("'.@)K("

X$&/.2"/.*"*+&)2('K"3'H)2(+KV"_9/2GO+&/")("/3d"7SS!bd"Z)2W'()"(X)")W'*)&'+3+4'K/3"

-)3)H/.K)"+@"(X)2)"2./'326"(X)'-"W/2("*'2W)-2/3"/.*"K$--).("*'2(-'%$('+."/-)"$.V.+m."

%)K/$2)"(X)"&+-WX+3+40"+@"&+2("K+&&+."KX/-/K()-2"$2)*"(+"*'@@)-).('/()"30&./)'*2"

_i.e.6"-)W-+*$K('H)"+-4/.2"/.*"2X)33b"W-)H).("@-+&"/."/KK$-/()"*'@@)-).('/('+."%)(m))."

(X)&"_O+--)/")("/3d"7S!!bd `."W/-('K$3/-6"Galba cubensis6"Galba schirazensis6"Galba

truncatula6"Galba neotropica6"Galba humilis6"/.*"Galba viator"X/H)"/"2'&'3/-"

-)W-+*$K('H)"202()&"/.*"/"2X)33"(X/("H/-')2"m'(X").H'-+.&).(/3"K+.*'('+.2"_O+--)/")("/3d"

7S!S6"7S!!bd"aX$26"&/.0"W+W$3/('+.2"W-+%/%30"X/H)"%))."&'2'*).('@')*"_O+--)/")("/3d"

7S!Sbd"T+-"'.2(/.K)6"G. schirazensis"X/2"+@()."%))."K+.@$2)*"m'(X"G. truncatula"'."

P$-+W)"/.*"52'/"/.*"m'(X"G. truncatula"+-"G. cubensis"'."5&)-'K/"_O+--)/")("/3d"7S!S6"

\/-4$)2")("/3d"7S!!bd"C+.)(X)3)226"&'(+KX+.*-'/3"/.*".$K3)/-"&/-V)-2"/-)"$2)@$3"(+"

2+3H)"(X)"202()&/('K"W-+%3)&2"/&+.4"(X)"Galba"2W)K')2"_O+--)/")("/3d"7S!S6"7S!!6"

\/-4$)2")("/3d"7S!!bd"[+m)H)-6".)'(X)-"(X)"&+3)K$3/-"&/-V)-2".+-"(X)"&'K-+2/()33'()2"

/33+m"(+"*'@@)-).('/()"(X)"-)K).(30"*)2K-'%)*"2W)K')2"G. neotropica"@-+&"G. cubensis"

2$44)2('.4"(X/("%+(X"(/n/"m+$3*"%)"K+.2'*)-)*"/2"K+.2W)K'@'K2"_O+--)/")("/3d"7S!!6"

:+$../2")("/3d6"in preparationbd""

Galba"2W)K')2"/-)"m)33GV.+m."2./'3"X+2(2"+@"@/2K'+3+2'2"_J/%%+$-Gk/X/%")("/3d"!RRN6"

\/-4$)2")("/3d"7SSNb"%$("$.)>$/330"2$2K)W('%3)"(+"(X)"W/-/2'()qi. e.6"./('H)"5&)-'K/."

Galba"2W)K')2"_/2"G. cubensisb"/-)"%)(()-"X+2(2"@+-"(X)"3+K/3"W/-/2'()"(X/."'.H/2'H)"

Galba"2W)K')2"_/2"G. truncatula6"#/./%-'/")("/3d"7S!7bd"aX)"-+3)"+@"G. schirazensis"/2"

/."'.()-&)*'/()"X+2("-)&/'.2"$.V.+m."_\/-4$)2")("/3d"7S!!6"O/-+.")("/3d"7S!E6"

Z-)0@$22")("/3d"7S!Ibd""

`@"(X)"&+-WX+3+4'K"/WW-+/KX"W-)H).("$2"@-+&"/KK$-/()30"*'@@)-).('/()"(X+2)"Galba"

2W)K')2"(X/("/-)"$.)>$/330"2$2K)W('%3)"(+"%)K+&)"2./'3"X+2(2"+@"@/2K'+3+2'26"/"&+3)K$3/-"

'*).('@'K/('+."(++3"m+$3*"X)3W"(+"2($*0"(X)"K$--).("*'2(-'%$('+."+@"&+-WX+3+4'K/330"K-0W('K"

Galba"2W)K')2"/.*"(+"%)(()-"$.*)-2(/.*"(X)")W'*)&'+3+40"+@"@/2K'+3+2'2d"Y)".))*"/"

&)(X+*"/%3)"(+"'*).('@0"2./'3"'.*'H'*$/32">$'KV30"/.*"@+-"3/-4)"2/&W3)2d"aX$26"(X)"&/'."

4+/3"+@"(X'2"m+-V"m/2"(+"*)H)3+W"/"&+3)K$3/-"(++3"(X/(")./%3)2"$2"(+"2W)K'@'K/330"'*).('@0"

G. cubensis6"G. schirazensis6"/.*"G. truncatula6"(X)"(X-))"Galba"2W)K')2"mX'KX"2W)K'@'K"

W-'&)-2"/&W3'@0'.4"&'K-+2/()33'()2"X/H)"%))."/3-)/*0"*)2K-'%)*"_a-+$HB")("/3d"7SSS6"

:+$../2")("/3d6"in preparationbd"Y)"*)2'4.)*"/"&$3('W3)n"1OMq&$3('W3)"W-'&)-2"m'(X'."

/"2'.43)"1OM"&'n($-)q(X/("$2)2"2W)K'@'K"W-'&)-2"(+"/&W3'@0"&'K-+2/()33'()2"_ZC5"

2)>$).K)2"'."mX'KX"K)-(/'."%/2)"W/'-2"/-)"-)W)/()*bd"Y)"2'&$3(/.)+$230"*'@@)-).('/()*"

(X)"(X-))"(/-4)("2W)K')2"%0"H'-($)"+@"(X)"H/-0'.4"2'=)"+@"2W)K'@'K"&'K-+2/()33'()2d"



I"
"

O+&W/-'.4"(X)"-)2$3(2"m'(X"(X)"2W)K')2"'*).('@'K/('+."%0"&'(+KX+.*-'/3"/.*".$K3)/-"

&/-V)-2"()2()*"(X)"/KK$-/K0"+@"(X'2"&)(X+*d"Y)"/WW3')*"(X)"&$3('W3)n"1OM"(+"'*).('@0"/"

(+(/3"+@"2./'32"@-+&"RL"3+K/3'(')2"@-+&"C+-(X"/.*"#+$(X"5&)-'K/""

(

D*-$8%*&(*"9(1$-+,9)(

Samples 

Y)"K+33)K()*"'.*'H'*$/32"+@"Galba"2W)K')2"@-+&"RL"3+K/3'(')2"@-+&"5-4).('./6"O/./*/6"

O+3+&%'/6"PK$/*+-6"1)-$6",).)=$)3/6"/.*"D#5"_a/%3)"#!"/.*"#7b"%)(m))."FK(+%)-"

!RRQ"/.*"9/0"7S!Id"aX-))"+@"(X)2)"3+K/3'(')2"X/H)"%))."-)2/&W3)*"%)K/$2)"m)"

+%2)-H)*"X'4X"W-)H/3).K)"+@"@/2K'+3+2'2"'."3'H)2(+KV"/.*"m)"2$-H)0)*"(X)"'.@)K()*"

Galba"'.*'H'*$/32"_$.W$%3'2X)*"*/(/bf":/"53%+-/*/"'."O+3+&%'/"/.*":/"a-/&W/"/.*"

[+()3",/33)"A-/.*)"'.",).)=$)3/"_a/%3)"#!bd"`&&)*'/()30"/@()-"K+33)K('+.6"'.*'H'*$/32"

m)-)"2(+-)*"'."NSt")(X/.+3"$.('3"ZC5"/./302)2d

DNA extraction

ZC5"@-+&"/33"(X)"'.*'H'*$/32"m/2")n(-/K()*"$2'.4"OX)3)n"W-+(+K+3"@+33+m'.4"P2(+$W"/.*"

9/-('."_!RRLb"/*/W()*"(+"RLGm)33"W3/()2d""F.30"(X)"ZC5"+@"+.)"'.*'H'*$/3"+@"G. viator"

m/2")n(-/K()*"$2'.4"(X)"ZC)/20"\3++*"/.*"a'22$)"i'("_l'/4).b"/KK+-*'.4"(+"

&/.$@/K($-)-2o"'.2(-$K('+.2d"""

Multiplex PCR"+W('&'=/('+.""

#W)K'@'K"W-'&)-2"(X/("/&W3'@0"&'K-+2/()33'()2"X/H)"%))."/3-)/*0"*)2K-'%)*"@+-"Galba

truncatula"_a-+$HB")("/3d"7SSSb6"Galba cubensis"_:+$../2")("/3d6"in preparationb6"/.*"

Galba schirazensis _:+$../2")("/3d6"in preparationbd"Y)"*)2'4.)*"/"W-'&)-"&'n"m'(X"

*'@@)-).("K+&%'./('+.2"+@"W-'&)-2"(X/("/&W3'@0"&'K-+2/()33'()2"+@"*'@@)-).("2'=)2"@+-")/KX"

+@"(X)"2W)K')2"/.*"(X/(")./%3)"$2"(+"'*).('@0"(X)"(X-))"2W)K')2"_*/(/".+("2X+m.bd"Y)"

/32+"()2()*"*'@@)-).("K+.K).(-/('+.2"+@")/KX"W-'&)-"/.*"*'@@)-).("1OM"W-+4-/&2"_*/(/"

.+("2X+m.bd""

aX)"&'n"(X/("K+.(/'.2"(X)"K+&%'./('+."+@"W-'&)-2"/.*"(X)"W-'&)-o2"K+.K).(-/('+."(X/("

/33+m)*"@+-"/."/KK$-/()30"'*).('@'K/('+."+@"(X)"(X-))"2W)K')2"'2"2X+m."'."a/%3)"7d"Y)"

/&W3'@')*"(X)"2)>$).K)2"'."/"(+(/3"H+3$&)"+@"!S"u3"K+.(/'.'.4"I"u3"+@"a/>"1OM"9/2()-"

9'n"i'("_l'/4).b6"!"u3"+@"(X)"W-'&)-"&'n6"/.*"!"u3"+@"ZC5"'."/."PWW).*+-@"aX)-&/3"

O0K3)-d"aX)"1OM"W-+4-/&"(X/("2X+m)*"K3)/-"/.*"*)@'.)*"%/.*2"'."(X)"/4/-+2)"4)3"X/*"

/."'.'('/3"*)./($-/('+."2()W"/("RI"vO"@+-"!I"&'.$()2w"@+33+m)*"%0"?I"K0K3)2"+@"

*)./($-/('+."/("RE"vO"@+-"?S"2)K+.*26"/..)/3'.4"/("I7"vO"@+-"RS"2)K+.*26"/.*")n().2'+."



L"
"

/("N7"vO"@+-"+.)"&'.$()w"@+33+m)*"%0"/"@'./3")n().2'+."/("LS"vO"@+-"?S"&'.$()2d"aX)"

/&W3'@'K/('+."W-+*$K(2"m)-)")3)K(-+WX+-)('K/330"-)2+3H)*"/@()-"7"X+$-2"/("!SS,"'."/"It"

/4/-+2)"4)3"/.*"2(/'.)*"m'(X"PkG,'2'+.d"Y)"W-)W/-)*"(X)"It"/4/-+2)"4)3"%0"X)/('.4"'("

'."/"&'K-+m/H)"/("(X)"3+m)-"W+m)-"2)(('.4"/.*"&'n'.4"'(")H)-0"?S"2)K+.*2d""

Multiplex PCR test, application, and validation  

`."+-*)-"(+"()2("(X)"&$3('W3)n"1OM"2W)K'@'K'(06"m)"$2)*"'.*'H'*$/32"+@"G. cubensis6"G.

schirazensis6"G. truncatula6"G. humilis6"G. viator6"/.*"G. cousini"4).)('K/330"'*).('@')*"

%0"O+--)/")("/3d"_7S!S6"7S!!w"a/%3)"!bd"aX)"@'-2("@'H)"2W)K')2"/-)")n(-)&)30"K3+2)"'."

()-&2"+@"&+-WX+3+40"%$("G. cousini"'2")/2'30"*'2('.4$'2X/%3)"$2'.4"+.30"(X)"&+-WX+3+40"

2X)33"/.*"-)W-+*$K('H)"+-4/.2"_1/-/).2)"!RRIbd"C)H)-(X)3)226"m)"'.K3$*)"G. cousini"'."

(X)"()2("%)K/$2)"(X)"2'n"2W)K')2"/-)"'."(X)"2/&)"WX03+4).)('K"K3/*)q(X)"Galba"K3/*)"

_O+--)/")("/3d"7S!!bd"

Y)"(X)."/WW3')*"(X)"&$3('W3)n"1OM"(+"RI7"'.*'H'*$/32"@-+&"(X)"RL"3+K/3'(')2"_C"r"RdI"s"

7dN"W)-"3+K/3'(0b"2/&W3)*"'."(X'2"2($*0d"`."+-*)-"(+"H/3'*/()"(X)"&$3('W3)n"1OM6"m)"

/&W3'@')*"(X)"'.()-./3"(-/.2K-'%)*"2W/K)-"7"_`a#G7b"/.*"(X)"K0(+KX-+&)"O"+n0*/2)"

2$%$.'("!"_OF!b"'."!S7"'.*'H'*$/32"'*).('@')*"%0"(X)"&$3('W3)n"1OM"/.*"/32+"'."!7"

'.*'H'*$/32"mX)-)"(X)"&$3('W3)n"1OM"*'*".+("/&W3'@0"(X)"ZC5d"Y)"$2)*"W-'&)-2"

W-+H'*)*"%0"53&)0*/G5-('4/2")("/3d"_7SSSb"(+"/&W3'@0"`a#G7f"CPY#7"_@+-m/-*b"Io"

aAaAaOA5aA55A55OAO5A"?o"/.*"`a#7GM`xF"_-)H)-2)b"Io"

aaOa5aAOaa555aaO5AAAA"?obw"/.*"W-'&)-2"W-+H'*)*"%0"T+3&)-")("/3d"_!RREb"(+"

/&W3'@0"OF!f":OF!ERS"_@+-m/-*b"Io"AAaO55O555aO5a555A5a5aaAA"?o"/.*"

[OF7!RQ"_-)H)-2)b"Io"a555OaaO5AAAaA5OO555555aO5"?obd"1OM"/&W3'@'K/('+."

@+-")/KX"W/'-"+@"W-'&)-2"m/2"W)-@+-&)*"'."/"(+(/3"H+3$&)"+@"7I"u3"K+.(/'.'.4"!7dI"u3"+@"

a/>"1OM"9/2()-"9'n"_l'/4).b6"7dI"u3"+@")/KX"W-'&)-6"/.*"7"u3"+@"ZC5"'."/."PWW).*+-@"

aX)-&/3"O0K3)-"m'(X"/."'.'('/3"*)./($-/('+."2()W"/("RI"vO"@+-"!I"&'.$()2w"@+33+m)*"%0"?I"

K0K3)2"+@"*)./($-/('+."/("RI"vO"@+-"?S"2)K+.*26"/..)/3'.4"/("IS"vO"@+-"+.)"&'.$()6"

)n().2'+."/("N7"vO"@+-"+.)"&'.$()w"/.*"/"@'./3")3+.4/('+."/("LS"vO"@+-"?S"&'.$()2d"aX)"

/&W3'@'K/('+."W-+*$K(2"m)-)")3)K(-+WX+-)('K/330"KX)KV)*"'."/"!t"/4/-+2)"4)3"/.*"

2(/'.)*"m'(X"PkG,'2'+.d"ZC5"2)>$).K'.4"m/2"W)-@+-&)*"%0"P$-+@'.2"A).+&'K2"

_P%)-2%)-46"A)-&/.0b"$2'.4"1OMG/&W3'@')*"W-+*$K(2"/2"()&W3/()2d"Y)"K+&W/-)*"(X)"

2)>$).K)2"+%(/'.)*"m'(X"(X)"+.)2"/H/'3/%3)"'."A).\/.V"$2'.4"\:5#ad"

(

7$)2&-)(

aX)"&$3('W3)n"1OM"2$KK)22@$330"*'@@)-).('/()2"(X)"'.*'H'*$/32"+@"G. cubensis6"G.

schirazensis6"/.*"G. truncatula"4).)('K/330"'*).('@')*"%0"O+--)/")("/3d"_7S!!w"a/%3)"!6"



N"
"

T'4d"!bd"5.0"/&W3'@'K/('+."m/2"+%2)-H)*"m'(X"(X)"ZC5"+@"G. humilis6"G. cousini6"/.*"G. 

viator"4).)('K/330"'*).('@')*"%0"O+--)/")("/3d"_7S!!w"a/%3)"!bd"

D2'.4"-+$('.)30"(X)"&$3('W3)n"1OM6"m)"*'@@)-).('/()*"7QL"'.*'H'*$/32"+@"G. cubensis6"7RE"

+@"G. schirazensis6"/.*"?7N"+@"G. truncatula"@-+&"C+-(X"/.*"#+$(X"5&)-'K/"_a/%3)"#!bd"

aX)"&$3('W3)n"1OM"*'*".+("/&W3'@0"(X)"ZC5"+@"EI"'.*'H'*$/32"W-)2).()*"/(")'4X("

3+K/3'(')2"_a/%3)"#7bd"aX)"/&W3'@'K/('+."+@"`a#G7"/.*c+-"OF!"2X+m)*"(X/("(X)2)"

'.*'H'*$/32"%)3+.4"(+"G. viator _."r"!b6"G. cousini _."r"!b6"/.*"G. humilis _."r"E?b"_a/%3)"

#7bd"aX)2)"-)2$3(2"H/3'*/()*"(X)"/KK$-/K0"+@"(X)"&$3('W3)n"1OM"'."(X)"2).2)"(X/("'("

*+)2.y("4'H)"2'4./3"@+-"(X)2)"2W)K')2d"

T-+&"(X)"RL"3+K/3'(')2"2/&W3)*6"QR"X/-%+-)*"G. cubensis6"G. schirazensis6"/.*c+-"G.

truncatulaf"NN"X/-%+-)*"+.30"+.)"+@"(X-))"2W)K')2"_7Q X/-%+-)*"G. cubensis6"7!

X/-%+-)*"G. schirazensis6"/.*"7Q"X/-%+-)*"G. truncatulab6"(m+"X/-%+-)*"G. cubensis"

/.*"G. schirazensis"(+4)(X)-6"@+$-"G. cubensis"/.*"G. truncatula6"@+$-"G. schirazensis"

/.*"G. truncatula6"/.*"(m+"X/-%+-)*"(X)"(X-))"2W)K')2"(+4)(X)-"_a/%3)"#!bd"`."(X)"(X-))"

3+K/3'(')2"(X/("X/H)"%))."-)2/&W3)*6"m)"@+$.*"(X)"K+&W+2'('+.2"'."%+(X"*/()2f"G.

schirazensis"'.":/"53%+-/*/"_O+3+&%'/b"/.*":/"a-/&W/"_,).)=$)3/b"/.*"G.

schirazensis"/.*"G. truncatula"'."[+()3",/33)"A-/.*)"_,).)=$)3/b"_a/%3)"#!bd"`."

[$/4-/X$&/"_PK$/*+-b6"m)"@+$.*"G. schirazensis"/.*"+(X)-"Galba"2W)K')2".+("

/&W3'@')*"%0"(X)"&$3('W3)n"1OM"/.*"3/()-"'*).('@')*"%0"OF!"/.*"`a#G7"/2"G. cousinid"

aX)"/&W3'@'K/('+."+@"OF!"/.*c+-"`a#G7"+@"N?"'.*'H'*$/32ee/3-)/*0"'*).('@')*"%0"(X)"

&$3('W3)n"1OM"/2"G. cubensis"_."r"!Eb6"G. schirazensis"_."r"7Rb6"/.*"G. truncatula"_."r"

?SbeeH/3'*/()*"(X)"/KK$-/K0"+@"(X)"&$3('W3)n"1OM"_a/%3)"#!bd"aX)"/&W3'@'K/('+."+@"OF!"

/.*c+-"`a#G7"+@"7R"'.*'H'*$/32"/3-)/*0"'*).('@')*"%0"(X)"&$3('W3)n"1OM"/2"G. cubensis"

0')3*)*"1OM"W-+*$K(2"mX'KX"2)>$).K)2"X/*"R7G!SSt"'*).('(0"m'(X"G. neotropica 

_W-+%/%30"/"K+.2W)K'@'K"2W)K')2"+@"G. cubensisw"O+--)/")("/3d"7S!!6":+$../2")("/3d6"in 

preparationb6"G. viator6 +-"Fossaria bulimoides"_a/%3)"#!bd"aX)2)"-)2$3(2"2X+m)*"(X)"

$.K)-(/'.(0"(X/("'(")n'2(2"m'(X'."(X'2"4-+$Wd"9+-)+H)-6"(X)"/&W3'@'K/('+."+@"OF!"/.*c+-"

`a#G7"+@"'.*'H'*$/32"@-+&",).)=$)3/"/.*"D#5"/3-)/*0"'*).('@')*"%0"(X)"&$3('W3)n"1OM"

/2"G. cubensis"0')3*)*"1OM"W-+*$K(2"(X/("2)>$).K)2"&/(KX)*"m'(X"G. neotropica"+-"F.

bulimoides"mX)."/./30='.4"OF!"/.*"m'(X"G. cubensis"+-"G. viator mX)."/./30='.4"`a#G

7"_a/%3)"#!bd"aX)"/&W3'@'K/('+."+@"`a#G7"/.*c+-"OF!"2X+m)*"(X/("(X)"'.*'H'*$/32".+("

/&W3'@')*"%0"(X)"&$3('W3)n"1OM"%)3+.4"(+"G. viator _."r"!b6"G. cousini _."r"!b6"/.*"G.

humilis _."r"E?b"_a/%3)"#7bd"aX)2)"-)2$3(2"/32+"H/3'*/()*"(X)"/KK$-/K0"+@"(X)"&$3('W3)n"

1OMd"

( (
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"

E%)/2))%,"(

Y)"*)H)3+W)*"/"&+3)K$3/-"(++3"(+"'*).('@0"(X-))"K-0W('K"2./'3"X+2(2"_+-"W+().('/3"2./'3"

X+2(b"+@"@/2K'+3+2'2f"Galba cubensis6"Galba schirazensis6"/.*"Galba truncatulad"Y)"

*)2'4.)*"/"&$3('W3)n"1OM"(X/("$2)2"2W)K'@'K"W-'&)-2"(X/("/&W3'@0"&'K-+2/()33'()2"m'(X"

H/-0'.4"2'=)"+@"(X)2)"2W)K')2"_a/%3)"76"T'4d"!b"/.*"(X/("*+".+("/&W3'@0"ZC5"+@"+(X)-"

K-0W('K"Galba 2W)K')2"3'V)"Galba viator"/.*"Galba humilis6"/.*"+(X)-"-)3/()*"2W)K')2"/2"

Galba cousinid"aX)"/&W3'@'K/('+."+@"OF!"/.*c+-"`a#G7"+@"!!Q"'.*'H'*$/32"@-+&"C+-(X"/.*"

#+$(X"5&)-'K/"H/3'*/()*"(X)"/KK$-/K0"+@"(X)"&$3('W3)n"1OMd""

D.('3".+m6"(X)"+.30"m/0"(+"K+--)K(30"'*).('@0"G. truncatula6"G. cubensis6"/.*"G.

schirazensis"m/2"%0"/&W3'@0'.4"/.*"2)>$).K'.4"/"&'(+KX+.*-'/3"+-".$K3)/-"4).)('K"

&/-V)-d"aX'2"()KX.'>$)"(/V)2"('&)"2'.K)"&+2("-)2)/-KX)-2"X/H)"(+"2).*"(X)"1OM"

W-+*$K(")32)mX)-)"(+"4)("(X)"2)>$).K)d"`.2()/*6"(X)"&$3('W3)n"1OM"/33+m)*"@+-"-/W'*"

/.*"2'&$3(/.)+$2"'*).('@'K/('+."+@"/"3/-4)"2)("+@"'.*'H'*$/32"+@"Galba"2W)K')2"m'(X"3)22"

)nW).2'H)"-)2+$-K)2"/.*c+-"K+&W3)n")>$'W&).(d"9$3('W3)n"1OM2"X/H)"%))."/3-)/*0"

$2)*"(+"'*).('@0"*'@@)-).("H)K(+-"2W)K')2"(X/("/-)"&+-WX+3+4'K/330"2'&'3/-6"3'V)"K-0W('K"

Anopheles"2W)K')2"_i).4.)")("/3d"7SS!b6"+-"*'@@)-).("W/-/2'()"2W)K')2"(X/("/-)"*'3$()*"

m'(X'."@)K)2"+-"%3++*"_\+X^->$)=")("/3d"7S!I6"#$&%-'/")("/3d"7S!Ibd""

Y)"/WW3')*"(X)"&$3('W3)n"1OM"X)-)"*)2'4.)*"(+"'*).('@0"RI7"Galba"'.*'H'*$/32"@-+&"(X)"

RL"3+K/3'(')2"@-+&"C+-(X"/.*"#+$(X"5&)-'K/d"Y)"@+$.*"G. cubensis"'."5-4).('./6"

PK$/*+-6"1)-$6"D#56"/.*",).)=$)3/w"G. schirazensis"'."O+3+&%'/6"PK$/*+-6"1)-$6"

D#56"/.*",).)=$)3/w"/.*"G. truncatula"'."5-4).('./6"1)-$6"D#56"/.*",).)=$)3/d"aX'2"

'2"(X)"@'-2("-)W+-("+@"G. schirazensis"'."D#5"/.*"/32+"(X)".+-(X)-.&+2("-)K+-*"@+-"(X'2"

2W)K')2d"9+-)+H)-6"(X'2"'2"(X)"@'-2("&+3)K$3/-"'*).('@'K/('+."+@"G. truncatula"'."D#5"/.*"

$.('3".+m"(X'2"2W)K')2"m/2"+.30"-)W+-()*"'."(X'2"K+$.(-0"$2'.4"&+-WX+3+4'K/3"KX/-/K()-2"

(X/("/-)".+("-)3'/%3)"@+-"/"K3)/-"'*).('@'K/('+."_\$-KX"!RQ7bd"

aX'2"2($*0"*)&+.2(-/()*"(X/("(X)"(X-))"2W)K')2"+@"Galba"K/."K+)n'2("/("(X)"2/&)"

3+K/3'(0"3'H'.4"'."20&W/(-0"+-"K3+2)"(+"+.)"/.+(X)-d"a+"+$-"V.+m3)*4)6"(X)"K+)n'2().K)"+@"

Galba"2W)K')2"X/2"%))."/3-)/*0"-)W+-()*"%)(m))."G. viator"/.*"G. neotropica"

_#(/.*3)0")("/3d"7S!?b"/.*"%)(m))."G. truncatula"/.*"G. schirazensis _\/-4$)2")("/3d"

7S!!bd"aX)2)"/$(X+-2"W+'.()*"+$("(X/("'."#W/'."2+&)('&)2"2W)K'&).2"+@"G.

schirazensis"/.*"G. truncatula"m)-)"2+"&'n)*"(X/("+.)"m/2"K+.H'.K)*"(+"*)/3"m'(X"+.30"

+.)"2W)K')2d"aX)"&$3('W3)n"1OM"*)H)3+W)*"X)-)'."m+$3*"W)-&'("(+")/2'30"*'2('.4$'2X"

%)(m))."&+.+"/.*"&$3('2W)K'@'K"K+&&$.'(')2"+@"Galbad"

Y)"@+$.*"(X)"2/&)"2W)K')2"/("(X)"3+K/3'(')2"(X/("X/H)"%))."-)2/&W3)*"3/()-"'."('&)6"

2$44)2('.4"(X/("/"K+&W)('('H)"*'2W3/K)&).("%)(m))."(X)2)"2W)K')2"/("(X+2)"3+K/3'(')2"

X/2".+("+KK$--)*d"aX'2"-)2$3(6"X+m)H)-6"'2".+("K+.K3$2'H)"/%+$("-)W3/K)&).(2"/&+.4"



R"
"

Galba"2W)K')2"(X/("K+$3*"2$44)2("K+&W)('('+."%)K/$2)"m)"+.30"-)2/&W3)*"@)m"

3+K/3'(')26"'.*'H'*$/326"/.*"*/()2d"`.(-+*$K)*"2W)K')2"3'V)"G. truncatula"'."5&)-'K/"

_9)$.')-")("/3d"7SS!b"K+$3*"X/H)"/."'&W/K("$W+."./('H)"2W)K')2"3'V)"G. cubensis"

_A-+2X+3="7SS76"M+*-'4$)="7SSLbd"9+-)+H)-6"*)2'4.'.4"(X)"&'K-+2/()33'()"&/-V)-2"@+-"

G. viator"/.*"G. humilis"m+$3*"W)-&'("(+"'.K3$*)"2+&)"+@"(X+2)"2W)K'@'K"W-'&)-2"'."(X)"

&$3('W3)n"1OM"'."+-*)-"(+"/32+"'*).('@0"(X)2)"K-0W('K"2W)K')2d""

aX)"&'2&/(KX"+@"7R"'.*'H'*$/32"(X/("m)-)"'*).('@')*"%0"(X)"&$3('W3)n"1OM"/2"G.

cubensis"/.*"mX+2)"2)>$).K)2"%3/2()*"'."A).\/.V"m'(X"2)>$).K)2"@-+&"G.

neotropica6"G. viator6"/.*"Fossaria bulimoides"-)@3)K(2"(X)"$.K)-(/'.(0"m'(X'."(X'2"4-+$Wd"

#'.K)"A).\/.V"-)3')2"+."*'-)K("2$%&'22'+.2"@-+&"'.*'H'*$/3"3/%+-/(+-')26"

&'2'*).('@'K/('+.2"+@"2W)K')2"/-)"K+&&+.q)2W)K'/330"m'(X'."K-0W('K"2W)K')2"/2"(X)"

Galba"4-+$W"_#X).")("/3d"7S!?bd"#+&)"/$(X+-2"2$44)2()*"(X/("G. neotropica"/.*"G.

cubensis"K+$3*"%)"K+.2'*)-)*"K+.2W)K'@'K2"_O+--)/")("/3d"7S!!6":+$../2")("/3d6"in

preparationbd"A).)('K"*'H)-2'(0"2($*')2"(X-+$4X+$("5&)-'K/"m'33"X)3W"$2"(+"*'2).(/.43)"

(X)"'*).('(0"+@"G. cubensis"/.*"G. neotropicad""

`."K+.K3$2'+.6"m)"X/H)"*)H)3+W)*"/"&$3('W3)n"1OM"(X/("'*).('@')2"K-0W('K"2./'3"X+2(2"+@"

@/2K'+3+2'2eeG. cubensis6"G. truncatula6"/.*"G. schirazensiseemX'KX"'2f!_'b"/KK$-/()6"

%)K/$2)"'("m/2"H/3'*/()*"%0"(X)"-)2$3(2"+%(/'.)*"%0"&'(+KX+.*-'/3"+-".$K3)/-"&/-V)-2w"

_''b"KX)/W6"K+&W/-)*"(+"/&W3'@0'.4"/.*"2)>$).K'.4"&+3)K$3/-"&/-V)-2w"_'''b"2'&W3)6"

%)K/$2)"+.30"+.)"1OM"'2".))*)*"(+"W)-@+-&"(X)"/&W3'@'K/('+."+@"2W)K'@'K"3+K'w"_'Hb"-/W'*6"

%)K/$2)"(X)"-)2$3(2"/-)"/H/'3/%3)"'."3)22"(X/."+.)"*/0w"/.*"_Hb"-)W-+*$K'%3)"/.*"

/*/W(/%3)"(+"/"3/-4)"2)("+@"'.*'H'*$/32d"T$-(X)-"2($*')2"2X+$3*"K+&%'.)"(X'2"()KX.'>$)"

@+-"2W)K')2"'*).('@'K/('+."m'(X"*/(/"+.").H'-+.&).(/3"H/-'/%3)2"(+"$.*)-2(/.*"(X)"

)K+3+4'K/3"W-)@)-).K)2"@+-"X/%'(/("+@")/KX"Galba"2W)K')2"/.*"(X)"2W-)/*'.4"+@"

@/2K'+3+2'2"'."5&)-'K/d"

(

=/F",A&$9'1$"-)"

Y)"m+$3*"3'V)"(+")nW-)22"+$-"4-/('($*)"(+"C'K+3<2"\+.)3"@+-"(X)'-"$2)@$3"K+&&).(2"(+"

)/-3')-"*-/@(2"+@"(X)"&/.$2K-'W(d"T)33+m2X'W2"4-/.()*"%0"P-/2&$2"9$.*$2"1MPO`F#5"

/.*"9B*'()--/.B)"`.@)K('+."2$WW+-()*"-)2)/-KX"2(/02"+@"15"/("(X)"`.2('($()"*)"

M)KX)-KX)"W+$-"3)"ZBH)3+WW)&).(6"9`,PAPO"_9+.(W)33')-6"T-/.K)bd"5,"m/2"

2$WW+-()*"%0"/"4-/.("@-+&"`MZ"_\P#ab"/.*"9:"%0"/"*+K(+-/3"@)33+m2X'W"@-+&"D.'H)-2'(0"

+@"9+.(W)33')-d"aX'2"2($*0"m/2"@'./.K'/330"2$WW+-()*"%0"`MZ"/.*"OCM#d"(

" "
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7$.$8$"/$)(

53&)0*/G5-('4/26"Md"Jd6"9d"Zd"\/-4$)26"/.*"#d"9/2GO+&/d"7SSSd"`a#G7"-ZC5"

2)>$).K'.4"+@"A./(X+2(+&/"2W)K')2"_C)&/(+*/b"/.*")3$K'*/('+."+@"(X)"2W)K')2"

K/$2'.4"X$&/."4./(X+2(+&'/2'2"'."(X)"5&)-'K/2d"aX)"J+$-./3"+@"W/-/2'(+3+40"

QLfI?NeIEEd"

\/-4$)26"9d"Zd6"1d"5-('4/26"9d"iX+$%%/.)6"Md"T3+-)26"1d"A3z)-6"Md"M+;/2GA/-Kh/6"id"

52X-/@'6"Ad"T/3V.)-6"/.*"#d"9/2GO+&/d"7S!!d"Lymnaea schirazensis6"/."

+H)-3++V)*"2./'3"*'2(+-('.4"@/2K'+3'/2'2"*/(/f"A).+(0W)6"WX).+(0W)6")K+3+406"

m+-3*m'*)"2W-)/*6"2$2K)W('%'3'(06"/WW3'K/%'3'(0d"1:+#"FCP"Lf)7EILNd"

\/-4$)26"9d"Zd6"1d"5-('4/26"Md":d"9)-/"{"#')--/6"Jd"1d"1+'.(')-6"/.*"#d"9/2GO+&/d"7SSNd"

OX/-/K()-'2/('+."+@"Lymnaea cubensis6"L. viatrix"/.*"L. neotropica".d"2Wd6"(X)"&/'."

H)K(+-2"+@"Fasciola hepatica"'.":/('."5&)-'K/6"%0"/./302'2"+@"(X)'-"-'%+2+&/3"/.*"

&'(+KX+.*-'/3"ZC5d"5../32"+@"(-+W'K/3"&)*'K'.)"/.*"W/-/2'(+3+40"!S!fL7!eLE!d"

\+X^->$)=6"Ad"5d6"9d":$=^.6"Md"9/-(h.G[)-.<.*)=6"/.*"5d"9)/./d"7S!Id"C)m"&$3('W3)n"

1OM"&)(X+*"@+-"(X)"2'&$3(/.)+$2"*'/4.+2'2"+@"(X)"(X-))"V.+m."2W)K')2"+@")>$'.)"

(/W)m+-&d",)()-'./-0"1/-/2'(+3+40"7SNfILeL?d"

\$-KX6"Jd"\d"!RQ7d"C+-(X"5&)-'K/."@-)2Xm/()-"2./'32d"Y/3V)-/./"!f7!Ne?LId"

O/-+.6"{d6"id"9/-().26":d":)&W)-)$-6"Od"#/)4)-&/.6"/.*"\d":+22+.d"7S!Ed"C)m"'.2'4X("

'."30&./)'*"2./'32"_9+33$2K/6"A/2(-+W+*/b"/2"'.()-&)*'/()"X+2(2"+@"Fasciola

hepatica"_a-)&/(+*/6"Z'4).)/b"'."\)34'$&"/.*":$n)&%+$-4d"1/-/2'()2"|"H)K(+-2"

,)K(+-2"!?fLLd"

O+--)/6"5d"Od6"Jd"#d"P2K+%/-6"1d"Z$-/.*6"Td"M)./$*6"1d"Z/H'*6"1d"J/-.)6"JdG1d"1+'.(')-6"

/.*"#d"[$-(-)=G\+$22]2d"7S!Sd"\-'*4'.4"4/W2"'."(X)"&+3)K$3/-"WX03+4).0"+@"(X)"

:0&./)'*/)"_A/2(-+W+*/f"1$3&+./(/b6"H)K(+-2"+@"T/2K'+3'/2'2d"\9O")H+3$('+./-0"

%'+3+40"!Sf?Q!d"

O+--)/6"5d"Od6"Jd"#d"P2K+%/-6"Fd"C+0/6":d"Pd",)3<2>$)=6"Od"A+.=<3)=GM/&h-)=6"#d"

[$-(-)=G\+$22]26"/.*"Jd"1d"1+'.(')-d"7S!!d"9+-WX+3+4'K/3"/.*"&+3)K$3/-"

KX/-/K()-'=/('+."+@"C)+(-+W'K":0&./)'*/)"_A/2(-+W+*/f":0&./)+'*)/b6"H)K(+-2"+@"

@/2K'+3+2'2d"`.@)K('+.6"A).)('K2"/.*"PH+3$('+."!!f!RNQe!RQQd"

Z-)0@$226"Ad6"5d"Od"O+--)/6"Td"Td"Z;$'Vm+Ga)$V).46"5d"C+H+%'32V}6"Jd"[z43$.*6"Jd"

1/.V-<K6"9d"i/~.}6"1d",'4.+3)26"#d"[$-(-)=G\+$22]26"Jd"1d"1+'.(')-6"/.*"Zd"

M+.*)3/$*d"7S!Id"Z'@@)-).K)2"'."(X)"K+&W/('%'3'(0"+@"'.@)K('+."%)(m))."(X)"3'H)-"

@3$V)2"Fascioloides magna"/.*"Fasciola hepatica"'."/"O+3+&%'/."W+W$3/('+."+@"(X)"

2./'3"Galba"2Wd"J+$-./3"+@"[)3&'.(X+3+40fN7SeN7Ld"



!!"
"

P2(+$W6"5d6"/.*"Fd"9/-('.d"!RRLd"9/->$)$-2"&'K-+2/()33'()2f"'2+3)&).("�"3o/'*)"*)"

2+.*)2".+.G-/*'+/K('H)26"K/-/K(B-'2/('+.")("&'2)"/$"W+'.(d"

T+3&)-6"Fd6"9d"\3/KV6"Yd"[+)X6"Md":$(=6"/.*"Md",-';).X+)Vd"!RREd"ZC5"W-'&)-2"@+-"

/&W3'@'K/('+."+@"&'(+KX+.*-'/3"K0(+KX-+&)"K"+n'*/2)"2$%$.'("`"@-+&"*'H)-2)"

&)(/=+/."'.H)-()%-/()2d"9+3)K$3/-"&/-'.)"%'+3+40"/.*"%'+()KX.+3+40"?f7REe7RRd"

A-+2X+3=6"Pd"7SS7d"PK+3+4'K/3"/.*")H+3$('+./-0"K+.2)>$).K)2"+@"K+/2(/3"'.H/2'+.2d"

a-).*2"'."PK+3+40"|"PH+3$('+."!Nf77e7Nd"

J/%%+$-Gk/X/%6"Md6"Jd"1d"1+'.(')-6"Jd"J+$-*/.)6"1d"J/-.)6"Jd"/d"FH')*+6"9d"Zd"\/-4$)26"

#d"9/2GO+&/6"Md"5.43B26"Ad"1)-)-/6"Od"\/3=/.6"id"iX/33/0+$.)6"/.*"Td"M)./$*d"

!RRNd"1X03+4)+4-/WX0"/.*"4).)('K"*'H)-4).K)"+@"2+&)"30&./)'*"2./'326"
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de Perpignan, 52 Av. Paul Alduy, 66860 Perpignan, France: 5BETM,
UMR 5244 CNRS-UPVD, Université de Perpignan, 52 Av. Paul Alduy,

66860 Perpignan, France

(Accepted 19 June 2010; First Published Online 19 July 2010)

Abstract

A wild population of the lymnaeid snail Pseudosuccinea columella infected by
larval stages of Fasciola hepatica was discovered in the Pinar del Rı́o Province,
Cuba. One of 100 snails was infected in a rice culture field. This is the first time
this species has been found acting as intermediate host of F. hepatica under
natural conditions, not only for Cuba but also for the Caribbean area.

Introduction

Fasciolosis is a parasitic disease that affects humans
and other mammals, especially ruminants, representing a
medical and veterinary problem with a serious impact on
public health and economy at different levels, from local
to national level in several countries (Crossland et al.,
1977; Rangel & Martinez, 1994; Roberts & Suhardono,
1996; Claxton et al., 1997;Mas-Coma et al., 1999; Ortiz et al.,
2000). The parasite responsible for this disease is the
cosmopolitan digenean trematode Fasciola hepatica, with
a worldwide distribution, especially in regions where
cattle-raising has been developed. The life cycle of
F. hepatica includes the transmission through a freshwater
snail intermediate host belonging to the Lymnaeidae
family (see review in Hurtrez-Boussès et al., 2001). In
Cuba, only two lymnaeid species occur, Fossaria cubensis
and Pseudosuccinea columella, but until now the former

had been the only species found to be naturally infected
in the field by the parasite (Melcon & Perera, 1994;
Gutiérrez et al., 2003a, 2005a, b). Although no report on
P. columella harbouring parasite larvae under natural
conditions had previously been made for the Caribbean
area, this snail is also considered an effective host of
F. hepatica as it acts as a natural intermediate host in
countries such as Brazil, Australia and Argentina (Ueta,
1980; Boray et al., 1985; Oliveira et al., 2002; Prepelitchi
et al., 2003) and it shows a high susceptibility to miracidial
exposures under laboratory conditions (Léon-Dancel,
1970; Boray et al., 1985; Gutiérrez et al., 2002).
In Cuba, both species occur at high densities in a

variety of freshwater bodies, but F. cubensis shows a
broader distribution throughout the island compared to
P. columella, which is found from Pinar del Rı́o through
Camagüey provinces and seems to be absent from the
eastern provinces Las Tunas through Guantánamo (Rojas
et al., 2010). Also, recent studies showed that, at least in
Cuba, F. cubensis occupies the most anthropic habitats
and P. columella is found more frequently in rural sites
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(Cañete et al., 2004). Recently, we detected very high
densities of P. columella in a rice culture area at the El Pilón
locality, Pinar del Rı́o province, and searched to see if
some of these snails were naturally infected with
intramolluscan stages of the parasite, since a number of
cows were normally seen grazing in the area and cases
of bovine and caprine fasciolosis had been reported in
the neighbouring village of San Andrés. In this paper we
report the first infection observed in naturally occurring
P. columella from Cuba.

Materials and methods

Snail sampling and examination

The locality of El Pilón is situated west of Bahı́a Honda
village in the municipality of the same name (2285004500N;
8382103200W). This area belongs to the mountain system
Sierra de los Organos in the Pinar del Rı́o province.
The sampling site consisted of a field sown with
rice, completely flooded over an area of nearly 300m2.
The depth of water did not exceed 0.5m, with a bottom
mainly of mud and plant sediments. Suitability for
the development of snail populations is granted for
most of the year, with food from aquatic vegetation and
water. As cattle-raising occurs in many farms in these
localities, the life cycle of F. hepatica may be ensured.
Snail samples were taken on 17 December 2007 along

the shores of the rice field. Snails were hand-collected
from the mud or at the water surface using forceps.
Because the abundance of their populations was
extremely high, only 100 snails were randomly collected
and saved in plastic boxes for laboratory studies.
The presence of trematode infection was detected first
by stimulation of cercarial shedding using a light
source, and, second, by visual inspection of living snails
for recognition of intramolluscan parasite development
using a stereoscope. The search for infection in living
snails lasted for a period of 15 days following snail
collection. After this period the remaining snails were
crushed and soft parts were analysed carefully, searching
for parasite larvae. Each snail found harbouring
trematode larvae was scored as infected. The hepato-
pancreas of each infected snail was dissected to remove
redial stages of trematodes, which were stocked at
80% ethanol for later molecular analysis.

Molecular identification of F. hepatica intramolluscan stages

DNA extractions of parasite larvae were performed
using DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
In order to identifyF. hepaticaweamplified the rDNAgene,
ITS-1 using the following primers, Lim1657 (forward):
50-CTGCCCTTTGTACACACCG; and ITS1-RIXO: 50-TGG-
CTGCGTTCTTCATCG (Almeyda-Artigas et al., 2000). For
the amplification we used 2ml of DNA template in a 25ml
reaction volume, containing: 5ml each of polymerase chain
reaction (PCR) buffer, 1.5mMMgCl2, 200mM of eachdNTP,
10 pmol of each primer and 1U GoTaq DNA polyme-
rase (Promega, Madison, Wisconsin, USA). Temperature
cycling was: 2min at 948C, followed by 30 cycles for 30 s
at 948C, 508C for 30 s, 728C for 30 s andfinally 7min at 728C.

The amplified products (5ml) were verified on 1%
agarose gels in Tris–acetate–EDTA buffer. DNA sequen-
cing was performed by CoGenics Genome Express
(Meylan, France) using PCR-amplified products as
templates.
The obtained sequenceswere alignedusingCLUSTAL-W

implemented in BioEdit v.7.0.9 (Hall & BioEdit, 1999).
We used BLASTN 2.2.22 (available at http://www.ncbi.
nlm.nih.gov/BLAST) to detect homologue sequences.

Results

Threeof the100 snails sampledwere found tobe infected
by redia of trematodes. The complete ITS-1 sequence
obtained from trematode larvae found in P. columella from
Cubawas 600pb long.After BLASTanalysis, our sequence
was compared with some rDNA homologue sequences
of F. hepatica available at http://www.ncbi.nlm.nih.gov
(AB207139, AB207140, AB207141, AB385611, AJ243016).
One of the three larval parasites showed no nucleotide
differencewith thesefive sequences. This similarity proves
that the redia found in one P. columella snail from Cuba
was F. hepatica. As reported previously, ITS-1 remains an
appropriate marker for identification of this trematode
species (Mera y Sierra et al., 2009).

Discussion

In spite of being very susceptible to parasite infection, as
shown in previous experimental exposures (Gutiérrez
et al., 2002), so far no specimen of P. columella had been
found harbouring intramolluscan larvae of F. hepatica in
the field in Cuba. El Pilón is the first Cuban locality where
the presence of P. columella naturally infected by F. hepatica
has been demonstrated. All snails collected at the El Pilón
site, where infection by the parasite was found, had
mantles showing the type of pigmentation considered to
be a goodmarker of susceptible populations of P. columella
to F. hepatica infection (see Gutiérrez et al., 2003b).
The Caribbean area is a region where F. cubensis seemed

to be the unique intermediate host of F. hepatica. This
situation is probably due to the fact that this snail is known
as a local species, probably occurring in this area for a long
time. It was apparently already distributed all over Cuba
when itwasfirst describedbyL.Pfeiffer at thebeginningof
the 19th century (Pointier et al., 2005). On the contrary,
P. columella originates from North America and is known
as an invasive species which presently has a worldwide
distribution (Pointier, 2008). In Cuba P. columella was
reported for the first time by A. Poey in the middle of the
19th century, but at thepresent time the species only occurs
from Pinar del Rı́o to Camagüey provinces (Rojas et al.,
2010). In the Caribbean areaP. columellawas reported from
Puerto Rico (Van der Schalie, 1948), Dominican Republic
(Gómez et al., 1986),Venezuela (Malek&Chrosciechowski,
1964) and Guadeloupe (Pointier, 2008) but was never
recorded as an active intermediate host of F. hepatica in the
field. However, as already pointed out, in several other
invaded countries, such as Australia, Brazil and Argen-
tina, P. columella has been reported to be naturally infected
byF. hepatica (Ueta, 1980; Boray et al., 1985; Prepelitchi et al.,
2003). Consequently, the discovery of naturally infected
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P. columella in Cuba shows that this species must be
seriously taken into account in the development of future
control programmes of this parasitosis.
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'

!)#,)$,(!-(./012'03454(6+),)(7,2))+834(!&$,2(9$+34(:,";'(</)%='054(>'?$)(<+"#,"$34(

@+#"$%'(9+?$AB4(:'+)C@$'""'(@,$)#$'"D4(<E&?$'(F2"#"'0CG,288H834I(

(

3(6J.KLKM4(N6O(JO9(55D(MPO<(I5QR(N64(Q33(!?')2'(!;",*,&$84(G@(SDIR34(

BDBQD(6,)#*'&&$'"(M'A'T(I4(U"+)%'(

5( 7+V,"+#,"$,( A'(6+&+%,&,;W+4( J)8#$#2#,( A'(6'A$%$)+( X",*$%+&( @'A",(>,2"W4( !*+"#+A,(

@,8#+&(SR34(6+"$+)+,(3B4(7+(F+V+)+4(M2V+(

BM')#"'( AYK%,&,;$'( U,)%#$,))'&&'( '#( K?,&2#$?'( N6O( I3ZI4( 3Q3Q( O,2#'( A'( 6')A'4(

M+[*28(MPO<4(BD5QB(6,)#*'&&$'"(M'A'T(I4(U"+)%'-(

D(N<O(B5Z\(MPO<CK@FK4(M"$,V'(N)$?'"8$#'(A'(@'"*$;)+)4(SS\SR(@'"*$;)+)4(U"+)%'(

I(9]*+"#'[')#(A'(G$,&,;$'CK%,&,;$'(^U+%2&#](A'8(<%$')%'8_(C%%(RDSC(N)$?'"8$#](

6,)#*'&&$'"4(D(@&+%'(K2;H)'(G+#+$&&,)4(BDRQI(6,)#*'&&$'"(M'A'T(I4(U"+)%'((
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!

9:';#$*-(6&$%-#'

7E[)+'$A(8)+$&8(=+?'(V'')(#='(82V`'%#(,a([+)E(8#2A$'8("'&+#'A(#,(#='$"(",&'($)(#='(

#"+)8[$88$,)(,a(#"'[+#,A'(*+"+8$#'8(^M$%=E('#(+&-4(5R33_-(![,);(#='(A$?'"8$#E(,a(

*+"+8$#'8(#=+#(28'(#='8'(8*'%$'8(+8($)#'"['A$+"E(=,8#84(#='(&$?'"(a&2b'(Fasciola hepatica(

$8(,a(%,)8$A'"+V&'($)#'"'8#(^M,""'+('#(+&-4(5R3R_-(X=$8(a&2b'($8(#='([+$)("'8*,)8$V&'(a,"(

U+8%$,&,8$8(#"+)8[$88$,)4(+)('['";')#(+)A("'C'['";')#(0,,),8$8($)([+)E(%,2)#"$'84(+&8,(

%,)8$A'"'A(+(P';&'%#'A(X",*$%+&(9$8'+8'(VE(#='(c,"&A(F'+&#=(d";+)$0+#$,)(^cFd4(

5R3B_-(

X='($)#'"+%#$,)(,a(+(*+"#$%2&+"(*+"+8$#'(e$#=($#8(=,8#(=+8(+(%&,8'("'&+#$,)(e$#=(#='(;')'#$%(

A$?'"8$#E(,a(V,#=(8$A'8($)?,&?'A(^L+)0(+)A(KV'"#4(5R3R_-(L')'#$%(A$?'"8$#E(8#2A$'8($)(

#='8'(=,8#C*+"+8$#'(8E8#'[8([+E(*",?$A'($)8$;=#8(,)(#='('*$A'[$,&,;E(,a($)a'%#$,28(

A$8'+8'8(^A'(6''f8('#(+&-4(5RRZ_-(J)(#='(%+8'(,a(F. hepatica(+)A(#='(&E[)+'$A(8)+$&84(#='(

+[,2)#(,a(;')'#$%(A$?'"8$#E($8(A$aa'"')#("';+"A$);('+%=(8*'%$'8('?')(e=')(V,#=(+"'(

='"[+*=",A$#$%-(X='(a&2b'(F. hepatica $8(b),e)(#,(A$8*&+E(+(%,)8$A'"+V&'(+[,2)#(,a(

+&&'&$%(A$?'"8$#E(*",V+V&E(A2'(#,(+(*"'a'""'A(%",88Ca'"#$&$0+#$,)(,a($)A$?$A2+&8(^F2"#"'0C

G,288H8('#(+&-4(5RRD_-(M,)#"+"$e$8'4(&E[)+'$A(8)+$&8(8''[(#,(*"'a'"(8'&a$);(^6'2)$'"('#(

+&-4(5RRD+_(+)A(#=28(=+?'(+("'&+#$?'&E("'A2%'A(;')'#$%(A$?'"8$#E(^F2"#"'0CG,288H8('#(+&-4(

5RRSg(6'2)$'"('#(+&-4(5RR3_-(F')%'4(#='(,%%2""')%'(,a(+(*+"#$%2&+"(8)+$&Y8(;'),#E*'(

"'*'+#'A&E($)(+(&+";'(+"'+(%,2&A(V'(#='("'82&#(,a(#='(8'&'%#$,)(,a(*+"#$%2&+"(%&,)'8-(X='8'(

8'&'%#$?'(*"'882"'8(%+)(=+?'(#='$"(%+28'($)(8,['(')?$",)[')#+&(+V$,#$%(a+%#,"8(V2#(+&8,(

%+)(V'(V+8'A($)(#='($)#'"8*'%$a$%("'&+#$,)8('8#+V&$8='A(+[,);(8*'%$'8(&$b'(%,[*'#')%'(

+)A(*+"+8$#$8[-(X='(&+##'"($8(,a(*+"#$%2&+"($)#'"'8#(8$)%'(+A+*#+#$,)(,a(=,8#8(+)A(*+"+8$#'8(

[+E(V'(#='("'82&#(,a(;')'#$%(A$?'"8$#E(%,2*&'A(e$#=(#='(V'8#(,2#%,['(a,"(#=$8("'&+#$,)(

^<%=2&#'('#(+&-4(5R3B_-(d)(#='(,#='"(=+)A4(#='(&+%b(,a(;')'#$%(A$?'"8$#E(%+)(V'(#='("'82&#(

,a(;')'#$%(V,##&')'%b8(a,&&,e$);($)#",A2%#$,)8($)#,()'e(+"'+8(^6'2)$'"('#(+&-4(5RRDV_-(!(

&+";'()2[V'"(,a(&E[)+'$A(8)+$&8(e,"&Ae$A'(+"'(b),e)(a,"(#='$"(828%'*#$V$&$#E(#,(=,8#(F.

hepatica(^M,""'+('#(+&-4(5R3R_-(L&,V+&&E4(Galba truncatula($8(%,)8$A'"'A(,)'(#='([+$)(

$)#'"['A$+"E(=,8#(,a(#='(&$?'"(a&2b'(^G+";2'8(+)A(6+8CM,[+4(3QQZ_-(F,e'?'"4(,#='"(

8*'%$'8(+"'(*+"#$%2&+"&E($[*,"#+)#($)(A$aa'"')#("';$,)8(82%=(+8(Galba cubensis $)(#='(

M+"$VV'+)(^./012'0('#(+&-4(5R3D_4(Galba viator $)(<,2#=(!['"$%+(^G+";2'8('#(+&-4(5RRZg(

>&'$[+)('#(+&-4(5RRD_ +)A(Pseudosuccinea columella($)(!28#"+&$+(+)A(G"+0$&(^6+"12'8('#(

+&-4(5RRSg(6,&&,E(+)A(!)A'"8,)4(5RRS_-(X='(&+##'"(8*'%$'8(=+8(+&8,(V'')("'?$'e'A(A2'(#,(

#='(,%%2""')%'(,a()+#2"+&("'8$8#+)#(*,*2&+#$,)8(#,(F. hepatica([$"+%$A$+&($)a'%#$,)($)(
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!

M2V+(^L2#$]""'0('#(+&-4(5RRB+_-(!#(&'+8#(a$?'(*,*2&+#$,)(,a(P. columella(=+?'(V'')(

A'8%"$V'A(#,(A$8*&+E(+)(+%#$?'($[[2),&,;$%+&("'+%#$,)(+;+$)8#(F. hepatica(#=",2;=(

[$"+%$A$+(')%+*82&+#$,)(VE(#='(8)+$&Y8(=+'[,%E#'8(^U'")/)A'0CM+&$')'8('#(+&-4(5RRDg(

./012'0('#(+&-4(5R3D_-(

Pseudosuccinea columella e+8(a$"8#("'*,"#'A($)(M2V+(2)A'"(#='()+['(,a(Lymnaea

francisca(^@,'E_($)(3\I\-(@,*2&+#$,)8(,a(#=$8(8*'%$'8("+);'(a",[(#='(e'8#'")[,8#("';$,)(

#,(#='(%')#"+&C'+8#(,a(M2V+(^./012'0('#(+&-4(5RRQ_-(d)(#='(,#='"(=+)A4(Galba cubensis(

e+8(A'8%"$V'A(a",[(M2V+(^#E*'(&,%+&$#E_(VE(@aa'$a'"(^3\BQ_-(X=$8(8*'%$'8($8(e$A'&E(

A$8#"$V2#'A($)(M2V+(+)A('T=$V$#8(+(&+";'('%,&,;$%+&(*&+8#$%$#E(e=$%=(+&&,e8($#8(8'##&'[')#(

$)('$#='"()+#2"+&(,"(+)#=",*$%(^282+&&E(=$;=&E(%,)#+[$)+#'A_(=+V$#+#8(^./012'0('#(+&-(

5RRQ_-(

X='($)82&+"$#E(,a(M2V+(*",?$A'8(#='(*,88$V$&$#E(,a(8#2AE$);(#='(F. hepaticah7E[)+'$A+'(

8E8#'[([,"'(+##+$)+V&'4(;$?')(#=+#($)#",A2%#$,)8(+"'("'&+#$?'&E(&$[$#'A-(G,#=(8*'%$'8(

8''[(#,(=+?'(+(%&,8'($)#'"+%#$,)(e$#=(#='(&$?'"(a&2b'4(,a(e=$%=(P. columella(8''[8(#,(

=+?'(+(8'%,)A+"E(",&'($)(#='(#"+)8[$88$,)(^./012'0('#(+&-4(5R3D_-(

X='(28'(,a([$%",8+#'&&$#'8(#,('T*&,"'(#='(;')'#$%(A$?'"8$#E(,a(*,*2&+#$,)8($8(e$A'&E(28'A(

+)A("'%,[[')A'A(;$?')($#8(*,&E[,"*=$8[(+)A()'2#"+&$#E(^!8=&'E(+)A(9,e4(3QQD_-(J)(

#='(%+8'(,a(P. columella4('$;=#([$%",8+#'&&$#'(&,%$(=+?'(V'')($8,&+#'A(+)A(%=+"+%#'"$0'A(

#=+#(8'"?'(#=$8(;,+&(^P$%,#('#(+&-4(5RR\_-(6,"'("'%')#&E4(7,2))+8('#(+&-(^2)*2V&$8='A(A+#+_(

%=+"+%#'"$0'A(a$a#'')([$%",8+#'&&$#'8(&,%$($)(G. cubensis-(J)(#=$8(*+*'"(e'('T*&,"'(a,"(#='(

a$"8#(#$['(#='(;')'#$%(A$?'"8$#E(M2V+)(&E[)+'$A(8)+$&84(?'%#,"8(,a(a+8%$,&,8$8-(X="''(

*,*2&+#$,)8(,a(P. columella $)%&2A'A($)(#='(8#2AE(=+?'(+(*",?'A("'8$8#+)%'(#,(F.

hepatica $)a'%#$,)(^U'")/)A'0CM+&$')'8('#(+&-4(5RRDg(./012'0('#(+&-4(5R3D_-(X='(

,V`'%#$?'(*2"82'A(='"'($8(#,(V'##'"(2)A'"8#+)A(#='(*,*2&+#$,)(;')'#$%8(,a(V,#=(8)+$&8(

=,8#8(+)A(#='("'&+#$,)(e$#=(#='(#"+)8[$88$,)(,a(a+8%$,&,8$8($)(M2V+-(

'

<:'=3$"*%34'3#('="$/-(+'

2.1. Sampling of field populations 

J)(#='(%+8'(,a(G. cubensis e'(8+[*&'A(35(*,*2&+#$,)8(%,?'"$);([,8#(,a(#='(%,2)#"E(,a(

e=$%=(#="''(^U2&;')%$,(d",04(.+12'"W+(35S(+)A(.+12'"W+(!&a+CG'#+_(%,""'8*,)A(#,(

a+8%$,&,8$8(+"'+8-(J)(#='(%+8'(,a(P. columella4(5R(&,%+&$#$'8("+);$);(a",[(#='(e'8#'")[,8#(

#,(#='(%')#"+&("';$,)(,a(M2V+(e'"'(8+[*&'A-(X="''(*,*2&+#$,)8(^K&(!02a"'4(7+(M,%+(+)A(
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G+V$)'E_(*"'8')#'A(*='),#E*$%([+"b'"8(^[+)#&'(*$;[')#+#$,)_(,a("'8$8#+)#($)A$?$A2+&8(

^L2#$]""'0('#(+&-4(5RRBV_(+)A(*",?'A(#,(V'("'8$8#+)#(#,(F. hepatica($)a'%#$,)-(X='(

8+[*&$);(e+8(%+""$'A(,2#(+%%,"A$);(#,(#='(A$8#"$V2#$,)(A'8%"$V'A(a,"(#=$8(8*'%$'8($)(

./012'0('#(+&-(^5RRQ_(*",?$A$);(#='([,8#(%,[*"'=')8$?'(8'&'%#$,)(^8''('+%=(8+[*&'A(

8*'%$'8(*,*2&+#$,)8($)(a$;2"'8(3(+)A(5_-(<+[*&$);8(e'"'(A,)'(VE(=+)A(28$);(8,a#(a,"%'*8(

+)A(+(8$'?'(%,&&'%#$);(2*(#,(BR($)A$?$A2+&8(e='"'(*,88$V&'-(

2.2. DNA extraction, amplification and genotyping of microsatellite loci 

!&&(8)+$&8(e'"'(%+"'a2&&E(A$88'%#'A($)(#='(&+V,"+#,"E(#,(8%"'')(a,"(*,88$V&'(*+"+8$#'(

$)a'%#$,)(+)A(+(*$'%'(,a(#='(a,,#Y8(#$882'(e+8(28'A(a,"(9P!('T#"+%#$,)(#,(+?,$A(a,"'$;)(

%,)#+[$)+#$,)-(X='('T#"+%#$,)(,a(9P!(e+8(*'"a,"['A(28$);(M='&'T("'8$)(^K8#,2*(+)A(

6+"#$)4(3QQS_(8&$;=#&E([,A$a$'A(a,"(QS(e'&&8(*&+#'8-(G"$'a&E(A'8%"$V'Ai(+(8[+&&(*,"#$,)(,a(

#$882'(e+8(+AA'A(#,(+([$T#2"'(,a(3RR(j7(,a(M='&'Tk3RR(Il(^G$,CO+A_(+)A(I(j7(,a(

*",#'$)+8'(>(^@",[';+_($)('+%=(e'&&-(X='(*&+#'($8([$T'A($)(?,"#'T(+)A($)%2V+#'A(

,?'")$;=#(+#(ISmM(+)A(3R([$)(+#(QImM-(X='([$T#2"'($8(%')#"$a2;'A(+#(SRRR(T(g(a,"(S([$)(

+)A(#='(82*'")+#+)#(%,)#+$)$);(#='(9P!($8(%,&&'%#'A(+)A(8#,"'A(+#(C5RmM(2)#$&(28'-(

J)(#='(%+8'(,a(G. cubensis +[*&$a$'A(&,%$(^7,2))+8('#(+&-(2)*2V&$8='A(A+#+_(e'"'(LMNR3(

^>X5\I\35_4(LMNRI(^>X5\I\3B_4(LMN3B(^>X5\I\3D_4(LMN53(^>X5\I\3S_4(

LMN5B4(LMN5S4(LMN5Z(^>X5\I\3Q_4(LMNBR(^>X5\I\5R_4(LMNB3(^>X5\I\53_4(

LMNBD(^>X5\I\55_4(LMNBZ(^>X5\I\5B_4(+)A(LMNBQ(^>X5\I\5D_-(K+%=(&,%28(e+8(

+[*&$a$'A(#=",2;=(@MO(28$);(5(j7(,a('T#"+%#'A(9P!($)(+(5R(j7(,a("'+%#$,)(?,&2['(

%,)#+$)$);(5-I(j7(V2aa'"(3Rn(^O,%='_4(5(j7(6;M&5(5I()[,&h74(5-D(j7(APX@(5([[,&h7(

^J)?$#",C;')h7$a'(X'%=),&,;E_4(3(j7(,a('+%=(*"$['"(^3R(*[,&_(+)A(R-5(j7(,a(Taq(9P!(

*,&E['"+8'(3N(^O,%='_-(X='"[,%E%&$);(e+8(*'"a,"['A(28$);(+(6:CO'8'+"%=(@XM(3RR(

QSCe'&&(+)A(%,)8$8#'A(,a(3R([$)(,a($)$#$+&(A')+#2"+&$0+#$,)(+#(QImM4(DR(%E%&'8(+#(QImM(

a,"(BR(84(+))'+&$);(#'[*'"+#2"'(+#(IImM(^'+%=(&,%28_(a,"(BR(84(SR8(+#(Z5mM(+)A(+(a$)+&(

'&,);+#$,)(8#'*(+#(SRmM(a,"(3R([$)-(

![*&$a$'A(&,%$($)(P. columella(^P$%,#('#(+&-(5RR\_ e'"'(@%,R3(^KNRD5QI_4(@%,R5(

^KNRDQ5QS_4(@%,RZ(^KNRDQ5QQ_4(@%,35(^KNRDQBRB_4(@%,3B(^KNRDQBRD_(+)A(@%,5R(

^KNRDQBRQ_-(K+%=(&,%28(e+8(+[*&$a$'A(#=",2;=(@MO(28$);(3(j7(,a('T#"+%#'A(9P!($)(+(

3R(j7(,a("'+%#$,)(?,&2['(%,)#+$)$);(5(j7(V2aa'"(In(^@",[';+_4(3(j7(6;M&54(R-I(j7(

APX@(5([6(^J)?$#",C;')h7$a'(X'%=),&,;E_4(R-5(j7(,a('+%=(*"$['"(^3R(*[,&_(+)A(R-5(

j7(,a(Taq(9P!(*,&E['"+8'(3N(^@",[';+_-(X='"[,%E%&$);(e+8(*'"a,"['A(28$);(+(6:C

O'8'+"%=(@XM(3RR(QSCe'&&(+)A(%,)8$8#'A(,a(3R([$)(,a($)$#$+&(A')+#2"+&$0+#$,)(+#(QDmM4(
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BR(%E%&'8(+#(QDmM(a,"(BR(84(+))'+&$);(#'[*'"+#2"'(+#(IImM(^'+%=(&,%28_(a,"(BR(84(SR8(+#(

Z5mM(+)A(+(a$)+&('&,);+#$,)(8#'*(+#(SRmM(a,"(BR([$)-(

@"$['"8(e'"'(a&2,"'8%')#&E(&+V'&&'A(#,(V'(28'A($)(+)(!GJ(+2#,[+#'A(8'12')%'"(^!GJ(

@"$8[(B3R(L')'#$%(!)+&E8'"4(!**&$'A(G$,8E8#'[4(@'"b$)CK&['"4(N<!_-(![*&$a$'A(

*",A2%#8(a,"('+%=($)A$?$A2+&(e'"'(28'A(a,"(8'12')%$);(+AA$);(3(j7(,a(+[*&$%,)(A$&2#'A(

3h3RR(#,(+([$T(%,)#+$)$);(3I(j7(,a(F$C9$(U,"[+[$A'(+)A(R-5Z(j7(,a($)#'")+&(8$0'(

8#+)A+"A8(^LKPK<M!P(IRR(7Jo4(!**&'"+_-(!&&'&'Y8(&');#=8(e'"'(,V#+$)'A(28$);(

L')'6+**'"k(?-(D-R(8,a#e+"'(^!**&$'A(G$,8E8#'[8X6_-(

2.3. Population genetics analysis 

M2""')#(*+"+['#'"8(,a(*,*2&+#$,)(;')'#$%8(&$b'(#='(['+)()2[V'"(,a(+&&'&'8(^a_4(#='(

,V8'"?'A(^H,_(+)A('T*'%#'A(^H8_(='#'",0$;,8$#$'8(+)A(FJ<(e'"'('8#$[+#'A(a,"('+%=(&,%28-(

@+$"e$8'(A$aa'"')#$+#$,)(V'#e'')(*,*2&+#$,)8(^F<X_(e+8(+&8,(#'8#'A-(M+&%2&+#$,)8(e'"'(

%,[*2#$);(28$);(#='(8,a#e+"'(U<X!X(?5-Q-B-5(^L,2A'#4(5RR3_-(G,)a'"",)$(%,""'%#$,)8(

e'"'(+**&$'A(a,"([2&#$*&'(#'8#8(^O$%'4(3Q\D_-(X='(8'&a$);("+#'(^s_(a,"('+%=(*,*2&+#$,)(e+8(

%+&%2&+#'A(28$);(#='('12+#$,)(s p(5FJ<h^3qFJ<_(^F+"#&(+)A(M&+"b4(3QQZ_-(JA')#$%+&(

[2&#$&,%28(;'),#E*'8(^67LX8_(&,%$(e'"'($A')#$a$'A(V+8'A(,)&E(,)($)A$?$A2+&8(e$#=(+&&(

[$%",8+#'&&$#'(&,%$(+[*&$a$'A(+)A(%,A'A(^,)'(&'##'"(p(,)'(67LX_-(J8,&+#$,)(VE(A$8#+)%'(

^O,288'#4(3QQZ_(e+8('T*&,"'A(#=",2;=(+(6+)#'&(#'8#(28$);(#='(A$"'%#(;',;"+*=$%(A$8#+)%'(

V'#e'')('+%=(*+$"(,a(*,*2&+#$,)8(+8(&)^A$8#+)%'($)(b[_(+)A(#='(;')'#$%(A$aa'"')#$+#$,)(

#"+)8a,"['A(+8(U<Xh^3CU<X_(28$);(U<X!X(?-R-Q-B-5(^L,2A'#4(5RR3_-(P'$(^3QZ5g(3QZ\_(

;')'#$%(A$8#+)%'8(V'#e'')(*,*2&+#$,)8(e'"'('8#$[+#'A(28$);(L')'#$T(^G'&b=$"('#(+&-4(

5RRD_-(X='(,V#+$)'A(A$8#+)%'([+#"$T(e+8(28'A(#,(V2$&A(+()'$;=V,2"C`,$)$);()'#e,"b(,a(

+&&(67LX8($)(<*&$#8X"''D(^F28,)(+)A(G"E+)#4(5R3B_-(

' '
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>:'?"+64$+'

9$88'%#$,)('?$A')%'A(#='($)a'%#$,)(VE(F. hepatica($)(#e,($)A$?$A2+&8(a",[(#='(&,%+&$#E(,a(

J@!-(P,($)a'%#$,)(VE(,#='"(#"'[+#,A'(8*'%$'8(e+8(,V8'"?'A($)(+)E(&,%+&$#E-(!(#,#+&(,a(

5IZ(G. cubensis +)A(B5Q(P. columella e'"'(28'A(%,)8$A'"'A(a,"(;')'#$%(+)+&E8$8(+a#'"(

A$88'%#$,)(+)A(9P!('T#"+%#$,)-(

3.1. Genetic diversity of L-(%2V')8$8(

c'(,V8'"?'A(#="''([,),[,"*=$%(&,%$(^LMNR34(LMN3B(+)A(LMNBQ_($)(#='(8#2A$'A(

*,*2&+#$,)8-(O'[+$)$);(&,%$(e'"'(*,&E[,"*=$%(+)A(+(['+)(,a(5-BB(^rR-DQ<9_(+&&'&'8(

e+8(,V8'"?'A-(@,*2&+#$,)(;')'#$%(*+"+['#'"8(a,"('+%=(&,%+&$#E(+"'(;$?')($)(#+V&'(3-(

6'+)(+&&'&$%()2[V'"(*+"(&,%28("+);'4(a,"('?'"E(*,*2&+#$,)4(a",[(3(#,(5-B(^['+)(3-BZ_-(

U,2"(*,*2&+#$,)8(+"'(%,[*&'#'&E([,),[,"*=$%(+#(#='(35(8#2A$'A(&,%$(e=$&'(e'(A'#'%#'A(

+#(&'+8#(,)'(*,&E[,"*=$%(&,%28($)(#='("'[+$)$);(*,*2&+#$,)8-(d?'"+&&(&,e(+&&'&$%(

A$?'"8$#E(e+8(+##+$)'A(^[+T$[2[(+#(o+)`+(@+8#,"$#+i(5-BB(rR-DQ<9_-(KT*'%#'A(

='#'",0E;,8$#E(^['+)(R-RZI(rR-RSD<9_(+)A(,V8'"?'A(='#'",0E;,8$#E(^['+)(R-3(

rR-33D<9_(+"'(+&8,(&,e(+)A(A'?$+#$,)8(a",[(*+)[$T$+(+"'(=$;=(+)A(8$;)$a$%+)#($)([,8#(

*,*2&+#$,)8(^['+)(R-\5I(rR-3SQ<9_-(K8#$[+#'A(8'&a$);("+#'8(+"'(%,)8'12')#&E(=$;=(

282+&&E(,?'"(ZQl(^'T%'*#$);(U2&;')%$,(d","0i(SDl_-(

'

@374"'9:(6'+)(+&&'&$%()2[V'"(^+_4(,V8'"?'A(^H,_(+)A('T*'%#'A(^H'_(='#'",0E;,8$#E4(FJ<(

^*",V+V$&$#E(+a#'"(G,)a'"",)$(%,""'%#$,)_(+)A(#='('8#$[+#$,)(,a(8'&a$);("+#'8(^s_(a,"('?'"E(

*,*2&+#$,)(,a(Galba cubensis( ^Pi()2[V'"(,a(+)+&E8'A($)A$?$A2+&8_-'

A-B643$%-#' C a'DrEFG H-( He F;E'DBG s(

9'8+;s'(9$8#"$#,(3( 5D( 34RRR(^rR_( R( R( P!( P!(

K[*"'8+(K&]%#"$%+( 5I( 34BBB(^rR4DQ_( R43(^rR4B_( R4RD(^rR4RS_( R4\3Q(^tR4R3_( R4QRR(

U2&;')%$,(d",0( I( 34I\B(^rR4DQ_( R43I(^rR4BS_( R43I(^rR45B_( R4DSZ(^P<_( R4SBS(

:$V+%,+( 3S( 34RRR(^rR4I3_( R43(^rR4B_( R43Q(^rR55_( R4QDD(^tR4R3_( R4QZ3(

7+(:2&$+( 3R( 34R\B(^rR_( R( R( P!( P!(

@+"12'(o,,&u;$%,( 5I( 34BBB(^rR45\_( R( R4RD(^rR43I_( 34RRR(^tR4R3_( 3(

OW,(M+2#,( 5B( 34I\B(^rR4I3_( R43(^rR4DD_( R4RQ(^rR43D_( R4Q3Z(^tR4R3_( R4QIS(

OW,(v+E+V,( 5\( 343SS(^rR4B\_( R4D(^rR4QQ_( R43Z(^rR453_( R4\I\(^tR4R3_( R4Q5B(

.+12'"W+(!&a+CG'#+( BR( 34I\B(^rR4I3_( R( R4RS(^rR43I_( 34RRR(^tR4R3_( 3(

.35S( 3\( 34D3S(^rR4SZ_( R45(^rR4D_( R4R\(^rR4RQ_( R4ZRS(^tR4R3_( R4\5Z(

o+)`+(U'""'"( 5I( 34R\B(^rR45Q_( R43(^rR4B_( R4RQ(^rR43B_( R4\\5(^tR4R3_( R4QBZ(

o+)`+(@+8#,"$#+( 5\( 54BBB(^rR4DQ_( R4RI(^rR455_( R4R3(^rR4RB_( R4SIZ(^P<_( R4ZQ5(

O';+"A$);(*,*2&+#$,)(A$aa'"')#$+#$,)4(,?'"+&&(U<X(e+8(R-SSS(^*pR-R33_-(X+V&'(5(;$?'8(

*+$"e$8'(U<X(?+&2'8(V'#e'')(*,*2&+#$,)8(e='"'([,8#(*,*2&+#$,)8(+"'(8$;)$a$%+)#&E(
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A$aa'"')#$+#'A-(d)&E(U2&;')%$,(d",0(A$A(),#(A$aa'"(a",[(+)E(,#='"(*,*2&+#$,)(V2#(+(8[+&&(

8+[*&'(8$0'(^)pI_(e+8(+)+&E8'A-(F,e'?'"4($#($8(),#'e,"#=E(#='(a+%#(#=+#(#='(,#='"(#e,(

*,*2&+#$,)8(a",[(a+8%$,&,8$8(+"'+8(^.+12'"W+(35S(+)A(.+12'"W+(!&a+CG'#+_(A,(),#(A$aa'"(

a",[('+%=(,#='"(+)A(+"'(8$;)$a$%+)#&E(A$aa'"')#(a",[(#='("'8#-(

@374"'<:(@+$"e$8'(F<X(?+&2'8(V'#e'')(*,*2&+#$,)8(,a(Galba cubensis(^*,*2&+#$,)8i(

.!G(p(.+12'"W+(!&a+CG'#+4(M!(p(OW,(M+2#,4(99(p(9'8+;s'(9$8#"$#,(34(KK(p(K[*"'8+(

K&]%#"$%+4(Ud(p(U2&;')%$,(d",04(:J(p(:$V+%,+4(7:(p(7+(:2&$+4(@o(p(@+"12'(o,,&u;$%,4(

Ov(p(OW,(v+E+V,4(<G(p(<2";$A'",(G+#+V+)u4(oU(p(o+)`+(U'""'"4(o@(p(o+)`+(@+8#,"$#+_-(

( FF' HH' IJ' K;' 1K' AL' 5M' ?N' OMP' O9<Q' LI' LA

FF( R( ( ( ( ( ( ( ( ( ( ( (

HH' RSTTUV( R( ( ( ( ( ( ( ( ( ( (

IJ( R4ZQ3' RSTRWV( R( ( ( ( ( ( ( ( ( (

K;' RSXYQV' RSQ<<V( R4DSS( R( ( ( ( ( ( ( ( (

1K' 9SRRRV' RST>UV( R4\5B( R4ZRR( R( ( ( ( ( ( ( (

AL( R4DZ3' RST<RV( R4S5\' RSQTXV' RSWR<V R( ( ( ( ( ( (

5M' RSTWRV' RSTTRV( R4S5\( R4ZBB( R4\DD' RSXY<V R( ( ( ( ( (

?N' RSURQV( R4RRR( R4D3D( R4DDD( R4IQZ' RSUYRV R4SS3( R( ( ( ( (

OMP' RST>QV' RSQQ9V( R4SDI' RSQQ>V' RSQTRV' RSTRYV' RSXTRV' RSY9XV R( ( ( (

O9<Q' RST99V' RSX9TV( R4IIB' RSQ9QV' RSXR>V' RSXYUV' RSX>WV' RSUWRV R43Q5( R( ( (

LI' RSXTRV' RSQ>XV( R4IRB( R4I\I( R4SBZ' RSXUWV R4ZBZ( R4DS3( R4RSR( CR4R3B( R( (

LA' RSWXXV' RSXQUV( R4\QZ' RSXXTV' RSWRQV' RSW9QV' RSWRYV' RSQ9TV' RSU<YV' RSXR<V' RSYTYV R(

V8$;)$a$%+)#(A$aa'"')#$+#$,)(+a#'"(#='(G,)a'"",)$(%,""'%#$,)(^+A`28#'A(P ?+&2'(=

0,000758_(

!#(#='(&'?'&(,a([2&#$&,%28(;'),#E*'8(^67LX_4(+(#,#+&(,a(5Z(A$aa'"')#(67LX8(e'"'(

,V8'"?'A(+[,);(#='(35(8#2A$'A(*,*2&+#$,)8(,a(G. cubensis(^#+V&'(B4(a$;2"'(5_-(X='(

)2[V'"(,a(67LX(*'"(*,*2&+#$,)("+);'(a",[(3CI(e$#=(+)(+?'"+;'(,a(5-ZI(^r3-BI_-(6'+)(

)2[V'"(,a($)A$?$A2+&8(+#('+%=(67LX($8(D-55(^rS-QZ_-(6,8#(67LX8(+"'(e$#=$)(,)'(

*,*2&+#$,)(e$#=(#='('T%'*#$,)(,a(a,2"(67LX8(^U4(@4(O4(<_(#=+#(+"'(8=+"'A($)(8'?'"+&(

*,*2&+#$,)8-(@,*2&+#$,)8(#=+#(8=+"'(#='(8+['(67LX(+"'(282+&&E(;',;"+*=$%+&&E()'+"(+)A(

+)(,?'"+&&($8,&+#$,)(VE(A$8#+)%'(e+8(,V8'"?'A(^6+)#'&(#'8#4(Ow(p(3Z-RQ4(@(p(R-RRR3_-(J#($8(

e,"#=(#,([')#$,)(#=+#([,8#(e$A'8*"'+A(67LX8(+"'(+&8,(#='([,8#(a"'12')#(e$#=$)(+(

8$);&'(*,*2&+#$,)-(

' '
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@374"'>:(@,*2&+#$,)84(8$[*&'(8$0'(+)A([2&#$&,%28(;'),#E*'8(^67LX_($)(Galba cubensis(

+#(35([$%",8+#'&&$#'(&,%$-(^Pi(+)+&E8'A($)A$?$A2+&8(+a#'"('T%&2A$);(#=,8'(e$#=(+#(&'+8#(,)'(

&,%28(),#(+[*&$a$'A_-(

(

U$;2"'(3!(8=,e8(#='(;',;"+*=$%(A$8#"$V2#$,)(,a(67LX8($)(G. cubensis-(X='()'#e,"b(

,V#+$)'A(a",[(P'$Y8(;')'#$%(A$8#+)%'8(A$8*&+E8(8'?')(%&28#'"8(,a(%&,8'&E("'&+#'A(

;'),#E*'8-(P,#'(#=+#(#=,8'(%&28#'"8(+"'([,"'(,"(&'88(8*"'+A($)(M2V+(+)A(,)&E(#="''(

*,*2&+#$,)8(^:$V+%,+4(OW,(v+E+V,(+)A(OW,(M+2#,_(;+#='"(2)$12'(67LX8(,a(+(8$);&'(

%&28#'"(^a$;2"'(3G_-(

A-B643$%-#'
C'D#627"*'-.'

(%.."*"#$'=1!@G'

=1!@'#32"'D#627"*'-.'

%#(%)%(634+G'

9'8+;s'(9$8#"$#,(3( 33(^3_ F(^33_(

K[*"'8+(K&]%#"$%+( 3B(^D_ O(^3_4(P(^3R_4(Q(^3_4(V(^3_(

U2&;')%$,(d",0( 3(^3_ H(^3_(

:$V+%,+( I(^I_ J(^3_4(K(^3_4(L(^3_4(W(^3_4(AA(^3_(

7+(:2&$+( D(^3_ U(^D_(

@+"12'(o,,&u;$%,( 3D(^5_ E(^S_4(F(^\_(

OW,(M+2#,( D(^B_ B(^3_4(C(^5_4(D(^3_(

OW,(v+E+V,( Z(^D_ A(^3_4(G(^3_4(N(^5_4(P(^B_(

.+12'"W+(!&a+CG'#+( 53(^B_ R(^Q_4(S(^3R_4(Y(^5_(

.35S( 33(^D_ I(^3_4(M(^3_4(S(^Z_4(T(^5_(

o+)`+(U'""'"( I(^B_ R(^3_4(S(^B_4(Z(^3_(

o+)`+(@+8#,"$#+( 3\(^5_ R(^3Z_4(X(^3_(
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'

I%Z6*"'<:(62&#$&,%28(;'),#E*'8(^67LX_(,V#+$)'A(a",[(35([$%",8+#'&&$#'(&,%$($)(Galba

cubensis-(!(p(L',;"+*=$%(A$8#"$V2#$,)($)(M2V+(,a(A$aa'"')#(67LX8(*'"(*,*2&+#$,)-(G(p(

dV#+$)'A(`,$)$);C)'$;=V,2"()'#e,"b(28$);(P'$Y8(;')'#$%(A$8#+)%'(a",[('+%=(67LX(

^A$aa'"')#(%,&,"8(%,""'8*,)A(#,(A$aa'"')#(%&28#'"8_-(UX(p(a&,,A'A(#'""+$)4(9(p(A$#%=4(<#(p(

8#"'+[4(!7(p(+"#$a$%$+&(&+b'4(O(p("$?'"-(

3.2. Genetic diversity of @-(%,&2['&&+(

X='(8$T('T*&,"'A(&,%$(+"'(*,&E[,"*=$%4('8*'%$+&&E(@%,35(e=$%=(A$8*&+E8(8'?')(A$aa'"')#(

+&&'&'8($)(M2V+-(@,*2&+#$,)(;')'#$%(*+"+['#'"8(+"'(*"'8')#'A($)(#+V&'(D-(!&&'&$%(A$?'"8$#E(

$8(?'"E(&,e($)(#='(5R(8#2A$'A(*,*2&+#$,)8(^['+)(5-RBD(rR-SDS<9_-(U$?'(*,*2&+#$,)8(

^@$&u)4(K&(!)#,`,4(@2'8#,(A'(6+)A,4(L2$&&])CG,%+(+)A(!"",E,_(+"'(%,[*&'#'&E(

[,),[,"*=$%(+#(#='(8$T(&,%$(+)A(+"'(8%+##'"'A(+&,);(#='(8#2A$'A(+"'+-(P,#'e,"#=E4(#='(

#e,(*,*2&+#$,)(e$#=(#='(=$;='8#(+&&'&$%(?+"$+#$,)([+#%='A(#e,("'8$8#+)#(*,*2&+#$,)8(#,(F.

hepatica $)a'%#$,)(^7+(M,%+(+)A(G+V$)'Ei(5-3Z(rR-ZI<9_-(F,e'?'"4(#='(#=$"A(8#2A$'A(

"'8$8#+)#(*,*2&+#$,)(+#(K&(!02a"'(8=,e'A(+(&,e'"(A$?'"8$#E(^3-3Z(rR-D3<9_-(

KT*'%#'A(^['+)(R-3(rR-RQ<9_(+)A(,V8'"?'A(^R-RB(rR-RIS<9_(='#'",0E;,8$#E(+"'(?'"E(

&,e-(c$#=(#='('T%'*#$,)(,a(OW,(!"$[+,(e='"'(V,#=(?+&2'8(,a(='#'",0E;,8$#E(+"'(8$[$&+"(

^UJ<(p(R-RB\(P<_4(+&&(,#='"(*,*2&+#$,)8(=+?'(=$;=(+)A(8$;)$a$%+)#(?+&2'8(,a(UJ<(+a#'"(

G,)a'"",)$(%,""'%#$,)(^['+)(UJ<(p(R-SSZ(rR-B3B<9_(+)A(=')%'('8#$[+#'A(8'&a$);("+#'8(

+"'(8#",);(^xSDl_-(
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@374"'U:'6'+)(+&&'&$%()2[V'"(^+_4(,V8'"?'A(^H,_(+)A('T*'%#'A(^H'_(='#'",0E;,8$8#E4(FJ<((

^*",V+V$&$#E_(+)A('8#$[+#'A(8'&a$);("+#'8(^s_(a,"('+%=(*,*2&+#$,)(,a(Pseudosuccinea

columella ^Pi()2[V'"(,a(+)+&E8'A($)A$?$A2+&8_-'

A-B643$%-#' C a'DrFEG' [-'D\FEG' ["'D\FEG F;E'DpG s
*7+(M,%+( BZ( 543Z^rR4ZI_( R4RIS(^rR4RZD_( R4BRD^rR455Z_ R4\3S(^tR4R3_( R4QR(
*G+V$)'E( 5S( 543Z^rR4ZI_( R4RS\(^rR4RIQ_( R45DQ^rR43QZ_ R4Z5S(^tR4R3_( R4\D(

J@!( 3Q( 54RR^r343R_( R4RS\(^rR4353_( R435Z^rR43SD_ R4DSQ(^tR4R3_( R4SD(

@+"12'(7')$)( 5S( 34SZ^rR4\5_( R4R3Q(^rR4RDI_( R4R\Z^rR43RD_ R4Z\S(^tR4R3_( R4\\(

OW,(!"$[+,( 3B( 34\B^rR4ZI_( R45DQ(^rR45IQ_( R45BQ^rR45SZ_ R4RB\(^P<_( R4R\(

OW,(F,)A,( 3I( 34IR^rR4\D_( R4R5I(^rR4RBQ_( R4RQ5^rR43Q3_ R4ZBB(^tR4R3_( R4\I(

OW,(6+)+12$#+( 3I( 34IR^rR4\D_( R4R5\(^rR4RDD_( R43DQ^rR45I_( R4\3D(^tR4R3_( R4QR(

OW,(v+E+V,( 5R( 34BB^rR4I5_( R4R3(^rR4R5I_( R43ZD^rR45Z_( R4QDR(^tR4R3_( R4QZ(

XW,(@+)%=,( 55( 343Z^rR4D3_( R4RR\(^rR4R3Q_( R4RR\^rR4R5_( R(^P<_( 34RR(

.+12'"W+(Z( 3B( 34BB^rR4I5_( R4RB3(^rR4RDQ_( R43R3^rR4535_ R4S\Q(^tR4RI_( R4\5(

.';+8(L"+)A'8( 3R( 34BB^rR4I5_( R4RI(^rR4R\B_( R433Z^rR45D_( R4IZ3(^P<_( R4ZB(

!"",E,( 3S( 34RR^rR4RR_( R( R( C( 34RR(

@2'8#,(A'(6+)A,( S( 34RR^rR4RR_( R( R( C( 34RR(

K&(!)#,`,( S( 34RR^rR4RR_( R( R( C( 34RR(
*K&(!02a"'( 3Q( 343Z^rR4D3_( R( R4RZS^rR43\S_ 3(^tR4R3_( 34RR(

L2$&&])CG,%+( 3I( 34RR^rR4RR_( R( R( C( 34RR(

OW,(M')#"+&( Z( 34IR^rR4\D_( R4RD\(^rR4RZB_( R4RQ3^rR43SB_ R4DZ\(^P<_( R4SI(

6+#+A'",(A'(!?'8( 5D( 34IR^rR4\D_( R4RRZ(^rR4R3Z_( R43Zr^R45SB_( R4QIQ(^tR4R3_( R4Q\(

@$&u)( S( 34RR^rR4RR_( R( R( C( 34RR(

<+)(:2+)(E(6+"#W)'0( 3D( 343Z^rR4D3_( R( R4R5D^rR4RI\_ 3(^P<_( 34RR(

*'i("'8$8#+)#(*,*2&+#$,)8(,a(P. columella(#,(F. hepatica($)a'%#$,)(

d?'"+&&(U<X(e+8(R-BBQ(^*(p(R-5RB_-(X+V&'(I(;$?'8(*+$"e$8'(?+&2'8(,a(U<X(,a(

*,*2&+#$,)8-(<$;)$a$%+)#(A$aa'"')#$+#$,)(e+8(,V8'"?'A(*+"#$%2&+"&E($)("'8$8#+)#(

*,*2&+#$,)8(^7+(M,%+4(G+V$)'E(+)A(K&(!02a"'_(e=$%=(),#(,)&E(A$aa'"'A(a",[(828%'*#$V&'(

*,*2&+#$,)84(V2#(+&8,(a",[('+%=(,#='"-(d)&E(828%'*#$V&'(6+#+A'",(!?'8(A$aa'"'A(a",[(

,#='"(a$?'(828%'*#$V&'(*,*2&+#$,)8-(

' '
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@374"'Y:(K8#$[+#$,)8(,a(*+$"e$8'(;')'#$%(A$aa'"')#$+#$,)(,a(*,*2&+#$,)8(^F<X_($)(Pseudosuccinea columella(^*,*2&+#$,)8(i(7M(p(7+(M,%+4(G!(p(G+V$)'E4(@7(p(@+"12'(

7')$)4(O!(p(OW,(!"$[+,4(OF(p(OW,(F,)A,4(O6(p(OW,(6+)+12$#+4(Ov(p(OW,(v+E+V,4(X@(p(XW,(@+)%=,4(.Z(p(.+12'"W+(Z4(.L(p(.';+8(L"+)A'84(!O(p(!"",E,4(@6(p(

@2'8#,(A'(6+)A,4(!P(p(K&(!)#,`,4(!o(p(K&(!02a"'4(LG(p(L2$&&])CG,%+4(OM(p(OW,(M')#"+&4(6!(p(6+#+A'",(!?'84(@J(p(@$&u)4(<:6(p(<+)(:2+)(E(6+"#W)'0_-(

( *15( *PM( ;AM( A1( ?M( ?[( ?=( ?N( @A( OX( O!( M?( A=( MC( *ML( !P( ?5( =M( A;( EK=(

*15( R4RRR( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( (

*PM( R4DI5y( R4RRR( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( (

;AM( R4ID\y( R4SQDy R4RRR( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( (

A1( R4IQ\y( R4ZBRy R4RR3( R4RRR( ( ( ( ( ( ( ( ( ( ( ( ( ( ( ( (

?M( R4B53y( R4ISD( R43\Z( R4BR3( R4RRR( ( ( ( ( ( ( ( ( ( ( ( ( ( ( (

?[( R4ISR( R4SQB( R4RDI( R4RRQ( R45Z5( R4RRR( ( ( ( ( ( ( ( ( ( ( ( ( ( (

?=( R4IR3y( R4SSDy R43R\( R4555( R4RQI( R4553( R4RRR( ( ( ( ( ( ( ( ( ( ( ( ( (

?N( R4ID\y( R4SQZy R45D\( R4BB\( R45\Q( R4BRZ( R45QD( R4RRR( ( ( ( ( ( ( ( ( ( ( ( (

@A( R4S3Sy( R4ZD\y R4R3R( CR4R5B( R4BDD( R43DQ( R45Z3( R4BIB( R4RRR( ( ( ( ( ( ( ( ( ( ( (

OX( R4I5Dy( R4S\Sy R4R5R( R435R( R43D3( R43S\( CR4RBQ( R45\B( R43SZ( R4RRR( ( ( ( ( ( ( ( ( ( (

O!( R4DQZ( R4SSD( R4RZ5( R45RQ( R43RI( R45IR( CR43RZ( R45Z5( R4B3D( CR433S( R4RRR( ( ( (( (( (( ( ( ( (

M?( R4S5By( R4ZZ3y R4RQR( R4RBB( R4DSR( R43S3( R4DB5( R4DDR( CR4RRZ( R4B\S( R4I\Z( R4RRR( ( ( ( ( ( ( ( (

A=( R4II5y( R4ZRQy R4RRS( CR4RBZ( R4B3R( R4RID( R45\3( R4B3\( CR4RD3( R455D( R4B\I( P!( R4RRR( ( ( ( ( ( ( (

MC( R4II5y( R4ZRQy R4RRS( CR4RBZ( R4B3R( R4RID( R45\3( R4B3\( CR4RD3( R455D( R4B\I( P!( P!( R4RRR( ( ( ( ( ( (

*ML( R4BR3( R4IQRy R4\ISy( R4\Z3y( R4ZD5y R4\S5( R4\D5y R4\5By R4QBDy R4\Z5y R4\ZB( R4QB5y R4QRIy R4QRIy R4RRR( ( ( ( ( (

!P( R4S3Zy( R4ZSSy R4R\I( R4R5Q( R4DDQ( R43IB( R4D53( R4DB3( CR4RR\( R4BZD( R4IZB( P!( P!( P!( R4QBRy R4RRR( ( ( ( (

?5( R4I53y( R4S\Iy CR4RBS( CR4RRD( R45RB( R4RDS( R43SB( R43I5( CR4R3Z( R4R\D( R43ID( R43ID( R4R55( R4R55( R4\ZRy R43DD( R4RRR( ( ( (

=M( R4ISRy( R4ZRBy R43\Ry( R45IB( R45\Ry R45BD( R45SSy CR4R5\( R45IR( R45BRy R45BIy( R4B5R( R455R( R455R( R4\35y R4B3B( R4R\5( R4RRR( ( (

A;( R4II5y( R4ZRQy R4RRS( CR4RBZ( R4B3R( R4RID( R45\3( R4B3\( CR4RD3( R455D( R4B\I( P!( P!( P!( R4QRIy P!( R4R55( R455R( R4RRR( (

EK=( R4IQZy( R4ZD\y R4RZ3( R4R5\( R4B\I( R4333( R4BS5( R4BQS( R4R3Z( R45QI( R4DD\( R4R3R( CR4RZI( CR4RZI( R4Q35y R4RRI( R4RZD( R45Q3( CR4RZI( R4RRR(

V8$;)$a$%+)#(A$aa'"')#$+#$,)(+a#'"(#='(G,)a'"",)$(%,""'%#$,)(^+A`28#'A(P ?+&2'(= 0,000758_(

"i("'8$8#+)#(*,*2&+#$,)8(,a(P. columella(#,(F. hepatica($)a'%#$,)(
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62&#$&,%28(;'),#E*$);(^+#(#='(8$T([$%",8+#'&&$#'8(&,%$_(8=,e'A(#='('T$8#')%'(,a(BS(

A$aa'"')#(67LX8(^#+V&'(S_-(6'+)()2[V'"($)(828%'*#$V&'(*,*2&+#$,)8($8(5-ZSD(

^r3-IS5<9_(e=$&'(+(=$;='"(+?'"+;'(,a(S-BBB(^rB-Z\I<9_(e+8(+##+$)'A($)("'8$8#+)#(

*,*2&+#$,)8-(9$aa'"')%'(V'#e'')('+%=(;",2*(,a(*,*2&+#$,)8(e+8(a,2)A(8#+#$8#$%+&&E(

8$;)$a$%+)#(^#C<#2A')#(?+&2'(5-QBg(P p(R-RR\_-(K$;=#'')(67LX8(e'"'(,V8'"?'A($)(

"'8$8#+)#($)A$?$A2+&8(,a(e=$%=(,)&E(#e,(^K(+)A(U_(+"'(8=+"'A($)(#e,(*,*2&+#$,)8(^K&(

!02a"'(+)A(7+(M,%+_-(67LX(v($8(#='([,8#(a"'12')#($)(M2V+(+)A($8(#='(,)&E(,V8'"?'A($)(

[,),[,"*=$%(*,*2&+#$,)8-(J#($8($)#'"'8#$);(#,(=$;=&$;=#(#='(a+%#(#=+#(#='(#e,($)a'%#'A(

$)A$?$A2+&8(a",[(J@!(+)A(#=,8'("'*,"#'A($)a'%#'A(VE(L2#$]""'0('#(+&-(^5R33_(+#(@$&u)(

8=+"'A(#='(8+['(67LX(v-(!(A$aa'"')#(67LX(X(e+8(,V8'"?'A(,)&E($)(#='('+8#'")[,8#(

*,*2&+#$,)8(^OW,(6+)+12$#+4(OW,(M')#"+&(+)A(6+#+A'",(!?'8_-(O'[+$)$);(67LX8(+"'(

%,)8$A'"'A("+"'(+)A(A$aa'"(a",[(,)'(+),#='"(VE(8$);&'(,"(a'e(+&&'&'8(^a$;2"'(5!_-(

@374"'Q:'@,*2&+#$,)84(8$[*&'(8$0'(+)A([2&#$&,%28(;'),#E*'8(^67LX_($)(Pseudosuccinea

columella(+#(S([$%",8+#'&&$#'(&,%$-(^Pi(+)+&E8'A($)A$?$A2+&8(+a#'"('T%&2A$);(#=,8'(e$#=(+#(

&'+8#(,)'(&,%28(),#(+[*&$a$'A_-(

A-B643$%-#(

C'D#-27*"'

("'!@=1'

(%..]*"#$+G(

C-2'(6'!@=1'D#-27*"'(^%#(%)%(6+G(

XW,(@+)%=,( D(^3_( Y(^D_(

<+)(:2+)(E(6+"#W)'0( 3D(^5_( Y(^3B_4(AC(^3_(
*K&(!02a"'( 3Q(^5_( E(^S_4(F(^3B_(

OW,(F,)A,( 5(^3_( Y(^5_(

J@!( Q(^I_( Y(^I_4(AP(^3_4(AT(^3_4(AW(^3_4(AY(^3_4(AZ(^3_(

@$&u)( S(^S_( Y(^S_(

*7+(M,%+( 5B(^Q_(
A(^5_4(B(^D_4(C(^3_4(D(^5_4(E(^Q_4(AK(^3_4(AL(^3_4(AM(^5_4(

AS(^3_(

@+"12'(7')$)( 3B(^5_( Y(^35_4(AQ(^3_(

.+12'"W+(Z( Q(^D_( Y(^I_4(AR(^3_4(AU(^5_4(AV(^3_(
*G+V$)'E( 5R(^\_( G(^B_4(H(^3_4(I(^Z_4(AF(^5_4(AG(^3_4(AH(^3_4(AJ(^D_4(AO(^3_(

.';+8(L"+)A'8( B(^5_( AU(^5_4(AV(^3_(

K&(!)#,`,( 3R(^D_( Y(^S_4(AN((^3_4(AR(^5_4(AX(^3_(

OW,(!"$[+,( D(^B_( AN(^3_4(AR(^5_4(AX(^3_(

OW,(6+)+12$#+( \(^B_( Y(^D_4(AR(^3_4(AU(^B_(

OW,(v+E+V,( 3Z(^D_( R(^3_4(T(^Z_4(V(^3_4(Y(^\_(

@2'8#,(A'(6+)A,( S(^3_( Y(^S_(

L2$&&])CG,%+( 3I(^3_( Y(^3I_(

OW,(M')#"+&( Z(^B_( L(^3_4(T(^3_4(Y(^I_(

6+#+A'",(A'(!?'8( 3S(^D_( L(^3_4(T(^3_4(Y(^3B_4(AA(^3_(

!"",E,( 3S(^3_( Y(^3S_(

"i("'8$8#+)#(*,*2&+#$,)8(,a(P. columella(#,(F. hepatica($)a'%#$,)(
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U$;2"'(5!(8=,e8(#='(A$8#"$V2#$,)(,a(#='(BS(67LX8($)(M2V+-(P,#'(67LX(v(e$A'8*"'+A(

$)([,8#(8+[*&'A(&,%+&$#$'8(+)A(+V8')#(a",[("'8$8#+)#(*,*2&+#$,)8(+)A(#e,(828%'*#$V&'(

^.';+8(L"+)A'8(+)A(OW,(!"$[+,_-(X='(,V#+$)'A(67LX()'#e,"b(a",[(P'$Y8(;')'#$%(

A$8#+)%'(A$8*&+E8(#="''([+`,"$#+"$+)(%&28#'"8(+)A(#e,(8[+&&(+88,%$+#$,)8(;+#='"$);(,)&E(

#e,(67LX8('+%=(^a$;2"'(5G_-(K?'"E(67LX(a",[(828%'*#$V&'($)A$?$A2+&8(;+#='"'A($)#,(

#e,(%&28#'"8(^"'A(+)A(;"'E_(e='"'+8("'A(%&28#'"("'*"'8')#8(#='(,?'"e='&[$);([+`,"$#E(,a(

828%'*#$V&'(67LX-(Xe,([+`,"(^;"'')(+)A(V&2'_(+)A(+(8[+&&(^*2"*&'_(%&28#'"8(%,)#+$)8(

+&&(67LX8(a",[("'8$8#+)#($)A$?$A2+&8-(d)&E(;'),#E*'(!P(a",[(OW,(!"$[+,(*,,&'A(

#,;'#='"(e$#=(67LX8(a",[("'8$8#+)#(*,*2&+#$,)8(,a(7+(M,%+(+)A(K&(!02a"'(^;"'')(

%&28#'"_-(

'

I%Z6*"'>:(62&#$&,%28(;'),#E*'8(^67LX_(a",[(8$T(S([$%",8+#'&&$#'(&,%$(,a(

Pseudosuccinea columella-(!(p(L',;"+*=$%(A$8#"$V2#$,)(,a(A$aa'"')#(67LX(*'"(

*,*2&+#$,)($)(M2V+-(G(p(:,$)$);C)'$;=V,2"()'#e,"b(,V#+$)'A(a",[(P'$Y8(;')'#$%(

A$8#+)%'(,a('+%=(67LX(^A$aa'"')#(%,&,"8(%,""'8*,)A(#,(A$aa'"')#(%&28#'"8_-(UX(p(a&,,A'A(

#'""+$)4(O@(p("$%'(*+AAE4(<(p(8*"$);4(!@(p(+"#$a$%$+&(*,)A4(O(p("$?'"4(@@(p(*'"[+)')#(

*,)A4(JM(p($""$;+#$,)(%=+))'&4(<#(p(8#"'+[4(7(p(&+b'-(

' '
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U:'F%+&6++%-#'

4.1. Population genetics of L-(%2V')8$8 and its relation with U-(='*+#$%+ transmission 

X"+)8[$88$,)(,a(F. hepatica(VE(G. cubensis($8(%$"%2[8%"$V'A(#,(#='()',#",*$%+&("';$,)(

+)A(*",V+V&E(#,(#='(8,2#='")()'+"#$%("';$,)(^M"20CO'E'8(+)(6+&'b4(3Q\Zg(M,""'+('#(+&-(

5R33_-(6+)E(#"+)8[$88$,)(8$#'8(e='"'(G. cubensis ,%%2"(+"'(e'&&(A,%2[')#'A($)(N<!(

^>+*&+)('#(+&-(3QQZ_(+)A(M2V+(^U'""'"('#(+&-(3Q\I_4(+8(e'&&(+8($)(<,2#=(!['"$%+(^@,$)#$'"(

'#(+&-(5RRQ_-(@,*2&+#$,)(;')'#$%8(8#2A$'8([+E(,)&E(V'(%+*+V&'(,a(*",?$A$);($)8$;=#8(,a(

;')'#$%(A$?'"8$#E("'&+#'A(#,(#='(%$"%2&+#$,)(,a(*+"#$%2&+"(8#"+$)8(,a(F. hepatica(+#('+%=(

"';$,)-(

X='(&,e(+&&'&$%(A$?'"8$#E(*'"(*,*2&+#$,)(+8(e'&&(+8(#='(8#",);(A'?$+#$,)8(a",[(*+)[$T$+(

$)(G. cubensis(82;;'8#(+(=$;=&E(8'&a$);("+#'($)(#=$8(8*'%$'8(^['+)(R-Q33(rR-33<9_-(d#='"(

8*'%$'8(a",[(#='(8+['(;')28(Galba(+"'(b),e)(a,"(+([+"b'A(*"'a'"')%'(#,(8'&a$);(82%=(

+8(G. truncatula(^6'2)$'"('#(+&-(5RRD+_4(G. schirazensis ^M,""'+4(5R3R_(+8(e'&&(,#='"(

&E[)+'$A(8*'%$'8(&$b'(P. columella(^P$%,#('#(+&-(5RR\_(+)A(Omphiscola glabra(^F2"#"'0C

G,288H8('#(+&-(5RRS_-(

c=$&'(G. cubensis(e+8(a$"8#(A'8%"$V'A(a",[(M2V+(^@a'$aa'"4(3\BQ_4(#E*'(&,%+&$#E([+E(),#(

[+#%=($#8(#"2'(,"$;$)-(F,e'?'"4($#($8("'+8,)+V&E(#,(#=$)b(,a(+)(+)%$')#('?,&2#$,)(#$['($)(

#='($8&+)A(#=+#('T*&+$)(#='(,V8'"?'A(;')'#$%(A$?'"8$#E(^5Z(67LX8($)(35(*,*2&+#$,)8_-(

!&8,4(U<X(?+&2'8(8=,e(+(%&'+"(A$aa'"')#$+#$,)(,a([,8#(*,*2&+#$,)8-(X=$8(%,2&A(V'(

'T*&+$)'A('$#='"(#=",2;=(+(A$?'";')%'(V'#e'')(*,*2&+#$,)8(a",[(+(8$);&'($)#",A2%#$,)(

'?')#4(,"(#=",2;=(A$aa'"')#(+)A($)A'*')A')#($)#",A2%#$,)8-(J)(%+8'(,a("'*'+#'A(

$)#",A2%#$,)84(e'(%,2&A('T*'%#(A$aa'"')#(67LX8(+)A(+)($)#"+C*,*2&+#$,)(A$?'"8$#E(+8(

&,e(+8(#='($)#",A2%#$,)(A+#'($8([,"'("'%')#(^O,[+)(+)A(9+"&$);4(5RRZ_-(M,)#"+"$&E4(#='(

a+%#(#=+#(,)&E(+(a'e([,),[,"*=$%(*,*2&+#$,)8(e'"'(A'#'%#'A(+)A(8$)%'([,8#(67LX8(+"'(

+&$b'(^,)&E(+(8$);&'(,"(+(a'e(&,%$(A$aa'"'A_4(82**,"#(#='(=E*,#='8$8(,a(;"+A2+&(

A$aa'"')#$+#$,)(a",[(,)'(^,"(+(a'e_(8#"+$)8(+)%$')#&E(+""$?'A($)(M2V+-(J)(a+%#4(a",[(+(

8$);&'(,"$;$)+&(*,*2&+#$,)(#='($)%"'+8'(,a(A$aa'"')#(+&&'&'8(*'"(&,%28([+E(,%%2"(#=",2;=(

8'&'%#'A([2#+#$,)8(^O,[+)(+)A(9+"&$);4(5RRZ_-(G'8$A'84(#='(,V8'"?'A($8,&+#$,)(VE(

A$8#+)%'(^*,*2&+#$,)8(+"'([,"'(+&$b'(+8([,"'(;',;"+*=$%+&&E()'+"_(a+?,2"(+(8&,e(

%,&,)$8+#$,)(,a(G. cubensis(a",[(,)'($)$#$+&($)#",A2%'A(*,*2&+#$,)-(

X='(a+%#(#=+#(e'(A$A(),#(A'#'%#(8$;)$a$%+)#(A$aa'"')#$+#$,)(V'#e'')(*,*2&+#$,)8($)(

a+8%$,&,8$8(+"'+8($8(e,"#=(,a(a2#2"'(8#2A$'8(#,(#'8#(e='#='"($#($8(#='("'82&#(,a(+(8$);&'(
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"+)A,[('?')#(^*,*2&+#$,)8(+"'('+%=(,#='"()'+"_4(,"(#='E(%,[*"$8'(;'),#E*'8([,"'(

828%'*#$V&'h%,[*+#$V&'(e$#=(%$"%2&+#$);(8#"+$)8(,a(F. hepatica-(

4.2. Genetic diversity, distribution pattern of resistant and susceptible @-(%,&2['&&+(and

relation with fasciolosis transmission in Cuba 

O'82&#8(,V8'"?'A($)(#=$8(8#2AE(+"'($)(+%%,"A+)%'(e$#=(*"'?$,28(e,"b8($)(#=$8(8*'%$'8i(

?'"E(&,e(A$?'"8$#E(+)A(8#",);(A'?$+#$,)8(a",[(*+)[$T$+(e=$%=($8(%,)8$8#')#(e$#=(=$;=(

8'&a$);("+#'8(^P$%,#('#(+&-(5RR\g(7,2))+('#(+&-(82V[$##'A_-(F,e'?'"4(#="''(*,*2&+#$,)8(

^J@!4(OW,(M')#"+&(+)A(OW,(!"$[+,_(8=,e'A(&,e'"(8'&a$);("+#'8-(<'?'"+&(8#2A$'8(=+?'(

$)A$%+#'A(#=+#(%",88Ca'"#$&$0+#$,)([+E("'*"'8')#(+(8'&'%#$?'(+A?+)#+;'(e=')(*,*2&+#$,)8(

+"'(2)A'"(8'?'"'(*+"+8$#$%(*"'882"'8(^7$?'&E4(3Q\Zg(!;"+e+&(+)A(7$?'&E4(5RR3_-(

M,)?'"8'&E4("'*",A2%#$,)(VE(8'&a$);(%+)(V'(8'&'%#'A($)(8#,%=+8#$%(')?$",)[')#8(^G+b'"4(

3QSZ_(*",?$A$);("'*",A2%#$,)('?')($a(,)&E(,)'($)A$?$A2+&(82"?$?'(8'?'"'(%,)A$#$,)8-(

X=284(e'(8=,2&A('T*'%#(&,e'"(8'&a$);("+#'8($)(8#+V&'(=+V$#+#8(,"(')A'[$%(a+8%$,&,8$8(

+"'+8-(X='(&,%+&$#E(,a(J@!([+#%=(V,#=(%"$#'"$+(8$)%'($#(e+8(*"'?$,28&E(82;;'8#'A(+8(+(

a+8%$,&,8$8(#"+)8[$88$,)(8$#'(VE(L2#$]""'0('#(+&-(^5RRI+_4(+)A(%,)8$8#8(,a(+(*'"[+)')#(

*,)A(28'A(#,(8#,%b(e+#'"-(!&8,4(#='(#e,(a,2)A($)a'%#'A($)A$?$A2+&8(A2"$);(A$88'%#$,)(

V'&,);'A(#,(#=$8(&,%+&$#E-(X='(,#='"(#e,(&,%+&$#$'8(+"'("'%,;)$8'A(+8(a+8%$,&,8$8(+"'+8(

^J6.4(5R3B_-(

M,)#"+"$&E(#,(e=+#(e+8(,V8'"?'A($)(G. cubensis4([,8#(*,*2&+#$,)8(A$A(),#(A$aa'"(+)A(

,)&E("'8$8#+)#(P. columella(8=,e'A(8$;)$a$%+)#(U<X(?+&2'8-(@"'?$,28(8#2A$'8(,a(

U'")+A'0CM+&$')'8('#(+&-(^5RRD_(8=,e'A(#=+#(#='8'(*,*2&+#$,)8(A$aa'"'A(a",[(828%'*#$V&'(

+)A(L2#$]""'0('#(+&-(^5RRB+_(A'#'%#'A(%&'+"(A$aa'"')#(O!@9(*",a$&'8(28$);(3Z(A$aa'"')#(

*"$['"8-(

X='(&,e(;')'#$%(A$?'"8$#E(,V8'"?'A(^a$?'([,),[,"*=$%(*,*2&+#$,)8_(+)A(#='(e$A'8*"'+A(

,a(67LX(v($)(M2V+4(%+)(V'('T*&+$)'A(VE(+("'%')#(;')'#$%(V,##&')'%b(+a#'"(#='(

$)#",A2%#$,)(,a(#=$8(8#"+$)($)(M2V+(a,&&,e'A(VE(+(a+8#('T*+)8$,)($)#,(A$aa'"')#(0,)'8(,a(

#='($8&+)A-(!(8$[$&+"(%+8'(=+8(V'')(A,%2[')#'A($)(G. truncatula $)(#='(G,&$?$+)(

!&#$*&+),(^6'2)$'"('#(+&-(5RR3_-(!&8,4(+("'%')#(e,"&AC8%+&'(8#2AE(%,[*"$8$);(8'?'"+&(

*,*2&+#$,)8(,a(P. columella(%,)8$A'"'A(,)'(,a(#='(,V8'"?'A(67LX(^X_(+8($)?+8$?'(+)A(

e+8(,V8'"?'A($)(M,&,[V$+4(@'"24(.')'02'&+4(<,2#=(!a"$%+(+)A(#='(J)A$+)(d%'+)(

^7,2))+8('#(+&-(82V[$##'A_-(c'(,V8'"?'A(#=$8(?'"E(8+['(;'),#E*'($)(#e,(*,*2&+#$,)8(

^OW,(M')#"+&(+)A(6+#+A'",(!?'8_-(F,e'?'"4(,2"(8#2AE(8=,e8(#=+#(#e,(,2#(,a(#="''(

"'8$8#+)#(*,*2&+#$,)8(,a(P. columella(^7+(M,%+(+)A(G+V$)'E_(*"'8')#(=$;='"(;')'#$%(
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A$?'"8$#E(#=+)(#='(,#='"(8#2A$'A(*,*2&+#$,)8-(X='(#=$"A(*,*2&+#$,)(^K&(!02a"'_4(%,)8$8#(,a(

+)($8,&+#'A(8*"$);(*",V+V&E(8'?'"'A(VE(%,)#$)2,28(;')'#$%(V,##&')'%b8(#=+#(+"'(),#(

$[*+%#$);(#='(,#='"8(*&+%'A($)(,*')(a&,,A'A(#'""+$)8(*",V+V&E([,"'(8#+V&'8-(

J)#",A2%#$,)8(,a(P. columella(+"'(b),e)(#,(,%%2"(a",[("+)A,[('?')#8(82%=(+8(a&,,A8(,"(

&$)b'A(#,(=2[+)(+%#$?$#$'8(&$b'(#='(+12+"$2[(*&+)#(#"+A'(^6+A8')(+)A(U"+)A8')4(3Q\Qg(

@,$)#$'"('#(+&-(5RRZ_-(X='(A+#'(,a($)#",A2%#$,)(,a(P. columella($)(M2V+($8(2)b),e)4(V2#($#(

e+8(a$"8#("'*,"#'A($)(3\I\(2)A'"(#='()+['(,a(Lymnaea francisca(^@,'E_-(J#($8(#=')(

"'+8,)+V&E(#,(#=$)b($)(+(a$"8#($)#",A2%#$,)(+",2)A(#='('+"&E(3Q#=(%')#2"E-(L2#$]""'0('#(+&-(

^5RRIV_(82;;'8#'A(+("'8$8#+)%'(+88,%$+#'A(%,8#(,a("'8$8#+)#(*,*2&+#$,)8(#,(F. hepatica(

$)a'%#$,)(e=$%=(A"$?'(28(#,(#=$)b(#=+#($#(%,2&A(,)&E(V'([+$)#+$)'A(VE(+(%,)8#+)#(8'&'%#$?'(

*"'882"'(VE(#=$8(*+"+8$#'-(K+"&$'8#(A'8%"$*#$,)8(,a(F. hepatica($)(M2V+(A+#'(a",[(3QBR(

^>,2"W(+)(!"')+84(3QB3_-(K?')($a(#='(&$?'"(a&2b'([+E(=+?'(V'')(8,['(#$['(V'a,"'($)(

%+##&'4($#(%,2&A(%,""'8*,)A(#,(+)($)#')8$a$%+#$,)(*'"$,A(,a($)a'%#$,)($)(M2V+-(X='(*+"+8$#'(

[+E(=+?'(8$)%'(#=')('T'"#'A(+(8#",);(*"'882"'(,?'"(#=$8(8*'%$'8(#=+#(8'&'%#'A("'8$8#+)#(

$)A$?$A2+&8-(6,"'("'%')#&E($)#",A2%#$,)(%+""E$);(67LX8(X(+)A(v([+E(=+?'(,%%2""'A(

e$#=(#='(&+##'"(8*"'+A$);(a+8#($)(#='($8&+)A-(X=$8("'%')#&E($)#",A2%'A(67LX(v([+E($)(

a+%#(*"'8')#($#8'&a(+8('%,&,;$%+&(+A+*#+V&'(+)A(=$;=&E(%,[*+#$V&'(e$#=(F. hepatica. 

X='($)#",A2%#$,)8(,a(?'%#,"8(+"'(8'?'"'($882'8(V'%+28'(,a(#='('*$A'[$,&,;$%+&("$8b8-(J)(

a+%#4("'%')#&E($)#",A2%'A(*,*2&+#$,)8(82aa'"(8#",);(;')'#$%(V,##&')'%b8(#=+#(A"+;(,aa(

a,"['"(;')'#$%(A$?'"8$#E(*"'?')#$);(#='[(#,(+%12$"'("'8$8#+)%'(#,(&,%+&(*+"+8$#'8-(!&8,4(

[+)E(+"'(=$;=&E($)?+8$?'4(%,&,)$0$);(+()2[V'"(,a(+?+$&+V&'(8$#'8-(Ja(e'(+A[$#(+(

"'8$8#+)%'("'&+#'A(%,8#($)(P. columella4(+8(82;;'8#'A(VE(L2#$]""'0('#(+&-(^5RRIV_4($#($8(

=$;=&E($[*",V+V&'(#=+#(;'),#E*'8(e$#=($)?+A$);(+V$&$#$'8(+&8,(%,""'8*,)A(#,(#=,8'(

"'8$8#+)#(#,(F. hepatica-(J#($8(#=28(*&+28$V&'(#=+#(#='(+V$&$#E(,a(P. columella(#,($)?+A'(

"'*"'8')#8(+(#"2'(A+);'"($)(#='(*",*+;+#$,)(,a(#='(&$?'"(a&2b'-(X"+)8[$88$,)(,a(F.

hepatica(VE($)#",A2%'A(*,*2&+#$,)8(,a(#=$8(8*'%$'8($8(%,)a$"['A($)(G"+0$&(+)A(!";')#$)+(

^6+"12'8('#(+&-(5RRSg(o+"%,('#(+&-(5R33_4(K;E*#(^L"+V)'"('#(+&-(5R3D_(+)A(!28#"+&$+(

^6,&&,E(+)A(!)A'"8,)4(5RRS_-(J#($8(+&8,(*"'82['A($)(<,2#=(!a"$%+(^>,%b('#(+&-(5RRB_(

+)A($)(#='(@+%$a$%($8&+)A8(e='"'($#(=+8(V'')($)#",A2%'A($)%&2A$);(F+e+$$(^M,e$'4(5RR3g(

@,$)#$'"(+)A(6+"12'#4(3QQR_-(J)(+)E(%+8'4($#($8(,a([+`,"($[*,"#+)%'(#,([+$)#+$)(+)(+%#$?'(

82"?'$&&+)%'(#='()'e($)#",A2%#$,)8(,a(P. columella $)(A$aa'"')#(+)A(A$8#+)#(e,"&A(

"';$,)8-(

' '
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M&_#-04"(Z2"#$+'

X=$8(e,"b(e+8(82**,"#'A(VE(#='(J)8#$#2#(A'(O'%='"%='(*,2"(&'(9]?'&,**'[')#(^GK<X(

;"+)#(#,(!-!-.-_(+)A(+(A,%#,"+&(a'&&,e8=$*(a",[(#='(N)$?'"8$#E(,a(6,)#*'&&$'"(#,(67-(

'

?"."*"#&"+'

!;"+e+&4(!-(z(7$?'&E4(M-(^5RR3_(@+"+8$#'8(+)A(#='('?,&2#$,)(,a(8'&aCa'"#$&$0+#$,)-(

Evolution,(II4(\SQC\ZQ-(

!8=&'E4(6-(z(9,e4(G-(^3QQD_(X='(28'(,a([$%",8+#'&&$#'(+)+&E8$8($)(*,*2&+#$,)(V$,&,;Ei(

V+%b;",2)A4(['#=,A8(+)A(*,#')#$+&(+**&$%+#$,)8-(J)(Molecular ecology and evolution: 

approaches and applications(<%=$'"e+#'"4(G-4(c+;)'"4(L-(z(9'<+&&'4(O-((Eds.)-(G+8'&4(

<e$#0'"&+)A4(G$"b=+28'"(.'"&+;-(

G+b'"4(F-(^3QSZ_(<2**,"#(a,"(G+b'"Y8(&+e({(+8(+("2&'-(Evolution,(534(\IBC\IS-(

G+";2'84(6-(z(6+8CM,[+4(<-(^3QQZ_(@=E&,;')'#$%(+)+&E8$8(,a(&E[)+'$A(8)+$&8(V+8'A(,)(

3\8("9P!(8'12')%'8-(Molecular Biology and Evolution,(3D4(ISQCIZZ-(

G+";2'84(6-4(!"#$;+84(@-4(6'"+(E(<$'""+4(O-4(@,$)#$'"4(:-(z(6+8CM,[+4(<-(^5RRZ_(

M=+"+%#'"$8+#$,)(,a(Lymnaea cubensis4(L. viatrix(+)A(L. neotropica()-(8*-4(#='([+$)(

?'%#,"8(,a(Fasciola hepatica $)(7+#$)(!['"$%+4(VE(+)+&E8$8(,a(#='$"("$V,8,[+&(+)A(

[$#,%=,)A"$+&(9P!-(Annals of Tropical Medicine and Parasitology,(3R34(S53CSD3-(A,$i(

3R-33ZQh3BSD\IQRZn55QRZZ-(

G'&b=$"4(>-4(G,"8+4(@-4(M=$b=$4(7-4(O+2a+8#'4(P-(z(M+#%=4(U-(^5RRD_(LKPKXJn(D-RI-5-(

7+V,"+#,$"'(;]),['4(*,*2&+#$,)84($)#'"+%#$,)84(MPO<(N6O4(IRRR-(

M$%=E4(!-4(U+&#|)b,?/4(!-(z(oV$b,e8b+4(K-(^5R33_(M'"%+"$+'(^X"'[+#,A+4(9$;')'+_($)(

K2",*'+)(a"'8=e+#'"(8)+$&8(C(+(%='%b&$8#(,a("'%,"A8(a",[(,?'"(,)'(=2)A"'A(E'+"8-(Folia

Malacologica,(3Q4(3SIC3\Q-(A,$i(3R-5DZ\h?3R35ICR33CRR5BCS-(

M,""'+4(!-(^5R3R_(!)+&E8'(A'(&Y$)#'"+%#$,)(=}#'C*+"+8$#'(8,28(A$aa]"')#'8(+**",%='8(

]?,&2#$?'8(i(&'(8E8#H['(7E[)+'$A+'(^L+8#",*,A+_{U+8%$,&$A+'(^X"'[+#,A+_-(@=9(

X='8$84(N)$?'"8$#](A'(6,)#*'&&$'"(5-(

M,""'+4(!-4(K8%,V+"4(:-4(92"+)A4(@-4(9+?$A4(@-4(:+")'4(@-4(@,$)#$'"4(:-(z(F2"#"'0CG,288H84(

<-(^5R3R_(G"$A;$);(;+*8($)(#='([,&'%2&+"(*=E&,;')E(,a(#='(7E[)+'$A+'(^L+8#",*,A+i(

@2&[,)+#+_4(?'%#,"8(,a(U+8%$,&$+8$8-(Evolutionary Biology,(3R4(B\3-(A,$i(3R-33\Sh3DZ3C

53D\C3RCB\3-(

M,""'+4(!-4(K8%,V+"4(:-4(P,E+4(d-4(.'&/012'04(7-4(L,)0/&'0CO+[W"'04(M-4(F2"#"'0C

G,288H84(<-(z(@,$)#$'"4(:-(^5R33_(6,"*=,&,;$%+&(+)A([,&'%2&+"(%=+"+%#'"$0+#$,)(,a(

P',#",*$%(7E[)+'$A+'(^L+8#",*,A+i(7E[)+',$A'+_4(?'%#,"8(,a(a+8%$,&,8$8-(Infection,

Genetics and Evolution,(334(3QZ\C3Q\\-(A,$i(3R-3R3Sh`-['';$A-5R33-RQ-RRB-(

M,e$'4(O-(^5RR3_(J)?'"#'V"+#'($)?+8$,)8(,)(@+%$a$%(J8&+)A8(+)A(#='("'*&+%'[')#(,a(

2)$12'()+#$?'(a+2)+8i(+(8E)#='8$8(,a(#='(&+)A(+)A(a"'8=e+#'"(8)+$&8-(Biological Invasions,(

B4(33QC3BS-(
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M"20CO'E'84(!-(z(6+&'b4(K-(^3Q\Z_(<2$#+V$&$#E(,a(8$T(&E[)+'$A(8)+$&8(a,"($)a'%#$,)(e$#=(

Fasciola hepatica-(Veterinary Parasitology,(5D4(5RBC53R-(A,$i(3R-3R3ShRBRDC

DR3Z^\Z_QRRD3CR-(

A'(6''f84(X-4(6%M,E4(>-4(@"2;),&&'4(U-4(M='?$&&,)4(M-4(92"+)A4(@-4(F2"#"'0CG,288H84(<-(

z(O')+2A4(U-(^5RRZ_(@,*2&+#$,)(;')'#$%8(+)A([,&'%2&+"('*$A'[$,&,;E(,"(=,e(#,(

~~A'�V2812'"(&+(V�#'YY-(Infection, Genetics and Evolution,(Z4(BR\CBB5-(A,$i(

3R-3R3Sh`-['';$A-5RRS-RZ-RRB-(

K8#,2*4(!-(z(6+"#$)4(d-(^3QQS_(6+"12'2"8([$%",8+#'&&$#'8i($8,&'[')#(�(&�+$A'(A'(8,)A'8(

),)C"+A$,+%#$?'84(%+"+%#]"$0+#$,)('#([$8'(+2(*,$)#(�ccc(A,%2[')#�-(

=##*ihheee-$)+*;-$)"+-a"hA8+h[$%",8+#h[$%",8+#-=#[(�+%%'88'A(,)(<'*#'[V'"(5R3I�-(

U'")/)A'0CM+&$')'84(!-4(U"+;+4(:-4(@,$)#$'"4(:-4(v,);4(6-4(</)%='04(:-4(M,28#+24(M-4(

L2#$]""'04(!-(z(X=]",)4(!-(^5RRD_(9'#'%#$,)(+)A(;')'#$%(A$8#+)%'(,a("'8$8#+)#(

*,*2&+#$,)8(,a(Pseudosuccinea columella(^6,&&28%+i(7E[)+'$A+'_(#,(Fasciola hepatica(

^X"'[+#,A+i(9$;')'+_(28$);(O!@9([+"b'"8-(Acta Tropica,(Q54(\BC\Z-(A,$i(

3R-3R3Sh`-+%#+#",*$%+-5RRD-RI-R3D-(

U'""'"4(:-4(@'"'"+4(L-(z(v,);4(6-(^3Q\I_(K8#2A$,(A'(&,8([,&28%,8(a&2?$/#$&'8(A'(2)+(

&,%+&$A+A(+a'%#+A+(*,"(2)(V",#'(A'(a+8%$,&$+8$8-(Revista Cubana de Medicina Tropical,(

BZ4(3IIC3SR-(

L+)04(F-(z(KV'"#4(9-(^5R3R_(G')'a$#8(,a(=,8#(;')'#$%(A$?'"8$#E(a,"("'8$8#+)%'(#,($)a'%#$,)(

A'*')A(,)(*+"+8$#'(A$?'"8$#E-(Ecology,(Q34(35SBC35S\-(

L,2A'#4(:-(^5RR3_(U<X!X4(+(*",;"+[(#,('8#$[+#'(+)A(#'8#(;')'(A$?'"8$#$'8(+)A(a$T+#$,)(

$)A$%'8-(t=##*ihheee-2)$&-%=h$0'+h8,a#e+"'8ha8#+#-=#[&x-(

L"+V)'"4(9-4(6,=+['A4(U-4(P+%='?4(6-4(6]+V'A4(K-4(<+V"E4(!-(z(<2"'84(G-(^5R3D_(

J)?+8$,)(G$,&,;E(6''#8(@+"+8$#,&,;Ei(!(M+8'(<#2AE(,a(@+"+8$#'(<*$&&CG+%b(e$#=(

K;E*#$+)(U+8%$,&+(;$;+)#$%+($)(#='(J)?+8$?'(<)+$&(@8'2A,82%%$)'+(%,&2['&&+-(PLoS

ONE,(Q4('\\IBZ-(A,$i(3R-3BZ3h`,2")+&-*,)'-RR\\IBZ-(

L2#$]""'04(!-4(F'")/)A'04(9-(z(</)%='04(:-(^5RRI+_(.+"$+#$,)(,a(8)+$&Y8(+V2)A+)%'($)(

#e,(e+#'"(V,A$'8(=+"V,"$);(8#"+$)8(,a(Pseudosuccinea columella("'8$8#+)#(+)A(

828%'*#$V&'(#,(Fasciola hepatica([$"+%$A$+&($)a'%#$,)4($)(@$)+"(A'&(OW,(@",?$)%'4(M2V+-(

Mémorias do Instituto Oswaldo Cruz,(3RR4(Z5ICZ5Z-(

L2#$]""'04(!-4(@,$)#$'"4(:-4(U"+;+4(:-4(:,V'#4(K-4(6,A+#4(<-4(@]"'04(O-4(v,);4(6-4(</)%='04(

:-4(7,b'"4(K-(z(X=]",)4(!-(^5RRB+_(Fasciola hepaticai($A')#$a$%+#$,)(,a([,&'%2&+"(

[+"b'"8(a,"("'8$8#+)#(+)A(828%'*#$V&'(Pseudosuccinea columella(8)+$&(=,8#8-(

Experimental Parasitology,(3RI4(533C53\-(A,$i(3R-3R3Sh`-'T**+"+-5RRB-35-RRS-(

L2#$]""'04(!-4(@,$)#$'"4(:-4(v,);4(6-4(</)%='04(:-(z(X=]",)4(!-(^5RRBV_(K?$A')%'(,a(

*='),#E*$%(A$aa'"')%'8(V'#e'')("'8$8#+)#(+)A(828%'*#$V&'($8,&+#'8(,a(Pseudosuccinea

columella ^L+8#",*,A+i(7E[)+'$A+'_(#,(Fasciola hepatica(^X"'[+#,A+i(9$;')'+_($)(

M2V+-(Parasitology Research,(QR4(35QC3BD-(A,$i(3R-3RRZh8RRDBSCRR5CR\5DC0-(

L2#$]""'04(!-4(./012'04(!-4(F'?$+4(v-4(</)%='04(:-4(M,""'+4(!-4(F2"#"'0CG,288H84(<-4(

@,$)#$'"4(:-(z(X=]",)4(!-(^5R33_(U$"8#("'*,"#(,a(&+"?+&(8#+;'8(,a(Fasciola hepatica($)(+(
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e$&A(*,*2&+#$,)(,a(Pseudosuccinea columella(a",[(M2V+(+)A(#='(M+"$VV'+)-(Journal of 

Helminthology,(\I4(3RQC333-(A,$i(3R-3R3Zh<RR553DQn3RRRRBIR-(

L2#$]""'04(!-4(v,);4(6-4(</)%='04(:-4(c,);4(7-(z(@,$)#$'"4(:-(^5RRIV_(M,[*'#$#$,)(

V'#e'')(Fossaria cubensis(+)A(#e,($8,&+#'8(^828%'*#$V&'(+)A("'8$8#+)#(#,(Fasciola 

hepatica_(,a(Pseudosuccinea columella(2)A'"(&+V,"+#,"E(%,)A$#$,)8-(Haliotis,(BI4(3C33-(

F+"#&4(9-(z(M&+"b4(!-(^3QQZ_(Principles of Population Genetics, B"A('A)-(<2)A'"&+)A4(

6!4(<$)+2'"(!88,%$+#'84(J)%-(

F2"#"'0CG,288H84(<-4(92"+)A4(@-4(:+VV,2"Co+=+V4(O-4(L2];+)4(:-4(6'2)$'"4(M-4(G+";2'84(

6-4(6+8CM,[+4(<-(z(O')+2A4(U-(^5RRD_(J8,&+#$,)(+)A(%=+"+%#'"$0+#$,)(,a([$%",8+#'&&$#'(

[+"b'"8($)(#='(&$?'"(a&2b'(^Fasciola hepatica_-(Molecular Ecology,(D4(S\QCSQR-(A,$i(

3R-3333h`-3DZ3C\5\S-5RRD-RRZ\S-T-(

F2"#"'0CG,288H84(<-4(@')A$),4(!-4(G'")+V]4(M-4(92"+)A4(@-4(O,)A'&+2A4(9-4(92"+)A4(M-4(

6'2)$'"4(M-4(F2"#"'04(:-(z(O')+2A4(U-(^5RRS_(M,[*+"$8,)(V'#e'')(8='&&([,"*=,&,;E(

+)A(;')'#$%(A$?'"8$#E($)(#e,(8E[*+#"$%(&E[)+'$A(8)+$&84(?'%#,"8(,a(a+8%$,&,8$8-(Canadian

Journal of Zoology,(\B4(3SDBC3SD\-(

F28,)4(9-(z(G"E+)#4(9-(^5RRS_(!**&$%+#$,)(,a(*=E&,;')'#$%()'#e,"b8($)('?,&2#$,)+"E(

8#2A$'8-(Molecular Biology and Evolution,(5B4(5IDC5SZ-(

J6.(^5R3B_(J)a,"['(!)2+&(A'&(J)8#$#2#,(A'(6'A$%$)+(.'#'"$)+"$+-(7+(F+V+)+4(M2V+4(

6$)$8#'"$,(A'(!;"$%2&#2"+-(

>+*&+)4(O-4(9+['4(:-4(O'AAE4(L-(z(M,2"#)'E4(M-(^3QQZ_(X='(@"'?+&')%'(,a(Fasciola

heptltica($)($#8(<)+$&(J)#'"['A$+#'(F,8#(9'#'"[$+'A(VE(9P!(@",V'(!88+E-(International 

Journal for Parasitology,(5Z4(3I\IC3IQB-(

>&'$[+)4(U-4(@$'#",b,?8bE4(<-4(@+"+')8'4(c-(z(c$8$)$?'8bECM,&&$4(M-(^5RRD_(

<,2#='")[,8#(U$)A$);(,a(Lymnaea viatrix(d"V$;)E4(3\BI(^@2&[,)+#+i(7E[)+'$A+'_4(

J)#'"['A$+#'(F,8#(,a(Fasciola hepatica(^7$))+'284(3ZI\_(^X"'[+#,A+i(9$;')'+_4($)(

N"V+)(+)A(O2"+&(!"'+8(,a(@+#+;,)$+4(!";')#$)+-(Mémorias do Instituto Oswaldo Cruz,(

QQ4(5BC5D-(

>,%b4(>-4(c,&[+"+)84(M-(z(G,")[+)4(6-(^5RRB_(9$8#"$V2#$,)(+)A(=+V$#+#8(,a(#='(8)+$&(

Lymnaea truncatula4($)#'"['A$+#'(=,8#(,a(#='(&$?'"(a&2b'(Fasciola hepatica4($)(<,2#=(

!a"$%+-(Journal of the South African Veterinary Association,(ZD4(33ZC355-(

>,2"W4(@-(z(!"')+84(O-(^3QB3_(9,8(%+8,8(+2#u%#,),8(A'(9$8#,[+#,8$8(='*/#$%+(=2[+)+(

*",A2%$A+(*,"(&+(U+8%$,&+(='*+#$%+-(Vida Nueva,(5\4(B\QCDI3-(

7$?'&E4(M-(^3Q\Z_(K?$A')%'(a",[(+(P'e(o'+&+)A(8)+$&(a,"(#='([+$)#')+)%'(,a(8'T(VE(

*+"+8$#$8[-(Nature,(B5\4(I3Q{I53-(

6+A8')4(F-(z(U"+)A8')4(U-(^3Q\Q_(X='(8*"'+A(,a(a"'8=e+#'"(8)+$&8($)%&2A$);(#=,8'(,a(

['A$%+&(+)A(?'#'"$)+"E($[*,"#+)%'-(Acta Tropica,(DS4(3BQC3DS-(

6+"12'84(@-4(M+&A'$"+4(O-4(G'")+A'#'4(6-4(o'%=4(@-4(!$"'84(6-4(6s&&'"4(L-(z(A,8(<+)#,84(

d-(^5RRS_(L')'#$%(?+"$+V$&$#E(,a(G"+0$&$+)(*,*2&+#$,)8(,a(Lymnaea columella 

^L+8#",*,A+i(7E[)+'$A+'_4(+)($)#'"['A$+#'(=,8#(,a(Fasciola hepatica ^X"'[+#,A+i(

9$;')'+_-(Acta Tropica,(QZ4(BBQCBDI-(A,$i(3R-3R3Sh`-+%#+#",*$%+-5RRS-R3-RRB-(
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6'2)$'"4(M-4(F2"#"'0CG,288H84(<-4(92"+)A4(@-4(O,)A'&+2A4(9-(z(O')+2A4(U-(^5RRDV_(

<[+&&('aa'%#$?'(*,*2&+#$,)(8$0'8($)(+(e$A'8*"'+A(8'&a$);(8*'%$'84(Lymnaea truncatula(

^L+8#",*,A+i(@2&[,)+#+_-(Molecular Ecology,(3B4(5IBIC5IDB-(A,$i(3R-3333h`-3BSIC

5QDn-5RRD-R55D5-T-(

6'2)$'"4(M-4(F2"#"'0CG,288H84(<-4(:+VV,2"Co+=+V4(O-4(92"+)A4(@-4(O,)A'&+2A4(9-(z(

O')+2A4(U-(^5RRD+_(U$'&A(+)A('T*'"$[')#+&('?$A')%'(,a(*"'a'"')#$+&(8'&a$);($)(#='(

a"'8=e+#'"([,&&28%(Lymnaea truncatula ^L+8#",*,A+4(@2&[,)+#+_-(Heredity,(Q54(B3SC

B55-(A,$i(3R-3RB\h8`-=AE-S\RRD3R-(

6'2)$'"4(M-4(X$"+"A4(M-4(F2"#"'0CG,288H84(<-4(92"+)A4(@-4(G+";2'84(6-4(6+8CM,[+4(<-4(

@,$)#$'"4(:-4(:,2"A+)'4(:-(z(O')+2A4(U-(^5RR3_(7+%b(,a([,&&28%+)(=,8#(A$?'"8$#E(+)A(#='(

#"+)8[$88$,)(,a(+)('['";$);(*+"+8$#$%(A$8'+8'($)(G,&$?$+-(Molecular Ecology,(3R4(3BBBC

3BDR-(

6,&&,E4(:-(z(!)A'"8,)4(L-(^5RRS_(X='(A$8#"$V2#$,)(,a(Fasciola hepatica($)(�2'')8&+)A4(

!28#"+&$+4(+)A(#='(*,#')#$+&($[*+%#(,a($)#",A2%'A(8)+$&($)#'"['A$+#'(=,8#8-(Veterinary 

Parasitology,(3BZ4(S5CSS-(A,$i(3R-3R3Sh`-?'#*+"-5RRI-35-R5D-(

P'$4(6-(^3QZ5_(L')'#$%(A$8#+)%'(V'#e'')(*,*2&+#$,)8-(The American Naturalist,(3RS4(

5\BC5Q5-(

P'$4(6-(^3QZ\_(K8#$[+#$,)(,a(+?'"+;'(='#'",0E;,8$#E(+)A(;')'#$%(A$8#+)%'(a",[(+(8[+&&(

)2[V'"(,a($)A$?$A2+&8-(Genetics4(I\BCIQR-(

P$%,#4(!-4(92V,$84(6-4(9'V+$)4(M-4(9+?$A4(@-(z(:+")'4(@-(^5RR\_(M=+"+%#'"$0+#$,)(,a(3I(

[$%",8+#'&&$#'(&,%$($)(#='(*2&[,)+#'(8)+$&(Pseudosuccinea columella(^6,&&28%+4(
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RSISCE-(
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<V)/'E1)L;)nQ)W*6)*-')$%-1),-(),)W%-,4)'4*-Y,&%*-)/&'O),&)L;)nQ)W*6)0V)$%-\):6%$'6/)h'6')
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2-,4H/'61)2OO4%'()J%*/H/&'$1):'6i%-3P4$'61)R!2b\)2$O4%W%'()O6*("E&/)h'6')(%4"&'()0c;VV),-()
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/O'E%'/)`Q*66',)'&),4\);V0Vj)Q*66',)'&),4\);V00bX)Galba truncatula1)Galba viator1),-()Galba

neotropica)`J,6Y"'/)'&),4\);VVLb\)[*6)&N%/)O"6O*/'1)h')&'/&'()&N6'')%-(%?%(",4/)*W)G. truncatula)W6*$)
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)

;(D.-#('@!&'!1(+-$#&'.%%('.!%$+(!)
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:8.+(.#!*(00.-.)'(&'($)!()!',.!?-$68!$0!#1&%%!Galba)

Q*66',)'&),4\)`;V0Vb)N,?')/N*h-)&N,&)G. cubensis)#'4*-Y/)&*)&N')E4,(')*W)�)&6"-E,&"4,34%i')�)

4H$-'%(/\)M-)G. truncatula1)h')*#&,%-'(),$O4%W%E,&%*-/)*-4H)%-)/'?'-)*W)&N')0D)4*E%),-(),44'4'/)h'6')

(%WW'6'-&)W6*$)&N*/')EN,6,E&'6%8'()%-)G. cubensis\)!%$%4,64H1)*-4H)/%g)4*E%)h'6'),$O4%W%'()%-)G. viator\)

^N'/')/"EE'//W"4)E6*//3,$O4%W%E,&%*-/),6')E*-/%/&'-&)h%&N)&N')6'4,&'(-'//)#'&h''-)G. truncatula1)

G. cubensis),-()G. viator1),44)#'4*-Y%-Y)&*)&N')�)&6"-E,&"4,34%i')�)Y6*"O)*W)/$,44)4H$-'%(/)`Q*66',)

;V0Vj)Q*66',)'&),4\);V00b\)M&)h*6&N)$'-&%*-%-Y)&N,&)W%?')*W)&N')/%g),$O4%W%'()4*E%)%-)G. viator),6')

O*4H$*6ON%E),-()$%YN&)#')"/'()&*),//'//)Y'-'&%E)?,6%,#%4%&H)%-)&N%/)/O'E%'/\))))

a-)&N')E*-&6,6H1),$O4%W%E,&%*-)h,/)/"EE'//W"4)W*6)&N')0D)4*E%)%-),44)&N')0;B)%-(%?%(",4/)*W)G.

neotropica)&'/&'(\)a-)&N')UD),44'4'/)('&'E&'()*-)#*&N)G. cubensis),-()G. neotropica1);f)`;U1Dub)

h'6')E*$$*-)&*)&N')&h*\)24&N*"YN)N*$*O4,/H)E,--*&)#')'gE4"('(1)&N')E6*//),$O4%W%E,&%*-)%-),44)

4*E%),-()&N')/%$%4,6%&H)%-),44'4')/%8'/),6')%-)W,?*6)*W)&N')/&6*-Y)6'4,&'(-'//)#'&h''-)G. cubensis),-()

G. neotropica1)G. viator)#'%-Y)/%/&'6)*W)&N%/)E*$O4'g)G. cubensis-neotropica\)^N%/)%/)E*-/%/&'-&)h%&N)

ONH4*Y'-H)*#&,%-'()#H)Q*66',)'&),4\)`;V00b)&N,&)('$*-/&6,&'()&N,&)G. cubensis),-()G. neotropica)

,6')?'6H)E4*/'4H)6'4,&'(\)^,i%-Y)%-&*),EE*"-&)&N')/%$%4,6%&H)#'&h''-)G. cubensis),-()G. neotropica)
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M-),44)/&"(%'()O*O"4,&%*-/1)h')*#/'6?'()4*h)4'?'4/)*W),44'4%E)(%?'6/%&H),-()/$,44)*#/'6?'(),-()

'gO'E&'()N'&'6*8HY*/%&%'/\)!"EN)4*h)4'?'4/)*W)Y'-'&%E)(%?'6/%&H),6')E*-/%/&'-&)h%&N)&N*/')*#/'6?'()

%-)*&N'6)4H$-'%()/-,%4/),/)G. truncatula)`^6*"?>)'&),4\);VVVj)+'"-%'6)'&),4\);VV0j)+'"-%'6)'&),4\)

;VVBj)I"6&6'83J*"//K/)'&),4\);V0Vb1)Galba schirazensis)`Q*66',);V0Vb1)Omphiscola glabra)

`I"6&6'83J*"//K/)'&),4\);VVDb),-()Pseudosuccinea columella)`T%E*&)'&),4\);VVfj)Q*66',);V0Vb\)^N')

&*&,4)4,Ei)*W)(%?'6/%&H)%-)/%g)/&"(%'()/%&'/)$,H)#')'gO4,%-'()#H),)6'E'-&)%-&6*("E&%*-1)4',(%-Y)&*),)

W*"-('6)'WW'E&1),/)O6'?%*"/4H)/N*h-)W*6)O*O"4,&%*-/)*W)G. truncatula)%-)&N')J*4%?%,-)24&%O4,-*)

`+'"-%'6)'&),4\);VV0b\)a-)&N')*OO*/%&'1)&N')N%YN'/&),44'4%E)(%?'6/%&H)*EE"66'()%-),)Q"#,-)O*O"4,&%*-)

`^6%-%(,(X);\Gb1)/"YY'/&%-Y),)$*6'),-E%'-&)O6'/'-E')*W)G. cubensis)%-)&N%/)/%&'\)^N%/)%/)%-)

,Y6''$'-&)h%&N)W%6/&)('/E6%O&%*-)*W)G. cubensis)%-)&N')Q"#,-)%/4,-()#H):W'%WW'6)%-)0f<U)`:W'%WW'6)
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N%YN)%-),44)&N')/&"(%'()O*O"4,&%*-/)*W)G. cubensis),-()G. neotropica\)!%-E')/,$O4%-Y)*-)?'6H)/$,44)

,6',/),44*h/)'gE4"(%-Y)q,4N"-()'WW'E&1)&N')*#/'6?'()N'&'6*8HY*&')('W%E%'-E%'/),6')$*/&)O6*#,#4H)

("')&*)N%YN)/'4W%-Y)6,&'/)%-)&N'/')N'6$,ON6*(%&%E)/-,%4/\)^N'/')6'/"4&/),6')/%$%4,6)&*)&N*/')*#&,%-'()

%-)&N')E4*/'4H)6'4,&'()G. truncatula1)%-)hN%EN)/&6*-Y)N'&'6*8HY*&')('W%E%'-E%'/)h'6'),4/*)*#/'6?'()
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2/)O6'?%*"/4H)/N*h-)%-)G. truncatula1)*"6)6'/"4&/)6'?',4'()N%YN)4'?'4/)*W)&*&,4)(%WW'6'-&%,&%*-),$*-Y)

O*O"4,&%*-/)`[!^)z)V\ffb1),/)h'44),/),$*-Y)O*O"4,&%*-/)*W)G. cubensis)`[!^)z)V\fL1)O)z)V\VV0b)*6)

,$*-Y)O*O"4,&%*-/)*W)G. neotropica `[!^)z)V\f;1)O)z)V\VV0b\)^N%/)(%WW'6'-&%,&%*-),$*-Y)/,$O4%-Y)

/%&'/)$%YN&)#')'gO4,%-'()#H)O6'?,%4%-Y)'WW'E&/)*W)Y'-'&%E)(6%W&)%-)O*O"4,&%*-)#%*4*YH)*W)&N'/')/-,%4/\)
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$"4&%4*E"/)Y'-*&HO'\)!"EN)6'E'-&)E*4*-%8,&%*-)'?'-&/)N,?')&*)#')E*-/%('6'()h%&N)&N')"&$*/&)

,&&'-&%*-1)/%-E')G. cubensis),-()G. neotropica),6')O*&'-&%,4)?'E&*6/)*W)W,/E%*4*/%/\)^N'%6)/O6',()

E,-)&N'6'W*6')W,?*6)&N')'gO,-/%*-)*W)&N%/)(%/',/'\)2)E*$O6'N'-/%?')?%'h)*W)(%?'6/%&H)*W)&N'/')
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ABSTRACT 

The distribution of genetic variability within species depends not only on currently 

acting forces but also on species history. Phylogeographic patterns, colonization events or 

biological invasions can leave distinct genetic signatures. Recently established populations 

harbour population reduced genetic diversity due to founder effect while ancient established 

populations belong to deeper phylogenetic clades and harbour higher genetic diversity. We 

focus on the Galba cubensis-Galba neotropica group, hermaphroditic freshwater snails and 

intermediate hosts of Fasciola hepatica, the causative agent of fascioliasis in the Neotropics. 

This group is supposed to take its origin around the Caribbean region (Cuba – South USA) 

and extended its geographic distribution to South America and more recently to Ecuador. We 

evaluate the distribution of genetic diversity over its distribution range using 15 nuclear 

microsatellite markers and rDNA ITS-2 and mtCOI sequences in order to infer its 

demographic dynamics and colonization history. We showed that there is no clear genetic 

delimitation between these two species, suggesting that they might be considered as 

conspecifics. We detected a large selfing rate in most populations with a strong populations 

structure. The presence of high number of multi locus genotypes (MLG) and haplotypes in 

North American samples argues for a North American origin. An ancient introduction in Cuba 

probably occurred from South USA since we found high number of MLG but only one ITS-2 

haplotype on this island. Another interesting result is the ancient divergence between 

Northern and Southern American populations showing few gene flows between the both 

sides of the Amazon River. Finally newly established populations showed diminished genetic 

diversity. These results are discussed in the light of (1) phylogeographic patterns at the 

Neotropic scale, (2) human activities resulting in recurrent introductions and bioinvasions and 

(3) implications for the expansion of fascioliasis. 
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INTRODUCTION 

 Evolutionary forces at different time scales determine the distribution of genetic 

variability within species. Ancient biogeographical events generated diversity in particular 

regions while current phenomena like globalization and human activities (e.g. agriculture, 

aquaculture or mass tourism) have increased at a global scale species dispersion outside 

their natural geographic range and influenced species biogeography (Elton 1958; Kolar & 

Lodge 2001). These processes are studied by phylogeography allowing integration of 

phylogenetics and population genetics for investigating micro and macroevolutionnary 

phenomena (Avise 2000). Development of phylogeographic studies have helped to elucidate 

the relative influence of common earth history events on current patterns of biodiversity 

(Hickerson et al. 2010). The study of South American species proved to be particularly 

interesting to bring out patterns and refugee hypothesis, like the barrier effect of Amazonian 

rivers or the forest refugees in the Amazon basin during the glaciated period of the 

Pleistocene (Haffer 1997; Moritz et al. 2000; Burney & Brumfield 2009). For instance, 

Mavárez et al. 2002 showed that Biomphalaria glabrata, a freshwater snail, is split into 

Northern and Southern genetic clades, due to the barrier effect of Amazonian river. 

Colonisation in the south probably occurred after a glaciation. This study invalidated the 

forest refuges hypothesis for freshwater organisms because equatorial forest of the Amazon 

Basin does not provide suitable habitats for freshwater organisms (Paraense 1983).   

At a microevolutionary scale, the distribution ranges of freshwater organisms have 

been deeply modified by human activities increasing the establishment and spread of 

species outside their native range (Roman & Darling 2007; Karatayev et al. 2008; Kopp et al. 

2012; Bousset et al. 2014). Human-mediated invasions have the particularity to accelerate 

invasion process across natural barriers and promote establishment of a population from few 

individuals and far from the core population. The few introduced individuals have to settle a 

new population from a reduced genetic pool in the absence of migration from the core 

population. The generated founder effect, results in a drastic lost of genetic diversity in the 

newly invasive population. In this context mating system can be a major factor for successful 

colonization. According to the Baker’s law (Baker 1967) a selfer species is expected to have 

more success than strict outcrossing species because it ensures offspring despite the 

absence of mating partners. As a corollary of the Baker’s law we expect that in 

hermaphroditic organisms selfing is preferred in the invasion front often associated to 

successiveness in colonization or invasion. 

 Here we focus on Galba cubensis, the main freshwater snail which plays a major role 

as intermediate host of the liver fluke (Fasciola hepatica) in the New World. G. cubensis is 

widely distributed in the Neotropics and seems currently in expansion in non native areas 
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(Alda et al. in prep). Indeed, originally described from Cuba by Pfeiffer in 1839, the current 

range of G. cubensis extends from the southern part of United States to South America 

(Pointier 2015). Recently a malacological survey carried out in Ecuador reported for the first 

time the presence of ten populations of G. cubensis in rice fields from the Guayas Province 

(Alda et al. in prep). This argues in favour of a relatively recent introduction of G. cubensis in 

Ecuador. Moreover G. cubensis is hermaphrodite but is known for doing preferentially 

inbreeding (Lounnas et al. in prep). Therefore its colonisation could be associated with a 

drastic loss of genetic diversity. Knowing its high susceptibility to F. hepatica it could 

represent an epidemiological threat. Better understand its colonization history is crucial to 

understand and prevent fascioliasis expansion in South America. Besides, G. cubensis is a 

good model to test natural range expansion and human activities on phylogeographic 

patterns in the Neotropics. 

Nothing is known neither the genetic diversity across the distribution range nor about 

the geographic origin of this species. However according to field observation the supposed 

origin area could be the Caribbean region around South USA and Cuba. Moreover a genetic 

closed taxa, Galba neotropica was described recently from Peru (Rio Rimac) few years ago 

(Bargues et al. 2007) and was since reported in Argentina (Standley et al. 2013) and 

Venezuela (Bargues et al. 2012).  A barcoding analysis carried out on this group of small-

shelled lymnaeids showed that these two species might be considered as conspecifics 

(Correa et al. 2011). More recently, Lounnas et al. (in prep) showed that the 15 microsatellite 

markers they developed specifically on G. cubensis also worked on G. neotropica. 

Consequently these two latter taxa sharing the same evolutionary history will be studied 

together here as a single group: Galba cubensis-neotropica. In this study, we will test if the 

two species correspond to two related but distinct phylogenetic clades or if their distinction is 

not phylogenetically supported. 

We here examine the genetic diversity of the group Galba cubensis-neotropica across 

its distribution range. This is the largest genetic study to date in terms of coverage of these 

species ranges. We used 15 nuclear microsatellites, ITS2 rDNA and COI mitochondrial 

marker on 52 populations collected over the last 20 years in the Neotropic region. Highly 

polymorphic markers describe demographic history at a recent time scale while more 

conserved markers (ITS2 and COI) elucidate the phylogeographic relationships among 

American populations since they are expected to reflect ancient divergence events.  

Our sampling allowed (1) to test the validity of the two species G. cubensis and G. 

neotropica and (2) to study the genetic diversity across the colonization history of G. 

cubensis, reflecting recent and ancient colonization events.  
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MATERIALS AND METHODS 

Sampling 

Galba cubensis and Galba neotropica belong to the cryptic small shelled Lymnaeidae 

group (Correa et al. 2011), in which morpho-anatomic parameters can lead to confusion with 

related species, namely G. truncatula, G. schirazensis and G. viatrix. Alda, Lounnas et al. (in 

prep) published a new method, based on specific microsatellite markers, to ascertain the 

species identification. Applied here this method confirmed that all the sampled snails 

belonged to the G. cubensis-neotropica group. 32 sampled populations are published in 

Alda, Lounnas et al. (in prep) and are indicated in table S1. 

We sampled a total of 907 individuals of G. cubensis-neotropica at 52 sites (5 to 52 

individuals per site) located in different countries across the neotropic region (Fig. 1) and 

from diverse freshwater environments (brooks, rivers, lakes, ponds, ditches, canals and 

irrigation systems). All populations were sampled between 1996 and 2014 (Table S1). Snails 

were hand collected and immediately stored in 80% ethanol for further molecular analysis.  

DNA extraction 

 For each individual, DNA was extracted from the distal part of the foot. Extractions 

were performed using 200 μl of 5% Chelex® (Chelex Bio Rad diluted in a Tris-EDTA buffer) 

solution incorporating 5 μl of proteinase K (Sigma) at a concentration of 20 mg/ml. This 

suspension was heated at 56 °C for 6 h followed by gentle vortexing and a further incubation 

at 95 °C for 10 min. The mixture was gently vortexed and centrifuged at 10000 g for 10 sec. 

The supernatant (100 μl) was taken, diluted 1:10 in deionized water and stored at −20 °C. 

Microsatellite markers 

Amplification and genotyping 

Each individual was genotyped at 15 nuclear microsatellite loci, according to 

protocols described in Lounnas et al. (in prep): Gcu01 (GenBank accession number: 

KT285812), Gcu05  (KT285813), Gcu13 (KT285814), Gcu19 (KT285815), Gcu21 

(KT285816), Gcu27 (KT285819), Gcu30 (KT285820), Gcu31 (KT285821), Gcu34 

(KT285822), Gcu35 (NA), Gcu37(KT285823), Gcu39  (KT285824), Gcu40 (KT285825), 

Gcu41 (KT285826) and Gcu44 (KT285827).  

We used MICRO-CHECKER 2.2.3. (Van Oosterhout et al. 2004) to estimate stutter 

errors and the proportion of null alleles for the 52 samples.  
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Genetic diversity and population differentiation 

 For each individual, a multilocus genotype (MLG, here the unique combination of 30 

alleles for the 15 microsatellite loci) was assigned using GENCLONE (Arnaud- Haond & 

Belkhir 2006). 

The genetic polymorphism of each population was determined using standard 

parameters, including the number of polymorphic loci, observed (Ho) and expected 

heterozygosities (He) (Nei 1973; Nei 1977). These parameters were estimated using 

GENODIVE (Meirmans & Van Tienderen 2004). Allelic richness was estimated with FSTAT 

v2.9.4. (Goudet 2003) after a rarefaction to N = 4 individuals, based on the minimum sample 

size without missing data. 

In addition, deviations from Hardy-Weinberg equilibrium (HWE) were tested for each 

population using Wright’s F-statistics (Wright 1965) which were estimated at two spatial 

scales: within populations (Fis) and among populations (Fst). Fis and Fst were estimated using 

Weir & Cockerham (1984) unbiased estimators (f and θ respectively), computed with 

GENODIVE (Meirmans & Van Tienderen 2004). Deviations from HWE were tested using 

randomization procedures: 10,000 permutations of alleles among individuals in each 

population (Fis) and among populations (Fst) on the software FSTAT v2.9.4 (Goudet 2003). 

95% confidence intervals were obtained by bootstrapping over loci.  

In addition, we estimated the average selfing rate of each population as s = 

2Fis/(1+Fis) (Hartl & Clark 1997), as well as with a method based on the distribution of 

multilocus heterozygosity implemented in RMES software (David et al. 2007). Isolation by 

distance was tested using the Mantel test implemented in the Isolation by Distance Web 

Service (Jensen et al. 2005). We used the shortest arc-distance on the Earth's surface 

between two sites as the geographic distance and the logarithm of FST/(1-FST) as the genetic 

distance (Rousset 1997).  

Bayesian cluster analysis and microsatellite network 

To gain deeper insight into the genetic structure of populations and obtain a more 

synthetic view of the organization of the molecular variation, we performed three 

complementary analyses. First, we used a Bayesian clustering method to determine the 

probability that each individual genotype occurs in a given cluster using InStruct (Gao et al. 

2007). We preferred InStruct to Structure (Pritchard et al. 2000) because G. cubensis is a 

preferential selfer, thus HWE assumption in populations is violated  (Lounnas et al. in prep.). 

Second, we carried out a Discriminant Analysis of Principal Components (DAPC), 

implemented in the adegenet package (Jombart et al. 2010). This analysis allows identifying 

clusters of genetically related individuals by taking into account the population information. 
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One of the main advantages of DAPC is that it does not rely on a particular population 

genetic model, and is thus free of assumptions about Hardy-Weinberg equilibrium or linkage 

disequilibrium. The number of putative populations was first describe by a k-mean clustering 

approach for k=1 to k=52. Clustering with the lowest value for the Bayesian information 

criterion (BIC) is regarded to provide the best fit. Here the BIC distribution does not show a 

particular lowest value but suggests that 10-20 clusters would provide relevant summaries of 

the data set. We selected k=16 for DAPC analysis because we obtained k=16 with InStruct 

analysis and because assignment individuals matrix for both analysis were consistent. 

Relationships between the 16 clusters were then inferred using DAPC. Seven principal 

components were retained as inferred by the α-score. The α-score gives a number of 

principal components optimized in order to capture the best discrimination without overfitting. 

Third, we reconstructed a neighbour-joining (NJ) network using the software 

SplitsTree4 (Huson & Bryant 2006), based on a genetic distance matrix between 

populations, using the Nei (1972, 1978)’s genetic distance implemented in the software 

Genetix (Belkhir et al. 1998). 

Finally, the allelic richness end expected heterozygosities were compared between 

genetic groups inferred by structuring analyses. Multiple comparisons were done using 

ANOVA (gene diversities were arcsine-square-root transformed) followed by Tukey post-hoc 

tests.  

COI and ITS2 sequencing and analysis 

Amplification and sequencing 

We used a set of 41 sequences for the internal transcribed spacer 2 (ITS-2) and 27 

sequences for the cytochrome C oxydase subunit 1 (CO1) published in Alda, Lounnas et al. 

(In prep) for populations previously identified in this study as indicated in Table S1. We 

added 15 sequences for ITS2 and three sequences for COI using the primers published in 

(Folmer et al. 1994). PCR amplification for each pair of primers was performed in a total 

volume of 25 µl containing 12.5 µl of Taq PCR Master Mix (Qiagen), 2.5 µl of each primer, 

and 2 µl of DNA in an Eppendorf Thermal Cycler with an initial denaturation step at 95 ºC for 

15 min, followed by 35 denaturation cycles at 95 ºC for 30 sec, annealing at 50 ºC for one 

min, extension at 72 ºC for one minute and a final extension at 60 ºC for 10 min. The 

amplification products were electrophoretically checked in a 1% agarose gel and stained with 

EZ-Vision. DNA sequencing was performed by Eurofins Genomics (Ebersberg, Germany) 

using PCR-amplified products as templates. After combining sequences from Alda, Lounnas 

et al. (in prep) and sequences obtained in this study, we had 52 sequences for ITS-2 

covering the majority of sampling range, but only 30 sequences for COI due to technical 
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issues. In addition, we downloaded three ITS2 and COI sequences from Genbank (Bargues 

et al. 2007; Correa et al. 2011) for phylogenetic analyses (see Table S2 for exact locations 

and Genbank accession numbers) 

Haplotype variability, sequence alignment and phylogenetic analysis 

The number of haplotypes (Nh), the haplotype diversity (H) and the nucleotide 

diversity (πn) per haplotype were calculated using DnaSp V5 (Librado & Rozas 2009). 

 ITS2 and COI sequences were aligned using webPRANK (Löytynoja & Goldman 

2010). For each method of tree reconstruction we performed separated analyses for the two 

genes. Two approaches of phylogenetic tree reconstruction, Maximum Likelihood (ML) and 

Bayesian Inference (BI), were used. ML analyses were conducted using the best-fitting 

model of sequence evolution. Model selection was based on Akaike’s information criterion 

(AIC) using Mega6 (Tamura et al. 2013). The program ran 5000 bootstrap replications (Table 

S3). BI analyses were performed with MrBayes software v3.2 (Ronquist et al. 2011). The tree 

space was explored using Markov Chain Monte Carlo (MCMC) analyses with random 

starting trees and four simultaneous, sequentially heated independent chains sampled every 

500 trees during five million generations. Suboptimal trees were discarded once the “burn-in” 

phase was identified and a majority-rule consensus tree, with posterior probability support of 

nodes (PP), was constructed with the remaining trees. 

 

RESULTS 

Within population microsatellite diversity 

The number of polymorphic loci found per population ranged from 0 to 15 (Table 1). 

Populations with seven or more polymorphic loci were four populations from Cuba (Bat, Padi, 

Tri and V126), four populations from North America (Char, Lowo, Sull and Tepe) and one 

population from Venezuela (Tucu). 

The number of alleles per locus varied from nine to 24 (mean ± SE: 13.529 ± 3.891) 

over all populations. The average gene diversity (He) was 0.091 ± 0.149 (SD) and the 

observed heterozygosity (Ho) was 0.017 ± 0.065 (SD) (Table 1). Most genotyped individuals 

proved to be homozygous at the 15 microsatellite loci (851 individuals, 93.8%). 

Consequently, the estimated selfing rate overall populations was high (0.893 ± 0.234 SD; 

Table 1). However two populations from USA (Lowo and Tepe) harboured higher FIS values 

(0.566 and 0.451 respectively) and therefore lower estimated selfing rates (0.538 and 0.339). 

A total of 161 multilocus genotypes was found with a mean of 3.269 per population (± 2.708 

SD).  
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Higher allelic richness and gene diversity were detected in the USA and Cuban populations 

than in all other groups of populations (P < 0.004).  

Exact tests for linkage disequilibrium between microsatellite loci overall populations gave 61 

significant Bonferroni corrected P-values at the 1% level out of 136 pairs of loci. Significant 

linkage disequilibrium were approximately uniformly distributed across populations except in 

the four Cuban populations and seven North American populations where most pairs of loci 

were not in linkage disequilibrium.  

Structure analysis and microsatellite network 

The genetic differentiation among populations was strong and highly significant (Fst = 

0.849 ± 0.111 SE). Isolation by distance was not detected at the whole study scale (P = 

0.314). At a local scale significant isolation by distance was detected only in Cuba (R2=0.048 

P < 0.001).  

Analysis of genetic structure of G. cubensis using DAPC, Bayesian clustering and NJ 

distance network, returned largely consistent results. DAPC suggested the existence of 

10<k<20 genetically distinct clusters and InStruct of 16 clusters (individual cluster 

assignment probability matrix available upon request). Individual cluster assignment 

probability matrix for k=16 gave similar results for DAPC and InStruct. We therefore retained 

K=16 from these two analyses. According the NJ distance Network (Fig. S1) and the DAPC 

analyses (Fig. 2) the 16 genetic clusters can be structured in four groups mentioned as A, B, 

C, and D in both figures (Fig. 2 and S1). We recovered the following groups in the DAPC 

analysis (Fig. 2) and the genetic distance network (Fig. S1): (A) all populations from 

Argentina, Peru and Uruguay, (B) Venezuela and French Caribbean Islands, four 

Venezuelan populations in a sub-group (Cali, Mato, Mesa and SanM) in a sub-group, (C) two 

populations from USA (Lowo and Tepe) in a sub-group, three other populations from USA, 

Puerto Rico and some populations from Cuba, and (D) six populations from Cuba, all 

populations from Ecuador, Colombia, and one population from USA (Lola). In most cases, 

individuals from the same population clustered in the same genetic group except for one 

Cuban population (Tri) for which individuals were assigned to the groups C and D, one 

population from Venezuela (Tucu) and one from USA (Lowo) with individuals assigned in 

groups B and C. 

Higher allelic richness and gene diversity were detected in the group C 

(USA/CUB/PUERI) compared to all other groups of populations (P < 0.0007). Groups A 

(ARG/PER/UR), B (VEN/GUA/MAR) and D (ECU/COL/CUB/USA) did not show significant 

differences (P > 0.99).  
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Phylogenetic analyses and haplotype diversity 

Haplotype diversity 

The analysis of rDNA ITS2 sequences revealed seven haplotypes (mean gene 

diversity per haplotype: Hd = 0.588 ± 0.060 SD) determined by 24 polymorphic sites without 

indels (nucleotide diversity: π= 0.0172 ± 0.002; Table 3). At the COI gene nine haplotypes 

(Hd = 0.857 ± 0.033 SD) were detected, determined by 26 polymorphic sites without indels 

(π = 0.0166 ± 0.020; Table 3). For both markers, North American populations had the 

highest number of haplotypes (Nh = 4, average per haplotype: H = 0.933 ± 0.122 SD for 

ITS2; N = 4, mean: Hd = 0.786 ± 0.113 SD for COI) followed by Venezuela (Nh = 2 for ITS2; 

Nh = 2 for COI). A unique haplotype was detected in populations from Cuba, Caribbean 

Islands, Peru and Argentina for ITS2 and a single mitochondrial haplotype was detected in 

populations from Guadeloupe, Ecuador and Peru.  

Phylogenetic analysis: population structure and phylogeography 

The best model describing the evolution of the rDNA ITS2 and COI was TN92 and 

HKY + G respectively. The ML and BI majority rule consensus trees resulted in similar tree 

topology with high branch supports for almost all nodes (Fig. 3).  

In the ITS2 tree, the most external clade is composed by sequences from Argentina 

and Peru and a sequence retrieved from Genbank identified as G. neotropica (haplotype A) 

and by a sub-clade grouping sequences from Venezuela and another sequence retrieved 

from Genbank identified as G. neotropica (haplotype B). Then there are three distinct North 

American branches (haplotypes C, D and E) and a terminal clade grouping all other 

populations from Venezuela, Cuba, Puerto Rico, Guadeloupe and Ecuador and a sequence 

retrieved from Genbank identified as G. cubensis (haplotypes F and G ; Fig. 3 and S2).  

In the COI tree, sequences group in five major clades with high boostrap value and 

posterior probabilities (88 to 100%). The most external clades are one grouping two North 

American populations (haplotypes A and B), followed by a clade composed by sequences 

from Argentina, Peru, Uruguay and two sequences retrieved from Genbank identified as 

Galba neotropica from Peru and Argentina (haplotypes C and D). We then find, a clade 

grouping sequences from Venezuela and a sequence identified as G. neotropica from 

Venezuela (haplotype E). A last group of less divergent clades includes (1) sequences from 

Venezuela (haplotype F), a sequence from USA-Flor (haplotype G), Guadeloupe (haplotype 

H) and a sequence identified as G. cubensis and (2) a terminal clade composed by 

Colombia, Ecuador and USA (haplotype I; Fig. 3 and S2).  

Interestingly Venezuelan sequences which grouped with a G. neotropica sequences 

in the COI tree, grouped with the G. cubensis sequence in the ITS-2 tree (Fig. 3) 
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DISCUSSION 

“Galba cubensis” and “Galba neotropica”: two entities for a same species 

Our phylogenetic results showed that mismatch occurred for G. cubensis and G. 

neotropica between ITS-2 rDNA and COI mitochondrial. Individuals from Argentina and Peru 

grouped in a “neotropica” clade for both genes and individuals from Ecuador, Colombia and 

Carribean islands grouped in a “cubensis” clade. However this dichotomy is less clear for 

North American and Venezuelan populations since some individuals identified as G. 

cubensis for the ITS-2 sequence are identified as G. neotropica for the COI mtDNA 

sequences. Knowing that outcrossing cannot be tested for these organisms the phylogenetic 

criterion is prevalent to delineate species. Our results show that G. cubensis and G. 

neotropica refers to an artificial distinction that is not supported by distinct monophyletic 

clades for both genes. Besides microsatellite analysis in Venezuelan individuals suggests 

that neutral genetic diversity structure is better explained by geographic location of samples 

than by belonging to one or other species. Other studies pointed that these two species 

might be conspecific (Correa et al. 2011, Lounnas et al. under review). We here showed that 

G. cubensis and G. neotropica as described in previous studies (Bargues et al. 2012; 

Standley et al. 2013; Pujadas et al. 2015) are in reality two haplotypes of a same species. In 

some cases, the ancient geographical separation can drive to speciation. For instance, the 

systematic status has been questioned in another freshwater snail, Biomphalaria glabrata, 

which presented very distinct haplotypes on both sides of the Amazon River (Brazil and 

Venezuela). Thus the authors proposed to consider B. glabrata as a species complex 

knowing the amount of molecular divergence between haplotypes (Mavárez et al. 2002).  

Neutral genetic diversity within populations and demography dynamic of Galba 

cubensis-neotropica 

Our analyses indicated that, at a global scale, this species has low genetic diversity 

and shows large departure from Hardy-Weinberg equilibrium and marked population 

structure, as evidenced by high Fst values. These results are consistent with its self-fertilizing 

mating system (Lounnas et al. under review). We confirmed here that the selfing rate is 

generally high. 

Selfers are expected to have lower genetic diversity than out-crossers (Jarne & 

Charlesworth 1993) and reduced effective recombination rates due to low heterozygosity 

(Charlesworth et al. 1993), as observed here. However, two American populations (Lowo 

and Tepe) exhibited a low selfing rate, and deserve further attention, e.g. by analysing life-

history traits and inbreeding depression (Escobar et al. 2011), to evaluate whether these are 
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genuine cases of low selfing in an otherwise outcrossing species. Such an intraspecific 

variation, an important fact when considering the transition between low and high selfing 

rates, has not been detected up to now in freshwater hermaphroditic snails (Escobar et al. 

2011). 

Despite a very high self-fertilization we found 161 multilocus genotypes and no genotypic 

disequilibrium in the majority pairs of loci. This result suggests that Galba cubensis could 

maintain its populations with little extinction-recolonization dynamics promoting coexistence 

between different multilocus genotypes through time. This pattern differs from some other 

freshwater lymnaeids (e.g. Pseudosuccinea columella, G. truncatula and G. schirazensis) 

which proved to have strong and frequent founder effects generally driving to the fixation of 

one genotype per population (Lounnas et al. under review ; Lounnas et al. in prep. ; (Meunier 

et al. 2001, 2004).  

Ancient versus recent colonization: two different genetic signatures in Galba 

cubensis-neotropica colonization history 

 Ancient colonization 

Galba cubensis was originally described from Cuba in 1835 by Pfeiffer but the few sites 

sampled in North America exhibited the highest genetic diversity for nuclear microsatellites, 

COI and ITS2. Furthermore, the North-American clade is basal in the ML tree and several 

genotypes and haplotypes found in USA populations were not found in any other populations 

outside North America. These facts suggest that G. cubensis might have a North American 

origin. North American populations grouped with some Cuban populations in microsatellite 

analysis (group C). Moreover an accumulation of neutral genetic diversity but a unique ITS-2 

haplotype was found in Cuba and some Cuban genotypes/haplotypes were found in USA. 

Geographic, genetic proximity and historical records suggest an ancient introduction in Cuba 

from south USA. The genotypic diversity in Cuba can be the result of mutation accumulation 

from a unique introduction or repeated introductions. The significant isolation by distance in 

the island would suggest a mutation accumulation from a unique introduction but 

unfortunately COI data are missing to better understand this pattern at an intermediate time. 

Interestingly the genotype and haplotype from Argentina, Uruguay and Peru are not found 

elsewhere, and are somewhat divergent from other genotypes/haplotypes (group A), 

suggesting that our sample is not representative of the variability reservoir of G. cubensis. 

This ancient North-South divergence in South America has been found in other freshwater 

snails as P. columella or Biomphalaria glabrata (Mavárez et al. 2002 ; Lounnas et al. under 

review). Several phylogeographic studies in the Neotropics showed that the Amazon rivers 

and the equatorial forest have act as a gene flow barrier for non-forest dwelling organisms 
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after the glaciation period during the Pleistocene (Dejong et al. 2003; Caragiulo et al. 2014). 

Our result suggest that G. cubensis has been split in two clades during this period, causing 

the emergence of a Southern group (group A) genetically differentiated from other northern 

populations (group B, C and D). 

Recent colonization  

Other genotypes/haplotypes were detected in (1) Colombia and Ecuador (group D) 

and (2) Caribbean Islands and Venezuela (group B). Genotypes in both groups are also 

close from those found in the USA, suggesting that several independent introductions have 

occurred in South America and the Caribbean. The genetic proximity between Venezuelan 

and Caribbean populations suggests colonization from North America to South America by 

Cuba and then Caribbean Islands to Venezuela. This phylogeographic scenario have been 

demonstrated in other freshwater snails as Biomphalaria glabrata (Dejong et al. 2003) and 

Biomphalaria straminea, important intermediate hosts of Schistosoma mansoni in Brazil. 

Indeed Venezuelan haplotypes for these species are genetically close to haplotypes from 

Lesser Antilles. However, authors concluded to an introduction from South America to 

Caribbean islands because these species were supposed to be originated from South 

America  (Mavárez et al. 2002; Dejong et al. 2003).  

Populations from Ecuador shared a unique genotype, which is consistent with the 

suspected recent invasion of G. cubensis in this country (Lounnas et al. prep). This result 

showed a drastic loss of genetic diversity associated with biological invasions which is not 

uncommon in invasive snails as reported for Lymnaea stagnalis in New Zealand (Kopp et al. 

2012), Galba truncatula in the Bolivian Altiplano (Meunier et al. 2001) and Pseudosuccinea 

columella in the new world (Lounnas et al. Under review). Indeed in the initial phase of 

introduction, the introduction ways or vectors are associated with strong demographic 

stochasticity, including flooding, transport by birds, or aquarium trade (Madsen & Frandsen 

1989; Duggan 2010). This however leads to a “genetic paradox”, since many invasive 

species manage to persist in new environment, despite low variation (Roman & Darling 2007; 

Cristescu 2015). Our results suggest that the invasiveness of G. cubensis is certainly 

possible due to a good tolerance to environment perturbation coupled with recurrent 

introductions, as shown in the snail Melanoides tuberculata where multiple introductions 

increase the genetic variance and adaptability (Facon et al. 2008).  

To conclude, ancient colonization events in Cuba or more recently in Venezuela 

present signs of multiple introductions while recent colonization drive to highly reduced 

genetic diversity and low degree of differentiation (e.g. group D, Colombia-Ecuador). These 

results suggest that G. cubensis is a species able to re-found populations from few 
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individuals and at the same time able to maintain populations through time accumulating 

neutral genetic diversity.  

Implications for Fascioliasis 

The presence of newly introduced populations that are highly depleted in genetic 

diversity as in Ecuador, would probably favour the spread of F. hepatica as the parasite 

would encounter little genetic variation and could freely expand (Altermatt & Ebert 2008; 

Lively 2010). Knowledge about the epidemiology of fascioliasis in Ecuador is scarce and for 

now the only recognized species as intermediate host is Galba cousini (Villavicencio & 

Vasconcellos 2005). Our results suggest considering G. cubensis as an epidemiological 

threat in this country. 

 Colonization of freshwater snails serving as intermediate hosts for Digeneans may 

represent a hazard for human and veterinary health. G. cubensis is the most widely 

distributed intermediate host of F. hepatica in the Neotropics. Ancient colonization by G. 

cubensis may have facilitated the spread of F. hepatica in the Americas in ancient time scale 

and human activities had probably play a crucial role in the recent invasion by this snail of 

medical and veterinary importance. 
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Figure legends: 

Figure 1: Sampling map of Galba cubensis/neotropica. (n) represents number of 

individuals analysed with microsatellite markers. This figure was obtained with R studio, 

using the package rgdal and reworked using Adobe Illustrator. 

Figure 2: Population genetic structure in Galba cubensis/neotropica estimated 

through a discriminant analysis of principal components. Scatter plot of the first two 

component (first axis: 30% of the cumulative variance; second axis: 52% of the cumulative 

variance) of 907 individuals genotyped at 15 microsatellite markers and previously assigned 

to 16 genetic clusters. The four sub-groups are indicated by letter codes. Arrows locate 

populations belonging to two different sub-groups. This figure was obtained with R studio, 

using the package adegenet and reworked using Adobe Illustrator. 

Figure 3: Phylogenetic tree of Galba cubensis based on ITS-2 sequences (A) and 

mtCOI sequences (B).  The topology presented here is inferred by maximum likelihood and 

Bayesian inference. Maximum-likelihood boostrap values and posterior probabilities and for 

each node are indicated in that order. Each phylogenetic clade is indicated by a colour. The 

same colour is used for the corresponding haplotype (Fig S2). 
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Table 1.  Population genetic parameters of Galba cubensis based on 15 microsatellite loci. 

N: number of individuals; PL: number of polymorphic loci; nMLG : number of multi locus 

genotypes; Na: number of alleles; AR: mean allelic richness rarefied to N = 4 individuals; Ho: 

observed heterozygosity; He: within population gene diversity; S: selfing rate; S*: selfing 

rates with confidence interval (CI) obtained with RMES. 

Country Population N PL nMLG Na AR Ho He FIS S S* [95%CI] 

ARG Bass 8 5 5 1.333 1.296 0.038 0.100 0.622 0.767 0.952 [0.886, 0.997] 

ARG Canz 8 5 2 1.400 1.412 0.017 0.201 0.917 0.957 --- 

ARG Cons 8 0 1 1.000 1.000 0.000 0.000 --- --- --- 

ARG Guti 8 0 1 1.000 1.066 0.000 0.000 --- --- --- 

ARG Spad 8 3 4 1.267 1.226 0.000 0.084 1.000 1.000 --- 

ARG Zava 9 0 1 1.000 1.000 0.000 0.000 --- --- --- 

COL Prog 48 0 1 1.000 1.000 0.000 0.000 --- --- --- 

CUBA Baho 23 1 2 1.067 1.040 0.000 0.013 1.000 1.000 0.951 [0.844, 0.978] 

CUBA Bat 17 7 9 1.600 1.380 0.027 0.154 0.824 0.904 0.942 [0.000, 0.988] 

CUBA Coma 17 6 7 1.400 1.372 0.009 0.084 0.891 0.942 --- 

CUBA Padi 10 7 7 1.467 1.401 0.016 0.188 0.916 0.956 --- 

CUBA Tri 32 13 16 2.600 2.187 0.003 0.469 0.994 0.997 0.000 [0.000, 0.976] 

CUBA V503 17 3 5 1.200 1.118 0.000 0.041 1.000 1.000 0.000 [0.000, 0.917] 

CUBA AB 26 4 4 1.267 1.219 0.003 0.100 0.972 0.987 0.984 [0.915, 0.999] 

CUBA DD 14 0 1 1.000 1.000 0.000 0.000 --- --- --- 

CUBA EE 22 5 6 1.400 1.203 0.013 0.040 0.669 0.802 --- 

CUBA V126 17 8 5 1.533 1.334 0.021 0.129 0.838 0.912 0.000 [0.000, 0.980] 

CUBA ZP 26 2 3 1.133 1.047 0.003 0.014 0.796 0.886 --- 

ECU Nara 10 3 2 1.267 1.219 0.000 0.089 1.000 1.000 --- 

ECU LDP 45 0 1 1.000 1.000 0.000 0.000 --- --- --- 

ECU LG 46 0 1 1.000 1.000 0.000 0.000 --- --- --- 

ECU Yag 44 0 1 1.000 1.000 0.000 0.000 --- --- --- 

GUA Pin 21 0 1 1.000 1.000 0.000 0.000 --- --- --- 

GUA Barb 27 1 2 1.067 1.010 0.002 0.002 -0.000 0.000 --- 

MAR Rob 44 0 1 1.000 1.000 0.000 0.000 --- --- --- 

PER Moq 46 1 1 1.067 1.191 0.000 0.004 1.000 1.000 0.958 [0.000, 0.991] 

PER Oco 12 4 4 1.267 1.221 0.000 0.097 1.000 1.000 0.000 [0.000, 0.961] 

PER Lur 52 6 7 1.467 1.145 0.007 0.031 0.765 0.867 --- 

PER Cama 6 1 2 1.067 1.066 0.017 0.017 0.000 0.000 --- 

PUERI PUERI 10 0 1 1.000 1.000 0.000 0.000 --- --- --- 

URU Pay 11 0 1 1.000 1.000 0.000 0.000 --- --- --- 

USA Char 7 7 5 1.600 1.557 0.000 0.230 1.000 1.000 --- 

USA Flor 10 2 4 1.200 1.103 0.007 0.028 0.737 0.849 - 

USA LoLa 10 5 3 1.333 1.217 0.007 0.070 0.905 0.950 0.000 [0.000, 0.965] 

USA LoWo 10 14 5 3.429 3.126 0.280 0.645 0.566 0.723 0.538 [0.361, 0.698] 

USA Sull 10 8 5 1.733 1.711 0.010 0.221 0.957 0.978 0.920 [0.886, 0.982] 

USA TePe 10 15 6 4.000 3.677 0.390 0.710 0.451 0.622 0.339 [0.115, 0.459] 

VEN Lafin 8 5 5 1.333 1.269 0.000 0.091 1.000 1.000 --- 

VEN Mesa 31 2 3 1.133 1.072 0.000 0.026 1.000 1.000 --- 

VEN Cali 10 0 1 1.000 1.000 0.000 0.000 --- --- 0.975 [0.967, 0.999] 
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Table 2. Haplotypes obtained for the mtDNA : ITS2 (grey lines) and COI (white lines) genes. 

n = number of sequences used; nHap. = number of haplotypes per locality; π = nucleotide 

diversity. 

Location   Haplotypes n n Hap  π (± SD) Hd (± SD) 

North America South USA C, D, E and G 5 4  0.025 (± 0.005) 0.933 (± 0.122) 

  
A, B, G and I 8 4 0.022 (± 0.003) 0.786 (± 0.113) 

Caribbean islands Cuba G 8 1 - 0.000 (± 0.000) 

  
- - - - - 

 Guadeloupe G 2 1 - 0.000 (± 0.000) 

  
H 1 1 - - 

 Puerto Rico G 2 1 - 0.000 (± 0.000) 

  
- - - - - 

Northern South America Ecuador F and G 17 2  0.001 (± 0.001) 0.400 (± 0.237) 

  
I 5 1 - - 

 Venezuela B and G 4 2   0.014 (± 0.005) 0.309 (± 0.122) 

  
E and F 9 2 0.009 (± 0.001) 0.556 (± 0.090) 

Southern South America Peru A 8 1 - 0.000 (± 0.000) 

  
C 2 1 - - 

 Argentina A 6 1 - 0.000 (± 0.000) 

  
C and D 5 2 0.001 (± 0.001) 0.400 (± 0.237) 

All populations     52 7  0.0176 (± 0.002) 0.588 (± 0.060) 

   
30 9  0.0166 (± 0.020) 0.786 (± 0.113) 

 

 

 

 

 

VEN Chig 10 1 2 1.067 1.065 0.000 0.031 1.000 1.000 --- 

VEN Elpa 8 4 4 1.267 1.353 0.011 0.127 0.912 0.954 --- 

VEN Elpo 9 1 2 1.067 1.066 0.000 0.033 1.000 1.000 --- 

VEN Lali 8 0 1 1.000 1.051 0.000 0.000 --- --- --- 

VEN LaRa 11 1 2 1.067 1.057 0.000 0.022 1.000 1.000 --- 

VEN Mato 10 4 3 1.267 1.226 0.000 0.086 1.000 1.000 --- 

VEN Mura 5 0 1 1.000 1.000 0.000 0.000 --- --- --- 

VEN PuNe 10 4 3 1.267 1.247 0.000 0.125 1.000 1.000 --- 

VEN Sana 8 1 2 1.067 1.066 0.000 0.036 1.000 1.000 --- 

VEN SanM 10 3 3 1.267 1.213 0.000 0.085 1.000 1.000 --- 

VEN Tucu 10 7 3 1.538 1.729 0.000 0.282 1.000 1.000 --- 

VEN Vrao 10 1 2 1.067 1.060 0.000 0.024 1.000 1.000 --- 

  
907 15 161 

12.067 
±1.067  

1.270 
±0.49 

0.017 
±0.065 

0.091 
±0.149 

0.857 
±0.251 

0.893 
±0.234  
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Figure 1. 
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Figure 2.   
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Figure 3. 
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SUPPLEMENTARY MATERIAL 

Table S1. Geographic origin, sampling year and GenBank accession number of the sampled 

populations.  

Rows are sorted by countries and populations. * = Populations identified in Alda et al. (in 

prep). NA = Genbank accession not available 

Country Population Location Latitude Longitude Year ITS-2 COI 

ARG Bass* Bassi S 33° 06' 01"  W 60° 51' 03" 2013 KT781167 - 

ARG Canz* Canzani S 33° 24' 38" W 60° 38' 59" 2013 KT781168 KT781297 

ARG Cons* Consorti S 33° 28' 45"  W 60° 34' 41" 2013 KT781169 KT781298 

ARG Guti* Gutiérrez S 33° 23' 25"  W 61° 31' 39" 2013 KT781171 KT781299 

ARG Spad* Spadoni S 33° 06' 07"  W 61° 14' 27" 2013 KT781172 KT781300 

ARG Zava* Zavalla S 33° 02' 12"  W 60° 54' 32" 2013 KT781173-74 KT781277-78 

COL Prog El Progreso - El Hatillo N 06°12' 01" W 75° 35' 06" 2009 - - 

CUBA Baho Bahia Honda N 22° 54' 09" W 83° 10' 16" 2003 - - 

CUBA Bat Batabano N 22° 44' 31" W 82° 17' 21" 2002 - - 

CUBA Coma Contramaestre N 20° 30' 08" W 76° 26' 40" 2003 NA - 

CUBA Padi Parque de Diversiones - Santiago N 20° 02' 12" W 75° 53' 06" 2003 NA - 

CUBA Tri Rio El Junco - Jibacoa -Trinidad N 21° 43' 57" W 79° 33' 23" 2002 NA - 

CUBA V503 Vaqueria 503 - Alquizar N 22° 43' 52" W 82° 39' 34" 2003 NA - 

CUBA AB Vaquería Alfa B N 22° 43’ 52" W 82° 39' 34" - - - 

CUBA DD Desagüe Distrito 1 N 20° 02' 09" W 75° 50' 14" - - - 

CUBA EE Arroyo Empresa Eléctrica N 21° 56' 46" W 79° 26' 08" - - - 

CUBA V126 Vaquería 126 Loma Candelaria N 22° 34' 36" W 83° 22' 49" - - - 

CUBA ZP Zanja Pastorita N 23° 06' 33" W 82° 22' 31" - - - 

ECU Nara* Naranjal S 02° 22' 35"  W 79° 37' 53" 2013 - KT461812-13 

ECU LDP* Las Dos Puertas S 01° 56' 01'' W 79° 34' 38'' 2014 KT461817-18 KT461809 

ECU LG* La Gloria S 02° 16' 59''  W 79° 30' 51'' 2014 KT461815-16 KT461810-11 

ECU Yag* Yaguachi S 02° 05' 34"  W 79° 42' 30'' 2014 KT461814 - 

GUA Pin Pinadière N 16° 19' 18" W 61° 22' 08" - NA NA 

GUA Barb Fond Barbotteau N 16° 10' 04" W 61° 39' 11" 2003 NA - 

MAR Rob Ravine Mansarde au Robert N 14° 40' 29" W 60° 56' 26" 2011 - - 

PER Moq Moquegua S 17° 19' 24'' W 70° 59' 29'' 2012 NA - 

PER Oco* Ocoña S 16° 25' 17''  W 73° 06' 56'' 2012 NA - 

PER Lur Rio Lurin S 12° 06' 07''  W 76° 47' 17'' 2012 NA - 

PER Cama* Camaná Puente S 16° 35' 09" W 72° 43' 55" 2012 
KT781180-
81-82 

KT781279-
80-81 

PUERI PUERI Puerto Rico N 18° 06' 12" W 66° 33' 23" 1998 NA - 

URU Pay Paysandú S 32° 19' 40" W 57° 29' 10" 1996 - - 

USA Char South Carolina - Charleston N 32° 45' 59" W 79° 49’ 35” - - - 

USA Flor* Florida - Pensacola Coy Burgess N 30° 41' 18"  W 86° 07' 23" 2012 KT781225 KT781331 

USA LoLa* Louisiana- Laplace N 30° 51' 13"  W 90° 26' 35" 2012 KT781187-88 KT781286-87 
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USA LoWo* Louisiana - Wood Worth N 31° 11' 51"  W 92° 28' 28" 2012 KT781189 
KT781288-89 
KT781337 

USA Sull* South Carolina - Sullivans N 32° 45' 24" W 79° 50' 10" 2009 - - 

USA TePe* Texas - Perlstein Park, Beaumont N 30° 04' 03"  W 94° 11' 42" - KT781236-37 KT781341-42 

VEN LaFin* La Finca N 10° 20' 24'' W 66° 9.643'' 2012 - - 

VEN Mesa* La Mesa de Esnujaque N 09° 02' 19" W 70° 42' 58" 2005 - - 

VEN Cali* Canal Calicanto Maracay N 10° 15' 57"  W 67° 35' 16" 2001 NA - 

VEN Chig* Chiguara N 08° 29' 37"  W 71° 32' 20" 2009 NA KT781343 

VEN Elpa* El Papelón N 10° 04' 39"  W 70° 09' 17" 2007 - - 

VEN Elpo* El Porvenir N 10° 32' 03" W 68° 49' 59" 2006 NA - 

VEN Lali* La Linda - Güigüe N 10° 05' 24"  W 67° 47' 25" 2006 KT781202 - 

VEN LaRa* La Raya N 09° 41' 00" W 69° 14' 00" 2003 NA KT781312 

VEN Mato* Hato Río de Agua N 10° 34' 48"  W 62° 59' 22" 2006 KT781205 - 

VEN Mura* Mucura N 10° 06.1'  W 67° 29' 48" 2000 KT781209 - 

VEN PuNe* Puerta Negra N 10° 06' 55"  W 67° 36' 25" 1998 KT781264 - 

VEN Sana* La Quebradita Sanare N 09° 44' 08"  W 69° 40' 04" 2005 KT781216 - 

VEN SanM* San Mateo N 10° 12' 41"  W 67° 24' 52" 2010 
KT781213-
14-15 

KT781295-96 

VEN Tucu* Tucacas  N 10° 46' 00" W 68° 24' 00" 2001 KT781217-18 - 

VEN Vrao* Laguna Urao N 08° 30' 17"  W 71° 23' 43" 2013 KT781219-20 KT781327-28 
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Figure S1: Unrooted Neighbour-Joining tree based on Cavalli-Sforza genetic distances 

among populations.  The nine different colours indicate the geographic origin of population. 

Each coloured circle and letter code refers to one population. The six arc of circles 

correspond to the genetic sub groups reported in the DAPC analysis (see Fig. 2). 
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Figure S2: Neighbour-joining network based on ITS2 haplotypes (A) and COI 

haplotypes (B). Each colour refer to a phylogenetic clade (see Fig. 3); each letter refers to 

one haplotype. 
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/*"=S".&PP&*+"V$*VP$"1)$"','C$V/&-P$"/*"C*+/)1C/"/W$"(&'$1'$n"51'Q7*.1"et al."!MMMn"51'Q7*.1"

=SSFn"L1J*"s"5$)1"J"G&$)1"=S!Sm6"

N*",+($)'/1+("&+%1'&*+"V)*C$''$'"1+("&($+/&gJ"/W$"V*/$+/&1P")&'T'"/W$J".&ZW/")$V)$'$+/4"

&+CP,(&+Z"/W$"$_V1+'&*+"*g"V1)1'&/$'"*g"W,.1+"1+("%$/$)&+1)J"C*+C$)+4"&/"&'"*g"&.V*)/1+C$"/*"

.*+&/*)" CW1+Z$'" &+" Z$+$/&C" (&%$)'&/J" -$/k$$+" +1/&%$" 1+(" &+%1'&%$" V*V,P1/&*+'6" ^/" W1'" -$$+"

($.*+'/)1/$("/W1/".1+J"&+%1'&%$"'V$C&$'"',gg$)"1"P*''"*g"Z$+$/&C"(&%$)'&/J"&+"/W$&)"&+/)*(,C$("

1)$1'"(,$"/*"'/)*+Z"-*//P$+$CT'"&+"g*,+($)"V*V,P1/&*+'"l5$,+&$)4"[,)/)$;Q\*,'']'4"et al."=SSEn"

#$+"et al."=SSFn"0&,"et al."=SSHn"5$)Z$1J"et al."=SSHm6">$VP$/$("Z$+$/&C"(&%$)'&/J"&+"&+%1'&%$"

V*V,P1/&*+'" C1+" 1gg$C/" /W$" W*'/QV1)1'&/$" &+/$)1C/&*+" -J" &+C)$1'&+Z" /W$" W*'/" %,P+$)1-&P&/J" /*"

V1)1'&/$'"la&+Z"s"0&%$PJ"=S!=m6"^+"/W$"C1'$"*g"/W$"&+/$).$(&1/$"W*'/'"*g"F. hepatica4 5$,+&$)"

et al." l=SS!m" ($.*+'/)1/$(" /W1/"G. truncatula" ',gg$)$(" 1" ()1'/&C" P*''" *g" Z$+$/&C" (&%$)'&/J" &+"

&+/)*(,C$("V*V,P1/&*+'"g)*."\*P&%&1"lG*,/W"8.$)&C1m"C*.V1)$("k&/W"+1/&%$"V*V,P1/&*+'"g)*."

D,)*V$6"[*k$%$)4"*/W$)"'/,(&$'"&+(&C1/$("/W1/"-*//P$+$CT'"1+("g*,+($)"$gg$C/'"C*,P("-$"C*,+/$)"

-1P1+C$("-J".,P/&VP$"&+/)*(,C/&*+'"1+("P*C1P"WJ-)&(&;1/&*+"l>P,Z*'CW"s"?1)T$)"=SSKm4"kW&CW"

.&ZW/" $_VP1&+" kWJ" '*.$" &+%1'&%$" 'V$C&$'" .1&+/1&+" W&ZW" P$%$P'" *g" Z$+$/&C" (&%$)'&/J" &+" /W$"

&+/)*(,C$("1)$1'"la*P-$"et al."=SSEn"\*,''$/"et al."=S!Em6"̀ *)"&+'/1+C$4"d,"et al."l=S!Fm"'W*k$("

/W1/" /W$" ZJV'J" .*/W" Lymantria dispar" V)$'$+/$(" $%&($+C$" *g" WJ-)&(&;1/&*+" -$/k$$+" /k*"

',-'V$C&$'"1+("W&ZW"Z$+$/&C"(&%$)'&/J"&+"$1'/$)+"8'&14"kW$)$"&/'"&+%1'&*+"&'"1"',CC$''6"0&T$k&'$4"

/W$" g)$'Wk1/$)" '+1&P"Physa acuta" W1'" &+%1($(" /W$"kW*P$"k*)P(" g)*." &/'" +1/&%$" 1)$1" lB*)/W"

8.$)&C1m"k&/W*,/"1+J"P*''"*g"Z$+$/&C"(&%$)'&/J"*)"CW1+Z$"&+"&/'"'$Pg&+Z")1/$"l\*,''$/"et al."=S!Em6"

NW$"1+1PJ'&'"*g"Z$+$/&C"%1)&1-&P&/J"k&/W&+"1+("-$/k$$+"V*V,P1/&*+'"C1+"1P'*"-$",'$("/*"

)$C*+'/),C/"/W$")*,/$'"*g"&+%1'&*+"lD'/*,V"s"L,&PP$.1,(4"=S!Sn"\*CT"$/"1P64"=S!En"7)&'/$'C,4"

=S!Fm6"NW&'"1VV)*1CW4"C1PP$("j&+%1'&*+"Z$+$/&C'b4"W1'"V)*%$(",'$g,P"&+".1+J"C1'$'"/*"$_VP1&+"1"

%1)&$/J"*g"Z$+$/&C"V1//$)+'"g*PP*k&+Z"-&*P*Z&C1P"&+%1'&*+"l\*CT"et al."=S!Em6"`*)"&+'/1+C$4"/W&'"



H"

"

1VV)*1CW",'$("*+";**VP1+T/*+"*)Z1+&'.'4"C*+'&($)$("/*"-$"$_C$V/&*+1P"(&'V$)'1P&'/'4")$%$1P$("

1+",+$_V$C/$("W&ZW"P$%$P"*g")$Z&*+1P"$+($.&'."1+("V*V,P1/&*+QP$%$P"(&gg$)$+/&1/&*+4"',ZZ$'/&+Z"

/W1/" Z$*Z)1VW&C1P" 1+(q*)" $C*P*Z&C1P" -1))&$)'" )$'/)&C/$(" Z$+$" gP*k" P$%$P'" 1.*+Z" V*V,P1/&*+'"

l7)&'/$'C,"=S!Fm6""

^+" /W&'" '/,(J4" k$" g*C,'" *+" /W$" C1'$" *g" *+$" &+/$).$(&1/$" W*'/" *g" /W$" P&%$)" gP,T$4" /W$"

g)$'Wk1/$)" '+1&P" *g" /W$" 0J.+1$&(1$4" Pseudosuccinea columella6" NW&'" 'V$C&$'" '$)%$'" 1'"

&+/$).$(&1/$"W*'/"*g"F. hepatica &+"'$%$)1P"C*,+/)&$'"',CW"1'"8,'/)1P&1"l\*)1J"et al."!MKFm4"\)1;&P"

lUP&%$&)1"et al."=SS=m"1+("8)Z$+/&+1"l?)$V$P&/CW&"et al."=S!!m"kW$)$"&/"k1'")$C$+/PJ"&+/)*(,C$(6"

G&+C$"P. columella"&'"1"'V$C&$'"/W1/")1V&(PJ"$_V1+('"&+"1PP"C*+/&+$+/'4"&/"C*,P(")$V)$'$+/"1"'$)&*,'"

$V&($.&*P*Z&C1P")&'T"&+"/$).'"*g"/W$"g1'C&*P*'&'"$_V1+'&*+6"NW$"'+1&P"k1'"g&)'/"($'C)&-$("g)*."

?W&P1($PVW&1"1/"/W$"(1k+"*g"/W$"w^w"C$+/,)J"lXG84"G1J"!K!Im6"X+/&P"/W$"-$Z&++&+Z"*g"/W$"ww"

C$+/,)J4"/W$"(&'/)&-,/&*+"*g"P. columella"k1'")$'/)&C/$("/*"/W$"$1'/$)+"V1)/"*g"B*)/W"8.$)&C16"

8g/$)k1)('4"&/"$_V1+($("/*"G*,/W"8.$)&C1"lGC*//"!MF@n"[1))J"s"[,-$+(&CT"!MHEn"51P$T"s"

7W)*'C&$CW*k'T&" !MHEn" 51P$T" s" 7*+Z'k$PP" !MKSn" ?1)1$+'$" !MK@m4" /W$+" k1'" 1CC&($+/PJ"

&+/)*(,C$(" &+/*" /W$"?1C&g&C" )$Z&*+4"8g)&C1"1+("D,)*V$" l[,-$+(&CT"!MF!n"\*)1J"$/"1P64"!MKFn"

?*&+/&$)"s"51)<,$/4"!MMSn"\)*k+"!MMEn"8VVP$/*+"=SS@n">$"a*CT"s"d*P.1)1+'"=SSKn"L)1-+$)"

et al."=S!Em6"N*(1J4"P. columella"W1'"1"k*)P(k&($"(&'/)&-,/&*+"V)*-1-PJ"P&+T$("/*"/W$"/)1($"*g"

1<,1/&C"VP1+/'"l51('$+"s"`)1+('$+"!MKMn">,ZZ1+"=S!Sm"-,/"P&//P$"&'"T+*k+"1-*,/"&/'"&+%1'&*+"

W&'/*)J"1+("/W$"$V&($.&*P*Z&C1P"C*+'$<,$+C$'"*g"',CW"1+"&+%1'&*+6"

X'&+Z"/W$"x&+%1'&*+"Z$+$/&C'y"1VV)*1CW4"k$"W$)$"V$)g*)."/W$"P1)Z$'/"'/,(J"/*"(1/$"*+"P. 

columella"&+"/$).'"*g"-*/W"'1.VP$("V*V,P1/&*+'"1+("Z$+$/&C".1)T$)'"/*"/)J"1+("1''$''"W*k".,CW"

Z$+$/&C" %1)&1-&P&/J" W1)-*,)" &+%1'&%$" V*V,P1/&*+'4" &+g$)" /W$" )*,/$'" *g" -&*P*Z&C1P" &+%1'&*+" 1+("

V&+V*&+/"/W$"V*/$+/&1P"Z$*Z)1VW&C"*)&Z&+"*g"/W$"'V$C&$'6"`*)"/W&'4"k$"'C)$$+"/W$"Z$+$/&C"(&%$)'&/J"

*g"KS"V*V,P1/&*+'"C*PP$C/$("&+"/W$"P1'/"!H"J$1)'"&+"!E"C*,+/)&$'qP*C1P&/&$'"(&'/)&-,/$("k*)P(k&($"



I"

"

-J" C*.-&+&+Z" $&ZW/" +,CP$1)".&C)*'1/$PP&/$'" 1+(" /k*".&/*CW*+()&1P".1)T$)'6"[&ZWQ)$'*P,/&*+"

.&C)*'1/$PP&/$">B8"P*C&"1PP*k"C*.V1)&'*+'"*g"/W$"Z$+$/&C"%1)&1/&*+"-$/k$$+"+1/&%$"1+("&+%1'&%$"

V*V,P1/&*+'4"1+("W$PV"$P,C&(1/$"/W$".*'/" P&T$PJ"'*,)C$'"*g" &+%1'&*+"1+("'V)$1(&+Z"V1/Wk1J'n"

.&C)*'1/$PP&/$'" 1)$" $_V$C/$(" /*" )$gP$C/" $%$+/'" *CC,))&+Z" 1/" 1" )$C$+/" /&.$'C1P$6"5&/*CW*+()&1P"

>B8"'$<,$+C$'4"*+"/W$"*/W$)"W1+(4"1)$"$_V$C/$("/*")$gP$C/".*)$"1+C&$+/"(&%$)Z$+C$"$%$+/'n"/W$J"

W1%$" /W$" 1(%1+/1Z$" *g" W1%&+Z" '.1PP" $gg$C/&%$" V*V,P1/&*+" '&;$4" 'W*)/" C*1P$'C$+/" /&.$" 1+(" 1"

.1/)&P&+$1P".*($"*g"&+W$)&/1+C$6"

"

I),%-')"*&)$G&I%,+#G*&

Sampling 

d$"'1.VP$("1"/*/1P"*g"!FSM"&+(&%&(,1P'"*g"P. columella"&+"KS"'&/$'"lB.&+z"=n"B.1_z"KE"

&+(&%&(,1P'm" P*C1/$(" &+" (&gg$)$+/" C*,+/)&$'qC*+/&+$+/'" g)*." (&%$)'$" g)$'Wk1/$)" $+%&)*+.$+/'"

l)1%&+$'4" )&%$)'4" P1T$'4" V*+('4" (&/CW$'4" C1+1P'" 1+(" &))&Z1/&*+" 'J'/$.'m6" 8PP" V*V,P1/&*+'"k$)$"

'1.VP$("-$/k$$+"!MMH"1+("=S!=4"/*"/W$"$_C$V/&*+"*g"1"9$+$;,$P1+"V*V,P1/&*+"C*PP$C/$("&+"!MKI"

lN1-P$"!m6"d*)/WJ"*g"V1)/&C,P1)"1//$+/&*+"1)$"g&%$"V*V,P1/&*+'"*g"P. columella"'1.VP$("&+"7,-1"

l07784"07?4"07#4"07D"1+("0\\n"N1-P$"!m"kW&CW"1)$"/W$"*+PJ"T+*k+"V*V,P1/&*+'"&+"/W$"k*)P("

/W1/"W1%$"-$$+"$_V$)&.$+/1PPJ"V)*%$+"/*"-$")$'&'/1+/"/*"/W$"&+g$C/&*+"-J"F. hepatica"lL,/&O))$;"

et al."=SS@n"̀ $)+1+($;Q71P&$+$'"et al."=SSEm6"G+1&P'"k$)$"W1+("C*PP$C/$("1+("&..$(&1/$PJ"'/*)$("

&+"KSr"$/W1+*P"g*)"g,)/W$)".*P$C,P1)"1+1PJ'&'6" 

 



K"

"

DNA extraction

`*)"$1CW"&+(&%&(,1P4">B8"k1'"$_/)1C/$("g)*."/W$"(&'/1P"V1)/"*g"/W$"g**/6"D_/)1C/&*+'"k$)$"

V$)g*).$(" ,'&+Z" /W$">B$1'J" \P**(" 1+(" N&'',$"a&/" l{&1Z$+m" 1CC*)(&+Z" /W$".1+,g1C/,)$)b'"

&+'/),C/&*+'6"

"

Microsatellite markers 

Amplification and genotyping 

D1CW" &+(&%&(,1P"k1'" Z$+*/JV$(" 1/" $&ZW/" +,CP$1)".&C)*'1/$PP&/$" P*C&4" 1CC*)(&+Z" /*" /W$"

V)*/*C*P'" ($'C)&-$(" &+"B&C*/" et al." l=SSKmc" ?7U!" lL$+\1+T" 1CC$''&*+" +,.-$)c" DXSE=MFm4"

?7U=" lDXSEM=MHm4" ?7UH" lDXSEM=MKm4" ?7UI" lDXSEM=MMm4" ?7U!=" lDXSEM@S@m4" ?7U!@"

lDXSEM@SEm4"?7U!I"lDXSEM@SIm"1+("?7U=S"lDXSEM@SMm6"d$")$/1&+$("/W$'$"P*C&"-$C1,'$"*g"

/W$&)"W&ZW"V*PJ.*)VW&'."1+("+*"($/$C/&*+"*g"+,PP"1PP$P$'6""

?7#'"k$)$"V$)g*).$("&+"!S"|0"g&+1P"%*P,.$'"&+CP,(&+Z"S6="|5"*g"$1CW"V)&.$)"1+("!S"

+Z"*g"Z$+*.&C">B84"S6="|0"*g"Taq V*PJ.$)1'$4"!"|0"5Z7P="=F".5"1+("="N1.V*+"F_6"?7#"

C*+(&/&*+'"k$)$"1'"g*PP*kc"!F".&+"1C/&%1/&*+"*g"/W$"[*/G/1)/N1<">B8"V*PJ.$)1'$"1/"ME}74"@S"

CJCP$'"&+CP,(&+Z"@S"'"&+&/&1P"($+1/,)1/&*+"1/"ME}74"MS"'"1++$1P&+Z"1/"FF}74"1+("HS"'"$_/$+'&*+"1/"

I=}74"g*PP*k$("-J"@S".&+"*g"g&+1P"$_/$+'&*+"1/"HS}76"`*)"Z$+*/JV&+Z4"@"|0"*g"(&P,/$("l!c"!SSm"

?7#"V)*(,C/'"k$)$"V**P$("k&/W"!@"|0"*g"[&>&"`*).1.&($"1+("S6="|0"*g"L$+$GC1+QFSS"0^v"

G&;$"G/1+(1)(4"1+("1+1PJ'$("*+"1+"8\^"?)&'."@!SS"L$+$/&C"8+1PJ'$)"l8VVP&$("\&*'J'/$.'m6"

"



M"

"

Genetic diversity and population differentiation 

NW$" Z$+$/&C" V*PJ.*)VW&'." *g" $1CW" V*V,P1/&*+" k1'" ($/$).&+$(" ,'&+Z" '/1+(1)("

V1)1.$/$)'4"&+CP,(&+Z"/W$"+,.-$)"*g"V*PJ.*)VW&C"P*C&4"1PP$P&C")&CW+$''4"*-'$)%$("W$/$)*;JZ*'&/J"

l[*m"1+("Z$+$"(&%$)'&/J"lB$&"!MI@m"l['n"B$&"!MIIm6"NW$'$"V1)1.$/$)'"k$)$"$'/&.1/$(",'&+Z"

`GN8N"=6M6E"lL*,($/"!MMFn"L*,($/"=SS@m6""

^+"1((&/&*+4"($%&1/&*+'"g)*."[1)(JQd$&+-$)Z"$<,&P&-)&,."l[dDm"k$)$"/$'/$("g*)"$1CW"

V*V,P1/&*+",'&+Z"d)&ZW/b'"`Q'/1/&'/&C'"ld)&ZW/"!MHFm6"`Q'/1/&'/&C'"k$)$"$'/&.1/$("1/"/k*"'V1/&1P"

'C1P$'c"k&/W&+"V*V,P1/&*+'"l`&'m"1+("1.*+Z"V*V,P1/&*+'"l`'/m6"`&'"1+("`'/"k$)$"$'/&.1/$(",'&+Z"

d$&)"s"7*CT$)W1."l!MKEm",+-&1'$("$'/&.1/*)'"lg"1+("~")$'V$C/&%$PJm4"C*.V,/$("k&/W"`GN8N6"

>$%&1/&*+'" g)*."[dD"k$)$" /$'/$(",'&+Z" )1+(*.&;1/&*+"V)*C$(,)$'c"!S4SSS"V$).,/1/&*+'"*g"

1PP$P$'"1.*+Z"&+(&%&(,1P'"&+"$1CW"V*V,P1/&*+"l`&'m"1+("1.*+Z"V*V,P1/&*+'"l`'/m"lL*,($/"!MMFn"

L*,($/"et al."!MMHm6"MFr"C*+g&($+C$" &+/$)%1P'"k$)$"*-/1&+$("-J"-**/'/)1VV&+Z"*%$)" P*C&6" ^+"

1((&/&*+4"k$"$'/&.1/$("/W$"1%$)1Z$"'$Pg&+Z")1/$"*g"$1CW"V*V,P1/&*+"1'"'"z"=`&'ql!�`&'m"l[1)/P"s"

7P1)T"!MMIm6"\$C1,'$"*,)"V*V,P1/&*+'".*'/PJ"C*+/1&+$("W*.*;JZ*/$'4"kW$+$%$)"V*''&-P$"k$"

,'$(" 1" C*))$C/$(" '$Pg&+Z" )1/$" $'/&.1/$" *+" /W$" -1'&'" *g" /W$" (&'/)&-,/&*+" *g" .,P/&P*C,'"

W$/$)*;JZ*C&/J"&.VP$.$+/$("*+"/W$"#5DG"'*g/k1)$"l>1%&("et al."=SSIm6""

8PP$P&C")&CW+$''"1+("Z$+$"(&%$)'&/&$'"k$)$"C*.V1)$("-$/k$$+"V*V,P1/&*+'"g)*."XG84"

7*P*.-&14"7,-14"9$+$;,$P14"?$),"1+(")$C$+/PJ"g*,+($("V*V,P1/&*+'"g)*."*/W$)")$Z&*+'"*g"/W$"

k*)P("l51(1Z1'C1)4"51J*//$4"G*,/W"8g)&C14"01"#$,+&*+"^'P1+(4"`)$+CW"?*PJ+$'&14"L,1($P*,V$"

1+("`)1+C$m6"5,P/&VP$"C*.V1)&'*+'"k$)$"(*+$",'&+Z"8BU98"lZ$+$"(&%$)'&/&$'"k$)$"1)CQ'&+Q

'<,1)$Q)**/"/)1+'g*).$(m"g*PP*k$("-J"N,T$J"V*'/QW*C"/$'/'6""

^'*P1/&*+"-J"(&'/1+C$"k1'"/$'/$(",'&+Z"/W$"51+/$P"/$'/"&.VP$.$+/$("&+"/W$"^'*P1/&*+"-J"

>&'/1+C$"d$-"G$)%&C$"lA$+'$+"et al."=SSFm6"d$",'$("/W$"'W*)/$'/"(&'/1+C$"-$/k$$+"/k*Q'1.VP$"

V*&+/'"1'"/W$"Z$*Z)1VW&C"(&'/1+C$"1+("/W$"P*Z1)&/W."*g"`'/ql!Q`'/m"1'"/W$"Z$+$/&C"(&'/1+C$6""



!S"

"

 

Bayesian cluster analysis and microsatellite network 

" N*" Z1&+" ($$V$)" &+'&ZW/" &+/*" /W$" Z$+$/&C" '/),C/,)$" *g" V*V,P1/&*+'" 1+(" *-/1&+" 1" .*)$"

'J+/W$/&C" %&$k" *g" /W$" *)Z1+&;1/&*+" *g" /W$" .*P$C,P1)" %1)&1/&*+4" k$" V$)g*).$(" /W)$$"

C*.VP$.$+/1)J" 1+1PJ'$'6" `&)'/4" k$" C1))&$(" *,/" 1" >&'C)&.&+1+/" 8+1PJ'&'" *g" ?)&+C&V1P"

7*.V*+$+/'" l>8?7m4" &.VP$.$+/$(" &+" /W$" adegenet" V1CT1Z$" lA*.-1)/" et al." =S!Sm6" NW&'"

1+1PJ'&'" 1PP*k'" &($+/&g&C1/&*+" *g" CP,'/$)'" *g" Z$+$/&C1PPJ" )$P1/$(" &+(&%&(,1P'" -J" /1T&+Z" &+/*"

1CC*,+/"/W$"V*V,P1/&*+"&+g*).1/&*+6"U+$"*g"/W$".1&+"1(%1+/1Z$'"*g"/W$">8?7".$/W*("&'"/W1/"&/"

(*$'"+*/")$PJ"*+"1"V1)/&C,P1)"V*V,P1/&*+"Z$+$/&C".*($P4"1+("&'"/W,'"g)$$"*g"1'',.V/&*+'"1-*,/"

[1)(JQd$&+-$)Z"$<,&P&-)&,."*)"P&+T1Z$"(&'$<,&P&-)&,.6"G$C*+(4"k$",'$("1"\1J$'&1+"CP,'/$)&+Z"

.$/W*(" /*"($/$).&+$" /W$"V)*-1-&P&/J" /W1/"$1CW" &+(&%&(,1P"Z$+*/JV$"*CC,)'" &+"1"Z&%$+"CP,'/$)"

,'&+Z" ^+G/),C/" lL1*"et al." =SSIm6"d$"V)$g$))$(" ^+G/),C/" /*"G/),C/,)$" l?)&/CW1)("et al." =SSSm"

-$C1,'$"k$"($1P/"k&/W"1"W$).1VW)*(&/&C".*'/PJ"'$PgQg$)/&P&;&+Z"'V$C&$'"lB&C*/"et al."=SSKm6"NW&)(4"

k$")$C*+'/),C/$("1"+$&ZW-*,)Qt*&+&+Z"lBAm"+$/k*)T"-1'$("*+"1"Z$+$/&C"(&'/1+C$".1/)&_"-$/k$$+"

V*V,P1/&*+'4",'&+Z" /W$"B$&"1+("0&"Z$+$/&C"(&'/1+C$" &.VP$.$+/$(" &+" /W$"'*g/k1)$"GVP&/'N)$$E"

l[,'*+"s"\)J1+/"=SSHm6"

"

Mitochondrial DNA  

Amplification and sequencing  

`*)"./>B8"1+1PJ'$'4"k$")1+(*.PJ"'$P$C/$("*+$"'+1&P"g)*."$1CW"V*V,P1/&*+4"$_C$V/&+Z"

V*V,P1/&*+'"g)*."/W$"XG8"/W1/"W1%$"W&ZW"Z$+$/&C"%1)&1+C$"l'$$"#$',P/'m"&+"kW&CW"k$")$/1&+$("

/k*"&+(&%&(,1P'6"d$"1.VP&g&$("1"g)1Z.$+/"*g"/W$".&/*CW*+()&1P"Z$+$"7U^"lCJ/*CW)*.$"*_J(1'$4"

',-,+&/" ^m" ,'&+Z" V)&.$)'" 07U!EMS" lFbQ" LLN7887887N78N888L8N8NNLLf@bm" 1+("
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[7U=!MK" lFbQ" N8887NN78LLLNL877888888N78Q@bm" l`*P.$)" et al." !MMEm" 1+(" 1"

g)1Z.$+/" *g" /W$" .&/*CW*+()&1P" Z$+$" !HG" ,'&+Z" /W$" V)&.$)'" !HGQ`" lFbQ

7L77NLNNN8N78888878NQ@bm"1+("!HGQ#"lFbQ77LLN7NL887N78L8N787LNQ@bm"

l#$.&Z&*"s"\P1&)"!MMIm6"`*)"-*/W"Z$+$'4"k$",'$("="|0"*g">B84"!=6F"|0"*g"[*/G/1)N1<"51'/$)"

5&_" l1" '*P,/&*+"kW&CW" V)*%&($'" 1" g&+1P" C*+C$+/)1/&*+" *g" !6F".5"5Z7P=" 1+(" =SS" �5" $1CW"

($*_J+,CP$*'&($"/)&VW*'VW1/$n"{&1Z$+m4"="�0"*g"$1CW"V)&.$)"l="�5m"1+("=F"|0"{G?"*g"(&'/&PP$("

k1/$)6"

NW$"?7#"1.VP&g&C1/&*+"V)*C$(,)$"C*+'&'/$("*g"!F".&+"1C/&%1/&*+"*g" /W$"[*/G/1)/N1<"

>B8"V*PJ.$)1'$"1/"MF}74"@F"CJCP$'"&+CP,(&+Z"@S"'"&+&/&1P"($+1/,)1/&*+"1/"MF}74"!".&+"1++$1P&+Z"

1/"FS}74"1+("!".&+"$_/$+'&*+"1/"I=}74"g*PP*k$("-J"!S".&+"*g"g&+1P"$_/$+'&*+"1/"I=}76"

>B8" '$<,$+C&+Z" k1'" V$)g*).$(" -J" D,)*g&+'"5dL"UV$)*+" lD($)'-$)Z4" L$).1+Jm"

,'&+Z"?7#Q1.VP&g&$("V)*(,C/'"1'"/$.VP1/$'6"d$"/W$)$g*)$"*-/1&+$("K!"'$<,$+C$'"*g"!HG"-,/"

(,$" /*" /$CW+&C1P" &'',$'" *+PJ" IM" '$<,$+C$'" *g" 7U^" C*,P(" -$" '$<,$+C$(6" ^+" 1((&/&*+4" k$"

(*k+P*1($("+&+$"1%1&P1-P$"!HG"1+("7U^"'$<,$+C$'"g)*."L$+$-1+T"g*)"g,)/W$)"1+1PJ'$'"l'$$"

N1-P$"="g*)"$_1C/"P*C1/&*+'"1+("L$+-1+T"1CC$''&*+"+,.-$)'m""
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Haplotype variability, sequence alignment and phylogenetic analysis 

NW$"+,.-$)"*g"W1VP*/JV$'"l[1Vm4"/W$"W1VP*/JV$"(&%$)'&/J"l[m"1+("/W$"+,CP$*/&($"(&%$)'&/J"

l�+m"*g"./>B8"k$)$"C1PC,P1/$(",'&+Z">+1GV"9F"l0&-)1(*"s"#*;1'"=SSMm6 

 ./>B8"'$<,$+C$'"k$)$"1P&Z+$(",'&+Z"k$-?#8Ba"l0�J/J+*t1"s"L*P(.1+"=S!Sm6"`*)"

$1CW".$/W*("*g"/)$$")$C*+'/),C/&*+"k$"V$)g*).$("'$V1)1/$("1+1PJ'$'"g*)"/W$"/k*"Z$+$"g)1Z.$+/'"

l7U^"1+("!HGm6"NW$+4"/W$'$"/k*"Z$+$"g)1Z.$+/'"k$)$"C*+C1/$+1/$("&+/*"1"'&+ZP$"',V$).1/)&_"

!S=H"-V"P*+Z6"d$",'$("1"/*/1P"*g"HK"'$<,$+C$'"&+"/W$"',V$).1/)&_"C*+C1/$+1/&*+"lN1-P$"@m6"G&+C$"
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k$"(&("+*/"*-/1&+"+,CP$*/&($"'$<,$+C$'"*g"-*/W"Z$+$'"g)*."/W$"'1.$"&+(&%&(,1P"&+"/W$"'$<,$+C$'"

)$/)&$%$("g)*."L$+-1+T4"k$",'$("/W$."'$V1)1/$PJ"&+"Z$+$"1+1PJ'$'6""

Nk*"(&gg$)$+/" 1VV)*1CW$'" *g" VWJP*Z$+$/&C" /)$$" )$C*+'/),C/&*+4"51_&.,."0&T$P&W**("

l50m"1+("\1J$'&1+"^+g$)$+C$"l\^m4"k$)$",'$(6"50"1+1PJ'$'"k$)$"C*+(,C/$(",'&+Z"/W$"-$'/Q

g&//&+Z" .*($P" *g" '$<,$+C$" $%*P,/&*+6" 5*($P" '$P$C/&*+" k1'" -1'$(" *+" 8T1&T$b'" &+g*).1/&*+"

C)&/$)&*+"l8^7m",'&+Z"5$Z1H"lN1.,)1"et al."=S!@m6"NW$"V)*Z)1.")1+"FSSS"-**/'/)1V")$VP&C1/&*+'"

lN1-P$"@m6"\^"1+1PJ'$'"k$)$"V$)g*).$("k&/W"5)\1J$'"'*g/k1)$"%@6="l#*+<,&'/"et al."=S!!m6"NW$"

/)$$" 'V1C$"k1'" $_VP*)$(",'&+Z"51)T*%"7W1&+"5*+/$"71)P*" l5757m"1+1PJ'$'"k&/W" )1+(*."

'/1)/&+Z" /)$$'4" g*,)"'&.,P/1+$*,'4"'$<,$+/&1PPJ"W$1/$(" &+($V$+($+/"CW1&+'"'1.VP$("$%$)J"FSS"

/)$$'"(,)&+Z"g&%$".&PP&*+"Z$+$)1/&*+'6"G,-*V/&.1P"/)$$'"k$)$"(&'C1)($("*+C$"/W$"x-,)+Q&+y"VW1'$"

k1'"&($+/&g&$("1+("1".1t*)&/JQ),P$"C*+'$+','"/)$$4"k&/W"V*'/$)&*)"V)*-1-&P&/J"',VV*)/"*g"+*($'"

l??m4"k1'"C*+'/),C/$("k&/W"/W$")$.1&+&+Z"/)$$'6&

&
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Genetic variability at nuclear microsatellite loci&

 NW$"+,.-$)"*g"1PP$P$'"V$)"P*C,'"%1)&$("-$/k$$+"/W)$$"1+("!E"l.$1+"M6KIF"�"@6@FS"GDm"

*%$)"1PP"V*V,P1/&*+'6"NW$"1%$)1Z$"Z$+$"(&%$)'&/J"l['m"k1'"S6SKE"�"S6SSM"lGDm"1+("/W$"*-'$)%$("

W$/$)*;JZ*'&/J" l[*m" k1'" S6SFS" �" S6SSE" lGDm" lN1-P$" Em6" U%$)1PP" P*C&" 1+(" V*V,P1/&*+'4" P. 

columella"(&'VP1J$("'&Z+&g&C1+/"($V1)/,)$'" g)*."[dD"lP"z"S6SS=m6" ^+($$(4".*'/"Z$+*/JV$("

&+(&%&(,1P'"V)*%$("/*"-$"W*.*;JZ*,'"1/"/W$"$&ZW/".&C)*'1/$PP&/$"P*C&"l!=!H"&+(&%&(,1P'4"KS6Hrm6"

7*+'$<,$+/PJ4"/W$"$'/&.1/$("'$Pg&+Z")1/$"*%$)1PP"V*V,P1/&*+'"k1'"W&ZW"lS6K!S"�"S6S=I"GDn"N1-P$"

Em4"C*+'&'/$+/"k&/W"V)$%&*,'" )$',P/'" lB&C*/"et al."=SSKm6"8/" /W$"$_C$V/&*+"*g"*+$"V1&)"*g" P*C&"
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l?7UH"1+("?7U=Sm4"/W$"P&+T1Z$"(&'$<,&P&-)&,."k1'"W&ZWPJ"'&Z+&g&C1+/"g*)"1PP"V1&)'"*g"P*C&"lP"�"

S6SS!m6" ^+" 1((&/&*+4" /W$" Z$+$/&C" (&gg$)$+/&1/&*+" 1.*+Z" V*V,P1/&*+'" k1'" '/)*+Z" 1+(" W&ZWPJ"

'&Z+&g&C1+/"l`'/"z"S6MSI"�"S6S!S"GDm6"B*"&'*P1/&*+"-J"(&'/1+C$"k1'"($/$C/$("1/"/W$"kW*P$"'/,(&$("

'C1P$"l51+/$P"/$'/4"P"z"S6MEEm6"

" G&Z+&g&C1+/"(&gg$)$+C$"&+"1PP$P&C")&CW+$''"1+("Z$+$"(&%$)'&/J"k1'"($/$C/$("-$/k$$+"XG8"

1+("1PP"*/W$)"V*V,P1/&*+'"lP"�"S6SSEm"1+("1".1)Z&+1P"(&gg$)$+C$"k1'"($/$C/$("-$/k$$+"XG8"1+("

7*P*.-&1+"V*V,P1/&*+'" lP z"S6SH@m6"8PP"*/W$)"V1&)'"*g"V*V,P1/&*+'"(&("+*/" 'W*k"'&Z+&g&C1+/"

(&gg$)$+C$'"lP"�"S6!Sm6"

"

Bayesian cluster analysis and microsatellite network 

" d$" g,)/W$)" &+%$'/&Z1/$(" /W$" Z$+$/&C" '/),C/,)$" *g" P. columella" ,'&+Z" /W)$$" (&gg$)$+/"

1VV)*1CW$'c" l!m" >8?74" l=m" \1J$'&1+" CP,'/$)&+Z" 1+(" l@m" BA" (&'/1+C$" +$/k*)T6" NW$'$" /W)$$"

1VV)*1CW$'")$/,)+$("P1)Z$PJ"C*+'&'/$+/")$',P/'"l`&Z'6"!"1+("=m6""

>8?7"',ZZ$'/$("/W$"$_&'/$+C$"*g"!@"Z$+$/&C1PPJ"(&'/&+C/"CP,'/$)'"1+("̂ +G/),C/"!I"CP,'/$)'"

l`&Z6"!4"&+(&%&(,1P"CP,'/$)"1''&Z+.$+/"V)*-1-&P&/J".1/)&_"1%1&P1-P$",V*+")$<,$'/m6"G*.$"CP,'/$)'"

k$)$"1Pk1J'"1''*C&1/$("&g"k$"($C)$1'$("/W$"+,.-$)"*g"a"1+("C*,P("-$"C*+'&($)$("-$P*+Z&+Z"/*"

*+$"Z)*,V"l`&Z6"!4"g)*."azM"/*"az!Im6"8/"azM4"/W$"CP,'/$)&+Z")$C*%$)$("+&+$".1t*)"Z)*,V'c"l!m"

*+$" Z)*,V"k&/W" 1PP" V*V,P1/&*+'" g)*." 01" #$,+&*+" ^'P1+(4" ?$),4"51J*//$4" `)$+CW" ?*PJ+$'&14"

51(1Z1'C1)4"G*,/W"8g)&C14"9$+$;,$P14"L,1($P*,V$4"'*.$"','C$V/&-P$"V*V,P1/&*+'"g)*."7,-1"

1+("/W)$$"V*V,P1/&*+'"g)*."7*P*.-&1"lCP,'/$)"!mn"l=m"1"'$C*+("Z)*,V"k&/W"*+PJ"*+$"V*V,P1/&*+"

g)*."B*)/W"XG8"lCP,'/$)"Kmn"l@m"*+$"Z)*,V"k&/W"7,-1+"V*V,P1/&*+'")$'&'/1+/"/*"/W$"&+g$C/&*+"-J"

F. hepatica"lCP,'/$)"Fmn"lEm"1+*/W$)"(&'/&+C/"Z)*,V"k&/W"'*.$"7,-1+"V*V,P1/&*+'"','C$V/&-P$"/*"

&+g$C/&*+"-J"/W$" P&%$)"gP,T$"lCP,'/$)"Hmn" lFm"*+$"Z)*,V"k&/W".*'/"V*V,P1/&*+'"g)*."7*P*.-&1"
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lCP,'/$)"Imn"lHm"1+*/W$)"Z)*,V"k&/W"V*V,P1/&*+'"g)*."8)Z$+/&+1"1+("?1)1Z,1J"lCP,'/$)"@m"1+("lIQ

Mm"/W)$$"(&'/&+C/"CP,'/$)'"Z)*,V&+Z"(&gg$)$+/"B*)/W"8.$)&C1+"V*V,P1/&*+'"l71.V,'"01T$4"08"&+"

CP,'/$)"=n"\$++$(1P$4"5G4"`)1+TP&+/*+4"08"1+("d&PP*k4"Nw"&+"CP,'/$)"En"1PP"V*V,P1/&*+'"g)*."

`P*)&(1"&+"CP,'/$)"Mm6"NW$"`)$+CW"V*V,P1/&*+"-$P*+Z$("/*"/W$"'1.$"CP,'/$)"/W1+"71.V,'"01T$"

lCP,'/$)"=m6"8/"az!@4"/W$"CP,'/$)&+Z"V1//$)+"k1'"+*/"&+g*).1/&%$"$_C$V/"g*)"/W$"B*)/W"8.$)&C1+"

V*V,P1/&*+'6"^+(&%&(,1P'"g)*."71.V,'"01T$4"084"\$++$(1P$4"5G"1+("`P*)&(1"'/&PP"Z)*,V$("&+"

CP,'/$)'"=4"E"1+("I4")$'V$C/&%$PJ4"-,/"&+(&%&(,1P'"g)*."`)1+TP&+/*+4"08"1+("d&PP*k4"Nw"k$)$"

'$V1)1/$("g)*."*/W$)"&+(&%&(,1P'"&+"1"(&'/&+C/"CP,'/$)"lCP,'/$)"Hm6"8/"az!I4"/W$"CP,'/$)&+Z"V1//$)+"

k1'"+*/"&+g*).1/&%$6"

" NW$" Z$+$/&C" (&'/1+C$" +$/k*)T" l`&Z6" =m" ',ZZ$'/$(" /W$" $_&'/$+C$" *g" $&ZW/" Z$+$/&C1PPJ"

(&'/&+C/"CP,'/$)'"*g"V*V,P1/&*+'c"CP,'/$)"!"k1'")$V)$'$+/$("-J"/W$"V*V,P1/&*+"g)*."?$++'JP%1+&1"

1P*+$"lB*)/W"XG8mn"CP,'/$)"="&+CP,($("1PP"V*V,P1/&*+'"g)*."8)Z$+/&+1"1+("?1)1Z,1Jn"CP,'/$)"@"

C*+/1&+$(" V*V,P1/&*+'" g)*." `P*)&(1" lG*,/W" XG8mn" CP,'/$)" E" C*+/1&+$(" /W$" g&%$" V*V,P1/&*+'"

)$'&'/1+/" /*" F. hepatica" g)*." 7,-1n" CP,'/$)" F" Z)*,V$(" /W$" `)$+CW" V*V,P1/&*+4" '$+'&/&%$"

V*V,P1/&*+'"g)*."7,-1"1+("/W)$$"V*V,P1/&*+'"g)*."XG8"l084"5G"1+("Nwmn"CP,'/$)"H"C*+/1&+$("

k*)P(k&($"(&'/)&-,/$("V*V,P1/&*+'"l7,-14"9$+$;,$P14"L,1($P*,V$4"G*,/W"8g)&C14"51(1Z1'C1)4"

51J*//$4"`)$+CW"?*PJ+$'&14"?$),4"01"#$,+&*+"^'P1+("1+("7*P*.-&1mn"CP,'/$)"I"C*+/1&+$("*+$"

'$+'&/&%$"V*V,P1/&*+"g)*."7,-1n"1+("CP,'/$)"K"Z1/W$)$(".*'/"7*P*.-&1+"V*V,P1/&*+'6""

G,..&+Z" ,V4" .*'/" V*V,P1/&*+'" '1.VP$(" &+" (&'/1+/" C*,+/)&$'qC*+/&+$+/'" Z)*,V$(" &+" 1"

'&+ZP$" k*)P(k&($" CP,'/$)6" ^+" C*+/)1'/4" V*V,P1/&*+'" g)*." XG8"k$)$" Z$+$/&C1PPJ" (&%$)'$" 1+("

Z)*,V$("&+"/W)$$"(&gg$)$+/"Z$+$/&C"CP,'/$)'6"8P'*4")$'&'/1+/"V*V,P1/&*+'"/*"/W$"&+g$C/&*+"-J"/W$"

P&%$)"gP,T$"Z1/W$)$("/*Z$/W$)"&+"1"(&'/&+C/"CP,'/$)6"

"



!F"

"

Phylogenetic analysis and mitochondrial diversity 

Haplotype diversity 

NW$"C*.V1)&'*+"*g".&/*CW*+()&1P"!HG"'$<,$+C$'")$%$1P$("1"/*/1P"*g"!S"W1VP*/JV$'"l.$1+"

+,.-$)"*g"W1VP*/JV$'"V$)"'&/$c"["z"S6HF="�"S6SEM"G>m"($/$).&+$("-J"=S"V*PJ.*)VW&C"'&/$'"

k&/W*,/" &+($P'" lN1-P$" F68m6" 7*+'&'/$+/PJ4" 7U^" '$<,$+C$'" )$%$1P$(" /W$" $_&'/$+C$" *g" !="

W1VP*/JV$'" l.$1+" +,.-$)" *g" W1VP*/JV$" V$)" '&/$c"["z" S6HM="�" S6SEF"G>m" ($/$).&+$(" -J" EM"

V*PJ.*)VW&C"'&/$'"k&/W*,/"&+($P'"lN1-P$"F6\m6"`*)"-*/W".1)T$)'4"B*)/W"8.$)&C1+"V*V,P1/&*+'"

W1("/W$"W&ZW$'/"+,.-$)"*g".&/*CW*+()&1P"W1VP*/JV$'"lBW"z"H4"1%$)1Z$"V$)"W1VP*/JV$c"["z"S6KMS"

�"S6SFF"G>"g*)"!HGn"B"z"K4".$1+c"["z"S6MS="�"S6SFS"G>"g*)"7U^m"g*PP*k$("-J"7,-1"lBW"z"@"

g*)"!HGn"BW"z"="g*)"7U^m"1+("7*P*.-&1"lBW"z"="g*)"!HGn"BW"z"="g*)"7U^m4"kW$)$1'"1",+&<,$"

.&/*CW*+()&1P"W1VP*/JV$"k1'"($/$C/$("&+"V*V,P1/&*+'"g)*."G*,/W"8g)&C14"DZJV/4"51J*//$4"?$),4"

9$+$;,$P14"01"#$,+&*+"^'P1+(4"`)1+C$"1+("&+"/W)$$"7*P*.-&1+"V*V,P1/&*+'6"^+/$)$'/&+ZPJ4"/W$"

.*'/"k&($PJ"(&'/)&-,/$("W1VP*/JV$'"g*)"-*/W"!HG"1+("7U^"Z$+$'"l)$'V$C/&%$PJ"W1VP*/JV$'"`"1+("

^m"k$)$"1P'*"g*,+("&+"/k*"B*)/W"8.$)&C1+"V*V,P1/&*+'"l`)1+TP&+/*+"1+("71.V,'"01T$n"N1-P$"

G=m6"?*V,P1/&*+'"g)*."8)Z$+/&+1"1+("?1)1Z,1J"'W1)$("1",+&<,$"W1VP*/JV$"&+"-*/W"!HG"1+("7U^6"

`&+1PPJ4"1PP"7,-1+"V*V,P1/&*+'"/W1/"k$)$"$_V$)&.$+/1PPJ")$'&'/1+/"/*"/W$"&+g$C/&*+"-J"F. hepatica"

'W1)$("1"C*..*+"W1VP*/JV$"/**"lW1VP*/JV$'"^"g*)"!HG"1+("0"g*)"7U^n"N1-P$"F"1+("/1-P$"G=m6"

"

Phylogenetic analysis: population structure and phylogeography 

NW$"-$'/".*($P"($'C)&-&+Z"/W$"$%*P,/&*+"*g"/W$"C*+C1/$+1/$("',V$).1/)&_"k1'"NBM="�"

L6"NW$"50"1+("\^".1t*)&/J"),P$"C*+'$+','"/)$$'")$',P/$("&+"'&.&P1)"Z$+$)1P"/)$$"/*V*P*ZJ"k&/W"

W&ZW"-)1+CW"',VV*)/'"g*)"1P.*'/"1PP"+*($'"l`&Z6"@"1+("`&Z6"G!m6""
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8CC*)(&+Z"/*"/W$"50"/)$$"l`&Z6"@m4"V*V,P1/&*+'"Z)*,V$("&+"!S".1t*)"CP1($'"k&/W"W&ZW"

-)1+CW"',VV*)/'"lIS"/*"!SSrm6"NW$"g&)'/"/k*"CP1($'"C*+/1&+$("&+(&%&(,1P'"g)*."+*)/W$)+"XG8"

1+("7*P*.-&14")$'V$C/&%$PJ"lCP1($'"!"1+("=m6"NW$+4"(&%$)Z$+C$"*g"V*V,P1/&*+'"g)*."8)Z$+/&+1"

1+("?1)1Z,1J"&'"(&'/&+Z,&'W1-P$"lCP1($"@m4"g*PP*k$("-J"(&%$)Z$+C$"*g"7,-1+"V*V,P1/&*+'4"$&/W$)"

)$'&'/1+/"lCP1($"Em"*)"','C$V/&-P$"lCP1($"Fm"/*"/W$"&+g$C/&*+"-J"F. hepatica6"NW$+"g*,)"(&gg$)$+/"

CP1($'"C*+/1&+&+Z"'*,/W$)+"XG8"&+(&%&(,1P'"k$)$"(&'/&+Z,&'W1-P$"lCP1($'"HQMm6"NW$"P1'/"CP1($"

Z1/W$)$("&+(&%&(,1P'"g)*."/W$")$.1&+&+Z"V*V,P1/&*+'"(&'/)&-,/$("k*)P(k&($"lCP1($"!Sm6"N)$$'"

-1'$(" *+" &+(&%&(,1P" Z$+$'" Z1%$" '&.&P1)" /*V*P*Z&$'" l`&Z6" G@" &+" G,VVP$.$+/1)J" 51/$)&1Pm6"

^+/$)$'/&+ZPJ4" &+" /W$"7U^"/)$$4"'$<,$+C$'")$/)&$%$("g)*."L$+-1+T"g)*."8,'/)1P&14"DZJV/"1+("

XG8"8P1-1.1"l#$.&Z&*"s"\P1&)"!MMIn"#$.&Z&*"s"[$-$)/"=SS@n"L)1-+$)"et al."=S!Em"Z)*,V$("

k&/W&+"/W$"k*)P(k&($"Z)*,V"lCP1($"!Smn"*+$"'$<,$+C$"g)*."8)Z$+/&+1"lG/1+(P$J"et al."=S!@m"

Z)*,V$(" k&/W&+" /W$" 8)Z$+/&+$1+q?1)1Z,1J1+" CP1($" @" 1+(" 1" '$<,$+C$" g)*." XG8"5&CW&Z1+"

CP,'/$)$("1V1)/"l`&Z6"G@m6""

"

G'*!H**'#$&&

Genetic diversity and population structure of JK&B0@:E2@@9

d$"'/,(&$("/W$"Z$+$/&C"(&%$)'&/J"*g"P. columella 1/"1"ZP*-1P"'C1P$"-J"C*.V1)&+Z"&+%1($("

1+("+1/&%$"V*V,P1/&*+'"k&/W"/W$"1&("*g"g1'/"$%*P%&+Z4"+,CP$1)".1)T$)'"1'"k$PP"1'".&/*CW*+()&1P"

.1)T$)'"$%*P%&+Z"1/"1"'P*k$)"V1C$6"U,)"1+1PJ'$'"&+(&C1/$("/W1/"/W&'"'V$C&$'"W1("$_/)$.$PJ"P*k"

Z$+$/&C" (&%$)'&/J" lH@" *,/" *g" KS" V*V,P1/&*+'" 'W*k$("%$)J" P*k"Z$+$/&C" %1)&1/&*+4"k&/W" S" /*" ="

V*PJ.*)VW&C" P*C&" V$)" V*V,P1/&*+4" 1+(".$1+"['"�"S6!n" *+PJ" /k*"V*V,P1/&*+'" g)*."XG8"1+("

7*P*.-&1"W1("['"�"S6=mn"W&ZW"`&'"k&/W&+"V*V,P1/&*+'"l.$1+"`&'"z"S6K!!m4"C*+'&'/$+/"k&/W"&/'"'$PgQ



!I"

"

g$)/&P&;&+Z" .1/&+Z" 'J'/$." lB&C*/" et al." =SSKmn" '/)*+Z" Z$+*/JV&C" (&'$<,&P&-)&,.n" 1+(" W&ZW"

V*V,P1/&*+" '/),C/,)$4" 1'" $%&($+C$(" -J" W&ZW" `'/" %1P,$'4" C*+'&'/$+/" k&/W" '/)*+Z" $_/&+C/&*+Q

C*P*+&;1/&*+"(J+1.&C'6"7*+C$)+&+Z"/W$".1/&+Z"'J'/$.4"/W$"P1CT"*g"k&/W&+QV*V,P1/&*+"Z$+$/&C"

(&%$)'&/J"l.*'/PJ"*+$"1PP$P$"V$)"P*C,'"V$)"V*V,P1/&*+m".1($"(&gg&C,P/"/*"(&'/&+Z,&'W"'$Pg&+Z"g)*."

.1/&+Z" 1.*+Z" )$P1/&%$'n" W*k$%$)4" k$" C*,P(" ,'$" /W$" C*))$C/$(" '$Pg&+Z" $'/&.1/*)" g*)" !E"

V*V,P1/&*+'"kW$)$"k$"g*,+("'*.$"Z$+$/&C"%1)&1/&*+"1+("W$/$)*;JZ*/$'"1+("g*,+("/W1/"'$Pg&+Z"

)1/$"$'/&.1/$'"k$)$"CP*'$" /*"*+$4" /*" /W$"+*/1-P$"$_C$V/&*+'"*g"V*V,P1/&*+'" g)*."XG8"kW$)$"

'$Pg&+Z")1/$'"%1)&$("-$/k$$+"S6SMM"1+("S6KIF"l.$(&1+"z"S6HIFn"N1-P$"Em6"

0*k"Z$+$/&C"%1)&1-&P&/J"W1'"-$$+"g*,+("&+"*/W$)"&+%1'&%$"'+1&P"'V$C&$'6"NW$"V)*'*-)1+CW'"

Melanoides tuberculata 1+("Potamopyrgus antipodarum" l0&%$PJ"!MKIn"G1.1(&"et al."!MMMm4"

kW&CW" 1)$" 1-P$" /*" (*" 1'$_,1P" )$V)*(,C/&*+4" 1+(" /W$" V,P.*+1/$'" Galba truncatula 1+("

Biomphalaria pfeifferi"la*VV"et al."=S!=n"5&+/'1"BZ,$.1"et al."=S!@m"k$)$"'W*k+"/*"W1)-*,)"

%$)J" P*k"Z$+$/&C"%1)&1/&*+" &+" /W$" &+%1($("1)$1'6"0&T$k&'$4" /W$"V,P.*+1/$"Bulinus truncatus"

'W*k$("($VP$/&*+"*g"W$/$)*;JZ*,'"Z$+*/JV$'"&+"71.$)**+&1+"V*V,P1/&*+'4"V)*-1-PJ"(,$"/*"W&ZW"

'$PgQg$)/&P&;1/&*+" l>t,&Tk*QN$,T$+Z"et al." =S!!m6"[*k$%$)4" Z$+$" (&%$)'&/&$'" &+"P. columella"

k$)$"P*k$)"/W1+"&+"*/W$)"'$Pg&+Z"'+1&P'4"V*&+/&+Z"/*"1+"1((&/&*+1P"C1,'$"*g"Z$+$"(&%$)'&/J"P*''4"

P&T$PJ"'/)*+Z"-*//P$+$CT'4"1'"V)$%&*,'PJ"'W*k$("&+"G. truncatula"l5$,+&$)"et al."=SS!"n"5$,+&$)"

et al."=SSEm6"

7*+C$)+&+Z" /W$" 1.*+ZQV*V,P1/&*+" (&gg$)$+/&1/&*+4" k$" g*,+(" W&ZW" `'/" $'/&.1/$'" &+" P. 

columella4"k&/W".1+J"V*V,P1/&*+'"l1+("$%$+"kW*P$"Z$*Z)1VW&C" )$Z&*+'m"$_W&-&/&+Z"1",+&<,$"

g&_$("Z$+*/JV$6"?*V,P1/&*+'"g)*."/W$"'1.$"C*,+/)J"k$)$"+*/"(&gg$)$+/&1/$("1/"/W$"$_C$V/&*+"*g"

XG8"V*V,P1/&*+'4"kW$)$"V*V,P1/&*+'"k$)$"W&ZWPJ"'/),C/,)$("l`'/c"S6FMKQS6KE!m6""

B*"$%&($+C$"*g"&'*P1/&*+"-J"(&'/1+C$"k1'"g*,+("1/"/W$"kW*P$"'/,(&$("'C1P$4"',ZZ$'/&+Z"1"

.&Z)1/&*+Q()&g/"(J+1.&C6""
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8PP"&+"1PP4"*,)")$',P/'"'/)*+ZPJ"',ZZ$'/"/W1/"P. columella"&'"1"'$PgQg$)/&P&;&+Z"'V$C&$'"/W1/"

$_W&-&/'"1"C*+'&($)1-P$"C*P*+&;1/&*+"(J+1.&C'"1+("'/)*+Z"-*//P$+$CT'6"NW&'"&'"C*+'&'/$+/"k&/W"

&+/)*(,C/&*+"k1J'"g*)"g)$'Wk1/$)"'+1&P'"kW&CW"1)$"T+*k+"/*"*CC,)"/W)*,ZW")1+(*."$%$+/'"',CW"

1'"gP**(&+Z4"(&''$.&+1/&*+"-J"1<,1/&C"-&)('4"*)"W,.1+"1C/&%&/&$'"le.g. g)$'Wk1/$)"1<,1)&,."/)1($4"

>,ZZ1+"=S!Sm6"

Invasion pattern and demographic history over the distribution range 

One successful worldwide invader: a clonal population 

^+" &+%1'&*+" -&*P*ZJ" &/" &'" C*..*+PJ" 1(.&//$(" /W1/" &+/)*(,C$(" V*V,P1/&*+'" W1(" ($VP$/$("

Z$+$/&C"%1)&1/&*+"V)*-1-PJ"(,$"/*"-*//P$+$CT'"1+("g*,+(&+Z"$%$+/'6"NW,'4"&+%1'&%$"V*V,P1/&*+'"

1)$"$_V$C/$("/*"-$"P$''"Z$+$/&C1PPJ"(&%$)'$"/W1+"+1/&%$"V*V,P1/&*+'"kW&P$"/W$J"V$)'&'/"1+("1(1V/"

&+" +$k" $+%&)*+.$+/" l7)&'/$'C,"=S!Fm6"NW&'" P*''" *g" Z$+$/&C" %1)&1/&*+" *g" /W$" &+%1($)" 1+(" /W$"

',CC$''"*g"&+%1'&*+"C*+'/&/,/$"1"xZ$+$/&C"V1)1(*_y"&+"/W$"'/,(J"*g"-&*P*Z&C1P"&+%1'&*+'"l#*.1+"

s">1)P&+Z"=SSIm6""

G*.$"+*+Q$_CP,'&%$"$_VP1+1/&*+'"W1%$"-$$+"V,/"g*)k1)("/*"/W$"&+%1'&%$+$''"*g"Z$+$/&C1PPJ"

($VP$/$("V*V,P1/&*+'6"U+$"*g" /W$."C*+'&($)'" /W$".1/&+Z"'J'/$."*g" /W$" &+%1($)" 'V$C&$'6" ^g" &/"

)$V)*(,C$'"/W)*,ZW"'$PgQg$)/&P&;1/&*+4"1'"&/"'$$.'"/*"-$"/W$"C1'$"*g"P. columella4"/W$"Z$+$/&C"P*1("

C*,P("-$"V,)Z$(4"(&.&+&'W&+Z"/W$"g)$<,$+CJ"*g")$C$''&%$"($P$/$)&*,'"1PP$P$'"1+("/W,'"&+-)$$(&+Z"

($V)$''&*+"l7)+*T)1T"s"\1))$//"=SS=m6"U,)")$',P/'"($.*+'/)1/$"1"'/)*+Z"($C)$1'$"*g"Z$+$/&C"

(&%$)'&/J"&+"&+%1'&%$"V*V,P1/&*+'6"\*/W"+,CP$1)"1+(".&/*CW*+()&1P"Z$+$/&C".1)T$)'"'W*k$("/W1/"

&+%1'&%$"V*V,P1/&*+'" 1)$"-1'&C1PPJ"CP*+$'"V)*-1-PJ"(,$" /*" g*,+(&+Z"$%$+/'".&_$("k&/W" '$PgQ

g$)/&P&;1/&*+6"NW$'$"V*V,P1/&*+'"C1.$"g)*."Z$*Z)1VW&C")$Z&*+'"1'"(&'/1+/"1'"?$),4"7*P*.-&14"
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"

9$+$;,$P14"G*,/W"8g)&C14"51(1Z1'C1)4"51J*//$4"01"#$,+&*+"^'P1+("1+("`)$+CW"?*PJ+$'&14"1+("

1PP"-$P*+Z"/*"1",+&<,$"CP1($"*)"Z)*,V"&+"/W$".&C)*'1/$PP&/$"+$/k*)T4"\1J$'&1+"CP,'/$)&+Z"1+1PJ'&'"

*)".&/*CW*+()&1P"/)$$'6"^+"/W$"50"l`&Z6"@m"1+("&+"/W$"\1J$'&1+"l`&Z6"G!m"/)$$'4"k$"C*,P("'$$"/W1/"

/W&'"k*)P(k&($"CP1($"&'".*)$")$C$+/"/W1+"1PP"*/W$)"V*V,P1/&*+'6"NW$"',(($+"k*)P(k&($"&+%1'&*+"

*g"P. columella W1'"V)*-1-PJ"-$$+"&+&/&1/$("-J"/W&'"Z$+*/JV$qW1VP*/JV$6"G&.&P1)"V1//$)+'"W1%$"

-$$+"g*,+("*+"*/W$)"g)$'Wk1/$)"'+1&P'"',CW"1'"G. truncatula"&+"/W$"\*P&%&1+"1P/&VP1+*"l5$,+&$)"

et al."=SS!m"*)"B. pfeifferi &+"51(1Z1'C1) l7W1)-*++$P"et al."=SS=m."

G,CC$''g,P" &+%1'&*+'" &+&/&1/$(" -J" %$)J" g$k" &+(&%&(,1P'" 1)$" 1" V$)g$C/" &PP,'/)1/&*+" *g" /W$"

Z$+$/&C"V1)1(*_c"W*k"C1+"1"V*V,P1/&*+"($VP$/$("&+"&/'"Z$+$/&C"%1)&1-&P&/J"',CC$$("1+("&+%1($"1"

-)*1(")1+Z$"*g"Z$*Z)1VW&C")$Z&*+'�"\*CT"$/"1P6"l=S!Em")$%&$k$("'$%$)1P"V)*C$''$'"&+C)$1'&+Z"

&+%1'&%$+$''" P&T$"V)$Q&+/)*(,C/&*+"1(1V/1/&*+"1+("V*'/Q&+/)*(,C/&*+"1(1V/1/&*+"*g"VW$+*/JV&C"

VP1'/&C&/J6"NW$'$"V)*C$''$'"W1%$"+*/"-$$+"/$'/$("&+"P. columella"1+("/W$"VW$+*.$+*+",+($)PJ&+Z"

&/'"',CC$''g,P"CP*+1P"&+%1'&*+")$.1&+'",+CP$1)6""

"

Demographic history over the distribution range 

G$%$)1P"P&+$'"*g"$%&($+C$"',ZZ$'/$("/W1/"P. columella W1("1"B*)/W"8.$)&C1+"*)&Z&+c"l!m"

/W$"'V$C&$'"k1'"($'C)&-$("g*)"/W$"g&)'/"/&.$"&+"XG8"&+"!K!I"lN1-P$"G!mn"l=m"1/"P$1'/"W1Pg"*g"/W$"

$_/1+/"(&%$)'&/J"*g"0J.+1$&(1$" /**T" &/'"*)&Z&+" &+"B*)/W"8.$)&C1" l7*))$1"et al."=S!Smn" l@m"1"

V)$%&*,'"VWJP*Z$+$/&C"'/,(J"*g"/W$"0J.+1$&(1$"Z)*,V$("/W&'"'V$C&$'"k&/W&+"1+"8.$)&C1+"CP1($"

l7*))$1"et al."=S!Smn"W*k$%$)4"/W$"/)$$"-)1+CW"','/1&+&+Z"/W&'"WJV*/W$'&'"k1'"k$1TPJ"',VV*)/$(6"

8((&/&*+1P"'1.VP&+Z"1+(".*)$")*-,'/"Z$+$/&C"1+1PJ'$'"k$)$"+$$($("/*"C*+g&)."*)")$t$C/"',CW"1"

WJV*/W$'&'6"`*PP*k&+Z"/W$"g*,+($)"$gg$C/"/W$*)J4"k$"$_V$C/"W&ZW$)"Z$+$/&C"(&%$)'&/J"&+"+1/&%$"

V*V,P1/&*+'"/W1+"&+"&+/)*(,C$("V*V,P1/&*+'6"U,)")$',P/'"W$)$"'W*k$("/W1/"/W$"V*V,P1/&*+'"*g"P. 
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columella"g)*."/W$"XG8"$_W&-&/$("/W$"W&ZW$'/"Z$+$/&C"(&%$)'&/J"&+"/$).'"*g"1PP$P&C")&CW+$''"1+("

Z$+$"(&%$)'&/J"g*)"-*/W"+,CP$1)".&C)*'1/$PP&/$'"1+("./>B86"8P/*Z$/W$)4"/W$")$',P/'"'W*k$("W$)$"

1+("V)$%&*,'"VWJP*Z$+$/&C"$%&($+C$"'/)*+ZPJ"1)Z,$"g*)"1"B*)/W"8.$)&C1+"*)&Z&+"*g"P. columella6"

" 8g/$)" /W$" g&)'/" )$C*)('" *g"P. columella" &+" B*)/W" 8.$)&C14" /W$" 'V$C&$'"k1'" )$C*)($("

',CC$''&%$PJ"&+"7,-1"1+("/W$+"&+"(&gg$)$+/"G*,/W"8.$)&C1+"C*,+/)&$'4"-$g*)$"&/'")$C$+/")$C*)('"

&+"/W$"UP("d*)P("lG$$"N1-P$"G!m6"8CC*)(&+Z"/*"*,)"1+1PJ'$'4"V*V,P1/&*+'"g)*."?$),4"DC,1(*)"

1+("9$+$;,$P1"k$)$"1PP"g*,+($("-J"/W$"k*)P(k&($"&+%1'&%$"Z$+*/JV$qW1VP*/JV$6"[*k$%$)4"+*/"

1PP" G*,/W"8.$)&C1+" V*V,P1/&*+'"k$)$" ($VP$/$(" *g" Z$+$/&C" %1)&1/&*+" *)" &+%1($(" -J" /W$" '1.$"

CP*+$6"d$"g*,+("1"W&ZW$)"+,.-$)"*g"W1VP*/JV$'"&+"7,-1"1+("7*P*.-&14"1+("1"(&gg$)$+/"Z$+$/&C"

V1//$)+"&+"8)Z$+/&+1q?1)1Z,1J4"kW&CW"($.*+'/)1/$'"/W1/"'$%$)1P"&+($V$+($+/"&+/)*(,C/&*+'"W1%$"

*CC,))$("k&/W&+"G*,/W"8.$)&C1"1+("/W$"71)&--$1+6"7,-1+"V*V,P1/&*+'"'$$.$("/*"-$"Z$+$/&C1PPJ"

CP*'$"/*"V*V,P1/&*+'"g)*."XG8"1CC*)(&+Z"/*"50"1+("\^"/)$$'4"',ZZ$'/&+Z"1"g&)'/"&+/)*(,C/&*+"

g)*."/W&'")$Z&*+6"NW$"k*)P(k&($"W1VP*/JV$"k1'"g*,+("&+"7,-1"1+("7*P*.-&1"/**4"',ZZ$'/&+Z"1"

'$C*+("&+($V$+($+/"&+/)*(,C/&*+4"V)*-1-PJ"g)*."G*,/W"XG84"kW$)$"/W$"k*)P(k&($"W1VP*/JV$"

k1'"1P'*"g*,+(6"?*V,P1/&*+'"g)*."8)Z$+/&+1"1+("?1)1Z,1J"W1("P*k"P$%$P"*g"Z$+$/&C"(&%$)'&/J"

-,/"/W$J"k$)$"C*.VP$/$PJ"(&'/&+C/"g)*."1PP"*/W$)"V*V,P1/&*+'6"d$"g*,+("&+"/W$'$"/k*"C*,+/)&$'"

1",+&<,$"W1VP*/JV$"g*)"-*/W"Z$+$'"1+("-1)$PJ"1",+&<,$"Z$+*/JV$6"[*k$%$)4"/W$'$"V*V,P1/&*+'"

k$)$" )$P1/&%$PJ" CP*'$" Z$*Z)1VW&C1PPJ" l!@@" T.m6" NW$'$" )$',P/'" ',ZZ$'/" 1" '&+ZP$" &+/)*(,C/&*+4"

V)*-1-PJ"g)*."+*)/W$)+"G*,/W"8.$)&C14"1CC*)(&+Z"/*"/W$"/k*"VWJP*Z$+$/&C"/)$$'6"7*P*.-&1+"

1+("8)Z$+/&+$1+"W1VP*/JV$'"k$)$"+*/"g*,+("&+"/W$"XG8"V)*-1-PJ"(,$"/*"V**)"'1.VP&+Z6"

"
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Origin and pathways of invasion  

7*+C$)+&+Z"/W$"*)&Z&+"*g"&+%1'&*+4"1CC*)(&+Z"/*"/W$".&/*CW*+()&1P"/)$$4"k$"'1k"/W1/"*+$"

V*V,P1/&*+"g)*."0*,&'&1+1"&+"XG8"-$P*+Z$("/*"/W$"CP1($"!S"lk*)P(k&($"W1VP*/JV$m6"5*)$*%$)4"

/W$"CP1($"M"lN$_1'4"XG8m"k1'"Z$+$/&C1PPJ"CP*'$"/*"/W$"k*)P(k&($"W1VP*/JV$6"NW&'"C*,P("-$"1"

CP,$" &+" g1%*,)" *g" 1" B*)/W" 8.$)&C1+" *)&Z&+" *g" /W$" &+%1'&%$" k*)P(k&($" W1VP*/JV$6" 8+*/W$)"

WJV*/W$'&'" C*,P(" -$" 1"k&($'V)$1(" '$C*+(1)J" &+%1'&*+" &+&/&1/$(" -J" 1" -)&(Z$W$1(" V*V,P1/&*+"

kW&CW" +*/" C1.$" g)*." /W$" +1/&%$" 1)$1" l$6Z64" 7*P*.-&1" *)" 7,-1m6" NW&'" V)*C$''4" C1PP$(" /W$"

x&+%1'&%$" -)&(Z$W$1(" $gg$C/y" lD'/*,V"s"L,&PP$.1,(" =S!Sn" 0*.-1$)/" et al." =S!Sm" W1'" -$$+"

($.*+'/)1/$("*+"/W$"[1)P$<,&+"P1(J-$$/P$"lHarmonia axyridism4"kW*'$"+1/&%$"1)$1"&'"&+"8'&1"

-,/"W1'"&+%1($("D,)*V$"g)*."1"B*)/W"8.$)&C1+"V*V,P1/&*+"1C/&+Z"1'"1"-)&(Z$W$1("V*V,P1/&*+"

l0*.-1$)/" et al." =S!Sm6"U,)" (1/1" (&(" +*/" V$).&/" /*" C*+CP,($" *+" /W$" *)&Z&+" *g" /W$" &+%1'&%$"

V*V,P1/&*+4" -$C1,'$" l!m" *,)" '1.VP&+Z" &+"B*)/W"8.$)&C1" l/W$" ',VV*'$("*)&Z&+" 1)$1m" )$.1&+'"

P&.&/$("1+("l=m"k$"k$)$"+*/"1-P$"/*",'$"8VV)*_&.1/$"\1J$'&1+"7*.V,/1/&*+"l\$1,.*+/"et al."

=SS=m"kW&CW"&'"/W$"*+PJ"k1J"/*"/$'/"&+%1'&*+"'C$+1)&*'"1+("&+g$)"1"C*+%&+C&+Z"($.*+'/)1/&*+"-J"

C*+'&($)&+Z"/W$"'/*CW1'/&C&/J"*g"/W$"Z$+$/&C"1+("($.*Z)1VW&C"W&'/*)J"*g"/W$"C*+'&($)$("'V$C&$'"

lD'/*,V"s"L,&PP$.1,("=S!Sm6"

"

J32:603:BB7529&B0@:E2@@9 and the consequences for fasciolosis transmission 

Genetic differentiation between resistant and susceptible populations 

?)$%&*,'"'/,(&$'"($.*+'/)1/$("/W1/"'*.$"7,-1+"V*V,P1/&*+'4"$_V$)&.$+/1PPJ"V)*%$+"/*"

-$" )$'&'/1+/" /*" /W$" &+g$C/&*+" -J" /W$" P&%$)" gP,T$4" k$)$" Z$+$/&C1PPJ" (&gg$)$+/" g)*." ','C$V/&-P$"

V*V,P1/&*+'" *+" /W$" -1'&'" *g" #8?>" .1)T$)'" l`$)+1+($;Q71P&$+$'" et al." =SSEm6" X'&+Z" .*)$"

)$P&1-P$"Z$+$/&C".1)T$)'"l.&C)*'1/$PP&/$'"1+("./>B8"'$<,$+C$'m4"k$"C*+g&).$("/W1/")$'&'/1+/"



=="
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V*V,P1/&*+'"\1-&+1J"l0\\m4"?,$+/$"l07?m4"DP"8;,g)$"l07D"1+("07#m4"1+("01"7*C1"l0778m"

k$)$"Z$+$/&C1PPJ"(&gg$)$+/"g)*."1PP"*/W$)"','C$V/&-P$"V*V,P1/&*+'"*g"P. columella"1+("C*+'/&/,/$("

1"'$V1)1/$"Z)*,V"&+">?78"1+1PJ'&'4"/W$"BA"+$/k*)T4"^+'/),C/"CP,'/$)&+Z"1+("50"1+("\^"/)$$'6"

>$/1&P$("1+1PJ'&'"*g".&C)*'1/$PP&/$"(1/1"'W*k$("/W1/"/W$'$"V*V,P1/&*+'"k$)$"(&'/&+C/"1/"/W)$$"*,/"
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g*,+("1/"P*C,'"?7U!=4"*+$"*g"/W$."l1PP$P$"!HSm"k1'"g&_$("&+"1PP")$'&'/1+/"V*V,P1/&*+'"1+("1P'*"
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$_V1+'&*+" *g" Biomphalaria pfeifferi4" 1+" &+/$).$(&1/$" W*'/" g*)" W,.1+" 'CW&'/*'*.&1'&'4" k1'"
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Z$+$/&C'6"Molecular Ecology4"+q1f+q16"

\*)1J"A4"`)1'$)"L4"d&PP&1.'"A4"d&P'*+"A"l!MKFm"NW$"*CC,)$+C$"*g"/W$"'+1&P"0J.+1$1"C*P,.$PP1"
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V1)1.$/$)'6" 8%1&P1-P$" g)*.c" W//Vcqqkkk6,+&P6CWq&;$1q'*g/k1)$'qg'/1/6W/.P" XV(1/$(" g)*."

L*,($/"l!MMFm6"

L*,($/" A4" #1J.*+(" 54" ($" 5$$u'" N4" #*,''$/" `" l!MMHm" N$'/&+Z" (&gg$)$+/&1/&*+" &+" (&VP*&("
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?'$,(*',CC&+$1"C*P,.$PP16"PloS one4"T4"$KKF@I6"

L,/&O))$;"84"?*&+/&$)"AQ?4"`)1Z1"A"et al."l=SS@m"`1'C&*P1"W$V1/&C1c"&($+/&g&C1/&*+"*g".*P$C,P1)"
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Molecular biology and evolution4"MU4"=FEfHI6"
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Abstract Natural infections of lymnaeid snails by Fasciola

hepatica are of primary importance to study transmission.

Also, infected snails in the field can be used to explore the

existing compatibility in host–parasite interactions. This paper

aimed to describe the infection rate of Galba cubensis popu-

lations in fasciolosis transmission areas. Eight sites were sam-

pled in western Cuba and 24 infected snails at six sites were

found. The mean prevalence was 2.94 % and the maximum

value was 11.4 %. The intensity of parasite infection was

assessed as the number of rediae inside a single snail. High

variation within the sites examined was observed, but a max-

imum of 76 rediae was recovered from one individual. Al-

though the presence of two other trematode families

(Schistosomatidae and Paramphistomatidae) was discovered

in dissected individuals, no co-infection with F. hepatica was

observed. This is the first time a study of natural prevalence of

F. hepatica infection is carried out in Cuba, considered a hyper

endemic country for bovine fasciolosis. Our results suggest

that fasciolosis transmissionmay occur evenwhen the number

of infected snails remains relatively low.

Keywords Galba cubensis . Fasciola hepatica . Natural

infection . Parasite transmission

Introduction

Natural infection of snails by trematode species is one of the

most reviewed subjects by parasitologists and malacologists

interested in the dynamics of infectious diseases transmitted

by these intermediate hosts (Cichy et al. 2011). The study of

parasite larvae infecting snails has revealed a huge diversity of

helminths that can actually infect these hosts and enhanced the

knowledge on diseases transmitted by molluscs (Żbikowska

and Nowak 2009). The malacological surveillance of natural

prevalences also gives insights into the higher and lower year-

ly infection levels and the identification of particular hosts for

certain parasite species (Gürelli and Göçmen 2007; Mage

et al. 2002).

One of the most important systems of trematodes infect-

ing snails is that of the liver fluke Fasciola hepatica

(Trematoda: Digenea) and the freshwater snail family Lym-

naeidae (Mollusca: Gastropoda). Fasciolosis is a worldwide

parasitic infection ranging from tropical to subarctic regions

( Hurtrez-Boussès et al. 2001; Mas-Coma et al. 2009) with

increasing prevalence in human and domestic animal pop-

ulations (WHO 2007). Transmission of this parasite is

known to occur through a wide variety of lymnaeid species

(Correa et al. 2010) but patterns of infection may differ

according to the existing species and environmental condi-

tions ( Cruz-Mendoza et al. 2004). In the case of F. hepatica

transmission, a study in central France has revealed an

annual stability in the field infected main intermediate host

Galba truncatula (Mage et al. 2002). However, a different

study regarding the lymnaeid species Omphiscola glabra in

the same region reported a slight increase in prevalence in
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a 6-year lapse, but directly dependant on habitat type

(Dreyfuss et al. 2003; Correa et al. 2010). It is moreover

interesting that these kinds of studies elsewhere have result-

ed in discovery of non-related snail species becoming in-

fected with F. hepatica. The most relevant examples are the

planorbid species Bulinus truncatus, with a prevalence of

39 % in northern Tunisia (Hamed et al. 2009) and 73.9 %

infected individuals of the land snail Omalonyx matheroni

(Succineidae) in Ireland (Relf et al. 2009).

In Cuba, fasciolosis is recognized as a true veterinary prob-

lem, with human outbreaks also (Rojas et al. 2010). The only

two known lymnaeid species are Galba cubensis and

Pseudosuccinea columella, both have experimentally been

confirmed to transmit F. hepatica, and the former is consid-

ered the main intermediate host (Gutiérrez et al. 2011;

Vázquez et al. 2014). However, although populations of

G. cubensis have been found in sites with fascioliasis out-

breaks in Cuba (Ferrer et al. 1985), their infection rates have

not been investigated. Here, we present the first report of

natural infections of G. cubensis by F. hepatica in Cuba. Re-

lationships of natural prevalence values with fasciolosis trans-

mission risk are also discussed.

Material and methods

Sampling of G. cubensis was carried out in western Cuba

considering that this region has been heavily affected by hu-

man fasciolosis (Rojas et al. 2010). A total of 816 adult snails

were collected from eight sites corresponding to the surround-

ings of cowsheds and being informed as fascioliasis areas by

the local veterinary authorities (Table 1). In each site,

G. cubensis was the only lymnaeid snail recorded. Sampling

was made directly by hand using soft forceps and the snails

were immediately placed in small containers with water

soaked filter paper to ensure vitality. All samples were taken

between January and March 2013 during the dry season. Col-

lected snails were carried live to the laboratory of malacology

at the Institute of Tropical Medicine in Havana for species

identification and infection confirmation. Definitive bovine

host species observed in situ were cows (Bos taurus) and the

water buffalo (Bubalus bubalis). Individuals of both species

are known to freely move around the studied localities. All

sampled sites are known to display definitive host infection

rates above 70 % (Vázquez et al. unpublished data).

All collected individuals were dissected utilizing a stereo-

microscope to observe the potential infection by trematode

larvae (rediae and cercariae). The number of observed rediae

was counted in order to determine the intensity of infection in

each individual. For each sampling site, prevalence, mean

intensity and mean abundance (Bush et al. 1997) were exam-

ined. Infection by trematode larvae other than F. hepaticawas

also registered. Morphological identification of rediae and

cercariae was done following Frandsen and Christensen

(1984) and Rondelaud et al. (2009b).

Results

Three types of cercariae were found within snails from all

localities: (1) white long simple tailed gymnocephalous cer-

cariae with the ventral sucker on mid-ventral surface of the

body (F. hepatica), (2) brown, shorter and ocellated

amphistome cercariae (Paramphistomatidae), and (3) small

brevifurcated cercariae (Schistosomatidae). Identified

F. hepatica cercariae were observed with rediae displaying a

well-developed pharynx, collar rings and two appendages in

the posterior end that match this species. Overall prevalence of

F. hepatica was 2.94 %, with important variation among pop-

ulations (min: 0 %, max: 11.4 %) (Table 2). No co-infection of

F. hepaticawith other trematode species (Paramphistomatidae

and Schistosomatidae) in the same individual was observed.

In each population, the distribution of F. hepatica was

strongly aggregated (Fig. 1), with the greatest number of

non-infected individuals, and a few snails with a large amount

of rediae. The intensity of infection by F. hepatica was highly

variable among individuals, ranging from 1 to 76. However, it

is noteworthy that in a sample of 100 individuals (V131), only

one snail was infected but harboured 76 rediae. High within

sample variation was also observed in V122 where two of 122

individuals were infected with 9 and 42 rediae, respectively.

Discussion

Our results constitute the first approach to study natural infec-

tion rates in Cuban populations ofG. cubensis, considered the

main host of F. hepatica in Cuba (Vázquez et al. 2014). The

other lymnaeid species occurring in Cuba, P. columella, has

been found only twice infected in the field with a prevalence

of 3 % (Gutiérrez et al. 2011) and 2 % (author unpublished

data). G. cubensis is the most common lymnaeid species in

bovine grazing areas whichmay be the reason of having found

infected individuals in several localities.

Overview of infection by Digeneans

The presence of other trematodes such as species of

Paramphistomatidae found here can be explained by the role

G. cubensis plays as a host of both parasitic groups in Cuba

(Vázquez et al. 2013). In eastern France, the species

G. truncatula has shown a prevalence of 1.8 % (summer sea-

son) and 2.5 % (autumn season) of F. hepatica infection

coupled with values of 8.9 to 20.3 % for Paramphistomum

daubneyi infection (Degueurce et al. 1999). In other host–

parasite systems, prevalence values in the intermediate snails
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are also similar. In Guadeloupe, observed natural prevalence

of infected Biomphalaria glabratawith Schistosoma mansoni

ranges from 0.25 % (Pointier and Théron 1979) and 0.6 %

(Théron et al. 2004). However, infected rats (definitive host)

with S. mansoni in the same region were 91 % (Sire et al.

2001) and 94 % (Théron et al. 2004) which is similar to the

reported bovine infection with F. hepatica in our studied area.

Prevalences and risks of fasciolosis

The prevalences of F. hepatica we found (0–11.39 %) are

consistent with those observed for sibling species in other

transmission areas. For instance, an extensive survey on

G. truncatula populations between 1960 and 1969 showed

that prevalences in the UK are usually less than 2 %

(Ollerenshaw 1971). A review done by (Rondelaud et al.

2009a) for European and African populations of

G. truncatula gives prevalences from 3 % (Morrocco) to

11.4 % (Spain). Similarly, Kleiman et al. (2007) reported

0.67 % of Galba viatrix infected by F. hepatica in Argen-

tina while Dreyfuss et al. (2005) gave percentages between

1.4 and 1.8 % for O. glabra in Central France. The preva-

lences and intensities we observed seem therefore

compatible with an efficient transmission of F. hepatica in

the studied area. However, in G. truncatula, prevalences are

higher (4.6–33 %) in areas where F. hepatica infects more

than 70 % of definitive hosts than in areas with less than

30 % of definitive hosts parasitized (0–7.6 %), review in

Rondelaud et al. (2009a). It is therefore surprising that we

found moderate prevalences (0–11.39 %) in our study sites

where F. hepatica has been detected in more than 75 % of

bovines. However, we found in G. cubensis intensities

(24.21±20.02) more important than those recorded in

G. truncatula (12.3–17.1, Mage et al. (2002)). The overall

cercarian production in G. cubensis might therefore be as

high as that in G. truncatula.

Different studies have underlined strong interannual varia-

tions in field prevalences due to effects of climatic conditions,

particularly rainfall, on F. hepatica egg hatching. For instance

in the UK, Ollerenshaw (1971) has shown that prevalences in

G. truncatula can reach 20 % when conditions are favourable.

Similarly, a survey of 141 sites in Central France during

12 years revealed oscillations from 3.3 to 7.2 % (Mage et al.

2002) and a study of two Algerian populations showed prev-

alences ranging from 4.6–5.9 % to 2.6–3.1 % (Mekroud et al.

2004). However, the differences observed in our study cannot

Table 1 Sampled localities,

habitat type and existing

definitive host species

Locality Site Location (GPS) Habitat Bovine species

Havana La Coca 22.9577° N; −82.4649° W Channel Cows

Jaruco CPA 23.0789° N; −81.9176° W Flooded pasture Buffalos

La Palma V108 22.5589° N; −83.3678° W Flooded pasture Cows

La Palma V122 22.5448° N; −83.3546° W Flooded pasture Cows

La Palma V127 22.5682° N; −83.3761° W Flooded pasture Cows

La Palma V131 22.5948° N; −83.3721° W Flooded pasture Cows

Artemisa V503 22.73111° N; −82.6593° W Flooded pasture Buffalos

Artemisa V505 22.7312° N; −82.6594° W Pond Buffalos

Table 2 Prevalence, mean intensity and abundance in Galba cubensis naturally infected with Fasciola hepatica and occurrence of other trematode

families

Site N n (prevalence %) Infection by other trematodes (number of snails) Mean intensity (±SD) Mean abundance (±SD)

La Coca 135 0 Schistosomatidae (1) – 0

CPA 100 3 (3) – 35.67 (±11.93) 1.07 (±6.35)

V108 100 5 (5) Schistosomatidae (1) 16.60 (±13.05) 0.83 (±4.48)

V122 122 2 (1.64) – 26 (±24.04) 0.43 (±3.97)

V127 79 9 (11.39) – 26.11 (±19.29) 2.97 (±10.39)

V131 100 1 (1) Paramphistomatidae (3) 76 0.76 (±7.6)

V503 80 0 Paramphistomatidae (2) – 0

V505 100 4 (4) – 6.06 (±7) 0.28 (±1.74)

Overall 816 24 (2.94) 24.21 (±20.02) 0.71 (±5.3)

N number of snails dissected, n number of snails infected by F. hepatica

Parasitol Res (2015) 114:4205–4210 4207



be related to different climatic conditions since all samples

were taken in the same period.

Variations among populations

Although abundances were similar, we observed important

variations among populations both in prevalences (0–

11.39 %) and mean intensities (6.06–76). Since prevalences

in the definitive hosts are of the same magnitude, we would

have expected similar prevalences in G. cubensis among the

different sites (see Rondelaud et al. 2009b for a comparison

with G. truncatula). The differences in infection rates among

populations might be due to environmental conditions (for

instance rainfall which might favour the production of mira-

cidia) and/or to differences in compatibility between snail

population and parasite isolates. However, as we have

discussed above, all samples were taken in the same period,

therefore it is possible that patterns of infection would be

driven by host–parasite compatibility. In an experimental

study on compatibilities between G. cubensis and F. hepatica,

Vázquez et al. (2014) showed both differences in susceptibil-

ity to the parasite between snail populations and differences in

infectivity among F. hepatica strains. Two populations of

G. cubensis (La Coca and V131) we analysed here for natural

infestation were challenged to experimental infection by dif-

ferent isolates of F. hepatica, and La Coca proved to be less

susceptible (overall prevalence 82 %) than snails from V131

(overall prevalence 100 %) (Vázquez et al. 2014). Here, we

failed to find infected snails in La Coca, and natural prev-

alence in V131 was only 1 %. Vázquez et al. (2014) also

tested liver fluke isolates from two of our study sites: La

Palma and Artemisa. They showed that F. hepatica from La

Palma is more virulent than those from Artemisa (snail

survival at 25 days post-exposure: 55 and 79 %, respective-

ly; mean number of rediae per snail: 29±15.23 and 19±

10.39 SD, respectively). It is worth noting that in La Palma

we recorded the highest prevalences (V127: 11.39 %) and

intensities (V131: 76).

Intra-population variations

As usually observed in host–parasite interactions, the parasite

distributions observed in each site are highly aggregated. Such

results might be due to differences in susceptibility among

individual snails. This would be due to genetic differences in

compatibility or resistance to the parasite, as experimentally

shown in G. truncatula by Meunier (2002) and/or to differ-

ences in snail age or condition at the time of infection. Indeed,

inG. truncatula, the higher success is obtained when the mol-

luscs are 4 weeks old (Rondelaud et al. 2009b). Moreover,

well-fed G. truncatula are less susceptible to infection and

exhibit a higher redial production than starved snails (Kendall

1949; Kendall and Ollerenshaw 1963; Abrous et al. 1999).

Fig. 1 Histograms of the distribution of the number of rediae (classes) of Fasciola hepatica per dissected individual of Galba cubensis

4208 Parasitol Res (2015) 114:4205–4210



Stress induced by pollution can also increase the risks of in-

fection (Abrous et al. 1999).

The variable number of rediae found inside each

G. cubensis individual would depend on several factors,

linked to the biology of parasite, of the host and the interaction

between them. Mean numbers of rediae observed in naturally

infected G. truncatula from France range between 15.8 and

25.7 when coming from one or two sporocysts, respectively

(Rondelaud et al. 2004a). In the current study, some individ-

uals have attained more than 40 rediae with an observed max-

ima of 76 rediae. This fact suggests a high susceptibility

through a strong compatibility of Cuban populations of

G. cubensis to the infection with existing F. hepatica strains.

Understanding transmission ecology of a given parasite

through its hosts is a key aspect in the epidemiology of the

disease. Differences found in prevalence among samples

show that transmission of F. hepatica may be highly variable

at a specific locale. Although high densities in snail popula-

tions increase the probability of becoming infected and trans-

mitting a given parasite, a larger portion may still remain

uninfected. The probability of one particular snail of becom-

ing infected is strictly dependent on its particular ecology and

that of the parasite and definitive host. This probability may

actually be very low for the entire population but conversely

high for a small portion of the same population and it can be

affected through: (1) temporal variation of the host population

(it might not match that of the parasite or the definitive host for

a particular site); (2) abundance peaks of populations dynam-

ics (if densities are low at the time of introduction of the

parasite the probability of encounter drops); (3) spatial distri-

bution in the habitat (aggregated distribution of hosts near the

introduction site of the parasite prompt transmission while a

scattered distribution decrease it); and (4) the parasite may

have a narrow tolerance to the particular physicochemical fac-

tors and die before reaching its host. These aspects may ex-

plain why field prevalence of F. hepatica in its intermediate

host might be particularly variable.

Our results show that the transmission of F. hepatica may

be assured even when the number of infected snails remains

relatively low. A single lymnaeid producing cercariae may be

sufficient to maintain infestation in a relatively large area and

eventually infect cattle. Flooded environments would enhance

dispersion of cercariae and metacercariae (encysted larvae)

and increase infection risk. However, floatability of cysts has

been found to be very low, limiting the infection of definitive

hosts (Rondelaud et al. 2004b). Control strategies should then

aim to recognize the actual locations of active fascioliasis

transmission within a particular biotope even when snail pop-

ulations may be scattered throughout a larger area. The fact

that not all sampled localities in this study evidenced infected

snails, even when cattle are reported infected, reinforces the

idea that small values in snail natural prevalence ofF. hepatica

infection do matter.
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Abstract

In Cuba, only two lymnaeid snails, Galba cubensis and Pseudosuccinea columella,
with different ecology and distribution patterns, are intermediate hosts for
Fasciola hepatica. The compatibility of these two species as hosts was analysed
through their rates of infection, the production of rediae and survivorship when
exposed to F. hepatica miracidia. Ten populations of G. cubensis, eight of
P. columella collected from various habitats and six isolates of F. hepatica sampled
in slaughterhouses from different localities were tested. Our results clearly
demonstrate that G. cubensis is a more compatible host for F. hepatica in Cuba
when compared with P. columella. However, the role that P. columella may have
in fascioliasis transmission under certain conditions should not be disregarded.
Variation in infectivity among isolates of F. hepatica were also observed and
may explain why some regions in Cuba are more commonly subjected to
fascioliasis outbreaks.

Introduction

Fascioliasis is an important veterinary and medical
problem across the world (Hurtrez-Boussès et al., 2001;
Mas-Coma et al., 2009) and is also one of the most widely
distributed (latitudinal, longitudinal and altitudinal)
of the vector-borne diseases (Mas-Coma et al., 2005).
Strategies of control are therefore needed; they undoub-
tedly have to be supported by a better understanding
of the transmission of this disease. In particular, it is
extremely important to further understand the role

played by lymnaeid molluscs in the life cycle of Fasciola
spp. trematodes. Among them, Fasciola hepatica (the
common liver fluke) is the species which has the
largest geographical distribution and the widest defini-
tive-host spectrum, andwhich is themain cause of human
infections (Hurtrez-Boussès et al., 2001; Mas-Coma et al.,
2009). Lymnaeid snails have been subjected to many
studies (taxonomical, ecological and parasitological)
regarding their role as intermediate hosts of parasites
with medical and veterinary importance, and particu-
larly for their involvement in fascioliasis transmission
(Bargues & Mas-Coma, 1997; Gutiérrez et al., 2000,
2005; Rondelaud et al., 2004; Correa et al., 2011). Indeed,
about 20 species of lymnaeids have been described to*E-mail: theron@univ-perp.fr
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host F. hepatica (Correa et al., 2010). The success of the
extremely wide geographical distribution of this trema-
tode can probably be attributed to its extraordinary ability
to adapt to a wide range of definitive (Hurtrez-Boussès
et al., 2001) and intermediate hosts (Correa et al., 2010).
While mammals are infected with the adult stage of the
parasite (liver deterioration and obstruction of bile ducts),
the introduction and spread of the parasite depends
ultimately on the occurrence and compatibility with the
snail hosts inhabiting new localities (Rondelaud et al.,
2005). Several studies have pointed out how sympatric
strains of F. hepatica and lymnaeid species may increase
transmission through possible local adaptation (Hurtrez-
Boussès et al., 2001). Other observations, however, state
that under certain conditions, allopatric combinations
of flukes and snails turn out to be highly compatible
and thus may enhance transmission (Gasnier et al., 2000;
Coelho et al., 2009).
In Cuba, fascioliasis is a major veterinary problem in

most cattle farms and in other minor hosts, such as goats
(Beovides et al., 2006). Although it is not recognized as a
huge health problem for humans, several outbreaks have
been recorded in the past two decades (Rojas et al., 2010),
and it is feared that new outbreaks will occur in the
future. The only lymnaeid snails so far described in Cuba
are Galba cubensis and the invasive species Pseudosuccinea
columella, for which populations are yet to establish in
the eastern region of the country (Vázquez et al., 2009).
The former is considered the main intermediate host of
F. hepatica (Perera, 1996; Rojas et al., 2010). The latter,
however, although perfectly compatible when infected
under laboratory conditions (Gutiérrez et al., 2002), has
been found naturally infected only once (Gutiérrez et al.,
2011). Interestingly, some populations of P. columella have
been described to be completely resistant to experi-
mental infestations with F. hepatica (Gutiérrez et al., 2003;

Calienes et al., 2004). However, the potential diversity
of F. hepatica isolates has been neglected in these pre-
liminary studies.
In this paper, we describe the results of experimental

infections using different combinations of F. hepatica
geographic isolates and populations of G. cubensis and
P. columella from different localities. The aim of this study
is to better understand and discuss the possible outcomes
of these combinations and their impact on fascioliasis
transmission in Cuba.

Materials and methods

Sampling of snail populations and parasite isolates

Biological samples of both lymnaeid snails and
F. hepatica isolates were collected from different localities
in Cuba (fig. 1) and brought back to the Laboratory of
Malacology at the Tropical Medicine Institute in Havana.
Ten populations of G. cubensis and eight of P. columella
were collected from different habitats during 2011 and
2012, using sieves and soft forceps (up to 50 individuals
per locality). The snails from each population were reared
in laboratory conditions at a temperature ranging
between 26 and 288C until a subsequent generation was
obtained. Snails were fed with algae using a routine
method (Sánchez et al., 1995) in Petri dishes containing up
to ten individuals. Three of the eight P. columella
populations were resistant (La Coca, La Playita and
Babiney) and were included considering the phenotypic
markers of resistance as described by Gutiérrez et al.
(2003). Briefly summarized, resistant snails have a
significantly less rounded shell and aperture than
susceptible ones and the intensity and distribution pattern
of the spots of the mantle pigmentation are clearly
different between resistant and susceptible populations.

Fig. 1. Geographical distribution of collecting sites for lymnaeid snails and parasite isolates in Cuba. RF, rice field; P, pond; Sp, spring;
S, stream; IC, irrigation channel; FL, flooded land; R, river.
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A total of six isolates of F. hepatica were sampled in
slaughterhouses from different localities in Cuba (Arroz,
Bahı́a Honda, La Palma, Artemisa, Santa Cruz and Sagua)
(fig. 1). Adults of F. hepatica were recovered alive from
infected bovine livers and placed in a solution containing
glucose (9%) and sodium chloride (0.85%), ideal for egg
laying. Three hours later, the eggs were placed in a
saline solution (0.85%) and stored in the dark at 48C.
Adults were extracted and saved in ethanol (95%) for
further studies.

Experimental infections

Once the snails started laying egg masses, the eggs of
F. hepatica were placed in spring water, in the dark at
288C for miracidia maturation. After 14 days, the eggs
were exposed to white light to induce miracidia hatching.
Thirty snails of age 1 week from each locality were placed
in a 96-well plate containing spring water (one snail
per well). Five free-swimming miracidia were collected
and placed into each well. Spring water was added to
completely fill each well, and the wells were then covered
with a glass plate in order to keep the snails submerged.
Three hours post-exposure, the snails were returned to
their rearing containers. All exposed snails were checked
for infection through dissection 25 days post-exposure.
A total of 15 individuals of each species/population
were kept unexposed as controls. Dead snails during the
trials were always checked for infection.
In order to measure redial intensity, the snails

were squashed on day 25 post-exposure and carefully
dissected using a common dissection kit and a stereo-
microscope, in order to count all free rediae (Caron et al.,
2008). Results are divided into: (1) susceptibility of the
lymnaeid snails to F. hepatica infection; (2) differences in
susceptibility among snail populations; and (3) compa-
tibility of Fasciola isolate/snail populations in terms of
redial intensity (Rondelaud et al., 2004) (some snail
populations tested with certain isolates of F. hepaticawere
not available when rediae were counted). Compatibility
was evaluated in terms of infection rate (% of infected
snails), number of rediae per snail and survival of
individuals post-infection.

Data analysis

Comparisons among groups were analysed by
one-way and factorial analysis of variance (ANOVAs;
snail populations and F. hepatica isolates as factors) and
between species of lymnaeids by means of a Mann–
Whitney U-test for non-parametric data. A Tukey test
was used to determine which means were different.
Differences were always considered statistically signi-
ficant at values of P , 0.05.

Results

Experimental infection assays with each lymnaeid
species showed different levels of susceptibility towards
F. hepatica (fig. 2, table 1). Galba cubensiswas globally more
susceptible to infection (mean 71%, range 52–93%) than
P. columella (mean 49%, range 17–56%). Not only were

a greater number of G. cubensis individuals infected but
greater numbers of rediaewere foundper snail (fig. 2). The
mean value of rediae was 22.43 ^ 11.82 (SD) in G. cubensis
whereas P. columella showed a lower mean value of
15.35 ^ 8.35 (SD). However, individuals of both species
reached maximum values of approximately 55 rediae
per snail, although such intensities were usually rare.
The three populations of P. columella showing the

typical phenotype of resistance (see Gutiérrez et al., 2003)
showed no evidence of infection when exposed to any
isolate of F. hepatica.
Variability was observed among the populations of

G. cubensis, with some of them being 100% susceptible
to a particular isolate of F. hepatica (table 1), while other
populations showed infection rates less than 30%. More
pronounced variations in infection rates was observed
among populations of P. columella exposed to various
isolates of F. hepatica.
Galba cubensis snails from Vega Amado, Arroyo

Dolores, Vaquerı́a 7 and Vaquerı́a 125 produced twice as
many rediae (mean 28 ^ 8.5) than those from La Coca
and Juraguá (mean 14 ^ 6.5) regardless of the isolate
of F. hepatica used (fig. 3). On the contrary, populations
of P. columella, displayed a more constant result,
similar to the values of the least productive populations
of G. cubensis (fig. 3). It is important to note, however,
that no correlations were found between the infection
rates and the number of rediae per snail in either species
(G. cubensis: r ¼ 20.118, P ¼ 0.542; P. columella: r ¼ 0.144,
P ¼ 0.569).
Whatever the snail population or the snail species

exposed, the infectivity of the F. hepatica isolates from
Arroz and Artemisa appeared highly infective (97 and
85% for G. cubensis, and 92 and 87% for P. columella,
respectively), while the parasite isolate of Sagua always
had very low infection rates (19 and 21%) (table 1).
Isolates of F. hepatica also produced different numbers
of rediae per snail regardless of the combination of
lymnaeid species/populations used (fig. 4). Santa Cruz
and Bahia Honda were the most productive isolates
and Artemisa the least.
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Fig. 2. The proportion (%) of infected snails (A) and production of
rediae (B) in G. cubensis (grey) and P. columella (white); resistant
populations of P. columella are not included and vertical bars

denote standard deviation.
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Compatibility regarding the number of snails that
remained alive on day 25 post-infection varied slightly
within snail species and between parasite isolates (fig. 5).
Parasite isolates from Artemisa, Santa Cruz and Arroz
were the most compatible with G. cubensis. Survival was
clearly different between lymnaeid species, indicating
the lower compatibility of parasites with P. columella and
little difference in compatibility between parasite isolates
with P. columella.

Discussion

Differences found between both species regarding the
infection rates, the production of rediae and survival,
clearly show that G. cubensis is actually the most
compatible host for F. hepatica in Cuba, and that

P. columella is a snail host of secondary importance.
Perera (1996) and Vázquez et al. (2009) predicted this
result based on both the presence of G. cubensis in every
epidemiological event and the distribution patterns of
both lymnaeids. However, variation in compatibility
between the two species was never confirmed through
experimental infection series using various isolates of
F. hepatica. Galba cubensis is capable of settling in a wide
range of freshwater ecosystems (even some sites highly
influenced by human activity, where P. columella is unable
to settle), including those suited for fascioliasis trans-
mission (Vázquez et al., 2009). It is also important to note
that in the most endemic areas of fascioliasis transmission
in western Cuba (Rojas et al., 2010), at least three
populations of resistant P. columella have been found,
reducing the probability of transmission by this species.
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Fig. 3. The production of rediae in infected G. cubensis (grey) and P. columella (white) from collecting sites (*, 7 and **, 125) on exposure to
five miracidia of F. hepatica; vertical bars denote standard deviation.

Table 1. Infection rates (%) of G. cubensis and P. columella from different localities experimentally exposed to different
F. hepatica geographic isolates (data on day 25 post-exposure,N ¼ 30 for every population). Three populations of P. columella
originating from Babiney, La Playita and La Coca were resistant to the six isolates of F. hepatica (data not shown).

F. hepatica isolates

La Palma Bahia Honda Arroz Artemisa Santa Cruz Sagua Mean %

G. cubensis
Vega Amado – – – – 70 23 47
Vaquerı́a 125 – – 100 73 – – 87
Vaquerı́a 131 – – 100 – – – 100
La Coca – – 97 87 63 – 82
Vaquerı́a 7 – – 100 83 83 20 72
Canasi – – – – – – 90
Guanayara – – 100 – – – 100
Arroyo Dolores 53 33 100 83 90 0 60
Juraguá – – 83 100 – 33 72
Turey Baracoa – – 100 – – – 100
Mean % 53 33 97 85 77 19
P. columella
Los Modestos – – 80 – – – 80
El Azufre – – 100 – – – 100
Vaqueria 125 – – 97 77 20 10 51
Los Negrines – – – 97 57 43 66
Vaqueria 7 43 40 – – 30 10 27
Mean % 43 40 92 87 36 21
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Although these findings may suggest that transmission
would be reduced in this region, it is bolstered by the
number of G. cubensis usually found sharing resistant
P. columella habitats (Gutiérrez et al., 2005; Vázquez
et al., 2009). Finally, our results showing variation in
infectivity among isolates of F. hepatica may explain why
some regions in Cuba are more commonly subjected
to fascioliasis outbreaks (resulting in more infected
individuals) than others. Unfortunately, it was not possi-
ble to test other parasite isolates from the eastern region
in this study, but our results matched expectations
regarding F. hepatica transmission in western Cuba.
However, beside the populations of P. columella totally

resistant to F. hepatica, some others (e.g. El Azufre)
showed high susceptibility but low post-infection
survival when challenged with a particular isolate of
F. hepatica (e.g. Arroz). Furthermore, studies comparing
the susceptibility to infection in North America have
shown that P. columella was more susceptible than
G. cubensis to F. hepatica infection (Cruz-Reyes & Malek,
1987). The species P. columella has also been commonly
found infected in the field in Argentina (Moriena et al.,
2008) and Brazil (Oliveira et al., 2002). It is interesting to
note that such variations observed in susceptibility
between P. columella populations seem not to be correlated
with their genetic diversity. Indeed, recent studies with
both highly polymorphic (microsatellites) and conserved
markers (ITS-1, ITS-2, 16S) showed that P. columella
samples collected across the world, and including
22 populations from Cuba, belong to the same species
and display very little or no genetic diversity between
populations (Nicot et al., 2008; Correa et al., 2010, 2011).
Therefore, P. columella plays a role in fascioliasis
transmission under certain conditions, and it has been
recently observed in a rice field population in Cuba
(Gutiérrez et al., 2011).
Our results in terms of host–parasite interactions

suggest that some snail populations confronted with
allopatric F. hepatica may result in infections. Certain
species/populations were more compatible with distant
parasite isolates, indicating that poor management of
infected cattle or the introduction of highly compatible

snails might trigger new outbreaks of fascioliasis in some
areas. Similar results were obtained in Brazil (Coelho
et al., 2009) and in France (Gasnier et al., 2000) with
allopatric combinations. However, diversity was found
in this type of interaction, suggesting that relationships
between snails and parasites may vary according to
several variables (e.g. snail ecology, parasite and snail
genetic diversity, definitive host management). Sympa-
tric combinations of snails and parasites have been
found to be more (Osnas & Lively, 2011) or less efficient
(Goumghar et al., 2001). Local adaptation in this
interaction has been reviewed by Hurtrez-Boussès et al.
(2001). The outcome of this relationship in terms of
parasite infection is likely to be strongly related to:
(1) evolutionary time of interaction (older combinations
might be expected to be more adapted); (2) dispersal
abilities of host and parasite (see Gandon et al., 1996;
Gandon & Michalakis 2002), local adaptation being
expected when parasite dispersal is higher than host
dispersal, which is probably the case for the mollusc/
liver fluke system; (3) ecology of intermediate and
definitive hosts (similar ecological requirements boost
the probability of encounter); and (4) genetic diversity
(compatible alleles of snails and parasites may increase
infection and parasite reproduction).
According to Correa et al. (2011), the scenario of

fascioliasis transmission strongly depends on the
presence of lymnaeid diversity, since susceptibility to
F. hepatica infection varies across species. Fortunately,
the Cuban scenario is easier to describe, with the
presence of only two potential lymnaeid snail hosts
of different ecology and distribution patterns. While
G. cubensis is widely distributed in Cuba with popu-
lations in natural and polluted habitats, P. columella is
yet to be found in the eastern region and seems to
prefer natural habitats (Vázquez et al., 2009). This
paper shows that the two species are also different
in susceptibility and their transmission abilities are
closely related to the particular isolate of F. hepatica.
Studies on the genetic diversity of F. hepatica are
therefore needed to elucidate the problem of the diver-
sity of this parasite.
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Tomé (Corrientes, Argentina). Revista Veterinaria 19,
147–149.

Nicot, A., Dubois, M.P., Debain, C., David, P. & Jarne, P.
(2008) Characterization of 15 microsatellite loci in the
pulmonate snail Pseudosuccinea columella (Mollusca,
Gastropoda).Molecular Ecology Resources 8, 1281–1284.

Oliveira, S., Fujii, T., Filha, E. & Martins, A. (2002)
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