
HAL Id: tel-03858660
https://theses.hal.science/tel-03858660

Submitted on 17 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Survie intracellulaire, effets cytopathiques et virulence
de Vibrio tasmaniensis LGP32, pathogène de l’huître

Crassostrea gigas
Audrey Vanhove

To cite this version:
Audrey Vanhove. Survie intracellulaire, effets cytopathiques et virulence de Vibrio tasmaniensis
LGP32, pathogène de l’huître Crassostrea gigas. Microbiologie et Parasitologie. Université Mont-
pellier I, 2014. Français. �NNT : 2014MON13518�. �tel-03858660�

https://theses.hal.science/tel-03858660
https://hal.archives-ouvertes.fr


 
 

 
Délivré par l’UNIVERSITÉ MONTPELLIER 1 

 

 
Préparée au sein de l’école doctorale  

Systèmes Intégrés en Biologie, Agronomie, Géosciences, 
Hydrosciences et Environnement (SIBAGHE) 

 
Et de l’unité de recherche 

UMR 5119, Ecologie des Systèmes Marins Côtiers (ECOSYM), 
Montpellier 

 
Spécialité : Microbiologie, Parasitologie 

 
 
 

Présentée par Audrey VANHOVE 
 
 
 

 
 
 

 
Soutenue le 11/12/2014 devant le jury composé de 

 
 

M. Mathieu SICARD, Professeur, Université Montpellier 2 Président 

M. Dominique FERRANDON, Directeur de Recherches, CNRS Rapporteur 

M. Olivier NEYROLLES,  Directeur de Recherches, CNRS Rapporteur 

M. Yannick LABREUCHE, Cadre IFREMER Examinateur 

Mme Natacha KREMER, Chargée de Recherches, CNRS Examinateur 

M. Guillaume CHARRIERE, Maitre de conférences, Université Montpellier 2 Invité 

Mme Delphine DESTOUMIEUX-GARZÓN, Chargée de Recherches CNRS Directrice de 
Thèse 

Mme Estelle JUMAS-BILAK, Professeur, Université Montpellier 1 

 

Co-directrice 
de Thèse 

 

 

 

 

 

Survie intracellulaire, effets cytopathiques et 
virulence de Vibrio tasmaniensis LGP32, 
pathogène de l’huître Crassostrea gigas. 





!"#"$%&"#"'()*

!

Ce travail de thèse n‘aurait pas été possible sans la contribution et la collaboration de nombreuses 

personnes. Je tiens à remercier toutes les personnes qui ont participé de près ou de loin à la réalisation 

de cette thèse. 

Je remercie Messieurs Dominique Ferrandon et Olivier Neyrolles qui m’ont fait l’honneur d’être 

rapporteurs de ma thèse. Je tiens également à remercier Messieurs Mathieu Sicard, Yannick 

Labreuche, Guillaume Charrière et Madame Natacha Kremer pour avoir accepté d’être membres de ce 

jury. 

Je remercie Messieurs Marc Trousselier et Marc Bouvy pour m’avoir accueillie au sein du laboratoire 

Ecologie des systèmes marins côtiers (UMR5119). 

Je remercie l’Université Montpellier I et l’IFREMER pour m’avoir accordé un financement pour ce 

travail. Je remercie également la région Languedoc-Roussillon pour le financement attribué au projet 

Revaresp et l’Agence Nationale de la Recherche pour le financement attribué au projet Vibriogen dans 

lequel s’est largement inscrite cette thèse. 

Je tiens à remercier tout particulièrement ma directrice de thèse, Madame Delphine Destoumieux-

Garzón pour ses conseils, sa disponibilité et sa pédagogie. Merci de m’avoir encouragée et soutenue à 

chaque étape de mon travail. Cette expérience avec toi aura été très enrichissante tant sur le plan 

scientifique que personnel. Ton humanité et ta gentillesse font de toi une personne exceptionnelle. 

Je tiens à exprimer toute ma gratitude à Madame Estelle Jumas-Bilak, ma co-directrice de thèse, qui 

m’a suivie depuis mes débuts dans la recherche et qui n’a jamais cessé de m’encourager et de croire en 

moi. 

Je remercie Marylise Duperthuy, Frédérique Leroux, Astrid Lemire, Annick Jacq, Benjamin Gourbal 

et Sun Wai pour leur collaboration. Mais aussi Julien de lorgeril pour les interprétations des résultats 

de qPCR, Chantal Cazevielle du Centre de Ressource en Imagerie Cellulaire, Nicole Lautredoux et 

Vicky Diakou de la plateforme Montpellier RIO Imaging, Phillipe Clair de la plateforme qPCR haut 

débit, Yohann Couté du CEA de Grenoble et Patrice Got du plateau de cytométrie en flux de 

l’UMR5119.

Je tiens à remercier Guillaume Charrière, Evelyne Bachère et Caroline Montagnani pour la relecture 

de ce manuscrit et Agnès Vergnes pour son aide dans l’organisation de la venue des membres du jury. 

J’adresse également mes remerciements à tous les membres du laboratoire pour leur accueil 

chaleureux et les moments agréables passés ensemble : Aurore Poirier, Agnès Vergnes, Julien de 

Lorgeril, Marc Leroy, Tristan Rubio, Jean-Luc Rolland, Evelyne Bachère, Caroline Montagnani, 

Guillaume Charrière, Carmen Lopez Joven, Célina Abi Khalil, Thierry Noël et ceux qui ne sont plus 

au laboratoire Rafael Da Rosa, Julie Nicod, Danielle Ferraz Mello, Adrien Santini, Pascal Alonso, 

Julie Fievet et Bernard Romestand. Je tiens également à remercier tous les membres du laboratoire 

Ecosym et en particulier Audrey Caro, Mylène Toubiana et Solange Fournier. 



Je tiens également à remercier mes amis et plus particulièrement Sandrine Brugiroux, Kévin Esteves, 

Florie Desriac et Claire Gronnwald pour leur présence et leur soutien moral tout au long de ma thèse. 

Enfin, je remercie mes parents. Vous avez toujours eu confiance en moi et vous m’avez réconfortée 

dans les moments difficiles. Vous m’avez toujours poussée à donner le meilleur de moi-même. Je me 

rends compte de la chance que j’ai de vous avoir.



!

!

!

!

!!

!

!

!

!

!

!

“"#!$%&'(%!%')!$*+'!,+-+&!./01)2!3-%')!*%!'0+44*%!565%!.%!*-7055%”

!"#$%&'()*%'

!

!

!

!

!

!

!

!

!

!

!

'

'

'

'

'

'

'

+),'-).$&/0'1/'2%)3"*)/0'





!"

"

!"#$%&'%(&)"!*%+%(&

"

!"#$%&'%(&)"!*%+%(&,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,&-&
"

$*(!%&'%(&"#+%.*"!*/0(&,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,&1&
"

$*(!%&'%(&2*34+%(&,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,&5&

"

*0!+/'46!*/0&3%0%+"$%&,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,&7&
"

68"9*!+%&*:&+"99%$(&#*#$*/3+"98*;4%(&,,,,,,,,,,,,,,,,,,,,,,,,,,,&<&
"

I." L’HUITRE CREUSE !"#$$%$&"'#()*)#$&,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,&<"

#$!" LA BIOLOGIE DE L’HUITRE"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"%"

#$&" L’HEMOLYMPHE ET LES HEMOCYTES"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"!!"

#$'" LES REACTIONS IMMUNITAIRES DE L’HUITRE"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"!&"

#$'$!" ()*"+,-./0*+)*"1)"2."3)-4//.0**./-)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"!'"

#$'$&" ()*"540)*"1)"*06/.20*.704/"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"!8"

#$'$'" (."9:.64-;74*)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"!<"

#$'$'$!" L’acidification du phagososme"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"&!"

#$'$'$&" Production d’espèces réactives de l’oxygène et de l’azote"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"&!"

#$'$'$'" ()*"+,7.=>"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"&8"

#$'$'$'$!" L’influx de métaux dans le phagosome"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"&8"

.?"()"@0/-"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"&A"

B?"()"-=053)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"&A"

#$'$'$'$&" L’efflux de métaux du phagosome"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"&<"

#$'$'$C" ()*")/@;+)*":;1342;70D=)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"&%"

#$'$'$8" ()*"9347,.*)*")7"2)*"0/:0B07)=3*"1)"9347,.*)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"&%"

#$'$'$E" ()*"9347,0/)*")7"9)9701)*"./70+0-34B0)/*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"'F"

"

II." $%(&#"6!%+*%(&'4&3%0+%&+*,"*%&,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,&=>"

##$!"(G"H#I(IJ#K"LKM"N#HO#IM"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"'&"

##$&"PGQIRIS#K"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"'&"

##$'"LES VIBRIOS PATHOGENES DE L’HUITRE"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"'C"

##$'$!" ()*"+437.207,*"1)"2.35)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"'8"

##$'$&" ()*"+437.207,*"1)"T=5,/02)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"'8"

##$'$'" Les mortalités d’adultes"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"'A"

##$C"UGVPKWOM"LK"N#OW(KRVK"LKM"N#HO#I"XGPYIJKRKM"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"'<"

##$C$!" Les facteurs d’adhérence et de colonisation"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"'<"

##$C$&" ()*"Z.-7)=3*"0/1=0*./7"1)*"14++.6)*"-)22=2.03)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"CF"

##$C$&$!" ()*"*;*7[+)*"1)"*,-3,704/"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"CF"

##$C$&$!$!" ()*"73./*9437)=3*"+)+B3./.03)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"C!"



&"

"

##$C$&$!$&" ()*"5,*0-=2)*"1)"+)+B3./)")>7)3/)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"C&"

##$C$&$&" ()*":,+42;*0/)*$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"C'"

##$C$&$'" ()*"9:4*9:4209.*)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"CC"

##$C$&$C" ()*"9347,.*)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"CC"

##$C$'" O,*0*7./-)".=>"GSX*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"CE"

##$C$'$!" S410Z0-.704/"1)"2."+)+B3./)")>7)3/)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"CE"

##$C$'$&" Induction de la réponse au stress de l’enveloppe"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"CE"

##$C$'$'" KZZ2=>"1)*"GSX*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"CA"

##$C$'$C" Immunosuppression de la production d’AMPs"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"CA"

"

III." $"&+%(*(!"06%?%68"99%)%0!&"&$"&98"3/6@!/(%&68%A&$%(&#"6!%+*%(&9"!8/3%0%(&

*0!+"6%$$4$"*+%(&,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,&1<"

###$!"ENTREE DANS LES CELLULES DE L’HOTE"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8F"

###$&"MWON#K"KP"SW(P#X(#VGP#IR"LGRM"(G"VK((W(K"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8&"

###$&$!"X.7:46[/)*"-;74*420D=)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8&"

###$&$&"X.7:46[/)*"0/73.5.-=42.03)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8'"

###$&$&$!" G27,3.704/"1)"2."+.7=3.704/"1="9:.64*4+)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8'"

###$&$&$&" O,*0*7./-)".=>"OIM\ORM"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8C"

###$&$&$&$!" O,6=2.704/"1)"2."3,94/*)"./70]4>;1./7)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"88"

###$&$&$&$&" ()*"*=9)34>;1)*"10*+=7.*)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8E"

###$&$&$&$'" ()*"9,34>;3,14>0/)*"4=".2^;29)34>;1)3)1=-7.*)"_G:9?"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8A"

###$&$&$&$C" ()*"-.7.2.*)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8<"

###$&$&$&$8" G=73)*"+,-./0*+)*"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8<"

###$&$&$'" (."3,*0*7./-)".=>"+,7.=>"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"8%"

###$&$&$'$!" L’homéostasie du cuivre chez les bactéries"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"EF"

###$&$&$'$!$!" ()*"*;*7[+)*"3,6=2.7)=3*"1)"3,*0*7./-)".="-=053)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"EF"

###$&$&$'$!$&" Les systèmes d’efflux de cuivre"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"E!"

.?"()*"GPX.*)*"1)"7;9)"X!H"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"E!"

B?"Les systèmes d’efflux de type RND"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"E&"

###$&$&$'$!$'" L’oxydation du cuivre"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"E&"

###$&$&$'$&" L’homéostasie du zinc chez les bactéries"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"E'"

###$&$&$'$&$!" ()*"*;*7[+)*"3,6=2.7)=3*"1="@0/-"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"E'"

###$&$&$'$&$&" #+9437"1)"@0/-"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"EC"

###$&$&$'$&$'" K>9437"1)"@0/-"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"E8"

###$&$&$'$'" L’homéostasie du fer et du manganèse chez les bactéries"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"E8"

###$&$&$'$'$!" ()*"*;*7[+)*"1)"3,6=2.704/"1="Z)3")7"1="+./6./[*)"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"EE"

###$&$&$'$'$&" L’influx et l’efflux de fer et de manganèse"$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$"EE"

"

68"9*!+%&**:&+%(4$!"!(&,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,&7B&
"

(CDEFGH&",& +-(./01/2342030&$39=>&IJDKLEC&MCI&/).I&NOF&PC&QKGELRCHE&DGHEKC&PCI&

QCQEFMCI&SHEFTFDKGUFCHI&&CE&MJPFVKCHE&MCI&WSDECOKI&MC&VFKOPCHDC&SOX&DCPPOPCI&

immunitaires de l’huître.&,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,&7B&



!"

"

#$%&'()*'+,"-"."/$*01"202%1),0"304'(&04")10"305'(&04"6+1"*50"70&'3018"+6"!"#$"%&'()*(+",+)")"

3'1$&0,(0"6)(*+14"*+"+84*01"'22$,0"(0&&4"9999999999999999999999999999999999999999999999999999999999999999999999999999999":;"

#1',('<)$="1>4$&*)*4"9999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999";?"

@+,,>04"4$<<&>20,*)'104"99999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999";:"

"

!"#$%&'()*( +&'#$%&',(-"(,./0%"("$(12#3'%,1",(-"(0%/.4"'#"((-"(!"#$%&'%()*(&)&(56789(:(

.'"(3'34;,"(-.($/3',#/%<$&1"(%'$/3=21&#;$3%/"(-"(56789(******************************************(>?@(

#$%&'()*'+,"A"."@0*012',),*4"+6"B'%1'+"4$13'3)&"',4'70"<1+6044'+,)&"<5)C+(8*04."D440,*')&"1+&0"

+6"(+<<01"5+20+4*)4'4"),7"),*'+='7),*"104<+,40"',"!"#$"%&'()*(+",+)")"EF#!A9"99999999999999"-GH"

#1',('<)$="1>4$&*)*4"99999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999"-H;"

@+,,>04"4$<<&>20,*)'104"999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999"-:-"

"

ABC7DEFG(DDD:(HD!AI!!DJK(6GKGFC5G(GE(7GF!7GAEDLG!(***(>MN(
"

AJKA5I!DJK(6GKGFC5G(**************************************************(>O>(
"

)D)5DJ6FC7BDG(***************************************************************(>O@(
"

CKKGPG!(*************************************************************************(998(
#$%&'()*'+,"!"."I04'4*),(0"*+"),*'2'(1+%')&"<0<*'704"',"3'%1'+4"9999999999999999999999999999999999999999999"AA!"

#$%&'()*'+,"?"."J,*'2'(1+%')&"5'4*+,04"),7"@KJ"*1)<4"',"',301*0%1)*0"'22$,'*8."03'70,(04"',"

-$())%)'$,(&.".()"9"999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999999"A?;"

#$%&'()*'+,"H"."D=<+4$10"*+"*50",0$1+*+='("7',+6&)C0&&)*0L&/0,1(+2$"3*&4(',+,00(L"',7$(04"

)<+<*+4'4"+6"*50"502+(8*04"+6"*50"+84*01L"-$())%)'$,(&.".()"9"9999999999999999999999999999999999999999999"A:-"

"

"

"

"

"

" "





!"

"

!"#$%&'%#&()*%+"($",-#&

&

#$%"&"#'%"" #()*+"*,-./01)2.34(5,)64+"&"1)2.34(5,)64+"
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I?="" " I=JK2)3*)3A"81.:+)3"
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%'#<="" %;:41;550"1+-)-:;3(+";--.();:+*">;(1.87;A+"81.:+)3"
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Figure 1. Production de l’espèce d’huître !"#$$%$&"'#()*)#$"#$"%&'$(#)"))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))"*"
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Figure 8. Espèces réactives de l’oxygène et de l’azote chez les mammifères.")))))))))))))))))))))))))))))))))))))))))))))))))))))"--"

Figure 9. Espèces réactives de l’oxygène et de l’azote produites chez les hémocytes de bivalves.")))))))))))))))))))))"-?"

Figure 10. Transport de métaux et production d’espèces réactives de l’oxygène dans les cellules."))))))))))))))))))))"-A"
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Figure 12. Modèle d’invasion des hémocytes de !+)*)#$";'&",+(&#$5#8*'8$*$"EM2.-)")))))))))))))))))))))))))))))))))))))))))".*"

Figure 13. Représentation schématique de l’enveloppe des bactéries à Gram négatif (A) et de la structure du 
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Figure 18. Modèle schématique de l’homéostasie du cuivre, du zinc, du fer et du manganèse chez les bactéries 
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Figure 26. Culots issus d’une ultracentrifugation différentielle des ECPs de ,+(&#$5#8$*'8$*$"EM2.-"U"+,,),,,0"
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L’ostréiculture occupe une place importante dans l’aquaculture marine mondiale avec une 

production annuelle d’huître s’éleQ;3:" V" !WX" >)55).3-" *+" :.33+-" +3" YZRY" MC#GW" YZRYN[" F3" C1;3(+W"

l’élevage de l’huître, !"#$$%$&"'#( )*)#$W( +-:" 5;" 81)3()8;5+" ;(:)Q):," ;64;(.5+" ;Q+(" *+-" 81.*4(:).3-"

;334+55+-";Q.)-)3;3:"5+-"\Y"ZZZ":.33+-"+3"YZRY"MB.>):,"%;:).3;5"*+"5;"B.3(705)(45:41+W"YZRYN["

I’ostréiculture française a connu une succession de phases de développement, de pleines 

+/85.):;:).3-W" ;5:+13;3:" ;Q+(" *+-" 8,1).*+-" *+" (1)-+-W" 5+" 854-" -.4Q+3:" 5),+-" V" 5;" -41+/85.):;:).3" *4"

milieu naturel et/ou l’apparition de maladies. Ainsi, suite à l’)3-4DD)-;3(+" *+" 81.*4(:).3" *+-"

A)-+>+3:-"3;:41+5-"*’huîtres plates +$&"'#(',-.*$, espèce endémique des côtes françaises, l’espèce 

!"#$$%$&"'#(#/)-.#&#".4"74]:1+"8.1:4A;)-+";",:,")3:1.*4):+"+3"C1;3(+"V"8;1:)1"*+-";33,+-"R\UZ["B+::+"

+-8^(+" ;" :.4:+D.)-" ,:," *,()>,+W" V" 5;" D)3" *+-" ;33,+-" R_XZW" 8;1" 43" @1)*.Q)14-W" 1+-8.3-;25+" *+" 5;""""""""""""""""

`" >;5;*)+" *+-" 21;3(7)+-" a" MB.>8-" ;3*" $4:7.):W" R_X_N[" =.41" 1+5;3(+1" 5;" 81.*4(:).3" .-:1,)(.5+"

française, l’huître c1+4-+"*4"=;()D)64+"!"#$$%$&"'#()*)#$";"*.3(",:,")3:1.*4):+";4"*,24:"*+-";33,+-"

1970 à partir du Japon. Elle est aujourd’hui la principale espèce d’huître élevée dans le monde."

$+84)-" 5;"*+13)^1+"*+(+33)+W" "*;3-" 5+-",(.-0-:^>+-">;1)3-"(b:)+1-W" 5+-",5+Q;A+-"d’huîtres !0(

)*)#$" -42)--+3:" *+-" ,8)-.*+-" *+" >.1:;5):," +-:)Q;5+" ;DD+(:;3:" 5+-" 74]:1+-" c4Q,3)5+-[" B+-" >.1:;5):,-"

:.4(7+3:"*+"D;d.3"-)A3)D)(;:)Q+"5+-"81.*4(:).3-"D1;3d;)-+-";Q+("*+-"8+1:+-"Q;1);25+-"-+5.3"5+-";33,+-"

MC)A41+"RN["B+-">.1:;5):,-"1,(411+3:+-".3:"pour conséquence d’importantes pertes économiques au 

-+)3" *+" 5;" D)5)^1+" .-:1,)(.5+[" E3" 81.A1;>>+" *+" 1+(7+1(7+" 3;:).3;5" >45:)*)-()85)3;)1+" *,3.>>,"

<G'FJT" M<G'T;5):,-"FJT)Q;5+-N";"*.3(",:,">)-"+3"85;(+"+3"YZZe"8.41" )*+3:)D)+1" 5+-" (;4-+-"*+" (+-"

>.1:;5):,-[" I+-" (.3(54-).3-" *+" (+" 81.A1;>>+" .3:" 1,Q,5," 64+" (+-" >.1:;5):,-" .3:" 43+" ,:).5.A)+"

>45:)D;(:.1)+55+" )>85)64;3:" 5+-" (.3*):).3-" +3Q)1.33+>+3:;5+-W" 5+" -:;:4:" 870-).5.A)64+" +:&.4"

génétique de l’huître et la présence de microorganismes pathogènes"MJ;>;)3";3*"<(B.>2)+W"YZZ\N["

$+84)-"YZZ\W"5+-"87,3.>^3+-"*+">.1:;5):,-"+-:)Q;5+-"-+"-.3:")3:+3-)D),-"+:";88;1;)--+3:"854-":b:"*;3-"

l’année, dès le printemps, lorsque la température de l’eau ;::+)3:" RUfB[" =;1" ailleurs, l’origine 

infectieuse de ces mortalités récurrentes est aujourd’hui avérée (IFREMER, 2009). Un virus de type 

O+18^-"3.>>,"G-OPR"+-:"-0-:,>;:)64+>+3:"1+:1.4Q,"(7+g" 5+-"74]:1+-">.1)2.3*+-" MJ;453)+1"+:";5[W"

YZZ_h"J;453)+1"+:";5[W"YZRZN"et un nouveau variant μvar, apparu depuis 2008, pourrait co3:1)24+1"V"

l’aggravation des mortalités" MJ+A;11;"+:" ;5[W" YZRZh" J(7)9.1-9)" +:" ;5[W" YZRR;h" J(7)9.1-9)" +:" ;5[W" YZRR2h"

J+A;11;"+:";5[W"YZR!N. De plus, considérées comme faisant partie de la microflore naturelle de l’huître, 

5+-"2;(:,1)+-"*4"A+31+"1*2"*%".3:",:,";--.(),+-"V"*)Q+1-",8)-.*+-"*+">.1:;5):,-["I+-"-.4(7+-"*4"(5;*+"



X"

"

J85+3*)*4-" -.3:" -0-:,>;:)64+>+3:" 1+:1.4Q,+-" -41" 5+-" 74]:1+-" >.1)2.3*+-" *+84)-" YZZ\" M@C'F<F'W"

YZZ_N" MI;(.-:+" +:" ;5[W" YZZRh" H;0" +:" ;5[W" YZZ!;h" H;0" +:" ;5[W" YZZ!2N[" =;1" ;)55+41-W" *+-" -.4(7+-" *+" 10(

#'$&-#"*#/-$" .3:" 84" i:1+" )-.5,+-" MI;21+4(7+" +:" ;5[W" YZZU2h" I;21+4(7+" +:" ;5[W" YZZU;h" H;13)+1" +:" ;5[W"

YZZ\h"J;453)+1"+:";5[W"YZZ_h"I;21+4(7+"+:";5[W"YZRZN"+:"souvent lors de mortalités d’huîtres";*45:+-["I+"

(;1;(:^1+" )3D+(:)+4/" *+" (+-" -.4(7+-" +:" 5+41" Q)145+3(+" .3:" 84" i:1+" *,>.3:1,-" +/8,1)>+3:;5+>+3:"

Mj;+(7:+1"+:";5[W"YZZYh"H;13)+1"+:";5[W"YZZXh"J;453)+1"+:";5[W"YZRZN[""

"

"

123456&7. Production de l’espèce d’huître !"#$$%$&"'#()*)#$&68&1598:6;&

D’après FAOSTAT (7::8k&&*;:;[D;.[.1A&N"

"

<;5A1," 5+-":1;Q;4/"(.3-;(1,-"V"ce phénomène, on ignore encore à l’7+41+";(:4+55+" 5+"8.)*-"

1+5;:)D" *+-" ;A+3:-" 8;:7.A^3+-W" *+" 5;" A,3,:)64+"*+-" 74]:1+-" V" *+-" D.1d;A+-" +3Q)1.33+>+3:;4/"*;3-"

l’express).3" *+" 8;:7.A,3^-+[" %.:;>>+3:W" 5+-" 2;-+-" (+5545;)1+-" +:" >.5,(45;)1+-" *+" (+-" >;5;*)+-"

>45:)D;(:.1)+55+-" 1+-:+3:" +3(.1+" >,(.334+-[" $+" 3.>21+4-+-" ;Q;3(,+-" sur l’huître !0( )*)#$" .3:"

8+1>)-" *+" (;1;(:,1)-+1" *+-" >,(;3)->+-" *+" 1+(.33;)--;3(+" +:" *+" (.3:1b5+" *+-" 8;:7.A^3+-" +:" *+"

8+8:)*+-" ;3:)>)(1.2)+3-[" F3" 1+Q;3(7+W" 5+-" >,(;3)->+-" +>85.0,-" 8;1" 5+-" 1*2"*%( 8;:7.A^3+-" 8.41"

coloniser et tuer l’huître reste3:"+3(.1+"8+4",:4*),-[""

Cette thèse est consacrée à l’étude cellulaire et moléculaire de l’interaction entre une souche de 

1*2"*%(&#$3#/*'/$*$"IH=lY"M(5;*+"J85+3*)*4-N"+:"5+-"(+5545+-")>>43):;)1es de l’huître, qu’elle envahit.""



\"

"

#5.1-"64+"5;"(;8;():,"*+"10((&#$3#/*'/$*$"IH=lY"V"+3Q;7)1"5+-"7,>.(0:+-";"84"i:1+"2)+3"(;1;(:,1)-,+W"

3.4-")A3.1.3-"V"(+"c.41"5;"3;:41+"*+-"+DD+(:+41-">.5,(45;)1+-"2;(:,1)+3-")>85)64,-"*;3-"5;"Q)145+3(+"

+:" 5;" -41Q)+" )3:1;(+5545;)1+" *4" 1*2"*%[" Dans ce contexte, l’objectif de cette thèse a été, MRN" *+"

*,:+1>)3+1" 5+" 1b5+" *+-" -,(1,:).3-" 2;(:,1)+33+-" *;3-" 5;" Q)145+3(+" *4" 1*2"*%" 8;1" 43+" ;881.(7+"

protéomique et (2) d’identifier les effecteurs moléculaires impliqués dans la survie i3:1;(+5545;)1+"+:"

5;" (0:.:./)():,"*4"1*2"*%" 8;1"43+";881.(7+" :1;3-(1)8:.>)64+[" I+-" :1;Q;4/"+/8.-,-"*;3-"(+::+" :7^-+"

.3:" ,:," 1,;5)-,-" ;4" -+)3" de l’équipe «"',8.3-+" @>>43):;)1+" *+-" <;(1..1A;3)->+-" +:"

F3Q)1.33+>+3:"a"de l’UMR 5119 « Ecologie des Systèmes Mari3-"Bb:)+1-"a"ME3)Q+1-):,"<.3:8+55)+1"YW"

B%'JW"@'$W"E3)Q+1-):,"<.3:8+55)+1"RW"@D1+>+1N["

I+" 81+>)+1" (7;8):1+" *+" >;" :7^-+" 81,-+3:+" 43+" 1+Q4+" 2)25).A1;87)64+" -41" MRN" 5+" -0-:^>+"

immunitaire de l’huître"+:"854-"8;1:)(45^1+>+3:"5;"87;A.(0:.-+W"MYN"5+-"1*2"*%"8;:7ogènes de l’huître"

+:" 5+-" >,(;3)->+-" *+" Q)145+3(+" (.334-" (7+g" 5+-" 1*2"*%" +:" MlN" 5+-" >,(;3)->+-" *+" 1,-)-:;3(+" +:"

d’échappement à la phagocytose chez les bactéries intracellulaires."

I+"*+4/)^>+"(7;8):1+"(.3(+13+"5+-"1,-45:;:-".2:+34-"*;3-"5+"(;*1+"*+"(+::+":7^-+["I;"-+(:).3"

#" 81,-+3:+" 5;" (;1;(:,1)-;:).3" 81.:,.>)64+" *+-" Q,-)(45+-" *+">+>21;3+" +/:+13+" MG<P-N" *4"1*2"*%W"

5+41" 1b5+"*;3-" 5;"Q)145+3(+"et la résistance aux défenses de l’huître. La section B présente l’analyse 

:1;3-(1)8:.>)64+"*4"1*2"*%" )3:1;(+5545;)1+"+:" 5;">)-+"+3",Q)*+3(+"*+"A^3+-" )>85)64,-"*;3-" 5;"-41Q)+"

)3:1;87;A.(0:;)1+"+:"5;"Q)145+3(+"*+"5;"2;(:,1)+["

I+":1.)-)^>+"(7;8):1+"+-:"43+"*)-(4--).3"A,3,1;5+"64)"81.8.-+"*+-"8+1-8+(:)Q+-"*+"1+(7+1(7+"

-41"5+"1b5+"*+-"*+-"G<P-"*+"10(&#3#/*'/$*$"IH=lY"*;3-"5+"81.(+--4-")3D+(:)+4/"+:"5+-">,(;3)->+-"*+"

résistance/d’échappement à la phagocytose chez les 1*2"*%0(

" "
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I. L’HUITRE CREUSE !+,--.-/+0,(121,-&

";7 LA BIOLOGIE DE L’HUITRE&

L’huître creuse !"#$$%$&"'#( )*)#$" +-:" 43" >.554-64+" 2)Q;5Q+" ;88;1:+3;3:" V" 5;" D;>)55+" *+-"

+$&"'*,#'"MI.87.:1.(7.g.;W"Mollusca, Bivalvia) dont la distribution mondiale va du Japon à l’Europe 

et l’Amérique. Les huîtres sont des animaux benthiques qui se nourrissent par filtration. Ils sont 

composés d’un corps mou c.>81)>,"5;:,1;5+>+3:"+:"+3D+1>,"*;3-"43+"(.64)55+"(;5(;)1+["I;"(.64)55+"

+-:"(.>8.-,+"*+"*+4/"Q;5Q+-";1:)(45,+-"8;1"43"5)A;>+3:"(7;13)^1+"+:"1+5),+"8;1"43">4-(5+";**4(:+41["

I+-"Q;5Q+-"-.3:";-0>,:1)64+-"+:"81.*4):+-"8;1"5+">;3:+;4W"43".1A;3+"1+(.4Q1;3:"5+"(.18-")3:+13+"*+"

l’huître (Figure 2). Le manteau" 8.--^*+" ,A;5+>+3:" 43+" D.3(:).3" -+3-.1)+55+" +:" 8+4:" )3*4)1+" 5;"

D+1>+:41+"*+-"Q;5Q+-"+3"1,8.3-+"V"*+-"(7;3A+>+3:-"+3Q)1.33+>+3:;4/["B.>>+"5+-";4:1+-"2)Q;5Q+-W"

5+-"74]:1+-"-.3:";(,87;5+-"+:" 5+"-0-:^>+"3+1Q+4/"+-:"(.>8.-,"*+"*+4/"8;)1+-"*+"(+5545+-"3+1Q+4-+-"

reliées entre elles (une près de la bouche, l’autre sous le muscle adducteur)."

I+-"74]:1+-"8.--^*+3:"*+4/"8;)1+-"*+"21;3(7)+-"5.(;5)-,+-"*+"(7;64+"(b:,"*+"5+41"(.18-["F55+-"

-.3:"4:)5)-,+-"8.41" 5;" 1+-8)1;:).3"+:" 5;" D)5:1;:).3"*4"870:.85;3(:.3W"*4"g..85;3(:.3"+:"*+-"2;(:,1)+-"

présents dans l’eau de mer. Au niveau dorsal antérieur, les palpes labiaux (deux paires) entourent la 

2.4(7+";D)3"64+"5;"3.411):41+"-.):"*)1+(:+>+3:")3A,1,+["I+"-0-:^>+"*)A+-:)D"(.>>+3(+";4"3)Q+;4"*+"

la bouche, une fente en U inversée où commence directement l’œsophage. Ce court œsophage 

dorsoventral relie la bouche à l’estomac. Ce dernier est entouré par la glande digestive et contient un 

-:05+:"(1)-:;55)3";--41;3:"5+"21.0;A+"*+-";5)>+3:-")3Aérés. L’intestin est relié au rectum qui se finit au 

niveau de l’anus"ML+33+*0"+:";5[W"R__UN[""

A l’inverse des aut1+-"+-8^(+-"*+"2)Q;5Q+-W" 5+-"74]:1+-"-.3:"*+-".1A;3)->+-"7+1>;871.*):+-"

-4((+--)D-[" I;" A.3;*+" +-:" 5.(;5)-,+" ;4" 3)Q+;4" *+" 5;">;--+" Q)-(,1;5+" +3:1+" 5;" A5;3*+" *)A+-:)Q+" +:" 5+"

>;3:+;4["F55+"-m,:+3*"*+"5m.+-.87;A+"V"5;"(;Q):,"*+"8,1)(;1*)64+W"D.1>;3:"*+4/"5.2+-"64)"+3:.41+3:"

5;"A5;3*+"*)A+-:)Q+["

I+-"74]:1+-"-.3:"+3"(.3:;(:"8+1>;3+3:";Q+("43">)5)+4"1)(7+"+3">)(1..1A;3)->+-")3(54;3:"*+-"

pathogènes et des commensaux. La présence naturelle de bactéries dans l’hémolymphe de bivalves 

sains est aujourd’hui ;Q,1,+"Mj+A3+1"+:";5[W"YZRlh"I.9>+1";3*"<;:7);-"j+A3+1W"YZR!h"j+3*5)3A"+:"

;5[W"YZR!N["B+::+">)(1.D5.1+"8+4:"Q;1)+1"+3" D.3(:).3"*+" 5;" :+>8,1;:41+W"*+" 5;" -;5)3):,"+:" -4):+"V"43+"
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)3D+(:).3["B+1:;)3+-"-.4(7+-W")-.5,+-"à partir de l’hémolymphe des huîtres, produisent des composés 

;3:)>)(1.2)+3-"M$+D+1"+:";5[W"YZRlN["#)3-)W".3"8+4:"-488.-+1"64+"(+::+">)(1.D5.1+"(.3D^1+"43"2,3,D)(+"

à l’hôte"+3"c.4;3:"43"1b5+"*+"2.4(5)+1">)(1.2)+3["De plus, l’huître est généralement habitée par une 

>)(1.D5ore naturelle pouvant constituer également une barrière contre l’établissement d’agents 

)3D+(:)+4/["F3"+DD+:W"*+-",:4*+-".3:"*,>.3:1,"5;"(;8;():,"64n;"43+">)(1.D5.1+"(.>>+3-;5+")3:+-:)3;5+"

V" (.3D,1+1" V" -.3" 7b:+" 43+" 81.:+(:).3" (.3:1+" *+-" 8;:7.A^3+-" +3" 81.*4)-;3:" *+-" >.5,(45+-" ;3:)K

>)(1.2)+33+-W" 8;1" (.>8,:):).3" 8.41" 5+-" 34:1)>+3:-" .4" 8;1" -:)>45;:).3" *+-" *,D+3-+-" )>>43):;)1+-"

MJ:+(7+1";3*"O;1*:W"YZRRh"L;>;*;"+:";5[W"YZRYh"L;>;*;"+:";5[W"YZRlN. Chez l’huître, on retrouve des 

bactéries de l’hémolymphe capables de produire des peptides antimicrobiens (AMPs) actifs c.3:1+"

5+-"1*2"*%"pathogènes de l’huître incluant 10(&#$3#/*'/$*$"IH=lY"+:"10(&-2*#$4**(M$+-1);("+:";5[W"YZR!N["

"

"

123456&@;&Anatomie de l’huître !3()*)#$;&

#:ABC9&D6&E9&F46&28GB526456&D6&E9&Falve gauche de l’huître adulte.&D’après&H6886DIJ&-6K6EE&6G&9E;&7LLM;&

&

&

&

&

&

&

&

&
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";@ L’HEMOLYMPHE ET LES HEMOCYTES&

I+-"74]:1+-"8.--^*+3:"43"-0-:^>+"()1(45;:.)1+"-+>)Kouvert dans lequel circule l’hémolymphe. 

B+" -ystème est composé du cœur (qui comporte deux paires d’oreillettes et un ventricule), des 

artères et des veines. L’hémolymphe des huîtres +-:" *,8.41Q4+" *+" 8)A>+3:-" +:" +-:" (.>8.-,+" *+"

plasma et de cellules circulantes, connues sous le nom d’hémocytes. L’hém.50>87+" 8+1>+:" 5+"

transport d’oxygène, de nu:1)>+3:-"+:"*+"*,(7+:-">,:;2.5)64+-"M?;(7^1+"+:";5[W"YZZ!N["F3"A,3,1;5W"5+-"

bivalves sont dépourvus de protéines respiratoires et il est admis que l’oxygène est transporté sous 

forme dissoute dans l’hémolymphe."

Les hémocytes sont les cellules immunocompétentes de l’huître. Ils sont impliqués dans de 

3.>21+4/"81.(+--4-"870-).5.A)64+-":+5-"64+"5;"1,8;1;:).3"*+"5,-).3-".4"*+"5;"(.64)55+W"5+":1;3-8.1:"+:"

5;" *)A+-:).3" *+" 34:1)>+3:-" +:" 854-" 8;1:)(45)^1+>+3:" 5;" 1,8.3-+" )>>43):;)1+" MJ>)3);" ;3*" Q;3" *+1"

L3;;8W"R_\Xh"B7+3AW"R__UN["I+-"7,>.(0:+-"c.4+3:"43"1b5+"*;3-"5+-">,(;3)->+-"*+"1+(.33;)--;3(+""+:"

8.--^*+3:"*+-"(;8;():,-"*+"(7)>).:;(:)->+"+:"*+"87;A.(0:.-+["@5-"-.3:")>85)64,-"*;3-"5+-"1,;(:).3-"

>)(1.2)()*+-"par la production enzymes hydrolytiques, d’espèces réactives de l’oxygène et de l’azote 

M'GJ" +:" '%JN" +:" *+" 81.:,)3+-&8+8:)*+-" ;3:)>)(1.2)+3-[" B+1:;)3+-" 8.845;:).3-" *’7,>.(0:+-" -.3:"

(.3-)*,1,+-" (.>>+" *+-" `"87;A.(0:+-" 81.D+--).33+5-"a" 64)" -.3:" (;8;25+-" *+" 87;A.(0:+1" +:" *+"

détruire des agents microbiens. Le système circulatoire de l’huître est semiK.4Q+1:W"5+-"7,>.(0:+-"3+"

-.3:" *.3(" 8;-" (.3D)3,-" ;4/" Q;)--+;4/[" @5-" 8+4Q+3:" ;((,*+1" V" *+" 3.>21+4/" :)--4-" 8;1" *);8,*^-+"

MH;5:-.DDW" R_U!h"B7+3AW" R__Uh" J(7>)::" +:" ;5[W" YZRY;N["$+"854-W" 5+-"7,>.(0:+-" )3D)5:1,-" -.3:"81,-+3:-"

dans toutes les cavités et les tissus de l’huître où ils peuvent jouer un rôle dans la réponse 

)>>43):;)1+[""

La classification des hémocytes de l’huître a fait l’objet de nombreuses études depuis le 

*,24:"*+-";33,+-"XZ">;is une classification n’a pas pu être clairement établie. J41"*)DD,1+3:-"(1):^1+-"

M>.187.5.A)+W" -:14(:41+-" )3:+13+-W" -)A3;:41+-" 870-)(.K(7)>)64+-W" D.3(:).3-" 2).5.A)64+-NW" 5+-"

7,>.(0:+-".3:",:,"(5;--,-"+3"*+4/"(;:,A.1)+-"k" 5+-"(+5545+-"A1;345+4-+-"+:" 5+-";A1;345+4-+-"MB7+3AW"

R_\Rh" ?;(7^1+" +:" ;5[W" R_\\h" #-7:.3K#5(./" ;3*" C.1*W" R__\h" O)3+W" R___h" #5;*;)5+7" +:" ;5[W" YZZXN[" I+-"

:6EE4E6N& 35984E64N6N" (.11+-8.3*+3:" V" 43" 43)64+" A1.48+" (.>8.-," *+" A1;345.(0:+-" 2;-.87)5+-" +:"

,.-)3.87)5+-" M?;(7^1+" +:" ;5[W" R_\\h" O)3+W" R___N[" I+-" :6EE4E6N& 935984E64N6N" -.3:" 7,:,1.A^3+-" +:"

(.>81+33+3:":1.)-"`":08+-"(+5545;)1+-"a"k"5+-"(+5545+-"`"OE9NGPE2Q6"aW"5+-"(+5545+-"`"C9:5RSA936PE2Q6"a"+:"

5+-"AI9E28R:IG6N["B+-"(+5545+-";A1;345+4-+-"-+"*)-:)3A4+3:"*+"8;1" 5+41";88;1+3(+"+:" 5+41-"-:14(:41+-"

internes caractérisées par l’absence ou la présence de quelques A1;345+-" (0:.85;->)64+-" +:" *+"

3.>21+4-+-"Q;(4.5+-"MO)3+W"R___N[""
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Bachère et coll. ont émis l’hypothèse que ces cellules non granuleuses correspondaient à la 

>i>+"5)A3,+"(+5545;)1+".2-+rvée à différentes phases de maturation et d’ac:)Q):,"MC)A41+"lN"M?;(7^1+"

+:";5[W"YZZ!N["$)Qers sites d’hématopoïèse ont été proposés chez l’huître. Cheng (1981) a supposé que 

5+-" 7,>.(0:+-" 81.Q+3;)+3:" *+" 5;" *)DD,1+3:);:).3" *+-" (+5545+-" *+-" :)--4-" (.3c.3(:)D-[" J+5.3" T)1;8,"

MYZZXNW""5+-"(+5545+-"7,>;:.8.o,:)64+-"8.411;)+3:"81.Q+3)1"*+-"(+5545+-"+3*.:7,5);5+-"*+-"Q;)--+;4/"*+"

l’huître. De-" :1;Q;4/" 1,(+3:-" -4AA^1+3:" 64+" 5+-" 7,>.(0:+-" 8.411;)+3:" i:1+" 81.*4):-" V" 5;" 2;-+" *+-"

21;3(7)+-" Mp+>;;" +:" ;5[W" YZR!N[" F3" +DD+:W" A1q(+" V" *+-">;164+41-" (+5545;)1+-" -8,()D)64+-" *+" (+5545+-"

81,(41-+41-"MJ./YN"+:"*+-"7,>.(0:+-"MF(JG$NW"5+-";4:+41-"*+"(+-":1;Q;4/".3:")*+3:)D),"43+"8.845;:).3"

*+"(+5545+-";*45:+-"-.>;:)64+-"81,(41-+41-"64)"-+"*)DD,1+3()1;)+3:"+3"7,>.(0:+-"*;3-"5+-"21;3(7)+-["

"

123456&T;&Les hémocytes de l’huître !3()*)#$;&

!6N&ABCR:IG6N&NR8G&:E9NNBN&68&T&SRS4E9G2R8N&>&U(V&/6EE4E6N&W&OE9NGPE2Q6&X&U)V&AI9E28R:IG6N&&U/V&35984ER:IG6N&U/&

98D&'V;& &!6N&35984ER:IG6N&NR8G&D2F2NBN&68&NR4NP35R4S6N&68&YR8:G2R8&D4&:R8G684&D6N&35984E6NJ&NR2G&:E925N&94Z&

BE6:G5R8N&U/V&R4&D68N6N&94Z&BE6:G5R8N&U'V;&[2:5RN:RS26&BE6:G5R82\46&]&G598NC2NN2R8&Z&7^___;&D’après&#:AC2GG&

6G&9E;J&@_7@9;&

"

";T !%#&*%(/$",-#&IMMUNITAIRES DE L’HUITRE&

"La coquille, les tissus épithéliaux et le mucus qui recouvrent entièrement le corps de l’huître 

-.3:" (.3-)*,1,-" (.>>+" 5;" 81+>ière ligne de défense de l’huître" (.3:1+" 5+-" )3D+(:).3-" MH5)3-9)" ;3*"

p;1.-gW"R__XN[""

Comme les autres invertébrés, l’huître possède ,A;5+>+3:"43"-0-:^>+"*+"*,D+3-+"2;-,"-41"

l’immunité innée. L’immunité des huîtres implique non seulement des réactions cellulaires mais 

,A;5+>+3:" *+" 3.>21+4/" +DD+(:+41-" >.5,(45;)1+-" *+" 5;" 1,8.3-+" )>>43):;)1+W" 81.*4):-" 8;1" 5+-"

7,>.(0:+-"+:"5+-":)--4-[""

I+-"81)3()8;4/",5,>+3:-"*+"5;"*,D+3-+")>>43):;)1+"de l’huître sont (1) la reconnaissance de-"

>)(1..1A;3)->+-" 8;1" *+-" (.>8.-,-" -.5425+-" .4" *+-" 1,(+8:+41-&81.:,)3+-" (+5545;)1+-W" MYN" 5;"

signalisation et l’activation des hémocytes, (3) les réactions de défense cellulaire +:" 5;" 81.*4(:).3"

d’effecteurs moléculaires impliqués dans la défense de l’hôte MJ(7>)::"+:";5[W"YZRY;N"MC)A41+"!N[""



Rl"
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Grâce aux avancées récentes sur la réponse immunitaire de l’huître réalis,+-" 8;1" 5+"

développement d’approche génomique, on connaît aujourd’hui un (+1:;)3" 3.>21+" *+" 1,(+8:+41-W"

d’éléments de signalisation et d’effecteur-" )>85)64,-" *;3-" (+-">,(;3)->+-" MH4+A4+3" +:" ;5[W" YZZlh"

T;3A40"+:";5[W"YZZ!h"C5+410"+:";5[W"YZZ_h"I;3A"+:";5[W"YZZ_h"'.2+1:-"+:";5[W"YZZ_2h"T;1)-"+:";5[W"YZZ_h"*+"

I.1A+1)5"+:";5[W"YZRR2N["=;1";)55+41-"+3"YZRYW"5+"Aénome de l’huître !0()*)#$";",:,"-,64+3(,"+:";--+>25,"

*;3-"5+"(;*1+"*m43+"(.55;2.1;:).3"+3:1+"5;"B7)3+"+:"5+-"F:;:-KE3)-"Mr7;3A"+:";5[W"YZRYN["

"

123456&`;&Mécanisme de défense de l’hémocyte. &

!6N& ABCR:IG6N& NB:5aG68G& D6N&CREB:4E9256N& 6G& SRNNaD68G& D6N& 5B:6SG645N& :6EE4E9256N& U=0*=J& β0)=J& E6:G286NJ&

TLRs, SOD…) qui détectent la présence de pathogènes. Cette reconnaissance entraine l’activation de& NB526N&

D6& 5B9:G2R8N& 2CC482G9256N& :RCS56898G& E9& SA93R:IGRN6& US5RD4:G2R8& D6& *,#b& *-#J& D6& S5RGB9N6N& 6G& D6&

lysosymes), l’activation des voies de signalisation (voies NFPκ)& 6G& $01Pβ), la production d’effecteurs 

2CC482G9256N& US5RGB286N& 6G& S6SG2D6N& 98G2C2:5RO268NJ& 28A2O2G645N& D6& S5RGB9N6NV& 6G& D6& :IGRQ286N;& D’après&

#:AC2GG&6G&9E;J&@_7@9;&

&

";T;7 !6N&CB:982NC6N&D6&E9&56:R8892NN98:6&

I;" réponse immunitaire de l’huître +-:" )3):),+" 8;1" 5;" 1+(.33;)-;3(+" *+">.:)D-">.5,(45;)1+-"

;--(.(),-";4/"8;:7.A^3+-";88+5,-"=([=N&US9GAR368P9NNR:29G6D&CRE6:4E95&S9GG658NV"M<+*g7):.Q";3*"

p;3+s;0W"YZZYh" p;3+s;0"+:";5[W"YZZeN".4"V"*+-" -)A3;4/"*+"*;3A+1"*):-"'([=N& UD9C936P9NNR:29G6D&

CRE6:4E95&S9GG658NV"M<;:g)3A+1W"YZZYh"p;3+s;0"+:";5[W"YZZeh"'42;1:+55)";3*"I.:g+W"YZZXN"64)"-.3:"*+-"

>.5,(45+-"8;1:;A,+-"+:"(.3-+1Q,+-"8;1"5+-">)(1..1A;3)->+-"et les composants des cellules de l’hôte 

64)"-+":1.4Q+3:"+/8.-és lors d’une blessure et/ou d’une injection[""
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I+-"=([=N" 5+-"854-"(.334-"-.3:"5+"5)8.8.50-;((7;1)*+"MI=JN"*+-"2;(:,1)+-"V"H1;>"3,A;:)DW" 5+"

8+8:)*.A50(;3+" M=HN" *+-" 2;(:,1)+-" V" H1;>" 8.-):)D" +:" 3,A;:)DW" 5+-" ;()*+-" 5)8.:,)(7.o64+-" MIT#N" *+-"

bactéries à Gram positif, les βKRWlKA54(;3+-" *+-" (7;>8)A3.3-" +:" 5+-" #'%" *.425+" 21)3" *+-" Q)14-"

1,85)(;:)D-" M<.A+3-+3W" YZZ_N" MC)A41+" eN[" B+8+3*;3:" (+-" >.5,(45+-" 3+" -.3:" 8;-" -8,()D)64+-" *+-"

8;:7.A^3+-" +:" -.3:" 8;1:;A,+-" 8;1" *)DD,1+3:-" .1A;3)->+-" )3(54;3:" *+-" 2;(:,1)+-" -0>2).:)64+-" .4"

>4:4;5)-:+-" M%07.5>" ;3*" H1;DW" YZRYN[" #)3-)W" 5+" :+1>+" 854-" A,3,1;5" *+" >.:)D-" *+" 1+(.33;)--;3(+"

81,-+3:-"V"5;"-41D;(+"*+-">)(1.K.1A;3)->+-"M<#<=-"K">)(1.2);5K;--.();:+*">.5+(45;1"8;::+13-N";",:,"

)3:1.*4):"+3"YZZ!"ML.1.8;:3)(9"+:";5[W"YZZ!N[""

I+"-0-:^>+")>>43):;)1+"1,8.3*",A;5+>+3:"V"*+-"-)A3;4/")3:1;(+5545;)1+-"64)"-.3:"*,(5+3(7,-"

8;1"*+-">.5,(45+-"+3*.A^3+-"-,(1,:,+-"8;1"*+-":)--4-"+3*.>>;A,-W" 5+-"'([=N["=;1>)" 5+-"$#<=-W"

.3"8+4:"():+1"5+-"81.:,)3+-"*+"(7.(-":7+1>)64+-"MOJ=NW"5+-"`"O)A7">.2)5):0"A1.48"2./"R"MO<H?RNa"+:"

*+-"81.:,)3+-"64)"*,1)Q+3:"*+" 5;">;:1)(+"+/:1;(+5545;)1+["=;1>)" 5+-"$#<=-"3.3"81.:,)64+-W".3"8+4:"

citer l’ATP, l’acide urique, le sulfate d’héparine et l’ADN M<;:g)3A+1W" YZZYN[" ',(+>>+3:W" 43+"

!)O<H?R";",:,")*+3:)D),+"+:"(;1;(:,1)-,+"(7+g"!0()*)#$"MI)"+:";5[W"YZRl;N["

"

123456&^;&=([=N&D6&D2YYB568G6N&:E9NN6N&D6&S9GAR3a86N;&&

!6N&F254NJ&E6N&O9:GB526N&]&059C&SRN2G2Y&6G&8B39G2YJ&E6N&:A9CS238R8N&6G&E6N&S5RGRcR9256N&S5BN68G68G&486&3598D6&

F952BGB&D6&=([=NJ&DR8G&:65G928N&NR8G&S95G93BN&68G56&E6N&D2YYB568G6N&:E9NN6N&D6&S9GAR3a86N;&!9&C9dR52GB&D6N&

=([=N& NR8G& E6N& 9:2D6N& 84:EB2\46N& U('-J& ARNdb, ARNsb, et l’ARN 5ʹPG52SARNSA9G6V& C92N& 94NN2& E6N&

3EI:RS5RGB286N& U0=VJ& E6N& E2SRS5RGB286N& U!=V& 6G& :RCSRN98GN&C6CO5989256N& US6SG2DR3EI:986N& e=0fJ& E6N& 9:2D6N&

E2SRG62:AR2\46N& e!$(fJ& E6N& EISRSREIN:9::A952D6N& e!=#fJ& 6G& E6N& 3EI:RNIESARNSA9G2DIE28RN2GREN& e98:56& 0="fV;&

D’après&[R368N68J&@__L;&

&

&

"I;" 1+(.33;)--;3(+"*+-",5,>+3:-",:1;3A+1-"-+" D;):" -.):"8;1"*+-"S5RGB286N&NRE4OE6s de l’hôte"

M=*=N" K" 8;::+13" 1+(.A3):).3"81.:+)3-NW" -.):" 8;1" *+-" 5B:6SG645N& 9NNR:2BN& 94Z&C6CO5986N& :6EE4E9256N&

M=**N"K"8;::+13"1+(.A3):).3"1+(+8:.1-N["B7;64+"='=-"+:"=''-"8+4:"-+"5)+1"-8,()D)64+>+3:"

Parmi, les PRRs et PRPs identifiés et caractérisés chez l’74]:1+" !0( )*)#$5" .3" 1+:1.4Q+" *+-"

S5RGB286N&D6&56:R8892NN98:6&D4&S6SG2DR3EI:986&U=0*=N" M@:.7";3*"T;9;7;-7)W"YZZ\W"YZZ_h"r7;3A"+:"

;5[W"YZRlNW"*+-"protéines de liaison aux βP7JTPglucanes (βGBP)"*+-"(7;>8)A3.3-"MT;3A40"+:";5[W"YZZ!h"



Re"

"

@:.7"+:";5[W"YZZ_N"+:"*+-"E6:G286N"MA)A;5)3+-W"D)(.5)3+-W"A;5+(:)3+-"+:"5+(:)3+-"*+":08+"BN"MG5;D-+3"+:";5[W"

R__Yh"H4+A4+3"+:";5[W"YZZlh"t;>;41;"+:";5[W"YZZ\h"'.2+1:-"+:";5[W"YZZ_2h"*+"I.1A+1)5"+:";5[W"YZRR2N["

G3" 1+:1.4Q+" ,A;5+>+3:" 8;1>)" les PRRs potentiels de l’huître *+-" 5B:6SG645N& D6& GIS6& GREE&

U$!*NV"Mr7;3A"+:";5[W"YZRR2h"r7;3A"+:";5[W"YZRlN["I+-";4:+41-".3:">.3:1,"64+"(+-"TI'"8;1:;A+;)+3:"5;"

>i>+".1A;3)-;:).3"-:14(:41;5+W"(.>81+3;3:"43"8+8:)*+"-)A3;5W"43"*.>;)3+" :1;3->+>21;3;)1+W" "43"

*.>;)3+"T@'"+:"43"*.>;)3+"1)(7+"+3"5+4()3+"MI''N["B+-"TI'-"-.3:"5.(;5)-,-";4"3)Q+;4"*+"5;">+>21;3+"

85;->)64+" +:" *+-" +3*.-.>+-" :;1*)D-" Mr7;3A" +:" ;5[W" YZRlN[" %,;3>.)3-W" 5+41-" 5)A;3ds n’.3:" 8;-" ,:,"

caractérisés chez l’huître."

@5" D;4:" ,A;5+>+3:" ():+1" 8;1>)" 5+-" =''-" 5;" 81.:,)3+" ;3:)>)(1.2)+33+" !)P)=""

M2;(:+1)()*;5&8+1>+;2)5):0K)3(1+;-)3A"81.:+)3N"+:"5;"81.:,)3+">;c.1):;)1+"*4"85;->;"!)P%:#,'"64)"+-:"

43+"-48+1./)*+"*)->4:;-+"+/:1;(+5545;)1+"V"(4)Q1+&g)3(W";0;3:" :.4:+-"*+4/"*+-"81.81),:,-"*+" 5);)-.3"

;4"I=J"MH.3g;5+g"+:";5[W"YZZeh"H.3g;5+g"+:";5[W"YZZXN["

F3D)3W"43+"βP28GB35286"(βBHON";",:,")*+3:)D),+"*;3-"*)DD,1+3:+-"-.4-Kpopulations d’hémocytes. 

I+-")3:,A1)3+-"sont des récepteurs d’adhésion cellulaire jouant des rôles importants dans la réponse 

immunitaire et une variété d’autres processus physiologiques M?;1(g09"+:";5[W"YZRZN["T+1;7;1;"MYZZUN"

.3:" 81.8.-," que la phagocytose des hyalinocytes est dépendante de l’intégrine alors que la 

87;A.(0:.-+" *+s granulocytes impliquerait d’autres récepteurs fonctionnels. De plus, il a été 

démontré que la βK)3:,A1)3+"*+-"74]:1+-"1+(.33;)--;):"5;"81.:,)3+">;c.1):;)1+"*4"85;->;"M!)KF(JG$N"

Q);"-.3">.:)D"'H$"M#1AKH50K#-8N"MH.3g;5+g"+:";5[W"YZZeh"$48+1:740"+:";5[W"YZRRN[""

";T;@ !6N&FR26N&D6&N2389E2N9G2R8&

I;" 1+(.33;)--;3(+" *+-" >)(1..1A;3)->+-" .4" *+" 5+41-" -)A3;4/" 8;1" 5+-" =''-&='=-" 8+1>+:"

l’activation des voies de signalisation cellulaires. Ces voies induisent l’expression"+:"5;"81.*4(:).3"*+"

médiateurs de l’immunité (>.5,(45+-"*+"-)A3;5)-;:).3"+:"+DD+(:+41-) pour aboutir à l’élimination des 

8;:7.A^3+-".4"*+-"(+5545+-")3D+(:,+-["$+"3.>21+4-+-"-)>)5):4*+-".3:",:,">)-+-"+3",Q)*+3(+"+3:1+"5+-"

Q.)+-"*+"-)A3;5)-;:).3"+/)-:;3:+-"(7+g"5+-")3Q+1:,21,-"+:"5+-"Q+1:,21,-"8.41";(:)Q+1"5+-">,(;3)->+-"*+"

5;"1,8.3-+")33,+["

Chez l’huître !0( )*)#$W" *)DD,1+3:+-" Q.)+-" .3:" 84" i:1+" (;1;(:,1)-,+-" +:" )>85)64,+-" *;3-" 5;"

1,8.3-+";3:)>)(1.2)+33+[""

F3" 8;1:)(45)+1W" 43+" Q.)+" +>25,>;:)64+" *+" 5;" 1,8.3-+" )>>43):;)1+" ;" ,:," >)-+" +3" ,Q)*+3(+"

chez l’huître,"5;"FR26&D4&Y9:G645&D6&G598N:52SG2R8"*6Eb-1Pk)"c.4;3:"43"1b5+"(5,"V"*+"3.>21+4/"3)Q+;4/"
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*+" 5;" 1,8.3-+" )>>43):;)1+" (.>>+" 5;1A+>+3:" >.3:1," (7+g" 5+-" >;>>)D^1+-" +:" 5;" *1.-.87)5+"

M<+*g7):.Q";3*"p;3+s;0W"R__\h"O.DD>;33"+:";5[W"R___N"[""

$+-",5,>+3:-"(.3-+1Q,-"*+"(+::+"Q.)+".3:",:,">)-"+3",Q)*+3(+"(7+g"*+"3.>21+4/".1A;3)->+-"

)3Q+1:,21,-W" *+-" 854-" ,Q.54,-" M*+4:,1.-:.>)+3-N" ;4/" 854-" 81)>):)D-" M*)85.25;-:)64+-" :+55+-" 64+" 5+-"

éponges ou unicellulaires telle que l’amibe)"MC;55.3"+:";5[W"YZZRh"J:;-9;s)(g"+:";5[W"YZZRh"#g4>)"+:";5[W"

YZZlh"j)+3-"+:";5[W"YZZeh"O)2)3."+:";5[W"YZZUh"B7+3"+:";5[W"YZZX;h"G-7)4>)"+:";5[W"YZZ\N. L’huître creuse 

1+-:+" 5+" 5.87.:1.(7.g.;)1+" 5+"854-",:4*),"(.3(+13;3:" 5;"Q.)+"%CKκB dont plusieurs éléments ont fait 

l’objet d’analyses fonctionnelles ayant montré leur capacité à complémenter des voies hétérologues"

MF-(.42;-" +:" ;5[W" R___h" H4+A4+3" +:" ;5[W" YZZlh" <.3:;A3;3)" +:" ;5[W" YZZ!h" <.3:;A3;3)" +:" ;5[W" YZZ\h"

'.2+1:-"+:";5[W"YZZ_;h"*+"I.1A+1)5"+:";5[W"YZRR;h"r7;3A"+:";5[W"YZRR(N["$)DD,1+3:-"1,(+8:+41-"-4-(+8:)25+-"

d’être impliqués dans l’activation de la voie ont également été décrits chez !0()*)#$(6(*)DD,1+3:-"TI'-"

MT.55K5)9+"1+(+8:.1-N"M*+"I.1A+1)5"+:";5[W"YZRR;h"r7;3A"+:";5[W"YZRR2h"r7;3A"+:";5[W"YZRlNh">;)-";4--)"*+4/"

T%CK'-" M:4>.1" 3+(1.-)-" D;(:.1" 1+(+8:.1-N" MJ43" +:" ;5[W" YZR!N" et un homologue de l’IL1K'" *;3-" 5+"

génome de l’huître (C. Montagnani, communication personnelle)["I+"-,64+3d;A+""1,(+3:"*4"A,3.>+"

entier de l’huître a aujourd’hui permis de mettre en évidence l’existence d’une" Q)3A:;)3+" *+"

(.>8.-;3:-" *+" (+::+" Q.)+" Mr7;3A" +:" ;5[W" YZRYN" MC)A41+" UN[" " F3D)3W" 2)+3" 64+" (+::+" Q.)+" -.):"

principalement impliquée dans l’immunité, elle peut intervenir dans d’autres processus 

870-).5.A)64+-"MO;0*+3";3*"H7.-7W"YZZ\N. Chez l’huître !0()*)#$W"!)K'+5W"!)K@k?"+:"!)K<0$\\W"+:"5+-"

TI'-"-.3:")>85)64,-"*;3-"5;"1,8.3-+";3:)>)(1.2)+33+"MT)1;8,"+:";5[W"YZZXh"r7;3A"+:";5[W"YZRR(h"H1++3"

;3*"<.3:;A3;3)W"YZRlh"r7;3A"+:";5[W"YZRlN["L’activation de ces voies de signalisation intracellulaire 

+3:1;]3+"5;"81.*4(:).3"*+"3.>21+4/"+DD+(:+41-"*+"5;"1,8.3-+")>>43):;)1+W")3(54;3:"*+-"(0:.9)3+-"+:"

*+-"D;(:+41-"*+":1;3-(1)8:).3["B7+g"!0()*)#$W".3"1+:1.4Q+"5+"D;(:+41"*+"3,(1.-+":4>.1;5+"!)KT%CRW"*+-"

)3:+15+49)3+-"@IK17 régulées en réponse à l’infection" M'.2+1:-"+:";5[W"YZZ\h"I)"+:";5[W"YZR!h"J43"+:";5[W"

YZR!N[""

D’autres voies de signalisation cellulaires impliquées dans l’immunité ont également pu être 

identifiées chez l’huître. Ainsi, des ,5,>+3:-"*+"5;"FR26&D4&$01Pβ" MT1;3-D.1>)3A"A1.s:7"D;(:.1"2+:;N"

.3:",:," )*+3:)D),-" (7+g"!0( )*)#$. On retrouve ainsi un récepteur de l’activine/BMP de type I (BMPK

2.3+" >.187.A+:)(" 81.:+)3-N" *.3:" !)K?<='R" +:" !)KALR1, un récepteur de l’activine de type II, 3 

1,(+8:+41-"*+"5;"-.4-KD;>)55+"*+":08+"@"+:"43":1;3-*4(:+41"*+"-)A3;5"J>;*"MI+5.3A"+:";5[W"YZZZW"YZZRh"

O+18)3"+:";5[W"YZZYh"O+18)3"+:";5[W"YZZ!h"O+18)3"+:";5[W"YZZeh"O+18)3"+:";5[W"YZZXh"I+5.3A"+:";5[W"YZZXh"

C5+410"+:";5[W"YZZ\h"I+"S4+1+"+:";5[W"YZZ_h"B.18.1+;4"+:";5[W"YZRRN["$+">;3)^1+")3:,1+--;3:+W"5+"A^3+"

(.*;3:" 5+" D;(:+41" *+" (1.)--;3(+Kβ (!)7THCKβ) semble être surexprimé en réponse à des 1*2"*%W"

-4AA,1;3:"43"8.--)25+"1b5+"*+"(+::+"Q.)+"*;3-"5;"1,8.3-+";3:)2;(:,1)+33+["
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',(+>>+3:W"<.3:;A3;3)"+:"(.55[".3:"+/85.1,"5;"1,8.3-+"antivirale chez l’huître et ont montré  

l’implication d’éléments homologues à la FR26& g(Hb#$($"et ont soulevé l’hypothèse de l’existence 

d’une voie de type IFN (Interferon)W">,(.334+"(7+g"5+-")3Q+1:,21,-"MH1++3";3*"<.3:;A3;3)W"YZRlh"

H1++3"+:";5[W"YZR!;N["

F3D)3W"43"D;(:+41"*+":1;3-(1)8:).3"I@T#C" MI)8.8.50-;((7;1)*+K)3*4(+*"T%CKα factor) impliqué 

*;3-"43+"Q.)+"+3(.1+")3(.334+W";",:,")*+3:)D),"+:"-+>25+"D.1:+>+3:")3*4):"*;3-"5+-"7,>.(0:+-"-4):+"V"

43+")3D+(:).3">)(1.2)+33+"M=;19"+:";5[W"YZZ\N["

Par ailleurs, des voies d’activation des mécanismes cellulaires de mort cellulaire, impliquées 

dans l’élimination de cellules infectées ont été identifiées (mécanismes d’apoptose et d’autophagie) 

M*+" I.1A+1)5" +:";5[W" YZRR;N. La voie de l’apoptose est notamment bien décrite et conservée chez !0(

)*)#$"Mr7;3A"+:";5[W"YZRR;N[""

Ainsi, de nombreuses données s’accumulent aujourd’hui sur les mécanismes de signalisation 

(7+g" !0( )*)#$W" >+::;3:" +3" ,Q)*+3(+" 5;" (.3-+1Q;:).3W" 5;" (.>85+/):," +:" 5;" A1;3*+" *)Q+1-):," *+-"

>,(;3)->+-">.5,(45;)1+-"-.4-Kc;(+3:-"V"5;"1,8.3-+";3:)>)(1.2)+33+"(7+g"(+-".1A;3)->+-"MC)A41+"UN["

"

"

123456&M;&Représentation des voies conservées chez l’huît56&:564N6&!3()*)#$;&&

Ce schéma a été construit sur la base de l’identification de séquences conservées au sein du génome de 

l’huître. !6N& DRC9286N& :959:GB52NG2\46N& D6N& S5RGB286N& NR8G& 28D2\4BN& U$"*J& $REEb"!7& 56:6SGR5h& "3J&

2CC48R3ERO4E28h&''J&D69GA&DRC928h&!**J&E64:286&52:A&56S69Gh&$[J&G598NC6CO5986h&=H:J&S5RG628&Q289N6h&*<'J&

56E&ARCRER3I&DRC928h&"=$J&2CC48R3ERO4E28PE2Q6&YREDJ&SE6Z28NJ&G598N:52SG2R8&Y9:GR5Nh&*"-0J&*"-0PY28365&U569EEI&

28G656NG283&86K&3686V&DRC928h&cYP$*(1J&$*(1&GIS6&c28:&Y28365h&[($J&C6S528&98D&$*(1P/&ARCRER3I&DRC928h&

.)!P$)H7iE2Q6J&4O2\42G28PE2Q6&DRC928&RY&A4C98&$OQ7&98D&N2C2E95&S5RG628NV;&%ZG592G&D6&[R8G938982J&@_7T;&

"
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";T;T !9&SA93R:IGRN6&

La reconnaissance des microorganismes entraine l’activation des hémocytes. Ces derniers 

+DD+(:4+3:" *+" 3.>21+4-+-" 1,;(:).3-" )>>43):;)1+-W" )3(54;3:" *+-" 1,8.3-+-" (+5545;)1+-" M87;A.(0:.-+W"

+3(;8-45;:).3W")3D)5:1;:).3N"+:"5;"81.*4(:).3"*+"3.>21+4-+-">.5,(45+-"+DD+(:1)(+-")>85)64,+-"*;3-"5;"

défense de l’hôte (espèces réactives de l’oxygène et de l’azote, *+-" +3g0>+-" 50-.-.>);5+-" +:" *+-"

8+8:)*+-";3:)>)(1.2)+3-N[" I+-"hémocytes circulants sont capables de migrer de l’hémolymphe vers 

5+-"tissus conjonctifs et sont recrutés au site d’infection pour une réponse locale MB.(7+33+(KI;41+;4"

+:" ;5[W" YZZlN[" D’une manière générale, l.1-" *4" 81.(+-sus de phagocytose, l’agent étranger est 

)3:+13;5)-,"*;3-"43"87;A.-.>+"64)" D4-).33+"+3-4):+";Q+(" 5+-"A1;345+-"(0:.85;->)64+-" M)3(54;3:" 5+-"

50-.-.>+-N["#81^-"5;"D4-).3W"43";1-+3;5"*+"(.>8.-;3:-">)(1.2)()*+-"M+3g0>+-"70*1.50:)64+-W"+-8^(+-"

réactives de l’oxygène et de l’azote (ROS/RNS), peptides et protéines antimicrobiennes) sont 

1+5;1A4,-"*;3-"5;"87;A.-.>+";D)3"*+"3+4:1;5)-+1&*,A1;*+1"5+-"8;1:)(45+-"87;A.(0:,+-["L’existence de 

ces effecteurs cellulaires et moléculaires a été montrée chez l’huître. I.1-64+"5’huître est envahie par 

*+"854-" A1.-" .1A;3)->+-" (.>>+"*+-" 3,>;:.*+-" .4" *+-" (7;>8)A3.3-W" 5+-" 7,>.(0:+-" D.1>+3:" *+-"

;A1,A;:-";4:.41"*+-"8;1;-):+-"8.41"5+-")>>.2)5)-+1"MJ(7>)::"+:";5[W"YZRY;N[""

La phagocytose est un mécanisme important de l’immunité")33,+"V">,*);:).3"(+5545;)1+"8.41"

5+" (.3:1b5+" *+-" 8;:7.A^3+-W" 64)" +-:" (.334+" *+84)-" *+" 3.>21+4-+-" ;33,+-" M=1)/" %.2+5" F5)+"

Metchnikov 1908). Dans le règne animal, ce mécanisme d’élimination des particules de petites tailles 

M64+564+-">)(1.3-"*+"*);>^:1+-N"+-:"(.3-+1Q,"*+-"81.:.g.;)1+-"7,:,1.:1.87+-W"(.>>+" 5+-";>)2+-W"

jusqu’aux métazoaires supérieurs, comme l’homme. Chez ce dernier, ce processus est assuré par les"

87;A.(0:+-"81.D+--).33+5-"k">;(1.87;A+-W" 5+-"(+5545+-"*+3*1):)64+-" )>>;:41+-"+:" 5+-"8.5034(5,;)1+-"

3+4:1.87)5+-"MC5;33;A;3"+:";5[W"YZZ_N["""

I;" 87;A.(0:.-+" -+" *,1.45+" +3" :1.)-" ,:;8+-" k" 5;" 56:R8892NN98:6" *+-" 8;1:)(45+-" ,:1;3A^1+-W"

l’9DABN2R8" (ou l’attachement) qui est l’étape au cours *+" 5;64+55+" 5;" >+>21;3+" *+" 5;" (+5545+"

phagocytaire adhère à la particule qu'elle va ingérer, l’2836NG2R8" .u" 5+-" 8;1:)(45+-" ,:1;3A^1+-" -.3:"

+3:.41,+-"8;1"*+-"8-+4*.8.*+-"8.41"+3-4):+"D.1>+1"43+"Q;(4.5+")3:1;(+5545;)1+"k" 5+"87;A.-.>+h"+:"

+3D)3" 5;"DB359D9G2R8&*4">;:,1)+5" )3A,1," (.3-,(4:)Q+" V" 5;" D4-).3"*4"87;A.-.>+";Q+(" 5+-" 50-.-.>+-"

(.3-:):4;3:"5+"87;A.50-.-.>+[""

I;"1econnaissance et l’attachement";4/">)(1..1A;3)->+-"8+4:"i:1+"*)1+(:+W"Q);" 5+-"=''-W".4"

indirecte, via le recrutement d’.8-.3)3+-[" #81^-" (+::+" 1+(onnaissance, l’élément étranger est 

internalisé dans la cellule par des remaniements du cytosquelette d’actine." B+" 81.(+--4-" D;):"

)3:+1Q+3)1" *+-"87.-87.)3.-):)*+-" M=@=Y" +:"=M@NlN" +:"*+-"8+:):+-"'7."HT=;-+-[" B7+g"!0( )*)#$W" )5" ;" ,:,"
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>.3:1,"64+"5;"87;A.(0:.-+"des hyalinocytes était dépendante de l’intégrine MT+1;7;1;"+:";5[W"YZZUN["@5"

a récemment été montré que le pathogène de l’huître 10(&#$3#/*'/$*$"IH=lY"4:)5)-;)t les βK)3:,A1)3+-"

des hémocytes de l’huître pour les envahir M$48+1:740"+:";5[W"YZRRN["

J4):+" V" (+::+" )3:+13;5)-;:).3W" 5+" (.18-" ,:1;3A+1" -+" 1+:1.4Q+" 5.(;5)-," *;3-" 43+" Q;(4.5+" *+"

phagocytose appelé phagosome. La maturation du phagosome s’effectue par des échanges 

séquentiels avec d’autres compartiments vésiculaires comme les endosomes précoces, les 

+3*.-.>+-":;1*)D-"+:"5+-"50-.-.>+-";2.4:)--;3:"*/(8*/'"V"5;"D.1>;:).3"*4"87;A.50-.-.>+"8+1>+::;3:"

;)3-)"*+":4+1"+:"*,A1;*+1"5;"2;(:,1)+"87;A.(0:,+"MC)A41+"XN[""

La maturation du phagosome va ainsi permettre à la vacuole d’acquérir des fonctions 

importantes pour son activité microbicide telle que l’acidification du milieu in:1;KQ;(4.5;)1+W" 5;"

production d’espèces réactives de l’oxygène et de l’azote (ROS/RNS), l’accumulation de métaux tels 

que le cuivre et le zinc, et l’apport d’activité enzymatiques et de peptides antimicrobiens MC5;33;A;3"

+:";5[W"YZRYN["

Le rôle crucial de la phagocytose dans la réponse immunitaire de l’huître a été initialement"

>)-"+3",Q)*+3(+"*/(9*&"%["F3"+DD+:W"5;"87;A.(0:.-+"*+"8;1:)(45+-"*+"g0>.-;3"M+/:1;):">+>21;3;)1+"*+"

5+Q41+N" )3*4):" 43" D.1:" 241-:" ./0*;:)DW" (.11+-8.3*;3:" V" 5;" 81.*4(:).3" >;--)Q+" *+" 'GJW" +:" 43+"

production d’enzymes lysosomiales par les hémocytes M?;(7^1+" +:" ;5[W" R__Rh" ?;(7^1+" +:" ;5[W" YZZ!h"

=.)1)+1"+:";5[W"YZR!N["B7ez l’huître, seuls les granulocytes et les hyalinocytes sont considérés comme 

*+-" `"87;A.(0:+-" 81.D+--).33+5-"a[" I+-" A1;345.(0:+-" ;41;)+3:" 43+" ;(:)Q):," *+" 87;A.(0:.-+" 854-"

)>8.1:;3:+"64+" 5+-"70;5)3.(0:+-"(.3:1+" 5+-"2;(:,1)+-W" 5+-" 5+Q41+-">;)-"8;-"(.3:1+" 5+-"2)55+-"*+" 5;:+/"

MT;9;7;-7)";3*"<.1)W"YZZZN["
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"

"

123456&j;&[9G459G2R8&D4&SA93RNRC6;&

Après l’internalisation de particules étrangères, la phagosome subit de nombreuses transformations créant 

ainsi un environnement microbicide. La maturation du phagosome résulte d’une interaction séquentiell6&

9F6:& E6N& NR4NPcompartiments de la voie d’endocytose. Parmi les stades de maturation du phagosome, on 

D2NG28346&68&YR8:G2R8&D6&E645N&S5RS52BGBN&O2R:A2C2\46N&>&E6&SA93RNRC6&S5B:R:6J&E6&SA93RNRC6&28G65CBD29256J&

E6&SA93RNRC6&G95D2Y&6G&E9&SA93REINRNRC6;&(4&:R45N&D6&E9&C9G459G2R8J&D6N&($=9N6N&N2G4B6N&]&E9&C6CO5986&D6N&

FBN2:4E6N& U+P($=9N6NV& DBE2F568G& D6N& 2R8N& <
k
& D98N& E6& SA93RNRC6& 68G592898G& 928N2& 486& 9:2D2Y2:9G2R8;& !6&

phagosome s’enrichit également en hydrolases et en protéines antiPC2:5RO26886N&S65C6GG98G&E9&DB359D9G2R8&

de l’élément étranger. %%&>&695EI&68DRNRC9EJ&[+)&>&C4EG2F6N2:4E95&ORDIJ&!%&>&E9G6&68DRNRNC6&h&!l&>&EINRNRC6;&

D’après&1E9889398&6G&9E;J&@_7@;&

&

&
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"

";T;T;7 L’acidification du phagososme(

L’acidification de la vacuole de phagocytose est un élément important de la maturation du 

87;A.-.>+["B7+g"5+-">;>>)D^1+-W"5+"8O"*4"87;A.-.>+"81,(.(+"*+-">;(1.87;A+-"est d’environ 5,4. 

E3+"D.)-" 5;">;:41;:).3":+1>)3,+" 5+"8O"*4"87;A.50-.-.>+"+-:" )3D,1)+41"V"!We["B+::+";()*)D)(;:).3"+-:"

due à l’accumulation de protons H
v
" vers le lumen phagosomal grâce l’action de VK#T=;-+-" M5+-"

#T=;-+-"Q,-)(45;)1+-N"*.nt la quantité s’accroit au niveau de la membrane phagoso>;5+";4"(.41-"*+"

5;">;:41;:).3" MJ43Kj;*;" +:" ;5[W" YZZ_N. Cette étape requiert l’hydrolyse de l’ATP cytosolique pour 

;--41+1" 43" :1;3-8.1:" ;(:)D" *+" 81.:.3" MI49;(-" +:" ;5[W" R__Rh" ?+0+32;(7" ;3*" j)+(g.1+9W" YZZUN["

L’acidification crée un environnement hos:)5+" V" 5;" (1.)--;3(+" *+" 5;" 2;(:,1)+" )3:+13;5)-,+" +:" 8+1>+:"

;4--)"5+"2.3"D.3(:).33+>+3:"*+"3.>21+4-+-"+3g0>+-"70*1.50:)64+-"8.--,*;3:"43"8O".8:)>4>";()*+"

:+55+-" 64+" 5+-" (;:7+8-)3+-" $" +:" I" " MO4037" ;3*" H1)3-:+)3W" YZZXN[" I+-" 81.:.3-" )3:1;87;A.-.>;4/"

participent également à la génération d’espèces réactives de l’oxygène (ROS), composés microbicides 

*4"87;A.-.>+" Mj)3:+12.413W"YZZ\h"$+B.41-+0W"YZRZN. L’acidification du phagosome n’est pas une 

(.3-,64+3(+" *+" 5;" D.1>;:).3" *4" 87;A.50-.-.>+" >;)-" -+>25+" i:1+" 43+" 8;1:)+" )3:,A1;3:+" *4"

81.(+--4-"*+">;:41;:).3"64)"(.3:1b5+" 5+" :1;D)(">+>21;3;)1+" MH.1*.3"+:";5[W"R_\Zh"Q;3"$+41-"+:";5[W"

R__UN["$+">;3)^1+" )3:,1+--;3:+W" 43+"`"#T=;-+"O
v
" :1;3-8.1:)3A" 50-.-.>;5"81.:+)3"a" ;" ,:," )*+3:)D),+"

(7+g"!0()*)#$(MO4Q+:"+:";5[W"YZZ!N"+:"+-:"-41+/81)>,+"(7+g"5+-"74]:1+-"-41Q)Q;3:"V"43+")3D+(:).3"8;1"10(

&#$3#/*'/$*$"IH=lY"M*+"I.1A+1)5"+:";5[W"YZRR2N["

Chez l’huître !0( 9*")*/*:#W" )5" ;" ,:," >.3:1," 64+" 5;" 87;A.(0:.-+" *+" 8;1:)(45+-" *+" g0>.-;3"

entrainait une acidification du phagosome jusqu’à un pH de 3,9 M?+;Q+3";3*"=;03:+1W"R___N["B7+g""

l’huître ;0().%3'"#&#W" 5;"81,-+3(+"*4"8;1;-):+"<#"&'*.*#($=,/'=*"+3:1;)3+",A;5+>+3:"43+"*)>)34:).3"

*4"8O"*4"87;A.-.-.>+"ML4(7+5"+:";5[W"YZRZN["

";T;T;@ Production d’espèces réactives de l’oxygène et de l’azote(

Une part importante de l’activité microbicide des phagocytes s’effectue via la production 

d’espèces réactives de l’oxygène (ROS) et de l’azote (RNS), qui peuvent agir de manière 

+/:1;(+5545;)1+">;)-" -41:.4:" ;4" -+)3" *4" 87;A.-.>+[" B+-">.5,(45+-" 8+4Q+3:" ./0*+1" 5+-" 5)8)*+-W" 5+-"

A54()*+-".4"5+-";()*+-"34(5,)64+-W"+3";5:,1+1"5;"(.3D.1>;:).3"+:"*.3("5;"D.3(:).3" ML.7+3";3*"%0-9;W"

YZZYN. A terme, l’accumulation de ces >.5,(45+-" +-:" D;:;5+" 8.41" 5+" 8;:7.A^3+[" E3+" ;(:)Q):,"

+3g0>;:)64+" (5," *;3-" 5;" 81.*4(:).3" *+" 'GJ" +-:" (+55+" *4" (.>85+/+" *+" 5;" %#$=O" ./0*;-+" 64)"

s’assemble au niveau de la membrane plasmatique et de la membrane du phagosome suite à 

l’activation de la cellule. Ce complexe catalyse l’oxydation du NADPH du cytosol en NADP
v
"+:"D.1>+"

;)3-)"5’ion superoxyde (OY
K
N"+:"5+"8+1./)3):1):+"MG%GGNW"1;*)(;4/"7;4:+>+3:"1,;(:)D-W"qui s’accumulent 



YY"

"

*;3-"5+"54>+3"*4"87;A.-.>+["E3+"-48+1./0*+"*)->4:;-+"MJG$N"81,-+3:+"*;3-"5+"87;A.-.>+"8+1>+:"

alors la synthèse du peroxyde d’hydrogène (HYGYNW">.)3-":./)64+W"V"partir de l’ion superoxyde (OY
K
N"+:"

*+"81.:.3-"O
v
. Le peroxyde d’hydrogène (HYGYN"+-:"V"-.3":.41"(.3Q+1:)"+3";()*+"708.(75.1+4/"MOGB5N"

en présence d’ion Cl
K
"sous l’action de la myéloperoxydase (MPO) M@>5;0";3*"I)33W"R_\\h"C;3AW"YZZ!N[""

"

123456&m;&Espèces réactives de l’oxygène et de l’azote chez les mammifères. &

(D9SGB&D6&1983J&@__`;&

&

Comme les ROS, les espèces réactives de l’azote (RNS) contribuent également à l’élimination 

des pathogènes. La formation d’oxyde nitrique"M%G
;
N"*;3-"5+-"87;A.(0:+-"+-:"(;:;50-,+"8;1"43+"./0*+"

nitrique synthase (NOS). Comme l’ion superoxyde, le NO
;
" +-:" -03:7,:)-," V" 5;" >+>21;3+" *4"

87;A.-.-.>+[" I’oxyde nitrique (NO
;
N" +-:" :1^-" :./)64+" 1,;A)--;3:W" 1;8)*+>+3:" ;Q+(" 5+-" 'GJ" 8.41"

D.1>+1"*+" 3.>21+4-+s d’espèces réactives de l’azote tels que le nitrite (NOY
K
N" .4" +5" 3):1;:+" M%Gl

K
N"

MC)A41+" \N. D’après" C;3A" +:" ;5[" MYZZ!NW" (7;(43+" *+" (+-" +-8^(+-" ;" 43" >,(;3)->+" d’action, 43+"

5.(;5)-;:).3"+:"43+";(:)Q):,"2).5.A)64+"*)DD,1+3:+[""



Yl"

"

$+-" ,:4*+-" -41" >0( :%.*( ont montré qu’à de faibles concentrations en HYGYW" 5+" >,(;3)->+"

majeur des ROS était des dommages à l’ADN M@>5;0";3*"I)33W"R_\UW"R_\\N["I;"8+1./)*;:).3"*+-"5)8)*+-"

2;(:,1)+3-" ;" ,A;5+>+3:" ,:," .2-+1Q,+" ;81^-" 87;A.(0:.-+" 8;1" *+-" 3+4:1.87)5+-" >;)-" ;4(43+"

corrélation avec la mort des bactéries n’a été montrée MJ7.7+:"+:";5[W" R_X!N. L’oxide nitrique peut 

,A;5+>+3:")37)2+1"5;"1+-8)1;:).3"2;(:,1)+33+"M=;(+55)"+:";5[W"R__eN[""

La production de ROS a été reportée chez les hémocytes d’huîtres. Chez les hémocytes non 

-:)>45,-W" 5;" 81.*4(:).3" *+" 'GJ" 3+" 81.Q)+3:" 8;-" *+" 5;" %#$=OK./)*;-+" (0:.85;->)64+W" de l’oxyde 

3):1)64+"-03:7;-+".4"*+"5;">0,5.8,1./)*;-+W">;)-"*+"5;">):.(7.3*1)+" M$.3;A70"+:";5[W"YZRYN"MC)A41+"

_N[" @>>,*);:+>+3:" ;81^-" 5;" 87;A.(0:.-+" *+" 8;1:)(45+-" *+" g0>.g;3W" *+-" +-8^(+-" 1,;(:)Q+-" *+"

l’oxygène et"d’azote (ROS/RNSN"-.3:"81.*4):+-"M$+5;8.1:+"+:";5[W"YZZlh"I;>2+1:"+:";5[W"YZZlh"I;>2+1:"

+:" ;5[W" YZZXN[" Pour s’en prém43)1W" 5+-" 8;:7.A^3+-" 8+4Q+3:" 1,*4)1+" 5;" 81.*4(:).3" *+" 'GJ" 8;1" 5+-"

hémocytes de l’huître (.>>+">.3:1,"8.41"*)DD,1+3:+-"+-8^(+-"*+"1*2"*%" MI;21+4(7+"+:";5[W"YZZU2h"

I;21+4(7+"+:";5[W"YZZU;h"$48+1:740"+:";5[W"YZRRN["

"
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"

"

123456&L. Espèces réactives de l’oxygène et de l’azote produites chez les hémocytes de bivalves. &

A. Production des ROS/RNS à la membrane plasmique (droite) et à l’intérieur du phagososme (gauche). B. 

/A9n86&56NS259GR256&C2GR:AR8D529E&AISRGABG2\46;&!6N& 28A2O2G645N&D6N&CREB:4E6N&:2OE6N&NR8G& 28D2\4BN&68&352N;&

#,'&>& N4S65RZID6&D2NC4G9N6J&-,#&>&RZID6&82G52\46&NI8GA9N6J&[=,&>&CI6ERS65RZID9N6;&D’après&'R893AI&6G&

9E;J&@_7@;&

"

I;" 81.*4(:).3" *+" >.5,(45+-" :./)64+-" (.>>+" 5+-" 'GJ" +:" '%J" 8+4:" ;4--)" +3:1;]3+1" *+-"

dommages tissulaires chez l’hôte. C’est pourquoi les organismes possèdent des systèmes de défense 

;3:)./0*;3:-" +DD)(;(+-" (.>>+" la production d’enzymes antioxydantes telle que des superoxyde 

*)->4:;-+-" MJG$NW" *+-" 8,1./0*;-+-" M(;:;5;-+-" +:" A54:;:7).3+" 8,1./)*;-+-NW" *+-" 8,1./)1+*./)3+-" +:"

*+-"A54:;:7).3+"JK":1;3-D,1;-+-"MP+1:4;3)"+:";5[W"YZZ!N. Les activités antioxydantes de l’hémolymphe 

*+-" 74]:1+-" .3:" ,:," 5;1A+>+3:" *,(1):+-" *;3-" 5;" 5)::,1;:41+" +:" *+-" homologues d’enzymes 

;3:)./0*;3:+-".3:",:,")*+3:)D),+-"MH.3g;5+g"+:";5[W"YZZeh"p."+:";5[W"YZZ\h"=;19"+:";5[W"YZZ_N["I;">;c.1):,"

des études sur les enzymes antioxydantes chez l’74]:1+"8.1:+3:"-41" 5+-"JG$["B+-"81.:,)3+-"8+4Q+3:"

i:1+")>85)64,+-"*;3-"5;"1,8.3-+";3:)K./0*;3:+W"5;"1,8;1;:).3"*+-"5,-).3-"">;)-";4--)"5;"-,64+-:1;:).3"



Ye"

"

*4"D+1"+3"+/(^-"MJ(.::)"+:";5[W"YZZXN["@5"D;4:",A;5+>+3:">+3:).33+1"64+"5;"1+-8)1;:).3">):.(7.3*1);5+"

+3:1;)3+"5;"81.*4(:).3"*+"'GJ"V"*+"D;)25+-"(.3(+3:1;:).3-"MC)A41+"_N["

B7+g" 5+-" +4(;10.:+-W" .3" 1+:1.4Q+" *+-" JG$" V" (4)Q1+&g)3(" MB4&r3N" +/:1;(+5545;)1+-" .4"

(0:.-.5)64+-" MT;)3+1" +:" ;5[W" R_\YN" +:" *+-" JG$" V">;3A;3^-+" M<3N">):.(7.3*1);5+-" M?.1A-:;75" +:" ;5[W"

R__YN. Chez l’huître !0()*)#$W"5;"81.:,)3+">;c.1):;)1+"*4"85;->;"+-:"43+"-48+1./)*+"*)->4:;-+"B4&r3"

+/:1;(+5545;)1+" MF(JG$N" MH.3g;5+g" +:" ;5[W" YZZeh" J(.::)" +:" ;5[W" YZZXh" H1++3" +:" ;5[W" YZZ_h" @:.7" +:" ;5[W"

YZRZ2N, également appelée carvortine. Elle est capable de se lier aux hémocytes via les βK)3:,A1)3+-"

et d’agir en tant qu’ospsonine avec les 1*2"*%(M$48+1:740"+:";5[W"YZRRN["E3+",:4*+"1,(+3:+";"8+1>)-"*+"

>.3:1+1" 64+" (+::+" 81.:,)3+">;c.1):;)1+" *4" 85;->;" *+" !0( )*)#$( 81,-+3:;):" ,A;5+>+3:" *+-" ;(:)Q):,-"

;3:)Q)1;5+-(MH1++3"+:";5[W"YZR!2N0"

";T;T;T 4'$(56&#78(

";T;T;T;7 L’influx&D6&CBG94Z&D98N&E6&SA93RNRC6&

I+-"81.81),:,-";3:)>)(1.2)+33+-"*4"g)3("+:"*4"(4)Q1+"*;3-"5+-">;(1.87;A+-".3:"-.4Q+3:",:,"

-4AA,1,+-["$+-",:4*+-"1,(+3:+-".3:";88.1:,"*+-")3D.1>;:).3-";4"-4c+:"*+-">,(;3)->+-"64)"1,A45+3:"

l’homéostasie du"(4)Q1+"+:"*4"g)3("+:"5+41"8;1:)()8;:).3"*;3-"5+-"*,D+3-+-")>>43):;)1+-" MJ.5*;:)";3*"

%+01.55+-W"YZRYh"H+1>;3"+:";5[W" YZRlN" " MC)A41+"RZN["$+"3.-" c.41-W" 5;" 1,A45;:).3"*4"(4)Q1+"+:"*4" g)3("

(7+g" 5+-" (+5545+-" +4(;10.:+-" +-:" 2)+3" *,(1):+W" >;)-" 5+-" >,(;3)->+-" )3:+1Q+3;3:" ;4" -+)3" *+-"

87;A.-.>+-"1+-:+3:"+3(.1+"8+4",:4*),-[""

I+"(4)Q1+"+:" 5+"g)3("-.3:"1+64)-"8.41"*+"3.>21+4/"81.(+--4-">,:;2.5)64+-">;)-" )5-"8+4Q+3:"

être toxiques lorsqu’ils sont en excès. Le cuivre existe sous deux formes d’oxydation dans les 

-0-:^>+-"2).5.A)64+-"k"5+"B4
v
"M1,*4):N"+:"5+"B4

Yv
"M./0*,NW"64)"-.3:"4:)5)-,+-"8;1"5+-"+3g0>+-"1,*./"64)"

4:)5)-+3:"5+"(4)Q1+"en tant qu’accepteur ou donneurs d’électrons. $;3-"5+-"+3Q)1.33+>+3:-"1)(7+-"+3"

).3" -48,1./0*+" MGY
K
N" +:" 8,roxyde d’hydrogène" MOYGYNW" (.>>+" 5+" 87;A.-.>+W" 5+" (4)Q1+" B4

v
" 8+4:"

8+1>+::1+" *+" D.1>+1" *+-" 1;*)(;4/" 70*1./05" :./)64+-" 8;1" 5;" (7)>)+" *+" C+3:.3" MC+3:.3W" R_\!N[" B+-"

>,:;4/" -.3:" ,A;5+>+3:" +--+3:)+5-" ;4/" JG$" 64)" (;:;50-+3:" 5;" 81.*4(:).3" *+" OYGY" V" 8;1:)1" de l’ion 

-48+1./0*+"(7+g"5+-">;(1.87;A+-"+:"5+-">.3.(0:+-"M<;AA)3)"+:";5[W"YZZXN[""

L’accumulation de (4)Q1+"+:"*+"g)3("*;3-"5+-"87;A.-.>+-";",:,"*,(1):+"(7+g"5+-">;(1.87;A+-"

)3D+(:,-";0;3:")3:+13;5)-,"*+-"2;(:,1)+-["#)3-)W"5’analyse des éléments du phagosome de macrophages 

)3D+(:,-"8;1"*+-"+-8^(+-"<=:%2#:&'"*-3"a montré que les cytokines TNFα et INFγ induisaient une 

;((4>45;:).3"*+" g)3("+:"*+" (4)Q1+"*;3-" 5+-"87;A.-.>+-"*+">;(1.87;A+-" )3D+(:,-"8;1"<0(#9*-3" +:"



YU"

"

que le zinc s’accumulait au cours du temps suite à une infection par <0(&-2'":-.%$*$"Mj;A3+1"+:";5[W"

YZZeN["E3+",:4*+"-)>)5;)1+";",A;5+>+3:">.3:1,"43+";((4>45;:).3"*+"g)3("*;3-" 5+-"87;A.-.>+-"*+"

>;(1.87;A+-" )3D+(:,-" 8;1"<0( &-2'":-.%$*$" ;81^-" !7" *+" (.3:;(:" +:" *,>.3:1," 64+" 5+" g)3(" (.5.(;5)-+"

;Q+(" 5+-" 2;(:,1)+-" )3:+13;5)-,+-" M?.:+55;" +:" ;5[W" YZRRN[" $+-" ;4:+41-" :1;Q;)55;3:" -41" 5+" 8;:7.A^3+"

;#.3%/'..#( '/&'"*:#( -+1.Q;1" T087)>41)4>" ont montré qu’une infection de-" >;(1.87;A+-" 8;1" (+"

8;:7.A^3+" )3*4)-;):" 43+" ;((4>45;:).3" *+" (4)Q1+" *;3-" *+-" Q,-)(45+-" )3:1;(+5545;)1+-" M#(7;1*" +:" ;5[W"

YZRYN[" G3" 8+4:" ;)3-)" -488.-+1" 64+" (+-" Q,-)(45+-" D4-).33+3:" 8;1" 5;" -4):+" ;Q+(" 5;" Q;(4.5+" *+"

87;A.(0:.-+"8.41"+31)(7)1"5+"87;A.-.>+"+3"(4)Q1+["E3+",:4*+"1,(+3:+";">.3:1,"64+"5+"%G
;
"8.4Q;):"

inhiber la réplication de l’ADN bactérien de manière irréversible grâce des mécanis>+-">.2)5)-;3:"5+"

g)3("MJ(7;8)1."+:";5[W"YZZlN["

"

"

123456&7_. Transport de métaux et production d’espèces réactives de l’oxygène dans l6N&:6EE4E6N;&&

La NADPH oxydase produit du peroxyde d’hydrogène (H@,@V&\42&28GB5932G&9F6:&E6&/4
k
&6G&E6&16

@k
&SR45&3B8B565&

D6N&59D2:94Z&AID5RZIE&U,<
;
) et l’ion hydroxIE&U,<

P
V&\42&NR8G&A94G6C68G&GRZ2\46N&SR45&E9&O9:térie. L’import de 

/4
k
&dans la cellule s’effe:G46&S95&E6N&S5RGB286N&C6CO5989256N&/G57;&%8N42G6J&E9&S5RGB286&:A9S65R886&($,o&Y2Z6&

E6&/4
k
&et le délivre aux ATP7A pour qu’il soit transporté dans le phagosome. Les transporteurs Zip permettent 

E9& SB8BG59G2R8&D4& :42F56&D98N& E6& :IGRSE9NC6&D6& E9& :6EE4E6& 6G& E6N& 6ZSR5G645N& p8G& DBE2F568G& E6& :42F56& D98N& E6&

SA93RNRC6&D6N&C9:5RSA936N;&D’après&065C98&6G&9E;J&@_7T;&

&

&

&

&

&
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;N"I+"g)3("

L’homeostasie du zinc"+-:"1,A45,+"8;1"*+-":1;3-8.1:+41-"+:"*+-">,:;55.:7).3,)3+-"M?.:+55;"+:"

;5[W" YZRYh" H+1>;3" +:" ;5[W" YZRlN" MC)A41+" RZN[" F55+" +-:" 81)3()8;5+>+3:" 1,A45,+" 8;1" *+4/" D;>)55+-" *+"

:1;3-8.1:+41-"*+"g)3("k" 5+-"+/8.1:+41-"*+"g)3(W"JIBlZ#" Mr3TN"+:" 5+-" )>8.1:+41-"*+"g)3(W"JIBl_#"Mr@=N"

MI)(7:+3";3*"B.4-)3-W"YZZ_N["I+-":1;3-8.1:+41-"r3T"*)>)34+3:"5;"(.3(+3:1;:).3"+3"g)3("(0:.-.5)64+"+3"

transportant le zinc hors des cellules ou vers les vésicules intracellulaires. A l’inverse, les 

:1;3-8.1:+41-" r)8" ;4A>+3:+3:" 5;" (.3(+3:1;:).3" +3" g)3(" (0:.-.5)64+" +3" :1;3-8.1:;3:" 5+" g)3(" *+"

l’extérieur vers l’intérieur de la cellule et depuis les organelles intracellulaires vers le cytoplasme. Ces 

:1;3-8.1:+41-"8+4Q+3:"i:1+" 5.(;5)-,-"V" 5;">+>21;3+"85;->)64+"+:"V" 5;">+>21;3+"*+-" 50-.-.>+-"+:"

*+-"+3*.-.>+-"+:"*/(8*/'"V"5;">+>21;3+"*4"87;A.-.>+[""

@5";",:,">.3:1,"64+"5+":1;3-8.1:+41"r3TRW"-):4,"V"5;">+>21;3+"*+-"Q,-)(45+-")3:1;(+5545;)1+-W"

,:;):"-41+/81)>,"*;3-"5+-">;(1.87;A+-")3D+(:,-"8;1"<0(&-2'":-.%$*$"M?.:+55;"+:";5[W"YZRRN["=;1"5;"-4):+W"

(+-" Q,-)(45+-" Q.3:" 81.2;25+>+3:" D4-).33+1" ;Q+(" 5+" 87;A.50-.-.>+[" F3D)3W" )5" ;" ,:,">.3:1," 64+" 5+-"

>,:;55.:7).3,)3+-",:;)+3:"-41+/81)>,+-"*;3-" 5+-">;(1.87;A+-"+3"81,-+3(+"*+"I=J" MI+)221;3*:";3*"

L.1.8;:3)(9W"R__!N[""

" B7+g" !0( )*)#$W" *+4/" A^3+-" +:" 43" #$%(" *+" >,:;55.:7).3,)3+" .3:" ,:," -,64+3(,-"k" !)<TRW"

!)<TY" +:" !)<Tl" MT;3A40" ;3*" <.1;A;W" YZZRh" T;3A40" +:" ;5[W" YZZRN[" =;1" ;)55+41-W" *+" 3.>21+4/"

:1;3-8.1:+41-" *+" g)3(" Mr)8" +:" r3:N" -.3:" 1+:1.4Q,-" */( $*.*:%" *;3-" 5+" génome de l’huître ma)-" ;4(43"

d’entre eux"n’a été caractérisé à ce jour."

2N"I+"(4)Q1+"

=;1>)"5+-"81.:,)3+-")>85)64,+-"*;3-"5;"1,A45;:).3"*4"(4)Q1+"(7+g"5+-"+4(;10.:+-W".3"1+:1.4Q+"

*+-":1;3-8.1:+41-"+:"*+-"81.:,)3+-"*+"5);)-.3";4"(4)Q1+"MJ:;DD.1*"+:";5[W"YZRlN[""

I+-"81.:,)3+-"BT'"MB.88+1":1;3-8.1:"81.:+)3N"-.3:"*+-":1;3-8.1:+41-"V"7;4:+";DD)3):,"8.41"5+"

(4)Q1+[" I+-" BT'R" -.3:" 5.(;5)-,-" V" 5;" >+>21;3+" 85;->)64+" +:" V" 5;" >+>21;3+" *+-" Q,-)(45+-"

)3:1;(+5545;)1+-[" @5-" -.3:" 1+-8.3-;25+-" *4" :1;3-8.1:" *4" (4)Q1+" *+" 5;" >+>21;3+" 85;->)64+" ;4/"

+3*.-.>+-" 5.1-64+" 5+" 3)Q+;4" *+" (4)Q1+" +/:1;(+5545;)1+" +-:" ,5+Q," ML5.>8" +:" ;5[W" YZZYh" =+:1)-" +:" ;5[W"

YZZlN[" I+-" :1;3-8.1:+41-" BT'Y" 8.--^*+3:" 43+" -,64+3(+" -)>)5;)1+" ;4/" BT'R" +:" -.3:" +/81)>,-" ;4"

3)Q+;4"*+-"Q,-)(45+-")3:1;(+5545;)1+-W")3(54;3:"5+-"50-.-.>+-"+:"5+-"+3*.-.>+-":;1*)D-"M?+1:)3;:."+:";5[W"

YZZ\N[""



Y\"

"

G3" 1+:1.4Q+" ,A;5+>+3:" 5+-" #T=;-+-W" #T=X#" +:" 5+-" #T=X?W" 64)" :1;3-8.1:+3:" 5+" (4)Q1+" +3"

utilisant l’hydrolyse de l’ATP MI)3g";3*"I4:-+39.W"YZZXh"I4:-+39."+:";5[W"YZZ\N["B+-"*+13)^1+-"8+4Q+3:"

i:1+"5.(;5)-,+-";4"3)Q+;4"*+"5;">+>21;3+"85;->)64+"+:";4/"3)Q+;4/"*+-"Q,-)(45+-")3:1;(+5545;)1+-["

@5" ;" ,:," montré qu’une infection des macrophages" 8;1" ;#.3%/'..#( '/"'"*:#( -+1.Q;1"

T087)>41)4>" )3*4)-;):"une modulation de l’expression de :&"?W":&"@" +:"#&AB#" M#(7;1*"+:";5[W" YZRYN["

j7):+" MYZZ_N" ont montré que l’AT=X#" (.5.(;5)-+" 8;1:)+55+>+3:" ;Q+(" 5+-" 87;A.-.>+-" *41;3:" 5;"

87;A.(0:.-+" *+" 2)55+-" *+" 5;:+/" +:" 64+" 5+"" `"93.(9.4:"a" *+" #&AB#" +3:1;)3+" 43+" *)>)34:).3" *+-"

(;8;():,-"*+-">;(1.87;A+-"V":4+1"5+-"2;(:,1)+-">0:%.*["=;1>)"5+-"81.:,)3+-"5);3:"5+"(4)Q1+W".3"1+:1.4Q+"

5+-" 81.:,)3+-" (7;8+1.33+-" #TGwW" BBJ" +:" B./RX" 64)" *,5)Q1+3:" 5+" (4)Q1+" ;4/" #T=X#W" ;4/" JG$" V"

(4)Q1+&g)3("*4" (0:.-.5" +:" ;4/">):.(7.3*1)+-W" 1+-8+(:)Q+>+3:" MH;22);3)" +:" ;5[W" YZRYh"H+1>;3"+:" ;5[W"

YZRlN["

L’ensemble de ces études suggèrent qu’u3" *+-">,(;3)->+-" *+" *,D+3-+" *+-">;(1.87;A+-"

contre l’invasion des bactéries soit l’accumulation de cuivre et de zinc dans les phago-.>+-[" T1.)-"

#T=;-+-" *+" :08+" R" 7.>.5.A4+" V" #T=X#W" *+4/" :1;3-8.1:+41-" *+" (4)Q1+" 7.>.5.A4+-" V" B:1R" +:" 43+"

81.:,)3+"(7;8+1.33+"#TGwR"-.3:"1+:1.4Q,-" */($*.*:%"dans le génome de l’huître mais aucun d’entre 

eux n’a encore été étudié-["

";T;T;T;@ L’efflux de métaux D4&SA93RNRC6&

I+"D+1"+:"5+">;3A;3^-+"-.3:"*+-">,:;4/"+--+3:)+5-"V"5;"-41Q)+"*+-"2;(:,1)+-")3:1;(+5545;)1+-"+:"

854-"8;1:)(45)^1+>+3:"5+"C+
Yv
"(7+g"5+-"<=:%2#:&'"*#W";#.3%/'..#W"C')*%/'..#"+:"C'*$43#/*#"-88["#)3-)W"

5+" >;(1.87;A+" *)>)34+" 5+41" (.3(+3:1;:).3" *;3-" 5+" 87;A.-.>+" ;D)3" *+" 5)>):+1" 5;" (1.)--;3(+" *+-"

2;(:,1)+-["=;1>)"5+-"81.:,)3+-")>85)64,+-"*;3-"5;"*)>)34:).3"*4"D+1"+:"*4">;3A;3^-+W".3"1+:1.4Q+"5;"

81.:,)3+"%'#<="MC.12+-";3*"H1.-W"YZZRh"B+55)+1"+:";5[W"YZZXNW"43+"(;581.:+(:)3+"M$;>."+:";5[W"YZRlN"

+:"43+"D+11.8.1:)3+"M<;*+c(g09";3*"?;55;:.1)W"YZRYN["

B+1:;)3-" >;(1.87;A+-" 4:)5)-+3:" *+-" :1;3-8.1:+41-" *+" :08+" %'#<=" M3;:41;5" 1+-)-:;3(+K

;--.();:+*">;(1.87;A+"81.:+)3N" 8.41" *)>)34+1" 5;" 64;3:):," *+" C+
Yv
" +:" *+"<3

Yv
" *;3-" 5+" 87;A.-.>+"

Mp;2;*."+:";5[W" YZZZN[" I;"81.:,)3+"%'#<=R"-+" :1.4Q+" 5.(;5)-,+"V" 5;">+>21;3+"*+-"87;A.-.>+"*+-"

>;(1.87;A+-" +:" V" 5;">+>21;3+" *+-" +3*.-.>+-" :;1*)D-" +:" *+-" 50-.-.>+-" MH14+37+)*" +:" ;5[W" R__Xh"

p;2;*."+:";5[W"YZZYh"B.41Q)55+"+:";5[W"YZZUN["$+-",:4*+-"-41"5+-"8;:7.A^3+-")3:1;(+5545;)1+-"(;8;25+-"*+"

-41Q)Q1+"*;3-" 5+-">;(1.87;A+-".3:">.3:1,"64+" 5;"81.:,)3+"%'#<=R",:;):" 5.(;5)-,+"V" 5;">+>21;3+"

*+-" Q;(4.5+-" (.3:+3;3:" 5+-" 2;(:,1)+-( ;#.3%/'..#5( C'*$43#/*#5( <=:%2#:&'"*-3" #9*-3" +:" D'"$*/*#"

MJ+;15+"+:";5[W"R__\h"H.Q.3)"+:";5[W"R___N[""



Y_"

"

G3"1+:1.4Q+"43":1;3-8.1:+41"*+">,:;4/"*)Q;5+3:-"7.>.5.A4+"V"%'#<=R"*;3-"5+"A,3.>+"*+""

!0()*)#$["@5"+-:";)3-)"D.1:"81.2;25+"64+"(+-">,(;3)->+-"-.)+3:",A;5+>+3:"+>85.0,-"8;1"5+-"7,>.(0:+-"

phagocytant des bactéries de l’huître !0()*)#$0"

";T;T;` 4'$('9:;5'$(<;="%>;&*?7'$(

#4" (.41-" *+" 5;" 87;A.(0:.-+W" 5+-" >)(1..1A;3)->+-" -+" 1+:1.4Q+3:" 5.(;5)-,-" *;3-" 5+-"

87;A.-.>+-" 64)" D4-).33+3:" ;Q+(" 5+-" 50-.-.>+-" +:" 5+-" A1;345+-" )3:1;(+5545;)1+-[" B+-" A1;345+-" -.3:"

caractérisées par leur pH acide et la présence d’une grande variété d’enzymes hydrolytiques et 

d’effecteurs antimicrobiens. Parmi les enzymes hydrolytiques, les lysozymes jouent un rôle important 

*;3-" 5;" *,A1;*;:).3" *+-">)(1..1A;3)->+-" A1q(+" V" 5+41-" 81.81),:,-" 50:)64+-" *4" 8+8:)*.A50(;3+" *+-"

2;(:,1)+-"M?;(7;5)"+:";5[W"YZZYN["

Les lysozymes de l’huî:1+" -.3:" +/81)>,-" *;3-" *+" 3.>21+4/" :)--4-W" )3(54;3:" 5+-" 7,>.(0:+-"

M!)IKR" .4"!)K50g.5N">;)-" ;4--)" 5+-" ,8):7+5);" (.>>+" 5;" A5;3*+" *)A+-:)Q+" M!)IK" Y" .4"!)x50-.gYN" +:" 5+"

>;3:+;4"M!)IKl".4"!)x50-.glN"M<;:-4>.:."+:";5[W"YZZUh"@:.7";3*"T;9;7;-7)W"YZZXh"@:.7"+:";5[W"YZZXh"

@:.7"+:";5[W"YZRZ;h"w4+"+:";5[W"YZRZN["!)IKR"+:"!)IKlW" -.3:";(:)D-" (.3:1+"*+-"2;(:,1)+-"V"H1;>"8.-):)D"

M@:.7"+:";5[W"YZRZ;N. Il a également été démontré qu’une inD+(:).3"8;1"5+"8;:7.A^3+"10(&#$3#/*'/$*$"

IH=lY" )3*4)-;):" 5;" -41+/81+--).3" *+" 5;" !)IKR" *;3-" 5+-" 7,>.(0:+-W" (.>8;1," V" 43+" -.4(7+" 3.3"

Q)145+3:+"M*+"I.1A+1)5"+:";5[W"YZRR2N["

";T;T;^ 4'$(@"%&6#$'$('&(>'$(*9<*A*&'7"$(='(@"%&6#$'(

I+-" 7,>.(0:+-" 81.*4)-+3:" *+-" 81.:,;-+-" +:" *+-" )37)2):+41-" *+" 81.:,;-+-[" B+-" *+13)+1-"

8;1:)()8+3:" V" *+" 3.>21+4-+-" 1,;(:).3-" )>>43):;)1+-" +3" 1,A45;3:" 5+-" (;-(;*+-" *+" -)A3;5)-;:).3"

+3*.A^3+-"MO)22+::-"+:";5[W"R___N. De plus, les inhibiteurs de protéases de l’hôte peuvent inactiver les 

81.:,;-+-"-,(1,:,+-"8;1" 5+-";A+3:-" )3D+(:)+4/" M#1>-:1.3AW"YZZUN["$+"3.>21+4-+-"-,64+3(+-"(.*;3:"

des inhibiteurs de protéases ont été identifiées chez l’huître. On retrouve ainsi des serpines, des 

inhibiteurs tissulaires de métalloprotéases (TIMP) et des α2K>;(1.A5.245)3+-" M<.3:;A3;3)" +:" ;5[W"

YZZRh" H4+A4+3" +:" ;5[W" YZZlh" '.2+1:-" +:" ;5[W" YZZ_2N[" !)K&*3A" +-:" +/81)>," 43)64+>+3:" *;3-" 5+-"

7,>.(0:+-"+:"+-:">.*45,"+3"1,8.3-+"V"*+-"*.>>;A+-"*+"5;"(.64)55+W"V"43+")3D+(:).3"2;(:,1)+33+"+:"V"

43+"+/8.-):).3";4/"81.*4):-"+/:1;(+5545;)1+-"*+"1*2"*%" M<.3:;A3;3)"+:";5[W" YZZRh"<.3:;A3;3)"+:";5[W"

YZZXN["



lZ"

"

";T;T;M 4'$(@"%&6*9'$('&(@'@&*='$(#9&*5*B"%A*'9$(

I+-"8+8:)*+-";3:)>)(1.2)+3-"M#<=-N"-.3:"*+-"+DD+(:+41-"*+"5;"*,D+3-+"(.3:1+"5+-"8;:7.A^3+-"

:1^-"(.3-+1Q,-"*;3-"5+"1^Ane vivant. Il s’agit généralement de 8+8:)*+-"(;:).3)64+-W";>87)8;:)64+-W"

64)" )3:+1;A)--+3:" ;Q+(" 5+-" >+>21;3+-" *+-" 2;(:,1)+-" Q);" *+-" )3:+1;(:).3-" ,5+(:1.-:;:)64+-" ;Q+(" 5+-"

5)8.8.50-;((7;1)*+"(7;1A,-"3,A;:)Q+>+3:"*+-"2;(:,1)+-"V"H1;>"3,A;:)D".4"5+-";()*+-":+)(7.)64+-"*+-"

2;(:,1)+-"V"H1;>"8.-):)D"M?45+:"+:";5[W"YZZ!N["$+"3.>21+4/"#<=-"-.3:"(;8;25+-"*+"D.1>+1"*+-"8.1+-"

*;3-" 5+-">+>21;3+-"2;(:,1)+33+-W"+3:1;)3;3:";)3-)" 5;" 50-+"*+" 5;" (+5545+" M?1.A*+3W"YZZeN[" I+-"#<=-"

8+4Q+3:" ,A;5+>+3:" -+" 5)+1" V" *+-" (.>8.-;3:-" +--+3:)+5-" *+-" >+>21;3+-" 2;(:,1)+33+-" .4" i:1+"

:1;3-5.64,-" *;3-" 5+" (0:.85;->+W" .u" )5-" )3:+1D^1+3:" ;Q+(" *+-" 81.(+--4-" (+5545;)1+-" Q):;4/" :+5-" 64+" 5;"

synthèse des acides nucléiques, de protéines, d’enzymes et de composants de la paroi M?1.:g"+:";5[W"

R__\h"=;19"+:";5[W"R__\h"L1;A.5"+:";5[W"YZZRh"=;:1g09;:"+:";5[W"YZZYh"J1)3)Q;-;3"+:";5[W"YZRZh"j)5>+-"+:"

;5[W" YZRRN[" I+-" #<=-" 8+4Q+3:" ;A)1" +3" -03+1A)+" +3" (.>2)3;3:" leurs mécanismes d’action pour 

(.>2;::1+"5+-"2;(:,1)+-"8;:7.A^3+-"MJ(7>)::"+:";5[W"YZRY2N["

I+-" 87;A.(0:+-" 8+4Q+3:" 4:)5)-+1" 5+-" #<=-" 8.41" :4+1" 5+-" >)(1.K.1A;3)->+-" 64)" .3:" ,:,"

87;A.(0:,-[" #)3-)W" 5+-" 87;A.(0:+-" 74>;)3-W" +3" 8;1:)(45)+1" 5+-" 3+4:1.87)5+-W" -.3:" (.334-" 8.41"

exprimer une grande diversité d’AMPs. Les neutrophiles expriment des aK*+D+3-)3+-W"-:.(9,+-"*;3-"

5+-"A1;345+-";g41.87)5+-"64)"D4-).33+3:";Q+("5+"87;A.50-.-.>+"8.41":4+1"5+-"2;(:,1)+-")3:+13;5)-,+-W"

+:" 5;" (;:7+5)()*)3+" IIKlXW" -:.(9,+" *;3-" 5+-" A1;345+-" -,(1,:.)1+-" 64)" 1+5;1A4+3:" 5+41" (.3:+34" V"

l’extérieur. Leur expression est" (.3-:):4:)Q+" >;)-" 5;" *,5)Q1;3(+" +-:" 1,A45,+" 8;1" *)Q+1-" -)A3;4/"

microbiens. Dans les phagolysosomes des neutrophiles, la concentration des défensines est d’environ 

RZ>A&>5" MH;3gW" YZZlN[" I+-" >;(1.87;A+-" +/81)>+3:" 64;3:" V" +4/" un nombre limité d’AMPs par 

rapport aux neutrophiles. Ces cellules utilisent les AMPs tels que l’hepcidineW" IIK37 et les βK

*,D+3-)3+-"Y"74>;)3+-"8.41"(.3:1b5+1"5+-"8;:7.A^3+-")3:1;(+5545;)1+-"MI)4";3*"<.*5)3W"YZZ\N["I+"1b5+"

*+"IIKlX"*;3-"5;"*,A1;*;:).3")3:1;(+5545;)1+"*+-">0(.2;(:,1)+-"+-:">;)3:+3;3:"2)+3"*.(4>+3:," MI)4"

;3*"<.*5)3W"YZZ\h"J.3;s;3+"+:";5[W"YZRRN["

Les hémocytes de l’huître 81.*4)-+3:"aussi une large gamme d’AMPs"(.3Q+3:).33+5-"+:"3.3"

(.3Q+3:).33+5-" MJ(7>)::" +:" ;5[W" YZRY(N" )3(54;3:" *+-" DBY68N286NW" *+-" O23PDBY68N286NW" *+-" S6SG2D6N&

52:A6& 68& S5RE286" +:" 43+" !)PCREE4N:2D286" 1,(+>>+3:" )*+3:)D),+W" ;)3-)" 64+" *+4/" 81.:,)3+-"

;3:)>)(1.2)+33+-W"!)P)="" M2;(:+1);5&8+1>+;2)5):0K)3(1+;-+*"81.:+)3N"+:"43+"!)P[6S37" M>;(1.87;A+"

+/81+--+*"A+3+"RK5)9+"N"MH.3g;5+g"+:";5[W"YZZXh"O+"+:";5[W"YZRRh"r7;3A"+:";5[W"YZRR*h"J+."+:";5[W"YZRlN[""

I;"!)K?=@"+-:"-:.(9,+"*;3-"*+"5;1A+-"Q;(4.5+-"(0:.85;->)64+-">;)-"5;"5.(;5)-;:).3"*+-";4:1+-"8+8:)*+-"

n’est pas clairement établie. L’expression de la !)K?=@W"*+"!)K<+8AR"+:"*+-"2)AK*,D+3-)3+-"R"+:"Y"+-:"



lR"

"

1,A45,+" *;3-" 5+-" 7,>.(0:+-" )3D)5:1;3:-" ;81^-" 43+" )3D+(:).3" 2;(:,1)+33+" mais l’expression des 

*,D+3-)3+-" +-:" (.3-:):4:)Q+"*;3-" 5+-"7,>.(0:+-" MH.3g;5+g"+:" ;5[W" YZZXh"O+"+:" ;5[W" YZRRh"'.-;"+:" ;5[W"

YZRRN[""

I+-"!)K?=@-"-.3:";(:)Q+-"43)64+>+3:"-41"5+-"2;(:,1)+-"V"H1;>"3,A;:)D" MH.3g;5+g"+:";5[W"YZZXh"

r7;3A"+:";5[W"YZRR*N["H.3g;5+g"MYZZXN"+:";5[".3:">.3:1,"64+"!)K?=@",:;):"(;8;25+"*+"-+"5)+1";4"I=J"+:"

*+" 8+1>,;2)5)-+1" *+-" 2;(:,1)+-[" !)K<+8AR" M>;(1.87;A+" +/81+--+*" A+3+" RK5)9+NW" ;88;1:+3;3:" V" 5;"

-48+1D;>)55+"*+-"8+1D.1)3+-W"-+"1,Q^5+"8+4";(:)Q+"(.3:1+"5+-"2;(:,1)+-"V"H1;>"3,A;:)D"+:"8.-):)D"MO+"+:"

;5[W" YZRRN[" I+" 8+8:)*+" 1)(7+" +3"81.5)3+"!)K=18"81,-+3:+"43+" D;)25+" ;(:)Q):," ;3:)K>)(1.2)+33+"+:" ;A):"

essentiellement en synergie avec les autres AMPs d’huître(MH4+A4+3"+:";5[W"YZZ_N["I+-"*,D+3-)3+-"!)K

$+D7R"+:"Y"81,-+3:+3:"*+-";(:)Q):,-";3:)>)(1.2)+33+-"(.3:1+"5+-"2;(:,1)+-"V"H1;>"8.-):)D"+3")37)2;3:"

5;" 2).-03:7^-+" *4" 8+8:)*.A50(;3+" MJ(7>)::" +:" ;5[W" YZRZN[" I;" BA<.554-()*)3+" +-:" ;(:)Q+" (.3:1+" 5+-"

2;(:,1)+-"V"H1;>"3,A;:)D"+:"8.-):)D"MJ+."+:";5[W"YZRlN["F3D)3W"1,(+>>+3:W"*+-"A2NGR86N"81,-+3:;3:"*+-"

81.81),:,-" ;3:)>)(1.2)+33+-" .3:" ,:," )-.5,+-" V" 8;1:)1" *+" branchies d’huîtres stimulées par des 

(7;55+3A+-">)(1.2)+3-h"(+-";3:)>)(1.2)+3-"*):-"3.3K(.3Q+3:).33+5-"-.3:"5)2,1,-"8;1"5+-"7,>.(0:+-"+3"

1,8.3-+"V"43"-:1+--"./0*;3:"MJ(7>)::W"YZRZ"h"J+."+:";5[W"YZRZh"=.)1)+1"+:";5[W"YZR!N["

" "
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II. !%#&)(/$%*"%#&'.&0%-*%&C2D+2.(

"";7 !(&)",!,0"%&'%#&+")*",#&

I+-"1*2"*%"-.3:"*+-"2;(:,1)+-"64)";88;1:)+33+3:"V"5;"(5;--+"*+-"γ7A"%&'%2#:&'"*#"+:"V"5;"D;>)55+"

*+-"1*2"*%/#:'#'["I+-"1*2"*%"-.3:"*+-"8+:):-"2;()55+-"V"H1;>"3,A;:)DW"*1.):-".4")3(41Q,-W"*+"Y"V"l"y>"

*+"5.3A"+:"+/:1i>+>+3:">.2)5+-"A1q(+"V"la présence d’un ou plusieurs flagelles. B+-"2;(:,1)+-".3:"43"

>.*+" *+" Q)+" ;64;:)64+" +:" -.3:" 81,-+3:+-" *;3-" 5+-" +;4/" *.4(+-" >;)-" ;4--)" 5+-" +;4/" -;5,+-" +:"

-;4>q:1+-[" I+-" 1*2"*%" -.3:" *+-" 2;(:,1)+-" 42)64)-:+-" *+-" >)5)+4/" >;1)3-" (b:)+1-" 64)" (.5.3)-+3:" *+"

3.>21+4/".1A;3)->+-";64;:)64+-["B+"-.3:"*+-"2;(:,1)+-"-;81.870:+-"1+:1.4Q,+-"*;3-"5;"8548;1:"*+-"

g.3+-" (b:)^1+-"*+-" 1,A).3-" :+>8,1,+-".4" :1.8)(;5+-"*4">.3*+"k" +;4/" -;4>q:1+-W"+-:4;)1+-W" 5):-"*+-"

D5+4Q+-[" @5-"8+4Q+3:"i:1+" 5)21+-".4";--.(),-";4" g..85;3(:.3" M(.8,8.*+-NW";4/";5A4+-">;1)3+-"+:";4/"

85;3:+-" ;64;:)64+-[" I+-" 1*2"*%" ;88;1;)--+3:" -41" A,5.-+" r.2+55" -.4-" D.1>+" *+" (.5.3)+-" 25;3(7+-W"

()1(45;)1+-"V"2.1*-" 1,A45)+1-"+:" 5,A^1+>+3:"(.3Q+/+-[" I+-"1*2"*%$" -.3:"*+-"2;(:,1)+-";,1.K;3;,1.2)+"

D;(45:;:)Q+-["@5-"-+"(45:)Q+3:"+3:1+"RZfB"+:"!ZfB"+:"5+41"8O".8:)>;5"+-:"*+"X["I+-"1*2"*%(8.--^*+3:"*+-"

81.81),:,-"(;1;(:,1)-:)64+-"64)"8+1>+::+3:"*+"5+-"-,5+(:).33+1"-41"*)DD,1+3:-">)5)+4/["@5-"-+"(45:)Q+3:"V"

43"8O"5,A^1+>+3:";5(;5)3"+3:1+"*+"XWe"+:"_""et jusqu’à de fortes concentra:).3-"+3"%;B5"MRZ"V"lZ"A&5NW"

*4" D;):" *+" 5+41" (;1;(:^1+" 5+" 854-" -.4Q+3:" 7;5.87)5+[" S4+564+-" +-8^(+-" 8.--^*+3:" 43" 8.4Q.)1"

8;:7.A^3+" MT7.>8-.3" +:" ;5[W" YZZ!NW" 5+-" 43+-" Q)-KVKQ)-" *+" Q+1:,21,-" (.>>+" 10( :4%.'"#'5( 10(

A#"#4#'3%.=&*:-$" +:"10( #/)-*..#"-3( chez l’homme et le poisson MC1;3-" +:" ;5[W" YZRRh" B+((;1+55)" ;3*"

B.5s+55W" YZR!NW" 5+-" ;4:1+-" Q)-KVKQ)-" *m)3Q+1:,21,-" (.>>+" 10( /*)"*A-.:4"*&-,%5( 10( $4*.%/**( '&" 1*2"*%(

4#"9'=*" (7+g" 5+-" (1+Q+::+-W" 5+-" (.1;4/" +:" 5+-" >.554-64+-" 1+-8+(:)Q+>+3:" MH.;1;3:" +:" ;5[W" YZZZh"

'.-+32+1A"+:";5[W" YZZXh"T1;Q+1-"+:";5[W" YZZ\N. D’autres" +-8^(+-" -.3:";4" (.3:1;)1+"*+-" -0>2).:+-"*+"

(,87;5.8.*+-"(.>>+"10(8*$:4'"*"(7+g"5+"(;5;>;1"M#5:41;"+:";5[W"YZRlh"L1+>+1"+:";5[W"YZR!N[(

"";@ $(o,-,["%&

$+" 3.>21+4-+-" +-8^(+-" *+" 1*2"*%/#:'#'" .3:" 84" i:1+" *,(1):+-" A1q(+" V" *+-" >,:7.*+-" *+"

A,3.:08;A+" >.5,(45;)1+" :+5-" 64+" #CI=" M#>85)D)(;:).3" C1;A>+3:" I+3A:7" =.50>.187)->N" .4" <IJ#"

M<45:)5.(4-"-+64+3(+";3;50-)-N"MT7.>8-.3"+:";5[W"YZZRh"T7.>8-.3"+:";5[W"YZZeh"J;s;2+"+:";5[W"YZZXh"

T7.>8-.3"+:";5[W"YZZXh"J;s;2+"+:";5[W"YZZ_h"T7.>8-.3"+:";5[W"YZZ_N["#(:4+55+>+3:W"R!Y"+-8^(+-".3:"

,:," *,(1):+-" *;3-" 5;" D;>)55+" *+-" 1*2"*%/#:'#'" +:" (5;--)D),+-" +3" X" A+31+-[" " $4" D;):" *+-" 5)>):;:).3-"

générées par les phylogénies basées sur le séquençage de l’ARN RUJW" J;s;2+" +:" ;5[" MYZZXN" .3:"

*,Q+5.88,"+3"YZZX"43+";3;50-+"<IJ#"2;-,+"-41"e\"-.4(7+-"*4"A+31+"1*2"*%"+3"4:)5)-;3:"_"A^3+-"*+"

>,3;A+" M8&$E5( )#AF5( )="G5( 3"'G5( A="H5( "':F5( "A%F5( &%AF" et l’ARN 16S). Cett+" ,:4*+" ;" 8+1>)-"
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d’identifier 14 clades monophylétiques mais quelques clades n’ont pu être définis compte tenu de la 

*)DD)(45:," *+" *+--)3+1" *+-" ;>.1(+-" 43)Q+1-+55+-" 8.41" (+-" A^3+-" (7+g" 5+-" 1*2"*%#/#:'#'[" =54-"

1,(+>>+3:W"J;s;2+"+:";5["MYZRlN".3:";>,5).1,"(+::+"8705.A,3)+"+3"4:)5)-;3:"\U"-.4(7+-"*+"1*2"*%W"RZ"

A,3.>+-"*+"1*2"*%"séquencés et 8 gènes de ménage. Cette étude a permis d’identifier 8 nouveaux 

(5;*+-" +:" d’ac:4;5)-+1" _" (5;*+-" *.3:" 5+" (5;*+" J85+3*)*4-" (.3:+3;3:" *,-.1>;)-" RY" +-8^(+-" *.3:" 10(

:"#$$%$&"'#'W" 10( $A.'/,*,-$( +:" 10( &#$3#/*'/$*$" 64)" -.3:" *+-" 2;(:,1)+-" 64)" 8+4Q+3:" (.5.3)-+1" 5+-"

.1A;3)->+-">;1)3-"MC)A41+"RRN[""

"

123456&77;&(5O56&SAIER3B8BG2\46&D6N&C*A"*%&S95&989EIN6&[!#$&N45&m&3a86N&UE&$FG()#@,G();"DG(5"'DG(@;"HG("'B,G(

&%@,&6G&(*-5&7M#V&D6&mM&NR4:A6N;&&

!6N& :E9D6N& 68:9D5BN& 68& 5R436& UE2386& :R8G2846V& :R556NSR8D68G& 94Z& 8R4F694Z& :E9D6N& 2D68G2Y2BN;& !6N& :E9D6N&

68:9D5BN& 68& 5R436& UG256GV& 6G& 68& 8R25& UG256GV& :R556NSR8D68GJ& 56NS6:G2F6C68GJ& 94Z& :E9D6N& 9:G49E2NBN& R4&

inchangés. D’après #9K9O6&6G&9E;J&@_7T;&

&

I+-"1*2"*%" 81,-+3:+3:" 5;"8;1:)(45;1):,"*+"8.--,*+1"*+4/"(71.>.-.>+-" ()1(45;)1+-"*+" (.3:+34"

A,3,:)64+" +:" *+" :;)55+" *)--+>25;25+-" MG9;*;" +:" ;5[W" YZZeh" I49c;3(+39." ;3*" E--+10W" YZR!N[" B+-"

(71.>.-.>+-".3:",:,">)-"+3",Q)*+3(+"A1q(+";4/"-,64+3d;A+-"*+"A,3.>+"(.>85+:"*+"3.>21+4-+-"

+-8^(+-" 1*2"*%( :+5-" 64+" 10( :4%.'"#'( GR" M2).:08+" F5" T.1N" MJ(7..53)9" ;3*" t)5*)gW" YZZZNW" 10(

A#"#4#'3%.=&*:-$"M<;9)3."+:";5[W"YZZlNW"10(9-/*8*:-$(tpZRU"MB7+3"+:";5[W"YZZlNW"10(8*$4'"*"FJRR!"M'420"



l!"

"

+:";5[W"YZZeN"+:"10(&#$3#/*'3-)-"IH=lY"MI+"'.4/"+:";5[W"YZZ_N["E3"81.c+:"P)21).-(.8+";",:,">)-"+3"85;(+"

8.41"-,64+3(+1"5+"A,3.>+"(.>85+:"*+"1*2"*%"pathogènes d’invertébrés marins d’)3:,1i:";64;(.5+["@5"

s’agit de 10( #'$&-#"*#/-$" pathogène de l’huître, 10( &#A'&*$" 8;:7.A^3+" *+" 8;5.41*+" +:" 10(

/*)"*A-.:4"*&-,%" 8;:7.A^3+"*+" (1+Q+::+[" #Q+(" 5+-" 81.c+:-" *4"%HJ" M%+s"H+3+1;:).3" J+64+3()3ANW" 5+"

3.>21+"*+"-.4(7+-"-,64+3(,+-"+-:"+3":1;)3"*+"(1.]:1+":1^-" D.1:+>+3:W"(.>>+"3.:;>>+3:"8.41" 5+"

(5;*+" J85+3*)*4-" .u" *+" 3.>21+4-+-" -.4(7+-" .3:" ,:," -,64+3(,+-" " MI+" '.4/" +:" (.55[" *.33,+-" 3.3"

publiées). A terme, ces séquençages permettront d’identifier *+-" ,5,>+3:-" A,3,:)64+-" 3.4Q+;4/"

)>85)64,-"*;3-"5;"8;:7.A,3)():,[""

I+-"1*2"*%" 8.--^*+3:" 43+" D.1:+"85;-:)():," A,3.>)64+" M$10-+5)4-" +:" ;5[W" YZZXN" 64)" 5+41" 8+1>+:"

une grande adaptation à l’environnement (diversité de 3)(7+-W"*+">)5)+4/N["$+-",:4*+-"-4AA^1+3:"64+"

5+-" *+4/" (71.>.-.>+-" .3:" 81)-" D.1>+" A1q(+" ;4/" :1;3-D+1:-" 7.1)g.3:;4/" *+" A^3+-" )>85)64,-W" +3:1+"

;4:1+-W"*;3-"5;"1,-)-:;3(+";4/";3:)2).:)64+-W"5;"Q)145+3(+"+:"5m;*;8:;:).3"V"5;"3)(7+",(.5.A)64+"M'.s+K

<;A34-";3*"<;g+5W"YZZRh"L)1948"+:";5[W"YZRZN["

I;" >;c.1):," *+-" A^3+-" ;4/" D.3(:).3-" (+5545;)1+-" +--+3:)+55+-" M1,85)(;:).3W" :1;3-(1)8:).3W"

:1;*4(:).3W" 2).-03:7^-+N" +:" *+" Q)145+3(+" M(;8-45+W" :./)3+W" ;3:)A^3+" *+" -41D;(+W" ;*7,-)3+N" -.3:"

5.(;5)-,-" -41" 5+" (71.>.-.>+" @" A,3,1;5+>+3:" *+" 854-" A1;3*+" :;)55+[" I+" (71.>.-.>+" @@W" 854-" 8+:):W"

(.3:)+3:"43+"81.8.1:).3"854-" )>8.1:;3:+"*+"A^3+-"(.*;3:"*+-"81.:,)3+-"708.:7,:)64+-" MO+)*+52+1A"

+:";5[W"YZZZN["

"";T !%#&VIBRIOS PATHOGENES DE L’HUITRE&

I;"8548;1:"*+-"1*2"*%"(.5.3)-;3:"5+-".1A;3)->+-">;1)3-"-.3:"*+-"+-8^(+-"(.3-)*,1,+-"(.>>+"

(.>>+3-;5+-" >;)-" 64+564+-" +-8^(+-" -.3:" *+Q+34+-" *+-" 8;:7.A^3+-" .88.1:43)-:+-[" #)3-)W" *+"

3.>21+4/" Qibrios se sont révélés être impliqués dans les phénomènes de mortalités d’huîtres !0(

)*)#$"MJ;453)+1"+:";5[W"YZRZN["I;"Q)145+3(+"*+"-.4(7+-"*+"10(#'$&-#"*#/-$(MH;13)+1"+:";5[W"YZZXh"J;453)+1"

+:";5[W"YZZ_h"J;453)+1"+:";5[W"YZRZN"+:"*+"10(&#$3#/*'/$*$"MI+"'.4/"+:";5[W"YZZYh"H;0"+:";5[W"YZZ!2N";",:,"

(.3D)1>,+"+3")3D+(:).3-"+/8,1)>+3:;5+-["@5"+3"Q;"*+">i>+"8.41"10(&-2*#$4**"1+-8.3-;25+"*+">;5;*)+-"

*;3-"5+-",(5.-+1)+-"(7+g"!0(9*")*/*:#(MT42);-7"+:";5[W"R_Ueh"T42);-7"+:";5[W"R_XZN"+:"*+"!0()*)#$(MF-:+-"+:"

;5[W" YZZ!h" F5-:.3" +:" ;5[W" YZZ\h" T1;Q+1-" +:" ;5[W" YZR!N[" #)3-)W" 5+-"1*2"*%" 8+4Q+3:" ;DD+(:+1" 5+-" 5;1Q+-W" 5+-"

c4Q,3)5+-"+:"5+-";*45:+-"M?+;gKO)*;5A."+:";5[W"YZRZh"'.>;5*+"+:";5[W"YZR!N[""
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"";T;7 !6N&CR5G9E2GBN&D6&E95F6N&

Diverses maladies de larves d’huîtres impliquent des 1*2"*%(de l’espèce6(10(#.)*/%.=&*:-$5"*+-"

1*2"*."*4"B5;*+"J85+3*)*4-5">;)-"81)3()8;5+>+3:""de l’espèce"10(&-2*#$4**"Mp+DD1)+-W"R_\Yh"?+;gKO)*;5A."

+:";5[W"YZRZN["10(&-2*#$4**(+-:"1+-8.3-;25+"*+"5;"3,(1.-+"2;()55;)1+"64)"-+"(;1;(:,1)-+"8;1"43+"1,*4(:).3"

*+" 5;" >.:)5):," *+-" 5;1Q+-W" *+-" +/D.5);:).3-" *+-" (+5545+-" ,8):7,5);5+-" *4" Q+54>W" 5;" 5.(;5)-;:).3" *+"

2;(:,1)+-"5+"5.3A"*4">;3:+;4"+:"*+"5;"(.64)55+")3:+13+"MT42);-7"+:";5[W"R_Ueh"F5-:.3"+:";5[W"YZZ\N["=;1>)"

-+-" D;(:+41-" *+" Q)145+3(+W" .3" 1+:1.4Q+" 43+" (0:.50-)3+" P:7#" 64)" )3*4):" *+-" +DD+:-" (0:.:.50:)64+-"

ML.:7;10" +:" ;5[W" YZZRN" +:" 43+" >,:;55.81.:,;-+" P:8#" :./)64+" 8.41" 5+-" 5;1Q+-" M$+5-:.3" +:" ;5[W" YZZlh"

O;-+A;s;"+:";5[W"YZZ\h"O;-+A;s;"+:";5[W"YZZ_N["$+"1,(+3:+-",:4*+-".3:">.3:1,"64+" 5+-"81.*4):-"*+"

-,(1,:).3"+/:1;(+5545;)1+-"MFB=-N"*+"(+::+"-.4(7+",:;)+3:",A;5+>+3:":./)64+-"8.41"5+-";*45:+-"MT1;Q+1-"

+:";5[W"YZR!N"et qu’une métalloprotéase à zinc thermostable était la protéase majeure des ECPs. De 

854-W" <+1-3)K#(7.41" +:" ;5[" MYZRlN" ont montré une inhibition de capacités d’adhérence et de 

87;A.(0:.-+" " *+-" 7,>.(0:+-" +3" 81,-+3(+" *+-" FB=-" *+( 10( &-2*#$4**[" B+-" ;4:+41-" .3:" ,A;5+>+3:"

>.3:1,"*/(9*&"%"64+"5+-"FB=-"*+"(+::+"-.4(7+"*,A1;*;)+3:"5+"(.55;A^3+W"la fibronectine et l’actine."

"";T;@ !6N&CR5G9E2GBN&D6&d4FB82E6N&

I+-" 3;)--;)3-" +:" 5+-" c4Q,3)5+-" *+"!0( )*)#$" -.3:" 8;1:)(45)^1+>+3:" ;DD+(:,-" 8;1" *+-"1*2"*%$" *4"

(5;*+"J85+3*)*4-["B+"(5;*+"81,-+3:+"43+"*)Q+1-):,"A,3,:)64+")>8.1:;3:+"+:"*+"3.>21+4-+-"-.4(7+-"

.3:" ,:," )-.5,+-" +:" (;1;(:,1)-,+-" 5.1-" *+" >.1:;5):,-" +-:)Q;5+-" 8;1>)" 5+-64+55+-" (+1:;)3+-" -+" 1,Q,5;3:"

Q)145+3:+-"MI;(.-:+"+:";5[W"YZZRh"j;+(7:+1"+:";5[W"YZZYh"H;0"+:";5[W"YZZ!;h"H;0"+:";5[W"YZZ!2h"J;453)+1"+:"

;5[W" YZRZN[" "B+-" -.4(7+-" -.3:" A,3,1;5+>+3:" 1+:1.4Q,+-" *;3-" *+-" 74]:1+-" (.K)3c+(:,+-" 8;1" 5+" Q)14-"

G-OPKR[""

"10(&#$3#/*'/$*$"IH=lY"M3.>>,+";5.1-"<+5lYN";",:,")-.5,+"8;1"I+"'.4/"+:"(.55;2.1;:+41-"5.1-"

*+-",8)-.*+-"*+">.1:;5):,-"*+"YZZ!"MH;0"+:";5[W"YZZ!;N["Récemment, l’amélioration de la phylogénie 

>.5,(45;)1+"*+"1*2"*%/#:'#'(8;1"J;s;2+"+:";5["MYZRlN";"8+1>)-"*+"1+3.>>+1"" 5;"-.4(7+"8;:7.A^3+"

d’huître 10( $A.'/,*,-$(IH=lY"*4" (5;*+"J85+3*)*4-" +3"10( &#$3#/*'/$*$" IH=lY[" " I+-"74]:1+-" )3D+(:,+-"

+/8,1)>+3:;5+>+3:" ;Q+(" 10( &#$3#/*'/$*$" IH=lY" 81,-+3:+3:" *+-" D)21+-" >4-(45;)1+-" ;11.3*)+-"

(.3:+3;3:"*+-"A1;345+-"3.3Khomogènes dans leur cytoplasme et entourées d’un halo translucide, la 

81,-+3(+"*+"A1;345+-"3.3K7.>.5.A4+-"*;3-"5+-"(+5545+-">4-(45;)1+-"V">.187.5.A)+"3.1>;5+W"+:"43+"

condensation des extrémités de l’intégralité des fibres musculaires MH;0"+:";5[W"YZZ!2N["I+"A,3.>+"*+"

10( &#$3#/*'/$*$( LGP32 est aujourd’hui disponible et des gènes codant des facteurs de virulence 

8.:+3:)+5-".3:"84"i:1+")*+3:)D),-"MI+"'.4/"+:";5[W"YZZ_N[""
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$+-" :1;Q;4/" 1,(+3:-" *+" 3.:1+" ,64)8+" .3:" >.3:1," 64+" 10( &#$3#/*'/$*$" IH=lY" +-:" 43"

8;:7.A^3+" )3:1;(+5545;)1+" D;(45:;:)D( et qu’il utilise" l’invasion des hémocytes d’huître comme une 

,:;8+" >;c+41+" *4" 81.(+--4-" )3D+(:)+4/" M$48+1:740" +:" ;5[W" YZRRN[" I;" 8.1)3+" G>8EW" 81,-+3:+" V" 5;"

>+>21;3+"+/:+13+"*+"10( &#$3#/*'/$*$( IH=lYW" +-:" +--+3:)+55+"8.41" 5;" Q)145+3(+"*4"8;:7.A^3+["$+-"

+/8,1)+3(+-" */( 9*9%( .3:" >.3:1," 64+" 5+-" 10( &#$3#/*'/$*$( IH=lY" *,5,:,-" *4" A^3+" (.*;3:" 5;" 8.1)3+"

G>8E" -.3:" 1+3*4-" 3.3" Q)145+3:-" +3" )3D+(:).3-" +/8,1)>+3:;5+-" M$48+1:740" +:" ;5[W" YZRZN[" @5-"

deviennent incapables d’envahir les hémocytes d’huîtres M$48+1:740" +:" ;5[W" YZRRN[" #" l’inverse, la 

-.4(7+" -;4Q;A+" 10(&#$3#/*'/$*$( IH=lY" +3Q;7):" 5+-" 7,>.(0:+-" *;3-" 5+-64+5-" +55+" -41Q):[" $;3-" (+"

processus, OmpU sert d’adhésine/invasine nécessaire à la reconnaissance par la βK)3:,A1)3+"

hémocytaire et à l’invasion *+"5;"(+5545+"7b:+["F3".4:1+W"5;"81.:,)3+">;c.1):;)1+"*4"85;->;"*m74]:1+W"5;"

-48+1./0*+" *)->4:;-+" +/:1;(+5545;)1+W" !)KF(JG$W" +-:" 4:)5)-,+" (.>>+" 43+" .8-.3)3+" 81.>.4Q;3:" 5;"

87;A.(0:.-+" G>8EK*,8+3*;3:+" Q);" -;" -,64+3(+" 'H$[" C)3;5+>+3:W" 5+-" 2;(:,1)+-" )3:+13;5)-,+-"

montrent des capacités de survie intracellulaire et d’échappement aux défenses de l’hôte en inhibant 

5;" D.1>;:).3"*+"Q;(4.5+-";()*+-"+:"+3" 5)>):;3:" 5;"81.*4(:).3"*m+-8^(+-"1,;(:)Q+-"*+" l’oxygène et de 

l’;g.:+"M'GJ&'%JN"M$48+1:740"+:";5[W"YZRRN["I+-":1;Q;4/"*+"$48+1:740"+:";5["MYZRRN".3:"*.3(">.3:1,"

d’une part que 10( &#$3#/*'/$*$( IH=lY" +-:" 43" 8;:7.A^3+" )3:1;(+5545;)1+" D;(45:;:)D" 64)">;3)845+" 5+-"

mécanismes de défense de l’hôte pour entrer et survivre à l’intérieur des cellules immunitaires, et 

d’autre part que OmpU est un déterminant majeur de l’invasion des cellules hôtes chez les espèces 

*+"1*2"*%["F55+"+-:"4:)5)-,+"8;1"10(&#$3#/*'/$*$(IH=lY"8.41";*7,1+1"+:"+3Q;7)1"5+-"7,>.(0:+-"*m74]:1+"

;81^-" .8-.3)-;:).3" 8;1" 5;" 81.:,)3+" !)KF(JG$" *4" 85;->;" *m74]:1+" MC)A41+" RYN[" F3" .4:1+W" 5;" 8.1)3+"

G>8E"*+"10(&#$3#/*'/$*$"LGP32 contribue à la résistance contre les AMPs de l’huîtreW"!)K$+D";3*"!)K

?=@"M$48+1:740"+:";5[W"YZRZN["

I;"1+(7+1(7+"*+-"D;(:+41-"*+"Q)145+3(+"*+"10(&#$3#/*'/$*$"IH=lY";"(.3*4):"I+"'.4/"+:"(.55["V"

>.3:1+1" 64+" 10( &#$3#/*'/$*$( IH=lY" 81.*4)-;):" *+-" 81.*4):-" *+" -,(1,:).3" +/:1;(+5545;)1+" MFB=-N"

:./)64+-"8.41"5+-"74]:1+-"+:"*.3:"5;">,:;55.81.:,;-+"-,(1,:,+"P->",:;):"5+"D;(:+41"81)3()8;5"*+":./)():,"

MI+"'.4/"+:";5[W"YZZXh"?)3+--+"+:";5[W"YZZ\N. En effet, les ECPs produits à partir d’une souche délétée 

*+" 5;" P->" -.3:">.)3-" :./)64+-" 8.41" 5+-" 74]:1+-[" B+8+3*;3:, l’injection de bactéries d,5,:,+-" 8.41"

cette métalloprotéase ne diminue pas les mortalités d’huître par injection MI+"'.4/"+:";5[W"YZZXN["I+-"

;4:+41-" .3:" ,A;5+>+3:" :+-:," 5+-" FB=-" 81.*4):+-" à partir d’une souche délétée de 5;" 81.:,;-+"

=1:P&inhA mais aucune différence au niveau des mortalités n’a été constatée. En revanche, les ECPs 

produites à partir d’un double mutant pour les métalloprotéases"P->"+:" )37#"-.3:">.)3-" :./)64+-"

8.41" 5+-" 74]:1+-" 64+" 5+-" FB=-" *4" >4:;3:" ∆9$3W" -4AA,1;3:" 43" +DD+:" -03+1A)64+" *+-" *+4/"

>,:;55.81.:,;-+-["I/(9*&"%5"5;"P->"841)D),+"+3:1;]3+"*+-"+DD+:-"(0:.:./)64+-")3(54;3:"43+"1,:1;(:;:).3"
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*+-" 8-+4*.8.*+-" +:" 43" ;11.3*)--+>+3:" *+-" (+5545+-" *+" 5)A3,+-" ?A+" *+" G*%3A4#.#"*#( ).#2"#&#"

M?)3+--+"+:";5[W"YZZ\N[""

"

123456&7@;&Modèle d’invasion des hémocytes de !3)*)#$&S95&C3(&#$5#9*'9$*$&!0=T@;&&

Le mécanisme d’invasion des hémocytes par C3(&#$5#9*'9$*$&est dépendant de l’intégrine β hémocytaire et 

fait intervenir OmpU  en tant qu’adhésine, et  la  protéine plasmatique !)PEcSOD en tant qu’opsonine. Dans 

:6&CRDaE6&U7V&,CS.&D6&C3(&#$5#9*'9$*$&!0=T@&6NG&56:R884&S95&E9&!)P%:#,'&\42&F9&9ER5N&56:R4F525&E9&O9:GB526;&

U@V&C3(&#$5#9*'9$*$&LGP32 ainsi opsonisées est reconnu à la membrane des hémocytes par l’intégrine β qui 

signalise l’internalisation de la bactérie. Une fois internalisé, C3(&#$5#9*'9$*$&!0=T@&28A2O6&UTV&E9&S5RD4:G2R8&

D6&*,#&6G&U`V&E9&YR5C9G2R8&D6&F9cuoles acides par les hémocytes. D’après '4S65GA4I&6G&9E;J&@_77;&

"";T;T Les mortalités d’adultes&

=54-)+41-",8)-.*+-"*+">.1:;5):,s d’adultes ont été étudiés";4"(.41-"*+-";33,+-"8;--,+-["F55+-"

-.3:" 81)3()8;5+>+3:" *4+-" V" *+-" -.4(7+-" *+" 10( #'$&-#"*#/-$( MH;0" +:" ;5[W" YZZ!;h" I;21+4(7+" +:" ;5[W"

YZZU2h" H;13)+1" +:" ;5[W" YZZXh" H;13)+1" +:" ;5[W" YZZ\h" J;453)+1" +:" ;5[W" YZZ_h" J;453)+1" +:" ;5[W" YZRZN[" =54-"

récemment, les importantes mortalités d’adultes enregistrées sur la côte Atlantique ont identifié des 

10(#'$&-#"*#/-$"(.>>+"81)3()8;5+"+-8^(+"8;:7.A^3+"MT1;Q+1-"+:";5W"(.>>43)(;:).3"8+1-.33+55+N["I+-"

74]:1+-" )3c+(:,+-"8;1"(+"8;:7.A^3+"81,-+3:+3:"*+-"3,(1.-+-"*+-" D)21+-">4-(45;)1+-"+:"43+";:1.87)+"

*+-" *)Q+1:)(45+-" *)A+-:)D-" MH;13)+1" +:" ;5[W" YZZXN[" I+" A,3.>+" *+" 5;" -.4(7+" ZY&!R" +-:" +3" (.41-" *+"

-,64+3d;A+"8;1"5+"A,3.-(.8+["T.4-"5+-"10(#'$&-#"*#/-$")-.5,-"jusqu’à récemment -+"-.3:"1,Q,5,-"i:1+"

Q)145+3:-"+3")3D+(:).3-"+/8,1)>+3:;5+-"MJ;453)+1"+:";5[W"YZRZN">;)-"5;"-.4(7+"ZY&!R"+-:"(+55+"64)")3*4):"

5+"854-"D.1:":;4/"*+">.1:;5):,"+3"8+4"*+":+>8-"M$+"$+(9+1";3*"J;453)+1W"YZRRN["T.4:"1,(+>>+3:W"*+-"

-.4(7+-"3.3"Q)145+3:+-"*+"10(#'$&-#"*#/-$".3:"84"i:1+")-.5,+-"8;1"T1;Q+1-"+:";5[W"64)"81,-+3:+3:"43+"

>4:;:).3"*;3-"43"-0-:^>+"V"*+4/"(.>8.-;3:-"(.3:1b5;3:"5’+/81+--).3"*+"A^3+-"*+"Q)145+3(+"(7+g"5+-"

Q)21).-"MT1;Q+1-"+:";5[W"*.33,+-"3.3"8425),+-N["

$+-" :1;Q;4/" -41" 5;" -.4(7+"10(#'$&-#"*#/-$" ZR&lY".3:">.3:1,"64+" (+"8;:7.A^3+" -+>25+"i:1+"

capable d’échapper aux *,D+3-+-" )>>43):;)1+-" +3" )37)2;3:" 5+-" D.3(:).3-" *4" -0-:^>+" )>>43):;)1+"
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comme les capacités d’adhésion et de phagocytose des hémocytes */(9*9%"MI;21+4(7+"+:";5[W"YZZU2N["

L’étude des FB=-" ;" 1,Q,5," 64+" (+-" *+13)+1-" ,:;)+3:" :./)64+-" 8.41" 5+-" 74]:1+-" +3" )3c+(:).3"

)3:1;>4-(45;)1+" +:" 64’elles 8+1:412;)+3:" 5+-" D.3(:).3-" 7,>.(0:;)1+-" de l’huître (87;A.(0:.-+" +:"

81.*4(:).3"*+"'GJN"*/(9*&"%(MI;21+4(7+"+:";5[W"YZZU;N["$;3-"(+-"FB=-W"43+"g)3(">,:;55.81.:+;-+"P;>"

-+"1,Q^5+"i:1+" 5,:;5+"8.41" 5+-"74]:1+-"+3" )3*4)-;3:"*+" D.1:-"*.>>;A+-";4/"7,>.(0:+-" M;A1,A;:).3-W"

8+1:+"*+"8-+4*.8.*+-N"MI;21+4(7+"+:";5[W"YZRZN["

"";` 1(/$%.*#&'%&+"*.!%-/%&'%#&+")*",&=($<,0%-%#&

?)+3"64+"5+-"3.:).3-">i>+"*+"8;:7.A^3+"+:"*+"Q)145+3(+"1+-:+3:"5;1A+>+3:"*,2;::4+-";4"-+)3"

*+" 5;" (.>>43;4:," -)+3:)D)64+W" )5" ;88;1;]:" )>8.1:;3:" *+" (5;1)D)+1" 5+-" *,D)3):).3-" *+" (+-" :+1>+-" 64+"

nous considererons pour l’ensemble de ce manuscrit. =.41"81.Q.64+1"43+">;5;*)+"(7+g"43"7b:+"-;)3W"

43";A+3:"8;:7.A^3+"*.):"d’abord être transmis à l’hôte par contact direct ou indirect["F3-4):+W")5"*.):"

être capable (1) d’adhérer, de coloniser et d’envahir l’hôte, (2) de survivre et de se multiplier dans 

l’hôte (3) d’échapper aux mécanismes de défense de l’hôte et (4) de causer des dommages chez 

l‘hôte. Dans ce cas, les facteurs favorisant la colonisation et l’invasion de l’hôte, et les facteurs 

68G59nnant directement des dommages à l’hôte sont considérés comme des facteurs de virulence;"

H1q(+" ;4/" 3.>21+4/" A,3.>+-" *+" 1*2"*%" -,64+3(,-W" 43+" A1;3*+" Q;1),:," *+" D;(:+41-" *+"

Q)145+3(+"8.:+3:)+5-".3:"84"i:1+")*+3:)D),-"+:"(;1;(:,1)-,-"(7+g"(+"A+31+"Mp.73-.3W"YZRlN["G3"1+:1.4Q+"

ainsi des facteurs impliqués dans d’adhésion et la colonisation, des facteurs cytotoxiques et des 

D;(:+41-"*+"1,-)-:;3(+&,(7;88+>+3:";4"-0-:^>+")>>43):;)1+[""

"";`;7 Les facteurs d’adhérence et de colon2N9G2R8&

I+-" YE936EE6N" -.3:" *+-" .1A;3+55+-" ;--41;3:" 5;" >.2)5):," *+" 5;" 2;(:,1)+" 64)" 8+4Q+3:" i:1+"

également impliqués dans la colonisation de l’hôte et dans l’adhésion des cellules de l’hôte 

Mp.-+37;3-" ;3*" J4+12;4>W" YZZYh" O;)9." ;3*" j+-:+1543*Kj)9-:1.>W" YZRlN[" B7+g" 10( :4%.'"#'W" 5;"

phosphorylation d’une protéine régulatrice du flagelle, FlrC, est nécessaire à la moti5):," +:" 5;"

(.5.3)-;:).3["F3"+DD+:W"5;"*,5,:).3"*+"(+"A^3+"*)>)34+"*+"50 fois la colonisation de l’hôte MB.11+;"+:"

;5[W"YZZZN[""B7+g"10(#/)-*..#"-3W"*+-">4:;3:-"*4"A^3+"D5;#"81,-+3:+3:"43+"*)>)34:).3"-)A3)D)(;:)Q+"*+"

5;" >.1:;5):," *+-" 8.)--.3-" 8;1" 2;53,;:).3" >;)-" 8;-" *+" 8+1:+" *+" Q)145+3(+" 8;1" )3c+(:).3" )3:1;K

8,1):.3,;5+" M<)5:.3" +:" ;5[W" R__UN. D’autres auteurs ont montré que des mutants isogéniques non 

>.:)5+-"*+"10(#/)-*..#"-3(ne perdaient pas leur capacité d’adhésion et qu’ils envahissaient moins les 

(+5545+-" ,8):7,5);5+-" *+" 8.)--.3-" MG1>.3*+" +:" ;5[W" YZZZN[" G3" -488.-+" *;3-" (+" >.*^5+" 64+" 5;"

1+(.33;)--;3(+"*4"D5;A+55+"8;1"la cellule de l’hôte entraîne"5;"87;A.(0:.-+["
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I+-"S2E2"-.3:"*+-";88+3*)(+-"5.(;5)-,-"V"5;"-41D;(+"*+"5;"8;1.)"*+"3.>21+4-+-"2;(:,1)+-"V"H1;>"

3,A;:)D"64)".3:"8.41" 1b5+"81)3cipal l’adhésion MJ.:.";3*"O45:A1+3W"R___N["=;1>)" 5+-"854-" (.334-W".3"

1+:1.4Q+" 5+" 8)54-" *+" :08+" @P" 64)" (.3:1)24+" V" 5;" Q)145+3(+" *+-" 8;:7.A^3+-" M;*7,-).3W" ,(7;88+>+3:"

)>>43):;)1+W">.:)5):,"*+"-41D;(+"+:"D.1>;:).3"*+">)(1.(.5.3)+-N"MB1;)A"+:";5[W"YZZ!h"=+5)()(W"YZZ\N["$+-"

;4:+41-".3:">.3:1,"64+"5;"*,5,:).3"*4"A^3+"A*.FW")>85)64,"*;3-"5;"D.1>;:).3"*4"8)54-"*+":08+"@P"*+"10(

9-./*8*:-$, entraînait une diminution de la formation de biofilm, de l’adhérence aux cellules 

,8):7,5);5+-" +:" *+" 5;" Q)145+3(+" (7+g" *+-" -.41)-" 81,K:1;):,+-" ;Q+(" *4" *+/:1;3" M=;1;3c80+" ;3*" J:1.>W"

YZZeN["B7+g"10(A#"#4#'3%.=&*:-$W" 43+"*,5,:).3"*+-" (.>8.-;3:-"*4"8)54-"<JO#" M>;33.-+K-+3-):)Q+"

haemagglutinin) entraîne une diminution de l’adhérence aux cellules épithéliales intestinales 

74>;)3+-" B;(.KY" +:" 43+" *)>)34:).3" *+-" +DD+:-" (0:.:./)64+-" M;11.3*)--+>+3:" *+-" (+5545+-" +:" 50-+"

(+5545;)1+N" MGm?.05+" +:" ;5[W" YZRlN. La bactérie pathogène de l’homme, 10( :4%.'"#'5" 4:)5)-+" *+-" TB="

M:./)3K(.1+A45;:+*"8)5)N"8.41";*7,1+1";4/"+3:,1.(0:+-"+:";)3-)"(.5.3)-+1" 5+-")3:+-:)3-["B+-">i>+-"8)5)"

-.3:"*+-"1,(+8:+41-"*+"2;(:,1).87;A+-"BTw"*.3:"5+"A,3.>+"(.*+"5;":./)3+"(7.5,1)64+"MI)"+:";5[W"YZZ\N[""

I+-"S5RGB286N&D6&E9&C6CO5986&6ZG6586"M.4"8.1)3+-N"-.3:";4--)")>85)64,+-"*;ns l’adhésion et 

5;" 8;:7.A,3)():," MI)3" +:" ;5[W" YZZYh" H;5*)+1." +:" ;5[W" YZRYN. Chez le pathogène de l’huître( 10(

&#$3#/$*'/$*$"IH=lYW")5";",:,">.3:1,"64+"5;"8.1)3+"G>8E",:;):"3,(+--;)1+"V"5;"Q)145+3(+"+3")3D+(:).3"

expérimentales, et à l’invasion des hémocytes M$48+1:740"+:";5[W"YZRZh"$48+1:740"+:";5[W"YZRRN["$+-"

,:4*+-" .3:">.3:1," 64+"G>8E">,*);):" 5+-" )3:+1;(:).3-" 7b:+K1*2"*%, qu’elle était impliquée" *;3-" 5;"

1,-)-:;3(+";4/"8+8:)*+-";3:)>)(1.2)+3-"M<;:741";3*"j;5*.1W"YZZ!h"<;:741"+:";5[W"YZZXh"$48+1:740"+:"

;5[W" YZRZN, dans l’adhérence aux cellules de l‘hôte MH.."+:";5[W" YZZUN"+:"*;3-" 5;" 1+(.33;)--;3(+"*+-"

8;:7.A^3+-"+:"*+-"-0>2).3:+-"M%07.5>"+:";5[W"YZZ_N["

I;" :9SN4E6" 2;(:,1)+33+" +-:" 43+" +3Q+5.88+" +/:+13+" (.>8.-,+" *+" 8.50-;((7;1)*+-" 64)"

1+(.4Q1+"5+-"5)8.8.50-;((7;1)*+-"MI=JN["B+::+"*+13)^1+"+-:"(.11,5,+"V"5;"Q)145+3(+"*+"10(:4%.'"#'"3.3K

GR"+:"10(9-/*8*:-$(Mt.-7)*;"+:";5[W"R_\eh"J)>8-.3"+:";5[W"R_\Xh"j1)A7:"+:";5[W"R__ZN. La présence d’une 

(;8-45+" 81.:^A+" 10( 9-/*8*:-$" *+" 5;" 87;A.(0:.-+" +:" *+" 5;" 1+(.33;)--;3(+" 8;1" 5+-" 81.:,)3+-" *4"

(.>85,>+3:" MH+3:73+1" +:" ;5[W" R___h" =;19" +:" ;5[W" YZZUN[" B7+g( 10( :4%.'"#'( 3.3KGRW" 5;" D.1>+"

`"+3(;8-45,+"a"+3:1;]3+"43+";4A>+3:;:).3"*+"5;"Q)145+3(+"(7+g"*+-"-.41)-"Mp.73-.3"+:";5[W"R__YN["

I+-" E2SRSREIN9::A952D6N& U!=#V" -.3:" *+-" (.>8.-;3:-" >;c+41-" *+" 5;" >+>21;3+" +/:+13+" *+-"

2;(:,1)+s à Gram négatif. Ils sont constitués d’un lipide A, d’un polysaccharide central et d’une chaîne 

5;:,1;5+" G" 70*1.87)5+" MB7;::+1c++" ;3*" B7;4*741)W" YZZlN[" B7+g" ;#.3%/'..#( '/&'"*:#W" H'.*:%2#:&'"(

A=.%"*W"10( :4%.'"#'( '&(10( 8*$4'"*W"Le LPS est connu pour jouer un rôle dans la colonisation de l’hôte 

M<.1;3"+:";5[W"YZZZh"%+-8+1"+:";5[W"YZZRh"=.-:"+:";5[W"YZRYh"B.s;1*"+:";5[W"YZRlN["O;39)3-"+:";5["MYZRRN"
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.3:">.3:1,"64+"10(:4%.'"#'"GR";3*"GRl_"8;1:;A+;):" 5;">i>+"-:14(:41+";-0>,:1)64+"7+/;K;(,:05,+"

du lipide A. Il est composé d’un β 1K6’ dissacharide"A54(.-;>)*+W";Q+("*+-"A1.48+>+3:-"87.-87;:+-"

3.3">.*)D),-" +3" RK" +:" !K’, qui est acétylé en position 2KW" lKW" YK" +:" lK’. Le myristate (C1!kZN" +:" lK

70*1./05;41;:+"MlKOH C12:0) sont reliés aux groupements hydroxyles des chaînes d’acide gras par des 

5);)-.3-" +-:+1" +3" 8.-):).3" 2’ et 3’ (Figure 13). Comme" (7+g" 10( :4%.'"#'W" 5;" 81,-+3(+" *+" 64+564+-"

chaînes d’acide A1;-" ;(,:05,+-" -+(.3*;)1+-" +-:" 1;88.1:,+" -41" 5;" -:14(:41+"*4" 5)8)*+"#"*+"10( 8*$:4'"*"

M=7)55)8-" +:" ;5[W" YZRRN[" I+" I=J" *+-" 1*2"*%W" 7;4:+>+3:" Q;1);25+W" c.4+" 43" 1b5+" *;3-" 5;" 1,-)-:;3(+" V" 5;"

1,8.3-e immunitaire de l’hôte MB7;::+1c++";3*"B7;4*741)W"YZZUN[""

I+-" 81.:,;-+-" 8+4Q+3:" i:1+" ,A;5+>+3:" )>85)64,+-" *;3-" 5;" (.5.3)-;:).3[(B7+g" 5+-"1*2"*%W" .3"

8+4:" ():+1" 5;" >,:;55.81.:,;-+" =;" *+" 10( #/)-*..#"-3" qui semble être impliquée dans l’invasion de 

l’hôte M%.16Q)-:"+:";5[W"R__ZN"+:"5;"P)21).50-)3"*+(10(:4%.'"#'W">,:;55.81.:,;-+"V"g)3(W")>85)64,+"*;3-"5;"

colonisation, l’invasion et la dissémination dans l’hôte M@62;5"+:";5[W"YZRRN[""

"
123456&7T;&Représentation schématique de l’enveloppe des bactéries à Gram négatif U(V&6G&D6&E9&NG54:G456&D4&

E2S2D6&(&:A6c&E6N&C*A"*%&U)V;&&

H',>& TPD6RZIP'PC988RPR:G4ERNR89G6J& !=#>& E2SRSREIN9::A952D6J& ,[=&>& S5RGB286& D6& E9& C6CO5986& 6ZG6586J&

!SZ-&>&CBGAIG598NYB59N6;&(D9SGB&D6&!RE2N&98D&)4:9E9J&@__Th&<98Q28N&6G&9E;J&@_77;&&

&

"";`;@ !6N&Y9:G645N&28D42N98G&D6N&DRCC936N&:6EE4E9256N&

I+-"1*2"*%( -.3:" (.334-"8.41" 5+41" (;8;():,"V"81.*4)1+" *+-"effecteurs capables d’induire des 

*.>>;A+-";4/"(+5545+-"*+"5+41-"7b:+-["I+41"*,5)Q1;3(+")>85)64+"*)Q+1-">,(;3)->+-"*+"-,(1,:).3["p+"

*,(1)1;)")()"(+-">,(;3)->+-";Q;3:"*+"*,:;)55+1"5+-"+DD+(:+41-"+4/K>i>+-["

"";`;@;7 4'$($;$&I5'$(='($6B"6&*%9(

I+-" 81.*4):-" *+" -,(1,:).3" .4" FB=-W" 8.41" `" +/:1;(+5545;1" 81.*4(:-" a" -.3:" 5+" 81.*4):" *4"

transport ou de la translocation d’effecteurs moléculaires bactériens tels que des toxinesW" *+-"

81.:,;-+-W" *+-" 87.-87.5)8;-+-W" +:([[[" B+4/Kci sont exportés de l’intérieur de la cellule bactérienne 

(& )&



!R"

"

Q+1-"5+">)5)+4"+/:,1)+41["I;"-,(1,:).3"+-:"43">,(;3)->+":1^-")>8.1:;3:"*;3-"5+"D.3(:).33+>+3:"*+"5;"

bactérie et dans ses échanges avec l’environnement, y compris ses hôtes. Les p1.*4):-"*+"-,(1,:).3"

c.4+3:" ;)3-)" 43" 1b5+">;c+41" *;3-" *+" 3.>21+4/" 81.(+--4-" )3D+(:)+4/[" I+-" 2;(:,1)+-" .3:" *,Q+5.88,"

différents mécanismes pour transporter des protéines à travers l’enveloppe cellulaire. Les mieux 

*,(1):-" >+::+3:" +3" c+4" *+-" ;88;1+)5-" *+" -,(1,:).3" :1;3->+>21;3;)1+-W" (.>85+/+-" 81.:,)64+-"

21)^Q+>+3:" 1;88+5,-" ()K*+--.4-[" <.)3-" 2)+3" (;1;(:,1)-,+-" >;)-" -4-():;3:" 43" )3:,1i:" (1.)--;3:W" 5+-"

vésicules de membranes externes véhiculent aussi bon nombre de produits de sécrétion de l’espace 

8,1)85;->)64+"vers l’extérieur de la cellule bactérienne."

"";`;@;7;7 &!6N&G598NSR5G645N&C6CO5989256N&

B7+g" 5+-" 2;(:,1)+-" V" H1;>" 3,A;:)DW" *+" 3.>21+4-+-" 81.:,)3+-" -,(1,:,+-" -.3:" +/8.1:,+-" ;4"

:1;Q+1-" *+" 5;" >+>21;3+" )3:+13+" +:" 5;" >+>21;3+" +/:+13+" Q);" *+-" -0-:^>+-" *+" -,(1,:).3" 64)"

)>85)64+3:"*+-"(.>85+/+-"*+"81.:,)3+-":1;3->+>21;3;)1+-"+:"8,1)85;->)64+-";88+5,-"-0-:^>+-"*+"

-,(1,:).3" :1;3->+>21;3;)1+-" MTJJN[" I+-" TJJ" *+" :08+" @W" @@@W" @P" +:" P@" MTRJJW" TlJJW" T!JJW" +:" TUJJN"

transportent les protéines depuis le cytosol vers l’espace extracellulaire en une seule étape. D’autres 

protéines sont d’abord transportées dans l’espace périplasmique par les systèmes de sécrétion Sec 

.4" T;:" M:s.K;1A)3)3+NW" 84)-" :1;3-5.64,+-" ;4" :1;Q+1-" *+" 5;" >+>21;3+" +/:+13+" Q);" 5+-" -0-:^>+-" *+"

-,(1,:).3" *+" :08+" @@" +:" P" MTYJJ" +:" TeJJN[" I+-" -0-:^>+-" *+" -,(1,:).3" J+(" +/8.1:+3:" V" :1;Q+1-" 5;"

membrane cytoplasmique des protéines non conformées, en utilisant l’hydrolyse de l’ATP comme 

source d’énergie. Ces protéines seront repliées dans le périplasme. Les systèmes de sécrétion de t08+"

T;:"+/8.1:+3:"V":1;Q+1-"5;">+>21;3+"(0:.85;->)64+"*+-"81.:,)3+-"(.3D.1>,+-W"+3"4:)5)-;3:" 5;"D.1(+"

protomotrice comme source d’énergi+["I+-"-0-:^>+-"TlJJW"T!JJ"+:"TUSS s’insèrent dans la membrane 

*+-" (+5545+-" 7b:+-" 8.41" -,(1,:+1" *+-" +DD+(:+41-" )>85)64,-" *;3-" 5;" Q)145+3(+" MT-+3A" +:" ;5[W" YZZ_N""

MC)A41+"R!N[""

$+-" :1;Q;4/" -41" 10( :4%.'"#'( .3:" >.3:1," 5+" 1b5+" >;c+41" *+-" :./)3+-" -,(1,:,+-" *;3-" 5;"

pathologie chez l’homme MC4553+1";3*"<+9;5;3.-W"YZZZN["=;1";)55+41-W"(+::+">i>+",64)8+";">.3:1,"

1,(+>>+3:" l’importance" *4" TUJJ" *;3-" 5+-" +DD+:-" (0:.8;:7.5.A)64+-" .2-+1Q,-" -41" 5+-">;(1.87;A+-"

74>;)3-" M<;" +:" ;5[W" YZZ_;h"<;" ;3*"<+9;5;3.-W" YZRZN[" B7+g"10( A#"#4#'3%.=&*:-$W" 43" -0-:^>+" *+"

-,(1,:).3"*+":08+"@@@"MTlJJN"Mr7.4"+:";5[W"YZZ_h"<;:-4*;"+:";5[W"YZRYN"+-:")>85)64,"*;3-"5;"(0:.:./)():,"

*/(9*&"%"+:"43"-+(.3*"MTYJJ) est responsable de l’activité entérotoxique de cette"2;(:,1)+"Mr7.4"+:";5[W"

YZRYN["$+-"A^3+-"(.*;3:"*+-"TTJJ"-.3:"1+:1.4Q,-"(7+g"10(:4%.'"#'5(10(4#"9'=*5(10(#.)*/%.=&*:-$"+:"10(

&-2*#$4**" MO+39+" ;3*"?;--5+1W" YZZ!h" =;19" +:" ;5[W" YZZ!h"$g)+c>;3" +:" ;5[W" YZZeN[" B7+g"10( &#$3#/*'/$*$(

IH=lYW" .3" 1+:1.4Q+" 5+-" -0-:^>+-" *+" -,(1,:).3" TRJJ" 64)" +-:" 43" :1;3-8.1:+41" #?B" M#T=K2)3*)3A"



!Y"

"

(;--+::+NW"TYJJ"+:"TUJJ["F3"1+Q;3(7+W";4(43"TlJJW"T!JJ".4"T5SS n’a ,:,")*+3:)D),"*;3-"5+"A,3.>+"*+"10(

&#$3#/*'/$*$(IH=lY"MI+"'.4/"+:";5[W"YZZ_N["IH=lY"3+"8.--^*+"8;-"*+"-0-:^>+"*+"-,(1,:).3"*+":08+"@P"

MT!JJN">;)-"43"8)54-"*+":08+"@P["I+-"-0-:^>+-"*+"2).A+3^-+"*+-"8)5)"*+":08+"@P"-.3:"7.>.5.A4+-";4/"

-0-:^>+-"*+"-,(1,:).3"*+":08+"@@"64)"-.3:"1+-8.3-;25+-"*4"8;--;A+"*+"5;">+>21;3+"+/:+13+"8.41"5+-"

81.:,)3+-"(.>>+"5+-">,:;55.81.:,;-+-"P->"+:"@37#&=1:P["$+">;3)^1+")3:,1+--;3:+W"2.3"3.>21+"*+"

(+-"+DD+(:+41-"-,(1,:,-"*+-"TUJJ"-.3:"81,-+3:-"*;3-"5+"A,3.>+"*+"IH=lY"-,64+3(,"8;1"C1,*,1)64+"I+"

'.4/"MI+"'.4/"+:";5[W"YZZ_N["@5"+/)-:+"43+"-+45+"(.8)+"*+"TUJJ"(7+g"10(&#$3#/*'/$*$"IH=lY["

"

"

123456&7`;&#INGaC6N&D6&NB:5BG2R8&G598NC6CO5989256&:R884N&:A6c&E6N&O9:GB526N&059C&8B39G2F6N;&

<[>&C6CO5986& D6& E9& :6EE4E6& AqG6h&,[>&C6CO5986& 6ZG6586h& "[>&C6CO5986& 28G6586h&,[=>& S5RGB286& D6& E9&

C6CO5986&6ZG6586h&[1=>&S5RGB286&D6&Y4N2R8&C6CO5989256;&!6N&($=9N6N&6G& E6N&S5RGB286N&:A9S65R886N&NR8G&

68&d9486;&D’après $N683&6G&9E;J&@__L;&

&

"";`;@;7;@ !6N&FBN2:4E6N&D6&C6CO5986&6ZG6586&

Chez les bactéries à Gram négatif, les ECPs sont composés d’une fraction soluble 

(.11+-8.3*;3:" ;4/" 81.:,)3+-" -,(1,:,+-" 8;1" *+-" :1;3-8.1:+41-" >+>21;3;)1+-W" et d’une fraction 

>+>21;3;)1+" (.11+-8.3*;3:" V" *+-" Q,-)(45+-" *+" >+>21;3+" +/:+13+" *):+-" G<P-" 8.41" `" G4:+1"

<+>21;3+"P+-)(5+-"a["I+-"G<P-"-.3:"81.*4):+-"8;1"2.41A+.33+>+3:">+>21;3;)1+"*41;3:":.4:+-"5+-"

87;-+-"*+"(1.)--;3(+["J.1:+-"*+" 5)8.-.>+-"3;:41+5-W"+55+-" sont composées d’une bicouche lipidique 

*.3:" 5;" (.>8.-):).3" +-:" (+55+" *+" 5;" >+>21;3+" +/:+13+[" B+-" Q,-)(45+-" +3(;8-45+3:" 5+" (.3:+34"

8,1)85;->)64+[" La production d’OMVs est un phénomène régulé qui dépend par exemple de la 

:+>8,1;:41+[" @5" +/)-:+" ;4--)" 43" (.3:rôle génétique de la production d’OMVs qui chez >0:%.*( '&( 10(

:4%.'"#'(passe par σE M<(?1..>";3*"L4+73W"YZZXh"$;Q)-";3*"j;5*.1W"YZZ_N["E3+"*+-"-:1;:,A)+-"*+-"

2;(:,1)+-"8.41"1,8.3*1+";4/"-:1+--">+>21;3;)1+-"+-:"5;">.*45;:).3"*4"A^3+""A%>"(.*;3:"5+"D;(:+41"

alternatif σE qui induit l’expression de facteurs de préservation ou restoration de l’intégrité 

>+>21;3;)1+"+3"(.3*):).3-"*+"-:+--["I+-"G<P-"-.3:")>85)64,+-"*;3-"5;"-,(1,:).3"+:"5;"*,5)Q1;3(+"*+"

81.:,)3+-"8;1" 50-+W"8;1" D4-).3">+>21;3;)1+".4"8;1" )3:+13;5)-;:).3"*+-"Q,-)(45+-" M+3*.(0:.-+N["F55+-"

-.3:" ,A;5+>+3:" )>85)64,+-" *;3-" 5;" *,D+3-+" +:" 5;" 1,-)-:;3(+" 2;(:,1)+33+" D;(+" ;4/" 87;A+-" +:" ;4/"



!l"

"

agents membranolytiques, dans l’acquisition de nutriments, dans la formation de biofilm-"+:"*;3-"5;"

8;:7.A,3)():,"ML458";3*"L4+73W"YZRZN["

B7+g" 5+-" 2;(:,1)+-" 8;:7.A^3+-W" 5+-" G<P-" 8+4Q+3:" i:1+" ;--.(),+-" V" *+-" :./)3+-" +:" *+-"

81.:,;-+-" +:" 8+4Q+3:" )3:+1;A)1" ;Q+(" 5;" (+5545+" 7b:+" M;*7,1+3(+W" +3:1,+W" D4-).3N" ;D)3" *+">.*45+1" 5+"

-0-:^>+")>>43):;)1+"MF55)-";3*"L4+73W"YZRZN[""

B7+g" 10( :4%.'"#'W" 5+-" G<P-" -.3:" (;8;25+s d’activer le système immunitaire inné par 

l’activation de la voie  NFκ?"(.>>+".2-+1Q,"*;3-"*)DD,1+3:+-"5)A3,+-"(+5545;)1+-"74>;)3+-" M?)+5)A"+:"

;5[W" YZRR;N[" @5" ;" ,A;5+>+3:" ,:," >.3:1," 64+" 5+-" G<P-" *+" 10( :4%.'"#'" >.*45;)+3:" 5;" 1,8.3-+"

proinflammatoire et qu’elles étaient capables d’activ+1" 5+-" (+5545+-" *+3*1):)64+-" MB7;::+1c++" ;3*"

B7;4*741)W"YZRlN["10(#/)-*..#"-3"-,(1^:+"*+-"G<P-"64)"-:)>45+3:"5;"1,8.3-+")>>43):;)1+"*+"8.)--.3"

MO.3A" +:" ;5[W" YZZ_N[" F:;3:" *.33," 64+" (+-" Q,-)(45+-" -.3:" (.>8.-,+-" *+" 5;" >+>21;3+" +/:+13+"

2;(:,1)+33+W"il n’est pas étonnant d’observer une stimulation du système immunitare en réponse à la 

1+(.33;)--;3(+"*+-"=#<=-"MI=JW"=HN";--.(),-";4/"G<P-["$+-"*.33,+-":.4:+-"1,(+3:+-">.3:1+3:"64+"

5+-"G<P-"*+"10(:4%.'"#'" :1;3-8.1:+3:" 5;"81.:,;-+"=1:PW" 5;"(0:.50-)3+"PBB"+:" 5;":./)3+"(7.5,1)64+"BT"

MB7;::+1c++" ;3*" B7;4*741)W" YZRRh" F5541)" +:" ;5[W" YZR!h" '.>8)943:;5" +:" ;5[W" YZR!N" +:" 64+" (+55+-" *+"10(

9-./*8*:-$"*,5)Q1+3:"*+-"G<P-";--.(),+-"V" 5;"(0:.50-)3K7+>.50-)3"PQ7#";4/"(+5545+-",8):7,5);5+-" ML)>"

+:";5[W"YZRZN["$+-";4:+41-".3:">.3:1,"64+"5;"*,5,:).3"*+"5;"8.1)3+"G>8#"*+"10(:4%.'"#'"+3:1;]3;):"43+"

708+1Q,-)(45;:).3" +:" 64+" 5+-" G<P-" *4" >4:;3:" *)>)34;)+3:" 5;" Q);2)5):," *+-" ;>)2+-" (+" 64)" Q)+3:"

-.4:+3)1"5+"1b5+"*+-"G<P-"*;3-"5;"*,5)Q1;3(+"*+"D;(:+41-":./)64+-""MP;5+14"+:";5[W"YZR!N["',(+>>+3:W"

5+"81.:,.>+"*+-"G<P-"*+"10(:4%.'"#'";",:,"1,;5)-,"*;3-"*+-"(.3*):).3-".u"5+"8)54-"TB="+-:";(:)Q,["@5";"

,:,"montré que la protéine DegP, associée au OMVs, était nécessaire à la colonisation de l’intestin de 

-.41)-"+:"V" 5;" D.1>;:).3"*+"2).D)5>-" M#5:)3*)-"+:";5[W" YZR!N[" I+-"G<P-";88;1;)--+3:"*.3(" (.>>+"43"

3.4Q+;4">.*+"*+"-,(1,:).3"*+"D;(:+41-"*+"Q)145+3(+["

"";`;@;@ 4'$(<65%>;$*9'$(

I+-"7,>.50-)3+-"-.3:"*+-"+3g0>+-"+/:1;(+5545;)1+-W"81.*4):+-"8;1"5+-"2;(:,1)+-"V"H1;>"3,A;:)D"

+:" 8.-):)DW" 64)" *,:14)-+3:" 5+-" >+>21;3+-" 85;->)64+-" *+-" (+5545+-" ()25+-[" =;1>)" (+-" +3g0>+-W" .3"

1+:1.4Q+" *+-" +3g0>+-" D.1>;3:" *+-" 8.1+-" *;3-" 5+-" >+>21;3+-" ;4" 3)Q+;4" *+-" 2)(.4(7+-" *+"

87.-87.5)8)*+-" M=CT" K"8.1+" D.1>)3A":./)3N" M?1;43";3*"C.(;1+:;W"R__Rh"j+5(7W"R__RN"et d’autres qui 

70*1.50-+3:"5+-"5)8)*+-["I+-"-0-:^>+-"*+"-,(1,:).3"*+":08+"@"*,5)Q1+3:"*+-"7,>.50-)3+-"MT7.>;-"+:";5[W"

YZR!N[""



!!"

"

I+-"7,>.50-)3+-"-.3:"5;1A+>+3:"1,8;3*4+-";4"-+)3"*+-"1*2"*%"8;:7.A^3+-"Mr7;3A";3*"#4-:)3W"

YZZeN["F3"+DD+:W"(7+g"854-)+41-"+-8^(+-"*+"1*2"*%W".3"1+:1.4Q+"*+-"(0:.50-)3+-")>85)64,+-"*;3-"5;"50-+"

*+" 854-)+41-" :08+-" (+5545;)1+-" )3(54;3:" 5+-" (+5545+-" *+" Q+1:,21,-W" 5+-" ,10:71.(0:+-" .4" 5+-" (+5545+-" *4"

-0-:^>+")>>43):;)1+[""

B7+g"5+-"-.4(7+-"*+"10(:4%.'"#'"F5"T.1"GR"+:"3.3KG1, on retrouve l’hémolysine -,(1,:,+"O50#W"

,A;5+>+3:" (.334+" -.4-" 5+"3.>"*+"PBBW"64)"+3:1;)3+"43+"*);117,+" (7+g"*+-" -.41)-" M@(7)3.-+"+:";5[W"

R_\Xh"t;>;>.:."+:";5[W"R__Z2N["$+-"7,>.50-)3+-"81,-+3:;3:"5+-">i>+-"-)>)5):4*+-"-.3:"(;1;(:,1)-,+-"

chez d’autres espèces de 1*2"*%" )3(54;3:"10( #/)-*..#"-3W"10( 8.-9*#.*$W"10(3*3*:-$W"10( &-2*#$4**" +:"10(

9-./*8*:-$["I;"-.4(7+"10(A#"#4#'3%.=&*:-$"81.*4):",A;5+>+3:"*+-"7,>.50-)3+-":7+1>.-:;25+-"*)1+(:+-"

MT$ONW" *+-" 7,>.50-)3+-" :7+1>.5;2)5+-" MTION" +:" *+-" 7,>.50-)3+-" :7+1>.-:;bles (δKP=ON[" B+1:;)3+-"

d’entreK+55+-" -.3:" ;--.(),+-" V" 5;" Q)145+3(+" *+" 5;" 2;(:,1)+[" F3" +DD+:W" +55+-" 8+4Q+3:" )3*4)1+" *+-"

dommages cytotoxiques, hémolytiques et entérotoxiques. L’hémolysine de 10"9-./*8*:-$W"PPOW"50-+"5+-"

,10:71.(0:+-"*+"3.>21+4-+-"+-8^(+-";3)>;5+-"+3"D.1>;3:"*+-"8.1+-"V"5;">+>21;3+"(0:.85;->)64+"

Mt;>;>.:."+:";5[W"R__Z;N[""

"";`;@;T 4'$(@<%$@<%>*@#$'$(

I+-" 87.-87.5)8;-+-" -.3:" *+-" +3g0>+-" 64)" 70*1.50-+3:" 5+-" 87.-87.5)8)*+-" (.3:1)24;3:" V" 5;"

Q)145+3(+" *+" 3.>21+4/" 8;:7.A^3+-" 2;(:,1)+3-" MJ.3A+1W" R__XN[" #" (+" :):1+W" )5" +/)-:+" 43+" (+1:;)3+"

1+*.3*;3(+" +3:1+" 87.-87.5)8;-+-" +:" 7,>.50-)3+-[" B7+g" 10( #/)-*..#"-3W" 5+" A^3+" A.A" (.*;3:" 43+"

87.-87.5)8;-+"#Y"+-:"(;8;25+"*+"50-+1"5+-"(+5545+-"*+"poisson mais n’est pas nécessaire à la virulence 

MI)" +:" ;5[W" YZRl2N[" B7+g" 10( 4#"9'=*, l’hémolysine VHH est une phospho5)8;-+" ?" 8.41" 5;64+55+" 5+"

changement d’un résidu (Ser153) entraîne une perte des capacités hémolytiques et de l’activité 

87.-87.5)8;-+W"+:"*+"5;"Q)145+3(+"MJ43"+:";5[W"YZZXN["10(3*3-:-$"81.*4):"43+"87.-87.5)8;-+"#W"=75#W"

toxique pour les cellules de poisson après 2h d’exposition MI++"+:";5[W"YZZY2N["B7+g"10(,#3$'.#W".3"

1+:1.4Q+"43+"87.-87.5)8;-+"$"64)"50-+"5+-"+10:71.(0:+-"ML1+A+1"+:";5[W"R_\XN["

"";`;@;` 4'$(@"%&6#$'$(

I+-" 81.:,;-+-" -.3:" (.3-)*,1,+-" (.>>+" *+-" D;(:+41-" *+" Q)145+3(+" )>8.1:;3:-" (7+g" 5+-"

2;(:,1)+-"8;:7.A^3+-";4"(.41-"*+"5+41"81.(+--4-")3D+(:)+4/"MH.A4+3"+:";5[W"R__eh"I;3:gW"R__Xh"I+2143"

+:";5[W"YZZ_h"C1++-"+:";5[W"YZRlN["F55+-"8+4Q+3:")3*4)1+"*+-"*.>>;A+-":)--45;)1+-"*+">;3)^1+"*)1+(:+".4"

indirecte, altérer les défenses de l’hôte et moduler le système immunitaire. La production d’enzymes 

+/:1;(+5545;)1+-":+55+-"64+"5+-"81.:,;-+-"8;1"*+-"1*2"*%"8;:7.A^3+-"+-:"5;1A+>+3:".2-+1Q,+"MJ7)3.*;"

;3*" <)0.-7)W" YZRRN[" =;1>)" 5+-" 81.:,;-+-" 2;(:,1)+33+-W" .3" 1+:1.4Q+" >;c.1):;)1+>+3:" *+-"
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"

>,:;55.81.:,;-+-"V"g)3("+:"*+-"81.:,;-+-"V"-,1)3+"64)".3:",:,")*+3:)D),+-"8.41"5+41-"1b5+-";4"(.41-"*4"

81.(+--4-")3D+(:)+4/[""

B7+g"10(:4%.'"#'W"5;"81.:,;-+"7,>;AA54:)3)3+"MO#&=N"Mj4"+:";5[W"R__UN"+:"5;">,:;55.81.:,;-+"

=1:P"MP;):9+Q)()4-"+:";5[W"YZZ\h"F*s)3"+:";5[W"YZR!N"-.3:"(0:.:./)64+-"8.41"5+-"(+5545+-",8):7,5);5+-["I;"

81.:,;-+"O#"+-:")>85)64,+"*;3-"5;">;:41;:).3"*+"5;"-.4-K43):,"#"*+"5;":./)3+"(7.5,1)64+"MBTN"M?..:7"

+:" ;5[W" R_\!N" (.>>+" 5;" -,1)3+" 81.:,;-+" P+-?" -,(1,:,+" 8;1" 5+" -0-:^>+" *+" -,(1,:).3" *+" :08+" @@"

MJ;3*9Q)-:"+:";5[W"R__lh"J)9.1;"+:";5[W"YZRRN["B+1:;)3+-"81.:,;-+-"*+"5;"D;>)55+"*+-"(70>.:108-)3+-"-.3:"

;3(1,+-" V" 5;" >+>21;3+" 8;1" 5+41" A50(.-0587.-87;:)*05)3.-):.5W" 43" *.>;)3+" :1;3->+>21;3;)1+" BK

terminal ou par un signal d’ancrage en NK:+1>)3;5" MJg;2." ;3*" ?4AA+W" YZRRN[" E3+" 3.4Q+55+" -,1)3+"

protéase a pu être identifiée à partir d’une souche de 10(:4%.'"#'"*,5,:,+"*+-">,:;55.81.:,;-+-"O#&="

+:" =1:P[" B+::+" *+13)^1+" +-:" )>85)64,+" *;3-" 5;" 1,8.3-+" 7,>.11;A)64+" ;4" 3)Q+;4" *+" 5m)3:+-:)3" A1i5+"

*)-:;5"*4"5;8)3"MJ03A9.3"+:";5[W"YZRZN[""

B7+g"10(A#"#4#'3%.=&*:-$W" .3" 1+:1.4Q+"43"7.>.5.A4+"*+"=1:P">;)-" (+::+"+3g0>+"8.--^*+"

43+" D;)25+" ;(:)Q):," 7,>.50:)64+" MI++" +:" ;5[W" R__eN[" G3" 1+:1.4Q+" ,A;5+>+3:" 43+" 81.:,;-+" V" -,1)3+"

-,(1,:,+"M@-7)7;1;"+:";5[W"YZZYN"-)>)5;)1+"V"5;"81.:,;-+"#"*+"10(3'&$:4/*J%9**"(0:.:./)64+"MLs.3"+:";5[W"

R__eN["B+::+"81.:,;-+";5:^1+"5;"(1.)--;3(+"*+-"(45:41+-"(+5545;)1+-W"50-+"5+-",10:71.(0:+-"+:")3*4):"43+"

7,>.11;A)+"*+-":)--4-"+:"5;">.1:"*+-"-.41)-";81^-")3c+(:).3"MI++"+:";5[W"YZZY;N["

B7+g"10(9-/*8*:-$W";5.1-"64+"5;"81.:,;-+"PP="+3:1;]3+"*+-"*.>>;A+-":)--45;)1+-"+:"*+-"5,-).3-"

7,>.11;A)64+-" MJ7)3.*;" ;3*"<)0.-7)W" YZRRNW" 5;" 81.:,;-+"P=<"+-:" (0:.:./)64+"8.41" 5+-" (+5545+-"*+"

21;3(7)+"*4"8.)--.3"+:"(.3*4):"V"43+"7,>.11;A)+";4"3)Q+;4"*+"5;"(;Q):,"8,1):.3,;5+";81^-")3D+(:).3-"

+/8,1)>+3:;5+-" MI4;3"+:";5[W"YZZXN["=;1";)55+41-W" 5;">,:;55.81.:,;-+"PQ8F"+-:";--.(),+"V" 5;"Q)145+3(+"

MO;"+:";5[W"YZR!N["B+::+"2;(:,1)+"-,(1^:+",A;5+>+3:"43+"-,1)3+"81.:,;-+"P--#""64)"+-:"-)>)5;)1+"V"43+"

-,1)3+"81.:,;-+":./)64+"*+"10(A#"#4#'3%.=&*:-$(Mj;3A"+:";5[W"YZZ\N["

((=;1>)" 5+-" ;4:1+-"+-8^(+-"*+"1*2"*%W(10(#/)-*..#"-3" 81.*4):" 5;">,:;55.81.:+;-+"V" g)3(" F>8#"

)>85)64,+"*;3-"5;"8;:7.A,3)():,"+:"81,-+3:;3:"*+-";(:)Q):,-"81.:,.50:)64+"+:"(0:.:./)64+"M%.16Q)-:"+:"

;5[W"R__Zh"t;3A"+:";5[W"YZZXN["10(#.)*/%.=&*:-$"81.*4):"*+4/"81.:,;-+-"V"-,1)3+";5(;5)3+"M'4)"+:";5[W"YZZ\Nk"

5;"-,1)3+"81.:,;-+";5(;5)3+"#" M$+;3+"+:";5[W"R_\_N"+:"43+";4:1+"(.3-)*,1,+"(.>>+"43+":./)3+" 5,:;5+"

8.41"5+-"8.)--.3-"+:"*+-"(1+Q+::+-"MI++"+:";5[W"R__Xh"?;5+2.3;"+:";5[W"R__\N["

Comme détaillé dans le chapitre II.3 « Les Vibrios pathogènes de l’huître », de nombreuses 

protéases ont enfin été caractérisées chez les vibrios pathogènes d’huître dont 10( &-2*#$4*W" 10(



!U"

"

#'$&-#"*#/-$W" +:"10( &#$3#/*'/$*$[" F55+-" c.4+3:" 43" 1b5+">;c+41" *;3-" 5;" :./)():," *+" 5+41-" 81.*4):-" *+"

-,(1,:).3["

"";`;T *BN2NG98:6&94Z&([=N&&

I+-" 8+8:)*+-" ;3:)>)(1.2)+3-" -.3:" *+-" ,5,>+3:-" (5,-" *4" -0-:^>+" )>>43):;)1+" +/81)>,-W" +3"

8;1:)(45)+1" *;3-" 5+-" 87;A.-.>+-" +:" 5+-" ,8):7,5)4>-[" P)-KVKQ)-" *+" (+-" +DD+(:+41-W" 5+-" 2;(:,1)+-" .3:"

*,Q+5.88," *+" 3.>21+4/" >,(;3)->+-" *+" 1,-)-:;3(+" 8;1>)" 5+-64+5-" 5+-" 8.>8+-" V" +DD54/W" 64)"

8+1>+::+3:"*+"5+-"+/845-+1"*+"5;"(+5545+"2;(:,1)+33+W"5;"-,(1,:).3"*+"81.:,;-+-"64)"8+1>+::+3:"*+"5+-"

*,A1;*+1W" +:" 5;" >.*)D)(;:).3" *+" 5;" 8;1.)" 2;(:,1)+33+" pour réduire l’interaction avec les AMPs "

Mt+;>;3";3*"t.43:W"YZZlh"G::.W"YZZ_N["

"";`;T;7 J%=*E*B#&*%9(='(>#(5'5A"#9'('8&'"9'(

Etant donné que les interactions électrostatiques jouent un rôle crucial dans l’interaction des 

#<=-"(;:).3)64+-";Q+("5+-">+>21;3+-"2;(:,1)+33+-W"5+-"2;(:,1)+-".3:"*,Q+5.88,"*+-"-:1;:,A)+-"8.41"

3+4:1;5)-+1"5+-"(7;1A+-"3,A;:)Q+-"*+-">.5,(45+-"*+"-41D;(+"(+5545;)1+";Q+("*+-"(.>8.-;3:-"(.3:+3;3:"

*+-";>)3+-["#)3-)W"8.41"1,-)-:+1";4/"#<=-W"5+-"2;(:,1)+-"V"H1;>"3,A;:)D"-.3:"(;8;25+-"*+"*)>)34+1"5;"

(7;1A+" 3,A;:)Q+" *+" 5+41" >+>21;3+" +/:+13+" +3" :1;3-D,1;3:" 43" 87.-87.+:7;3.5;>)3+" .4" 43"

;>)3.;1;2)3.-+"-41"5+-"A1.48+-"87.-87;:+-"*4"5)8)*+"#"*4"I=J"M%++*7;>";3*"T1+3:W"YZRlN[""

B7+g"10(:4%.'"#'W"43+";(+:05:1;3-D,1;-+W"I8/%".4"<-2?W"(.3:1)24+"D.1:+>+3:"V"5;"1,-)-:;3(+"*+-"

-.4(7+-" F5" T.1" (.3:1+"43+" 5;1A+" A;>>+"*+"8+8:)*+-" ;3:)>)(1.2)+3-" )3(54;3:" 5;" =.50>0/)3+"?"+:" 5;"

(;:7,5)()*)3+" IIK37 en transférant une chaîne d’acide-" A1;-" -+(.3*;)1+" -41" 5+" 5)8)*+" #" 8+3:;K;(05,"

M<;:-.3"+:";5[W"YZRZh"O;39)3-"+:";5[W"YZRRN"MC)A41+"RlN["I;">.*)D)(;:).3"*4"5)8)*+"#"8;1"43+"*)A50()3+"

qui vient se greffer sur la chaîne d’acides gras secondaires est nécessaire"V" 5;" 1,-)-:;3(+";4/"#<=-"

(7+g"(+"8;:7.A^3+["B+::+">.*)D)(;:).3";4A>+3:+"*+"RZZ" D.)-" 5;" (.3(+3:1;:).3">)3)>;5+" )37)2):1)(+"

MB<@N" *+" 5;" =.50>0/)3+" ?" -41" 10( :4%.'"#'[" #" (+" c.41W" ;4(43+" étude n’a montré une éventuelle"

>.*)D)(;:).3"*4"I=J"*+-"1*2"*%(-4):+"V"43+"+/8.-):).3"V"*+-"*.-+-"-42Kléthales d’AMPs cationiques. 

G3")A3.1+"*.3("-)"5;">.*)D)(;:).3"*4"5)8)*+"#"+-:"43">,(;3)->+"1,A45,["

"";`;T;@ 29=7B&*%9(='(>#("6@%9$'(#7(stress de l’enveloppe(

I;" *,:+(:).3" *+" -:1+--" >+>21;3;)1+W" )3*4):" 8;1" 5+-" #<=-" 8;1" +/+>85+W" +-:" 43+" ,:;8+"

)>8.1:;3:+"8.41"1,8;1+1" les dommages membranaires avant qu’ils ne soient irréversibles. Une des 

-:1;:,A)+-"*+-"2;(:,1)+-"8.41"1,8.3*1+";4"-:1+--">+>21;3;)1+"repose sur l’expression"*4"A^3+""A%>"



!X"

"

(.*;3t le facteur alternatif σE qui contrôle" l’expression de facteurs" 64)" 81,-+1Q+3:" .4" 1+-:.1+3:"

l’intégrité membranaire en conditions stressantes. "

B7+g"10(:4%.'"#', σE joue un rôle dans la réponse au stress membranaire et dans la résistance 

;4/"#<=-["Fn effet, une déficience de σE +3:1;]3+"43+"D.1:+"-+3-)2)5):,";4"8+8:)*+";3:)>)(1.2)+3"=YW"

43"#<="*,1)Q,"*+" 5;"?=@"74>;)3+["B7+g"10(:4%.'"#'5" la porine OmpU contrôle σE et contribue à la 

1,-)-:;3(+";4/"#<=-"M<;:741";3*"j;5*.1W"YZZ!h"<;:741"+:";5[W"YZZXN["$+-"1,-45:;:-"-)>)5;)1+-".3:",:,"

.2:+34-" 8.41" 5;" 8.1)3+" G>8E" *4" pathogène d’huître 10( &#$3#/*'/$*$" IH=lY" (.3:1+" 5+-" #<=-" *+"

l’huitre !)K$+D>"+:"!)K?=@" M$48+1:740"+:";5[W"YZRZN["T.4:+D.)-" 5;"1,-)-:;3(+";4/"#<=-"(.3D,1,+"8;1"

G>8E"1+-:+":1^-")3D,1)+41+"V"(+55+"*4+"V"5;">.*)D)(;:).3"*+"5;">+>21;3+"+/:+13+["

"";`;T;T 0EE>78(='$(,JK$(

L’utilisation de pompes"V"+DD54/"*;3-" 5;"1,-)-:;3(+";4/"8+8:)*+-";3:)>)(1.2)+3-"+-:">;)3:+3;3:"

*,>.3:1,+"(7+g"*)Q+1-+-"+-8^(+-"2;(:,1)+33+-"M=)**.(9W"YZZUh"%)9;)*.";3*"=;A+-W"YZRYN[""

B7+g"10( :4%.'"#'W" !"8.>8+-"V"+DD54/"*+" :08+"'%$".3:",:,"*,(1):+-" (.>>+" )>85)64,+-"*;3-" 5;"

1,-)-:;3(+";4/"#<=-"*/(9*&"%"k"P+/#?W"P+/$W"P+/L"+:"P+/O"M?)3;"+:";5[W"YZZUh"?)3;"+:";5[W"YZZ\N["P+/#?"

+-:"5;"81)3()8;5+"8.>8+")>85)64,+"*;3-"5;"1,-)-:;3(+";4/"#<=-["I;"B<@"*+"5;"=>?"*)>)34+"!"D.)-";Q+("

5+">4:;3:"*,5,:,"*+"9'KG["$+"854-W"5;"B<@"*+"5;"=>?"(.3:1+"5+">4:;3:"9'KG"+-:"(.>8;1;25+";4/"B<@"

.2:+34+s avec des mutants délétés de tous les systèmes d’efflux RND, indiquant que VexAB est bien 

)>85)64,+" *;3-" 5;" 1,-)-:;3(+" V" 5;" =>?[" P+/$W" P+/L" +:" P+/O" 8;1:)()8+3:" V" 5;" 1,-)-:;3(+" ;4/" ;()*+-"

2)5);)1+-W";4/"*,:+1A+3:-"+:";4/";3:)2).:)64+-W"1+-8+(:)Q+>+3:["

B7+g" 10( A#"#4#'3%.=&*:-$W" l’expression de *)Q+1-+-" 81.:,)3+-" >+>21;3;)1+-" +-:" >.*45,+" +3"

présence d’AMPs. Ainsi, la protéine TolC, qu)"8;1:)()8+"V"*)Q+1-+-"8.>8+-"V"+DD54/W"+-:"-41+/81)>,+"+3"

81,-+3(+"*+"85+41.()*)3+W"43"#<="*+"8.)--.3"MJ7+3"+:";5[W"YZRZN["<;57+41+4-+>+3:W"-.3"1b5+"*;3-"5;"

résistance n’a pas été étudié+[" B7+g"10( 9-./*8*:-$W" 5+" A^3+" &"JF" (.*;3:" 43+" 8.>8+" )>85)64,+"*;3-"

l’acquisition de K
v
"+-:")>85)64,+"*;3-"5;"1,-)-:;3(+"V"5;"=>?"MB7+3"+:";5[W"YZZ!N["

"";`;T;` Immunosuppression de la production d’AMPs(

I+-"1*2"*%"8+4Q+3:",A;5+>+3:"1,81)>+1" la production d’AMPs. Ce mécanisme est utilisé par 

les bactéries pour faciliter l’invasion des tissus de l’hôte."10( :4%.'"#'" +-:";)3-)" (;8;25+"*+" 1,81)>+1"

l’expression de 5;" (;:7,5)()*)3+" IIK37 dans les cellules épithéliales de l’intestin MB7;91;2.1:0" +:" ;5[W"

YZZ\N[" $+" >i>+W" 5+" 8;:7.A^3+" *+" (.1;)5" 10( :%"#..**.=&*:-$" réprime quant à lui l’expression de la 



!\"

"

*;1>)(.1)3+W"43"#<="*+"(.1;)5W" 5.1-"*+"-.3"+3:1,+"*;3-5+-"(+5545+-"*+"-.3"7b:+" MP)*;5K$48).5"+:";5[W"

YZRRN["

" "



!_"

"

III. !(&*%#"#$(-/%b%/<(==%[%-$&(&!(&=<(0,/l$,#%&/<%p&!%#&

)(/$%*"%#&=($<,0%-%#&"-$*(/%!!.!("*%#&

Au cours de l’évolution, un certain nombre de bactéries pathogènes ont développé des 

stratégies d’échappement à l’activité >)(1.2)()*+" *+" 5;" 87;A.(0:.-+[" B+1:;)3+-W" 8;:7.A^3+-"

)3:1;(+5545;)1+-" -:1)(:-" .4" D;(45:;:)D-W" -.3:" même devenues spécialistes de ce mode d’infection, 

4:)5)-;3:"5+-"87;A.(0:+-"81.D+--).33+5-"(.>>+"3)(7+"1,85)(;:)Q+"+:"8;1D.)-">i>+"(.>>+"43"Q,1):;25+"

(7+Q;5"*+"T1.)+["#)3-)W".3"1+:1.4Q+"*+-"2;(:,1)+-"64)")3:+1D^1+3:";Q+(&5;"(;8;():,"*+-"87;A.(0:+-"V"5+-"

)3:+13;5)-+1" .4" 64)" ;5:^1+3:" *)1+(:+>+3:" 5;" 87;A.(0:.-+" *+-" >;(1.87;A+-" +:" *+-" 3+4:1.87)5+-"

M'.-+32+1A+1";3*"C)35;0W"YZZlh"T7)"+:";5[W"YZRYN["

=;1>)" 5+-" 3.>21+4-+-" 2;(:,1)+-" )3:1;(+5545;)1+-W" )5" +-:" 8.--)25+" *+" ():+1" +3:1+" ;4:1+-" 5+-"

2;(:,1)+-" *4" A+31+"<=:%2#:&'"*-3W" ;#.3%/'..#5( !4.#3=,*#5( G"-:'..#5( !%K*'..#5( C')*%/'..#5( C*$&'"*#5(

;4*)'..#"+:(L*:J'&&$*#[" M$);(.Q)(7";3*"H.1Q+5W"YZRZN"MC)A41+"ReN["E3+"D.)-" )3:+13;5)-,+-W"(+-"2;(:,1)+-"

-.3:" capables de survivre et de se répliquer dans les cellules de l’hôte[" =.41" (+5;W" 5+-" 2;(:,1)+-"

peuvent soit établir une niche réplicative dans une vacuole, soit s’échapper dans le cytosol. "

Etant donné l’importance de la phagocytose dans l’élimination de pathogènes, il n’est pas 

-4181+3;3:" *+" :1.4Q+1" *+-" 8;:7.A^3+-" +/:1;(+5545;)1+-" 64)" ,(7;88+3:" V" 5;" 1+(.33;)--;3(+" *+-"

87;A.(0:+-"ML+33+:7W"YZZ_N. La stratégie la plus commune est l’inhibition de l’attachement. En effet, 

*+" 3.>21+4-+-" 2;(:,1)+-" -03:7,:)-+3:" *+-" (;8-45+-" 8.50-;((7;1)*)64+-" 8.41" +>8i(7+1" 5;"

reconnaissance par les opsonines. D’autres bactéries expriment à leur surface des protéines inhibant 

5;" 5);)-.3";Q+(" 5+-" 1,(+8:+41-" MC5;33;A;3"+:";5[W"YZZ_h"C5;33;A;3"+:";5[W"YZRYN["S4+564+-",:4*+-".3:"

>.3:1," 64+" (+1:;)3-" 8;:7.A^3+-" (.>>+" 10( 9-./*8*:-$W" 10( A#"#4#'3%.=:-$" +:" 10( .*$&%/'..#( ,:;)+3:"

(;8;2les d’échapper à la phagocytose des hémocytes de l’huître MB;3+-)" +:" ;5[W" YZZYN[" B7+g" 10(

9-./*8*:-$, il a été montré que la présence d’une capsule protégeait la bactérie de la phagocyt.-+"8;1"

*+-" 5)A3,+-" (+5545;)1+-" *+" :08+"O+5;" +:" *+" 5;" 1+(.33;)--;3(+" 8;1" 5+-" 81.:,)3+-" *4" (.>85,>+3:" 64)"

peuvent servir d’opsonine MH+3:73+1"+:";5[W"R___h"=;19"+:";5[W"YZZUN["

"

"
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"

"

123456&7^;&!6N&S9GAR3a86N&28G59:6EE4E9256N;&&

!9&C9G459G2R8&D4&SA93RNRC6& 28:E4G&de multiples interactions entre les compartiments de l’endocytose. Le 

SA93RNRC6& Y4N2R886& 9F6:& E6N& EINRNRC6N& SR45& YR5C65& E9& SA93REINRNRC6J& Rr& N6& DB5R4E6& E9& D236NG2R8& D6N&

S95G2:4E6N&SA93R:IGB6N;&!6N&S9GAR3a86N&R8G&DBF6ERSSB&D2YYB568G6N&NG59GB326N&SR45&6CSs:A65&E9&DB359D9G2R8&

dans le phagolysosome. Ainsi, on distingue la lyse de la membrane du phagosome suivi de l’évasion dans le 

:IGRNol avec l'évitement de l’autophagie; un retard de la maturation du phagosome facilitant le 

développement de la niche replicative; une déviation de la voie d’endocytose&h& 6G& 486& N45F26& D98N&

Et68F25R886C68G&ARNG2E6&D4&SA93REINRNRC6;&(D9SGB&D6&'29:RF2:A&98D&0R5F6EJ&@_7_;&

&

""";7 ENTREE DANS LES CELLULES DE L’HOTE&

=;1>)" 5+-" 8;:7.A^3+-" )3:1;(+5545;)1+-W" (+1:;)3+-" 2;(:,1)+-" -.3:" )3:+13;5)-,+-" 8;1" 5+-"

87;A.(0:+-" 81.D+--).33+5-" (.>>+"<=:%2#:&'"*-3" M>,(;3)->+" 8;--)DN" +:" *m;4:1+-" +3Q;7)--+3:" *+-"

(+5545+-" 3.3" 87;A.(0:;)1+-" comme c’est le cas pour ;4*)'..#" +:" C*$&'"*#" M>,(;3)->+" ;(:)DN" *;3-" 5+-"

(+5545+-",8):7,5);5+-["

B+1:;)3-" 8;:7.A^3+-" )3:1;(+5545;)1+-W" (.>>+" D'"$*/#5( C*$&'"*#" +:" ;#.3%/'..#5" )3*4)-+3:" 5+41"

81.81+")3:+13;5)-;:).3"*;3-"5+-"(+5545+-"3.3"87;A.(0:;)1+-"+3"*,:.413;3:"5+-"Q.)+-"*+"-)A3;5)-;:).3"*+"

l’hôte et utilisent les mécanismes d’invasion de type «"g)88+1"a".4"`":1)AA+1"a"MC)A41+"RUN[""



eR"

"

I+">,(;3)->+"`"g)88+1"a"+-:"-+>25;25+";4"81.(+--4-"*+"87;A.(0:.-+["@5"+-:")3):),"8;1"43+".4"

854-)+41-" 81.:,)3+-" *+" -41D;(+" 2;(:,1)+33+" M(.>81+3;3:" ;*7,-)3+-" +:" )3Q;-)3+-N" 64)" -+" 5)+3:" V" *+-"

1,(+8:+41-" >+>21;3;)1+-" -8,()D)64+-[" =.41" +/+>85+W" 5;" 2;(:,1)+" V" H1;>" 3,A;:)D" D'"$*/*#(

A$'-,%&-2'":-.%$*$" exprime deux adhésines, invasine et YadA, qui se lient aux intégrines β1" V" 5;"

-41D;(+" *+-" (+5545+-"<" -):4,+-" *;3-" 5m,8):7,5)4>" )3:+-:)3;5" *+" l’hôte M@-2+1A" ;3*" ?;13+-W" YZZRN[" $+"

>i>+W"5;"2;(:,1)+"V"H1;>"8.-):)D"C*$&'"*#(3%/%:=&%)'/'$"4:)5)-+"*+4/")3:+13;5)3+-W"@35#"+:"@35?W"64)"-+"

5)+3:"1+-8+(:)Q+>+3:";4/"FK(;*7,1)3+-"*+-"(+5545+-",8):7,5);5+-"+:";4/"1,(+8:+41-"M<+:N"*+"D;(:+41-"*+"

(1.)--;3(+"*+-"7,8;:.(0:+-"MOHCN"MI+(4):"+:";5[W"YZZZh"L7+5+D"+:";5[W"YZZUN["

I+">,(;3)->+"*+":08+"`":1)AA+1"a"+-:"4:)5)-,"8;1"*+-"2;(:,1)+-"V"H1;>"3,A;:)D"(.>>+";4*)'..#(

8.'K/'"*"+:"*+-"+-8^(+-"*+";#.3%/'..#(MB.--;1:";3*"J;3-.3+::)W"YZZ!N["E3+"*+-"(;1;(:,1)-:)64+-"*+"(+"

mécanisme est une réorganisation importante du cytosquelette d’actine à la membrane plasmique 

MB.--;1:";3*"J;3-.3+::)W"YZZ!N["$;3-"(+"81.(+--4-W"5;">)-+"+3"c+4"*+"1,(+8:+41-">+>21;3;)1+-"*+"5;"

(+5545+"7b:+"8.41"l’adhésion des bactéries n’e-:"8;-".25)A;:.)1+W"+3"1+Q;3(7+")5"D;):")3:+1Q+3)1"*;3-"5;"

8548;1:" *+-" (;-" *+-" -0-:^>+-" *+" -,(1,:).3" *+" :08+" @@@" MTlJJN[" B+-" *+13)+1-" )3c+(:+3:" *+-" 81.:,)3+-"

bactériennes dans le cytosol qui détournent les facteurs cellulaires de l’hôte pour induire le 

processus d’internalisation des bactérie-" 8;1" 1+>.*+5;A+" *+" 5;" >+>21;3+" 85;->)64+" +:" *4"

cytosquelette d’actine."=.41"+/+>85+W".3"8+4:"():+1"5+-"81.:,)3+-"J)8?"+:"J)8B"*+";#.3%/'..#(+:"@8;?"

+:"@8;B"(7+g";4*)'..#"3,(+--;)1+-"V"5;"D.1>;:).3"*4"TlJJ"MH;5;3W"YZZRh"J;3-.3+::)W"YZZRN["$;3-"5+"(;-"

*+" ;#.3%/'..#5" le remodelage de l’actine est dépenda3:" *+-" 81.:,)3+-" J.8F" 64)" >)>+" 5+" D;(:+41"

d’échange pour 5+-"'7."HT=;-+-"MO;1*:"+:";5[W" R__\Nh" +:" J)8#"64)" -:;2)5)-+" les filaments d’actine au 

point de contact entre la cellule de l’hôte et la bactérie Mr7.4"+:";5[W"R___N[""

"

123456&7M;&Mécanismes d’entrée des bactéries dans les cellules de l’hôte. &

U(V&[B:982NC6&c2SS65: L’interaction entre les adhésines bactérien86N&6G&E6N&CREB:4E6N&D6&N45Y9:6&D6&E9&:6EE4E6&

AqG6& 9:G2F6& E6N& FR26N& D6& N2389E2N9G2R8& 2CSE2\4B6N& D98N& E6N& 5B9559836C68GN& D4& :IGRN\46E6GG6& d’actine. (B) 

[B:982NC6& G523365>& !9&O9:GB526&4G2E2N6&48& NINGaC6&D6& NB:5BG2R8&D6& GIS6& """&SR45& 28d6:G65&D6N&6YY6:G645N&\42&

vont moduler les facteurs de l’hôte impliqués dans la polymérisation de l’actine. D’après (ER8NR&98D&095:29P

D6E&=R5G2EERJ&@__`;&



eY"

"

E3+" D.)-" )3:+13;5)-,+-W" 5+-" 2;(:,1)+-" -+" 1+:1.4Q+3:" 5.(;5)-,+-" *;3-" 43+" Q;(4.5+" ;88+5,+"

87;A.-.>+" (7+g" 5+-" 87;A.(0:+-" 81.D+--).33+5-" .4" -)>)5;)1+" ;4" 87;A.-.>+" *;3-" 5+-" (+5545+-" 3.3K

87;A.(0:;)1+-" +3Q;7)+-" MO;;-W" YZZXN[" B+1:;)3-" 8;:7.A^3+-W" (.>>+" C')*%/'..#( A/'-3%A4*.#" .4"

<=:%2#:&'"*-3( &-2'":-.%$*$W" 8+4Q+3:" -41Q)Q1+" *;3-" (+::+" Q;(4.5+" +3" )37)2;3:" 5;" D4-).3"

phagososme/lysosome ou en modifiant l’environnement à l’intérieur du phagosome" MC5;33;A;3"+:"

;5[W" YZZ_N["G3"8;15+" ;5.1-"*+"2;(:,1)+-& 28G59F9:4RE9256N. D’autres bactéries so3:"*):+-" :IGRNRE2\46NW"

(.>>+"C*$&'"*#(3%/%:=&%)'/'$(+:(<=:%2#:&'"*-3(<#"*/-35(car elles sont capables de s’échapper 

*4"87;A.-.>+"+:"*+"-+">45:)85)+1"*;3-"5+"(0:.-.5"*+"5;"(+5545+"7b:+"MH;)55;1*"+:";5[W"R__Rh"J:;>>"+:"

;5[W"YZZlN[""

""";@ #.*+"%&%$&[.!$"=!"/($",-&'(-#&!(&/%!!.!%&

""";@;7 =9GAR3a86N&:IGRNRE2\46N&

L’échappement du phagosome est une étape essentielle pour la survie d+-" 8;:7.A^3+-"

cytosoliques. Toutes utilisent des effecteurs moléculaires pour s’échapper du phagosome et se 

1+:1.4Q+1"*;3-"5+"(0:.-.5".u"+55+-"-41Q)Q+3:"+:"-+">45:)85)+3:"MO02)-9+";3*"J:+87+3-W"YZZ\h"';0"+:";5[W"

YZZ_N["

#)3-)W" 5;"2;(:,1)+"V"H1;>"8.-):)D"C0(3%/%:=&%)'/'$5(64)"+-:"87;A.(0:,+"8;1" 5+-"(+5545+-"3.3K

87;A.(0:;)1+-"+:" 5+-"87;A.(0:+-"81.D+--).33+5-" )37)2+" 5;">;:41;:).3"*4"87;A.-.>+" MO;>.3"+:";5[W"

YZZUN. Elle utilise une listeriolysine O (LLO), activée entre autre par l’acidification, pour créer des 

8.1+-" V" 5;">+>21;3+" *4" 87;A.-.>+W" (+" 64)" )37)2+" 5;" D4-).3" 87;A.-.>+&50-.-.>+[" B+" 8;:7.A^3+"

+/81)>+" ,A;5+>+3:" *+4/" 87.-87.5)8;-+-" *+" :08+" B" M=@K=IB" +:" =BK=IBN" +3:1;]3;3:" 5;" 148:41+" *+" 5;"

>+>21;3+"*4"87;A.-.>+"+:"permettant à la bactérie de s’échapper de la vacuole M=.1:3.0"+:";5[W"

YZZYN["

L’échappement de la vacuole par la bactérie à Gram négatif ;4*)'..#(8.'K/'"**"D;):W"64;3:"V"54)W"

)3:+1Q+3)1" 5+" -0-:^>+" *+" -,(1,:).3" *+" :08+" @@@" +:" 5+-" 81.:,)3+-" @8;?W" @8;B" +:" @8;$"W" +:" 854-"

8;1:)(45)^1+>+3:" @8;B" 64)" 8+1:412+" 5+-" >+>21;3+-" 87.-87.5)8)*)64+-" ;81^-" -.3" )3-+1:).3" *;3-" 5;"

>+>21;3+"*+"5)8.-.>+-"MJ(71.+*+1";3*"O)52)W"YZZ\N["E3";4:1+"+DD+(:+41"*4"TlJJW"@8;OX[\W"8;1:)()8+"V"

l’échappement du phagosome mais son mécanisme d’action reste inconnu MC+13;3*+gK=1;*;"+:";5[W"

YZZZN["



el"

"

F3D)3W"*+-",:4*+-"1,(+3:+-".3:">.3:1,"64+"<0(3#"*/-3(+:"<0(&-2'":-.%$*$5"*+-"8;:7.A^3+-"

capables de survivre dans les phagosomes, étaient également capables de s’échapper du phagosome 

MJ:;>>"+:";5[W"YZZlh"Q;3"*+1"j+5"+:";5[W"YZZXh"J)>+.3+"+:";5[W"YZRYN[""

""";@;@ =9GAR3a86N&28G59F9:4RE9256N&

De nombreuses bactéries intracellulaires survivent et se multiplient à l’intérieur de vacuoles. 

Ce mode de vie confère de nombreux avantages face aux défenses cellulaires de l’hôte mais il impose 

aussi d’importantes contraintes ML4>;1";3*"P;5*)Q);W"YZZ_N[""

""";@;@;7 ,>&6"#&*%9(='(>#(5#&7"#&*%9(=7(@<#)%$%5'(

Etant donné l’importance de l’acidification dans l’activi:," >)(1.2)()*+" *4" 87;A.-.>+W" .3"

1+:1.4Q+" de nombreux pathogènes intracellulaires qui ont développé des moyens d’éviter ou de 

1+:;1*+1"5;">;:41;:).3"*4"87;A.-.>+W"D;()5):;3:"5+"*,Q+5.88+>+3:"*+"5;"3)(7+"1,85)(;:)Q+"MI4g)."+:";5[W"

YZZXh"L)3(7+3";3*"';Q)(7;3*1;3W"YZZ\N["

#)3-)W" .3" 1+:1.4Q+" *+-" 2;(:,1)+-" 64)" )37)2+3:" 5;" >;:41;:).3" *4" 87;A.-.>+" (.>>+" <0(

&-2'":-.%$*$"MP+1A3+"+:";5[W"YZZ!h"J.5*;:)";3*"%+01.55+-W"YZRYN5(!4.#3=,*#(&"#:4%3#&*$(M?+55;3*"+:";5[W"

YZZlN"+:";0('/"'"*:#(-+1.Q;1"T087)>41)4>(MH;1();K*+5"=.1:)55."+:";5[W"YZZ\N["I+-"Q;(4.5+-"(.3:+3;3:"<0(

&-2'":-.%$*$"+:"<0(3#"*/-3"81,-+3:+3:"5+-"(;1;(:,1)-:)64+-"*4"87;A.-.>+"81,(.(+"+:"3+"D4-).33+3:"

8;-";Q+("5+-"+3*.-.>+-"+:"5+-"50-.-.>+-"MB74;"+:";5[W"YZZ!N["B7+g"<0(&-2'":-.%$*$W" 5;"*,5,:).3"*+"5;"

-,1)3+" 81.:,;-+" 'QlUXR(" +3:1;]3+" 43+" *)>)34:).3" *+" 5;" 1,-)-:;3(+" ;4" 8O" ;()*+W" 43" *,D;4:" *4""

maintien du pH intrabactérien en présence d’acide"*/(9*&"%"+:"*;3-"5+-">;(1.87;A+-";(:)Q,-["$+"854-W"

5;"(1.)--;3(+"*+"(+">4:;3:"+-:" D.1:+>+3:";::,34,+"(7+g" 5;"-.41)-" MP;3*;5"+:";5[W"YZZ\N[";#.3%/'..#W"

64;3:"V"+55+W")37)2+"5;"D4-).3";Q+("5+-"50-.-.>+-"+:"-+">;)3:)+3:"*;3-"43"(.>8;1:)>+3:"-)>)5;)1+";4/"

+3*.-.>+-" :;1*)D-" ML3.*5+1";3*"J:++5+K<.1:)>+1W"YZZlN["=.41" (+5;W"+55+"4:)5)-+" 5;"81.:,)3+"J.8F"*4"

TlJJ"*+":08+"R""64)"c.4+"43"1b5+"*;3-"5;"D.1>;:).3"*+"5;"Q;(4.5+"(.3:+3;3:"5;"2;(:,1)+"+:"5;"81.:,)3+"

J)8B"*4"TlJJ"*+":08+"Y"64)")37)2+"5;"D4-).3";Q+("5+-"+3*.-.>+-["

D’autres bactéries créent une niche réplicative acide comme !%K*'..#( 2-"/'&&*( MP.:7" ;3*"

O+)3g+3W" YZZXN" et d’autres détournent la machinerie des comparti>+3:-" )3:1;(+5545;)1+-" (.>>+"

C')*%/'..#( A/'-3%A4*.#" M?14AA+>;33" +:" ;5[W" YZZUN( +:" 5+-" +-8^(+-" *+( G"-:'..#( M')::)A" +:" ;5[W" YZZRN["

G"-:'..#(dévie la voie d’endocytose par fusion du phagosome avec le réticu54>"+3*.85;->)64+["=.41"

(+5;W"+55+">.*)D)+"5;"(.>8.-):).3"5)8)*)64+"+:"81.:,)64+"*+"5;"Q;(4.5+"8.41"D;()5):+1"5;"D4-).3";Q+("5+-"

>+>21;3+-"*4"1+:)(454>"+3*.85;->)64+"M#1+55;3.K'+03.-."+:";5[W"YZZeN["



e!"

"

C')*%/'..#W"64;3:"V"+55+W"4:)5)-+" 5+"-0-:^>+"*+"-,(1,:).3"*+":08+" @P"8.41"-,(1,:+1"*+-"+DD+(:+41-"64)"

vont lui permettre d’intercepter les vésicules exportées à partir du réticulum endoplasmique MC1;3(."

+:";5[W"YZZ_N["

""";@;@;@ +6$*$&#9B'(#78(+.-L+M-(

F3" réponse à l’internalisation du pathogène, les cellules immunitaires de l’hôte produisent 

*+-"+-8^(+-"1,;(:)Q+-":./)64+-"8.41"5;"2;(:,1)+["I;"1,-)-:;3(+";4"-:1+--"./0*;3:"+-:"*.3("+--+3:)+55+"V"

5;"-41Q)+")3:1;Q;(4.5;)1+["

#)3-)W" 5+-" 8;:7.A^3+-" .3:" *,Q+5.88," *+-" >,(;3)->+-" 8.41" *,:./)D)+1" 5+-" 'GJ" +:" 5+-" '%J"

(.>>+" ;0( '/"'"*:#( -+1.Q;1" T087)>41)4>( +:( <0( &-2'":-.%$*$0( ?+;4(.48" *+" 2;(:,1)+-" 1,-)-:+3:" ;4"

-:1+--" ./0*;3:" A1q(+" V" *+-" +3g0>+-" *):+-" `" -(;Q+3A+1-" a" 64)" 8)^A+3:" +:" *,A1;*+3:" 5+-" 'GJ[" I;"

*,:./)D)(;:).3" 8;1" *+-" +3g0>+-" 64)" (.3Q+1:)--+3:" 5+-" 'GJ" +3" *+-" +-8^(+-" >.)3-" :./)64+-" +-:"

5;1A+>+3:"*.(4>+3:,+"8.41"5+-"(;:;5;-+-W"5+-"-48+1./0*+-"*)->4:;-+-"+:"5+-"8+1./)*;-+-"MC)A41+"RXN["

"

123456& 7j;& #:ABC9& N2CSE2Y2B& D6& E9& 5BN2NG98:6& D6N& O9:GB526N& 94Z& *,#& 6G& 94Z& *-#& D98N& E6N& SA93RNRC6N& 6G&

5B9:G2R8N&68cIC9G2\46N&:9G9EINB6N&S95&E6N&68cIC6N&#,'J&:9G9E9N6&6G&(AS;&&

!9& D2smutation de l’ion hyperoxyde (O@
P
V& 6NG& :9G9EINB6& S95& E9& N4S65RZID6& D2NC4G9N6& U#,'VJ& :6& \42& 9& SR45&

conséquence la synthèse de péroxyde d’hydrogène (H@,@V& 6G& D6&D2RZI3a86& U,@). Le peroxyde d’hydrogène 

U<@,@) peut être éliminé par la catalase ou l’alkylhydroperoxide reductase (Ahp). L’Ahp utilisant le NADH+H
k
&

comme cofacteur. Deux molécules d’eaux sont alors formées ainsi que du NAD
k
;& !9& :9G9E9N6& 4G2E2N6& D64Z&

molécules de péroxyde d’hydrogène (H@,@) pour former de l’O@&et deux molécules d’eau. #,'&>&N4S65RZ2D6&

D2NC4G9N6;&(AS/&>&AID5RZIESB5RZ2D9N6;&(D9SGB&D6&1R556EE9D&6G&9E;J&@_7Th&"CE9IJ&@_7T;&

"

"

"



ee"

"

""";@;@;@;7 *B34E9G2R8&D6&E9&5BSR8N6&98G2PRZID98G6&

$+4/"-0-:^>+-"*+"*,D+3-+"-.3:")3*4):-"-4):+"V"43"-:1+--"./0*;3:"M@>5;0W"YZRlN. L’activation du 

système OxyR se fait par l’intermédiaire de péroxyde d’hydrogène (HYGYN["F3" 1,;A)--;3:";Q+("(+::+"

>.5,(45+W" G/0'" -+" 25.6ue dans une conformation qui lui permet d’agir comme un facteur de 

:1;3-(1)8:).3"8.41"5+-">+>21+-"*4"1,A45.3"G/0'":+5"64+"J#&MW"(.*;3:"5;"(;:;5;-+"HW"+:"#4A!NW"(.*;3:"

43+" 1,*4(:;-+" 8,1./)1,*./)3+" M#-543*" +:" ;5[W" R___h" B7.)" +:" ;5[W" YZZRN[" J./'J" +-:" 43" D;(:+41" *+"

:1;3-(1)8:).3" 7.>.*)>^1+" 64)" +-:" ./0*," 8;1" *+-" (.>8.-,-" 1+*./" ;4:.K./0*;25+-["E3+" D.)-" ;(:)Q,W"

J./'")3*4):"5;":1;3-(1)8:).3"*+"J./"64)";A):"(.>>+"43"-+(.3*"D;(:+41"*+":1;3-(1)8:).3"64)"-+"D)/+"-41"

5+-">+>21+-"*4"1,A45.3"J./'J":+5"64+"-%,FW"64)"(.*+"43+"-48+1./0*+"*)->4:;-+"MH1++32+1A"+:";5[W"

R__Zh"T-;3+Q;";3*"j+)--W"R__Zh"=.>8.-)+55."+:";5[W"YZZR"N[""

B+" -0-:^>+" *+" 1,8.3-+" ;4" -:1+--" ;3:)./0*;3:" +-:" 1+:1.4Q," (7+g" *+-" 8;:7.A^3+-"

)3:1;(+5545;)1+-[" B7+g" ;4*)'..#W" 5;" *,5,:).3" *+-" -0-:^>+-" G/0'" +:" J./'J" 1+3*" 5+-" 2;(:,1)+-" 854-"

sensibles au péroxyde d’hydrogène (HYGYN" .4";4/" ).3-" -48+1./0*+-" MGY
K
) mais elle n’affecte pas la 

-41Q)+"*+-"2;(:,1)+-"*;3-"5+-">;(1.87;A+-"M$;4A7+1:0"+:";5[W"YZRYN["E3+";4:1+",:4*+"(7+g";#.3%/'..#"

>.3:1+"64+" 5;"*,5,:).3"*+" $%KL;(+:" "#3F(;DD+(:+" 5;" -41Q)+" )3:1;(+5545;)1+"*+-"2;(:,1)+-">;)-"8;-" 5;"

1,85)(;:).3" */( 9*9%" MQ;3"*+1" J:1;;:+3"+:" ;5[W" YZZ!N[" F3D)3W" (7+g"<0( &-2'":-.%$*$W" )5" ;" ,:,">.3:1,"64+"

#4A!"8.4Q;):",A;5+>+3:"i:1+"1,A45,+"8;1"%K=L"MJ81)3A+1"+:";5[W"YZZRN["

G/0'"+-:"3.:;>>+3:"81,-+3:"(7+g"10(:4%.'"#'(.u")5"c.4+"43"1b5+"81)>.1*);5"8.41"5+-"*,D+3-+-"

(.3:1+" 5+" -:1+--" ./0*;3:" Mj;3A" +:" ;5[W" YZRY2N[" B7+g" 10( 4#"9'=*W" 5;" 81,-+3(+" *+" >,3;*).3+" )3*4):"

l’expression de gènes du régulon SoxRS ($%,N" +:"G/0'" MJ#&M" +:"#4A!N" MP;::;3;Q)2..3"+:";5[W" YZZlN["

B7+g"10(9-./*8*:-$, il a été montré qu’une exposition au froid de-"bactéries induisait l’expression de 

A^3+-" )>85)64,-"*;3-" 5;" 1,8.3-+";3:)K./0*;3:+W"%K=L";3*"J#&MW" -4AA,1;3:"64+" 5;"2;(:,1)+" -42):"43"

-:1+--" ./0*;3:;81^-" 43" (7.(" :7+1>)64+" MI)>:7;>>;7)-.13" +:" ;5[W" YZZ\W" YZZ_N[" ',(+>>+3:W" 43+"

*+4/)^>+"81.:,)3+"%K=L@";",:,"*,(.4Q+1:+"(7+g"10(9-./*8*:-$["I.1-64+"(+::+"*+13)^1+"+-:">4:,+W" 5;"

(0:.:./)():,"+-:"1,*4):+"*4rant l’infection, indiquant son"1b5+")>8.1:;3:"*;3-"5;"8;:7.A,3)():,"ML)>"+:"

;5[W"YZR!N["@5";",A;5+>+3:",:,">.3:1,"64’43+"50-)3+"*,(;12./05;-+",:;):"1,A45,+"8;1":#,!"+3"1,8.3-+"V"

43"-:1+--";()*+"+:"8;1"J./'"+3"1,8.3-+"V"43"-:1+--"./0*;3:"ML)>"+:";5[W"YZZUN["De plus, l’augmentation 

du niveau de SOD par l’induction de la MnSOD par" J./'" +3" 81,-+3(+" *+" -48+1./0*+" -+1;):""

+--+3:)+55+"V"5;"Q)145+3(+"ML;3A"+:";5[W"YZZXN["I+"-:1+--"./0*;3:"*+"10(9-./*8*:-$"-+"*,(5+3(7+"5.1-64+"5;"

2;(:,1)+"+-:"+/8.-,+"V"43"8O";()*+"+:"5;"<3JG$"+-:")3*4):+"8;1"J./'"+3"(.3*):).3-";()*+-"ML)>"+:";5[W"

YZZeN[" I;" >4:;:).3" *+" %K=L" (7+g( 10( :4%.'"#'" +3:1;]3+" 43" *,D;4:" *+" (.5.3)-;:).3" (7+g" 5;" -.41)-W"



eU"

"

-4AA,1;3:"64+"%K=L"+-:"43",5,>+3:"(5,"*+"5;"1,8.3-+";3:)K./0*;3:+["#)3-)W"(+::+"2;(:,1)+"+-:"(;8;25+"

*+"`"8),A+1"a"*+-"'GJ"*+"-.3"+3Q)1.33+>+3:"8.41"D;()5):+1"-;"(1.)--;3(+"Mj;3A"+:";5[W"YZRY2N["

""";@;@;@;@ !6N&N4S65RZID6N&D2NC4G9N6N&&

Les superoxydes dismutases (SOD) bactériennes éliminent l’ion superoxyde (OY
[
N"8.41"D.1>+1"

du peroxyde d’hydrogène (HYGYN["G3" :1.4Q+"l" A^3+-" (.*;3:" *+-" JG$"au sein du génome d’>0:%.*"k"

*+4/"JG$"(0:.85;->)64+-"4:)5)-;3:"(.>>+"(.D;(:+41"5+">;3A;3^-+"MJ.*#".4"<3JG$N".4"5+"D+1"MJ.*?"

.4"C+JG$N"+:"43+"JG$"V"(4)Q1+&g)3("8,1)85;->)64+"MJ.*B".4"B4&r3JG$N"MC++W"R__Rh"@>5;0";3*"@>5;0W"

R__UN. Comme l’anion superoxyde ne passe pas au travers des membranes, ces diverses localisations 

subcellulaires permettent de protéger chaque compartiment de la cellule contre l’OY
;K
W".u")5"-+":1.4Q+"

M@>5;0W"YZRlN[""

B7+g" ;#.3%/'..#W" *+" 3.>21+4-+-" 81.:,)3+-" -.3:" )>85)64,+-" *;3-" 5;" 1,-)-:;3(+" ;4/" 'GJ"

MI)3+7;3";3*"O.5*+3W"YZZlNW" )3(54;3:"854-"8;1:)(45)^1+>+3:W"*+4/"-48+1./0*+-"*)->4:;-+-W"J.*B@"+:"

J.*B@@W" 64)" *,:./)D)+3:" 5+-" 'GJ[" I;" *,5,:).3" *+" $%,!W" 43" A^3+" (.*;3:" 43+" JG$" V" (4)Q1+&g)3("

8,1)85;->)64+" 1,*4):" 5;" -41Q)+" )3:1;(+5545;)1+" *;3-" *+-">;(1.87;A+-">41)3-" ;(:)Q,-" +:" 5;" Q)145+3(+"

;81^-"43+")3c+(:).3")3:1;8,1):.3,;5+"(7+g"5+-"-.41)-"M$+"H1..:+"+:";5[W"R__XN["$+"3.>21+4-+-"+-8^(+-"

*+"<=:%2#:&'"*-3"8.--^*+3:"*+-"JG$"M?;1:.-"+:";5[W"YZZ!N["<0(&-2'":-.%$*$"81.*4):"5+-"-48+1./0*+-"

*)->4:;-+-" J.*#" 64)" 4:)5)-+3:" 5+" D+1" (.>>+" (.D;(:+41" +:" J.*B" 64)" 4:)5)-+" 5+" (4)Q1+" +:" 5+" g)3([" I;"

*,5,:).3"*+"$%,!"3+"1,*4):"8;-"5;"-41Q)+")3:1;(+5545;)1+"*;3-"*+-">;(1.87;A+-"*+"-.41)-"M$4--41A+:"+:"

;5[W" YZZRN" >;)-" 1+3*" 5+-" >4:;3:-" 854-" -+3-)25+-" ;4/" ).3-" 8,1./0*+-" +:" V" 5;" *,A1;*;:).3" 8;1" 5+-"

>;(1.87;A+-"M=)**)3A:.3"+:";5[W"YZZRN. Ceci peut s’expliquer par un effet de compensation avec les 

;4:1+-"JG$"81,-+3:+3:"(7+g"5;"2;(:,1)+["G3"1+:1.4Q+",A;5+>+3:"*+-"JG$"V">;3A;3^-+"(7+g"<0(.'A"#'"

+:"<0($')3#&*$"M?;1:.-"+:";5[W"YZZ!N["

$+-"JG$"V">;3A;3^-+".3:",:,"(;1;(:,1)-,+-"(7+g"5+-"9*2"*%$(ML)>.:."+:";5[W"YZZRN["E3+",:4*+"

*+"p4KSim Kim de 2005 a montré l’implication d’une SOD à manganèse dans la"résistance à l’acidité 

(7+g"10( 9-./*8*:-$( ML)>"+:" ;5[W" YZZeN[" B7+g"10( $4*.%*W" 43+" JG$"81.:^A+" 5;" 2;(:,1)+"*4" -:1+--"./0*;3:"

(;4-," 8;1" 43+" D.1:+" (.3(+3:1;:).3" +3" ./0A^3+" 81.*4):+" 8;1" 5+-" g../;3:7^55+-" 64)" -.3:" *+-" ;5A4+-"

-0>2).:)64+-" *4" (.1;)5" M?;3)3" +:" ;5[W" YZZlN[" B7+g" 5+-" 10( A#"#4'3%.=&*:-$" +:" 10( #.)*/%&=:-$W" 43+"

-48+1./0*+"*)->4:;-+"V">;3A;3^-+W"J.*#W";",A;5+>+3:",:,"(;1;(:,1)-,+"MJ704"+:";5[W"R___h"J704";3*"

I)3W"R___N["10(:4%.'"#'"8.--^*+"l"-48+1./0*+-"*)->4:;-+-"MJ.*#&?&BN"M$;Q)+-"+:";5[W"YZRRN["B7+g"(+::+"

2;(:,1)+W" 5;" JG$" V" (4)Q1+&g)3(" 8.411;):" ;Q.)1" 43" 1b5+" 81.:+(:+41" (.3:1+" 5+-" 'GJ" 81.*4):-" 8;1" 5+-"

87;A.(0:+-" MH;22);3+55)" +:" ;5[W" YZZ!N["B7+g"10( 9-./*8*:-$W" 5;" *,5,:).3"*+-"l" JG$" MB4r3JG$W"<3JG$W"
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;3*"C+JG$N";">.3:1,"64+"(7;(43+"(.3:1)24;):"V"5;"-41Q)+"*+-"2;(:,1)+-";4"-:1+--"./0*;3:"*+-""(+5545+-"

7b:+-"ML;3A"+:";5[W"YZZXN[""

""";@;@;@;T !6N&SB5RZI5BDRZ286N&R4&9EQIES65RZID656D4:G9N6&U(ASV&

I+" OYGY" A,3,1," 8;1" 5;" *,A1;*;tion de l’OY
;K
" Q);" 5+-" JG$" 2;(:,1)+33+-" .4" >;--)Q+>+3:"

-03:7,:)-," *;3-" 5+" 87;A.-.>+" 5.1-" *+" 5;" 87;A.(0:.-+" 1+-:+" :1^-" toxique que l’OY
;K
" 8.41" 5;" (+5545+"

2;(:,1)+33+[" B7+g" >0( :%.*, deux types d’enzymes réduisant le HYGY" +3" OYG" M3.3" :./)64+N" -.3:"

8;1:)(45)^1+>+3:" 2)+3" *,(1):+-" k" 5+-" SB5RZI5BDRZ286N& R4& 9EQIES65RZID656D4:G9N6& U(ASV" +:" 5+-"

:9G9E9N6N[" B+" -.3:" 5+-" -+45+-" +3g0>+-" 8.41" 5+-64+55+-" 5;" D.3(:).3" *+" 8),A+;A+" *4" OYGY" ;" ,:,"

*,>.3:1,+"*+">;3)^1+")3(.3:+-:;25+"M<)-71;";3*"@>5;0W"YZRYN["#78";88;1:)+3:"V"5;"-48+1D;>)55+"*+-"

8,1./0*;-+-"V":7).5"M.4"T-;N["B7+g">0(:%.*, c’est en réalité un système de deux protéines, AhpC et AhpF 

64)";*.8:+3:"*+-",:;:-">45:)>,1)64+-["B+" -0-:^>+"+-:" -+>25;25+";4" -0-:^>+"T-;&:7).1+*./)3+"*+-"

eucaryotes. Ce complexe utilise le NADH comme donneur d’électron pour réduire le HYGY" +3"

molécule d’eau. "

B7+g"<0(&-2'":-.%$*$W")5";",:,">.3:1,"64+"#78B"c.4;):"43"1b5+"*;3-"5;"1,8.3-+";3:)K./0*;3:+"

)3*4):+"8;1"*+" 5;"8+1./03):1):+" MG%GG) et qu’elle",:;):" )>85)64,+"*;3-" 5;"-41Q)+" )3:1;(+5545;)1+"*+" 5;"

2;(:,1)+" *;3-" *+-" >;(1.87;A+-. En revanche, aucun effet n’est observé chez des macrophages 

activés par du LPS ou la cytokine INFγ M<;-:+1" +:" ;5[W" YZZYN[" B+" A^3+" #4A!" +-:" 1,81)>," (7+g" 5+-"

>0(.2;(:,1)+-" Q)145+3:+-" +3" (.3*):).3-" ;3;,1.2)64+-" *;3-" 5+-" >;(1.87;A+-" >;)-" +-:" ;(:)Q," *;3-"

l’organisme MJ81)3A+1" +:" ;5[W" YZZRN[" B7+g" C')*%/'..#( A/'-3%A4*.#W" 5+" A^3+"#4A!" +-:" -41+/81)>," +3"

intracellulaire mais sa délétion n’affecte pas la croissance bactérienne dans les macrophages M';39)3"

+:";5[W"YZZYN["""

B7+g" 10( 4#"9'=*W" 43+" +/8.-):).3" V" *+-" *.-+-" -42Klétales de péroxyde d’hydrogène induit 

l’expression de gènes de #4A!" MP;::;3;Q)2..3" ;3*"<.3A9.5-49W" YZZRN[(B7+g"10( 9-./*8*:-$W" )5" ;" ,:,"

>.3:1,"64+" 5;"*,5,:).3"*+" 5;"#4A!?"*)>)34;):" 5;"(0:.:./)():," */(9*&"%" -41"*+-"(+5545+-",8):7,5);5+-"+:"

64+" 5;" Q)145+3(+" ,:;):" ;::,34,+" */( 9*9%" (7+g" 5;" -.41)-" M?;+9" +:" ;5[W" YZZ_N[" F3D)3W" (7+g" 10(

A#"#4#'3%.=&*:-$W" )5";",:,">.3:1,"64+"*+-">4:;3:-"*,5,:,-"*+-"*+4/"A^3+-"(.*;3:" 5;"#78B",:;)+3:"

>.)3-" 1,-)-:;3:-" ;4" :+1:K24:05" 70*1.8+1./)*+" M:K?GGON" +:" 64+" -+45" 5+" A^3+" #4A!@" (.3D,1;):" 43+"

81.:+(:).3" (.3:1+" OYZY" Mj;3A" +:" ;5[W" YZRlN[" F3D)3W" (7+g" 10( :4%.'"#'W" 5;" *,5,:).3" *4" A^3+" #4A!" 3+"

>.*)D)+"8;-"5;"colonisation de l’hôte M$;Q)+-"+:";5[W"YZRRN["

"
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""";@;@;@;` !6N&:9G9E9N6N&

$+4/"D;>)55+-"*+"(;:;5;-+-"-.3:"*,(1):+-"(7+g"5+-"2;(:,1)+-"-+5.3"5;"3;:41+"*+"5+41"(.D;(:+41"k"

5+-" (;:;5;-+-" V" 7^>+W" 4:)5)-;3:" 5+" D+1W" +:" 5+-" (;:;5;-+-" V">;3A;3^-+[" B+-" *+13)^1+-" -.3:" 3+::+>+3:"

>.)3-" 1,8;3*4+-" 64+" 5+-" (;:;5;-+-" V" 7^>+[" T.4:+-" *+4/" ;A)--+3:" +3" *+4/" ,:;8+-" +:" 4:)5)-+3:"

1+-8+(:)Q+>+3:" 5+" D+1" C+
lv
" +:" 5+">;3A;3^-+"<3

Yv
" comme donneurs d’électron-" M<)-71;" ;3*" @>5;0W"

YZRYN["I+"1b5+"*+"5;"(;:;5;-+W"*.3:"5+":413K.Q+1"+-:"854-"1;8)*+"64+"(+54)"*+-"#78W"-+1;):"81,*.>)3;3:"

lors d’exposition à de fortes concentr;:).3-" *+" OYGY, lorsque la cellule n’est plus en mesure de 

fournir le NADH nécessaire à l’Ahp MJ+;Q+1" ;3*" @>5;0W" YZZR;W" 2N[" I+-" (;:;5;-+-" V" 7^>+" )*+3:)D),+-"

(7+g">0(:%.*"-.3:"5;"(;:;5;-+"O=@"(.*,+"8;1"J#&M"+:"5;"(;:;5;-+"O=@@"(.*,+"8;1"J#&>["E3+";4:1+"(;:;5;-+"

+-:"(.*,+"8;1"J#&N(M<)5;3."+:";5[W"R__UN. Les catalases HPI sont localisées dans l’espace périplasmique 

+:" V" 5;" >+>21;3+" (0:.85;->)64+[" F3" 1+Q;3(7+W" 5+-" O=@@" -.3:" 5.(;5)-,+-" *;3-" 5+" (0:.85;->+" *+" 5;"

2;(:,1)+"MO+)>2+1A+1";3*"F)-+3-:;19W"R_\\N["

$;3-"5+"A+31+"<=:%2#:&'"*-3W".3"1+:1.4Q+":1.)-":08+-"*+"(;:;5;-+-"k"5;"(;:;5;-+":7+1>.5;2)5+"

L;:H"M.4"TK(;:;5;-+NW" 5;"(;:;5;-+":7+1>.-:;25+"L;:F"M.4"<K(;:;5;-+N"+:"5;"#K(;:;5;-+"*,(1):+"(7+g"<0(

#9*-3(+:"<0(*/&"#:'..-.#*"'(M?;1:.-"+:";5[W"YZZ!N["B7+g"<0(2%9*$W"5;"(;:;5;-+"L;:H"c.4+"43"1b5+"*;3-"5;"

Q)145+3(+"*+"5;"2;(:,1)+"Mj)5-.3"+:";5[W"R__eN["B7+g"<0(&-2'":-.%$*$W" 5+"A^3+"J#&M"+-:"3,(+--;)1+"V"5;"

résistance à l’HYGY"+:"V"5;"Q)145+3(+"(7+g"*+-"-.41)-"M%A"+:";5[W"YZZ!N["

B7+g" ;#.3%/'..#W" .3" 1+:1.4Q+" l" A^3+-" (.*;3:" *+-" (;:;5;-+-" ML;:FW" L;:HW" ;3*" L;:%N["

L’inactivation de ce-" A^3+-" ;4A>+3:+" la sensibilité à l’HYGY" +:" ;5:^1+" 5+-" (;8;():,-" *+" -41Q)+" *+-"

2;(:,1)+-")3:+13;5)-,+-"8;1"5+-">;(1.87;A+-"+:"5;"Q)145+3(+"*/(9*9%"MO+21;1*"+:";5[W"YZZ_N[""

B7+g"10(:4%.'"#'"Y"(;:;5;-+-&8,1./)*;-+-"ML;:?&=+1#N".3:",:,"*,(1):+-"Mj;3A"+:";5[W"YZRY2N["

""";@;@;@;^ (4G56N&CB:982NC6N&

Il existe d’autres mécanismes impliqué-"*;3-" 5;" 1,-)-:;3(+";4/"'GJ&'%J["F3"Q.)()"64+564+-"

+/+>85+-[" ;#.3%/'..#" 4:)5)-+" 43+" A54(.-+" UK87.-87;:+" *,70*1.A,3;-+" 8.41" -03:7,:)-+1" *4"%#$=O"

64)"-+1;"4:)5)-,"8;1"*+-"1,*4(:;-+-")>85)64,+-"*;3-"5;"81.*4(:).3"*+"81.:,)3+-";3:)./0*;3:+-"(.>>+"

5;" A54:;:7).3+" 1+*4(:;-+W" 5;" :7).1+*./)3+" 1,*4(:;-+" +:" *+-" >,:7).3)3+-" -4587./0*+" 1,*4(:;-+-"

MI43*2+1A"+:";5[W"R___N["',(+>>+3:W")5";",:,">.3:1,"64+"5+"A^3+"$$AO",:;):")>85)64,"*;3-"5;"1,-)-:;3(+"

;4"'GJ"*/(9*&"%W"*;3-"5;"Q)145+3(+"(7+g"5;"-.41)-"+:"*;3-"5;"-41Q)+")3:1;(+5545;)1+"(7+g"*+-">;(1.87;A+-"

MQ;3"*+1"J:1;;:+3"+:";5[W"YZZRN["
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Les bactéries peuvent également produire des “scavengers”. En effet, les 8+8:)*+-"

>+:7).3)3+" -45D./)*+" 1,*4(:;-+-" M<-1#N" *+" >0( :%.*" +:"<0( &-2'":-.%$*$" 81.:,A+3:" 5+-" 2;(:,1)+-" *+-"

*.>>;A+-" 5),-" ;4" -:1+--" ./0*;3:" MJ:" p.73" +:" ;5[W" YZZRN[" ;0( '/&'"*:#" :1;3-5.64+" *+-" 81.:,)3+-"

2;(:,1)+33+-" *;3-" 5+" (0:.-.5" *4" >;(1.87;A+" )>>,*);:+>+3:" ;81^-" ;Q.)1" ,:," 87;A.(0:,[" B+-"

81.:,)3+-")3:+1D^1+3:";Q+("5;"*,5)Q1;3(+"*+"'GJ"+:"*+"'%J"*;3-"5;"Q;(4.5+"*+"87;A.(0:.-+"MP;g64+gK

T.11+-" +:" ;5[W" YZZZh" B7;91;Q.1::0" +:" ;5[W" YZZYN["N"#/:*$'..#" (1,+" 43" 87,3.:08+" 64)" -:)>45+">.)3-" 5;"

81.*4(:).3"*+"'%J"MB.s5+0"+:";5[W"R__UN["I+-"2;(:,1)+-"8+4Q+3:";4--)")37)2+1"5+-"'GJ&'%J["F3"+DD+:W"5;"

81.:,)3+" t.8O" *+" D'"$*/*#" -+>25+" )37)2+1" 5;" 81.*4(:).3" *+" 'GJ" M?5)-9;" ;3*" ?5;(9W" R__eN["G%"&'..#(

A'"&-$$*$" )37)2+" 5+" `"241-:"a" 1+-8)1;:.)1+" +3" 81.*4)-;3:" 5;" :./)3+" ;*+305;-+" (0(5;-+" +:" ;4A>+3:+" 5+"

:;4/"*+"(#<=["

""";@;@;T 4#("6$*$&#9B'(#78(56&#78(

I+-">,:;4/"(.>>+"5+"(4)Q1+W"5+"g)3(W"5+"D+1"+:"5+">;3A;3^-+"-.3:"*+-",5,>+3:-"3,(+--;)1+-"V"

5;"Q)+W"+--+3:)+5-";4"D.3(:).33+>+3:"*+"3.>21+4-+-"+3g0>+-["B+8+3*;3:W"V"D.1:+-"*.-+-W"5+-">,:;4/"

:+5-" 64+" 5+" (4)Q1+" +:" 5+" g)3(W" 8+4Q+3:" i:1+" :./)64+-" 8.41" 5+-" 2;(:,1)+-[" I+-" (.3(+3:1;:).3-" ,5+Q,+-"

;4/64+55+-"-.3:"(.3D1.3:,+-"5+-"8;:7.A^3+-")3:1;(+5545;)1+-"8+4Q+3:";5.1-"*+Q+3)1"(1):)64+-["#)3-)W"5+-"

2;(:,1)+-"8.--^*+3:"*)DD,1+3:-">,(;3)->+-"8.41">;)3:+3)1"5+41"7.>,.-:;-)+"M8.41"1+Q4+-"Q.)1"O..*"

;3*"J9;;1W"YZRYh"=.1(7+1.3"+:";5[W"YZRlN"MC)A41+"R\N[""

&
123456&7m;&Modèle schématique de l’homéostasie du cuivre, du zinc, du fer et du manganèse chez les 

O9:GB526N&]&059C&8B39G2Y;&

"[&>&C6CO5986&28G6586J&,[&>&C6CO5986&externe. D’après [9&6G&9E;J&@__LO;&

&
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""";@;@;T;7 L’homéostasie du cuivre chez les bactéries&

%.4-";Q.3-",Q.64,"854-"7;4:"*;3-"(+" 1;88+5"2)25).A1;87)64+" 5+" 1b5+"+--+3:)+5"*4"(4)Q1+";4"

cours de la phagocytose. Les principaux systèmes impliqués dans l’homéostasie des bactéries à Gram 

3,A;:)D"8.41" 5+" (4)Q1+" -.3:" 5+-"#T=;-+-"(.>>+"B.8#W" 5+-" -0-:^>+-"'$%" M1,-)-:;3(+K3.*45;:).3K(+55"

*)Q)-).3N" (.>>+" B4-BC?#" +:" 5+-" `">45:)K(.88+1" ./0*;-+-"a" 8,1)85;->)64+-" (.>>+" B4+G"

M';*+>;(7+1" ;3*"<;-+8.75W" YZRYN[" B+-"+DD+(:+41-" -.3:" 1,A45,-" ;4"3)Q+;4" :1;3-(1)8:).33+5" 8;1"*+-"

-0-:^>+-"V"43".4"*+4/"(.>8.-;3:-"(;8;25+-"*+"1,8.3*1+";4/"(.3(+3:1;:).3-"+3"(4)Q1+" M<;"+:";5[W"

YZZ_2N"MC)A41+"R_N["

III0@0@0P0?0? C'$($=$&Q3'$("R)-.#&'-"$(,'("R$*$&#/:'(#-(:-*9"'(

Chez les bactéries exposées à de fortes concentrations en cuivre, l’homéostasie du cuivre est 

(.3:1b5,+" V" *)DD,1+3:-" 3)Q+;4/[" I+" (4)Q1+" *;3-" -es différents états d’oxydation, Cu
v
" +:" B4

Yv
W" +-:"

(;8;25+"*+" :1;Q+1-+1" 5;">+>21;3+"+/:+13+"+:"*+"1+3:1+1"*;3-" 5+"8,1)85;->+"81.2;25+>+3:"A1q(+"V"

*+-" 8.1)3+-[" F3" 1+Q;3(7+W" -+45" B4
v
" +-:" (;8;25+" *+" :1;Q+1-+1" 5;">+>21;3+" )3:+13+" 8.41" +31)(7)1" 5+"

(0:.85;->+[" B7+g">0( :%.*W" 43" *+-" ,5,>+3:-" (;8;25+-" *+" 1,*4)1+" 5;" 8+1>,;2)5):," *+-">+>21;3+-" ;4"

(4)Q1+"+-:"B.>BW"43+"81.:,)3+"*+"5;">+>21;3+"+/:+13+"M<+1>.*"+:";5[W"YZRYN["

E3+"fois dans la cellule, l’efflux du cuivre est largement contrôlé par le NINGaC6&5B34E9G645&

/46&U/4P6YYE4ZV;"I+"-0-:^>+":-'"+-:"2;-,"-41"43+"81.:,)3+"1,A45;:1)(+";(:)Q,+"8;1"5+"(4)Q1+W"5+"NINGaC6&

]&48&:RCSRN98G&/46*W";88;1:+3;3:"V"5;"D;>)55+"*+-"81.:,)3+-"<+1'["B4+'"(.>8.1:+"l"*.>;)3+-"k"43"

domaine de liaison à l’ADN, un domaine de dimérisation et un domaine de liaison aux métaux 

MB7;3A+5;"+:";5[W"YZZlN["B4+'";(:)Q+"5;":1;3-(1)8:).3"*+"*+4/"A^3+-"k":%AF"+:":-'+"MJ;>;3.Q)("+:";5[W"

YZRYh"G4::+3"+:";5[W"YZZRh"J:.0;3.Q"+:";5[W"YZZRNW"64)"(.*+3:"1+-8+(:)Q+>+3:"8.41"B.8#W"43+"#T=;-+"

de type P localisée à la membrane interne et impliquée dans l’export de cuivre Cu
v
W" +:"B4+GW"43+"

>45:)(.88+1"./0*;-+"8,1)85;->)64+" M3.>>,+";4--)"B4)$"(7+g";#.3%/'..#S(64)";--41+" 5;"(.3Q+1-).3"

*4" B4
v
" +3" B4Y

v
W" >.)3-" :./)64+" 8.41" 5;" (+5545+[" B4+'" (.3:1b5+" ,A;5+>+3:" -;" 81.81+" :1;3-(1)8:).3["

Comme pour CopA, l’expression d’ATPases de type P par des régulateurs à un composant comme 

B4+'"+/)-:+"(7+g"*+"3.>21+4-+-"2;(:,1)+-"V"H1;>"3,A;:)D[""

A l’inverse de CueR, des répresseurs de la réponse au cuivre contrôlent négativement 

l’expression des ATPases de type P 5.1-" *+" (.3(+3:1;:).3" 5)>):;3:+" +3" (4)Q1+" M8.41" 1+Q4+" Q.)1"

';*+>;(7+1";3*"<;-+8.75W"YZRYN["G3"8+4:"3.:;>>+3:"():+1"B.8t"(7+g">/&'"%:%::-$(4*"#'"+:"B-.'"

(7+g"<0(&-2'":-.%$*$["#)3-)W"(7+g"<0(&-2'":-.%$*$, l’ATPase de type P CtpV est réprimée par CsoR MI)4"
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+:" ;5[W" YZZXN[" B-.'" +-:" ;4--)" 1+:1.4Q," (7+g" *+" 3.>21+4-+-" 2;(:,1)+-" V" H1;>" 8.-):)D" )3(54;3:" C0(

3%/%:=&%)'/'$(MI)4"+:";5[W"YZZXN[""

Le contrôle de l’efflux du cuivre peut également être effectué par des NINGaC6N& ]& D64Z&

:RCSRN98GN&:RCC6&/4N*#"*+">0(:%.*"64)"1,8.3*"V"5;"(.3(+3:1;:).3"8,1)85;->)64+"+3"B4
v
"M<43-.3"+:"

;5[W"YZZZh"t;>;>.:.";3*"@-7)7;>;W"YZZeN["B7+g">0(:%.*, CusRS contrôle l’expression de l’RSB5R8&B7$&

U/4PN68N283V&en activant l’expression de :-$!NGF";81^-"43+"D.1:+"+/8.-):).3"+3"(4)Q1+["B+54)K()"(.*+"

un transporteur permettant l’efflux du cuivre vers l’espace extracellulaire. CusS, situé à la membrane 

(0:.85;->)64+W"+-:"(;8;25+"*+"*,:+(:+1"5+"(4)Q1+"8,1)85;->)64+["#81^-";Q.)1"5),"5+"B4
v
W"B4-J";(:)Q+"5+"

1,A45;:+41":1;3-(1)8:).33+5"B4-'"8;1":1;3-D+1:"*+"87.-87;:+"64)"V"-.3":.41";(:)Q+"5;":1;3-(1)8:).3"*+"

CusCFBA et de l’opéron CusRS luiK>i>+"MH4*)8;:0" +:" ;5[W" YZRYN[" B7+g" T.'2$*'..#( A/'-3%/*#W" 5+"

-0-:^>+":-$"+-:"-41;(:)Q,"+3"(.3*):).3-";3;,1.2)64+-"Mr45D)6;1";3*"J7;9..1)W"YZRYN["B4+'"+-:";(:)Q,"V"

*+-"(.3(+3:1;:).3-"+3"(4)Q1+"*+"RZ
KYR
"<"MB7;3A+5;"+:";5[W"YZZlN["

III0@0@0P0?0@ Ces systèmes d’efflux de cuivre(

;N"I+-"#T=;-+-"*+":08+"=R?"

?.3" 3.>21+" *+" 2;(:,1)+-" 4:)5)-+3:" *+-" #T=;-+-" *+" :08+" =W" 43+" D;>)55+" *+" :1;3-8.1:+41-"

activés par l’hydrolyse de l’ATP comme principal mécanisme de contrôle face à des concentrations en 

(4)Q1+" +/(+--)Q+-" M#1A4+55." +:" ;5[W" YZRRN[" =;1>)" 5+-" 854-" ,:4*),+-W" .3" 8+4:" ():+1" /RS(" (7+g" >0:%.*"

M'+3-)3A"+:";5[W"YZZZN"+:"B:8P"+:"B:8B"8.41"<0(&-2'":-.%$*$(M%+01.55+-"+:";5[W"YZRlN[""

B7+g" >0( :%.*" +:" ;#.3%/'..#W" 5;">4:;:).3" *+" :%AF" 1+3*" (+-" *+4/" 2;(:,1)+-" 854-" -+3-)25+-" ;4"

(4)Q1+"MG4::+3"+:";5[W"YZZRh"F-8;1)g"+:";5[W"YZZXN["E3">4:;3:"*,D)()+3:"8.41"5+":1;3-8.1:+41"B.8#"(7+g"

>0(:%.*"+-:",A;5+>+3:"854-"-+3-)25+"V"5;"*,A1;*;:).3"8;1"5+-">;(1.87;A+-"Mj7):+"+:";5[W"YZZ_N["B7+g"5;"

2;(:,1)+"V"H1;>"8.-):)D"C0(3%/%:=&%)'/'$W"5;"*,5,:).3"*+":%AF"+3:1;]3+"43+"D.1:+"-+3-)2)5):,";4"(4)Q1+"

mais la virulence n’est pas atténuée MB.12+::"+:";5[W"YZRRN[""

B7+g"<0(&-2'":-.%$*$W"5+"A^3+"(.*;3:"8.41"B:8PW"43":1;3-8.1:+41"*+"(4)Q1+W"+-:")3*4):"-4):+"V"

43+"+/8.-):).3";4"(4)Q1+"+:" 5+">4:;3:"*,5,:,"*+"(+::+"#T=;-+"*+" :08+"="+-:" D.1:+>+3:" -+3-)25+";4"

(4)Q1+"Mj;1*"+:";5[W"YZRZN. L’expression de :&A1"est aussi induite lors d’une infection pulmonaire par 

<0(&-2'":-.%$*$"(7+g"5;"-.41)-W"-4AA,1ant l’importance de cette ATPase dans la virulence Mj;1*"+:";5[W"

YZRZN. L’importance d’un autr+" :1;3-8.1:+41" *+" (4)Q1+W" <(:?W" *;3-" 5;" Q)145+3(+" ;" ,A;5+>+3:" ,:,"

>.3:1,+"Mj.5-(7+3*.1D"+:";5[W"YZRRN[""

"



UY"

"

2N"I+-"systèmes d’efflux de type RND"

De nombreuses bactéries utilisent des systèmes d’efflux de type RND (résistanceK3.*45;:).3K

*)Q)-).3"(+5545;)1+N"8.41"(.3:1b5+1"5+41"(.3(+3:1;:).3"+3"(4)Q1+"+:"g)3(")3:1;(+5545;)1+"M%)+-W"YZZlN["I+"

-0-:^>+"/4N()/"d’>0:%.*( (.11espond à ce modèle. Il s’agit d’un complexe composé d’une protéine 

5.(;5)-,+" V" 5;">+>21;3+" )3:+13+" +:" )>85)64,+" *;3-" 5;" 1,-)-:;3(+" ;4/">,:;4/" 5.41*-" (CusA), d’une 

protéine de fusion membranaire (CusB) et d’un facteur de membrane externe (CusC). Le substrat"+-:"

un ion ou un groupe de métaux lourds. Ce complexe forme ainsi un canal à travers l’espace 

périplasmique. Il peut exporter le cuivre depuis le cytoplasme ou le périplasme via l’intermédiaire de 

B4-C[" I;" 81.:,)3+" (7;8+1.33+" B4-C" 8+4:" +3" +DD+:" 5)+1" 5+" (4)Q1+" 8,1)85;->)64+" +:" 5+" *,5)Q1+1" ;4/"

-0-:^>+-"B4-#?B"8.41"i:1+"+/8.1:,"MC1;39+"+:";5[W"YZZlh"I.D:)3"+:";5[W"YZZeh"<+;5>;3"+:";5[W"YZRYN["I+"

-0-:^>+"B4-BC?#"+-:":1^-" )>8.1:;3:"8.41" 5;"1,-)-:;3(+"*+-"2;(:,1)+-"V"*+"D.1:+-"(.3(+3:1;:).3-"+3"

(4)Q1+"+3"(.3*):).3-";3;,1.2)64+-["%,;3>.)3-W"8.41"64+"5;":.5,1;3(+";4"(4)Q1+"-.):"(.>85^:+W")5"D;4:"

,A;5+>+3:"B.8#"+:"B4+G"M'+3-)3A";3*"H1;--W"YZZlN["

III0@0@0P0?0P L’oxydation du cuivre(

I+" B4
v
" ,:;3:" 854-" :./)64+" 64+" 5+" B4

Yv
" +3" (.3*):).3-" ;3;,1.2)64+-" M<;(.>2+1" ;3*" @>5;0W"

YZZ_NW" 5+-" 2;(:,1)+-" 4:)5)-+3:" *+-">45:)Kcopper oxydases capables d’oxyder le cuivre toxique en s;"

D.1>+" >.)3-" :./)64+[" B7+g( >0( :%.*5( c’est CueO  (cuprous oxidase) qui assure cette fonction. La 

-:14(:41+"*+"B4+G"+-:"-)>)5;)1+"V"(+55+"*+-"`"C4EG2P:RSS65&RZID9N6N&X"64)"./0*+3:" 5+41"-42-:1;:"+3"

utilisant des équivalants ionisés de molécules d’oxygène MG4::+3"+:";5[W"YZZRN. La présence d’oxygène 

est en effet indispensable pour l’activité de ces oxydases qui sont inactives en conditions 

;3;,1.2)64+-["I+"-):+";(:)D"*+"B4+G"8+4:"(ontenir jusqu’à 2 atomes de cuivre M'.2+1:-"+:";5[W"YZZYN["

B7+g">0(:%.*(+:";0('/"'"*:#(-+1.Q;1"T087)>41)4>W" )5";",:,">.3:1,"64+"*+-">4:;3:-":-'+",:;)+3:":1^-"

-+3-)25+-";4"(4)Q1+"+:"64+"B4+G"(.3:1)24;):"V" 5;"Q)145+3(+"*+";0('/"'"*:#(-+1.Q;1"T087)>41)4>( ( 5.1-"

d’infection de souris M#(7;1*"+:";5[W"YZRZN["I;">)-+"+3",Q)*+3(+"d’un+"D.1:+";(:)Q):,"*+"B4+G" */(9*&"%"

laisse penser qu’il puisse jouer un rôle dans la résistance au cuivre in 9*9%(MJ)3A7"+:";5[W"YZZ!N[""



Ul"

"

&
123456&7L;&<RCBRNG9N26&D4&:42F56&:A6c&03(B%>*;&&

!6N&2R8N&/4
k
&6G&/4

@k
&G59F65N6&E9&C6CO5986&6ZG6586&F29&D6N&SR5286N&SR45&N6&56G5R4F65&D98N&E6&SB52SE9NC6&U352NV;&

!6N&2R8N&/4
k
&NR8G&:9S9OE6N&D6&G59F65N65&la membrane interne. L’export de cuivre du cytosol vers le périplasme 

fait intervenir l’ATPase CopA. L’export du Cu
k
&D4&:IGRNRE&F65N& E6&C2E264&6ZGB52645&N6&Y92G&S95& E6&G598NSR5G645&

CusABC. L’oxydat2R8&D4&/4
@k
&68&/4

k
&D98N&E6&SB52SE9NC6&N6&Y92G&S95&486&RZID9N6&]&:42F56&/46,;&%8&S5BN68:6&D6&

/4
k
J& E9&S5RGB286&/46*&9:G2F6&E9&G598N:52SG2R8&D6&B7'.(6G(B%@,G('&(/4N*&E9&G598N:52SG2R8&D6&B7$+-&6G&B7$!ND,3&

D’après *9D6C9:A65&98D&[9N6SRAEJ&@_7@;&

(

""";@;@;T;@ L’homéostasie du zinc chez les bactéries&

Les principaux systèmes impliqués dans l’acquisition" *4" g)3(" V" 5;" >+>21;3+" )3:+13+" *+-"

2;(:,1)+-"V"H1;>"3,A;:)D"-.3:"5+-":1;3-8.1:+41-"*+":08+"#?B["B.3(+13;3:"(+4/")>85)64,-"dans l’efflux 

*+"g)3(W".3"1+:1.4Q+W"(.>>+"8.41" 5+"(4)Q1+W"*+-"#T=;-+-"*+":08+"@?W"*+-":1;3-8.1:+41-"*+":08+"B$C"

MB;:).3" $)DD4-).3" C;()5):;:.1NW" '%$" M'+-)-:;3(+" %.*45;:).3" $)Q)-).3N" +:" <$C" M<+>21;3+" $)DD4-).3"

C;()5):;:.1N["B+1:;)3-"*+"(+-" :1;3-8.1:+41-"-.3:"1,A45,-";4"3)Q+;4":1;3-(1)8:).33+5"8;1"*+-"81.:,)3+-"

(;8;25+-"*+"1,8.3*1+"V"5;"(.3(+3:1;:).3"+3"g)3("M<;"+:";5[W"YZZ_2N"MC)A41+"YZN["

III0@0@0P0@0? C'$($=$&Q3'$("R)-.#&'-"$(,-(U*/:(

Comme le cuivre, l’homéostasie du zinc est contrôlée à"*)DD,1+3:-"3)Q+;4/["B7+g"5+-"2;(:,1)+-"

V"H1;>"3,A;:)DW"5+"g)3("+-:"1+:1.4Q,"-.4-"5;"D.1>+"r3
Yv
"*;3-"5+"8,1)85;->+"+:"5+"(0:.85;->+[""



U!"

"

Une fois dans la cellule, l’efflux du zinc est contrôlé par la protéine p8G*W" ;88;1:+3;3:"V" 5;"

D;>)55+" *+-" 81.:,)3+-"<+1'" M*,(1):+" 854-" 7;4:N[" I;" 81.:,)3+" r3:'" 8.--^*+" 5;">i>+" -:14(:41+" +:" 5;"

>i>+"D.3(:).3"64+"B4+'"h"(+"-.3:":.4:+-"5+-"*+4/"*+-"D;(:+41-"*+":1;3-(1)8:).3["B7+g"*+-"2;(:,1)+-">0(

:%.*" +/8.-,+-" à de fortes concentrations en zinc, l’expression de l’ATPase ZntA est (.3:1b5,+" 8;1"

l’intermédiaire de ZntR Mj;3A"+:";5[W"YZRY;N[""

Par ailleurs, la régulation des systèmes impliqués dans l’influx du zinc est régulée par p45W"

;88;1:+3;3:"V"5;"D;>)55+"*+-"81.:,)3+-"C41W"+:"#RZ*, appartenant à la famille MerR. L’expression des 

A^3+-"U/-FG!"se fait par l’intermédiaire de Zur et SoxR chez >0:%.*"+:"D'"$*/*#(A'$&*$5"1+-8+(:)Q+>+3:"

MI)"+:";5[W"YZZ_h"j;13+1";3*"I+Q0W"YZRYN["B7+g";0('/"'"*:#(-+1.Q;1"T087)>41)4>W")5";",:,">.3:1,"64+"5;"

*,5,:).3"*+"U-""+3:1;]3;):"43+"*)>)34:).3"*+"5;"Q)145+3(+"8;1")3c+(:).3")3:1;8,1):.3,;5+"*+-"2;(:,1)+-"

mutantes chez des souris. En revanche, aucun effet n’a été observé concernant l’attachement à des 

(+5545+-" ,8):7,5);5+-" .4" 5;" -41Q)+" *;3-" *+-" >;(1.87;A+-" MB;>8.0" +:" ;5[W" YZZYN[" I+-" D;(:+41-" *+"

transcription ZntR et Zur sont activés par des concentrations en zinc allant jusqu’à 10
KRe
"<["

III0@0@0P0@0@ I3A%"&(,'(U*/:(

Parmi les systèmes d’import du zinc chez >0( :%.*W" .3" 1+:1.4Q+" 5+" :1;3-8.1:+41"*+" :08+"#?BW"

p84()/J"qui transporte le zinc du périplasme vers le cytosol. Ce dernier est constitué d’une protéine 

8,1)85;->)64+" 5);3:" 5+" g)3(W" r34#W"43+"81.:,)3+" :1;3->+>21;3;)1+"r34?"+:"43+" -.4-K43):,"4:)5)-;3:"

l’hydrolyse de l’ATPase ZnuC MO;3:9+W"YZZeN["B7+g"<0(&-2'":-.%$*$, aucun système d’influx de zinc n’a 

,:,")*+3:)D),"V"(+"c.41["F3"1+Q;3(7+W")5"8.--^*+"5;"81.:,)3+"r41"64)"1,A45+"5;":1;3-(1)8:).3"*+"l"A^3+-"

potentiellement impliqués dans l’import de zinc M<;();A" +:" ;5[W" YZZXN[" B7+g" ;0( '/"'"*:#( -+1.Q;1"

T087)>41)4>W")5";",:,">.3:1,"64+"5;"*,5,:).3"*+"U/-!"+3:1;]3;):"43+"*)>)34:).3"*+"5;"Q)145+3(+"(7+g"

*+-" -.41)-" 8;1" )3c+(:).3" )3:1;8,1):.3,;5+" .4" )3A+-:).3" *+-" 2;(:,1)+-">4:;3:+-[" F3" 1+Q;3(7+W" ;4(43"

+DDet n’a été observé concernant l’attachement à des cellules épithéliales ou la survie dans des 

>;(1.87;A+-" MB;>8.0" +:" ;5[W" YZZYN[" B7+g" ;#.3%/'..#( '/&'"*:#W" )5" ;" ,:," >.3:1," 64+" U/-F" ,:;):"

D.1:+>+3:" +/81)>," +3" (.3*):).3" )3:1;(+5545;)1+" +:" 64+" 5;" *,5,:).3" *+" U/-F" +3:1;]3;):" 43" *,D;4:" *+"

>45:)85)(;:).3" *;3-" *+-" (+5545+-" ,8):7,5);5+-" +:" 43+" *)>)34:).3" *+" 5;" Q)145+3(+" (7+g" 5;" -.41)-"

M#>>+3*.5;" +:" ;5[W" YZZXN[" F3D)3W" .3" 1+:1.4Q+" 5;" 81.:,)3+" 8,1)85;->)64+" 5);3:" 5+" g)3(W" r)3TW" 64)"

8;1:)()8+"V"l’acquisition du zinc via ZnuABC chez ;0('/"'"*:#(-+1.Q;1"T087)>41)4>h"+:"5;"g)3("8+1>,;-+"

p4S$";88;1:+3;3:"V"5;"D;>)55+"r@="64)"+-:"+/81)>,+"*+">;3)^1+"(.3-:):4:)Q+"(7+g">0(:%.*"MH1;--"+:";5[W"

YZZe;h"H;22);3+55)"+:";5[W"YZRRN[""

"
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III0@0@0P0@0P >KA%"&(,'(U*/:(

!4'U( >0( :%.*W" 5’export" *+" g)3(" +/:1;(+5545;)1+" *;3-" 5+" (0:.85;->+" -+" D;):" 81)3()8;5+>+3:" Q);"

5’ATPase de type =W"p8G(J"et le système d’efflux de type CDFW"p2G)"M?)3+:";3*"=..5+W"YZZZh"H1;--"+:";5[W"

YZZRh"H1;--"+:";5[W"YZZe2h"B4)"+:";5[W"YZZ\h"j;3A";3*"C)+19+W"YZRlN["B7+g"<0(&-2'":-.%$*$, l’export de 

g)3("-+"D;):"8;1"43+"#T=;-+"3.>>,+"B8:P"M?.:+55;"+:";5[W"YZRRN["I;"*,5,:).3"*4"A^3+"U/&F(+:"*+":&A!"

(7+g">0(:%.*"+:"<0(&-2'":-.%$*$W"1+-8+(:)Q+>+3:W"-m;((.>8;A3+"*m43+"*)>)34:).3"*+"5;"-41Q)+"*;3-"5+-"

>;(1.87;A+-" M?.:+55;" +:" ;5[W" YZRRN. Des auteurs ont montré que l’ATPase CtpC exportait de 

81,D,1+3(+"5+"<3
Yv
"64+"5+"r3

Yv"
M=;*)55;K?+3;Q)*+-"+:";5[W"YZRlN["

"

123456&@_;&<RCBRNG9N26&D4&c28:&:A6c&03(B%>*;&&

!6&p8
@k
&6ZG59:6EE4E9256&68G56&D98N&E6&cytoplasme via ZnuABC et ZupT. L’export de zinc se fait par ZntA et ZitB. 

.86&S5RGB286&:A9S65R886&/&6NG&S5RO9OE6C68G&2CSE2\4B6&D98N&E6&G59Y2:&28G59:6EE4E9256&D6&p8
@k
;&%8&S5BN68:6&D6&

p8
@k
J&E9&S5RGB286&p45&5BS52C6&E9&G598N:52SG2R8&D6&:97,D!&6G&p8G*&6G&9:G2F6&E9&G598N:52SG2R8&D6&:9&,;&D’après /42&

6G&9E;J&@__m;&

"

""";@;@;T;T !’homéostasie&D4&Y65&6G&D4&C98398aN6&:A6c&E6N&O9:GB526N&

I+-" 2;(:,1)+-" )3:1;(+5545;)1+-" 1+64)^1+3:" 5;" 81,-+3(+" *+" D+1" +:" *+" >;3A;3^-+" 8.41" 5+" 2.3"

D.3(:).33+>+3:"*+"5+41-"+3g0>+-"(.>>+"(+55+-" )>85)64,+-"*;3-"5;"1,8.3-+";3:)K./0*;3:+W" 5+-"<3K

JG$" +:" *+-" C+KJG$[" #)3-)W" .3" 1+:1.4Q+" *+" 3.>21+4/" :1;3-8.1:+41-" *+" :08+" #?B" V" 5;" >+>21;3+"

)3:+13+W"*+-":1;3-8.1:+41-"*+"-)*,1.87.1+-"V"5;">+>21;3+"+/:+13+"+:"*+-"-0-:^>+-"V"l"(.>8.-;3:-"

*,8+3*;3:"*+"T.3?["

"
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III0@0@0P0P0? C'$($=$&Q3'$(,'("R)-.#&*%/(,-(8'"('&(,-(3#/)#/Q$'(

B7+g" 5+-"2;(:,1)+-W" 5+" D+1"+-:"présent sous deux états d’oxydation Fe
Yv
"+:"C+

lv
["B+-"*+13)+1-"

-.3:"(;8;25+-"*+":1;Q+1-+1"5;">+>21;3+"+/:+13+"+:"5;">+>21;3+")3:+13+"8.41"-+"1+:1.4Q+1"*;3-"5+"

(0:.-.5" *+" 5;" 2;(:,1)+[" B7+g" >0( :%.*W" l’homéostasie du fer est contrôlée" 8;1" 5+" 1,A45;:+41" *+"

:1;3-(1)8:).3"145&MB7+3"+:";5[W"YZZX2N["B7+g";0('/"'"*:#(-+1.Q;1"T087)>41)4>W")5";",:,">.3:1,"64+"5;"

*,5,:).3" *+" 8-"" +3:1;]3;):" 43+" *)>)34:).3" *+" 5;" Q)145+3(+" (7+g" *+-" -.41)-" 8;1" )3c+(:).3"

intrapéritonéale ou par ingestion des bactéries mutantes. En revanche, aucun effet n’a été observé 

concernant l’attachement à des cellules épithéliales ou la survie dans des macrophages MB;>8.0"+:"

;5[W" YZZYN[" G3" 8+4:" ,A;5+>+3:" 1+:1.4Q+1" *’autres" 1,A45;:+41-" *+" 5;" -03:7^-+" +:" *4" :1;3-8.1:" *+"

(+1:;)3-"-)*,1.87.1+-["G3"8+4:"():+1"5+"1,A45;:+41"*+":1;3-(1)8:).3"t2:#"64)"1,A45+"5+-"A^3+-"(.*;3:"5;"

0+1-)3);2;(:)3+"M=+110";3*"C+:7+1-:.3W"YZRRN[""

La régulation de l’efflux de manganèse se fait par&*+-"1,A45;:+41-"*+":1;3-(1)8:).3"'GZ*""*+"5;"

D;>)55+"<3:'" M<;"+:";5[W" YZZ_2N["$:/'" réprime l’expression des systèmes d’efflux MntH et SitABCD 

suite à l’exposition de"5;"2;(:,1)+"V"*+"D.1:+-"(.3(+3:1;:).3-"+3">;3A;3^-+"(7+g">0(:%.*"+:";#.3%/'..#(

'/"'"*:#(-+1.Q;1"T087)>41)4>"1+-8+(:)Q+>+3:"M=;:g+1";3*"O;3:9+W"YZZRh"@9+*;"+:";5[W"YZZeN["B7+g";0(

'/"'"*:#( -+1.Q;1" T087)>41)4>( +:" ;4*)'..#W" G/0'" 1,A45+" ,A;5+>+3:"<3:O" +3" (.3*):).3-" ./0*;3:+-"

M<.*)"+:";5[W"YZRRN["C41"+:"<:3'"-.3:";(:)Q,-"8;1"5+"D+1"V"RZ
KU"
<"+:"5+"<3"V"RZ

Ke"
<W"1+-8+(:)Q+>+3:[""

III0@0@0P0P0@ (L’influx et l’efflux de fer et de manganèse(

Parmi les systèmes d’influx du >;3A;3^-+" (7+g" 5+-" +3:,1.2;(:,1)+-W" .3" 1+:1.4Q+"

81)3()8;5+>+3:"*+-":1;3-8.1:+41-";88;1:+3;3:"V"5;"D;>)55+"-*([="+:"*+-":1;3-8.1:+41-"*+":08+"#?B"

MH.-s;>)"+:";5[W"YZZRh"C.12+-";3*"H1.-W"YZZlN. Concernant l’efflux de manganèse, la seule protéine 

(.334+";",:," )*+3:)D),+"(7+g">0(:%.*, il s’agit de MntP Mj;:+1-"+:";5[W"YZRRN["B7+g";0('/"'"*:#(-+1.Q;1"
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Summary

Vibrio tasmaniensis LGP32, a facultative intracellular

pathogen of oyster haemocytes, was shown here to

release outer membrane vesicles (OMVs) both in the

extracellular milieu and inside haemocytes. Intracel-

lular release of OMVs occurred inside phagosomes of

intact haemocytes having phagocytosed few vibrios

as well as in damaged haemocytes containing

large vacuoles heavily loaded with LGP32. The OMV

proteome of LGP32 was shown to be rich in

hydrolases (25%) including potential virulence

factors such as proteases, lipases, phospholipases,

haemolysins and nucleases. One major caseinase/

gelatinase named Vsp for vesicular serine protease

was found to be specifically secreted through OMVs

in which it is enclosed. Vsp was shown to participate

in the virulence phenotype of LGP32 in oyster experi-

mental infections. Finally, OMVs were highly protec-

tive against antimicrobial peptides, increasing the

minimal inhibitory concentration of polymyxin B by

16-fold. Protection was conferred by OMV titration of

polymyxin B but did not depend on the activity of Vsp

or another OMV-associated protease. Altogether, our

results show that OMVs contribute to the pathogen-

esis of LGP32, being able to deliver virulence factors

to host immune cells and conferring protection

against antimicrobial peptides.

Introduction

Characterizing the molecular bases of vibrio–host interac-
tions is of prime importance to understand how coloniza-
tion is orchestrated and persistence established (Lindell
et al., 2012; Kremer et al., 2013). Oysters are naturally
colonized by pathogenic and non-pathogenic vibrios, but
attention has mainly been paid to pathogenic interactions.
Pathogenic strains related to Vibrio aestuarianus or Vibrio
splendidus have been repeatedly isolated during massive
mortalities of Crassostrea gigas (for review, see Schmitt
et al., 2011). Strains of V. aestuarianus have evolved a
so-called ‘outsider strategy’ to promote an extracellular
life cycle within the oyster by interacting specifically with
oyster haemocytes (Olivot et al., 2006). Indeed, the
haemocytes of oysters infected with the V. aestuarianus

strain 01/32 displayed lower adhesion and phagocytosis
capacities as well as increased production of reactive
oxygen species (ROS) (Labreuche et al., 2006; 2010). On
the contrary, the strain LGP32 (Gay et al., 2004) recently
assigned to V. tasmaniensis within the Splendidus clade
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(Sawabe et al., 2013) was found to be a facultative intra-
cellular pathogen that invades the oyster immune cells,
the haemocytes, in which it inhibits phagosome matura-
tion and ROS production (Duperthuy et al., 2011). An
ompU-deletion mutant deficient for cell invasion was
shown to be impaired in virulence, suggesting that cell
invasion is required for virulence of LGP32. While mecha-
nisms of cell invasion have been described in details, the
intracellular lifestyle (intravacuolar/intracytosolic) of
LGP32 remains unknown and the molecular bases of its
intracellular survival and virulence are still poorly under-
stood (Duperthuy et al., 2011).

Secretion of extracellular products (ECPs) is the major
mechanism by which Gram-negative pathogens commu-
nicate with and intoxicate host cells (Kuehn and Kesty,
2005). ECPs of vibrios pathogenic for marine animals
have been described for their content in toxins. Among
them, molecules with haemolytic, cytolytic, proteolytic and
lipolytic activities have been identified (for review, see
Méndez et al., 2012), a major attention being paid to
extracellular proteolytic enzymes. Those toxic compounds
required for the life cycle of microorganism are secreted
by both non-pathogenic and pathogenic microorganisms.
They can be lethal to the host when produced by patho-
genic bacteria (Miyoshi and Shinoda, 2000). Thus,
metalloproteases are important virulence factors in a
broad series of human and animal diseases (Shinoda and
Miyoshi, 2011). In the V. aestuarianus strain 01/32, ECPs
were found to mediate avoidance of phagocytosis
(Labreuche et al., 2006), to cause major damages to
haemocyte in vitro (Labreuche et al., 2010) and to be toxic
for oysters (Labreuche et al., 2006). This toxicity would be
conferred by the Vam metalloprotease (Labreuche et al.,
2010). Similarly, in V. tasmaniensis LGP32, the Vsm
metalloprotease was found to be the main toxic factor of
ECPs (Le Roux et al., 2007) while the contribution of the
InhA/PrtV protease was minor (Binesse et al., 2008). Still,
the major metalloprotease Vsm was not required for viru-
lence in experimental infections (Le Roux et al., 2007).

ECPs have been shown to contain insoluble vesicles
released from the envelope of bacteria (Deatherage
et al., 2009). Outer membrane vesicles (OMVs), which
form the insoluble fraction of Gram-negative bacteria
ECPs, are extruded from the bacterial cell surface and
may entrap some of the underlying periplasmic contents
(Wai et al., 1995; Beveridge, 1999). They are actually
considered as a novel secretion system in Gram-
negative bacteria (Lee et al., 2008). OMVs can perform a
variety of functions, including binding and delivery of
DNA, transport of virulence factors, protection of the cell
from outer membrane targeting antimicrobials and
ridding the cell of toxic envelope proteins (Manning and
Kuehn, 2013). Thus, they are major players in the inter-
action between Gram-negative bacteria and both the

prokaryotic and eukaryotic cells in their environment
(Kulp and Kuehn, 2010). By their transport and protective
functions, they play an essential role in host–pathogen
interactions (Kuehn and Kesty, 2005).

OMVs, which benefit from a small size, adhesive prop-
erties, and ability to carry and deliver toxic components
into host cells, have been proposed to play a significant
role in the dissemination and delivery of virulence factors
for Gram-negative pathogens (Ellis and Kuehn, 2010).
The human pathogens Vibrio cholerae, Vibrio vulnificus

and the fish pathogen Vibrio anguillarum are known to
actively secrete OMVs during their growth (Chatterjee and
Das, 1967; Hong et al., 2009; Kim et al., 2010). In several
vibrio species, virulence factors have been proposed to
be associated with such OMVs (Boardman et al., 2007;
Kim et al., 2010). In addition, the release of OMVs by
Gram-negative bacteria has recently been shown be pro-
tective against bacteriophages and antimicrobial peptides
(AMPs) (Manning and Kuehn, 2011; Duperthuy et al.,
2013). AMPs from both eukaryotic and prokaryotic origin
have been evidenced in oyster haemolymph. Indeed, not
only do haemocytes produce a broad series of endog-
enous AMPs (for review, Schmitt et al., 2012) but also
bacteriocin-like peptides are present in oyster plasma
(Defer et al., 2013). To date, little is known on the effectors
of AMP resistance in oyster pathogenic vibrios (Duperthuy
et al., 2010) and the potential role of OMVs remains unex-
plored. While global proteomic studies of native OMVs are
required to elucidate the functions of OMVs (Lee et al.,
2008), global descriptions of OMV proteomes remain very
scarce in Vibrio species.

Here we asked whether V. tasmaniensis LGP32 pro-
duces OMVs and how they are involved in pathogenesis
by focusing on the delivery of virulence factors and the
protection against AMPs. To this aim, we isolated OMVs
from LGP32 ECPs, developed a global proteomic charac-
terization of LGP32 OMVs and studied the interaction of
OMVs with the oyster immune cells. Our results show that
LGP32 secretes OMVs rich in hydrolases which can be
internalized by host immune cells or be released by
intraphagosomal bacteria. Among the encapsulated
hydrolases, one major gelatinase/caseinase named Vsp
(VS_II0815) for vesicular serine protease (Vsp) was found
to be specifically secreted through OMV production. Vsp
was shown here to participate in the virulence phenotype
of LGP32 in oyster experimental infections. Besides,
OMVs were shown to be protective against AMPs inde-
pendently of Vsp activity.

Results

The strain LGP32 secretes OMVs

Vesicle production by LGP32 was first examined by elec-
tron microscopy. Logarithmic phase cultures of LGP32
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showed the release of small vesicles with an average
diameter of 30 to 50 nm, as revealed by negative staining.
Vesicles were observed both in the culture medium and
bound to the bacterial membrane and polar flagellum
(Fig. 1A–E). ECPs were separated from Vibrio cells by
centrifugation and filtration (0.2 μm). They were further
ultracentrifuged to separate vesicles from soluble prod-
ucts. The isolated vesicles were intact and homogeneous
as observed after negative staining by transmission elec-
tron microscopy (Fig. 1F). Their diameter ranged from 30
and 50 nm, consistent with the size observed before
vesicle purification. The protein concentration of the vesi-
cles released by LGP32 in Zobell medium was measured
at 1 μg ml−1.

The protein composition of the purified vesicles was
determined by a proteomic approach consisting in stack-
ing electrophoresis followed by trypsin digestion and
peptide analysis using nanoliquid chromatography
coupled to tandem mass spectrometry (nanoLC-MS/MS)
sequencing. Two OMV preparations were analysed. The
first preparation (OMV prep #1) corresponded to crude
OMVs while the second preparation obtained indepen-
dently (OMV prep #2) was further purified by density
gradient. Protein identification was achieved using
Mascot and sequences obtained from the LGP32
genome (Le Roux et al., 2009). Only proteins identified
by more than three peptides were kept for further analy-
sis. A total of 188 and 177 vesicle-associated proteins
were identified in the OMV prep #1 and #2 respectively
(Supporting Information Table S1). Only the 132 proteins
common to both preparations were considered to belong
to the OMV proteome. A subcellular localization could be
assigned to most of them (98.5%). Consistent with the
composition expected for OMVs, Tat- and Sec-exported
proteins, outer membrane and periplasmic proteins
accounted for 88.6% of the identified proteins (Support-
ing Information Table S1). Most of the remaining proteins
were identified as extracellular flagellar proteins (6.8%)
(Supporting Information Table S2).

OMVs of LGP32 display a high content in proteases

Among the proteins identified, a large fraction (33 pro-
teins, 25%) encoded enzymes such as proteases,
sulfatases, phosphatases, nucleases and lipases (Sup-
porting Information Table S1). We focused here on
proteases, which can be important virulence factors in
vibrios. Putative proteases are also the most abundant
hydrolases found in our OMV proteomic analysis (15
proteins, 45.5% of the identified hydrolases, 11.4% of
the identified proteins; Supporting Information Table S1).
We asked whether such proteases were enclosed within
OMVs. Intact OMVs (2 mg ml−1) displayed little to no
proteolytic activity when tested in the azocasein assay
(Fig. 2A). This contrasted strongly with the soluble prod-
ucts of LGP32 ECPs (supernatant of ultracentrifuged
ECPs), which displayed strong proteolytic activity at
1 mg ml−1 mainly due to the Vsm protease (Fig. 2A, Sup-
porting Information Fig. S1). Interestingly, when OMVs
were lysed by treatment with 0.1% Triton X-100
(Fig. 2C), major protease activity was detected (Fig. 2A),
showing that proteases enclosed within OMVs were
released upon membrane disruption.

A putative serine protease (VS_II0815) is the major

gelatinase/caseinase of OMVs

To identify the OMV-associated protease(s), OMVs were
subjected to zymography on both a casein- and a gelatin-
containing polyacrylamide gel. On both substrates, one
protease band was observed at an approximate molecu-
lar mass of 30 kDa (Fig. 2B). The same band was
observed for OMVs from wild-type or Δvsm LGP32 (Sup-
porting Information Fig. S1) showing that this protease
activity is not related to the vsm gene. Consistent with an
intravesicular localization of the protease, no protease
band at the same size was observed in supernatant
depleted of OMVs (Supporting Information Fig. S1). The
gelatinase activity was similar at 20°C and 37°C, and
stable in a pH range of 5.6 to 7.7 (Supporting Information

Fig. 1. Vibrio tasmaniensis LGP32 secretes
outer membrane vesicles.
A–E. Transmission electron microscopy of
negatively stained LGP32 cultures in
logarithmic phase of growth. Extracellular
vesicles produced by LGP32 (black arrows)
are observed detaching from outer membrane
(A–B) or from the polar flagellum (C–E).
B. Enlarged part of the picture A.
F. Transmission electron microscopy of
negatively stained vesicles obtained by
ultracentrifugation. The vesicle diameters
range from 30 to 50 nm.
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Fig. S2). The protease evidenced by zymography was
identified by trypsin in-gel digestion followed by nanoLC-
MS/MS sequencing. A total of six peptides identified the
protein (23% coverage), all of which aligned with the
central-most region of the VS_II0815 sequence (Fig. 3), a
putative S1 family-secreted trypsin-like serine protease
(calculated mass 39 kDa). The vesicular serine protease
(Vsp) isolated from OMVs was 47.5% identical to the
VesA serine protease of V. cholerae VCA0803 (Fig. 3).
To confirm that Vsp is the main gelatinase/caseinase

observed on zymography of LGP32 OMVs, we con-
structed an isogenic deletion mutant. The LGP32 Δvsp

mutant did not display any growth defect in Zobell growth
medium nor in oyster plasma (Supporting Information Fig.
S3A). We then compared the gelatin zymogram profile of
OMVs obtained from the wild-type and Δvspmutant. Upon
vsp deletion, the active band assigned to Vsp disap-
peared from the zymography (Fig. 2B). Altogether, our
data show that Vsp (VS_II0815 gene product) is the major
gelatinase/caseinase of LGP32 OMVs.

The virulence of the Δvsp mutant is attenuated in oyster

experimental infections

To determine whether Vsp could contribute to the viru-
lence of LGP32, juvenile oysters were infected with the

wild-type LGP32 or the Δvsp isogenic mutant. In two
independent experiments, groups of 45 oysters received
an injection of 4 × 107 colony-forming units (cfu) of each
strain. No mortalities were recorded over 7 days for
control oysters injected with sterile seawater (SSW). Inter-
estingly, the Δvsp mutant was significantly impaired in
terms of virulence compared with the wild-type LGP32 as
revealed by Kaplan–Meier survival curves (P = 0.0004,
log-rank test). Indeed, oyster mortalities at day 7 were
reduced from 91.2% for the wild-type LGP32 to 55.7% for
the Δvsp isogenic mutant (Fig. 4). Because in vivo com-
plementation of the virulence phenotype could not be
achieved due to the toxicity of the vsp gene product for the

Fig. 2. Proteases are encapsulated in LGP32 OMVs.
A. Protease activity was determined by azocasein hydrolysis
(absorbance 440 nm) on 1 mg ml−1 ultracentrifuged supernatant of
LGP32 ECPs (Sn) as well as on 2 mg ml−1 OMVs from LGP32
lysed in 0.1% Triton X-100 or resuspended in PBS (intact OMVs).
Data were generated from three independent ECPs preparations.
Data are the mean of three independent OMVs production + /−
SEM.
B. Zymography showing gelatin hydrolysis (clear zone) by OMVs
preparations from wild-type and Δvsp LGP32 vibrios. Molecular
masses are indicated on the right.
C. Transmission electron microscopy of negatively stained vesicles
resuspended in PBS (intact) or lysed in 0.1% Triton X-100.

Fig. 3. The intravesicular Vsp protease is a homologue of the
serine protease VesA. Peptides identified by MS-MS sequencing
after trypsin digestion of the zymography active band (boxes) are
displayed on the amino acid sequence deduced from the
VS_II0815 (Vsp) nucleic acid sequence. The sequences of LGP32
Vsp and Vibrio cholera VesA (VCA0803) were aligned with
ClustalW. Identical amino acids are indicated by an asterisk.
Conservative replacements are indicated by a colon. Conserved
amino acids involved in the catalytic triad of serine proteases
(His95, Asp149, Ser254) are highlighted in black. Conserved
positions of predicted cysteine bridges are indicated with hooks.
The predicted signal peptides are underlined. The transmembrane
helices predicted with Phobius and TMHMM are highlighted in grey.
Amino acids are numbered on the right.
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Escherichia coli donor strain, we tested two additional
Δvsp mutants obtained independently in experimental
infections. The Kaplan–Meier survival curves showed a
significant attenuated phenotype for both mutants
(P = 0.027 and P = 0.006) (Supporting Information Fig.
S5). Consequently, it is very unlikely that the attenuated
phenotype associated to the Δvsp deletion is due to a
second site mutation. We concluded that the Δvsp dele-
tion attenuates LGP32 virulence in oyster experimental
infections.

OMVs can be delivered to host immune cells both

intracellularly and extracellularly

The presence of Vsp inside OMVs prompted us to inves-
tigate the role of OMVs in the delivery of virulence factors
to host cells in the course of LGP32 infectious process.
We first asked whether OMVs could be secreted inside
haemocytes during its intracellular stages. Haemocytes
having phagocytosed LGP32 (30 min contact) were there-
fore observed by transmission electron microscopy.
Vibrios were found inside phagosomes without any sign of
bacterial cell envelope destruction nor lysis (Fig. 5A–D).
When haemocytes contained only few vibrios, vibrios
were observed as single cells inside phagosomes without
evident haemocyte damage (Fig. 5A). When haemocytes
were invaded by abundant vibrios (Fig. 5C and D), one to
four vibrios were present inside large vacuoles and
haemocytes displayed important cytoplasmic disorders
with (i) a loss of integrity of intracellular organelles includ-
ing endoplasmic reticulum and mitochondria, and (ii) an
accumulation of vacuoles of heterogeneous sizes. No

vibrios were observed in the cytoplasm of haemocytes
outside phagosomes but some vacuoles containing
vibrios displayed membrane disruptions. Damages to the
haemocyte cytoplasmic membrane were also observed
(Fig. 5D). Importantly, for the vast majority of infected
haemocytes, vesicles of 30–50 nm diameter reminiscent
of those observed in LGP32 culture medium were visible
releasing from the bacterial membrane or free inside
phagosomes (Fig. 5B and D). We then asked whether
such OMVs, which are also released extracellularly
(Fig. 1), could enter host cells. For that, OMVs
fluorescently labeled with PKH26 were incubated with
haemocytes for 2 h. A strong red fluorescent signal was

Fig. 4. The virulence of the Δvsp mutant is attenuated in oyster
experimental infections. Kaplan–Meier survival curves from oyster
infection experiments. Juvenile oyster were injected with 4 × 107 cfu
per animal of the wild-type LGP32 (square) or the isogenic Δvsp
(triangle) mutant. An injection of sterile seawater (SSW) was used
as control (circle). Groups of 45 oysters (15 per seawater tank)
were monitored for 7 days after infection. Data are representative
of two independent experiments.

Fig. 5. Intracellular and extracellular delivery of OMVs to oyster
immune cells.
A and C. MET observation of oyster haemocytes containing
intraphagosomal LGP32 after phagocytosis (30 min contact).
A. Two intracellular LGP32 are observed together with one
extracellular LGP32. The haemocyte does not show any evidence
of cell damage.
B. Enlarged part of the picture in A showing the release of OMVs
by intraphagosomal LGP32 (black arrows).
C–D. Oyster haemocytes containing numerous intracellular LGP32
display major alterations including loss of organelle integrity and
damages to the cytoplasmic and the phagosomal membranes
(white arrows).
E. Confocal microscopy section showing the internalization of
PKH26-labeled OMVs (red) by most haemocytes after 2 h of
incubation in vitro (white arrows). Haemocyte nuclei were stained
with DAPI (blue). F-actin was stained with phalloidin (green).
F. Enlarged part of the picture in C showing the intracellular
localization of PKH26-labeled OMVs.
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observed by confocal microscopy within haemocytes
(Fig. 5E and F), indicating that OMVs were internalized
upon contact with haemocytes.

OMVs confer protection against AMPs independently

of Vsp

We then asked whether OMV production could confer
protection against the AMPs found in oyster plasma.
Indeed, a remarkable stimulation of OMV production was
observed by electron microscopy when LGP32 was cul-
tured in oyster plasma (Supporting Information Fig. S3C).
To test the protective effect of OMVs, LGP32 was
exposed to a membrane-active AMP, polymyxin B (PmB)
in the presence of OMVs isolated from the wild-type
or the Δvsp mutant. A dose-dependent protective
effect of LGP32 OMVs was observed against PmB,
whose minimal inhibitory concentration (MIC = 0.78 μM)
increased by twofold in the presence of 6.25 μg ml−1

OMVs (protein concentration) and up to 16-fold in the
presence of 50 μg ml−1 OMVs (Table 1). The same pro-
tection was obtained with 50 μg ml−1 OMVs from the Δvsp

mutant (Table 1). In addition, the MIC of PmB against the
wild-type or the Δvsp mutant were identical at 0.78 μM.
Altogether, this indicates that OMVs provide a significant
and dose-dependent protection against AMPs indepen-
dently of vsp expression.

To determine whether the OMV-mediated protection
could be conferred by enclosed proteases other than Vsp,
we incubated PmB with wild-type OMVs for 6 h and moni-
tored the PmB trace by reversed-phase high-performance
liquid chromatography (RP-HPLC) and SDS-PAGE. No
difference in the intensity of the PmB band was observed
by SDS-PAGE, indicating that PmB is not degraded by
intravesicular proteases (Fig. 6A). However, the high-
performance liquid chromatography (HPLC) absorbance
peak corresponding to PmB disappeared from the
chromatogram over the time course of the incubation,
indicating that at least PmB binds to OMVs (Fig. 6B).
Altogether, our data indicate that PmB is not degraded but
rather titrated by OMVs.

Discussion

Results showed that V. tasmaniensis strain LGP32
releases OMVs containing virulence factor(s) which can
be delivered to host immune cells either intracellularly or
extracellularly. A total of 132 proteins identified by at least
three peptides were found associated to LGP32 OMVs
(Supporting Information Table S1). In other bacterial
species, 44 to 236 OMV-associated proteins were identi-
fied depending on the techniques used for proteomics
(Lee et al., 2008). Most of the LGP32 OMV proteins were
predicted to be Tat or Sec exported, to localize at the
periplasm or at the outer membrane (88.6%) (Supporting
Information Table S1). This composition is consistent with
the biogenesis of Gram-negative OMVs (Deatherage
et al., 2009; Kulp and Kuehn, 2010). Besides, 7.6% of the
proteins were predicted to be extracellular. Among them,
6.8% were flagellar proteins suggesting the presence of
non-observed contaminating flagella. Surprisingly, flagel-
lar proteins were still found when OMVs were purified by
density gradient (Supporting Information Table S1). The
observation of vesicles intimately associated with the fla-
gellum by electron microscopy (Fig. 1C–E) suggests that
OMVs can be released from the LGP32 flagella sheath

Table 1. Minimum inhibitory concentration (MIC) of polymyxin B in
the presence/absence of OMVs from wild-type and Δvsp LGP32.

Strain

OMVs (μg ml−1)

MIC of PmB (μM)Wild-type Δvsp

Wild-type LGP32 0 0 0.78
Wild-type LGP32 6.25 0 1.56
Wild-type LGP32 12.5 0 3.12
Wild-type LGP32 25 0 6.25
Wild-type LGP32 50 0 12.5
Wild-type LGP32 0 50 12.5
Δvsp LGP32 0 0 0.78

Fig. 6. Polymyxin B is titrated but not
degraded by V. splendidus LGP32 OMVs.
A. Silver-stained Tris-Tricine SDS-PAGE
of PmB (0.6 μg) incubated for 6 h in the
presence (+)/absence (−) of 2 μg OMVs.
Molecular masses (kDa) are shown on the
right.
B. Time-course of PmB titration by wild-type
OMVs monitored by RP-HPLC. PmB (30 μg)
was incubated with 100 μg OMVs. The PmB
trace (arrow) was monitored at 0, 4 and 6 h
on a UP5-ODB-25QS column using a 0–70%
acetonitrile gradient over 35 min.
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as also observed in Vibrio fischeri (Brennan et al.,
2014). In V. cholerae, the flagella sheath was shown to
be composed of the outer membrane, containing
lipopolysaccharide (Fuerst and Perry, 1988) and outer
membrane proteins (Bari et al., 2012). Interestingly, a
recent study showed that OMVs from E. coli contain fla-
gellar proteins (Manabe et al., 2013). It is therefore likely
that the OMVs obtained from LGP32 contain both
periplasmic and flagellar proteins as a result of different
sites of biogenesis. Finally, 2.3% of the proteins were
predicted to localize at the inner membrane. Such obser-
vations have also been made in other species, in which
cytoplasmic and inner membrane potential virulence
factors were found to be components of OMVs (for review,
see Lee et al., 2008).

One major function characterizing the OMV proteome
of LGP32 was enzymatic activities (25%). We indeed
found several proteases, lipases, phospholipases,
nucleases, haemolysins and murein hydrolases associ-
ated to OMVs, as revealed by MS-MS sequencing.
Together with siderophore receptors and adhesins/
invasins, also found associated to LGP32 OMVs (Sup-
porting Information Table S1), these hydrolases
correspond to potential virulence factors described in
pathogenic Vibrio species (Zhang and Austin, 2005;
Méndez et al., 2012). Their association with OMVs is in
agreement with the protease, phospholipase and haemo-
lysin activities associated to OMVs of V. anguillarum,
another pathogen for marine cultured species (Hong
et al., 2009). Besides, consistent with the biogenesis and
composition of OMVs, membrane transport (40.9%) and
cell wall/membrane biogenesis (13.6%) were important
functions associated to LGP32 OMV proteins. Indeed, we
evidenced here many integral outer membrane proteins
such as porins including the adhesin/invasin OmpU
(Duperthuy et al., 2011), metal-siderophore transporters,
ABC-transporters, efflux pumps and peptidoglycan-
associated lipoproteins (Supporting Information Table
S1). Altogether, molecular functions associated to LGP32
OMVs are similar to those found in OMVs from bacterial
species other than vibrios (e.g. E. coli, Neisseria menin-

gitis, Pseudomonas antarctica), which also display a large
percentage of transport proteins (porins, ABC transport-
ers), adhesins/invasins, but also hydrolases including
potential virulence factors (proteases, haemolysins,
murein hydrolases) and motility-related proteins
(flagellins) (for review, see Lee et al., 2008).

One important finding from this study is that OMVs can
be delivered to host cells both intracellularly, inside
phagosomes and extracellularly, by internalization
(Fig. 5). From our electron microscopy data, intracellular
release of OMVs could be part of LGP32 infectious
process. Indeed, we observed several vesicles attached
to the bacteria as well as free vesicles of the same size

(30–50 nm) inside the phagosome (Fig. 5B and D), which
are likely released by the phagocytosed bacteria. Such
vesicles were observed at early stages when few vibrios
are present inside intact haemocytes but also at late
stages, when multiple vibrios are observed inside large
vacuoles of damaged haemocytes (Fig. 5A–D). The
absence of cytosolic vibrios in invaded haemocytes
clearly showed that LGP32 behaves as an intravacuolar
pathogen. Interestingly, in Legionella pneumophila, a fac-
ultative intracellular pathogen replicating inside vacuoles
of macrophages, intracellular release of OMVs was also
observed, OMVs being found to inhibit the fusion of
phagosomes with lysosomes (Fernandez-Moreira et al.,
2006). Since we earlier showed that LGP32 inhibits
phagosome maturation (Duperthuy et al., 2011), one can
hypothesize that, as in L. pneumophila, OMV release par-
ticipates in the intracellular survival of LGP32. It can also
be hypothesized that OMVs of LGP32 are vehicles for the
delivery of candidate virulence factors to oyster immune
cells (Fig. 5). Indeed, the OMV-mediated extracellular
delivery of virulence factors to host cells has been
reported in Aggregatibacter actinomycetemcomitans

and V. cholerae (Chatterjee and Chaudhuri, 2011;
Rompikuntal et al., 2012).

By focusing on proteases, we showed that potential
virulence factors are specifically enclosed within OMVs.
Indeed, while low proteolytic activity was associated to
intact OMVs, major activity was released upon Triton lysis
of OMVs (Fig. 2A). The gelatinase/caseinase activity
enclosed in LGP32 OMVs was attributed to the putative
serine protease VS_II0815, as revealed by MS-MS
sequencing of the active band (Fig. 3) and zymography of
a Δvsp deletion mutant (Fig. 2B). Importantly, VS_II0815
was absent from the soluble fraction of LGP32 ECPs, i.e.
ultracentrifuged supernatant devoid of OMVs (Supporting
Information Fig. S1), showing it is specifically secreted
through OMV release. VS_II0815 was therefore termed
Vsp for vesicular serine protease. To our knowledge, such
a specific intravesicular secretion of proteases is shown
here for the first time. These observations are consistent
with the view that OMVs can be considered as a secretion
system per se (Lee et al., 2008). Noteworthy, we also
showed that the previously characterized Vsm (Le Roux
et al., 2007) was extravesicular, its gelatinase/caseinase
activity being dominant in the supernatants after
ultracentrifugation of ECPs but absent in OMVs (Support-
ing Information Fig. S1). Therefore, its identification by
MS-MS sequencing (Supporting Information Table S1),
which is a very sensitive technique, was attributed to its
high abundance in the extracellular milieu, contaminating
our OMV preparation.

The OMV-secreted Vsp protease was shown to be
homologous to the VesA serine protease of V. cholerae
(Sikora et al., 2011) (47.5% sequence identity). Like
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VesA, it carries the canonical catalytic triad His95-
Asp149-Ser254 as well as three out of the four conserved
disulfide bridges of serine proteases (Fig. 3). In addition to
a 29 residue signal peptide at N-terminal position, Vsp
displays a potential transmembrane domain at its
C-terminus. Both features are conserved in VesA (Fig. 3).
This C-terminal transmembrane domain can either be a
sorting signal or an inner membrane anchor. The lack of
peptides identified by MS-MS at the N- and C-terminus of
the Vsp protease as well as its apparent mass on a
polyacrylamide gel electrophoresis (30 kDa), lower than
its calculated mass (39 kDa), strongly suggest that the
Vsp protein isolated from OMVs results from the post-
translational maturation of a larger precursor. Taken
together with its localization inside OMVs, this indicates
that Vsp is likely addressed to the inner membrane
through its signal peptide, retained at the inner membrane
by its Gly335-Phe353 C-terminal inner membrane anchor
and finally released into the periplasmic space upon
proteolytic maturation. Such maturation could occur at
several sites between residues 280 and 335, in the region
separating the serine protease domain of Vsp from its
C-terminal anchor. Indeed twoArg residues recognized by
trypsin-like serine proteases as well as a Lys-Arg and a
Arg–Arg–Arg multibasic site recognized by kexin-like
serine proteases (Kobayashi et al., 2009) are found in this
region (Fig. 3). In V. cholerae, VesA was proposed to be
transported through the type II secretion system (T2SS)
but could not be observed in ultracentrifuged culture
supernatants (Sikora et al., 2011). Because VesA lacks
the Lys-Arg and Arg–Arg–Arg multibasic sites found in the
Vsp sequence (Fig. 3), it could be retained at the inner
membrane of V. cholerae.

Importantly, the virulence of three Δvsp mutants was
shown to be attenuated compared with the wild-type
LGP32 in oyster experimental infections (Fig. 4 and Sup-
porting Information Fig. S5). Therefore, we concluded that
like other proteases involved in host–Vibrio pathogenic
interactions (Shinoda and Miyoshi, 2011), the serine pro-
tease Vsp participates in the virulence phenotype of
LGP32. This demonstrates that the OMV-mediated deliv-
ery of virulence factors contributes to LGP32 pathogen-
esis. Remarkably, unlike Vsp, the major metalloprotease
Vsm, which was shown here to be extravesicular (Sup-
porting Information Fig. S1), did not significantly modify
the virulence status of LGP32 in experimental infections
(Le Roux et al., 2007). It is still unknown at what stage of
the pathogenesis Vsp is involved. Indeed, the Δvsp dele-
tion mutants did not show any evident phenotype on
haemocyte primary cultures (data not shown), suggesting
that Vsp does not have a direct effect on oyster
haemocytes. Thus, the major phenotype observed in
oyster experimental infections could rely on Vsp-
dependent virulence factors expressed in vivo. For

instance, Vsp could be required for the proteolytic activa-
tion of LGP32 virulence factors as demonstrated for its
homologue VesA from V. cholerae, which activates the
CtxA cholera toxin by proteolytic cleavage (Sikora et al.,
2011).

Besides Vsp, potential virulence factors associated to
OMVs of LGP32 deserve further investigation to better
understand the role of OMVs in pathogenesis. Two puta-
tive haemolysins and a phospholipase D (PLD) found in
our proteomic data (Supporting Information Table S1) are
of particular interest. These toxins are indeed known for
their lytic properties on biological membranes, causing
damage to erythrocytes and other cell types, such as
leukocytes or neutrophils (for review, see Méndez et al.,
2012). PLD are involved in virulence of different bacteria.
In the intracellular pathogen Corynebacterium pseudotu-

berculosis, secreted PLD can be lethal for neutrophils and
macrophages in which it is expressed at high levels
(Yozwiak and Songer, 1993; McKean et al., 2007).
Haemolysins are the most widely distributed toxins
among pathogenic vibrios (Zhang and Austin, 2005). In
V. vulnificus, expression of the cytolysin-haemolysin VvhA
in response to low-iron concentrations results in erythro-
cytes lysis providing iron for bacterial growth and patho-
genicity (Lee et al., 2013). VvhA was shown to be
delivered to mouse cells through OMV secretion (Kim
et al., 2010). Therefore, it is tempting to speculate that
secretion of cytolytic enzymes such as haemolysins and
PLD through OMV release (Fig. 5B and D) participates in
the disruption of vacuole and cytoplasmic membrane
observed when high numbers of intracellular vibrios are
present inside haemocytes (Fig. 5D). Future functional
studies will help identifying how far such OMV-associated
proteins participate in the virulence phenotype of LGP32.

Finally, OMVs from LGP32 were shown here to be
highly protective against AMPs, increasing the MIC of
PmB from 2- to 16-fold at OMV concentrations ranging
from 6.25 to 50 μg ml−1 (Table 1). We believe that such
OMV concentrations can be reached in oyster plasma.
Indeed, while OMV production was rather low in rich
culture medium (1 μg ml−1), it increased strongly in the
presence of plasma (Supporting Information Fig. S3). The
role of proteases in resistance to AMPs has been shown
in several bacterial species (Nizet, 2006). However, OMV
protection against AMPs was not conferred by Vsp since
(i) sensitivity to PmB was similar for the wild-type and
Δvsp mutant (Table 1), (ii) OMVs from the wild-type and
Δvsp mutant were similarly protective against PmB
(Table 1), and (iii) PmB was not degraded upon contact
with OMVs (Fig. 6). Rather, we found that OMV protection
relies on titration by OMVs, probably due to the mem-
brane insertion properties of PmB into biological mem-
branes (Tomarelli et al., 1949). Recent data on
V. cholerae showed that only OMVs carrying the biofilm-
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associated extracellular matrix protein Bap1 were protec-
tive against the human AMP LL-37, with an increase of
MIC by fourfold (Duperthuy et al., 2013). As in LGP32,
protection resulted from trapping of LL-37 and did not
require proteolytic degradation of LL-37. Therefore, while
the molecular bases of AMP binding to OMVs appear to
differ among Vibrio species, OMVs similarly protect
vibrios from AMPs by forming a protective shield in which
AMPs are entrapped. A similar protective role was also
recently proposed for E. coli OMVs on which both
bacteriocins (AMPs from prokaryotic origin) and bacterio-
phages were found to be adsorbed, thus contributing to
bacterial defences (Manning and Kuehn, 2011). Since
AMPs are both produced by the oyster microbiota and
oyster tissues (Schmitt et al., 2012; Defer et al., 2013),
OMV production may confer a major advantage for vibrios
to colonize oysters.

Experimental procedures

Bacterial strains and culture condition

Escherichia coli strains Π3813 and β3914 (Le Roux et al.,
2007) were used for cloning and conjugation respectively.
Escherichia coli strains were grown in Luria–Bertani (LB) at
37°C (Difco). The Vibrio strains (Supporting Information Table
S3) were grown at 20°C either in artificial seawater (0.6 M
NaCl, 20 mM KCl, 5 mM MgSO4, 1.4 mM MgCl2) supple-
mented with 4 g l−1 bactopeptone and 1 g l−1 yeast extract
(referred to as Zobell medium) or in LB supplemented
with NaCl 0.5 M (LB-NaCl). Chloramphenicol was used at
12.5 μg ml−1. Thymidine and diaminopimelate were supple-
mented when necessary to a final concentration of 0.3 mM.
Induction of ccdB expression under the control of PBAD pro-
moter was achieved by the addition of 0.2% L-arabinose to
the growth media and repressed by 1% D-glucose.

Vector construction and mutagenesis

The LGP32 Δvsp derivative was constructed by allelic
exchange using the method described previously (Le Roux
et al., 2007). Briefly, alleles carrying an internal deletion were
generated in vitro using a two-step polymerase chain reaction
(PCR) construction method (Binesse et al., 2008) using
primers 281112-1 to 4 (Supporting Information Table S3) and
cloned into PSW7848T, a R6K γ-ori-based suicide vector that
encodes the ccdB toxin gene under the control of an
arabinose-inducible and glucose-repressible promoter, PBAD.
Matings between E. coli and Vibrio were performed at 30°C
as described previously (Le Roux et al., 2007). Selection of
the plasmid-borne drug marker resulted in integration of the
entire plasmid in the chromosome by a single crossover.
Elimination of the plasmid backbone resulting from a second
recombination step was selected by arabinose induction of
the ccdB toxin gene. Mutants were screened by PCR using
primers 281112-1 and 4. vsp deletion was verified by
sequencing using primers VS_II0815-Fw2 and VS_II0815-
Rv2 (Supporting Information Table S3).

ECPs and OMV preparation

Bacterial ECP were produced by the cellophane overlay
method described by Liu (1957). Briefly, 2 ml of stationary
phase culture were spread onto a Zobell agar plate covered
by a sterile cellophane film. After 48 h of incubation at 20°C,
the cellophane overlay was transferred to an empty Petri
dish. Cells were harvested in 250 μl of 0.1 M cold sodium-
phosphate buffer (pH 7). Bacterial cells were removed by
centrifugation at 16 000 g at 4°C for 30 min. The supernatant
was filtered through a 0.22 μm-pore-size polyvinylidene
difluoride (PVDF) membrane filter (Millipore). OMVs were
obtained from ECPs by ultracentrifugation at 100 000 g for
2 h at 4°C using a TLA110 rotor (Beckman Instruments). The
ultracentrifuged supernatant (Sn) was kept at −20°C while
crude OMVs were washed with 0.1 M cold sodium-phosphate
buffer (pH7) and suspended in cold phosphate-buffered
saline (PBS) (Wai et al., 2003). When OMVs were purified by
density gradient centrifugation, Optiprep gradient was used
as described previously (Balsalobre et al., 2006). Briefly,
crude OMVs preparations suspended in PBS buffer were
added on the top of gradient layers and centrifuged at
100 000 g for 3 h at 4°C. Fractions of 200 μl were sequen-
tially collected from the top of the ultracentrifugation tube and
analysed by SDS-PAGE and immunoblotting using anti-
OmpU antiserum to identify the fractions containing OMVs.
The OMVs protein concentration was determined by the
Bradford method with Micro-BCA protein assay reagent
(Pierce Biotechnology, Rockford, IL, USA). OMVs were
stored at −20°C until use.

Protease activity quantification

Protease activity of ECPs, intact or lysed OMVs, was deter-
mined using azocasein (Sigma A2765) as a substrate. When
indicated, OMVs 2 mg ml−1 were lysed for 30 min at 20°C in
PBS containing 0.1% Triton X-100 (Sigma T8787). Intact
OMVs were kept in PBS. Then, 100 μl of azocasein
(5 mg ml−1 in 100 mM Tris-HCl buffer, pH 8.5) were added to
50 μl of OMVs preparations. The mixture was incubated at
20°C for 1 h. The undigested substrate was precipitated by
adding 100 μl of 10% trichloroacetic acid to the reaction
mixture during 5 min on ice, followed by centrifugation at
12 000 g and 4°C for 5 min. The supernatant (100 μl) was
neutralized by addition of an equal volume of 1 N NaOH.
After mixing, the absorbance at 440 nm was determined
(Tomarelli et al., 1949). Significance of differences was deter-
mined using a Student’s t-test.

Gelatin zymography

OMVs were analysed for protease activity by a gelatin
substrate gel electrophoresis. Five microgram of OMVs
resuspended in loading buffer [62.5 mM Tris HCl, pH 6.8, 4%
SDS (w/v), 20% (v/v) glycerol and 0.001% bromophenol blue]
in the absence of reducing agents were loaded onto a 12.5%
SDS-PAGE containing 0.2% gelatin. After electrophoresis,
the gels were washed in renaturing buffer (50 mM Tris-HCl
pH 7.6 and 2.5% Triton X-100) for 2 h at room temperature,
and then incubated overnight at 37°C in the developing buffer
(50 mM Tris-HCl pH 7.6, 200 mM NaCl, 5 mM CaCl2, 0.02%
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w/v Brij 35). The gels were stained with a solution containing
0.1% Coomassie brilliant blue R-250. Formation of clear zone
against the blue background on the polyacrylamide gels indi-
cated the gelatinolytic activity (Binesse et al., 2008).

Proteomic and LC-MS/MS analyses

Protein preparation and digestion. OMV proteins solubilized
in Laemmli buffer were stacked in the top of a 4–12%
NuPAGE gel (Invitrogen) before R-250 Coomassie blue stain-
ing. The gel band was manually excised and cut in pieces
before being washed by six successive incubations of 15 min
in 25 mM NH4HCO3 and in 25 mM NH4HCO3 containing 50%
(v/v) acetonitrile. Gel pieces were then dehydrated with 100%
acetonitrile and incubated for 45 min at 53°C with 10 mM
Dithiothreitol (DTT) in 25 mM NH4HCO3 and for 35 min in the
dark with 55 mM iodoacetamide in 25 mM NH4HCO3.
Alkylation was stopped by adding 10 mM DTT in 25 mM
NH4HCO3 and mixing for 10 min. Gel pieces were then
washed again by incubation in 25 mM NH4HCO3 before dehy-
dration with 100% acetonitrile. Modified trypsin (Promega,
sequencing grade) in 25 mM NH4HCO3 was added to the
dehydrated gel pieces for an overnight incubation at 37°C.
Peptides were then extracted from gel pieces in three 15 min
sequential extraction steps in 30 μl of 50% acetonitrile, 30 μl
of 5% formic acid and finally 30 μl of 100% acetonitrile. The
pooled supernatants were then dried under vacuum.

Nano-LC-MS/MS analyses. The dried extracted peptides
were resuspended in 5% acetonitrile and 0.1% trifluoroacetic
acid (TFA) and analysed by online nanoLC-MS/MS (Ultimate
3000, Dionex and LTQ-Orbitrap Velos pro, Thermo Fischer
Scientific). Peptides were sampled on a 300 μm × 5 mm
PepMap C18 precolumn and separated on a 75 μm ×

250 mm C18 column (PepMap, Dionex). The nanoLC method
consisted in a 120 min gradient at a flow rate of 300 nl min−1,
ranging from 5% to 37% acetonitrile in 0.1% formic acid during
114 min before reaching 72% acetonitrile in 0.1% formic
acid for the last 6 min. Mass spectrometry (MS) and MS/MS
data were acquired using Xcalibur (Thermo Fischer Scien-
tific). Spray voltage and heated capillary were respectively
set at 1.4 kV and 200°C. Survey full-scan MS spectra
(m/z = 400–1600) were acquired in the Orbitrap with a reso-
lution of 60 000 after accumulation of 106 ions (maximum
filling time: 500 ms). The 20 most intense ions from the
preview survey scan delivered by the Orbitrap were frag-
mented by collision-induced dissociation (collision energy
35%) in the LTQ after accumulation of 104 ions (maximum
filling time: 100 ms).

Bioinformatics analyses. Data were processed automatically
using Mascot Daemon software (version 2.3.2, Matrix
Science). Concomitant searches against LGP32 and
classical contaminant protein sequence databases (4500
sequences) and the corresponding reversed databases were
performed using Mascot (version 2.4). ESI-TRAP was
chosen as the instrument, trypsin/P as the enzyme and two
missed cleavage allowed. Precursor and fragment mass
error tolerances were set respectively at 10 ppm and 0.6 Da.
Peptide modifications allowed during the search were:
carbamidomethyl (C, fixes) acetyl (N-ter, variable), oxidation

(M, variable) and deamidation (NQ, variable). The IRMa soft-
ware (Dupierris et al., 2009) was used to filter the results:
conservation of rank 1 peptides, peptide identification False
Discovery Rate (FDR) < 1% (as calculated on peptide scores
by employing the reverse database strategy) and minimum of
three specific peptide per identified protein group.

Sequence annotation and subcellular localization

Functional annotation of coding DNA sequences was manu-
ally assigned based on automated annotation generated by
the MicroScope platform pipeline (Vallenet et al., 2013) com-
bined with BlastP analysis, PFAM (Punta et al., 2012)
and InterProScan search (Quevillon et al., 2005). Protein
subcellular localization (SCL) were predicted using a
consensus-based approach that combine SCL tools results
grouped by predicted features: Sec-dependent signal
peptides was predicted using SignalP v4.0 (Petersen et al.,
2011), PrediSi (Hiller et al., 2004) and Phobius v1.01 (Kall
et al., 2004); twin-arginine (TAT) signal peptides using TatFind
Server (Rose et al., 2002); lipoprotein signal peptides and
membrane retention signal using LIPO (Berven et al., 2006),
LipoP v1.0 (Rahman et al., 2008) and PRED-LIPO (Bagos
et al., 2008); transmembrane α-helix (except signal peptide)
of inner membrane protein using TMHMM v2.0 (Krogh et al.,
2001), HMMTOP v2.0 (Tusnady and Simon, 2001) and
Phobius v1.01; outer membrane protein using HHomp
(Remmert et al., 2009); and global prediction using PSORTb
v3.0.2 (Yu et al., 2010), CELLO v2.5 (Yu et al., 2006) and
SOSUIGramN (Imai et al., 2008). Enzymes were identified
using the MEROPS database (Rawlings et al., 2012).

Experimental infection of oysters

Juvenile and adult diploid C. gigas were purchased from the
Ifremer oyster hatchery in La Tremblade (Charente Maritime,
France) and from a local oyster farm in Mèze (Gulf of Lion,
France) respectively. Experimental infections were performed
at 20°C, as previously described (Duperthuy et al., 2010).
Groups of 45 oysters were injected with wild-type or Δvsp
LGP32 (4 × 107 cfu per juvenile oyster or 2 × 108 cfu per adult
oyster). Control animals were injected with an equal volume
of SSW. For every condition, oysters were placed for 24 h in
three separate tanks in 10 l of seawater (15 animals per
tank). Mortalities were monitored daily over 7 days. The non-
parametric Kaplan–Meier test was used to estimate log-rank
values for comparing the survival curves (Kaplan and Meier,
1958). All experimental infections were performed according
to the Ifremer animal care guideline and policy.

Observation of extracellular and intracellular OMVs by

electron microscopy

For extracellular OMVs, logarithmic phase culture of LGP32
were negatively stained with 0.1% uranyl acetate and then
placed on carbon-coated Formvar grids. To visualize intrac-
ellular OMVs, haemolymph was first collected from the
pericardial cavity of oysters using a 2 ml syringe equipped
with a 23-G needle. After counting, haemocytes were infected
at a multiplicity of infection of 50:1 (30 min, room tempera-
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ture) with stationary phase LGP32 previously opsonized with
oyster plasma as described earlier (Duperthuy et al., 2011).
After extensive washing, the cells were fixed with sterile
seawater containing 2.5% glutaraldehyde for 1 h. Post-
fixation was achieved in 1% osmium tetroxide for 1 h at room
temperature in the dark. Excess fixing agents were elimi-
nated during dehydration of samples in a graded series of
aqueous solution containing increasing amounts of ethanol
finishing by absolute acetone. Finally, dehydrated samples
were embedded in epoxy resin (EmBed 812). Sections
(70 nm thick) were stained with uranyl acetate. All prepara-
tions were examined under a Hitachi 7100 transmission elec-
tron microscope at the ‘Centre de Ressources en Imagerie
Cellulaire’ platform of Montpellier, France.

Uptake of PKH26-labeled OMVs by oyster haemocytes

OMVs (2 mg ml−1) were labeled with 10−6 M PKH26 red
fluorescent dye (MINI26-Sigma) as described previously
(Duperthuy et al., 2013). After two washes in PBS followed
by a 1 h-centrifugation at 100 000 g, the PKH26-labeled
OMVs were resuspended in PBS. Monolayers of 5 × 105

haemocytes obtained by dispensing freshly collected
haemolymph on glass coverslips in a 24-well plate (Costar
3526) were exposed for 2 h to PKH26-labeled OMVs (60 μg
per well). After fixation with 4% paraformaldehyde in SSW,
haemocytes were washed twice with PBS and stained with
0.5 μg ml−1 Phalloidin Alexa488 (Invitrogen) and 0.25 μg ml−1

4,6-diamidino-2-phenylindole (Sigma). Photographs were
acquired on a Leica SPE confocal laser scanning system
connected to a Leica DM2500 upright microscope.

Antimicrobial assays

Serial dilutions of OMVs (6.25–50 μg ml−1) were co-incubated
with different concentrations of PmB (Fluka P9602) for 1 h at
20°C prior to liquid growth inhibition assay using LGP32.
Liquid growth inhibition assays were performed in microtiter
plates as described in Hetru and Bulet (1997) using expo-
nential phase cultures of LGP32 diluted in fresh in Zobell
medium at a theorical starting OD600 of 0.001. Incubation was
performed for 16 h at 20°C and bacterial density was deter-
mined spectrophotometrically at 600 nm by using a Multiscan
microplate reader (LabSystem). The MIC was determined as
the lower PmB concentration inhibiting 100% growth.

HPLC and SDS-PAGE monitoring of PmB

PmB (30 μg) was co-incubated with OMVs (100 μg) or sterile
water for 4 h and 6 h at 20°C. Samples (50 μl) were analysed
by C18 RP-HPLC column (UP5ODB 25QS, 120 Å, 5 μm,
250 × 2.0 mm, Interchim) using a linear 0–70% gradient of
acetonitrile in 0.05% trifluoroacetic acid (TFA) over 35 min at
a flow rate of 0.7 ml min−1. In parallel, PmB (0.6 μg) was
co-incubated with OMVs (2 μg) or sterile water for 4 h at
20°C. Samples were separated on a 12.5% Tris-glycine
sodium dodecyl sulfate-polyacrylamide gel and stained with
silver nitrate.
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Fig. S1. The major protease of OMVs is not the major
extracellular metalloprotease Vsm. Characterization of the
protease activity associated to OMVs. Zymography showing
gelatin hydrolysis by OMVs (pellets, 5 μg) or ultracentrifuge
supernatants (5 or 0.1 μg) from the wild-type and Δvsm
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LGP32. Molecular masses (kDa) are shown on the left. The
active band of wild-type OMVs is maintained in the Δvsm

mutant. No band at the same molecular mass is visible in
ultracentrifuge supernatants of the WT and Δvsm mutant.
Fig. S2. Vsp activity is stable in a pH range of 5.6 to 7.7.
Zymography showing gelatin hydrolysis by OMVs from the
wild-type LGP32 (10 μg) at 20°C and 37°C in 50 mM citrate
buffer pH 4.4 or 50 mM phosphate buffer pH 5.6, 6.8 and 7.7.
Molecular masses are shown on the right.
Fig. S3. Effect of plasma on LGP32 growth and OMV
production. (A) Growth curves of wild-type (WT) LGP32
(black) and its isogenic Δvsp mutant (white) were obtained
in Zobell medium (squares) and oyster plasma (circles) at a
temperature of 20°C. Culture turbidity was monitored at
600 nm every 1 h. The vsp deletion did not impair growth of
LGP32 in Zobell medium nor in plasma. (B–C) Transmis-
sion electron microscopy of negatively stained wild-type
LGP32 cultures in Zobell medium (B) and filtered oyster
plasma (C). While only few OMVs were released in Zobell
medium (A), a massive release of OMVs was observed in
plasma (B).
Fig. S4. Control of vsp gene deletion.
A. PCR amplification of the DNA region flanking the vsp gene.
DNA extracted from the wild-type (WT) and the three Δvsp

mutants (1, 2, 3) was amplified using the VS_II0815-Fw2 and
VS_II0815-Rv2 external primers (Supporting Information
Table S3). The molecular weight marker is displayed on the
left. The expected size for the wild-type and Δvsp amplicon
are 2111 bp and 1025 bp respectively.
B. Control of vsp deletion by sequencing. The PCR-amplified
fragments obtained from the Δvsp 1, 2 and 3 mutants were
sequenced. Sequences were aligned with that of wild-type
LGP32 using ClustalW. Gaps corresponding to the deletion
are indicated by dashes. The VS_II0815-Fw2 and VS_II0815-
Rv2 primers used for sequencing are underlined. The ATG

and stop codons of the vsp open-reading frame are displayed
in white and grey boxes respectively.
Fig. S5. Attenuated virulence of two additional Δvsp mutants
is in oyster experimental infections. Kaplan–Meier survival
curves were generated from 45 juvenile (A) or adult (B)
oysters injected with wild-type (square) or Δvsp (triangle)
LGP32 (4 × 107 cfu per juvenile oyster or 2 × 108 cfu per adult
oyster). An injection of sterile seawater (SSW) was used as
control (circle). Two Δvsp mutants obtained independently
were used in experimental infections (A) and (B). Oysters (15
per seawater tank) were monitored for 7 days after infection.
Table S1. List of proteins associated to V. splendidus LGP32
OMVs.
Protein identification was carried out by comparing experi-
mentally generated monoisotopic peaks of peptides with
computer-generated fingerprints using the Mascot program.
Mascot was run on protein sequences deduced from four
sequenced V. splendidus LGP32 genome (Le Roux et al.,
2009). Only proteins identified by more than three peptides in
two independent OMV preparations are displayed. OMV prep
#1 was crude while OMV prep #2 was purified by density
gradient. Only proteins found in both preparations are dis-
played. P, M, N and L stand for protease, murein hydrolase,
nuclease and lipase respectively. OM and IM stand for outer
and inner membrane respectively. The Vsp line is displayed
in boldface.
Table S2. Molecular functions associated to OMV proteins.
Two independent OMV preparations were compared: OMV
prep #1 was crude while the OMV prep #2 was purified on
density gradient. The numbers of proteins assigned to a given
molecular function are similar in both preparations. The
molecular functions associated to the 132 proteins common
to OMV prep #1 and #2 (detailed in Supporting Information
Table S1) are shown on the right column.
Table S3. Strains, plasmids and oligonucleotides.
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/[\KaaU! 62,3 -5*#(!$#$?(%1#!90*%$01!?FK!

(#3#)*'(!

-. :#+ Ta6J KK TU6F KF

/[\JFEF! ",HI I5*%*09#!.1Kg!$54*03'))#(!

'20;%+#!!

I#(0)4%+$03 :#+ FE6U T !!

/[\]]EFBU! '8#3 I5*%*09#!$%4*')'(01! -. :#+ Ja6a FT KJ6B U

/[\]]EFBa! #8'J I5*%*09#!$%4*'+#!')#('1!

)#(0)4%+$03!)('*#01!

-.!@40)'D :#+ BB6a FF JE6R B

/[\]]EKKE! #8'K .%4*'+# ?01;01=!)#(0)4%+$03!

)('*#01!

I#(0)4%+$03 :#+ TK6J FF FF6R J

/[\]]EJFE! 9#$5 -5*#(!$#$?(%1#!)('*#01!

-$)7!!!!!!!!!!!!!!!!!!!!!!

-. :#+ UU6K JF JK6T R

/[\]]EJQF! 9#$L -5*#(!$#$?(%1#!)('*#01!

-$)N!!!!!!!!!!!!!!!!!!!!!

-. :#+ Ja6U FK BE6E FK

/[\]]EJaB! 9#$/ -5*#(!$#$?(%1#!)('*#01!

-$)W!!!!!!!!!!!!!!!!!!!!!

-. :#+ BJ6E FU BR6K FQ

/[\]]EBEF! 29)3 I5*%*09#!,#((0'2%$01#!Y!

(#3#)*'(!

-. :#+ TT6R Fa JB6T FQ

/[\]]EBKa! !42/ I5*%*09#!#1*#('?%3*01!

(#3#)*'(!/3*W!!

-. :#+ KT6J FK KK6R FE

/[\]]EQRR! H-,/ I5*%*09#!!'1Y!;#)#1;#1*!

,#((03"('$# 0('1!(#3#)*'(!

-. :#+ QJ6Q TK BE6J JK

/[\]]ERJU! 2.8C )5*%*09#!!(%^ (#4%*#;!)('*#01 -. :#+ TR6Q FT JE6R a

/[\]]ERBF! -,2/ I5*%*09#!!'1Y ;#)#1;#1*!

"#$#!%1;!"#$'=4'?01!

(#3#)*'(!P5*W!

-. :#+ RJ6J BQ Qa6E TQ

/[\]]ERRJ!   G'1= 3"%01!,%**:!%30;!

*(%1+)'(*!)('*#01!

-.!@40)'D :#+ KQ6Q U KJ6R R

/[\]]EUQE!   I5*%*09#!'5*#(!$#$?(%1#!

#,,452!)('*#01!!

-. :#+ FU6F Q FU6R R

/[\]]EUQQ!   I5*%*09#!)#($#%+#! -. :#+ KK6R Q KK6T B

/[\]]EaUR! !8"7 I5*%*09#!!:)#!/]!+#3(#*0'1!

40)')('*#01e/%+M!

-.!@40)'D :#+ TU6E U KB6R T

/[\]]FFKR! $!,/ 

MH(4/N 

^#@JgD!;030*(%*#!*(%1+)'(*!

)('*#01!^#3W!

-. :#+ RU6F TT RQ6J TJ

/[\]]FFKU! $",/ I5*%*09#!,#((03!+0;#(')"'(#!

(#3#)*'(!I+5W!

-. :#+ QR6K TT QB6T JQ

!!   !! !! !!

F&11 I<?"1"?@ !! !! !!

!!   !! !! !!

/[\EUEJ! H'07 ^4%=#44%(!"''L!3%))01=!)('*#01!

^4=M!!

V2*(%3#4454%( Ka6K Q FQ6U J

/[\EUET! H'0K ^4%=#44%(!"''L!)('*#01!,4=V! V2*(%3#4454%( KT6E B JE6E R

/[\EUFE! H'0A ^4%=#44%(!"''L %++'30%*#;!

)('*#01!^4=_!!

V2*(%3#4454%( FE6U B Fa6E U

/[\EUFK! H'8/ ^4%=#4401!3'(#!)('*#01!W!! V2*(%3#4454%( Ta6a FJ RU6a KT

/[\EUFJ! H'83 I'4%(!,4%=#4401!Y! V2*(%3#4454%( TB6K FF UF6Q JB

/[\EUFT! H'85 ^4%=#4401!7! V2*(%3#4454%( JJ6K a UR6B JJ

/[\EUFQ! H'8F @ H'+7 ^4%=#44%(!"''L %++'30%*#;!

)('*#01!^4%P!!

V2*(%3#4454%( B6R J B6a J
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/[\EUKU! H'+A I'4%(!,4%=#44%(!"''L 4#1=*"!

3'1*('4!)('*#01!^40_!!

V2*(%3#4454%( KQ6T FE a6Q J

/[\KKaJ! H'87 I'4%(!,4%=#4401!YeMA!^4%M! V2*(%3#4454%( TQ6R FK UQ6B JQ

!!   !! !! !!

F&11 R/11PI&I0%/=&P&=E&1<5& 0"<#&=&>">  !! !!

!!   ! !! !!

/[\EERU!   I5*%*09#![)'(54%*0'1e3#44!

;090+0'1!(#=0'1!)('*#01!

I#(0)4%+$03 :#+ FF6B J FF6B J

/[\EKEa! <6H7 I5*%*09#!O?,M!)('*#01! -.!@40)'D :#+ KJ6T T FT6K J

/[\EKFK! <6H3 I5*%*09#!O?,Y!)('*#01! -. :#+ TJ6B KJ KT6U FK

/[\ETJa! '$$5@'$9/ I5*%*09#!40)')('*#01!G)'WA!

%3*09%*'(!',!)#10304401!?01;01=!

)('*#01!FW!

-.!@40)'D :#+ QB6F JF BT6J KF

/[\EBBa! >H+O@38#

7 

-5*#(!$#$?(%1#!)('*#01!

%++#$?4:!3'$)4#2!+5?510*!

i,0-!@i%#!!3'$)4#2D!

-.!@40)'D :#+ Ka6T U KR6U U

/[\EQKK! >H0P@38#

7@38#3 

-5*#(!$#$?(%1#!)('*#01!

%++#$?4:!3'$)4#2!+5?510*!

i,=G!@i%#!!3'$)4#2D!

-.!@40)'D :#+ TB6F FK Ka6J U

/[\EQaE!   I5*%*09#!40)')('*#01!!!!!!!!!!!!!!!!!!!!!! -.!@40)'D :#+ BK6F R RE6F U

/[\ERFR! '$2K G530,#(%+#A!Z%(#!40)')('*#01!Y!

019'49#;!01!GI[!%++#$?4:!@G)*V!

+5)#(,%$04:D!!!!!!!!!!!!

-.!@40)'D :#+ RQ6B FJ TQ6K U

/[\FERU! "'>3 I5*%*09#!'5*#(!$#$?(%1#!

40)')('*#01![4:Y!

[#3!#2)'(*#; :#+ KU6R T KF6J J

/[\FKEa!   -5*#(!$#$?(%1#!:#+)('*#01!!

@-$)W\7 40L#!+5)#(,%$04:D!

-.!@40)'D :#+ BE6B Q JQ6B Q

/[\FRRQ! #+$/ .4*W 01*#(%3*01=!)('*#01!.0)W! -. :#+ FF6U T FJ6B T

/[\FUTT!   I5*%*09#!'5*#(!$#$?(%1#!

)('*#01A!-$)W!,%$04:!

-.!@40)'D :#+ BJ6B U JR6R Q

/[\KKKK! "'$ I5*%*09#![*%(9%*0'1!

40)')('*#01![4)!)%(%4'=!

-.!@40)'D :#+ QR6T U KU6a T

/[\KJET! 68#5 -5*#(!$#$?(%1#!)('*#01!

%++#$?4:!,%3*'(!Y%$7!

-.!@40)'D :#+ JQ6K FE KR6Q U

/[\KJTT! >8(B -5*#(!$#$?(%1#!)('*#01!

%++#$?4:!3'$)4#2!+5?510*!

i%#!!@i%#!!3'$)4#2D!

-. :#+ TK6F KQ Ja6E KB

/[\KTRR! )'$I G0)')('*#01A!N4)]!!!!!!!!!!!!!!!!!!!!!! -.!@40)'D :#+ KF6K Q KQ6B R

/[\JETE!   .#$?(%1#!)('*#01! -.!@40)'D :#+ FU6U R FB6a Q

/[\]]EFaa! '$$ .%&'(!'5*#(!$#$?(%1#!

40)')('*#01!)(#35(+'(!

@.5(#01 40)')('*#01D!

-.!@40)'D :#+ JJ6Q R JJ6Q U

!!   !! !! !!

G=&%#@PS&>5"%/?"<= !! !! !!

!!   !! !! !!

/[\KBUa! 4>#/ I5*%*09#!#2)'(*#;!)('*#01A!

)5*%*09#!)'(01!@7:$W!)('*#01!

)(#35(+'(D!

-. :#+ KE6E Q FU6J Q

/[\]]ERTR! *8#Q I5*%*09#!3:*'3"('$#!7!

?0'=#1#+0+!)('*#01!73;W!e!

M%$h (#4%*#;!)('*#01!

-.!@40)'D :#+ BE6U U BU6R a

!!   !! !! !!

.%/=>1/?"<=   !! !! !!

!!   !! !! !!

/[\JFTF!   !(%1+4%*0'1!#4'1=%*0'1!,%3*'(!

%3*090*:!

-. :#+ JQ6U a FU6a Q

!!   !! !! !!

D%<?&"=> <; $=N=<R= ;$=8?"<=> !! !!

!!   !! !! !!

/[\EKTE!   `13"%(%3*#(08#;!4'> 

3'$)4#20*:!)('*#01!

[#3!#2)'(*#; :#+ BT6Q B BT6Q B

/[\ERUU!   7'1+#(9#;!40)')('*#01!',!

51L1'>1!,513*0'1!

`1L1'>1 JK6R J JE6E J

/[\EaKR!   I5*%*09#!0('1 (#=54%*#;!

)('*#01!

-.!@40)'D :#+ JE6U a KK6B B

/[\FFTQ!   7'1+#(9#;!40)')('*#01!',!

51L1'>1!,513*0'1!

-.!@40)'D :#+ JR6B J JR6B J

*#



/[\FTKR!   G%(=#!#2')('*#01+!019'49#;!01!

"#$#!5*0408%*0'1!'(!%;"#+0'1!

[#3!#2)'(*#; :#+ BF6F KB TB6B FU

/[\FUKU!   7'1+#(9#;!#2)'(*#;!)('*#01!

',!51L1'>1!,513*0'1!

[#3!#2)'(*#; :#+ TR6U R TR6U R

/[\KERE!   7'1+#(9#;!#2)'(*#;!)('*#01!

',!51L1'>1!,513*0'1!

[#3!#2)'(*#; :#+ KJ6U B FQ6K J

/[\KERQ! >4HJ -5*#(!$#$?(%1#!40)')('*#01!

i3,.!

-.!@40)'D :#+ BT6E a BB6F FE

/[\KERR! >4HP I#(0)4%+$03!40)')('*#01!i3,G -.!@40)'D :#+ TF6K B JR6T T

/[\KERU! >66A 7'1+#(9#;!40)')('*#01!>0*"!

!IZ!(#)#%*+!

-.!@40)'D :#+ JQ6B FF KQ6R U

/[\KJFB!   7'1+#(9#;!)('*#01!',!

51L1'>1!,513*0'1!

[#3!#2)'(*#; :#+ JR6B FT Ka6K FF

/[\KJRK!   7'1+#(9#;!40)')('*#01!',!

51L1'>1!,513*0'1!

-.!@40)'D :#+ BB6T Q BB6T Q

/[\]]EUQB!   7'1+#(9#;!)('*#01!',!

51L1'>1!,513*0'1!

[#3!#2)'(*#; :#+ JK6a J JF6F J

/[\]]EaUa!   7'1+#(9#;!)('*#01!',!

51L1'>1!,513*0'1!

-. :#+ JK6B B KE6R T

/[\]]FFEF!   I5*%*09#!513"%(%3*#(08#;!

)('*#01!

-.!@40)'D :#+ TF6B Fa BQ6T KB

!
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V18:$#!%3*090*:! BQ Ka6U Ta KR6R JJ KB6E
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7#44!$'*040*:! FE B6J FE B6Q a Q6U

7#44!>%44e$#$?(%1#e#19#4')#!?0'=#1#+0+!! FU a6Q KB FT6F FU FJ6Q

V1#(=:eZ#+)0(%*0'1! J F6Q T K6J K F6B

[*(#++!(#+)'1+#! K F6F E E E E

!(%1+4%*0'1! J F6Q T K6J F E6U

I('*#01+!',!51L1'>1!,513*0'1+! KF FF6K KT FJ6Q FB FF6T

.<?/1 5%<?&"=> (MM !! (UU !! (+*
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!! KUFFFK J! Bd HHHH!!W7WWHHWH!!W!7!7W!!W7H!!WWW7W777!H! Jd! !!"0+!+*5;:!
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=528:2S94Z&5BN4EG9GN&

%.4-";Q.3-"tout d’abord >.3:1,"64+"!0=T@(S5RD42G&D6N&,[+N&\46EE6&\46&NR2G&N9&SA9N6&D6&

:5R2NN98:6&6G&NR8&NG9D6&6ZG59:6EEE4E9256&R4&28G59:6EE4E9256;"I+"*,:;(7+>+3:"*+-"G<P-";",:,".2-+1Q,"

;4"3)Q+;4"*+-">+>21;3+-"2;(:,1)+33+-"+:" *+-" D5;A+55+-W" 5+" 854-" A1and nombre d’OMVs étant" -.4-"

D.1>+" 5)21+" *;3-" 5+" >)5)+4[" I+-" )3:+1;(:).3-" 7+>.(0:+-&G<P-" .3:" >.3:1," 64+" 5+-" G<P-"

+/:1;(+5545;)1+-"-.3:"+DD)(;(+>+3:")3:+13;5)-,+-"8;1"5+-"7,>.(0:+-[""

$+" >;3)^1+" )3:,1+--;3:+W" 3.4-" ;Q.3-" .2-+1Q," *+" 3.>21+4-+-" Q,-)(45+-" *.3:" 5;" :;)55+" +-:"

(.>8;:)25+" ;Q+(" (+55+" *+-" G<P-" MlZKeZ" 3>N" ;4" -+)3" *+-" Q;(4.5+-" *+" 87;A.(0:.-+" (.3:+3;3:" 5+-"

Q)21).-W" -4AA,1;3:" 64+" 5+41" 1+5;1A;A+" )3:1;Q;(4.5;)1+" 8.411;):" c.4+1" 43" 1b5+" *;3-" 5+" 81.(+--4-"

)3D+(:)+4/["T1+3:+">)34:+-";81^-" )3Q;-).3W" 5+-"Q)21).-"-.3:";88;14-" )3:;(:-"*;3-"(+-"Q;(4.5+-"+:".3:"

induit de nombreux dommages aux hémocytes d’huitre"dont la perte d’intégrité des ultrastructures 

(0:.85;->)64+-"+:W"*;3-"43+">.)3*1+">+-41+W"5;"148:41+"*+-">+>21;3+-["%,;3>.)3-"5+-"Q)21).-"-.3:"

1+-:,-" -0-:,>;:)64+>+3:" (.3D)3,-" ;4" -+)3" *+" 5;1A+-" Q;(4.5+-" -4AA,1;3:" 43" CRD6& D6& F26&

28G59F9:4RE9256;"

L’analyse protéomique des OMVs a permis d’identifier 132 protéines"8;1>)"5+-64+55+-"mm;Mu&

NR8G&D6N&S5RGB286N&D6&E9&C6CO5986&6ZG6586&R4&D4&SB52SE9NC6W"(+"64)"+-:"(.7,1+3:";vec l’origine des 

G<P-"*,(1):+"*;3-"5;"5)::,1;:41+["=;1>)"5+-"D.3(:).3-">.5,(45;)1+-";--.(),+-";4/"G<P-W".3"1+:1.4Q+"

*+-" 81.:,)3+-" 5),+-" ;4" :1;3-8.1:" M!ZW_{N" .4" )>85)64,+-" *;3-" 5;" 2).A,3^-+" *+" 5;" >+>21;3+&8;1.)"

MRlWU{NW" *+-" 81.:,)3+-" V" ;(:)Q):," +3g0>;:)64+" (25%), des protéines impliquées dans l’énergi+"+:" 5;"

1+-8)1;:).3"MRWe{NW"43+"81.:,)3+")>85)64,+"*;3-"5;":1;*4(:).3"MZW\{N["F3D)3W"RRW!{"*+-"81.:,)3+-".3:"

43+" D.3(:).3" +-:" )3(.334+[" =;1>)" 5+-" 70*1.5;-+-W" .3" 1+:1.4Q+" *+-" 81.:,;-+-W" *+-" -45D;:;-+-W" *+-"

87.-87.5)8;-+-W"*+-"34(5,;-+-"+:"*+-"5)8;-+-["

%.4-";Q.3-">.3:1,"64+"D6N&S5RGB9N6NJ&56S5BN68G98G&`^J^u&D6N&AID5RE9N6N&D6N&,[+NJ&NR8G&

68:9SN4EB6N& D98N& E6N& FBN2:4E6N& +:" 64+" 5;" A,5;:)3;-+&(;-,)3+">;c.1):;)1+" *+-" G<P-" +-:" 43+" -,1)3+"

81.:,;-+"64+"3.4-";Q.3-"3.>>,+"P-8"8.41"`"Q+-)(45;1" -+1)3+"81.:+;-+"a["%.4-";Q.3-"+3"+DD+:"84"

montrer qu’elle est strictement sécrétée par voie vésiculaire. Les OMVs apparaissent donc comme un 

-0-:^>+"*+"-,(1,:).3"V"8;1:"+3:)^1+["

Afin d’étudier le rôle de Vsp dans la virulence de LGP32 ch+g"!0( )*)#$( */( 9*9%W" 3.4-" ;Q.3-"

(.3-:14):" :1.)-">4:;3:-"Δvsp" Q;5)*,-" 8;1" *+-" ;881.(7+-" A,3.>)64+-" +:" 81.:,.>)64+-[" %.4-" ;Q.3-"

+3-4):+"1,;5)-,"*+-" )3D+(:).3-"+/8,1)>+3:;5+-"(7+g"*+-"74]:1+-" c4Q,3)5+-";Q+(" 5+-">4:;3:-"Δvsp"+:" 5;"



_e"

"

souche sauvage. Les résultats ont montré qu’une injection intramusculaire de-"-.4(7+-"Δvsp")3*4)-;):"

43+"*)>)34:).3"*+"5;">.1:;5):,"après 7 jours d’infectionW(-.):"eeWX{"*+">.1:;5):,-"8.41"Δvsp"(.3:1+"

_RWY{"8.41"5;"-.4(7+"-;4Q;A+["%.4-";Q.3-"*.3(">.3:1,"64+"E9&NB5286&S5RGB9N6&+NS&6NG&8B:6NN9256&]&

E9&F254E68:6&D6&!0=T@&*9(O*O%;&&

F3D)3W" 3.4-" ;Q.3-" >)-" +3" ,Q)*+3(+" 5+" 5qE6& D6N& ,[+N& D98N& E9& 5BN2NG98:6& D6& !0=T@& ]& E9&

SREIC2Z286&)&U=C)) et à d’autres peptides membranolytiques["T.4:"*n;2.1*W"3.4-";Q.3-"*,>.3:1,"

à l’aide de tests antimicrobiens que la présence d’OMVs"MeZ"yA&>5N""+3:1;)3;):"43"*,(;5;A+"*+"5;"B<@"

*+"854-"*+"RU" D.)-" M+DD+:"*.-+"*,8+3*;3:N["E3"*,(;5;A+"*+"854-"*+"!" D.)-";",A;5+>+3:",:,".2-+1Q,"

avec un cyclolipopeptide bactérien présent dans l’hémolyphe des huitres (voir données 

-4885+>+3:;)1+-N["B+::+"1,-)-:;3(+"+-:")3*,8+3*;3:+"*+"5;"-,1)3+"81.:,;-+"P-8[""

%.4-";Q.3-"+3-4):+">.3:1,"64+"5;"=>?, comme les AMPs d’huitre"3+"-.3:"8;-"*,A1;*,-"8;1"

5+-"81.:,;-+-" )3:1;Q,-)(45;)1+-">;)-"-.3:":):1,-"8;1" 5+-"G<P-["%.4-";Q.3-"*.3("(;1;(:,1)-,"43";4:1+"

-0-:^>+" )>85)64," *;3-" 5;" 1,-)-:;3(+" ;4/" #<=-" (7+g" 10( &#$3#/*'/$*$( IH=lY(k" 5;" G2G59G2R8& S95& E6N&

,[+N;&Ceci indique que les OMVs pourraient protéger les membranes de LGP32 de l’action délétère 

*+-" #<=-" +3" (1,;3:" 43" ,(1;3" >+>21;3;)1+" 81.:+(:+41" *;3-" 5+64+5" -.3:" 8),A,-" 5+-" #<=-[" I;"

Q,-)(45;:).3",:;3:"43">,(;3isme régulé par le stress de l’enveloppe, il se pourrait également 64+"5;"

5)2,1;:).3" *+-" G<P-" -.):" 8.41" 5+-" 2;(:,1)+-" 43"moyen d’éliminer les peptides qui s’insèrent dans 

5+41-">+>21;3+-&

F3" (.3(54-).3W" (+::+" ,:4*+" ;" 8+1>)-" *+" >.3:1+1" 64+" 1*2"*%( &#$3#/*'/$*$( IH=lY" +-:" 43"

8;:7.A^3+" )3:1;Q;(4.5;)1+"64)"81.*4):"*+-"Q,-)(45+-"*+">+>21;3+"+/:+13+"64)" 5+"81.:^A+3:"(.3:1+"

5+-" 8+8:)*+-" ;3:)>)(1.2)+3-" +:" *,5)Q1+3:" *+-" D;(:+41-" *+" Q)145+3(+" ;4/" (+5545+-" )>>43):;)1+-" *+"

l’huître["



_U"

"

'R88B6N&N4SSEBC68G9256N&

<IS65FBN2:4E9G2R8&D6N&O9:GB526N&6G&NG56NN&C6CO5989256&

=54-)+41-" ,:4*+-".3:">.3:1,"64+" 5+-"2;(:,1)+-" ;4A>+3:;)+3:" 5;"81.*4(:).3"*+" Q,-)(45+-" +3"

1,8.3-+"V"43"-:1+--">+>21;3;)1+"(.>>+"*+-";3:)2).:)64+-".4"*+-"8+8:)*+-";3:)>)(1.2)+3-"M<;33)3A"

;3*"L4+73W"YZRlN["@5"+-:"-488.-,"64+"(+">,(;3)->+"Q)-+"V",5)>)3+1"5+-"(.>8.-,-">+>21;3.50:)64+-"

qui s’insèrent dans la membrane externe des bactéries. En accord avec cette hypothèse, nous avons 

>.3:1,"*;3-"(+:";1:)(5+"@"64+"IH=lY"-,(1^:+"*+"3.>21+4-+-"Q,-)(45+-"64;3*")5"+-:"+/8.-,";4"85;->;"

MC)A["JlW"#1:)(5+"@N["@5"-+1;):" )3:,1+--;3:"*+"Q,1)D)+1"-)"(.>>+"(7+g">0(:%.*"(+::+"708+1Q,-)(45;:).3"8+4:"

i:1+")3*4):+"8;1"5+-"#<=-"+4/K>i>+-[""

%.4-";Q.3-"par ailleurs étudié l’+DD+:"*+"5;">4:;:).3"*+"5;"8.1)3+"G>8E"-41"5+"1+5;1A;A+"*+-"

G<P-"8;1"10(&#$3#/*'/$*$"IH=lY["%.-".2-+1Q;:).3-"+3">)(1.-(.8)+",5+(:1.3)64+".3:">.3:1,"64+"5;"

8+1:+"*+"G>8E"+3:1;)3;):"43+"708+1Q,-)(45;:).3"*+" 5;"2;(:,1)+["#)3-)W"*+-"(45:41+-"2;(:,1)+33+-"+3"

87;-+"+/8.3+3:)+55+"*+"(1.)--;3(+"-4181.*4)-+3:"D.1:+>+3:"5+-"G<P-"+3"l’absence de OmpU (Figure 

YYN"M$+-:.4>)+4/KH;1gz3"+:";5[W"YZR!N["E3+"708.:7^-+"+-t que OmpU contrôle la production d’OMVs"

8;1"-;"D.3(:).3"1égulatrice sur la voie σE M$;Q)-";3*"j;5*.1W"YZZ_N["F3"+DD+:W"σE contrôle la production 

d’OMVs dans d’autres espèces bactériennesW"3.:;>>+3:"(7+g">0(:%.*"+:"10(:4%.'"#'" " MH4)55)+1"+:";5[W"

YZZUN[""

B.>>+"(7+g"IH=lYW"5;"*,5,:).3"de protéines de la membrane externe chez d’autres bactéries 

+3:1;)3+" ,A;5+>+3:" 43+" 708+1Q,-)(45;:).3" *+-" -.4(7+-" 2;(:,1)+33+-[" B+()" ;" ,:," >.3:1," 8.41" 5;"

8.1)3+"G>8#"*+"10(:4%.'"#'" MJ.3A"+:";5[W"YZZ\N"+:"*+-"81.:,)3+-" )>85)64,+-"*;3-" 5;"2).A,3^-+"*+-"

>+>21;3+-"(7+g">0(:%.*"M<(?1..>"+:";5[W"YZZUN["#)3-)"(7+g"10(:4%.'"#'W")5";",:,">.3:1,"64+"*;3-"*+-"

(.3*):).3-" )3*4)sant le stress de l’enveloppe, le petit ARN régulateur VrrA +-:"+/81)>,"*+">;3)^1+"

sFK*,8+3*;3:e pour réprimer l’expression de G>8#W" ce qui réduit le stress de l’enveloppe en 

81.>.4Q;3:"5+"1+5;1A;A+"*+-"G<P-"MJ.3A"+:";5[W"YZZ\N["

"

"

"

"

"

"



_X"

"

&

123456& @@;& /4EG456N& 68& SA9N6& 6ZSR868G26EE6& D6& C*A"*%( &#$5#9*'9$*$& !0=T@& N94F936& 6G& D4& C4G98G& ΔompU&

RON65FB6N&68&C2:5RN:RS26&BE6:G5R82\46&]&G598NC2NN2R8;&&

.86&AIS65FBN2:4E9G2R8&D4&C4G98G&D%5@P&6NG&RON65FB6;&!6N&YEa:A6N&28D2\468G&E6N&,[+N;&

"

E3+"1+Q4+"2)25).A1;87)64+"-41" 5+"1b5+"*+-"G<P-"*;3-"5;"1,-)-:;3(+"*+-"Q)21).-";4/"8+8:)*+-"

;3:)>)(1.2)+3-";",:,",(1):+"-41"5;"2;-+"*+"(+-"1,-45:;:-"M$+-:.4>)+4/KH;1gz3"+:";5[W"YZR!N["E3">.*^5+"

*+":):1;:).3"*+-"#<=-"8;1"5+-"G<P-";",:,"81.8.-,"MC)A41+"YlN["

"

123456&@T;&[RDaE6&S5RSRNB&SR45&E9&G2G59G2R8&D6N&([=N&S95&E6N&,[+N&D6&C3(&#$5#9*'9$*$(!0=T@3(

!6N&,[+s produites en absence d’AMPs sont suffisantes pour titrer la PmB et confèrent une protection doseP

DBS68D98G6& :R8G56& E9& =C);& )268& \46& E6N& O9N6N& CREB:4E9256N& D6& E9& E292NR8& D6& E9& =C)& 94Z& ,[+N& 56NG68G&

28:R8846NJ&R8&S64G&N4SSRN65&\46&E9&G2G59G2R8&N6&Y92G&S95&E’insertion de la PmB dans les membranes des OMVs. 

La production d’OMVs est fortement induite en présence de plasma d’huître. Les OMVs formeraient ainsi 

486&O9552a56&C6CO5989256&S5RG6:G52:6&:R8G56&E6N&([=N&]&9:G2F2GB&C6CO5989256;&

&

&

v$& ΔompU(



_\"

"

#4K*+5V"*+"5;"=>?W"3.4-";Q.3-"84">.3:1+1"64+"5+-"G<P-"*+"IH=lY"MeZyA&>5N"*,(;5;)+3:"5;"

B<@"*+" 5;" :;(7085,-)3+W" 43"8+8:)*+" ;3:)>)(1.2)+3" *+" 5)>45+W"d’un facteur 4 (0,78µM à 3,12µM)" +:"

(+55+"*4"(0(5.8+8:)*+"BI=_e!"MA,3,1+4-+>+3:"D.413)"8;1"5+"$1["t;33)(9"C5+410W"E?G"S4)>8+1N"81.*4):"

8;1"V$'-,%3%/#$(#.&'"%3%/#$" M$+-1);(W"YZRlN"*+"854-"*+"!" D.)-",A;5+>+3:" MYWX"y<" "V"|RZy<N["B+"

*+13)+1" 1,-45:;:" +-:" 8;1:)(45)^1+>+3:" )>8.1:;3:" (;1" BI=_eZ" +-:" 81.*4):" 8;1" *+-" -.4(7+-" )-.5,+-" *+"

l’hémolymphe des huîtres et il est un des rares AMPs isolés"d’huî:1+"V"81,-+3:+1"43+"D.1:+";(:)Q):,"-41"

LGP32. Nous n’avons pas pu réaliser ces mêmes expériences avec les AMPs de l’huître elleK>i>+"(;1"

leur CMI en absence d’OMVs est trop élevée pour pouvoir observer un décalage vers des valeurs 

+3(.1+"854-"7;4:+-"5.1-64+"*+-"G<P-"-.3:";c.4:,+-";4">)5+)4["

"

"8G659:G2R8N&68G56&,[+N&et AMPs de l’huître&

Nous avons montré dans l’article I que la PmB, utilisée comme AMP de référence, n’était pas 

*,A1;*,+">;)-":):1,+"8;1" 5+-"G<P-["$;3-" 5+"(;*1+"*+"(+::+":7^-+W"3.4-";Q.3-",A;5+>+3:",:4*)," 5+-"

interactions des OMVs avec les AMPs de l’huitre["Les travaux précédents de l’équipe ;Q;)+3:">.3:1,"

que LGP32 résistait à de fortes concentrations en AMPs de l’huître" M$48+1:740" +:" ;5[W" YZRZNW"

3.:;>>+3:"5;"!)K?=@W"(;8;25+"*+"*,-:;2)5)-+1"5+-">+>21;3+-"*+-">)(1..1A;3)->+-W"+:"5;"!)K$+DW"64)"

)37)2+"5;"2).-03:7^-+"*4"8+8:)*.A50(;3+["De même, aucune activité n’avait pu être relevée pour un 

8+8:)*+"1)(7+"+3"81.5)3+W"!)K=18"MH4+A4+3"+:";5[W"YZZ_N["B+-"*)Q+1-+-"D;>)55+-"*+"8+8:)*+-"+:"81.:,)3+-"

;3:)>)(1.2)+3-" -.3:" 81.*4):-" 8;1" 5+-" 7,>.(0:+-W" !)K?=@" ,:;3:" -:.(9,+" ;4" -+)3" *+" 5;1A+-" A1;345+-"

(0:.85;->)64+-"MJ(7>)::"+:";5[W"YZRY(N["

I.1-" *+" 5;" *,A1;*;:).3" )3:1;(+5545;)1+" *+" >)(1.K.1A;3)->+-W" 5+-" A1;345+-" 7,>.(0:;)1+-"

8+4Q+3:"Q+3)1"D4-).33+1";Q+("5+"87;A.-.>+"8.41"0"*,Q+1-+1"*+-"+3g0>+-"50-.-.>);5+-"+:"*+-"#<=-["

%.4-"3.4-" -.>>+-"*.3(" )3:,1+--,-";4" 1b5+"8.:+3:)+5"*+-"G<P-"*+"10( &#$3#/*'/$*$" IH=lY"*;3-" 5;"

1,-)-:;3(+";4/"#<=-"d’huitre et d’autres invertébrés  marins["

D’une part,"3.4-";Q.3-"1+A;1*,"-)"(.>>+"8.41"5+"T1):.3W"5+-"81.81),:,-">+>21;3.50:)64+-"*+"

!)K?=@" >.3:1,+-" 81,(,*+>>+3:" 8;1" H.3g;5+g" +:" ;5[" MYZZXN" 8.4Q;)+3:" )3*4)1+" 43+" 1+5;1A;A+" *4"

contenu protéasique intravésiculaire des OMVs. Ceci n’a pas pu être mis en évidence aux 

(.3(+3:1;:).3-"*+"!)K?=@":+-:,+-"Me"y<N["I+-">i>+-"1,-45:;:-"3,A;:)D-".3:",:,".2:+34-";Q+("5;"=>?W"

+:"(+5;">i>+"V""*+-"(.3(+3:1;:).3-":1^-",5+Q,+-"M!ZZ"y<N["

D’autre part, parce que !)K?=@" -+" 5)+" ;4" I=J"*+-"2;(:,1)+-" V"H1;>"3,A;:)D" MH.3g;5+g"+:" ;5[W"

YZZXN"+:"V"5;">+>21;3+"*+"IH=lY"M*.33,+-"3.3"8425),+-NW"3.4-";Q.3-"émis l’hypothèse"64+"5.1-"*+"



__"

"

-.3")3-+1:).3"*;3-"5;"2)(.4(7+"5)8)*)64+"64)"*,5)>):+"5+-"G<P-W"!)K?=@"8.4Q;):"i:1+"*,A1;*,+"8;1"5+-"

protéases encapsulées dans les OMVs. L’analys+"+3"A+5"J$JK=#HF"RY{"MC)A41+"Y!#N";">.3:1,"5;"!)K

BPI n’était pas dégradée par les protéases intravésiculaires. Nous avons également testé d’autres 

8+8:)*+-"(.>>+"5+"!)KPrp de l’huître et la pénaeidine de la crevette"mais aucune dégradation n’a été 

.2-+1Q,+"MC)A41+"Y!?N[""

Ainsi, il n’existe à ce jour aucune évidence de lyse des OMVs par les AMPs ni de dégradation 

*+-"#<=-"8;1"5+-"81.:,;-+-")3:1;Q,-)(45;)1+["

"

123456&@`;&=5RY2EN&#'#P=(0%&7@u&D6N&:R8G9:GN&68G56&E6N&([=N&6G&E6N&,[+N&D6&C3(&#$5#9*'9$*$&!0=T@;&&

U(V& !)P)="& U7Jm@w[V& 6G& ,[+N& U^_w3bCEV&h& U)V& !)P=5S& U7C[VJ& SB8B2D286& U_JMw[VJ& SREICIZ286& )& UTMw[V& 6G&

,[+N&U@__w3bCEV;&Aucun des AMPs testés ne présente d’évidence de dégradation protéolytique après 4h à 

@_x/& NR4N& 932G9G2R8& D98N& 48& G9CSR8& #RD24C& SARNSA9G6& S<& j;T;& =68&>& =B8B2D286;& =C)&>& =REICIZ286);&

7_wEbS2NG6;&

&

"

Existence de différentes populations d’OMVs&

%.4-"3.4-" -.>>+-"demandé s’il existait plusieurs"populations d’OMVs. Pour cela," 3.4-";Q.3-" D;):"

*+4/"45:1;(+3:1)D4A;:).3-"-4((+--)Qes : l’une à 100.000 g (comme dans notre protocole habituel) et 

l’autre à 150.000 g (Figure 25)."



RZZ"

"

"

123456&@^;&#:ABC9&D6N&4EG59:68G52Y439G2R8N&D2YYB568G26EE6N&5B9E2NB6N&6G&9:G2F2GB&S5RGB9N6&9NNR:2B6;&

!6N&Y59:G2R8N&S5BN68G98G&486&9:G2F2GB&S5RGB9N6&NR8G&56S5BN68GB6N&68&5R436;&

"

L’observation" *+-" Y" (45.:-" .2:+34-" ;81^-" 45:1;(+3:1)D4A;:).3" *)DD,1+3:)+55+" ;" ,:," D;):+" +3"

>)(1.-(.8)+" ,5+(:1.3)64+" V" :1;3->)--).3[" %.4-" ;Q.3-" .2-+1Q," la présence d’OMVs dans les 2  

,(7;3:)55.3-"MC)A41+"YUN["#"RZZ[ZZZA, les vésicules mesurent 30 à 50 nm, tandis qu’à 150.000g, elles 

-.3:")3D,1)+41+-"V"lZ3>["Il existe donc diverses populations d’OMVs."

"

"

123456&@M. Culots issus d’une ultracentrifugation différentielle des ECPs de C3(&#$5#9$*'9$*$&!0=T@&]&7__;___3&

U(V&6G&7^_;___3&U)V&RON65FBN&68&C2:5RN:RS26&BE6:G5R82\46&]&G598NC2NN2R8;&

"

S’est alors immédiatement posée la question des facteurs de virulence potentiellement 

associées à cette population d’OMVs de petite taille. Etant donnée la m)-+" +3" ,Q)*+3(+" *+" 5;"P-8"

*;3-"5+-"Q,-)(45+-"*+"lZKeZ"3>"M;1:)(5+"@NW"*;3-"43"81+>)+1":+>8-W"3.4-"3.4-"-.>>+-"(.3(+3:1,-"-41"

5+-"81.:,;-+-";--.(),+-";4/"G<P-W" )-.5,+-"8;1"45:1;(+3:1)D4A;:).3"*+-"FB=-"V"ReZ[ZZZA["%.4-";Q.3-"

;)3-)" 1,;5)-," *+-" tests d’activité protéasique à l’aide d’azocaséine sur les OMVs des souches 10(

&#$3#/*'/$*$(sauvage et des mutants Δ%3AW"+:"Δvsm"MC)A41+"YXN["F3"+DD+:W"5+-"G<P-"*+-"-.4(7+-"jT"

présentaient une activité protéasique à l’inverse de la souche délétée de" 5;" P->[" B+::+" ;(:)Q):,"

81.:,;-)64+" ;" ,:," *.-,+" +3" ;2-+3(+" *+" :1;):+>+3:" ;4" T1):.3[" Il s’agit donc dans ce cas d’une 

)&(&



RZR"

"

;--.();:).3" +/:1;Q,-)(45;)1+" *+" 5;"P->" ;4/"G<P-[" =;1(+"64+" 5+-"G<P-"*+-" -.4(7+-"jT" +:"ΔompU"

81,-+3:+3:" :.4:+-"*+4/"(+::+";(:)Q):,"81.:,;-)64+W" l’association OMVs&P->"+-:" )3*,8+3*;3:+"*+" 5;"

8.1)3+"G>8E[""

Bien qu’on ne puisse pas éliminer l’hypothèse d’une association spécifique de la Vsm aux 

Q,-)(45+-"*+"8+:):+":;)55+W")5"+-:"Q1;)-+>25;25+"64+"(+-"1,-45:;:-"1,-45:+3:"d’43+"81,()8):;:).3"*+"5;"P->"

M81.:,)3+">;c.1):;)1+"*+-"FB=-N"V"ReZ[ZZZA[((

"

"

123456&@j;&(:G2F2GB&S5RGB9N6&9NNR:2B6&94Z&,[+N& 2NREB6N&]&7__;___3& U(V&R4&7^_;___3& U)V&D6&C3( &#$5#9*'9$*$(

!0=T@&N94F936&Uv$V&6G&D6N&C4G98GN&ΔompU&6G&Δvsm;&&

[6N456& D6& E9& YR5C9G2R8& D6& S5RD42GN& D6& 5B9:G2R8N& :RER5BN& ]& ``_8C& N42G6& ]& E9& D236NG2R8& S5RGBREIG2\46& D6&

l’azocaséine par les protB9N6N&S68D98G&7A&]&@_x/;&/R8YR5CBC68G&]&8RN&5BN4EG9GN&98GB52645N&U95G2:E6&"VJ&ER5N\46&

E6N& %/=N& D6N& NR4:A6N& N94F936& 6G& C4G98G6& Δ%5@P( NR8G& 4EG59:68G52Y43B6N& ]& 7__;___3J& E6& :4ERG& U,[+7V& 86&

présente pas d’activité protéase. Après une étape d’ultracentrifugation plus rapide (150.000g) du surnageant 

U#87VJ& E6&:4ERG& U,[+@V&S5BN68G6&486&9:G2F2GB&S5RGB9N6;&/6EE6P:2&6NG&DBS68D98G6&D6&O$5&6G& 28DBS68D98G6&D6&

%5@P;&

"
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RZY"

"

#D)3"*+"*,:+1>)3+1"-)"*+-"81.:,;-+-";4:1+-"64+"P->"-.3:";--.(),+-"V"*+-"Q,-)(45+-"*+"8+:):+-"

:;)55+-W" )5"-+1;):">;)3:+3;3:" )3:,1+--;3:"*+"1,;5)-+1"*+-";3;50-+-"81.:,.>)64+-"(.>8;1;:)Q+-"(.>>+"

effectué dans l’article I -41"5+-"854-"A1.--+-"G<P-["Une telle étude permettrait également d’obtenir 

des informations sur l’association à ces OMVs de facteurs de virulence potentiels autres que les 

81.:,;-+-["

"

Présence d’acides nucléiques dans les OMVs&

#4K*+5V" *+-" 81.:,)3+-W" 3.4-" 3.4-" -.>>+-" 8.-," 5;" 64+-:).3" *+-" ;4:1+-" (.>8.-;3:-"

+3(;8-45,-" *;3-" 5+-" G<P-" *+" IH=lY[" F3" 8;1:)(45)+1" 3.4-" 3.4-" -.>>+-" *+>;3*," -)" *+-" ;()*+-"

34(5,)64+-"8.4Q;)+3:"i:1+"+3(;8-45,-"*;3-"5+-"G<P-["=.41"(+5;W"3.4-";Q.3-")3(42,"5+-"G<P-"*+"10(

&#$3#/*'/$*$"IH=lY"MYUUyAN";Q+("*4"J021H1++3"@"M<.5+(45;1"=1.2+-W"F4A+3+W"G'W"EJ#N"*)54,";4"R&lXe"

*;3-"43":;>8.3"-.*)4>"87.-87;:+"8O"X[l"8+3*;3:"Re>)3"+3"(7;>21+"3.)1["I+-"G<P-">;164,+-".3:"

+3-4):+",:,";3;50-,+-"8;1"(0:.>,:1)+"+3"D54/"-41"43";88;1+)55;A+"C#BJB;5)241"D5.s"(0:.>+:+1"M?+(:.3"

$)(9)3-.3["J;3"p.-+W"B#W"EJ#N",64)8,";Q+("43"5;-+1"V";1A.3"M!\\"3>W"Re">jN["I+-"1,-45:;:-">.3:1+3:"

64+"Y"8.845;:).3-"d’OMVs *.3:"5;":;)55+"1+-:+"V"*,:+1>)3+1"-.3:">;164,+-";4"J021H1++3"MC)A41+"Y\N["

Comme chez LGP32, l’encapsulation d’acides nu(5,)64+-" ;" *,cV" ,:," *,>.3:1,+" (7+g" 854-)+41-"

2;(:,1)+-" M'+3+55)" +:";5[W" YZZ!h"'4>2."+:";5[W" YZRRN. Il n’en reste pas moins que la présence d’ADN 

*;3-"5+-"Q,-)(45+-"+-:"*)DD)()5+"V"+/85)64+1",:;3:"*.33,"5+">.*+"*+"2).A,3^-+"*+-"G<P-"M$+;:7+1;A+"

+:";5[W"YZZ_h"L458";3*"L4+73W"YZRZN. Il est possible que lors d’événements de conjugaison, le passage 

du matériel nucléique dans l’espace périplamique favorise l’encapsulation d’ADN dans les OMVs. 

Certains auteurs voient d’ail5+41-"*;3-"5+-"G<P-"43"3.4Q+;4">,(;3)->+"8.41"5+":1;3-D+1:"7.1)g.3:;5"

*+"A^3+-"Mt;1.3"+:";5[W"YZZZh"'4>2."+:";5[W"YZRRN["B+"(7;>8"*+"1+(7+1(7+"1+-:+"V"(+"c.41")3+/85.1,"

(7+g"5+-"Q)21).-["
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L’axe des abscisses représente l’intensité de fluorescence des OMVs marquées au SyberGreen (filtre 

^T_bT_8CPFL 1). L’ordonnée indique la granulosité relative (side scatterP##/V& D6N& ,[+N;& '6N& O2EE6N& D6&

:9E2O59G2R8& D6& G92EE6& D6& @& 6G& 7& wC& NR8G& 4G2E2NB6N& 928N2& \46& D6N& $54/R48G& U$/V& SR45& DBG65C2865& E6& FRE4C6&
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"I+-" :1;Q;4/" précédents de l’équipe avaient mont1," 64+" 10( &#$3#/*'/$*$" IH=lY" ,:;):" 43"

pathogène intracellulaire facultatif capable d’envahir les hémocytes dans lesquels il survit, altérant 

5+41-" D.3(:).3-"*+"*,D+3-+" M$48+1:740"+:";5[W" YZRRN["F3"+DD+:W" (+"8;:7.A^3+" )37)2+" 5;" D.1>;:).3"*+"

Q;(4.5+-";()*+-W" )3*)(;:1)(+-"*+" 5;">;:41;:).3"*4"87;A.-.>+W"+:"-;"87;A.(0:.-+"8;1" 5+-"7,>.(0:+-"

s’accompagne d’une production d’espèces oxygénées réactives inférieure à celle ob-+1Q,+" 8.41" 5;"

-.4(7+" (.3:1b5+" 10( &#$3#/*'/$*$" I<HYZ" ZRYTW" 3.3" Q)145+3:+W" )3(;8;25+" *+" -41Q)Q1+" *;3-" 5+-"

7,>.(0:+-[" F3" ;((.1*" ;Q+(" (+-" 1,-45:;:-" )3):);4/W" 3.-" .2-+1Q;:).3-" +3" >)(1.-(.8)+" ,5+(:1.3)64+"

(article I) ont montré qu’;4" -+)3" *+-" Q;(4.5+-" *+" 87;A.(0:.-+W" IH=lY" 3+" 81,-+3:;):" 8;-" *+"

décollement des membranes ou de lyse bactérienne caractéristiques d’une dégradation par des 

+3g0>+-"50-.-.>;5+-".4"*+-"8+8:)*+-";3:)>)(1.2)+3-"MP;37.Q+"+:";5[W"YZR!N["%.4-";Q.3-"8;1"(.3:1+"

.2-+1Q," *+-" *.>>;A+-" )>8.1:;3:-" (7+g" 5+-" 7,>.(0:+-" +3Q;7)-" 8;1" 854-)+41-" 1*2"*%" tels qu’un 

5+--)Q;A+" *4" (.3:+34" (0:.-.5)64+" +:" 8;1" +3*1.):" *+-" *.>>;A+-" >+>21;3;)1+-[" I+-" Q;(4.5+-" *+"

87;A.(0:.-+"-.3:";4--)";88;14+-":1^-"*)-:+3*4+-"MP;37.Q+"+:";5[W"YZR!N"MC)A41+"Y_N[""

"

123456&@L;&/IGRGRZ2:2GB&D6&C3(&#$5#9*'9$*$&LGP32 vis à vis des hémocytes de l’huître !3()*)#$&9S5aN&T_&C284G6N&
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B+-".2-+1Q;:).3-"3.4-".3:";>+3,-"V"3.4-")3:,1+--+1";4/">,(;3)->+-"*+"-41Q)+")3:1;(+5545;)1+"

*+" IH=lY" +:" *+" (0:.:./)():," Q)-KVKvis de hémocytes de l’hu]tre. Nous avons d’abord ét4*)," 5+" 5)+3"

-41Q)+Kcytotoxicité en décrivant la dynamique de l’interaction 1*2"*%&7,>.(0:+"+:"+3"1+A;1*;3:"-)" 5;"

(0:.:./)()té est dépendante de l’invasion hémocytaire. =.41" )*+3:)D)+1" 5+-" +DD+(:+41-" >.5,(45;)1+-"

2;(:,1)+3-" 8.:+3:)+55+>+3:" )>85)64,-" *;3-" 5;" (0:.:./)():," +:" 5;" -41Q)+" )3:1;(+5545;)1+W" 3.4-" ;Q.3-"

1,;5)-," 5+" :1;3-(1)8:.>+" )3:1;(+5545;)1+" *+" 10( &#$3#/*'/$*$" IH=lY" +:" +3:1+81)-" 43+" ;3;50-+"

D.3(:).33+55+"*+-"A^3+-";88;1:+3;3:";4/"A1;3*+-" D.3(:).3-"-41+/81)>,+-["B+()";",:," D;):"A1q(+"V" 5;"

(.3-:14(:).3"*+">4:;3:-"+:"5+41"(;1;(:,1)-;:).3"87,3.:08)64+[""
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!"#$"%!34.F+5&4!c&%&!:%.c,!3,!`.7&FF!.%!`.7&FF!+:+%!a(+#F,3&%!&5!+F)1!<]]]b1!=#%3+VK&%5+,3!a=Kb!.%!=KV+:+%!

a=K"b!e!9+SF!])AR1!+5!<]8S)!B5&3%1"!45%+3,4!c&%&!:%.c,!3,!=K!.%!.,!=K"!+5!?D8S)!S-F.%+>U-&,3;.F!aA!5.!

25μg/m=b1! 5-'>3$3,&! a])?!>Rb! +,$! $3+>3,.U3>&F+5&! a])?!>Rb!c&%&! +$$&$! +4! 4#UUF&>&,54!c-&,!

,&;&44+%')! Z,$#;53.,!.Y! 5-&!HK"B!U%.>.5&%!c+4!+;-3&/&$!7'!5-&!+$$353.,!.Y!])<l!=V+%+73,.4&!5.!5-&!

:%.c5-!>&$3#>1!+,$!;.,/&%4&F'1!%&U%&443.,!c+4!.75+3,&$!7'!5-&!+$$353.,!.Y!0l!BV:F#;.4&)!

G"4#+$*4+')#$-4#&+'*

!!$



!

!

L.%! >#5+:&,&4341! ;F.,3,:! c+4! U&%Y.%>&$! #43,:! 5-&! Q374.,! +44&>7F'! >&5-.$! +;;.%$3,:! 5.! 5-&!

manufacturer’s!3,45%#;53.,4!a9&c!I,:F+,$!K3.F+741!9IKb)!!2c.!3,$&U&,$&,5!HS6!+>UF3Y3;+53.,4!.Y!5-&!

%&:3.,4!aA]]!7Ub!&,;.>U+443,:!5-&!:&,&!5.!$&F&5&!c&%&!U&%Y.%>&$!#43,:!5c.!U%3>&%!U+3%4!a0e<!+,$!

?e@b! a2+7F&! <b)! ",! 3,43$&! .#5! HS6!c+4! U&%Y.%>&$! #43,:! U(fD^@^2! 4#3;3$&! /&;5.%! B9"! a*+F! &5! +F)1!

<]0<b! +,$!U%3>&%! U+3%! aU(fVL! +,$! U(fV6b! a2+7F&! (<b)! L.%! ;.>UF&>&,5+53.,! &OU&%3>&,51! 5-&! :&,&!

c+4! ;F.,&$! #,$&%! 5-&! ;.,5%.F! .Y! +! ;.,4535#53/&! H="S! U%.>.5&%! 3,! +! UR6K! UF+4>3$! a=&! 6.#O! &5! +F)1!

<]00b)! 2c.! 3,$&U&,$&,5! HS6! +>UF3Y3;+53.,4! .Y! 5-&! :&,&! +,$! UF+4>3$! c&%&! U&%Y.%>&$! #43,:! 5-&!

U%3>&%4!:&,&VEe6!+,$!/DFAGEeF&%&;3U%.;+FF')!"Y5&%!U#%3Y3;+53.,!+,$!N#+,53Y3;+53.,1!0]]!,:!.Y!5-&!HS6!

U%.$#;54! c&%&! >3O&$! c35-! Q374.,! +44&>7F'! R+45&%! R3O! +,$! 3,;#7+5&$! Y.%! C]! >3,#5&4! +5! A]8S)!

(+>UF&4!c&%&!$3F#5&$!+5!0k?!7&Y.%&!B5&3%1"!5%+,4Y.%>+53.,)&SF.,&4!c&%&!;.,5%.FF&$!7'!$3:&453.,!c35-!

%&45%3;53.,!&,J'>&!+,$!4&N#&,;3,:!#43,:!5-&!U%3>&%4!$&4;%37&$!3,!2+7F&!(<)&(5%+3,4!π?^0?!+,$!β3914!

c&%&!#4&$!+4!+!UF+4>3$!-.45!Y.%!;F.,3,:!+,$!;.,g#:+53.,1!%&4U&;53/&F'!a=&!6.#O!&5!+F)1!<]]Db)!HF+4>3$4!

+,$! 45%+3,4! #4&$! +,$! &45+7F34-&$! 3,! 5-&! U%&4&,5! 45#$'! +%&! U%&4&,5&$! 3,! 2+7F&! (<)! R+53,:! c+4!

U&%Y.%>&$!+4!$&4;%37&$!U%&/3.#4F')!R#5+,54!c&%&!4;%&&,&$!7'!HS6!#43,:!&O5&%,+F!U%3>&%!AeC!F345&$!

3,!2+7F&!(<)!

!

!"#$"%*&'#"$(4#&+')*H&#2*+5)#"$*2"%+45#")*"+&-"'$%&

i&>.F'>U-!c+4! ;.FF&;5&$! Y%.>! 5-&! +$$#;5.%!>#4;F&! .Y! .'45&%4! #43,:! +! <!>=! 4'%3,:&!c35-! +! <?VQ!

,&&$F&)!"Y5&%!;&FF!;.#,53,:1! Y%&4-F'!;.FF&;5&$!-&>.F'>U-!c+4!$34U&,4&$!c&FF4! 5.!.75+3,!-&>.;'5&4!

>.,.F+'&%4!3,!5-&!$&43%&$!UF+5&!Y.%>+5!a4&&!7&F.cb)!Z,!U+%+FF&F1!+Y5&%!:%.c3,:!/37%3.!45%+3,4!+5!<]8S!3,!

`.7&FF! >&$3#>! Y.%! 0@-1! 7+;5&%3+! c&%&! c+4-&$! 3,! ((f! 7'! 5c.! 4#;;&443/&! ;&,5%3Y#:+53.,4! a0]>3,1!

0]]]:1!<]8Sb!+,$!$3F#5&$!3,!((f!+5!+!c.%P3,:!$3F#53.,!.Y!<)0]
\
!;Y#k>F!$&$#;&$!Y%.>!_BC]]!%&+$4)!&

*

!"#$"%*&'#$(4"//-/($*)-$.&.(/*())(5*

Z,!+!7F+;P!\C!c&FF4!UF+5&!c35-!5%+,4U+%&,5!YF+5!7.55.>1!<!q!0]
A
!-&>.;'5&4!c&%&!UF+5&$!U&%!c&FF)!2-&,1!

!"#$"%! 45%+3,4! ;+%%'3,:! -3:-! ;.U'! UR6KVQLH! c&%&! +$$&$& .,&! -.#%! +Y5&%! UF+53,:! -&>.;'5&41! +5! +!

>#F53UF3;35'! .Y! 3,Y&;53.,! .Y! A]j0)! K3,$3,:! .Y! 7+;5&%3+! 5.! -&>.;'5&4! c+4! 4',;-%.,3J&$! 7'! +! 7%3&Y!

;&,5%3Y#:+53.,!A>3,!+5!@]]:)!"Y5&%!0-!.Y!U-+:.;'5.4341!-&>.;'5&4!c&%&!;+%&Y#FF'!c+4-&$!5-%&&!53>&4!

c35-! ((f! 5.! %&>./&! +,'! %&>+3,3,:! &O5%+;&FF#F+%! 7+;5&%3+)! 2-&,! QLH! YF#.%&4;&,;&! c+4! >&+4#%&$!

&/&%'!?]!>3,!./&%!<]-!#43,:!+!2IS"9!UF+5&!%&+$&%!a@^],>kA<],>b)!f35-3,!+!43,:F&!&OU&%3>&,51!&+;-!

;.,$353.,!c+4!U&%Y.%>&$!3,!5%3UF3;+5&4!+,$!5-&!$&U3;5&$!%&4#F54!+%&!+/&%+:&!./&%!5-%&&!3,$&U&,$&,5!

&OU&%3>&,54)! (5+53453;+F! +,+F'434! c+4! U&%Y.%>&$! #43,:! <! c+'4! "9_*"! ./&%! 5-&! 3,$&U&,$&,5!

&OU&%3>&,54)!!

*

I5#+#+8&4&#5*())(5*

!!%



!

!

Z,!+!7F+;P!\C!c&FF4!UF+5&!c35-!5%+,4U+%&,5!YF+5!7.55.>1!<!q!0]
A
!-&>.;'5&4!c&%&!UF+5&$!U&%!c&FF)!"Y5&%!

:%.c3,:1!!"#$"%!45%+3,4!c&%&!3,;#7+5&$!3,!])<<!r>!Y3F5&%&$!.'45&%!UF+4>+!Y.%!0-!5.!+FF.c!.U4.,34+53.,)!!

_U.4.,3J&$! 7+;5&%3+! c&%&! c+4-&$! 3,! ((f! 5.! %&>./&! UF+4>+1! +,$! c&%&! +$$&$! 5.! -&>.;'5&4!

>.,.F+'&%4! 3,! ((f! ;.,5+3,3,:! 0]r:k>=! .Y! ('5.O! Q%&&,! aR.F&;#F+%! H%.7&4b! +5! +! >#F53UF3;35'! .Y!

3,Y&;53.,!.Y!A]j0)!K3,$3,:!.Y!7+;5&%3+!5.!-&>.;'5&4!c+4!4',;-%.,3J&$!7'!+!7%3&Y!;&,5%3Y#:+53.,!A>3,!

+5!@]]:)!K+;5&%3+F!$&,435'!+,$!('5.O!Q%&&,!YF#.%&4;&,;&!c&%&!$&5&%>3,&$!%&4U&;53/&F'!+5!_BC]]!+,$!

@^],>kAA],>! ./&%! 0@-! 7'! #43,:! +! 2IS"9!>3;%.UF+5&! %&+$&%)! L.%! ;.,5%.F1! c+4-&$! 7+;5&%3+! c&%&!

3,;#7+5&$!3,!('5.O!$3F#5&$!3,!((f)!i&>.;'5&4!c&%&!3,;#7+5&$!3,!('5.O!$3F#5&$!3,!((f!3,!U%&4&,;&!.%!

+74&,;&!.Y!2%35.,!sV0]]!a]10lb)!i&>.;'5&4!c&%&!3,;#7+5&$!c35-!Ar:k>=!.Y!;'5.;-+F+43,!B1!+,!+;53,!

U.F'>&%3J+53.,! 3,-3735.%! 5-+5! 3,-37354! U-+:.;'5.434)! 2-&! %&4#F54! +%&! %&U%&4&,5+53/&! .Y! 5-%&&!

3,$&U&,$&,5!&OU&%3>&,54)! 2-&!<! Y+;5.%4V"9_*"! 5&45!c+4!#4&$! 5.!&453>+5&!UV/+F#&4! Y.%! ;.>U+%3,:!

;'5.5.O3;35'!U-&,.5'U&)!!

!

J/-+$")4"'4"*%&4$+)4+15*

i&>.;'5&4!c&%&!UF+5&$!.,5.!:F+44!;./&%4F3U4!3,!+!<@Vc&FF!UF+5&!5.!.75+3,!>.,.F+'&%4!.Y!A!q!0]
A
)!"Y5&%!

+$-&%&,;&1!-&>.;'5&4!c&%&!&OU.4&$!5.!((f!c+4-&$!/37%3.4!;+%%'3,:!UR6KVQLH!+5!+!>#F53UF3;35'!.Y!

3,Y&;53.,!.Y!A]j0)!K3,$3,:!.Y!7+;5&%3+!5.!-&>.;'5&4!c+4!4',;-%.,3J&$!7'!+!7%3&Y!;&,5%3Y#:+53.,!A>3,!

+5!@]]:)!"Y5&%!0-1!?-!+,$!A-V3,;#7+53.,1!;#F5#%&!4#U&%,+5+,54!c&%&!Y3O&$!c35-!<l!U+%+Y.%>+F$&-'$&!

Y.%! 0A! >3,! +,$! ;'5.4U3,! A>3,! +5! 0]]]:! 5.! $&4U.435! +,'! 7+;5&%3+! +,$! -&>.;'5&4! U%&4&,5! 3,! 5-&!

4#U&%,+5+,54! .,5.! +!>3;%.4;.U&! 4F3$&)! 2-&! %&>+3,3,:! ;&FF4!>.,.F+'&%! 3,! 5-&! 7.55.>! .Y! 5-&!c&FF41!

c&%&! Y3O&$!c35-!<l!U+%+Y.%>+F$&-'$&! Y.%!0A!>3,1! +FF! 4+>UF&4!c&%&! 45+3,&$!c35-!0.25 μg/mL!B"HZ!

a(3:>+b!+,$!])A!r:k>=!H-+FF.3$3,!26Z2S!a(3:>+b)!LF#.%&4;&,;&!3>+:3,:!c+4!U&%Y.%>&$!#43,:!+!`&344!

"O3.3>+:&%! YF#.%&4;&,;&!>3;%.4;.U'!c35-!`&344!C?O!HF+,V"U.!0)@!.3F!.7g&;53Y! &N#3UU&$!c35-!+! `&344!

R6S!7F+;P!+,$!c-35&!;+>&%+!Y.%!3>+:&!+;N#34353.,)!

&

!"#$"%&#$(')4$&1#+%&4*('(/5)&)*K5*ALC)"B>**

=QH?<!c+4! :%.c,! +5! <]8S! 3,! `.7&FF!>&$3#>! Y.%! 0]-! +,$!c+4-&$! 5c3;&! 3,! ((f! 7'! ;&,5%3Y#:+53.,4!

a0]>3,1!0]]]:1!<]8Sb)!K+;5&%3+!c&%&!5-&,!$3F#5&$!3,!((f!+5!_BC]]!.Y!])A!a0)0]
\!
;Y#k>=!&N#3/+F&,5b)!!

i&>.F'>U-!c+4!;.FF&;5&$!Y%.>!5-&!+$$#;5.%!>#4;F&!.Y!.'45&%4!#43,:!+!<!>=!4'%3,:&!c35-!+!<?VQ!

,&&$F&)!L%&4-F'!;.FF&;5&$!-&>.F'>U-!c+4!$34U&,43,:!3,!+!CVc&FF!UF+5&!5.!.75+3,!>.,.F+'&%4!.Y!C!q!0]
C
!

-&>.;'5&4!U&%!c&FF)!_,&!-.#%!+Y5&%!UF+53,:1!/37%3.4!c&%&!+$$&$!+5!+!>#F53UF3;35'!.Y!3,Y&;53.,!.Y!0]]j01!

+,$!UF+5&4!c&%&! ;&,5%3Y#:&$!A>3,! +5! @]]:! Y.%! 73,$3,:! 4',;-%.,3J+53.,)! ! "Y5&%! 0-!.Y! ;.V3,;#7+53.,1!

c&FF4! c&%&! c+4-&$! &O5&,43/&F'! 5-%&&! 53>&4! c35-! ((f! 5.! %&>./&! &O5%+;&FF#F+%! 7+;5&%3+! +,$! 2%3J.F!

%&+:&,5! aZ,/35%.:&,b! c+4! U.#%&$! 3,5.! 5-&! c&FF4! Y.%! 5.5+F! 69"! &O5%+;53.,)! 2-&! &YY3;3&,;'! .Y! /37%3.4!

3,5&%,+F3J+53.,!3,!-&>.;'5&4!c+4!/&%3Y3&$!7'!>3;%.4;.U'!+,$!4-.c&$!5-+5!+7.#5!@]l!.Y!-&>.;'5&4!

!!&



!

!

3,5&%,+F3J&$!7+;5&%3+!+,$!A]!5.!D]!7+;5&%3+!c&%&!.74&%/&$!c35-!%+%&!7+;5&%3+!%&>+3,3,:!&O5%+;&FF#F+%)!!

"4! ;.,5%.F1! c+4-&$! 7+;5&%3+! c&%&! 3,;#7+5&$! 3,! ((f! Y.%! 0-! +,$! %&4#4U&,$&$! 3,! 2%3J.F! +Y5&%!

;&,5%3Y#:+53.,)!69"!Y%.>!5-%&&!3,$&U&,$&,5!&OU&%3>&,54!.Y!=QH?<!U-+:.;'5.434!7'!-&>.;'5&4!c&%&!

&O5%+;5&$!#43,:!2%3J.F!%&+:&,5!U%.5.;.F!a=3Y&!2&;-,.F.:3&4b)!69"!;.,;&,5%+53.,!c+4!>&+4#%&$!#43,:!+!

9+,.B%.U! 0]]]! (U&;5%.U-.5.>&5&%! a2-&%>.! L34-&%! (;3&,53Y3;! Z,;)b! +,$! N#+F35'! c+4! >.,35.%&$! 7'!

+:+%.4&! :&F! &F&;5%.U-.%&434! +,$! +! <0]]! K3.+,+F'J&%! a":3F&,5! 2&;-,.F.:3&4! Z,;)b)! B9"! 5%+;&4! 3,! 5-&!

4+>UF&4! c&%&! 5-&,! %&>./&$! #43,:! 7'! ">73.,! B9"Vfree™ Kit following the manufacturer 

3,45%#;53.,4)!"!K3.+,+F'J&%!+,+F'434! 4-.c&$! 5-+5!7+;5&%3+F!69"4! %&U%&4&,5&$!+UU%.O3>+5&F'!0]l!.Y!

5-&! 5.5+F! 69"! 3,! 5-&! 3,5%+-&>.;'5&! 4+>UF&4)! S.,5%.F! 4+>UF&4!c&%&! U%&U+%&$! 7'!>3O3,:! 5.5+F! 69"!

&O5%+;5&$!Y%.>!Y%&&VF3/3,:!!5&)/1,+6"64)!c35-!-5&.".()!-&>.;'5&!69"!c35-!+!%+53.!0j\)!!

2.!5%'!5.!&,%3;-!5-&!4+>UF&4!3,!7+;5&%3+F!69"41!c&!#4&!4#;;&443/&F'!5-&!RZS6_KB+$"30™ Kit (Ambion) 

+,$!7&;+#4&!5-34!P35!34!7+4&$!.,!.F3:.,#;F&.53$&4!5-+5!+%&!$&43:,&$!5.!;+U5#%&!%69"4!Y%.>!>+>>+F!

species, which are not efficient with invertebrate rRNAs, we did a further depletion step using a 5’V

U-.4U-+5&V$&U&,$&,5! &O.,#;F&+4&! a2&%>3,+5.%1! IU3;&,5%&b1! 5-+5! $&:%+$&4! U%.;&44&$! 5%+,4;%3U541!

Y.FF.c3,:! 3,45%#;53.,4! Y%.>! 5-&! >+,#Y+;5#%&%)! K+;5&%3+F! %69"4! c&%&! 5-&,! %&>./&$! #43,:! 5-&!

RZS6_KBH/$,))™Kit a">73.,b! Y.FF.c3,:! 5-&! >+,#Y+;5#%&%! 3,45%#;53.,4)! L.%! ;B9"! 4&N#&,;3,:1! +!

$3%&;53.,+F!;B9"! F37%+%'!c+4!;.,45%#;5&$!+,$!4&N#&,;&$!.,!+,! 3FF#>3,+!i34&N!0]]]1! 3,!U+3%&$V&,$4!

%&+$4!.Y!<O0]]7U)!?!4+>UF&4!c&%&!>#F53UF&O&$!U&%!F+,&!+FF.c3,:!5-&!.75&,53.,!.Y!t!C]!O!0]
C
!%&+$4!U&%!

4+>UF&)!!

!

?"B-"'4&'3*0(#(*('(/5)&)>**

2%+,4;%3U5.>3;! -3:-! 5-%.#:-U#5! 4&N#&,;3,:! $+5+! c&%&! +,+F'J&$! #43,:! +! 73.3,Y.%>+53;! U3U&F3,&!

3>UF&>&,5&$! 3,!5-&!R3;%.4;.U&!UF+5Y.%>!a*+FF&,&5!&5!+F)1!<]0?b. The current pipeline is a “Master” 

4-&FF!4;%3U5!5-+5!F+#,;-&4!5-&!/+%3.#4!U+%54!.Y!5-&!+,+F'434!a3)&)!+!;.FF&;53.,!.Y!(-&FFkH&%Fk6!4;%3U54b!+,$!

;.,5%.F4!Y.%!+FF!5+4P4!-+/3,:!7&&,!;.>UF&5&$!c35-.#5!&%%.%4)!Z,!+!Y3%45!45&U1!5-&!69"V(&N!$+5+!N#+F35'!

c+4!+44&44&$!7'!3,;F#$3,:!.U53.,!F3P&!%&+$4!5%3>>3,:!.%!>&%:3,:k4UF35!U+3%&$V&,$!%&+$4)!Z,!+!4&;.,$!

45&U1! %&+$4!c&%&!>+UU&$! .,5.! 5-&!!5& '()*(+",+)")! =QH?<! :&,.>&! a:&,.>&! ZBj! 0?\\A1! +44&>7F'!

QS"m]]]]\0@CA)0!! 9SKZb! #43,:! 5-&! (("i"<! U+;P+:&! a93,:! &5! +F)1! <]]0b! 5-+5! ;.>73,&4! 5-&! (("i"!

4&+%;-3,:! +F:.%35->! a4&N#&,;&! 3,Y.%>+53.,! 34! &,;.$&$! 3,! +! U&%Y&;5! -+4-! Y#,;53.,b! +3>3,:! +5!

3$&,53Y'3,:!%&:3.,4!.Y!-3:-!43>3F+%35'1!+,$!5-&!;%.44V>+5;-!4&N#&,;&!+F3:,>&,5!U%.:%+>!aIc3,:!&5!+F)1!

0\\^b1! c-3;-! +F3:,4! 5-&4&! %&:3.,4! #43,:! +! 7+,$&$! (>35-Vf+5&%>+,VQ.5.-! +F:.%35->! a(>35-! +,$!

f+5&%>+,1!0\^0b)!",!+F3:,>&,5! 4;.%&!&N#+F! 5.!+5! F&+45!-+FY!.Y! 5-&! %&+$! 34! %&N#3%&$! Y.%!+!-35! 5.!7&!

%&5+3,&$)!2.!F.c&%!Y+F4&!U.4353/&4!$34;./&%'!%+5&1!5-&!("R5..F4!a/)])0)^b!a=3!&5!+F)1!<]]\b!+%&!5-&,!#4&$!

5.! &O5%+;5! %&F3+7F&! +F3:,>&,54! Y%.>! ("R! Y.%>+55&$! Y3F&4)! 2-&! ,#>7&%! .Y! %&+$4! >+5;-3,:! &+;-!
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;#F5#%&!4#U&%,+5+,5)!9#;F&3!c&%&!45+3,&$!c35-!B"HZ!+,$!>&>7%+,&4!c35-!fQ"V26ZS)!(;+F&!7+%j!Ar>)!

I>*I5#+#+8&4&#5*+,*9:;<=*&)*0"1"'0"'#*+'*2"%+45#"*&'.()&+'>*i&>.;'5&!>.,.F+'&%4!c&%&!3,;#7+5&$!

c35-!=QH?<!a$3+>.,$4b!.%!=RQ<]!]0<2!a5%3+,:F&4b!+5!+!R_Z!.Y!A]j0)!2-&3%!;'5.5.O3;35'!5.!-&>.;'5&4!

c+4!>.,35.%&$!7'!5-&!('5.O!:%&&,!+44+')!2.!$&5&%>3,&!c-&5-&%!-&>.;'5&4!3,/+43.,!34!%&N#3%&$!Y.%!

F'4341! 5-&! 4+>&! &OU&%3>&,54! c&%&! U&%Y.%>&$! 3,! 5-&! U%&4&,;&! a7F+;P! 4'>7.F4b! +,$! +74&,;&! a:%&'!

4'>7.F4b! .Y! ;'5.;-+F+43,!B)! 2-&!U&%;&,5+:&!.Y! -&>.;'5&! F'434!c+4!.75+3,&$!7'! ;.>U+%34.,!c35-! +!

5%35.,! s0]]V3,;#$&$! F'434! a0]]l! F'4&$! -&>.;'5&4b)! *+F#&4! +%&! U%&4&,5&$! ekV! (IR)!
XXX
Un])]]0! a5c.!

c+'4!"9_*"b)!

!

J&3-$"*=6*D(\+$*,-'4#&+')*&'0-4"0*&'#$(4"//-/($/5*

B3YY&%&,53+FF'! &OU%&44&$! :&,&4! aF.:<%+53.! x<! .%! nV<b! c&%&! ;F+443Y3&$! 3,5.! Y#,;53.,+F! ;+5&:.%3&4! a4&&!

2+7F&! (0b)! L.%! &+;-! ;+5&:.%'1! 5-&! ,#>7&%! .Y! :&,&4!c35-! 3,;%&+4&$! &OU%&443.,! 3,! 5-&! -&>.;'5&4! 34!

4-.c,!3,!7F+;P1!+,$!5-&!,#>7&%!.Y!:&,&4!c35-!$&;%&+4&$!&OU%&443.,!34!4-.c,!3,!c-35&)!

!

J&3-$"*<6*M&%"E4+-$)"*+,*9:;<=*('#&+850('#*('0*4+11"$E",,/-8*3"'"*"81$"))&+'*%+'&#+$"0*K5*B;IA>*

!"#$"%!:&,&!&OU%&443.,!c+4!+,+F'J&$!3,!5-%&&!73.F.:3;+F!%&UF3;+5&4)!S.,$353.,4!3,;F#$&$j!!"#$"%!3,!((f!

a;.,5%.Fb1!!"#$"%!3,!.'45&%!UF+4>+!a.4U4.,34+53.,b!+,$!3,5%+;&FF#F+%!!"#$"%!3,!.'45&%!-&>.;'5&4)!2-%&&!

53>&4!c&%&! 5&45&$! a?]>3,1!0-1!<-b)!6&F+53/&!&OU%&443.,!c+4!;+F;#F+5&$!7'!,.%>+F3J+53.,!c35-! 5-%&&!

;.,4535#53/&F'! &OU%&44&$! :&,&4! a*(m<\0?b1! ;;>S! a*(m]^A<b! +,$! RQ(! a*(mZZ0]AAb)! 6&4#F54! c&%&!

45+,$+%$3J&$!c35-! 5-&! ;.,5%.F! ;.,$353.,! a!"#$"%! 3,! ((fb)!B+5+! +%&! 5-&!>&+,!.Y! :&,&! &OU%&443.,! 3,!

three independent experiments + /− SEM.!

!'*



!

!

!

J&3-$"* O6* D-#('#)* &%1(&$"0* &'* 4+11"$* ",,/-8* ('0* ('#&+8&0('#)* ($"* (##"'-(#"0* &'* &'#$(4"//-/($*

)-$.&.(/*('0*45#+#+8&4&#5>*Z,!5-%&&!3,$&U&,$&,5!&OU&%3>&,541!-&>.;'5&!>.,.F+'&%4!c&%&!3,;#7+5&$!

+5!+!R_Z!.Y!A]j0!c35-! =QH?<! a$3+>.,$4b1! 354!D)%6;1!D3%/;! .%D34);A! 34.:&,3;!>#5+,54! a7.O&4b1!.%!

=RQ<]!]0<2!a5%3+,:F&4b!#4&$!+4!+!,&:+53/&!;.,5%.F)!!

C>* Z,5%+;&FF#F+%! :%.c5-! c+4! >.,35.%&$! 7'! 5-&! YF#.%&4;&,;&! .Y! 5-&! QLHV&OU%&443,:! 7+;5&%3+)
!

XXX
Un])]]0h!

XX
Un])]]0!a5c.!c+'4!"9_*"b)!

F>!S'5.5.O3;35'!5.!-&>.;'5&4!c+4!>.,35.%&$!7'!5-&!('5.O!:%&&,!+44+')!2-&!U&%;&,5+:&!.Y!-&>.;'5&!

F'434!c+4!.75+3,&$!7'!;.>U+%34.,!c35-!+! 5%35.,!s0]]V3,;#$&$! F'434! a0]]l! F'4&$!-&>.;'5&4b)!*+F#&4!

+%&!U%&4&,5&$!ekV!(IR)!
XXX
Un])]]0!h!

XX
Un])]]0!a5c.!c+'4!"9_*"b)!

I>*6&45.%+53.,!.Y!=QH?<!;'5.5.O3;35'!#U.,!3%/;!+,$!34);A!;.>UF&>&,5+53.,)!i&>.;'5&!>.,.F+'&%4!

c&%&! 3,;#7+5&$! +5! +! R_Z! .Y! A]j0! c35-! =QH?<! a$3+>.,$4b1! 354! D)%6;1! D3%/;! .%! D34);A! 34.:&,3;!

>#5+,54! a7.O&4b1!.%! 5-&!>#5+,54! ;+%%'3,:!+!UF+4>3$!&OU%&443,:! 5-&!$&F&5&!:&,&!+5! F.c! a;%.44&4b!.%!

-3:-! ;.U'! a$+%P! :%&'! 4'>7.F4b)! 2-&! =RQ<]! ]0<2! 45%+3,! a5%3+,:F&4b!c+4! #4&$! +4! +! ,&:+53/&! ;.,5%.F)!

S'5.5.O3;35'!5.!-&>.;'5&4!c+4!>.,35.%&$!7'!5-&!('5.O!:%&&,!+44+')!*

* *

J&3-$"*P6*9:;<=*4+11"$E",,/-8*0"/"#&+'*%-#('#)*($"*(##"'-(#"0*&'*+5)#"$*"81"$&%"'#(/* &',"4#&+')>**

o+UF+,VR&3&%! 4#%/3/+F! ;#%/&4!c&%&! :&,&%+5&$! Y%.>! g#/&,3F&! .'45&%! &OU&%3>&,5+F! 3,Y&;53.,4)! _'45&%!

c&%&! 3,g&;5&$!c35-! @! O! 0]
D!
;Y#! U&%! +,3>+F! .Y! 5-&!c3F$V5'U&! =QH?<! a4N#+%&b! .%! 5-&! 34.:&,3;!∆)%6;9&

∆copA or ∆cusAB a5%3+,:F&b! 34.:&,3;! >#5+,54)! ",! 3,g&;53.,! .Y! 45&%3F&! 4&+c+5&%! a((fb! c+4! #4&$! +4!

;.,5%.F! a;3%;F&b)! Q%.#U4! .Y! @A! .'45&%4! a0A! U&%! 4&+c+5&%! 5+,Pb! c&%&! >.,35.%&$! Y.%! D! $+'4! +Y5&%!

3,Y&;53.,)!B+5+!+%&!%&U%&4&,5+53/&!.Y!5-%&&!3,$&U&,$&,5!&OU&%3>&,54)!XX!Un])]]A!h!XUn])]A!a=.:!%+,P!

5&45b)!

!

C4V'+H/"03"%"'#)*

f&! +%&! :%+5&Y#F! 5.! (5MU-+,&! S%#/&3FF&%! +,$! SF+#$3,&!RM$3:#&! Y.%! 5-&! 69"4&N! +,+F'4&4)! f&! +F4.!

5-+,P!R+%;! =&%.'! Y.%! 5&;-,3;+F! +44345+,;&)!f&! 5-+,P!B%! E#F3&,! $&! =.%:&%3F! +,$! H-3FF3U&! SF+3%! +5! 5-&!

[,3/&%435'! .Y! R.,5U&FF3&%! Y.%! NHS6! +,+F'4&4)! f&! +%&! 3,$&75&$! 5.! 5-&! R.,5U&FF3&%! 6Z_! Z>+:3,:!

UF+5Y.%>!.Y![,3/&%435'!.Y!R.,5U&FF3&%!<)!2-34!c.%P!%&;&3/&$!Y3,+,;3+F!4#UU.%5!Y%.>!5-&!"96!a*37%3.:&,!

U%.g&;51!KF+,;!(*(ID!<]00b)!"#$%&'!*+,-./&!c+4!4#UU.%5&$!7'!+! Y&FF.c4-3U! Y%.>!5-&![,3/&%435'!.Y!

R.,5U&FF3&%!0!+,$!ZY%&>&%)!

!

!'#



!

!

F&K/&+3$(125*

!

"7$1! i)1! f&3,5%+#71! ")1! +,$! (+,$45%.>1! Q)! a<]]Ab! Z,5%+;&FF#F+%! 4#%/3/+F! +,$! %&UF3;+53.,! .Y! !"#$"%&

30%1,$(,&_0?\!3,!+N#+53;!Y%&&VF3/3,:!+>.&7+&)!B+7"$%+&D"3$%#"%1!Yj!0]]?V0]]^)!

"7$1!i)1!(+&&$1!")1!f&3,5%+#71!")1!9+3%1!Q)K)1!+,$!(+,$45%.>1!Q)!a<]]Db!!"#$"%&30%1,$(,&_0!45%+3,4!+%&!

Y+;#F5+53/&! 3,5%+;&FF#F+%! 7+;5&%3+1! +7F&! 5.! 4#%/3/&!+,$!>#F53UF'! 4'>73.53;+FF'! 3,43$&! 5-&!+N#+53;! Y%&&V

F3/3,:!+>.&7+&;3(+'0(*%,#(&3()',11(+"")!EBD>&D"3$%#"%1&B3%1!UQj!??V?\)!

"7$1!i)1!*+F&%#1!()H)1!(+>31!()R)1!(+&&$1!")1!6+';-+#$-#%31!()1!+,$!(+,$45%.>1!Q)! a<]0]b! Z,5&%+;53.,!

7&5c&&,!!"#$"%&*"*"34)!+,$!;3(+'0(*%,#(&3()',11(+"")!B+7"$%+&D"3$%#"%1&F,/!=j!0CCV0D0)!

",$&%41!()1!+,$!i#7&%1!f)!a<]0]b!B3YY&%&,53+F!&OU%&443.,!+,+F'434!Y.%!4&N#&,;&!;.#,5!$+5+)!I,+%*,&

A"%1!NNj!60]C)!

K+&P1!f)o)1!=&&1!i)()1!_-1!R)i)1!o.-1!R)E)1!o3>1!o)()1!+,$!S-.31!()i)!a<]]\b!Z$&,53Y3;+53.,!.Y!5-&!!"#$"%&

741+"@"34)!(0/-1&:&,&!+,$! 354! 3,YF#&,;&!.,!4#%/3/+F!#,$&%!.O3$+53/&!45%&44!+,$!/3%#F&,;&)! J&D"3$%#"%1!

OYj!C<@VC?<)!

K+,3,1!I)1!*+443F+P.41!B)1!_%%1!I)1!R+%53,&J1!6)E)1!+,$!6.4&,7&%:1!I)! a<]]?b!(#U&%.O3$&!$34>#5+4&! 34!+!

/3%#F&,;&!Y+;5.%!U%.$#;&$!7'!5-&!;.%+F!7F&+;-3,:!U+5-.:&,!!"#$"%&)0"1%")!-4$$&D"3$%#"%1!OUj!@0^V@<<)!

K.#F+341! E)1! 2%.451! R)1! =+,$%'1! S)6)1! B3&;P>+,,1! 6)1! =&/'1! I)B)1! (.F$+531! 2)! &5! +F)! a<]0]b! R.F&;#F+%!

;-+%+;5&%3J+53.,!.Y!5-&!&/.F#53.,!.Y!U-+:.4.>&4)!D%1&>2)'&A"%1!Uj!@<?)!

S+%F4.,1!R)1! H+:&41! i)1! "7.'.#,1! H)1! L+F;.,1! ()1! R.%:+,1!R)1! (+%P+%1! B)1! +,$! =+c%&,;&1!R)! a<]00b!

Q&,.>3;L&+5#%&4j!5..F4!Y.%!>+P3,:!+,$!>+,3U#F+53,:!5%+,4;%3U5!;&,5%3;!+,,.5+53.,4)! Z,)!R+3,5+3,&%1!

K)H)!a&$b)!

S-+5#%/&$31! o)()1! +,$! i&,$&%4.,1! E)H)! a<]0@b! H+5-.:&,3;! +$+U5+53.,4! 5.! -.45V$&%3/&$! +,537+;5&%3+F!

;.UU&%)!E$%+'&-,11&K+@,3'&D"3$%#"%1!Oj!?)!

S-&,1! s)1! o.$+>+1! 2)1! Z3$+1! 2)1! +,$! i.,$+1! 2)! a<]]Db! B&>.,45%+53.,! +,$! ;-+%+;5&%3J+53.,! .Y!

>+,:+,&4&!4#U&%.O3$&!$34>#5+4&!.Y!=$%7"6,+3"(&(13(1"@(3",+))!D"3$%#"%1&K**4+%1!PNj!\A0V\C0)!

S-#,:1! S)i)1!R+1! 2)v)1! L&,1! ()v)1! +,$!f.,:1! i)S)! a<]0@b! ";53/35'! .Y! "FP'F! i'$%.U&%.O3$&! 6&$#;5+4&!

(#7#,35!S0!+,$!S<!.Y!!"#$"%&/($(0(,*%12'"34)!+:+3,45!B3YY&%&,5!H&%.O3$&4)!;//1&B+7"$%+&D"3$%#"%1)!

B+/3&41!K)f)1!K.:+%$1!6)f)1!B#U&41!9)R)1!Q&%45&,Y&F$1!2)")1!(3>>.,41!=)")1!+,$!R&P+F+,.41!E)E)!a<]00b!

B9"!$+>+:&!+,$!%&+;53/&!,35%.:&,!4U&;3&4!+%&!7+%%3&%4!5.!!"#$"%&30%1,$(,!;.F.,3J+53.,!.Y!5-&!3,Y+,5!

>.#4&!3,5&453,&)!=<%>&=('0%.!Yj!&0]]0<\A)!

$&!(.#J+!(+,5.41!R)1!+,$!_%5-1!o)! a<]0@b! Z,5%+;&FF#F+%!!"#$"%&/($(0(,*%12'"34)!I4;+U&4!5-&!*+;#.F&!

+,$!I45+7F34-&4!+!6&UF3;+53/&!93;-&!3,!5-&!S'5.4.F!.Y!IU35-&F3+F!S&FF4)!DA"%!P)!

B#U&%5-#'1!R)1!K3,&44&1!E)1!=&!6.#O1!L)1!6.>&45+,$1!K)1!S+%.1!")1!Q.51!H)!&5!+F)!a<]0]b!2-&!>+g.%!.#5&%!

>&>7%+,&!U%.5&3,!_>U[!.Y!!"#$"%& )/1,+6"64)! ;.,5%37#5&4! 5.!-.45!+,53>3;%.73+F!U&U53$&! %&4345+,;&!

+,$!34!%&N#3%&$!Y.%!/3%#F&,;&!3,!5-&!.'45&%!-$())%)'$,(&.".())!B+7"$%+&D"3$%#"%1!N=j!\A0V\C?)!

B#U&%5-#'1!R)1! (;->3551!H)1!Q+%J.,1!I)1!S+%.1!")1!6.4+1!6)B)1! =&!6.#O1!L)!&5!+F)! a<]00b![4&!.Y!_>U[!

U.%3,4!Y.%!+55+;->&,5!+,$!3,/+43.,!.Y!-$())%)'$,(&.".()!3>>#,&!;&FF4!7'!5-&!.'45&%!U+5-.:&,!!"#$"%&

)/1,+6"64))!=$%3&L('1&;3(6&>3"&M&>&;!NQZj!<\\?V<\\^)!

!'$



!

!

I4U+%3J1!R)1!S-&;+1!()o)1!"#$&%.1!R)I)1!H.,5&F1!=)K)1!+,$!(.,;3,31!L)S)!a<]]Db!B344&;53,:!5-&!>(1*%+,11(!

%&4U.,4&!5.!;.UU&%)!D"3$%#"%1%.2!NP<j!<\^\V<\\D)!

Ic3,:1!K)1!i3FF3&%1!=)1!f&,$F1!R)S)1!+,$!Q%&&,1!H)! a0\\^b!K+4&V;+FF3,:!.Y!+#5.>+5&$!4&N#&,;&%!5%+;&4!

#43,:!U-%&$)!Z)!";;#%+;'!+44&44>&,5)!I,+%*,&F,)!Zj!0DAV0^A)!

LF+,,+:+,1! 6)()1! S.43.1! Q)1! +,$! Q%3,45&3,1! ()! a<]]\b! ",53>3;%.73+F! >&;-+,34>4! .Y! U-+:.;'5&4! +,$!

7+;5&%3+F!&/+43.,!45%+5&:3&4)!L('&F,7&D"3$%#"%1!Yj!?AAV?CC)!

Q&%>+,1!9)1!B.'4;-&%1!B)1!+,$!6&,43,:1!S)! a<]0?b!K+;5&%3+F! P3FF3,:! 3,!>+;%.U-+:&4!+,$!+>.&7+j!$.!

5-&'!+FF!#4&!+!7%+44!$+::&%y!E4'4$,&D"3$%#"%1!Zj!0<ADV0<C@)!

i&%,+,$&JVR.,5&41! Q)1! "%:#&FF.1! E)R)1! +,$! *+F$&%%+>+1! K)! a<]0<b! I/.F#53.,! +,$! $3/&%435'! .Y!

U&%3UF+4>3;! U%.5&3,4! 3,/.F/&$! 3,! ;.UU&%! -.>&.45+434! 3,! :+>>+!U%.5&.7+;5&%3+)!AD-&D"3$%#"%1!N=j!

<@\)!

i.$:P3,4.,1! *)1! +,$! H&5%341!R)E)! a<]0<b! S.UU&%! -.>&.45+434! +5! 5-&! -.45VU+5-.:&,! 3,5&%Y+;&)! J& A"%1&

-0,*!=ZYj!0?A@\V0?AAA)!

i..$1! R)Z)1! +,$! (P++%1! I)H)! a<]0<b! 9#5%353.,+F! 3>>#,35'j! 5%+,4353.,! >&5+F4! +5! 5-&! U+5-.:&,V-.45!

3,5&%Y+;&)!L('&F,7&D"3$%#"%1!NQj!A<AVA?D)!

o+,:1! Z)i)1!o3>1!E)()1!+,$!=&&1!E)o)! a<]]Db!2-&!/3%#F&,;&!.Y!!"#$"%&741+"@"34)! 34!+YY&;5&$!7'!5-&!;&FF#F+%!

F&/&F!.Y!4#U&%.O3$&!$34>#5+4&!+;53/35')!J&D"3$%#"%1&A"%',30+%1!NYj!0?\\V0@]<)!

o3>1!E)()1!(#,:1!R)i)1!o-.1!B)i)1!+,$!=&&1!E)o)!a<]]Ab!Z,$#;53.,!.Y!>+,:+,&4&V;.,5+3,3,:!4#U&%.O3$&!

$34>#5+4&!34!%&N#3%&$!Y.%!+;3$!5.F&%+,;&!3,!!"#$"%&741+"@"34))!J&A(3',$"%1!NZYj!A\^@VA\\A)!

o#>+%1!v)1!+,$!*+F$3/3+1!6)i)!a<]]\b!=&+$3,:!+!4-&F5&%&$!F3Y&j!3,5%+;&FF#F+%!U+5-.:&,4!+,$!>+3,5&,+,;&!

.Y!/+;#.F+%!;.>U+%5>&,54)!-,11&N%)'&D"3$%#,!Pj!A\?VC]0)!

=&! 6.#O1! L)1! B+/341! K)R)1! +,$! f+F$.%1! R)o)! a<]00b! S.,4&%/&$! 4>+FF! 69"4! :./&%,! %&UF3;+53.,! +,$!

3,;.>U+5373F35'! .Y! +! $3/&%4&! ,&c!UF+4>3$! Y+>3F'! Y%.>!>+%3,&!7+;5&%3+)!L431,"3&;3"6)& F,)!<Tj! 0]]@V

0]0?)!

=&!6.#O1!L)1!K3,&44&1!E)1!(+#F,3&%1!B)1!+,$!R+J&F1!B)!a<]]Db!S.,45%#;53.,!.Y!+!!"#$"%&)/1,+6"64)!>#5+,5!

F+;P3,:! 5-&! >&5+FF.U%.5&+4&! :&,&! /4>! 7'! #4&! .Y! +! ,./&F! ;.#,5&%4&F&;5+7F&! 4#3;3$&! /&;5.%)! ;//1&

B+7"$%+&D"3$%#"%1!Y<j!DDDVD^@)!

=&1! 2)2)1!R+c+5+%31! o)1!R+&5+,31!R)1! v+>+>.5.1! 2)1! i+'+4-3$+1! ()1! Z7+1!i)! &5! +F)! a<]0<b! *H<00^! -+4!

>+g.%! %.F&4! 3,! !"#$"%& /($(0(,*%12'"34)! %&4U.,4&! 5.! .O3$+53/&! 45%&44)! A"%30"*& A"%/02)& ;3'(! NZ=Qj!
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7RO!!'F=A@+!!!!!!!!!!"28$66"'2'98610&/7111'29?945'&?/?/14/769661''//302&/7/'F0$42!<=!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!CCD!!!!!B!BCB!!!CBCCBC!!!!!C!D!BB!CBDBBBB!BBBBBBBCBB!

!

!

OPQF!'$()+)<!!!!!!!!!'&2:&63142:$89'4'/$'$7&7./$.61E.&7$&---6597543/"'9&:79?57??/!+=<!

OPQF!'')(=;=+!!!!!!!!9&21&.3442:$89'4'3$'$7&7./7.61E.&$$&---7596563/"'9&:79?57??/!+=<!

OPQF!'01+<,@!!!!!!!!!9&21&.3442:689'4'3$'$7&7./7.61E.&$$4---75965:33"29&:79?57??/!+=<!

7RO!!'$(=;*@!!!!!!!!!51/&?824&/:169'4'59'$5&$:/$.?1E8?7151&9959:'630251&'6.45F613!++G!

7RO!!'0=;,=!!!!!!!!!!51/&?821&/:169'4'59'$5&$:/$.?1E8?7154&9959:'6302'1&'6.45F613!++G!

7RO!!'F=A@+!!!!!!!!!!51/&?834&/2169'4'59'$5&$:/$.?1E8?71'4?9959:'6302'1&'6.45F613!+)=!

!!!!!!!!!!!!!!!!!!!!!!!C!CC!!CC!!CBBBB!DBB!BCCBCBCBBCCCC!!!!!BB!CCB!CCDB!D!CB!C!C!

!

!

OPQF!'$()+)<!!!!!!!!!?'"849:921&817/25&049'5:1"457149598&14&2286'611:3'11?094'F01!+<<!

OPQF!'')(=;=+!!!!!!!!9'"809:921&817/'5&0:9'5:1'457149598&14&22865611:3'11.094'F01!+<<!

OPQF!'01+<,@!!!!!!!!!9'"849:921&817/25&04975:1"457149598&14&2286'611:3'11.094'F01!+<<!

7RO!!'$(=;*@!!!!!!!!!&'4.0419'1/89$/25&1&92'8.:''?&20298?5&4"28"'&12?/.46?-94'F01!+A@!

7RO!!'0=;,=!!!!!!!!!!&'4.0419'1/89$/25&449''8.:''?&20298?5&4"28"'&12?/.:6.-94'F01!+A@!

7RO!!'F=A@+!!!!!!!!!!&'4.0419'1/89$/25&449"'8.:''?&20298?5&4"28"'&12?/.:7.-94'F01!+A*!

!!!!!!!!!!!!!!!!!!!!!DB!C!!!BCB!BDCBCBB!CB!CC!!!CD!!!CBBC!CCCBB!CDB!CC!!!C!BBBBBB!

!

! ! ! ! ! !!!!!!!!5H>#IJIK!

OPQF!'$()+)<!!!!!!!!!6E649447210$2&2'965-----------!+,;!

OPQF!'')(=;=+!!!!!!!!6E6494:7210$2&2'965-----------!+,;!,;D*;M!

OPQF!'01+<,@!!!!!!!!!6E649447210$2&2'965-----------!+,;!,,D++M!

7RO!!'$(=;*@!!!!!!!!!:E4496$9"&1$0:9'11/2$4.1&&2$6-!)=)!

7RO!!'0=;,=!!!!!!!!!!:E449619"&1$069'11/2$4.11&2966!)=@!*@D;<M!

7RO!!'F=A@+!!!!!!!!!!:E419619"41$069'11/2$:3$1&26--!)=A!,,D<+M!

!!!!!!!!!!!!!!!!!!!!!CBC!BC!!C!DB!D!BD!C!!!!!!!!!!!!

!
!

!

! !

!(%



!"#$%&'()&*+,,%-%./+"$&%01-%22+3.&3,&45678&/-".29-+1/2&,-3:&;<=2%>&-%"?2&?"/")&&

&

4"#%$& <":%& 6-3?@9/& 6"/AB"C2D,@.9/+3.2&
$3E8&,3$?&

9A".E%&

=?F@2/%?&

1GH"$@%&IJ*;K&

6-3/%+.&2C./A%2+2&
L'MNNNO& G& -+#323:"$&1-3/%+.&'(8& 6-3/%+.&2C./A%2+2& O)P& 8)QRSG8Q&

!"#$$$%& '& ()*+,+-./&01+23)4&"5& 61+23)4&,74283,),& 595:& %9;<='>%&

!"#$$?>& '& 1)*+,+-./&01+23)4&@:<& 61+23)4&,74283,),& 59?%& A9>>='>5&

!"#$$??& '& 1)*+,+-./&01+23)4&"B& 61+23)4&,74283,),& 59?%& >9%%='>5&

!"#$:>B& '& 5$"&1)*+,+-./&01+23)4&@>;& 61+23)4&,74283,),& 59?5& >9:>='>?&

!"#$:BB& '& ()*+,+-./&01+23)4&@?$& 61+23)4&,74283,),& 59><& A9:;='>A&

!"#$:<?& '& ()*+,+-./&01+23)4&"?& 61+23)4&,74283,),& 59>?& >9?$='>A&

!"#$:<A& '& (CD&-3287/21.4,E31.,3& 61+23)4&,74283,),& 59:%& A9:%='$A&

!"#$><$& '& ()*+,+-./&01+23)4&@A& 61+23)4&,74283,),& 59::& >9AA='>A&

!"#$><:& '& =/+4F.2)+4&E.G2+1&H,& 61+23)4&,74283,),& 59$%& :9$A='>:&

!"#$><>& '& 1)*+,+-./&01+23)4&@%& 61+23)4&,74283,),& 59$A& A9:B='>?&

!"#$?%:& '& ()*+,+-./&01+23)4&@:$& 61+23)4&,74283,),& 59$A& :9>A='>:&

!"#$?%>& '& 1)*+,+-./&01+23)4&":B& 61+23)4&,74283,),& 59$>& >9$A='>>&

!"#$?B$& '& 5$"&1)*+,+-./&01+23)4&@:%& 61+23)4&,74283,),& 59$>& :9:;='>?&

!"#$A>;& '& ()*+,+-./&01+23)4&":<& 61+23)4&,74283,),& 59$:& :9$%=':<&

!"#$A?$& '& ()*+,+-./&01+23)4&@>?& 61+23)4&,74283,),& 5& A9B;='>A&

!"#$AA$& '& 1)*+,+-./&01+23)4&@?A& 61+23)4&,74283,),& A9;5& <9>A='::&

!"#$5:B& 10-I& 5$"&1)*+,+-./&01+23)4&@?5& 61+23)4&,74283,),& A9;5& B9<$=':%&

!"#$5??& '& 1)*+,+-./&01+23)4&@>5& 61+23)4&,74283,),& A9;5& ?9%5='>$&

!"#$5?%& '& ()*+,+-./&01+23)4&@>& 61+23)4&,74283,),& A9;:& ;9A:='>A&

!"#$5%$& '& 1)*+,+-./&01+23)4&@:& 61+23)4&,74283,),& A9;:& :9:$='>:&

!"#$5;<& '& ()*+,+-./&01+23)4&@>>& 61+23)4&,74283,),& A9;& >9?5='>?&

!"#$%:%& '& 2(CD&JFK.4)43'C:L'-3287/21.4,E31.,3& 61+23)4&,74283,),& A9<;& ?9>5='>>&

!"#$%A>& '& 5$"&1)*+,+-./&01+23)4&@?& 61+23)4&,74283,),& A9<<& >9<>='>?&

!"#$%;:& 10/H& 5$"&1)*+,+-./&,K*K4)2&01+23)4&@>$& 61+23)4&,74283,),& A9<B& A9<B='>$&

!"#$B:<& '& 1)*+,+-./&01+23)4&@:B& 61+23)4&,74283,),& A9<:& >95%='>:&

!"#$B>A& '& 1)*+,+-./&01+23)4&"<& 61+23)4&,74283,),& A9B%& %95<='>$&

!"#$B5:& '& ?$"&1)*+,+-./&01+23)4&":$& 61+23)4&,74283,),& A9B5& ?9??='>:&

!"#$B5>& '& ()*+,+-./&01+23)4&@:5& 61+23)4&,74283,),& A9B& ;9B?='>:&

!"#$B5?& '& ()*+,+-./&01+23)4&":;& 61+23)4&,74283,),& A9%B& >9;>='>:&

!"#$B%;& '& 1)*+,+-./&01+23)4&"%& 61+23)4&,74283,),& A9%5& B9$>=':<&

!"#$<%;& '& 1)*+,+-./&01+23)4&@5& 61+23)4&,74283,),& A9%?& 59$%=':;&

!"#$;><& '& 1)*+,+-./&01+23)4&":A& 61+23)4&,74283,),& A95B& %9<?=':;&

!"#$;%B& '& 1)*+,+-./&01+23)4&@::& 61+23)4&,74283,),& A95%& %9;>=':;&

!"#:$$;& '& ()*+,+-./&01+23)4&":%& 61+23)4&,74283,),& A95?& :9A$=':<&

!"#:$:%& '& M/7G7/'2(CD&,742832.,3&*32.&G8.)4& D-)4+.G7/'2(CD&*)+,74283,),& A9A>& %9%A=':?&

!"#:$>$& '& 1)*+,+-./&01+23)4&"A& 61+23)4&,74283,),& A9A& :95B=':;&

!"#:$BB& '& :%"&1(CD&01+G3,,)4F&01+23)4&()-N& 61+23)4&,74283,),& A9?B& ?95>=':<&

!"#::$A& '& ")-)/.1&2+&1)*+,+-./&01+23)4&":5& 61+23)4&,74283,),& A9?%& <9?5=':5&

!"#::B>& '& 2(CD'O)87O1+K1)O)43&,7428.,3&P& 61+23)4&,74283,),& A9>B& B9?:=':$&

!"#:>><& '& 1)*+,+-./&01+23)4&">& 61+23)4&,74283,),& A9>%& A9$%=':B&

!"#:>>;& '& 1)*+,+-./&01+23)4&@;& 61+23)4&,74283,),& A9>>& %9$<=':B&

!"#:>?$& '& Q70+2832)G./&2(CDR1(CD&-3287/21.4,E31.,3& 61+23)4&,74283,),& A9>& ;9;$='$;&

!"#:>?:& '& 5$"&1)*+,+-./&01+23)4&@?&F/K2.-)43&-3287/21.4,E31.,3& 61+23)4&,74283,),& A9:;& :9;B='$5&

!"#:A::& '& ()*+,+-./&01+23)4&"::& 61+23)4&,74283,),& A9:%& %9AB=':B&

!"#:A>A& '& 1)*+,+-./&01+23)4&@:?& 61+23)4&,74283,),& A9:>& A9;;=':%&

!"#:A><& '& 5$"&1)*+,+-./&01+23)4&@>:& 61+23)4&,74283,),& A9::& ?9>$=':5&

!"#:B%5& '& 5$"&1)*+,+-./&01+23)4&@:A& 61+23)4&,74283,),& A9::& :9?>=':%&

!"#:B%%& '& 3/+4F.2)+4&E.G2+1&HK& 61+23)4&,74283,),& A9::& 595:=':>&

!"#:<$;& '& 1)*+,+-./&01+23)4&";& 61+23)4&,74283,),& A9$;& A9%B=':%&

!"#:<%:& '& ?$"&1)*+,+-./&01+23)4&">$& 61+23)4&,74283,),& A& ?9%B='$<&

!"#:;%:& '& 5$"&1)*+,+-./&01+23)4&@>A& 61+23)4&,74283,),& A& %9?;=':5&

!"#:;%?& 10-S& 5$"&1)*+,+-./&,K*K4)2&01+23)4&@?%& 61+23)4&,74283,),& ?9;;& ;9><='$;&

!"#>$:A& '& 5$"&1)*+,+-./&01+23)4&@?>& 61+23)4&,74283,),& ?9<;& 59>A='$B&

!"#>$A?& '& 1)*+,+-./&01+23)4&@:;& 61+23)4&,74283,),& ?9<A& ;9%<=':>&

!"#>>:;& '& 0302)O3&G8.)4&13/3.,3&E.G2+1&?& 61+23)4&,74283,),& ?9<?& >9;?='$%&

!"#>>?$& '& 1)*+,+-./&01+23)4&@::&-3287/21.4,E31.,3& 61+23)4&,74283,),& ?9<>& 59B$='$?&

!"#>>5;& )4ET& H1.4,/.2)+4&)4)2).2)+4&E.G2+1&IU'?& 61+23)4&,74283,),& ?9B<& %95:=':?&

!"#>?5$& '& 1)*+,+-./&01+23)4&":?& 61+23)4&,74283,),& ?9B<& ?9B?=':A&

!"#>?5>& '& 1)*+,+-./&01+23)4&@?:& 61+23)4&,74283,),& ?9B:& ;9B:='$;&

!"#>?5?& '& I,+/3KG7/'2(CD&,742832.,3& 61+23)4&,74283,),& ?955& >9?A='::&

!"#>?%<& 083H& 68347/./.47/'2(CD&,742832.,3&*32.&G8.)4& 61+23)4&,74283,),& ?955& ;9$A='::&

!"#>A5A& '& (3/3.,3&E.G2+1&F/K2.-)43&-3287/21.4,E31.,3& 61+23)4&,74283,),& ?9A<& ;9B?='$A&

!"#>A%B& '& ()*+4KG/3.,3&6&01+23)4&G+-0+4342& 61+23)4&,74283,),& ?9A?& :9$5='$A&

!"#>AB%& '& M/7G7/'2(CD&,742832.,3&./08.&G8.)4& D-)4+.G7/'2(CD&*)+,74283,),& ?9A?& :9>?='$%&

!"#>AB;& '& ()*+,+-./&01+23)4&@><& 61+23)4&,74283,),& ?9A& A9B>='$<&

!"#>A<>& '& H813+47/'2(CD&,742832.,3& 61+23)4&,74283,),& ?9??& A9B>=':$&

!"#>A<A& '& ()*+,+-./&01+23)4&@??& 61+23)4&,74283,),& ?9>& >9A>='$B&

!"#>A;:& '& 5$"&1)*+,+-./&01+23)4&@>B& 61+23)4&,74283,),& ?9:?& %9BA='$B&

!"#>A;B& 083"& 68347/./.47/'2(CD&,742832.,3&./08.&G8.)4& 61+23)4&,74283,),& ?9$;& B9$:='$%&

!"#>555& '& T7,23)47/'2(CD&,742832.,3& 61+23)4&,74283,),& ?9$<& >9::='$%&

!"#>55%& '& 3/+4F.2)+4&E.G2+1&=U'M& 61+23)4&,74283,),& ?9$<& :9?;='$;&

!"#>55B& '& ()*+,+-./&(CD&/.1F3&,K*K4)2&-3287/21.4,E31.,3&C& 61+23)4&,74283,),& ?9$5& >9?5='$?&

!"#>55<& '& ()*+,+-3&13G7G/)4F&E.G2+1& 61+23)4&,74283,),& ?9$>& ?9>A='$A&

!"#>%$?& )4EP& 21.4,/.2)+4&)4)2).2)+4&E.G2+1&>&JIU'>&MH6.,3L& 61+23)4&,74283,),& ?& :9BB='$;&

!"#><$%& '& D,0.1.F)47/'2(CD&,742832.,3& 61+23)4&,74283,),& >9;B& ?9A%='$B&

!"#><$<& '& -328)+47/'2(CD&,742832.,3& 61+23)4&,74283,),& >9;%& ?9AB='$5&

!"#><$;& '& M/K2.-7/'2(CD&13OKG2.,3& 61+23)4&,74283,),& >9;5& :9:5='$A&

!"#><:$& '& 21702+08.47/'2(CD&,742832.,3& 61+23)4&,74283,),& >9;& %95:='$%&

!"#><:$9:& '& 6K2.2)V3&2(CD')J%LD?B&-3287/28)+21.4,E31.,3& 2(CD&-+O)E)G.2)+4& >9<%& >9<?='$5&

!"#><:>& '& D,0.127/'2(CD&,742832.,3& 61+23)4&,74283,),& >9BB& :9%<='$%&

!"#><:?& 1,-U& ()*+,+-./&(CD&,-.//&,K*K4)2&-3287/21.4,E31.,3&U& 61+23)4&,74283,),& >9B%& >9:<='$>&

!(&



!"#><:A& 142& ()*+4KG/3.,3&H&J(C.,3&HL& (CD&-32*+/),-& >9B:& :9?;='$>&

!"#><:5& '& "317/'2(CD&,742832.,3& 61+23)4&,74283,),& >9%<& >9AB='$5&

!"#><:%& '& 271+,7/'2(CD&,742832.,3& 61+23)4&,74283,),& >9%A& >9>>='$A&

!"#><:B& '& ()*+4KG/3.,3&=& 61+23)4&,74283,),& >9%?& ?9AB='$B&

!"#><:<& 1)-6& ()*+,+-3&-.2K1.2)+4&E.G2+1&()-6& 61+23)4&,74283,),& >95:& A9>$='$A&

!"#><:;& '& M/K2.-)47/'2(CD&,742832.,3& 61+23)4&,74283,),& >95& A9A?='$%&

!"#><>$& '& >?"&1(CD&-J>LM>AA5&-3287/21.4,E31.,3& 61+23)4&,74283,),& >9A<& :9$%='$?&

!"#><>:& '& @3KG7/'2(CD&,742832.,3& 61+23)4&*)+,74283,),& >9A?& 59;?='$%&

!"#><>>& '& 2(CD&0,3KO+K1)O)43&,7428.,3&W& 61+23)4&,74283,),& >9?;& >95B='$?&

!"#><>?& '& M/K2.-7/'2(CD&,742832.,3& 61+23)4&,74283,),& >9?B& A9%<='$?&

!"#><>A& '& ()*+4KG/3.,3&6Q& 61+23)4&,74283,),& >9?%& >9BB='$>&

!"#><>5& 1,-I& ()*+,+-./&(CD&,-.//&,K*K4)2&-3287/21.4,E31.,3&I& 61+23)4&,74283,),& >9?%& >9><='$>&

!"#><>%& '& 6K2.2)V3&1)*+,+-./&(CD&,-.//&,K*K4)2&

-3287/21.4,E31.,3&W&

61+23)4&,74283,),& >9?5& <95$='$?&

!"#><><& 14O& ()*+4KG/3.,3&W& 61+23)4&,74283,),& >9><& >9B$='$>&

!"#><>;& '& D1F)47/'2(CD&,742832.,3& 61+23)4&,74283,),& >9>A& %9AB='$A&

!"#><?$& '& ",1D'*)4O)4F&01+23)4& 61+23)4&,74283,),& >9>>& A9?<='$>&

!"#><?:& '& 0K2.2)V3&1)*+,+-./&01+23)4&@BR@:>& 61+23)4&,74283,),& >9>:& :9A?='$5&

!"#><?>& '& @7,7/'2(CD&,742832.,3& 61+23)4&,74283,),& >9:B& :9$A='$?&

!"#><??& '& 6302)O3&G8.)4&13/3.,3&E.G2+1&:& 61+23)4&,74283,),& >9:%& :9BB='$>&

!"#><?%& '& 01+/7/'2(CD&,742832.,3& 01+23)4&,74283,),& >9$<& :9$A='$?&

!"#><?B& XK3D& "'.O34+,7/-328)+4)43Y2(CD&1)*+,7/21.4,E31.,3'

),+-31.,3&ZK3D&

61+23)4&,74283,),& >9$B& A9B<='$>&

!"#><%%& '& W)-3287/.O34+,)43&21.4,E31.,3[&()*+,+-./&(CD&,-.//&

,K*K4)2&-3287/21.4,E31.,3&D&

61+23)4&,74283,),& >9$5& ;9<$='$A&

!"#><;B& '& 1)*+,+-./&/.1F3&,K*K4)2&0,3KO+K1)O)43&,7428.,3&W& 61+23)4&,74283,),& >9$?& <9?:='$?&

!"#>;:;& '& 6K2.2)V3&DH6'O3034O342&(CD&83/)G.,3& 61+23)4&,74283,),& '>9$>& ?9<5='$>&

!"#>;A%& '& 2(CD&JK1.G)/'5'L'-3287/21.4,E31.,3& 61+23)4&,74283,),& '>9$%& ;9>:='$?&

!"#>;AB& '& >?"&1(CD&-3287/.,3& 1(CD&-+O)E)G.2)+4& '>9>5& %9?>='$?&

!"#>;%A& 140P& (C.,3&6\&(CD&G+-0+4342&013GK1,+1&(40P& 61+23)4&,74283,),& '>9>B& 59%$='$A&

!"#>;%5& '& W'271+,7/'2(CDJH71L&O3.G7/.,3& 61+23)4&,74283,),& '>9?5& A9:5='$?&

!"#>;%B& '& ()*+,+-./&(CD&/.1F3&,K*K4)2&-3287/21.4,E31.,3& 61+23)4&,74283,),& '>9?%& ?9%>='$>&

!"#>;%<& '& 870+2832)G./&21.4,/.2)+4&E.G2+1& 61+23)4&,74283,),& '>9?;& 59?5='$?&

!"#>;B>& '& 2-(CD& 61+23)4&,74283,),& '>95>& 59;$='$%&

!"#?$$$& '& @3KG7/R08347/./.47/'2(CD''01+23)4&21.4,E31.,3& 61+23)4&,74283,),& '?9?A& >9$?='$A&

!"#II:>$B& 1-E& 1)*+,+-3&-+OK/.2)+4&E.G2+1& 61+23)4&,74283,),& '?95;& >9B?='$%&

!"#-$AA:& '& ")-)/.1&2+&21.4,G1)02)+4./&13FK/.2+1\&N.1(&E.-)/7& 61+23)4&,74283,),& '?9;?& :9%<='$A&

!"#-$%A:& '& ()*+,+-./&01+23)4&"%&-+O)E)G.2)+4&01+23)4& 61+23)4&,74283,),& 'A9<?& :9%<='$B&

T"-#3.&93:13@.?&@/+$+U"/+3.&".?&/-".213-/&
L'M8OV(& :"$T& W"$/3?%0/-+.&/-".213-/&2C2/%:&1%-:%"2%&1-3/%+.&&

W"$T&

5$C93E%.X&2/"-9A&".?&2@9-32%&

:%/"#3$+2:&&

P)OY& 8)V8SG(7&

L'M(7(7& /9/T& 6@/"/+H%&/-+9"-#30C$"/%&/-".213-/&!9/T& T"-#3.&93:13@.?&/-".213-/& P)(8& ()OYSG7N&
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!"#II:$5$& '& 6K2.2)V3&,+O)K-R87O1+F34&3]G8.4F31&E.-)/7&01+23)4& H1.4,0+12Y&+2831& 'A9$%& :9$%='$A&

!)(



!"#II:::A& '& DPT&21.4,0+1231Y&,K*,21.23'*)4O)4F&01+23)4&013GK1,+1&

JP6L&

H1.4,0+12Y&+2831& 'A9>:& :95$='$5&

!"#II::A?& '& DPT&21.4,0+1231Y&N3-*1.43&EK,)+4&01+23)4&JNU6L& H1.4,0+12Y&+2831& 'A95B& :95;='$5&

!"#II:>%<& '& DPT'2703&-K/2)O1KF&21.4,0+12&,7,23-\&DH6.,3&.4O&

031-3.,3&G+-0+4342&

H1.4,0+12Y&+2831& 'A95<& A9$>='$%&

!"#II:><A& '& DPT&21.4,0+1231Y&N3-*1.43&EK,)+4&01+23)4& H1.4,0+12Y&+2831& 'A95;& :9B$='$5&

!"#II:><5& '& DPT&21.4,0+1231Y&H1.4,-3-*1.43&.4O&DH6'*)4O)4F&

01+23)4&

H1.4,0+12Y&+2831& '59$?& >9:5='$%&

!"#II:><%& '& DPT&21.4,0+1231Y&H1.4,-3-*1.43&.4O&DH6'*)4O)4F&

01+23)4&

H1.4,0+12Y&+2831& '595B& :9A?='$%&

!"#II:?BB& '& C.fRQf&.42)0+1231&C8.W&.4O&13/.23O&.1,34)23&

031-3.,3,&

H1.4,0+12Y&+2831& '59%<& >9>%='$<&

!"#II:A><& '& 631-3.,3&+E&283&O1KF&-32.*+/)23&21.4,0+1231&JWNHL&

,K031E.-)/7&

H1.4,0+12Y&+2831& '%9$<& %9:<='$B&

S.%-EC&1-3?@9/+3.&".?&-%21+-"/+3.&
L'M8OYV& 9C:=& 9C/31$"2:+9&:%:#-".%G"2239+"/%?&/%/-"A"%:&9G/C1%&

9C/39A-3:%&

S.%-EC&1-3?@9/+3.D-%21+-"/+3.& P)77& ()NOSG8O&

L'M(QP(& 993\& 9C/39A-3:%&9&30+?"2%X&2@#@.+/&T93\& S.%-EC&1-3?@9/+3.D-%21+-"/+3.& O)V7& 7)QPSG(P&

!"#:A%>& GG+6& G72+G81+-3&G&+])O.,3\&,K*K4)2&TG+6& =431F7&01+OKG2)+4R13,0)1.2)+4& 595:& :95$='>A&

!"#:A%$& GG+a& G72+G81+-3&G&+])O.,3\&,K*K4)2&TG+a& =431F7&01+OKG2)+4R13,0)1.2)+4& 59?<& >9?5='>?&

!"#?:55& '& DH6&,7428.,3&O3/2.&G8.)4& C.f'21.4,0+12)4F&2b+',3G2+1&DH6.,3& 59:B& >9<>='>?&

!"#$%;%& 4X1W& C.JfL'21.4,/+G.2)4F&CDWQ'XK)4+43&13OKG2.,3&,K*K4)2&

W&

=431F7&01+OKG2)+4&.4O&13,0)1.2)+4& 59:%& :9?A=':<&

!"#?:5:& '& DH6&,7428.,3&30,)/+4&G8.)4& C.f'21.4,0+12)4F&2b+',3G2+1&DH6.,3& 59:>& ;9AB='>>&

!"#?:5>& '& DH6&,7428.,3&*32.&G8.)4& C.f'21.4,0+12)4F&2b+',3G2+1&DH6.,3& 59$%& A9%%='>A&

!"#?:5?& '& DH6&,7428.,3&F.--.&G8.)4& C.f'21.4,0+12)4F&2b+',3G2+1&DH6.,3& 59$%& A9B;='>A&

!"#?:5%& '& DH6&,7428.,3&P&G8.)4& C.f'21.4,0+12)4F&2b+',3G2+1&DH6.,3& 5& :9>>='>>&

!"#$%;5& 4X1T& C.JfL'21.4,/+G.2)4F&CDWQ'XK)4+43&13OKG2.,3&,K*K4)2&

T&

=431F7&01+OKG2)+4&.4O&13,0)1.2)+4& A9;<& :9?:=':B&

!"#?:5A& '& DH6&,7428.,3&./08.&G8.)4& C.f'21.4,0+12)4F&2b+',3G2+1&DH6.,3& A9;B& >9;<='>?&

!"#$%;B& 4X1=& C.JfL'21.4,/+G.2)4F&CDWQ'XK)4+43&13OKG2.,3&,K*K4)2&

=&

=431F7&01+OKG2)+4&.4O&13,0)1.2)+4& A9<;& :9$;=':;&

!"#:A5;& '& T72+G81+-3&G&+])O.,3&0+/70302)O3&I&8+-+/+F& =431F7&01+OKG2)+4R13,0)1.2)+4& A9BB& ?9A<='>$&

!"#$%;<& 4X1U& C.JfL'21.4,/+G.2)4F&CDWQ'XK)4+43&13OKG2.,3&,K*K4)2&

U&

=431F7&01+OKG2)+4&.4O&13,0)1.2)+4& A9%<& :9%5=':<&

!"#?:5<& '& DH6&,7428.,3&.&G8.)4&JDH6.,3&01+23)4&%L& C.f'21.4,0+12)4F&2b+',3G2+1&DH6.,3& A95B& >9>5=':<&

!"#$A??& 032T& K*)XK)4+/'G72+G81+-3&G&13OKG2.,3\G72+G81+-3&G:& =431F7&01+OKG2)+4R13,0)1.2)+4& A9?<& :9;?=':>&

!"#$%;A& 4X1P& C.JfL'21.4,/+G.2)4F&CDWQ'XK)4+43&13OKG2.,3&,K*K4)2&

P&

=431F7&01+OKG2)+4&.4O&13,0)1.2)+4& A9?%& A9$%=':B&

!"#?:5B& '& DH6&,7428.,3&T&G8.)4& C.f'21.4,0+12)4F&2b+',3G2+1&DH6.,3& A9>A& %9?B=':A&

!"#$A?>& 032P& c*)XK)4+/'G72+G81+-3&G&13OKG2.,3\&G72+G81+-3&P& =431F7&01+OKG2)+4R13,0)1.2)+4& A& ?9>:=':>&

!"#:::$& '& T72+G81+-3&O&K*)XK)4+/&+])O.,3&,K*K4)2&II& =431F7&01+OKG2)+4R13,0)1.2)+4& ?95>& :9%;='$%&

!"#::<5& G7OW& H1.4,0+12&DH6'*)4O)4F&01+23)4&T7OW& T7,23)43RM,8&21.4,0+1231&)4V+/V3O&)4&

G72+G81+-3&G&.,,3-*/7&

?9?<& 59<$='$5&

!"#$A?:& 032D& c*)XK)4+/'G72+G81+-3&G&13OKG2.,3\)1+4',K/EK1&,K*K4)2& =431F7&01+OKG2)+4R13,0)1.2)+4& ?9?>& :9BA='$<&

!"#$$;<& '& c*)XK)4+43R-34.XK)4+43&*)+,74283,),&

-3287/21.4,E31.,3&K*)=&

=431F7&01+OKG2)+4R13,0)1.2)+4& ?9>;& %9$%='$5&

!"#$::>& '& T72+G81+-3&GA&& =431F7&01+OKG2)+4R13,0)1.2)+4& ?9><& ?9?:='$%&

!"#?:5;& '& DH6&,7428.,3&,K*K4)2&I& &C.f'21.4,0+12)4F&2b+',3G2+1&DH6.,3& ?9>B& 59A?='$;&

!"#$%;?& 4X1D& C.JfL'21.4,/+G.2)4F&CDWQ'XK)4+43&13OKG2.,3&,K*K4)2&

D&

=431F7&01+OKG2)+4&.4O&13,0)1.2)+4& >9<<& ?9;?='$<&

!"#:>:>& '& 6K2.2)V3&W'/.G2.23&O387O1+F34.,3&JG72+G81+-3L& =431F7&01+OKG2)+4R13,0)1.2)+4& >9B& A955='$5&

!"#$$%B& '& T72+G81+-3&G5& =431F7&01+OKG2)+4R13,0)1.2)+4& >9%A& <9?$='$A&

!"#::$;& '& T72+G81+-3&O&K*)XK)4+/&+])O.,3&,K*K4)2&I& =431F7&01+OKG2)+4R13,0)1.2)+4& >9%>& %9<B='$5&

!"#>>5%& '& U/.V+O+])4& =431F7&01+OKG2)+4R13,0)1.2)+4& >9>;& A9>%='$?&

!"#::<A& G7OT& H1.4,0+12&DH6'*)4O)4F&01+23)4&T7OT& T7,23)43RM,8&21.4,0+1231&)4V+/V3O&)4&

G72+G81+-3&G&.,,3-*/7&

>9:>& ?9$;='$?&

!"#?$%B& E13& U/.V)4&13OKG2.,3& =431F7&01+OKG2)+4R13,0)1.2)+4& >9$<& :9<%='$>&

!"#II$:5$& /O8D& W'/.G2.23&O387O1+F34.,3& 671KV.23&-32.*+/),-& >9$>& <9%5='$?&

!"#:A<?& '& U+1-.23&O387O1+F34.,3&F.--.&,K*K4)2& =431F7&01+OKG2)+4R13,0)1.2)+4& '>9$<& 59?$='$?&

!"#$;?;& '& 0K2.2)V3&4)21+13OKG2.,3& =431F7&01+OKG2)+4R13,0)1.2)+4& '>9><& ?9A?='$>&

!"#:A<5& '& U+1-.23&O387O1+F34.,3&./08.&G8.)4& =431F7&01+OKG2)+4R13,0)1.2)+4& '>9?B& ?9AA='$?&

!"#>>B5& '& 6K2.2)V3&4)21+F34&13FK/.2+17&01+23)4&6'II&E.-)/7&01+23)4& C)21+F34&-32.*+/),-& '>9?<& :9;:='$>&

!"#II:$><& '& 6K2.2)V3&4)21)23&13OKG2.,3&CDW6Q& =431F7&01+OKG2)+4R13,0)1.2)+4& '>9A%& <95$='$?&

!"#II::5?& EO]D& U3113O+])4& =/3G21+4&21.4,0+12& '>9A;& :9:>='$>&

!"#:$;:& 2+1(& H+1TDW&+031+4&21.4,G1)02)+4./&13FK/.2+17&01+23)4&2+1(& HNDa&13,0)1.2)+4& '>95& ?9$?='$?&

!"#:A<A& '& U+1-.23&O387O1+F34.,3&)1+4',K/EK1&,K*K4)2& =431F7&01+OKG2)+4R13,0)1.2)+4& '>95>& :9A?='$?&

!"#:;>%& '& T72+G81+-3&T&*)+F343,),&01+23)4& =431F7&01+OKG2)+4R13,0)1.2)+4& '>955& A95>='$>&

!"#II$5;;& 4.0W& 631)0/.,-)G&4)21.23&13OKG2.,3&G8.031+43&C.0W& C)21.23&13,0)1.2)+4& '>9%5& :9?%='$?&

!"#II$A55& '& 6K2.2)V3&071KV.23&E+1-.23'/7.,3&.G2)V.2)4F&34_7-3&

JE+1-.23&T'.G327/21.4,E31.,3L&

&& '>9%B& B9;<='$A&

!"#:;?:& 41EP& U+1-.23'O3034O342&4)21)23&13OKG2.,3& D4.31+*)G&13,0)1.2)+4& '>9B%& :9::='$>&

!"#>$$?& 2+1D& 6K2.2)V3&21)-3287/.-)43'C'+])O3&13OKG2.,3& HNDa&13,0)1.2)+4& '?9>?& ?9?%='$A&

!"#II$<;A& '& T72+G81+-3&G&+])O.,3\&G**?'2703\&,K*K4)2&I& =431F7&01+OKG2)+4R13,0)1.2)+4& '?9><& 59<<='$A&

!"#:;??& 41ED& C)21)23&13OKG2.,3&031)0/.,-)G&G72+G81+-3&G55>&C1ED& D4.31+*)G&13,0)1.2)+4& '?9?& :9:>='$%&

!"#II$<;%& '& 6K2.2)V3&G72+G81+-3&G\&G/.,,&I& =431F7&01+OKG2)+4R13,0)1.2)+4& '?9?%& ?9$;='$A&

!"#:?;B& '& 6K2.2)V3&.G7/08+,08.2.,3& =431F7&01+OKG2)+4R13,0)1.2)+4& '?95?& :9A?='$A&

!"#>$$A& 2+1T& T72+G81+-3&G'2703&01+23)4&H+1T& HNDa&13,0)1.2)+4& '?95%& :9><='$A&

!"#:%::& F/0Z& M/7G31+08+,08+17/&O)3,231&08+,08+O)3,231.,3&

013GK1,+1&

M/7G31+/&O3F1.O.2)+4& '?9BA& 59;:='$A&

!"#II$<;5& '& T**?'2703&G72+G81+-3&+])O.,3\&G72+G81+-3&G&,K*K4)2& =431F7&01+OKG2)+4R13,0)1.2)+4& '?9;;& ;9BA='$5&

!"#>$$5& 2+1=& 21)-3287/.-)43&C'+])O3&13OKG2.,3&H+1=& HNDa&13,0)1.2)+4& 'A9><& A9<:='$5&

!"#:;?>& 41ET& G72+G81+-3&G'2703&,K*K4)2&+E&4)21)23&13OKG2.,3&C1EP& D4.31+*)G&13,0)1.2)+4& 'A9A& ;9>$='$B&

!"#II$?B:& '& 0K2.2)V3&G72+G81+-3&G&+])O.,3&.,,3-*/7&01+23)4& =431F7&01+OKG2)+4R13,0)1.2)+4& 'A9B%& ?9:<='$%&

!"#II$?%5& '& T72+G81+-3&G&+])O.,3\&,K*K4)2&II& =431F7&01+OKG2)+4R13,0)1.2)+4& '5& >9?5='$%&

!"#II$?%%& '& T72+G81+-3&G&+])O.,3\&,K*K4)2&I& =431F7&01+OKG2)+4R13,0)1.2)+4& '59B%& :9%$='$B&

!"#II$?%B& '& 0K2.2)V3&G72+G81+-3&G&+])O.,3&.,,3-*/7& =431F7&01+OKG2)+4R13,0)1.2)+4& '59;:& :9?5='$B&

!))



21.4,-3-*1.43&01+23)4&

!"#II$?%<& '& G72+G81+-3&G&+])O.,3\&,K*K4)2&III& =431F7&01+OKG2)+4R13,0)1.2)+4& '%9$%& :9A:='$B&

!"#>%B>& '& 0K2.2)V3&G72+G81+-3&G&+])O.,3\&,K*K4)2&I& =431F7&01+OKG2)+4R13,0)1.2)+4& '%95:& A9;;='$;&

'/-%22&-%213.2%&&
L'M8(8P& "A1T& =$]C$&AC?-31%-30+?%&-%?@9/"2%&2@#@.+/&T&88& [0C?"/+H%&2/-%22& P)V& 8)8QSG7N&

L'M8(8R& "A1J& =$]C$&AC?-31%-30+?%&-%?@9/"2%&2@#@.+/&J& [0C?"/+H%&2/-%22& P)YQ& Q)7PSG(V&

L'MN(RO& 921=& T3$?&2A39]&1-3/%+.&T21=& '/-%22&-%213.2%& O)YQ& ()8VSG8(&

L'M^^NOQO& #%/!& 6@/"/+H%&E$C9+.%&#%/"+.%&/-".213-/%-& [2:3/+9&2/-%22& O)R(& 8)((SGNO&

L'M8V(Y& 23?=& '@1%-30+?%&?+2:@/"2%& [0C?"/+H%&2/-%22& O)PV& V)VNSG(V&

!"#><<$& '& 031+])13O+])4&E.-)/7&01+23)4RF/K2.13O+])4& a]7O.2)V3&,213,,& A95%& :9;A=':A&

!"#>$;$& O,*D& H8)+/YO),K/E)O3&)4231G8.4F3&01+23)4&O,*D&013GK1,+1& a]7O.2)V3&,213,,& A95:& :9><='$A&

!"#><$?& '& U`P6'2703&0302)O7/'01+/7/&G),'21.4,&),+-31.,3,&:& "213,,RT8.031+43& A9$>& :9:<='$B&

!"#II$;$>& '& 6K2.2)V3&F/7G)43&*32.)43&21.4,0+1231& a,-+2)G&,213,,& ?9<%& :9?%=':A&

!"#$%$A& '& I4+,)2+/&-+4+08+,08.23&08+,08.2.,3& "213,,&13,0+4,3& ?9<:& 59:B='$<&

!"#$5;?& '& 6K2.2)V3&031+]713O+])4& a]7O.2)V3&,213,,& ?9B;& ;9A?=':A&

!"#:<?%& '& M/K2.13O+])4& a]7O.2)V3&,213,,& ?9%& 595;=':$&

!"#>A>5& '& 6K2.2)V3&013,,K13'13FK/.23O&a(U'/)^3&01+23)4& "213,,&13,0+4,3& ?95B& %9$;='$?&

!"#II$A;5& '& G+/O&,8+G^&WCD'*)4O)4F&O+-.)4&01+23)4& "213,,&13,0+4,3& ?9A:& :9<5='$;&

!"#::<$& '& M/7G)43&*32.)43R@'01+/)43&21.4,0+12&,7,23-&031-3.,3&

01+23)4&01+j&

a,-+2)G&,213,,& ?9>& %9<5='$5&

!"#:$AA& ,+8P& "+8P&01+23)4\&0302)O.,3&cB&E.-)/7& "213,,RT8.031+43& >9<A& ?9?%='$>&

!"#>%$>& ,K1=& P1+.O&,03G)E)G)27&5kJ?kL'4KG/3+2)O.,3&.4O&

0+/708+,08.2.,3&"K1=&

"213,,&13,0+4,3& >9B;& A95?='$A&

!"#$A?5& ,,0P& "21)4F342&,2.1V.2)+4&01+23)4&",0P& "213,,&13,0+4,3& >9A;& 59;;='$5&

!"#::<:& '& M/7G)43&*32.)43'*)4O)4F&031)0/.,-)G&01+23)4& a,-+2)G&,213,,& >9A>& :9<5='$?&

!"#?:A$& '& H8)+/YO),K/E)O3&)4231G8.4F3&01+23)4&O,*D&013GK1,+1& a]7O.2)V3&,213,,& >9A& B9>;='$5&

!"#II$:A<& '& T.2./.,3& a]7O.2)V3&,213,,& >9:;& %9><='$5&

!"#$;$B& G0VD& P.G231)+G)4&01+OKG2)+4&01+23)4& H+])4&01+OKG2)+4& >9:<& ;9;$='$?&

!"#II:?><& E1-T& "'E+1-7/F/K2.28)+43&87O1+/.,3& M/K2.28)+43& >9:A& :9>>='$?&

!"#?$<?& '& 631+])13O+])4& a]7O.2)V3&,213,,& >9:A& >9:;='$>&

!"#$?BA& Oh/D& W4.S'/)^3&)4431&-3-*1.43&01+23)4&Wh/D& T8.031+43R"213,,&13,0+4,3& >9$?& ?9>A='$>&

!"#:;;>& '& 6,0&+031+4&21.4,G1)02)+4./&.G2)V.2+1& "213,,&13,0+4,3& '>9:& :9%?='$>&

!"#:;<;& 0,0T& 68.F3&,8+G^&01+23)4&T& "213,,&13,0+4,3& '>9:A& :9A5='$>&

!"#II:??%& '& ")F-.'5A&O3034O342&21.4,G1)02)+4./&13FK/.2+1& "213,,&13,0+4,3& '>9:5& :9;>='$>&

!"#:;;$& 0,0P& 08.F3&,8+G^&01+23)4&P& "213,,&13,0+4,3& '>9>>& :9>:='$>&

!"#::%5& '& 6K2.2)V3&83.2&,8+G^&01+23)4&Q,/S& "213,,RT8.031+43& '>9>A& A9$;='$?&

!"#$>?<& '& 0K2.2)V3&T+'G8.031+4)4&M1+="& "213,,&13,0+4,3YG8.031+43& '>9?5& ?9$$='$A&

!"#>;$:& 8,/!& DH6'O3034O342&01+23.,3&8,/!& "213,,&13,0+4,3& '>9?%& :95%='$?&

!"#:;;:& 0,0D& 08.F3&,8+G^&01+23)4&D& "213,,&13,0+4,3& '>9?<& ?9:<='$?&

!"#$$?;& '& DG17/7/'T+D&13OKG2.,3& "213,,&13,0+4,3& '>9A& ?9<A='$?&

!"#:;?A& '& ")-)/.1&2+&08.F3&,8+G^&01+23)4&=& "213,,&13,0+4,3& '>9A%& %9A:='$?&

!"#>B5B& '& (CD&0+/7-31.,3&,)F-.'5A&E.G2+1& "213,,&13,0+4,3& '>95?& :9<%='$?&

!"#->%?B& '& %"& "213,,&13,0+4,3& '>95%& :95;='$A&

!"#$$:A& )*0D& "-.//&83.2&,8+G^&01+23)4&)*0D&J:%&^W.&83.2&,8+G^&

01+23)4&DL&

T8.031+43&.4O&,213,,& '>9%5& :9$$='$?&

!"#II$$<B& '& 6K2.2)V3&.OO)G2)+4&-+OK/3& H+])4R.42)2+])4&,7,23-& '>9B?& >9$$='$>&

!"#:$BA& '& DH6'O3034O342&T/0&01+23.,3\&DH6'*)4O)4F&,K*K4)2&

T/0D&

"213,,&13,0+4,3& '>9B%& :9%A='$?&

!"#:$B?& '& DH6'O3034O342&T/0&01+23.,3&.O.02+1&01+23)4&G/0"& "213,,&13,0+4,3& '>9;?& :9$?='$?&

!"#II$?<:& '& Q)FP&2+])4&01+23)4& H+])4R.42)2+])4&,7,23-& '>9;<& 59%5='$?&

!"#$5%>& '& T8.031+43&T/0P&01+23)4& T8.031+43R,213,,&13,0+4,3& '?9$5& :9?$='$A&

!"#:A%<& '& c4)V31,./&,213,,&01+23)4&=& "213,,&13,0+4,3& '?9$;& :9>?='$A&

!"#II$?<>& '& Q)FD&.42)2+])4&01+23)4& H+])4R.42)2+])4&,7,23-& '?9>>& :9:<='$?&

!"#II$B%A& '& 6K2.2)V3&G+G8.031+43&b)28&W4.S'O+-.)4& T8.031+43&.4O&,213,,& '?9>B& ?9%<='$A&

!"#II$$<%& '& 6K2.2)V3&.42)2+])4&+E&2+])4'.42)2+])4&,2.*)/)27&,7,23-& H+])4R.42)2+])4&,7,23-& '?9??& >9?;='$?&

!"#$>$B& '& 6K2.2)V3&18+O.43,3'13/.23O&,K/EK121.4,E31.,3& "213,,&13,0+4,3& '?9?A& %9>?='$5&

!"#:5:;& '& 6K2.2)V3&.42)',)F-.&13FK/.2+17&E.G2+1& "213,,&13,0+4,3& '?95B& :95;='$>&

!"#II$<BB& '& 6K2.2)V3&-.F43,)K-&G83/.2.,3&N+](& 6+10871)4&.4O&G8/+1+087//&-32.*+/),-& '?95<& >9>?='$?&

!"#$$;$& '& c4)V31,./&,213,,&01+23)4&D& "213,,&13,0+4,3& 'A9:5& >9BA='$%&

!IP"6:#-),G#(CD#:>;& !11D& !11D&,(CD& "213,,&13,0+4,3& 'A9:B& ?9;$='$%&

!"#:AA5& '& 6/.,-)O&,2.*)/)_.2)+4&3/3-342&6.1W&.42)2+])4& H+])4R.42)2+])4&,7,23-& 'A9?:& :9>>='$5&

!"#$$;>& K,0P& c4)V31,./&,213,,&01+23)4&P&& "213,,&13,0+4,3& 'A9A5& :9??='$5&

!"#:AAA& '& 6/.,-)O&,2.*)/)_.2)+4&3/3-342&6.1=&2+])4& H+])4R.42)2+])4&,7,23-& '59$5& >9>?='$5&

!"#II$<5?& '& (0+"'/)^3&,)F-.&E.G2+1&J10+ZlL& "213,,&13,0+4,3& '59:>& 59>:='$B&

!"#:%:<& '& K4)V31,./&,213,,&01+23)4&D& "213,,&13,0+4,3& '59:B& %9>>='$<&

W%/"$&A3:%32/"2+2&
L'M^^NO(Q& 9@2T& T311%-&%,,$@0&2C2/%:&3@/%-&:%:#-".%&1-3/%+.&T@2T& 9311%-& V)8& Y)N7SG8R&

L'M^^NO(R& 9@2J& 6%-+1$"2:+9&9311%-&#+.?+.E&1-3/%+.&T@2J& 9311%-& Y)(O& ()7VSG(Y&

L'M^^NO(O& 9@2_& T311%-&%,,$@0&2C2/%:X&:%:#-".%&,@2+3.&1-3/%+.&T@2_& 9311%-& P)RP& 8)QRSG8Q&

L'MNRPY& 931=& T311%-G%013-/+.E&6G/C1%&=!6"2%&=&T31=& 9311%-& O)YR& 7)7NSG88&

L'M^^NO(P& 9@2=& T311%-&%,,$@0&2C2/%:&1-3/%+.X&:%:#-".%&

93:13.%./T@2=&

9311%-& O)PV& P)VYSG8P&

!"#:;$>& ,KEP& 61+23)4&"KEP&)4V+/V3O&)4&U='"&G/K,231&.,,3-*/7& )1+4& A9%;& :95%='$<&

!"#::>A& V)KW& DPT&21.4,0+1231Y&H1.4,-3-*1.43&01+23)4[&I1+4'

,)O31+08+13&K02.^3\&!)*1)+*.G2)4&

)1+4& A9%& >9B;='$?&

!"#II::>%& '& DPT&21.4,0+1231Y&,K*,21.23'*)4O)4F&01+23)4[V)*1)+E311)4&

K02.^3&

)1+4& A9A>& A95<='$<&

!"#II::>B& '& !)*1)+E311)4&13G302+1& )1+4& A9A:& :9>>=':5&

!"#:;>?& '& 6K2.2)V3&)1+4'13FK/.23O&01+23)4&D& )1+4& A9:<& >9$A=':B&

!"#II$%<:& '& 6K2.2)V3&H+4P&,7,23-&21.4,0+12&01+23)4& )1+4& A9:%& :95$='$>&

!"#II$><A& 8K2W& 83-)4&DPT&21.4,0+1231\&DH6'*)4O)4F&01+23)4&QK2W& )1+4& A9:>& :9>A='$?&

!"#-$:$B& 178P& (78P& )1+4& A9:>& ?9:<=':B&

!"#::>?& V)K6& DPT&21.4,0+1231Y&"K*,21.23'*)4O)4F&01+23)4&013GK1,+1&

JP6L[&I1+4',)O31+08+13&K02.^3&J!)*1)+*.G2)4L&

)1+4& A9$?& ?9<;='$A&

!"#::>:& V)KD& !)*1)+*.G2)4&13G302+1&013GK1,+1& )1+4& ?9;;& %9%A=':?&

!"#::>>& V)KP& !)*1)+*.G2)4&K2)/)_.2)+4&01+23)4& )1+4& ?9;:& :9;$='$%&

!"#II::??& 0V,=& !)*1)+E311)4&*)+,74283,),&01+23)4&6V,=& )1+4& ?9<:& 59>>='$5&

!)*



!"#II::><& '& (3G302+1&E+1&.&E311)G&,)O31+08+13&+E&K4^4+b4&+1)F)4& )1+4& ?9%A& ?95<=':$&

!"#II::?:& 0V,T& NK/2)'O1KF&3EE/K]&0K-0&8+-+/+F&6V,T& )1+4& ?95%& <9B:='$B&

!"#II::?>& 0V,W& !)*1)+E311)4&*)+,74283,),&01+23)4&6V,W& )1+4& ?95>& >9$%='$B&

!"#II::>?& '& DPT&21.4,0+1231Y&DH6'*)4O)4F&01+23)4[&!)*1)+E311)4&

K02.^3&

)1+4& ?95& >9??='$>&

!"#:;$A& ,KEW& 61+23)4&"KEW&)4V+/V3O&)4&U='"&G/K,231&.,,3-*/7& )1+4& ?9A;& :9?%='$?&

!"#:;$5& ,KE"& T7,23)43&O3,K/EK1.,3& )1+4& ?9?B& :95B='$?&

!"#$B%B& G+0M& 6K2.2)V3&G+0031&*)4O)4F&01+23)4&T+0M& G+0031& ?9>:& :9<A='$B&

!"#II::>A& '& DPT&21.4,0+1231Y&21.4,-3-*1.43&01+23)4[&!)*1)+E311)4&

K02.^3&

)1+4& ?9:& :95;='$>&

!"#II$><5& '& Q3-)4&21.4,0+12&,7,23-&031-3.,3&01+23)4& )1+4& >9;B& >9$%='$A&

!"#II$B5:& '& 83-3&13G302+1& )1+4& >9;>& :9?B='$<&

!"#II:$B:& '& DPT&21.4,0+1231\&031)0/.,-)G&,K,*21.23&*)4O)4F&

01+23)4[&34231+*.G2)4&K02.^3&

)1+4& >9BA& ?9>$='$A&

!"#>$<?& _42D& 6K2.2)V3&_)4G&21.4,0+12)4F&DH6.,3&i42D& _)4G& >9%5& :9A%='$%&

!"#II$A:>& V)KP& ")O31+08+13')4231.G2)4F&01+23)4&!)KP& )1+4& >9%A& :9<:='$>&

!"#$>;$& _K1& i)4G&K02.^3&13FK/.2)+4&01+23)4&iK1& _)4G& >95;& >9>;='$A&

!"#II$><%& '& 83-)4&DPT&21.4,0+1231\&031)0/.,-)G&83-)4'*)4O)4F&

01+23)4&QK2P&

)1+4& >95A& :9>?='$>&

!"#II$%<>& '& 6K2.2)V3&H+4P&01+23)4& )1+4& >95A& <9>5='$?&

!"#>5$>& 83-@& M/K2.-.23':',3-)./O387O3&.-)4+21.4,E31.,3& )1+4& >95?& ?9B%='$>&

!"#>5:<& '& )1+4JIIIL&DPT&21.4,0+1231\&031)0/.,-)G&)1+4'G+-0+K4O'

*)4O)4F&01+23)4&

)1+4& >9AA& :9>5='$5&

!"#:A%A& '& 6K2.2)V3&G+0031&21.4,0+12)4F&DH6.,3& G+0031& >9AA& <9B$='$?&

!"#?:$:& '& 6K2.2)V3&-K/2)G+0031&+]7O.,3&TK-D'/)^3& G+0031& >9>;& ?9$<='$>&

!"#II::?$& 0V,P& !)*1)+E311)4&*)+,74283,),&01+23)4&6V,P& )1+4& >9:;& ?9BA='$5&

!"#>5:%& '& 6K2.2)V3&U3J?fL'21.4,0+12)4F&DH6.,3& )1+4& >9$%& :9%;='$>&

!"#II$%BB& '& U311)G81+-3')1+4&13G302+1& )1+4& '>9$<& ?9$$='$>&

!"#><5$& '& DPT&21.4,0+1231\&DH6'*)4O)4F&01+23)4& )1+4& '>9?& <9>$='$?&

!"#>>?B& _4KD& Q)F8'.EE)4)27&_)4G&K02.^3&,7,23-&01+23)4&_4KD&

013GK1,+1&

_)4G& '>9?5& ?9><='$>&

!"#>:>>& '& 870+2832)G./&01+23)4& )1+4& '>9%A& ;9;$='$?&

!"#II$A$$& '& DPT&21.4,0+1231Y&"K*,21.23&*)4O)4F&01+23)4&013GK1,+1& )1+4& '?9:& A9%>='$>&

!"#II$?;;& '& DPT'2703&U3?f&21.4,0+12&,7,23-\&031)0/.,-)G&

G+-0+4342&

)1+4& '?9?B& %9A:='$?&

!"#II$%$$& 4.0U& )1+4',K/EK1&G/K,231'*)4O)4F&01+23)4&C.0U& )1+4& '?9A& :9$;='$A&

!"#$$;:& E24D& U311)2)4&:& )1+4& 'A9:<& :9;:='$5&

!"#>:>A& '& @)0+01+23)4&D&E.-)/7&01+23)4& )1+4& 'A9BB& 59?%='$5&

<@9$%32+?%&".?&.@9$%3/+?%&:%/"#3$+2:&
L'M7(8(& 1@-`& 6A321A3-+#32C$":+.3+:+?"U3$%&9"-#30C$"2%&=!6"2%&

2@#@.+/&

6@-+.%&:%/"#3$+2:&& P)77& ()NOSGNR&

L'M8V8R& 1C-_& =21"-/"/%&9"-#":3C$/-".2,%-"2%X&9"/"$C/+9&9A"+.& 1C-+:+?+.%&-+#3.@9$%3/+?%&

#+32C./A%2+2&

O)R8& 7)ORSG((&

!"#II$AAB& '& 5k'4KG/3+2)O.,3&JCKG/3+,)O3&5k'

-+4+08+,08.2308+,08+87O1+/.,3L&

C)G+2)4.23&.4O&4)G+2)4.-)O3&

-32.*+/),-[&

A9<<& :9<:='$?&

!"#>BA$& 071P>& D,0.12.23&G.1*.-+7/21.4,E31.,3\&G.2./72)G&G8.)4& 671)-)O)43&1)*+4KG/3+2)O3&

*)+,74283,),&

A9%:& B9<?='$5&

!"#>BA:& 071I>& D,0.12.23&G.1*.-+7/21.4,E31.,3&13FK/.2+17&G8.)4& 071)-)O)43&1)*+4KG/3+2)O3&

*)+,74283,),&

A95%& 59%:='$%&

!"#$%%A& '& 68+,08+1)*+,7/E+1-7/F/7G)4.-)O)43&,7428.,3& 6K1)43&-32.*+/),-&& A9AB& :9$B=':?&

!"#>$?A& '& DO347/+,KGG)4.23&/7.,3& 6K1)43&-32.*+/),-&& ?9<?& >955='$<&

!"#?$BA& '& MK.4+,)43'5k'21)08+,08.23\?k'O)08+,08.23&

071+08+,08.2.,3&

6K1)43&-32.*+/),-&& ?9<:& A9$$='$B&

!"#$%><& '& I4+,)43'5k'-+4+08+,08.23&O387O1+F34.,3& 6K1)43&-32.*+/),-&& ?9<& A9B<='::&

!"#>>><& '& U+1-7/2321.87O1+E+/.23&O3E+1-7/.,3& M/7+]7/.23&.4O&O)G.1*+]7/.23&

-32.*+/),-&&

?9%B& ?9::='$<&

!"#>$5?& '& a1+2)O)43&5k'08+,08.23&O3G.1*+]7/.,3& 671)-)O)43&-32.*+/),-& ?95>& 59B5='$%&

!"#>;5:& 0K1Q& P)EK4G2)+4./&0K1)43&*)+,74283,),&01+23)4&0K1Q& 6K1)43&-32.*+/),-&& ?9AB& >9AB='$%&

!"#:A>>& 071W& W)87O1++1+2.23&O387O1+F34.,3& 671)-)O)43&-32.*+/),-& ?9A%& B9<>='$5&

!"#:B:B& '& 08+,08+1)*+,7/F/7G)4.-)O3&E+1-7/21.4,E31.,3&>& 6K1)43&-32.*+/),-&& ?9A& ?95$='$>&

!"#>;><& 071I& D,0.12.23&G.1*.-+7/21.4,E31.,3&13FK/.2+17&G8.)4& 071)-)O)43&1)*+4KG/3+2)O3&

*)+,74283,),&

?9?:& >9$>='$A&

!"#>;5>& '& 68+,08+1)*+,7/.-)43''F/7G)43&/)F.,3& 6K1)43&-32.*+/),-&& ?9>;& <9<%='$B&

!"#II$%?;& '& DW6'1)*+,3&O)08+,08.2.,3& CKG/3+,)O3&.4O&4KG/3+2)O3&

-32.*+/),-&

?9><& ?9A>='$>&

!"#$BA<& '& ()*+,3'08+,08.23&071+08+,08+^)4.,3& 6K1)43&.4O&071)-)O)43&-32.*+/),-& ?9>B& :9%;='$;&

!"#$%>;& '& MN6&,7428.,3& 6K1)43&-32.*+/),-&& ?9>5& A9>%='$<&

!"#?:>$& '& 68+,08+1)*+,7/.-)4+)-)O._+/3&G.1*+]7/.,3&G.2./72)G&

,K*K4)2&

6K1)43&-32.*+/),-&& ?9:;& :9:A='$?&

!"#$;$<& '& D-)O+08+,08+1)*+,7/21.4,E31.,3& 6K1)43&-32.*+/),-&& ?9:A& >9:>='$5&

!"#$%:5& '& CKG/3+,)O3&O)08+,08.23&^)4.,3& 671)-)O)43&-32.*+/),-& ?9:& A9;<='$5&

!"#$:5;& '& MK.4+,)43'?k\5k'*),JO)08+,08.23L&?k'

071+08+,08+87O1+/.,3&

6K1)43&-32.*+/),-& ?9$B& >9$>='$<&

!"#>$?$& F,^& )4+,)43&FK.4+,)43&^)4.,3& 6K1)43&-32.*+/),-&& >9;<& A9B%='$>&

!"#>>%<& '& DO347/.23&^)4.,3& 6K1)43&-32.*+/),-&& >9;A& >9A?='$?&

!"#>?:<& 0K1N& 68+,08+1)*+,7/'.-)4+)-)O._+/3&,742832.,3& 6K1)43&-32.*+/),-&& >9<<& 59?5='$%&

!"#II$A%?& 2^2D& H1.4,^32+/.,3& 6342+,3&08+,08.23&0.28b.7& >9<>& :9B5='$%&

!"#II:::$& FK.T& MN6&13OKG2.,3&MK.T& 6K1)43&-32.*+/),-&& >9B?& ?9>%='$?&

!"#>?5:& 071Q& c1)O7/.23&^)4.,3& 671)-)O)43&-32.*+/),-& >9%5& :9%B='$?&

!"#:>$5& '& 68+,08+1)*+,7/.-)4+)-)O._+/3',KGG)4+G.1*+].-)O3&

,7428.,3&

6K1)43&-32.*+/),-&& >9?:& >9>?='$>&

!"#>A%?& O3+T& O3+]71)*+,3'08+,08.23&./O+/.,3& CKG/3+,)O3&.4O&4KG/3+2)O3&

-32.*+/),-&

'>9$>& 59<B='$?&

!"#>$<>& '& K1)O)43&08+,08+17/.,3& 671)-)O)43&-32.*+/),-& '>9:5& :9A$='$>&

!"#>$<5& '& 6K2.2)V3&)4+,)43&-+4+08+,08.23&O387O1+F34.,3& 6K1)43&-32.*+/),-&& '?& B9%>='$A&

!"#>:;%& '& W3+]7FK.4+,)4321)08+,08.23&21)08+,08+87O1+/.,3'

/)^3&01+23)4&

6K1)43&-32.*+/),-&& '?9$:& A9>?='$A&

!)#



!"#>:;5& '& 6K2.2)V3&O3+]71)*+4KG/3+,)O3&5k'-+4+08+,08.2.,3& 6K1)43&-32.*+/),-&& 'A9A& ?9>%='$%&

T3,"9/3-&".?&2:"$$&:3$%9@$%&9"--+%-&#+3E%.%2+2&
!"#>5?:& '& >'.-)4+'A'87O1+]7'%'87O1+]7-3287/O)87O1+0231)O)43&

071+08+,08+^)4.,3&

U+/.23&*)+,74283,),& ?9;<& :9;$='$?&

!"#>$?;& *)+U& <'.-)4+'B'+]+4+4.4+.23&,7428.,3& P)+2)4&& ?95& A9$;='$A&

!"#:B$>& '& 4)G+2)4.23'4KG/3+2)O3''O)-3287/*34_)-)O._+/3& 6+10871)4&.4O&G8/+1+087//&-32.*+/),-& ?9>A& :9:;='$>&

!"#$:5$& '& T.1*+]7/3,231.,3&*)+Q&JP)+2)4&,74283,),&01+23)4&*)+QL& P)+2)4& ?9$5& 59B$='$?&

!"#->B%<& '& H66&1)*+,b)2G8& T+E.G2+1R,-.//&-+/3GK/3&G.11)31&

*)+F343,),&

?& %9>>='$<&

!"#>>%B& '& U311+G83/.2.,3&J61+2+83-3&E311+'/7.,3L& 6+10871)4&.4O&G8/+1+087//&-32.*+/),-& >9;<& ;9;>='$5&

!"#>5?>& '& ?'-3287/'>'+]+*K2.4+.23&87O1+]7-3287/21.4,E31.,3& 6.42+2834.23&.4O&T+D&*)+,74283,),& >9;A& ?9B>='$>&

!"#$:<:& '& T+34_7-3&D&*)+,74283,),&*)EK4G2)+4./&01+23)4&G+.PT& 6.42+2834.23&.4O&T+D&*)+,74283,),& >9<%& <9B:='$?&

!"#$;$$& && =17281+4.23'A'08+,08.23&O387O1+F34.,3& T+E.G2+1\&,-.//&-+/3GK/3&G.11)31&

*)+,74283,),&*)+,74283,),&

>9<?& :9%;='$?&

!"#$<<;& E+/W& P)EK4G2)+4./&5\:$'-3287/343'2321.87O1+E+/.23&

O387O1+F34.,3&.4O&5\:$'-3287/343'2321.87O1+E+/.23&

G7G/+87O1+/.,3&

a43&G.1*+4&0++/&*7&E+/.23&& >9BB& B9:?='$?&

!"#?$<:& FF2& M.--.'F/K2.-7/21.4,0302)O.,3& M/K2.28)+43&-32.*+/),-& >9BB& :9<5='$?&

!"#$%A<& '& 61+*.*/3&)4+1F.4)G&0+/708+,08.23RDH6'CDW&^)4.,3& C)G+2)4.23&.4O&4)G+2)4.-)O3&

-32.*+/),-&

>9B%& >9%?='$>&

!"#>$A$& *)+P& P)+2)4&,7428.,3& P)+2)4&& >9B>& ?9?<='$?&

!"#II$:$<& E01& CDW6Q'E/.V)4&+])O+13OKG2.,3& UDW\&UNC&*)+,74283,),& >9%B& >9;<='$>&

!"#->;;;& '& T+*./.-)4&1)*+,b)2G8& T+E.G2+1R,-.//&-+/3GK/3RG.11)31& >9%A& ?9$>='$?&

!"#?$$?& '& 071)O)43&4KG/3+2)O3'O),K/E)O3&+])O+13OKG2.,3\&G/.,,&I& C)G+2)4.23&.4O&4)G+2)4.-)O3&

-32.*+/),-&

>9?<& A9%5='$?&

!"#?$%;& '& ?'+G2.01347/'A'87O1+]7*34_+.23&G.1*+]7'/7.,3& c*)XK)4+43&.4O&-34.XK)4+43& >9?5& A9>:='$A&

!"#>5??& '& 6.42+.23''*32.'./.4)43&/)F.,3& 6.42+2834.23&.4O&T+D&*)+,74283,),& >9>;& :9:$='$>&

!"#II-:$;:& '& H66&1)*+,b)2G8& H8).-)43& >9><& :9B?='$A&

!"#>%:5& '& Q+/+'d.G7/'G.11)31'01+23)4e&,7428.,3& 6.42+2834.23&.4O&T+D&*)+,74283,),& >9>:& :9:>='$>&

!"#>%A<& 30O& W'317281+,3'A'08+,08.23&O387O1+F34.,3& 071)O+]./&5k'08+,08.23&*)+,74283,),&I& >9>& >9<A='$?&

!"#II:>%?& 1)*P& ?[A'O)87O1+]7'>'*K2.4+43&A'08+,08.23&,7428.,3& ()*+E/.V)4& >9$%& <9?>='$A&

!"#$?B:& '& A'87O1+]72813+4)43'A'08+,08.23&O387O1+F34.,3& T+E.G2+1\&,-.//&-+/3GK/3&G.11)31&

*)+,74283,),&*)+,74283,),&

>9$:& :955='$?&

!"#:;>A& 1)*D& MH6&G7G/+87O1+/.,3'>& T+E.G2+1\&,-.//&-+/3GK/3&G.11)31&

*)+,74283,),&*)+,74283,),&

'>9>B& :9$%='$>&

!"#>A$5& )0,D& J>=\%=L'E.143,7/&O)08+,08.23&,7428.,3& ),+01343+)O&*)+,74283,),& '>9B>& >9A>='$?&

!"#II$B>>& '& T+*71)G&.G)O&,7428.,3& && '>9<?& :9>5='$?&

!"#II$5%B& '& 0K2.2)V3&G+*./.-)4&,74283,),&01+23)4& T+E.G2+1R,-.//&-+/3GK/3&G.11)31&

*)+F343,),&

'?9>?& >9B;='$A&

!"#II:5:;& '& >'^32+'A'034234+.23&&87O1.2.,3R>'+]+8302.'?'343'

:\B'O)+)G&.G)O&87O1.2.,3&JG.23G8+/&0.28b.7L&

68347/.4)43&O3F1.O.2)+4& '?9%;& ?9<$='$?&

!"#II$>B%& '& Q70+2832)G./&01+23)4& C)G+2)4.23&.4O&4)G+2)4.-)O3&

-32.*+/),-&

'?9;& >9?B='$5&

!"#II:5>%& '& 6K2.2)V3&MH6&G7G/+87O1+/.,3&II& ()*+E/.V)4&*)+,74283,),& 'A9%?& >9B;='$%&

!"#II$?B?& G7+=& 61+2+83-3&Ig&E.143,7/21.4,E31.,3& Q3-3& '59?;& :9B<='$B&

*<=&-%1$+9"/+3.X&-%93:#+."/+3.&".?&-%1"+-&
!"#><$B& '& WCD'O)13G23O&(CD&0+/7-31.,3\&./08.&,K*K4)2& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& A95%& A9%B='>:&

!"#:;?%& F71D& WCD&F71.,3\&,K*K4)2&D& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& ?95>& :9<>='::&

!"#>;5A& 8K0D& WCD'*)4O)4F&01+23)4&Qc'./08.& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& ?95:& 59$;='$A&

!"#>;%>& '& WCD'O)13G23O&(CD&0+/7-31.,3&*32.k&G8.)4& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& ?9A;& :9B>=':?&

!"#>>$:& 8K0P& WCD'*)4O)4F&01+23)4&Qc'*32.& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& ?9A:& >9%5='$<&

!"#>;%?& '& WCD'O)13G23O&(CD&0+/7-31.,3&*32.&G8.)4& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& ?9A:& :95>=':>&

!"#$A>?& 0.1=& H+0+),+-31.,3&I!&,K*K4)2&P& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& ?9>:& >9$$='$5&

!"#$A>A& 0.1T& H+0+),+-31.,3&I!&,K*K4)2&D& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& ?9$5& %9;A='$B&

!"#>>>%& '& 61+*.*/3&DH6'O3034O342&83/)G.,3& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9<5& >9<A='$?&

!"#>5;<& '& WCD&-),-.2G8&130.)1&01+23)4&-K2"& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9B%& :95A='$?&

!"#$B:%& '& WCD&0+/7-31.,3&III\&O3/2.&,K*K4)2& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9%B& :9?A='$?&

!"#?$BB& 13GZ& (3GZ& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9%>& B9;?='$?&

!"#$$:?& '& WCD&F71.,3&,K*K4)2&P& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >95?& B9?%='$%&

!"#$$:>& 13GU& WCD&130/)G.2)+4&.4O&130.)1&01+23)4&13GU& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9AB& 59::='$A&

!"#>5>%& '& Q3/)G.,3& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9?%& ?9AB='$>&

!"#$:$<& '& WCD&0+/7-31.,3&I& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9?5& 59$>='$A&

!"#>A5%& 1.OD& 613O)G23O&DH6'O3034O342&,31)43&01+23.,3& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9??& A9$5='$>&

!"#$><A& '& (30/)G.2)V3&WCD&83/)G.,3& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9?:& :9::='$>&

!"#>5;%& 13GD& 61+23)4&13GD&J(3G+-*)4.,3&DL& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9:;& B9<B='$A&

!"#$?>?& '& ")4F/3',21.4O&*)4O)4F&01+23)4&J""PL&JQ3/)]'O3,2.*)/)_)4F&

01+23)4L&

(30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9:%& ?9>>='$>&

!"#$:%$& '& WCD'O)13G23O&(CD&0+/7-31.,3&+-3F.&G8.)4& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& >9$>& <9B:='$?&

!"#>%<$& '& 6K2.2)V3&Q+//)O.7&hK4G2)+4&13,+/V.,3& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& '>9$B& >9$$='$>&

!"#$?5$& 1.0D& (CD&0+/7-31.,3&.,,+G).23O&01+23)4&1.0D& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& '>9:>& ?9?$='$?&

!"#:;5B& 0+/P& WCD&0+/7-31.,3&II& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& '>9:<& A9?;='$>&

!"#>$5%& '& I423F1.2)+4&8+,2&E.G2+1&*32.',K*K4)2&JIQU'*32.L& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& '>9<& ;9B$='$A&

!"#II:A?:& '& 6K2.2)V3&?'-3287/.O34)43&WCD&F/7G+,7/.,3R<'

+]+FK.4)43&WCD&F/7G+,7/.,3&

WCD&130/)G.2)+4\&13G+-*)4.2)+4\&

130.)1&

'>9;<& 59;;='$A&

!"#$A5;& '& CH6&071+08+,08+87O1+/.,3& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& '?9A?& A9?A='$A&

!"#:5:<& '& DH6'O3034O342&WCD&/)F.,3& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& '?9AB& >9><='$>&

!"#II::%:& '& WCD&0+/7-31.,3&III\&./08.&,K*K4)2& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& 'A9>5& %9A%='$%&

!"#:B>:& '& I423F1.2)+4&8+,2&E.G2+1\&./08.&,K*K4)2& (30/)G.2)+4\&13G+-*)4.2)+4&.4O&130.)1& '59:& ?95?='$B&
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!"#$A:$& '& 61+*.*/3&2b+'G+-0+4342&,7,23-&,34,+1&^)4.,3& ")F4./),.2)+4& ?9<<& %9>5='$?&

!"#$5A$& '& ,34,+1&8),2)O)43&^)4.,3& ")F4./),.2)+4& >9<& %9<:='$A&

!"#$<B?& '& 0K2.2)V3&,34,+17&*+]RMMW=U&E.-)/7&01+23)4& ")F4./),.2)+4& >9%?& ?9A$='$>&

!"#$;:$& '& MMW=U&E.-)/7&01+23)4& ")F4./),.2)+4& >95>& >9%%='$?&

!"#$;%A& '& ,34,+17&*+]&8),2)O)43&^)4.,3R13,0+4,3&13FK/.2+1& ")F4./),.2)+4& >9A<& ?9>%='$?&

!"#::55& '& 6K2.2)V3&,)F4./&21.4,OKG2)+4&01+23)4&J"Q?&O+-.)4L& ")F4./),.2)+4& >9?<& >9>?='$?&

!"#:?$B& '& 013O)G23O&,)F4./'21.4,OKG2)+4&01+23)4& ")F4./),.2)+4& >9?%& <95A='$?&

!)$



!"#:?:5& '& ")F4./&21.4,OKG2)+4&8),2)O)43&^)4.,3& ")F4./),.2)+4& >9?& ?9%<='$>&

!"#:?:%& '& ,)F4./&21.4,OKG2)+4&8),2)O)43&^)4.,& ")F4./),.2)+4& '>9:;& B9%A='$?&

!"#:?;$& '& (3,0+4,3&13FK/.2+1& ")F4./),.2)+4& '>9>%& A9<%='$>&

!"#:;::& '& 0K2.2)V3&MMW=U&E.-)/7&01+23)4& ")F4./),.2)+4& '>9?A& :9:A='$>&

!"#>$A>& '& WCD'*)4O)4F&13,0+4,3&13FK/.2+1& ")F4./),.2)+4& '>9A:& :9A<='$>&

!"#>;?<& '& MMW=U&E.-)/7&01+23)4& ")F4./),.2)+4& '>9B>& <9A5='$A&

!"#>;A$& '& ,34,+17&*+]&8),2)O)43&^)4.,3R13,0+4,3&13FK/.2+1& ")F4./),.2)+4& '>9<5& A9>B='$?&

!"#>;A;& '& Q70+2832)G./&13,0+4,3&13FK/.2+17&01+23)4& ")F4./),.2)+4& '>9;;& :9:A='$?&

!"#?$A>& '& 870+2832)G./&13FK/.2+17&G+-0+4342,&+E&,34,+17&

21.4,OKG2)+4&

")F4./),.2)+4& '?& A9>A='$A&

!"#?$A?& '& 6K2.2)V3&2b+'G+-0+4342&13,0+4,3&13FK/.2+1& ")F4./),.2)+4& '?9>A& A9?5='$A&

!"#II$$$;& '& MMW=U&E.-)/7&01+23)4& ")F4./),.2)+4& '?9>B& >9A;='$5&

!"#II$>B:& '& MMW=U&E.-)/7&01+23)4& ")F4./),.2)+4& '?9B5& %9$:='$%&

!"#II$?$?& '& Q70+2832)G./&01+23)4&G+42.)4F&MMW=U&O+-.)4& ")F4./),.2)+4& '?9<B& %9A<='$5&

!"#II$?A<& '& 6K2.2)V3&2b+'G+-0+4342&13FK/.2+17&,7,23-[&NK/2)'

,34,+1&87*1)O&8),2)O)43&^)4.,3&

")F4./),.2)+4& 'A9$5& :9:%='$5&

!"#II$%B5& '& (3,0+4,3&13FK/.2+1& ")F4./),.2)+4& 'A9$B& >9::='$5&

!"#II$B>B& '& 6K2.2)V3&2b+'G+-0+4342&,34,+1& ")F4./),.2)+4& 'A9$;& %9<B='$5&

!"#II$B%:& '& 6K2.2)V3&2b+'G+-0+4342&13FK/.2+17&,7,23-Y&13,0+4,3&

13FK/.2+1&G+42.)4)4F&.&T83m'/)^3&13G3)V31&O+-.)4&.4O&

.4&QW'Mm6&O+-.)4&

")F4./),.2)+4& 'A9:A& B9$%='$%&

!"#II$<%A& '& 0K2.2)V3&,34,+1&01+23)4& ")F4./),.2)+4& 'A9BA& :9;%='$%&

!"#II$<;:& '& 6K2.2)V3&O)FK.47/.23&G7G/.,3\&MMW=U&E.-)/7&01+23)4& ")F4./),.2)+4& 'A9<%& >9$%='$B&

!"#II::<:& '& 13,0+4,3&13FK/.2+1& ")F4./),.2)+4& '59?>& :9:$='$B&

!"#II:A$;& '& 6K2.2)V3&8),2)O)43&^)4.,3& ")F4./),.2)+4& '59%A& %9%<='$<&

!"#II:5>A& '& MMW=U&E.-)/7&01+23)4& ")F4./),.2)+4& '%95:& >9B$='$<&

46'&".?&9"12@$%&#+3E%.%2+2&
!"#>5<<& '& cW6'?'a'd?'87O1+]7-71),2+7/e&F/KG+,.-)43&C'

.G7/21.4,E31.,3&

@6"&.4O&G.0,K/3&*)+F343,),& A9<%& %9:$=':%&

!"#$>>$& b_7& 6K2.2)V3&a'.42)F34&0+/7-31.,3&j_7& @6"&.4O&G.0,K/3&*)+F343,),& A9>:& >9BA='$%&

!"#$>>5& b**h& M./.G2+,)O3&a'.G327/21.4,E31.,3&j**h& @6"&.4O&G.0,K/3&*)+F343,),& A9$<& :9A;='$?&

!"#$>?>& '& 6K2.2)V3&cW6'F/KG+,3&A'30)-31.,3& @6"&.4O&G.0,K/3&*)+F343,),& ?9;B& A9$;='$<&

!"#$>:<& ^O,P& 6K2.2)V3&?'O3+]7'-.44+'+G2K/+,+4.23&

G72)O7/7/21.4,E31.,3&

@6"&.4O&G.0,K/3&*)+F343,),& ?9%?& %9<%='$B&

!"#$>??& '& 6K2.2)V3&K4O3G.01347/'08+,08.23&F./.G2+,3&

08+,08+21.4,E31.,3&

@6"&.4O&G.0,K/3&*)+F343,),& ?9A& 59??='$A&

!"#$>?$& '& 6K2.2)V3&OHW6'A'O387O1+18.-4+,3&13OKG2.,3&J1E*WL& @6"&.4O&G.0,K/3&*)+F343,),& ?9?%& >9B?='$%&

!"#$>>:& '& 6K2.2)V3&F/7G+,7/21.4,E31.,3& @6"&.4O&G.0,K/3&*)+F343,),& ?9?5& B9<5='$5&

!"#$>:?& '& 6K2.2)V3&+K231&-3-*1.43&01+23)4&)4V+/V3O&)4&G.0,K/.1&

0+/7,.GG8.1)O3&3]0+12&Jb_.L&

@6"&.4O&G.0,K/3&*)+F343,),& ?9??& :9$:='$A&

!"#>$%:& '& 2321..G7/O),.GG8.1)O3&Ak'^)4.,3& @6"&.4O&G.0,K/3&*)+F343,),& ?9?& ?9:?='$?&

!"#$>:%& ^O,D& ?'O3+]7'W'-.44+'+G2K/+,+4.23&<'08+,08.23&,7428.,3&

`O,D&

@6"&.4O&G.0,K/3&*)+F343,),& ?9:;& :9;%='$5&

!"#$>:;& '& 6K2.2)V3&W'.1.*)4+,3&5'08+,08.23&),+-31.,3& @6"&.4O&G.0,K/3&*)+F343,),& >9;?& %9$;='$%&

!"#$>>;& '& OHW6'A'O387O1+18.-4+,3&?\5'30)-31.,3& @6"&.4O&G.0,K/3&*)+F343,),& >9B5& :9:A='$5&

!"#>?A$& /0]D& DG7/'d.G7/'G.11)31'01+23)4e''cW6'C'.G327/F/KG+,.-)43&

a'.G7/21.4,E31.,3&

@)0+0+/7,.GG8.1)O3&*)+,74283,),& >9B:& ?9<?='$?&

!"#$>:B& '& 6K2.2)V3&?'O3+]7'W'-.44+'+G2K/+,+4.23&<'08+,08.23&

08+,08.2.,3&J`Wa&<'6&08+,08.2.,3L&

@6"&.4O&G.0,K/3&*)+F343,),& >9%& 59::='$A&

!"#$:;A& '& 6K2.2)V3&F/7G+,7/&21.4,E31.,3& @6"&.4O&G.0,K/3&*)+F343,),& >95<& A9B>='$>&

!"#$>:5& '& 6K2.2)V3&271+,)43'01+23)4&^)4.,3&Jb_GL& @6"&.4O&G.0,K/3&*)+F343,),& >95>& :9:A='$A&

!"#>??;& '& @)0)O'D'O),.GG8.1)O3&,7428.,3& @)0+0+/7,.GG8.1)O3&*)+,74283,),& >9?5& >9$%='$?&

!"#$>><& 1EEQ& M/KG+,3':'08+,08.23&287-)O7/7/21.4,E31.,3& @6"&.4O&G.0,K/3&*)+F343,),& >9>5& :9BA='$?&

!"#$>?:& '& 6K2.2)V3&OHW6'18.-4+,7/&21.4,E31.,3& @6"&.4O&G.0,K/3&*)+F343,),& >9>:& ?95A='$A&

!"#$>>B& 1EEM& OHW6'W'F/KG+,3'A\%'O387O1.2.,3& @6"&.4O&G.0,K/3&*)+F343,),& >9:5& >9BA='$?&

!"#:5??& '& 6K2.2)V3&F/7G+,7/&21.4,E31.,3& @6"&.4O&G.0,K/3&*)+F343,),& '>9$>& ?95;='$>&

!"#>:5$& '& /)0+0+/7,.GG8.1)O3&*)+,74283,),&01+23)4& @6"&.4O&G.0,K/3&*)+F343,),& '>9:%& ?9<<='$>&

!"#:5><& '& 6K2.2)V3&F/7G+,7/21.4,E31.,3& @6"&.4O&G.0,K/3&*)+F343,),& '>9>%& >9;>='$>&

!"#::A$& '& M21D'/)^3&)423F1./&-3-*1.43&01+23)4& @6"&.4O&G.0,K/3&*)+F343,),& 'A9?:& :9;:='$5&

!"#:5>>& '& 6K2.2)V3&G.0,K/.1&0+/7,.GG8.1)O3&*)+,74283,),&01+23)4& @6"&.4O&G.0,K/3&*)+F343,),& 'A9;>& :9;%='$%&

!"#>A?>& '& M/7G+,7/21.4,E31.,3& @6"&.4O&G.0,K/3&*)+F343,),& '59$>& ;9:<='$B&

!"#:5>:& '& 631)0/.,-)G&01+23)4&)4V+/V3O&)4&0+/7,.GG8.1)O3&3]0+12& @6"&.4O&G.0,K/3&*)+F343,),& '59:<& 59;<='$B&

6+$@2&#+3E%.%2+2&
!"#$?>B& -,8`& N"QD&*)+F343,),&01+23)4&N,8`& 6)/K,&*)+F343,),& ?9<?& A9;B='$?&

!"#$?>;& -,8N& N"QD&*)+F343,),&01+23)4&N,8N& 6)/K,&*)+F343,),& >9B5& >9??='$>&

!"#$??A& -,8P& N"QD&0)/)4&01+23)4&N,8P& 6)/K,&*)+F343,),& >9$<& :9$:='$>&

!"#$;$>& '& 6K2.2)V3&2703&I!&0)/K,&.,,3-*/7&U)-!'13/.23O&

21.4,-3-*1.43&01+23)4&

6)/K,&*)+F343,),& >9$?& 59<>='$A&

!"#$??%& -,8T& N"QD&0)/)4&01+23)4&N,8T& 6)/K,&*)+F343,),& '>9A;& :9%;='$>&
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!"#II$A%>& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9A?& A9>$='$A&

!"#II$<B<& '& 6K2.2)V3&3]0+123O&2321.21)G+0302)O3&1303.2&01+23)4& c4^4+b4&EK4G2)+4& '?9A%& A9AB='$A&

!"#II$B$:& '& 0K2.2)V3&031-3.,3& c4^4+b4&EK4G2)+4& '?9A<& :9$;='$A&

!"#:A;5& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95& ?9>$='$A&

!"#:<B>& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95& :9>5='$A&

!"#II:?B?& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95& :95B='$?&

!"#>>BA& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95>& :9;A='$A&

!"#II:5>B& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95>& :9::='$5&

!"#:$A>& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95?& :9$A='$>&

!"#II::B>& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95?& A9A$='$5&

!"#:$?5& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95A& <9<5='$5&

!"#::B$& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95A& 59;$='$5&

!"#II:$B5& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95A& B9<A='$A&

!"#II$?:5& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?95%& <9:%='$?&

!"#II$?BA& '& 6K2.2)V3&21.4,G1)02)+4./&13FK/.2+1[&/.-*O.&13013,,+1&

E.-)/7&

c4^4+b4&EK4G2)+4& '?95%& %9A$='$?&

!"#:$B<& '& 6K2.2)V3&+K231&-3-*1.43&01+23)4& c4^4+b4&EK4G2)+4& '?95;& :9AB='$A&

!"#II$5<%& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9%%& >9?;='$A&

!"#>>>>& '& aK231&-3-*1.43&/)0+01+23)4&"/0&E.-)/7& c4^4+b4&EK4G2)+4& '?9%B& >9:>='$5&

!"#II$<B>& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9%<& >9B:='$A&

!"#II:$B%& '& 6K2.2)V3&,3G132)+4&01+23)4& c4^4+b4&EK4G2)+4& '?9B& :9<:='$A&

!"#$>A$& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9B:& %9<A='$5&

!"#>%?>& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9B5& ?95;='$5&

!"#:?<<& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9B%& <9AA='$5&

!"#II$>;;& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9B<& B9AA='$A&

!"#II$A5<& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9B;& :9$>='$5&

!"#II$<5;& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9B;& :9$B='$A&

!"#$%>A& '& 6K2.2)V3&-32./'O3034O342&87O1+/.,3& c4^4+b4&EK4G2)+4& '?9<B& :9A;='$5&

!"#:;<A& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9<B& <9B>='$5&

!"#II:5?$& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9<;& A9:B='$5&

!"#>:?:& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9;:& ?9;5='$?&

!"#II:A>>& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9;:& ?9:$='$A&

!"#II$>B?& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9;A& :9%>='$A&

!"#$::$& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '?9;;& %9;>='$A&

!"#II:?;>& '& H1.4,G1)02)+4./&13FK/.2+1& c4^4+b4&EK4G2)+4& '?9;;& >9::='$5&

!"#II$;?%& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9$>& :9<%='$5&

!"#><5:& '& G+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9$%& :9??='$5&

!"#II$:;;& '& 6K2.2)V3&+K231&-3-*1.43&/)0+01+23)4& c4^4+b4&EK4G2)+4& 'A9$%& ?95:='$5&

!"#II$<;?& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9$%& ;9;$='$5&

!"#II:>$<& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9$%& :9;$='$5&

!"#:?<%& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9:>& :9;A='$5&

!"#:5>%& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9:?& :9::='$5&

!"#:;:;& '& G+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9:?& :9??='$5&

!"#II:>5:& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9:B& B9;5='$%&

!"#II::AB& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9:;& %9<B='$5&

!"#>>B<& '& 6K2.2)V3&,KF.1&4KG/3+2)O3&30)-31.,3& c4^4+b4&EK4G2)+4& 'A9>?& :9$<='$5&

!"#II$<B%& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9>A& :9$<='$?&

!"#II$:$>& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9><& >9$?='$5&

!"#II$A5;& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9><& ?9B<='$%&

!"#$A;:& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9?& :9?;='$5&

!"#$B:;& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9??& ?9%>='$%&

!"#>::$& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9??& :9:$='$5&

!"#$%<%& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9A& ;9:$='$?&

!"#II::;?& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9A& :9?;='$5&

!"#II$AAA& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9A5& %9$:='$%&

!"#II::A$& '& T+4,31V3O&01+23)4&+E&K4^4+b4&EK4G2)+4& c4^4+b4&EK4G2)+4& 'A9A%& >9$5='$%&

!"#:?$:& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9AB& :9%B='$%&

!"#II$>5;& '& H1.4,G1)02)+4./&13FK/.2+1,\&@7,(&E.-)/7&01+23)4& c4^4+b4&EK4G2)+4& 'A9A;& >9<$='$%&

!"#II$<;>& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9A;& :9>>='$5&

!"#II:>:$& '& 6K2.2)V3&01+/7/&A'87O1+]7/.,3&./08.&,K*K4)2&

8+-+/+FK3&

c4^4+b4&EK4G2)+4& 'A95:& >9$A='$?&

!"#:<$:& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A95A& :9%%='$%&

!"#II$<5:& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A95%& %9:%='$%&

!"#:5:A& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A95<& A9A;='$%&

!"#II$<5>& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A95;& %9A%='$%&

!"#II$$?:& '& 613O)G23O&-3-*1.43'.,,+G).23O\&-32./'O3034O342&

87O1+/.,3&

c4^4+b4&EK4G2)+4&& 'A9%?& :9?5='$%&

!"#II:$B;& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9%?& 59A;='$5&

!"#II$?A;& '& 0K2.2)V3&+108.4&01+23)4& c4^4+b4&EK4G2)+4& 'A9%%& ?9?%='$>&

!"#:5:5& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9%<& 59>5='$%&

!"#II$<5A& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9B>& %9B%='$B&

!"#>>$;& '& T+4,31V3O&01+23)4&+E&K4^b+b4&EK4G2)+4& c4^4+b4&EK4G2)+4& 'A9BA& :9:%='$5&

!"#>;$<& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9BA& :9<A='$%&

!"#$;%5& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9BB& %9:5='$%&

!"#>:?;& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9<5& >9$;='$%&

!"#>A?:& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9<<& >9<B='$%&

!"#>AA<& '& G+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9<<& <9A$='$B&

!"#II$?B$& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9;:& :9$>='$5&

!**



!"#II$5<>& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9;%& 59%:='$%&

!"#>:;A& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9;B& %95;='$B&

!"#II$5?$& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'A9;B& :9:B='$%&

!"#II$<;$& '& 6K2.2)V3&21.4,OKG2)+4&01+23)4& c4^4+b4&EK4G2)+4& 'A9;B& 59>%='$B&

!"#:5:?& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59$B& %9;:='$<&

!"#II$<<;& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59::& B9>B='$B&

!"#::A?& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59:%& B9;;='$B&

!"#$?A;& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59>& A9%B='$<&

!"#::?;& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59>A& ?95;='$B&

!"#::?A& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59><& A9$A='$B&

!"#II::%>& '& G+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59><& >9B$='$B&

!"#II$<B;& '& 6K2.2)V3&.17/,K/E.2.,3& c4^4+b4&EK4G2)+4& '59?5& :9%>='$%&

!"#II$?%;& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59?B& <9%?='$B&

!"#:;:%& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59A:& :9?%='$B&

!"#>A??& '& 870+2832)G./&01+23)4[&0K2.2)V3&-3-*1.43&01+23)4& c4^4+b4&EK4G2)+4& '59A?& >9A>='$B&

!"#II$?AB& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59A?& >9<:='$B&

!"#$A<:& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59A;& ?9:5='$B&

!"#$%%>& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '595& :9%%='$B&

!"#II$<%%& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '595:& :9A%='$B&

!"#:<AA& '& 6K2.2)V3&+K231&-3-*1.43&01+23)4& c4^4+b4&EK4G2)+4& '595?& :9A<='$B&

!"#$B;:& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '595A& B95:='$;&

!"#:5>$& '& aK231&-3-*1.43&01+23)4& c4^4+b4&EK4G2)+4&& '59%?& :9<%='$B&

!"#:<;%& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59%A& >9;:='$<&

!"#:<A?& '& aK231&-3-*1.43&01+23)4& c4^4+b4&EK4G2)+4& '59%;& :9A>='$B&

!"#:;B?& '& 870+2832)G./&-3-*1.43&01+23)4& c4^4+b4&EK4G2)+4& '59%;& :9??='$<&

!"#II$?5$& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59B& >9$<='$<&

!"#:$A%& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59B5& :9B?='$B&

!"#II$<%5& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59BB& >9%5='$<&

!"#$5B5& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59B<& A9;>='$<&

!"#>A?A& '& H6('1303.2'G+42.)4)4F&01+23)4& c4^4+b4&EK4G2)+4& '59B<& :9>>='$<&

!"#:$A5& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59<>& :9?B='$B&

!"#>:?>& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59<>& :95;='$B&

!"#II$A:%& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59<5& <9A?='$<&

!"#II$<5B& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59<5& >9>>='$B&

!"#>B>A& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59<<& :9<$='$B&

!"#$>;<& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59;:& A95$='$<&

!"#$5>:& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59;>& >9><='$<&

!"#::%%& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59;>& :9<$='$<&

!"#$5$>& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '59;<& :95A='$<&

!"#II$%?%& '& 0K2.2)V3&+108.4&01+23)4& c4^4+b4&EK4G2)+4& '%9:& 59$A='$A&

!"#II$<%;& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '%9:& >9<5='$<&

!"#$;5;& '& a])O+13OKG2.,3\&,8+12'G8.)4&

O387O1+F34.,3R13OKG2.,3&E.-)/7&

c4^4+b4&EK4G2)+4& '%9:;& >9%>='$;&

!"#>:$<& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '%9>%& >9?B='$B&

!"#:%B>& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '%9?>& ?9?>='::&

!"#>A?;& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '%95:& >9>>=':$&

!"#II:A:$& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '%9%<& ?9BA='$;&

!"#II$%%B& '& T+4,31V3O&870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& '%9B?& >9?%='$;&

!"#:B;$& '& T+4,31V3O&01+23)4&+E&K4^4+b4&EK4G2)+4& c4^4+b4&EK4G2)+4& '%9<<& 59?%=':?&

!"#II:$;A& '& Q70+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'B9::& ?9?;='$B&

!"#:A:<& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'B9>:& :9<>=':$&

!"#>AA$& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'B9>%& :9;?='::&

!"#>AA:& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'B9?B& 59<>='::&

!"#>AA>& '& 870+2832)G./&01+23)4& c4^4+b4&EK4G2)+4& 'B9%>& 59:>=':>&

&
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E,"DFGHHI+>J&aY'
?
b!Δ'.06HHK,$*L-"$>>CM&a\$/

$
b!

bINO`&! :5&1%/"&KN
L
M&@O?LDLI1HHP2&Δ8(-6HHK,$*L-"$M&QR*

@
&:*

@
S&E,"DFGHI+>J! KG%!?#V[!%,!&9BJSSUQ!

bJORI! E. coli (F−) RP4LDLI1HHP2&8(-6HHK,$*L-"$M&QR*
@
&:*

@
S! KF%/&$$%!%,!&9B+!JSSTQ!!

!! !! !!

=9&6/-76! !! !!

523UP`P! %$"L
?Rcγ

d!%$"Y
?=`

d!($(9Z=
_AF

1187! KG%!?#V[&,'&(/5JSSUQ!

5D?_Z.>!B4-! %$"!
@CRγ

T&%$"I
@O?

T&%$"!
P@7

&T&(2U%'$%-.&8(-T&-"$VT&1187&$,)")'(+';&Q9*
@
S;&."B.&1%-0&! KG%!?#V[!%,!&9BJSOOQ!

5D?_ZG>!B4-! %$"!
@CRγ

T&%$"I
@O?

T&%$"!
P@7

&T&(2U%'$%-.&8(-T&-"$VT&1187&$,)")'(+';&Q9*
@
S;&/%W&1%-0&! KG%!?#V[!%,!&9BJSOOQ!

!! !! !!

E9-)#*V'9%#,-7%6! !! !!

DV,&)%*%6-6! !! !!

∆!XLJACG! !! !!

>#5AZO! TeZHYAY>HAYAAH>YYHAYAY>HAAYY>AYHY>AAAYH>Y>YAAAA>HA>AAAYY>ZIe! Y(-6!6,V70!

>#5AZJ! TeZHY>HAYA>>HA>HYYYYYA>AH>Y>HHAYY>YHAAAH>AHZIe! Y(-6!6,V70!

>#5AZI! TeZ>YH>YYY>AHAAY>>HAH>YHYAAAAA>HY>HHYAY>HA>ZIe! Y(-6!6,V70!

>#5AZ`! TeZ>>>>>HHH>YH>AHHAAYY>YYA>HAAY>AYHHYYAA>>Y>AYHZIe! Y(-6!6,V70!

∆!XL<<JY>YZJY>C! !! !!

>V6A_ZO! TeZH>>>HAAYY>>>HY>AAH>>AAYAA>AYHHZIe! Y(-6!6,V70!

>V6A_ZJ! TeZHYAAHHH>YAAYAAY>AAYA>HYHY>YAYY>>>YYAYYHAYYHHZIe! Y(-6!6,V70!

>V6A_ZI! TeZ>>AAY>AAYAAHHHAAYAHA>A>HYAYYHAYYAYYAH>>>YYA>ZIe! Y(-6!6,V70!

>V6A_Z`! TeZYH>Y>YAA>YH>Y>YHAAH>ZeI! Y(-6!6,V70!

∆!X[DF>G! !! !!

2#7AZO! TeZH>>>HAAYY>YYYHAAH>YHAA>AHAYHHHZIe! Y(-6!6,V70!

2#7AZJ! TeZHAHYA>AHYY>A>>A>>AYYHH>HHYAAAY>>Y>>YYAAYYAHAHHZIe! Y(-6!6,V70!

2#7AZI! TeZ>>Y>YAAYYAAHHAHHAYYYA>>H>>AAYHHYHHYHAA>YHYA>Y>ZIe! Y(-6!6,V70!

2#7AZ`! TeZH>>>HAAYY>>H>HYYAHAYAHHYYHAHH>ZIe! Y(-6!6,V70!

Δ!X[D>DC! !! !!

A(5>ZO! IeZHYAY>HAYAAH>YYHAYAY>HAAYY>HAHYAYAYHHAHAYA>HA>HZIe! Y(-6!6,V70!

A(5>ZJ! TeZHAHYA>AHYY>A>>A>>AYYHH>HHYAAAY>>Y>>YYAAYYAHAHHZIe! Y(-6!6,V70!

A(5>ZI! TeZ>>Y>YAAYYAAHHAHHAYYYA>>H>>AAYHHYHHYHAA>YHYA>Y>ZIe! Y(-6!6,V70!

A(5>Z`! TeZ>>>>>HHH>YH>AHHAAYY>HYH>YYH>HYYAY>AY>Y>HZIe! Y(-6!6,V70!

523Z?! TeZHAAYY>HAYAY>AAH>YYAY>HAYA>ZIe! Y(-6!6,V70!

523Z"! TeZHAAYY>>YH>AH>>>HHHHHZIe! Y(-6!6,V70!

>#/59%/%*,&,-#*! !! !!

H-86#*!/%,(#7! !! !!

5D?_Z"! TeZ>Y>HAH>YH>AHA>H>HY>HZIe! Y(-6!6,V70!

5D?_Z?! TeZHHH>>>YY>>YYYHYYAY>>H>Y>A>ZIe! Y(-6!6,V70!

2#7Z"! TeZ>H>HY>YH>AH>Y>HAHYYA>H>YYYAYY>H>HAHYH! Y(-6!6,V70!

2#7Z?! TeZHYHAH>HHAYAA>AAAHHAAHHH>>>AYHY>A>A>Y>YYYY>>YH>ZIe! Y(-6!6,V70!

>V6A_Z"! TeZ>H>HY>YH>AH>Y>HAHYYAYYYHYYYHY>Y>HYYYYHH>ZIe! Y(-6!6,V70!

>V6A_Z?! TeZHYHAH>HHAYAA>AAAHHAAHHH>>>AYHAHYY>AHYAAAAHYAH>AA>ZIe! Y(-6!6,V70!

?%6,$-',-#*!/%,(#7!!! !!

>#5AZ"! TeZHHH>>>AYHY>AAAYH>Y>YAAAA>HA>AAAYY>ZIe! Y(-6!6,V70!

>#5AZ?! TeZ>Y>HAHYYA>HAAY>AYHHYYAA>>Y>AYHZIe! Y(-6!6,V70!

!! !! !!

=>?12%<V%*'-*)! !! !!

L2MSURP"! TeZHAAYAH>>AAHAHYAAAHYH>ZIe! Y(-6!6,V70!

L2MSURP?! TeZ>HYAA>>HY>HAY>Y>YH>ZIe! Y(-6!6,V70!

L2MWWSTOT"! TeZ>HH>YAAAY>Y>AAAAAHA>A>ZIe! Y(-6!6,V70!

L2MWWSTOR?! TeZAAYHHY>>AY>YYY>>AY>>ZIe! Y(-6!6,V70!

L2MJNOP"! TeZAHYH>HAYY>HY>AA>A>AH>ZIe! Y(-6!6,V70!

L2MJNOP?! TeZAH>AAAHAYH>HHAAHY>A>ZIe! Y(-6!6,V70!

L2MJOJR"O! 5’ZAHAYA>H>A>H>>AAYAHAHYZ3’! Y(-6!6,V70!

L2MJOJR?O! 5’Z>AY>>AHH>YAAHHA>YAA>YZ3’! Y(-6!6,V70!

!

!*$



?2B6'!J;F!N6#$,4%-6',/#5'3!7,&!C:DE!
=$-/%$6! 2%<V%*'%! F%6'$-5,-#*!

SPPRZL2WWOSRJZ"O! TeZY>Y>AYY>HAY>>HHHYYYHZ3’! =$,L1-*(A!KDR!/%,&99#5$#,%&6%Q!

SPPUZL2WWOSRJZ?O! TeZAYYH>AYY>YHHY>HH>AY>Z3’! !!

SPNSZL2SURPZ"O! TeZAHA>AYYHH>H>HHA>YYYAZ3’! '#5A!K>&,-#*!,$&*65#$,!AY=&6%Q!

SPNOZL2SURPZ?O! TeZA>H>HY>YHAAAYH>>AAAYZ3’! !!

SPNRZL6$J`JZ"O! TeZA>HAA>>H>AAHHAHAAHYHZ3’! 6?@A!KWH?!L2MWWSTRRZL2MWWSTRUQ!

SPNUZL6$J`JZ?O! TeZY>AHYA>H>>Y>A>>>Y>HYZ3’! !!

SNSSZL2SPTJZ"O! TeZAYYH>>H>>YYYAY>HHYYYZ3’! >'/>!K>0,#'($#/%!'Z,05%!8-#)%*%6-6!5$#,%-*Q!

SNSOZL2SPTJZ?O! TeZ>AAH>A>>>>A>AYYHHYYYZ3’! !!

SNSJZL2JNOIZ"O! TeZH>>HY>A>YHYHHYHA>>YYZ3’! R=c"!KRZ5(#65(#;$V',#:-*&6%Q!

SNSIZL2JNOIZ?O! TeZYH>YY>YYH>>YYY>H>AAYZ3’! !!

SNOJZL2SJJSZ"O! TeZYHHHHHY>H>YYYA>AYHAHZ3’! EZ&*,-)%*!5#90/%$&6%!3^0!

SNOIZL2SJJSZ?O! TeZAAHH>Y>Y>AAA>>YHY>AAYHYYZ3’! !!

SNO`ZL2JTNOZ"O! TeZAYY>>HH>YYY>HYHA>>YYZ3’! D&9>!KD&9,#6%!5%$/%&6%Q!

SNOTZL2JTNOZ?O! TeZYYYYH>HHYHAAAHHHY>YHZ3’! !!

SNORZL2JJRSZ"O! TeZYY>>YHAHYHH>YHH>YYY>Z3’! =Y2!606,%/!@Z&'%,09!)9V'#6&/-*%!

SNOUZL2JJRSZ?O! TeZAA>A>>AHH>>AAA>>A>A>Z3’! !!

SNOPZL2WWO`O`Z"O! TeZ>YY>YA>HH>HHYYHHAA>AZ3’! >(-,-*&6%!

SNONZL2WWO`O`Z?O! TeZH>AAYYHHAYH>>HYYHY>YZ3’! !!

SNJSZL2J``RZ"O! TeZYHHHY>HHY>HYAYY>YYYYHZ3’! >5&A!K5-9-*!5$%5%5,-7&6%Q!

SNJOZL2J``RZ?O! TeZYYHY>>>>A>>>>AAAYA>AZ3’! !!

SNJJZL2O`RSZ"O! TeZ>HY>>YYY>>H>Y>YHAAA>YZ3’! >0,>!K'0,#'($#/%!>!#[07&6%Q!

SNJIZL2O`RSZ?O! TeZHAA>A>HHYH>>A>Y>AY>AZ3’! !!

SNJ`ZL2SRNRZ"O! TeZ>HHY>YYHHYYA>HHYYY>HZ3’! @AF.!<V-*#*%!$%7V',&6%!

SNJTZL2SRNRZ?O! TeZA>>AA>>A>>HYYH>Y>A>YZ3’! !!

SNJRZL2JIPJZ"O! TeZ>>H>AAH>YA>A>AY>A>HAZ3’! D%,@!K/%,(-#*-*%!,$&*65#$,Q!

SNJUZL2JIPJZ?O! TeZAYHY>H>>AA>YHYH>>YYYZ3’! !!

SNJPZL2WWSO`PZ"O! TeZH>H>YY>A>>AAAY>A>>AYZ3’! >&,&9&6%!

SNJNZL2WWSO`PZ?O! TeZ>HAY>A>YYHYH>>H>YY>YZ3’! !!

SNISZL2JOJRZ"O! TeZY>Y>A>AAAH>AYHH>A>HAZ3’! A(5>!K&9:09!(05%$#[-7%!$%7V',&6%!6V8V*-,!>Q!

SNIOZL2JOJRZ?O! TeZ>>HAYH>>YY>AH>YHYHAYZ3’! !!

SNIJZL2JNOPZ"O! TeZYY>AHH>YYYH>YYHHYYHHZ3’! 2EF!K6V5%$#[-7%!7-6/V,&6%Q!

SNIIZL2JNOPZ?O! TeZH>HA>HHYYYYHHYAH>YHAZ3’! !!

SNI`ZL2IOSOZ"O! TeZYHAAA>YH>A>>>Y>>>A>YZ3’! >V%E!K'#55%$!#[07&6%Q!

SNITZL2IOSOZ?O! TeZHHH>HYYY>>>AYYYY>YYYZ3’!

!SNIRZL2WWSTO`Z"O! TeZHA>HAAHA>>>HAYHA>>AAZ3’! >V6>!K!'&,-#*!%;;9V[!606,%/!5$#,%-*Q!

SNIUZL2WWSTO`Z?O! TeZYH>HY>AYH>YAYY>H>AA>Z3’! !!

SNIPZL2OOJ`Z"O! TeZYYHY>HHYYHYHYYH>YYH>Z3’! L-VF!KA_>!,$&*65#$,%$d!W$#*Z6-7%$#5(#$%!V5,&:%+!L-8$-#8&',-*Q!

SNINZL2OOJ`Z?O! TeZH>>HHHAY>AAHA>AY>HYAZ3’! !!

SN`SZL2WWOOIIZ"O! TeZ>H>>YYHAYH>AA>H>YAYYZ3’! =X6\!KL-8$-#;%$$-*!8-#60*,(%6-6!5$#,%-*Q!

SN`OZL2WWOOIIZ?O! TeZY>H>AAAA>Y>>AY>>AAHHZ3’! !!

SN`JZL2WWSO`NZ"O! TeZ>A>>HYH>YY>Y>YHHYHHYZ3’! =(#65(#9-5&6%!

SN`IZL2WWSO`NZ?O! TeZY>YH>HH>YY>AYY>HHYAHZ3’! !!

SN``ZL2WWSTOSZ"O! TeZYYY>AYY>HAH>>H>AYA>>Z3’! ?Yf!,#[-*!L>_2!$%5%&,!,$&*65#$,%$!

SN`TZL2WWSTOSZ?O! TeZA>H>YYY>>Y>>>A>>AYYYZ3’! !!

SN`RZL2WWSTOJZ"O! TeZY>HHHYY>YYHAYHHHY>YHZ3’! ?Yf!,#[-*!L>_2!$%5&,!

SN`UZL2WWSTOJZ?O! TeZAY>A>A>>>YH>Y>>A>>A>Z3’! !!

SN`PZL2WWSPUSZ"O! TeZYHYHHYAYYYH>A>>H>HYAZ3’! A9:&9-*%!5(#65(&,&6%!

SN`NZL2WWSPUSZ?O! TeZYAYHH>HYHA>YHHA>HYHAZ3’! !!

SNTSZL2WWSNSTZ"O! TeZAYHHAAY>HYHAA>H>A>AAZ3’! \*7#$-8#*V'9%&6%!

SNTOZL2WWSNSTZ?O! TeZ>AAYYHHAAY>YH>H>YHYHZ3’! !!

SNTJZL2WWSPTIZ"O! TeZA>>HYY>H>YYA>>YH>Y>AZ3’! ?5#g!K?5#2Z9-:%!6-)/&!;&',#$Q!

SNTIZL2WWSPTIZ?O! TeZAAAA>>H>YYAA>H>AA>>AZ3’! !!

SNT`ZL2WWSRTNZ"O! TeZHHHAYY>AAHHH>>YHYYYYZ3’! AEf!K&$6%*-,%!#[07&6%Q!

SNTTZL2WWSRTNZ?O! TeZH>AH>>>YYYAY>HA>>AHAZ3’! !!

SNTRZL2WWOSTTZ"O! TeZ>YYYAYH>AA>HHH>A>HA>Z3’! DH2!K/%,(09!)90#[&9!60*,(&6%Q!

SNTUZL2WWOSTTZ?O! TeZHHY>HYHYHHYA>HH>AYYYAZ3’! !!

SNTPZL2SPPJZ"O! TeZYHA>Y>H>YA>AA>>>AH>AZ3’! /-*F!

SNTNZL2SPPJZ?O! TeZ>>YYHYY>HA>H>HYY>AHYZ3’! !!

SNRSZL6$JOUZ"J! TeZH>HYYHA>H>AYYHYY>AYYYZ3’! 6?@A!KWH?!L2MWWSJONZL2MWWSJJSQ!

SNROZL6$JOUZ?J! TeZYYY>>>>>A>AY>>AH>YAAZ3’! !!

!

!*%
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"

=528:2S94Z&5BN4EG9GN&

"

Ce travail nous a permis de mieux appréhender la dynamique de l’interaction 10(&#$3#/*'/$*$"

IH=lY" &" 7,>.(0:+[" %.:;>>+3:W" 3.4-" ;Q.3-" >.3:1," 64+" IH=lY" +/+1(+" 48& 6YY6G& :IGRGRZ2\46"

MQ)-4;5)-," )()"8;1" 5;"8+1>,;2)5):,"*+-">+>21;3+-"7,>.(0:;)1+-";4"J0:./"H1++3N"8.41" 5+-"7,>.(0:+-"

64)"+-:"dépendant de l’internalisation par les hémocytes["B+::+"8+1>,;2)5)-;:).3";((1.):"*+">;3)^1+"

:1^-" )>8.1:;3:+"eKX"7+41+-";81^-"87;A.(0:.-+W"V"43">.>+3:".u"IH=lY" )3*4):"43"*,(.55+>+3:"*+-"

7,>.(0:+-" ;0;3:" 87;A.(0:,-" 5+-" Q)21).-" +:" une libération massive des bactéries dans l’espace 

+/:1;7,>.(0:;)1+[" B+()" >.3:1+" 64e l’entrée dans les hémocytes est un élément essentiel à la 

cytotoxicité de LGP32. Cela suggère également que l’entrée puis la libération des LGP32 des 

hémocytes participe à leur prolifération et leur dissémination dans les tissus de l’huitre."

"

F3" ;((.1*" ;vec l’hypothèse d’une réplication intracellulaire de LGP32 que semble indiquer 

l’augmentation de la fluorescence des vibrios dans les premières heures qui suivent la phagocytose 

M;Q;3:"50-+"7,>.(0:;)1+NW"5+"'%#-+6";"1,Q,5,"43+"D.1:+";(:)Q;:).3"*4">,:;2.5)->+"*+"IH=lY"*;3-"5;"

condition intracellulaire. L’analyse RNAseq du transcriptome intracellulaire de IH=lY" ;" ,A;5+>+3:"

mis en évidence l’induction massive de certaines fonctions liées en particulier à l’homéostasie des 

>,:;4/" +:" V" 5;" 1,8.3-+" ;3:)K./0*;3:+W"des fonctions susceptibles d’être impliquées dans la survie 

)3:1;87;A.-.>;5+["F55+" 1,Q^5+" ;4--)" 5;" -41+/81+--).3" *+" >,:;55.81.:,;-+-" +:" *+" 87.-87.5)8;-+-"

susceptibles d’être des facteurs de virulence potentiels. "

"

=;1>)" 5+-" A^3+-" -41+/81)>,-W" .3:" ,:," )*+3:)D),-" 43+" -48+1./0*+" *)->4:;-+" V" >;3A;3^-+"

MPJxY_R\NW" 43+" (;:;5;-+" MPJx@@ZR!\N" +:" 5+-" -.4-Kunités C et F d’une alkyl 70*1.8+1./)*+" 1+*4(:;-+"

MPJxYRYU" +:" PJxYRYXN" 8.4Q;3:" i:1+" )>85)64,+-" *;3-" 5;" 1,8.3-+" ;3:)K./0*;3:+[" %.4-" ;Q.3-" ;4--)"

1+:1.4Q," 43+" 8.>8+" V" +DD54/" *+" (4)Q1+" B4-B?#C" MPJx@@ZeR!" V" PJx@@ZeRXN" +:" 43+" (;:).3K:1;3-8.1:"

#T=;-+" (.8#" MPJxZXU\N" 8.4Q;3:" i:1+" )>85)64,+-" *;3-" 5;" -41Q)+" )3:1;87;A.-.>;5+[" %.4-" ;Q.3-" 84"

>.3:1+1"8;1"6=B'"64+"5+-"A^3+-")>85)64,-"*;3-"5;"1,8.3-+";3:)K./0*;3:+W"#4A!(MPJxYRYUNW":#&#.#$'"

MPJx@@ZR!\N"+:"$%,F" MPJxY_R\NW",:;)+3:" -41+/81)>,-" -8,()D)64+>+3:"+3" (.3*):).3" )3:1;(+5545;)1+[" F3"

revanche, les gènes impliqués dans l’efflux de cuivre, :%AF" MPJxZXU\N" +:" :-$!( MPJx@@ZeR!N" -.3:"

surexprimés dès le contact des vibrios avec le plasma d’74]:1+"64)"+-:"43"(.>8;1:)>+3:":1^-"1)(7+"+3"

(4)Q1+[""

"

La génomique fonctionnelle a permis de montrer que les mutants Δ:%AF"et Δ:-$FG(,:;)+3:"

854-" -+3-)25+-" ;4" (4)Q1+" 64+" 5;" -.4(7+" -;4Q;A+" +:" 64+" 5+-" >4:;:).3-" *+" :%AF5( :-$FG( +:" $%,"



RUZ"

"

+3:1;)3;)+3:"43+"*)>)34:).3"*+"5;"-41Q)+")3:1;(+5545;)1+"+:"*+"5;"(0:.:./)():,"+3Q+1-"5+-"7,>.(0:+-["$+"

>;3)^1+";::+3*4+W" 5;"(.>85,>+3:;:).3"85;->)*)64+"*+"(7;64+">4:;3:"1+-:;41+" 5+-"87,3.:08+-"*+"

-41Q)+"+:"*+"(0:.:./)():,["%.4-";Q.3-",A;5+>+3:"*,>.3:1,"64+":%AF"+:":-$FG(,:;)+3:"3,(+--;)1+-"V"5;"

Q)145+3(+"+3")3D+(:).3-"+/8,1)>+3:;5+-"(7+g"5n74]:1+["""

"

#)3-)W" (+:" ;1:)(5+">+:" +3" ,Q)*+3(+"8.41" 5;" 81+>)^1+" D.)-" (7+g"43"1*2"*%" 5+" 1b5+" +--+3:)+5" *+"

l’efflux du cuivre et de la 1,8.3-+";3:)K./0*;3:+"*;3-" 5;"-41Q)+" )3:1;(+5545;)1+["%.4-">.3:1.3-";4--)"

64+" (+-" *+4/" D.3(:).3-" 64)" (.3:1)24+3:" V" 5a survie au sein de l’hémocyte sont nécessaires à 

l’expression du phénotype de cytotoxicité. Parce que diverses espèces de vibrios comme 10(

A#"#4#'3%.=&*:-$" +:" 10( $4*.%*( M'.-+32+1A" ;3*" C;59.Q):gW" YZZ!h" *+" J.4g;" J;3:.-" ;3*" G1:7W" YZR!N"

;*.8:+3:"*+-"-:;*+-")3:1;(+5545;)1+-"+--+3:)+5-"V"5+41"81.(+--4-")3D+(:)+4/W"5+-">,(;3)->+-"*+"-41Q)+"

)3:1;(+5545;)1+" )*+3:)D),-"(7+g"10(&#$3#/*'/$*$"IH=lY"8.411;)+3:",A;5+>+3:"(.3:1)24+1"V" 5;"-41Q)+"*+"

(+-" ;4:1+-" +-8^(+-" 64)" 8.--^*+3:" ,A;5+>+3:" (+-" A^3+-" :1^-" (.3-+1Q,-" (7+g" 5+-" 2;(:,1)+-" V" H1;>"

3,A;:)D["



RUR"

"

'R88B6N&N4SSEBC68G9256N&

&

I+-">4:;3:-"*+-"A^3+-"(.*;3:"8.41"5+-";3:)./0*;3:-"M$%,W(#4A!N"+:"5+-"+DD54/"*4"(4)Q1+"M:%AFW"

:-$FGN" .3:" ,:," *,5,:,-" *4" (.*.3" " #TH" ;4" (.*.3" JTG=[" I+-" =B'" *+" Q,1)D)(;:).3" *+" 5;" *,5,:).3" *+-"

A^3+-".3:"été réalisées sur les mutants à l’aide d’amorces oligonucléotidiques externes à la séquence 

(.*;3:+"*+-"A^3+-"MT;25+;4"RN[""

0a86N& =52C65N& $92EE6&9GG68D4&USOV& '2YYB568:6&

v$& C4G98G& &USOV&

PJxZXU\" J+3-" emKH##T#HBB##H#HT###HTHBKlm"
l!YY" R_!X" R!Xe"

:%AF( #3:)-+3-" emKBHT##BBHTBH#TBTBTHBKlm"

PJx@@ZeRe&RU" J+3-" emKBHHBT###TBTB#####H#B#BKlm"
e!_\" U!\" !\eZ"

:-$FG( #3:)-+3-" emK##THHTBB#TBTTTBB#TBBKlm"

PxY_R\" J+3-" emK#HTHBH#TTBHTB##B#B#HBKlm"
RRRl" !_U" URX"

$%,( #3:)-+3-" emK#HB###H#THBHH##HTB#BKlm"

PJxYRYU" J+3-" 5’AGATACGCACGCCAATAGAGT 3’"
RRlU" eX\" ee\"

#4A!( #3:)-+3-" 5’CATCCAGGCTAAGGACTAACT 3’"

$9OE694&7;&(CR5:6N&4G2E2NB6N&SR45&E6&NB\468y936&D6N&NR4:A6N&C4G98G6N&

""""""""""""""""""""""" "

""""""""""""""""""" "

123456&T_;&/R8G5qE6&D6N&DBEBG2R8N&S95&=/*;&

(CSE2Y2:9G2R8& =/*& D6N& 5B32R8N& DBEBGB6N& SR45& E6N& C4G98GN& UA) Δ#<@!( U+#i@7@MVJ& U)V& Δ$%=,( U+#i@L7mVJ& U/V&

ΔB%@,(U+#i_jMmV&6G&ΔB7$,D(U+#i""_^7^b+#i""_^7MV;&L’ADN extrait à partir de la souche WT et des mutants 9&

BGB& 9CSE2Y2B& 68& 4G2E2N98G& E6N& 9CR5:6N& E2NGB6N& D98N& E6& $9OE694& 7;& !6& SR2DN&CREB:4E9256& 6NG& 56S5BN68GB& N45& E9&

394:A6;&

"

(& )&

/& '&
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Comme attendu, la migration sur gel d’agarose des produits de PCR a montré que la taille de 

5+-";>85)(.3-"*+-"A^3+-"*,5,:,-",:;):")3D,1)+41+"V"(+4/"*+"5;"-.4(7+"-;4Q;A+"MC)A41+"lZN["B+-"81.*4):-"

d’amplification ont ensuite été séquencés par la P5;:+D.1>+" *+" H,3.>)64+" F3Q)1.33+>+3:;5+"

M=HF&I;2+/NW"(+"64)";"8+1>)-"*+-"(.3D)1>+1"5;"*,5,:).3"#THKJ:.8"*+-"A^3+-"()25,-"MC)A41+"lRN["
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123456&T7;&/R8G5qE6&D6N&DBEBG2R8N&S95&NB\468y936;&&

!6N&S5RD42GN&=/*&ROG684N&D6N&C4G98GN& (A) Δ#<@!( U+#i@7@MVJ& (B) Δ$%=,( U+#i@L7mVJ& (C) ΔB%@,( U+#i_jMmV&6G&

ΔB7$,D(U+#i""_^7^b+#i""_^7MV&R8G&BGB&NB\468:BN;&!6N&NB\468:6N&R8G&BGB&9E238B6N&]&:6EE6&D6&E9&NR4:A6&v$&S95&

/E4NG9Ev;& !6N& 39SN& :R556NSR8D98G& ]& E9&DBEBG2R8& 6ntière de l’ORF NR8G& 28D2\4BN&S95&D6N& G256GN;& !6N& 9CR5:6N&

N68N&6G&98G2PN68N&NR8G&NR4E238B6N;&!6&:RDR8&($0&6G&E6N&:RDR8N&#$,=&D6N&,*1&NR8G&N45E238BN&68&352N;&

& "
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/<(="$*%&""">&'"#/.##",-&0%-%*(!%&%$&=%*#=%/$"+%#&

"

$;3-"(+::+":7^-+W"3.4-"3.4-"-.>>+-";::;(7,-"V"(;1;(:,1)-+1"5+-">,(;3)->+-">.5,(45;)1+-"+/85)(;:)D-"

*+" 5;" -41Q)+" )3:1;7,>.(0:;)1+" *+" 10( &#$3#/*'/$*$" IH=lY" +:" *+" -+-" +DD+:-" (0:.8;:7)64+-" -41" 5+-"

hémocytes d’huître. Cette discussion met nos résultats en perspective de ceux trouvés dans la 

5)::,1;:41+"*;3s d’autres modèles d’interactions."

=5R:6NN4N&28Y6:G264Z&D6&C3(&#$5#9*'9$*$&!0=T@&

!'&&'(&4Q$'(#(3%/&"R(X-'(CMVP@(R&#*&(-/(A#&4%)Q/'(*/&"#9#:-%.#*"'(X-*(*/,-*&(.#(.=$'(,'$(4R3%:=&'$0(

!':*( #3Q/'( ,'( /%32"'-$'$( X-'$&*%/$( $-"( .'$( '88':&'-"$( ,'( :'$( '88'&$( :=&%A#&4*X-'$0( V.-$(

généralement, si l’interaction LGP32/hémocytes commence à être bien décrite, on ignore encore si 

elle est suffisante pour causer la mort des huîtres ou s’il existe d’autres tissus cibles dans l’huître["

#4" (.41-" (+" :1;Q;)5W" 3.4-" ;Q.3-" >.3:1," 64+" 10( &#$3#/*'/$*$" IH=lY" ,:;):" 43" 8;:7.A^3+"

)3:1;Q;(4.5;)1+"(;8;25+"*+"-41Q)Q1+"+:"*+"-+">45:)85)+1"*;3-"5+-"7,>.(0:+-"*+"!0()*)#$["I+-"1*2"*%"-.3:"

A,3,1;5+>+3:"(.3-)*,1,-"(.>>+"*+-"8;:7.A^3+-"+/:1;(+5545;)1+-["<;)-"*+84)-"64+564+-";33,+-W"5+-"

1*2"*%" 8+4Q+3t adopter des stades de vie intracellulaire dans des phagocytes de l’environnement 

(.>>+"5+-";>)2+-"M#2*"+:";5[W"YZZeh"#2*"+:";5[W"YZZXN">;)-",A;5+>+3:"*;3-"5+-"(+5545+-",8):7,5);5+-"+:"

les phagocytes professionnels de l’hôte colonisé M<;"+:";5[W"YZZ_;h"*+"J.4g;"J;3:.-";3*"G1:7W"YZR!N"

(.>>+" 10( :4%.'"#'" +:" *+" 10( A#"#4#'3%.=&*:-$[" B7+g" 10( :4%.'"#', la translocation d’effecteurs 

bactériens impliqués dans la virulence et la colonisation, est dépendante de l’internalisation dans les 

(+5545es phagocytaires de l’hôte. Plus récemment, il a été montré que 10( A#"#4'3%.=&*:-$" ,:;):"

capable de s’échapper *+"5;"Q;(4.5+"*+"87;A.(0:.-+"8.41"-+">45:)85)+1"*;3-"5+"(0:.-.5"84)-"50-+1"5+-"

(+5545+-" ,8):7,5);5+-[" %.-" )>;A+-" *+" >)(1.-(.8)+" ,5+(:1.3)64+" V" R7" n’ont montré aucun 1*2"*%"

cytosolique. De plus, les images de microscopie à flurorescence montrent qu’à 3h les bactéries sont 

5.(;5)-,+-" *;3-" 5+-" 87;A.-.>+-[" IH=lY" +-:" *.3(" V" (+" c.41" 5+" -+45" 1*2"*%" *,(1):" 8.41" +3Q;7)1" *+-"

87;A.(0:+-" 81.D+--).33+5-" +:" 0" ;*.8:+1" 43" >.*+" *+" Q)+" )3:1;Q;(4.5;)1+[" J)" 5+-" (.3:;(:-"

1*2"*%&7,>.(0:+-" n’ont été" .2-+1Q,-" en microscopie électronique qu’V" 43" :+>8-" 81,(.(+" *+"

l’infection, ils l’ont été sur des temps plus long en microscopie confocale["Aucune de nos images n’a 

permis d’.2-+1Q+1"l’,(7;88+>+3:"*4"8;:7.A^3+"*;3-"5+"(0:.-.5[""

=;1" (.3:1+W" )5" +-:" ;88;14" 64+" IH=lY" )3*4)-;):" 5;" 50-+" *+-" 7,>.(0:+-" eKX" 7+41+-" ;81^-"

phagocytose, permettant la libération massive des vibrios dans l’espace extracellulaire. Nous avons 

+3"+DD+:">.3:1,"64+"l’internalisation de LGP32 par les hémocytes induit la lyse des hémocytes et que 
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cette lyse est dépendante de l’internalisation. Si nous avons pu montrer que les systèmes d’efflux de 

(4)Q1+" +:" 5;" 1,8.3-+" ;3:)K./0*;3:+" ,:;)+3:" *+-" ,5,>+3:-" (5+D-" *;3-" 5;" Q)145+3(+" +:" 5;" -41Q)+" *+" 5;"

2;(:,1)+" *;3-" 5+-" 7,>.(0:+-W" )5" 1+-:+" +3(.1+" *+" 3.>21+4-+-" )3:+11.A;:).3-" V" 1,-.4*1+" (.>>+"

*,:+1>)3+1"5+-"D;(:+41-"*+"Q)145+3(+")>85)64,-"*;3-"5;"(0:.:./)():,"+3Q+1-"5+-"7,>.(0:+-["

%.4-";Q.3-">.3:1,"64+"5;"(0:.:./)():,",:;):"*,8+ndante de l’invasion hémocytaire (article II). 

Cette caractéristique n’est pas partagée par tous les pathogènes intracellulaires. Ainsi, chez 

;#.3%/'..#W" 5;" (0:.:./)():," Q)-KVKvis des macrophages n’est pas dépendante de l’invasion cellulaire 

MB7+3" +:" ;5[W" R__UN" >;)-" *,8+3*" *+" -0-:^>+-" *+" -,(1,:).3" *+" :08+" @@@" 4:)5)-,-" 8.41" )3c+(:+1" *+-"

+DD+(:+41-" )>85)64,-"*;3-" 5;">.1:"(+5545;)1+-"*+-">;(1.87;A+-["B7+g";4*)'..#, l’in:+13;5)-;:).3"*;3-"

les cellules de l’hôte est une étape essentielle pour induire la nécrose des macrophages mais en 

revanche, l’apoptose des cellules est indépendante de l’invasion MC1;3(.)-"+:";5[W"YZZZh"%.3;9;"+:";5[W"

YZZlN[" F3D)3" 8.41" 5+-" 8;:7.A^3+-" G%",'&'..#( 2"%/:4*$'A&*:#" +:" F:&*/%2#:*..-$(

#:&*/%3=:'&'3:%3*&#/$5" la cytotoxicité est dépendante de l’invasi.3" (+5545;)1+" ML;:." +:" ;5[W" R__eh"

C.1*+" +:" ;5[W" R___N[" I;" 8548;1:" *+" (+-" 8;:7.A^3+-" 4:)5)-+3:" *+-" -0-:^>+-" *+" -,(1,:).3" *,*),-" 8.41"

injecter des molécules toxiques aux cellules qu’ils envahissent chez leur hôte. A ce jour, on ignore ce 

qu’il en est chez LGP32. En effet, s’il possède les transporteurs T1SS, T2SS et T6SS, leur fonction dans 

le processus infectieux n’;"8;-",:,"(;1;(:,1)-,+["

E3" )3:,1i:" 8;1:)(45)+1" 8.411;" i:1+" 8.1:," ;4" TUJJ[" F3" +DD+:" 5+-" :1;Q;4/" *+" <+9;5;3.-" +:"

(.55;2.1;:+41-"ont montré que l’internalisation de 10(:4%.'"#'",:;):"3,(+--;)1+"8.41"5;"-,(1,:).3"*+-"

+DD+(:+41-" O(8" +:" PA1'" 8;1" 5+" TUJJ" " M<;" +:" ;5[W" YZZ_;h" <;" ;3*" <+9;5;3.-W" YZRZN[" $+" >i>+W" 5+"

8;:7.A^3+" !#3A=.%2#:&'"( Y'Y-/*" utilise un T6SS pour l’adhésion et l’inQ;-).3" *+-" (+5545+-" +:" 5;"

(.5.3)-;:).3" */( 9*9%" MI+1:8)1)0;8.3A" +:" ;5[W" YZRYN[" B7+g" V$'-,%3%/#$( #'"-)*/%$#W" 43" TUJJ" +-:"

nécessaire à l’invasion dans les c+5545+-" ,8):7,5);5+-" +:" 5;" Q)145+3(+" MJ;3;" +:" ;5[W" YZRYN[" B7+g" 10(

&#$3#/*'/$*$" LGP32, il n’existe qu’une copie du T6SS et il n’est pas surexprimé en condition 

)3:1acellulaire (article II, table S1). Le fait qu’il ne soit pas modulé ne veut néanmoins pas dire qu’il 

n’est pas impliqué dans le processus infectieux. Ainsi, par la suite, il sera intéressant de rechercher le 

1b5+"*4"TUJJ"*;3-"81.(+--4-")3D+(:)+4/"*+"IH=lY["@5"D;4:"3.:+1"64+"IH=lY"3+"8.--^*+"8;-"*+"-0-:^>+"

-,(1,:).3" *+" :08+" @@@" MTlJJN[" B+" -0-:^>+" +-:" 4:)5)-," 8;1" (+1:;)3+-" 2;(:,1)+-" V" >.*+" *+" Q)+"

intracellulaire pour induire des effets cytotoxiques aux cellules de l’hôte et s’échapper du 

87;A.-.>+" MO;>" +:" ;5[W" YZRRN[" ',(+>>+3:W" )5" ;" ,:," >.3:1," 64+" 5+" TlJJ" ,:;):" 3,(+--;)1+" V"

l’é(7;88+>+3:"*4"87;A.-.>+"(7+g"10(A#"#4#'3%.=&*:-$"M*+"J.4g;"J;3:.-";3*"G1:7W"YZR!N. Ce n’est 

*.3("8;-"43">,(;3)->+"(.3-+1Q,"(7+g"5+-"Q)21).-")3:1;(+5545;)1+-"D;(45:;:)D-["
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@5"D;4*1;",A;5+>+3:",:4*)+1"5+"1b5+"*+-"D;(:+41-"*+"Q)145+3(+"8.:+3:)+5-">)-"+3",Q)*+3(+"*;3-"

la cadre l’analyse transcriptomique du 1*2"*%" )3:1;(+5545;)1+[" =;1:)()8+3:K)5-" V" 5;" (0:.:./)():,"

7,>.(0:;)1+" */( 9*&"%" +:&.4"V" 5;" Q)145+3(+" */( 9*9%"}"=;1>)"+4/W".3" :1.4Q+"*+-"87.-87.5)8;-+-"+:"*+-"

>,:;55.81.:,;-+-" 64)" 8.411;)+3:" i:1+" )>85)64,+-" *;3-" 5+-" +DD+:-" (0:.8;:7)64+-" .2-+1Q,-" (7+g" 5+-"

7,>.(0:+-" )3D+(:,-["#)3-)W"*+-">4:;3:-"8.41"(+-" D;(:+41-"*+"Q)145+3(+"8.:+3:)+5-".3:",:,"(.3-:14):-"

8;1"3.-"(.55;2.1;:+41-"M,64)8+"*+"C1,*,1)64+"I+"'.4/W"'.-(.DDN"+:"Q.3:"i:1+":+-:,-"*/(9*&"%"+:"*/(9*9%["@5"

D;4:" 3.:+1" 64+" 5+-" 87.-87.5)8;-+-" 8+4Q+3:" +3:1;)3+1" 5;" 50-+" (+5545;)1+" >;)-" ,A;5+>+3:" i:1+"

)>85)64,+-" *;3-" 5;" 1,-)-:;3(+";4/"#<=-" Q);" =7.=S"(.>>+",Q.64,"854-" 5.)3" *;3-" (+::+" *)-(4--).3"

ML;s;-;9)"+:";5[W"YZZXh"$;5+21.4/";3*"<)55+1W"YZR!N["@5"+3"Q;"*+">i>+"8.41"5;">,:;55.81.:,;-+"@37#"

qui a été décrite pour son rôle dans l’échappement au macrophage ainsi que dans la résistance aux 

8+8:)*+-";3:)>)(1.2)+3-"M$;57;>>;1";3*"J:+)3+1W"R_\!h"';>;1;.";3*"I+1+(54-W"YZZeN["F:;3:"*.33,"5;"

très importante surexpression de ces effecteurs dans la condition intracellulaire, l’analyse des 

>4:;3:-";88;1;):"(.>>+"43+"81).1):,"8.41" 5;"(.>81,7+3-).3"*+-">,(;3)->+-"*+"8;:7.A,3)():,"*+"

IH=lY["$+">i>+W"on pourra s’interroger sur la fonction des petits ARNs régulateurs mis en évidence 

8;1" p;(6" +:" (.55;2.1;:+41-" MT.DD;3.K%).(7+" +:" ;5[W" YZRYN" *;3-" (+::+" Q)+" )3:1;(+5545;)1+[" I+41"

-urexpression intracellulaire laisse en effet supposer qu’ils puissent jouer un rôle majeur à cette 

,:;8+"*4"81.(+--4-")3D+(:)+4/["

#5.1-" 64+" 3.4-" 3.4-" -.>>+-" (.3(+3:1,-" *;3-" (+::+" :7^-+" sur l’interaction 

IH=lY&7,>.(0:+-W"*+"3.>21+4-+-")3(.334+-"-41"5+"81.(+--4-")3D+(:)+4/"*+"IH=lY["F3"8;1:)(45)+1W"5;"

route d’infection de LGP32 dans l’huître reste mal étudiée, les tests de virulence étant 

-0-:,>;:)64+>+3:" +DD+(:4,-" 8;1" )3c+(:).3" )3:1;>4-(45;)1+[" B+()" 1+-:+" 43" .2-:;(5+" >;c+41" V" 5;"

compréhension de la pathologie de l’huître. La thèse de Marylise Duperthuy (2010) a néanmoins 

permis de montrer que LGP32 colonisait efficacement l’"hémolymphe de l’huître lorsqu’il est 

introduit dans l’eau de mer"que filtre l’huître. Ainsi, après 6h de balnéation, les 1*2"*%"-+"1+:1.4Q+3:"

dans l’hémolymphe des huîtres où circulent les hémocytes. On peut ainsi supposer que les 1*2"*%(

utilisent les hémocytes comme véhicules pour coloniser l’hôte. Cette stratégie est" 4:)5)-,+" 8;1"

d’autres pathogènes intracellulaire comme <=:%2#:&'"*-3(2%9*$"64)"4:)5)-+3:" 5+-"3+4:1.87)5+-"8.41"

se disséminer dans l’hôte M#2;*)+" +:" ;5[W" YZZeNW" <=:%2#:&'"*-3( 3#"*/-3" 64)" 4:)5)-+3:" 5+-""

>;(1.87;A+-" MB5;0" +:" ;5[W" YZZXN" .4" +3(.1+" N"#/:*$'..#( &-.#"'/$*$" +:"G-"J4%.,'"*#( A$'-,%3#..'*( 64)"

4:)5)-+3:" 5+-" (+5545+-" *+3*1):)64+-" M?;1KO;)>" +:" ;5[W" YZZ\h" j)55);>-" +:" ;5[W" YZR!N[" $+-" ;3;50-+-"

histologiques d’huître balnéées avec des 1*2"*%" +/81)>;3:" 5;" HC=" .4" 5;" 54()D,1;-+" ;88.1:+1.3:" *+-"

)3D.1>;:).3-"-4885,>+3:;)1+-"(.3(+13;3:"5;"*)--,>)nation du pathogène dans les tissus de l’huître. 
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On pourra pour cela s’inspirer des travaux fait par l’équipe de Debra Milton sur 10( #/)-*..#"-3"

Mj+2+1"+:";5[W"YZRZN".4"<;::"j;5*.1"-41"10(:4%.'"#'"M<)55+:"+:";5[W"YZR!N[""

Rôle des OMVs dans l’interaction V. tasmaniensis LGP32/Crassostrea gigas(

Z%-$( #9%/$( 3%/&"R( ,#/$( :'&&'( &4Q$'( X-'( CMVP@( .*2R"#*&( ,#/$( .'( A4#)%$%3'( ,'$( 9R$*:-.'$( ,'(

3'32"#/'('K&'"/'([+<1$S(:#A#2.'$(,'(9R4*:-.'"(,'$(8#:&'-"$(,'(9*"-.'/:'(#-K(:'..ules d’huître et de 

le protéger contre les peptides antimicrobiens qui participent aux défenses immunitaires de l’huître. 

Un aspect qui mériterait d’être étudié à la suite de cette thèse est celui de l’induction par les OMVs 

d’une réponse immunitaire chez l’huître.(

E3" *+-" 1,-45:;:-" )>8.1:;3:-" *+" (+::+" :7^-+" ;" ,:," 5;" >)-+" +3" ,Q)*+3(+" 5;" 81.*4(:).3" *+"

Q,-)(45+-"*+">+>21;3+"+/:+13+-"MG<P-N"8;1"10(&#$3#/*'/$*$"IH=lY"5.1-"*+"-+-"-:;*+-")3:1;(+5545;)1+"

+:"+/:1;(+5545;)1+W"*+-"G<P-"64)"c.4+3:"43"1b5+"*;3-"5;"Q)145+3(+"*+"5;"2;(:,1)+"+:"*;3-"-;"1,-)-:;3(+"

aux défenses de l’hôte["

.JC$('&(O*"7>'9B'(

I+-"2;(:,1)+-"V"H1;>"3,A;:)D"81.*4)-+3:"3;:41+55+>+3:"*+-"G<P-"*41;3:":.4:+-"5+-"87;-+-"*+"

(1.)--;3(+"+:"*;3-"*)DD,1+3:-">)5)+4/["I;"8548;1:"*+-",:4*+-">.3:1+3:"64+" 5+-"2;(:,1)+-"81.*4)-+3:"

*+-" G<P-" +3" +/:1;(+5545;)1+[" %,;3>.)3-W" (+1:;)3-" +/+>85+-" >.3:1+3:" 64+" (+::+" 81.*4(:).3" 8+4:"

,A;5+>+3:" i:1+" .2-+1Q,+" (7+g" *+-" 2;(:,1)+-" )3:1;(+5545;)1+-" (.>>+" C')*%/'..#" +:" ;#.3%/'..#" 64)"

produisent des OMVs à l’intérieur du phagosome MH;1();K*+5"=.1:)55."+:";5[W"R__Xh"C+13;3*+gK<.1+)1;"

+:";5[W"YZZUN"+:"N"#/:*$'..#"64)"81.*4):"*+-"G<P-"*;3-" 5+"(0:.-.5"*+"5;"(+5545+"7b:+" MH.5.Q5).Q"+:";5[W"

YZZlN. L’analyse de la composition des OMVs chez une grande variété de bactéries pathogèn+-" ;"

montré qu’elles pouvaient être porteuses de nombreux facteurs de virulence tels que des adhésines, 

des toxines et des enzymes. De plus, ces vésicules peuvent interagir avec les cellules de l’hôte 

M;*7,1+3(+W"D4-).3&+3*.(0:.-+N"+:";A)1"(.>>+"*+-"Q,7)(45+-"8.41"5+-"D;(:+41-"*+"Q)145+3(+"MF55)-";3*"

L4+73W" YZRZN. Elles sont également capables de stimuler le système immunitaire de l’hôte 

M81.*4(:).3"*+"(0:.9)3+W" 1,8.3-+" )3D5;>>;:.)1+N"64)"1+(.33;):" " 5+"I=J"+:" 5+-";utres PAMPs qu’elles 

:1;3-8.1:+3:"M?)-7.8"+:";5[W"YZRZh"?)+5)A"+:";5[W"YZRR2N["#)3-)W"*+84)-"64+564+-";33,+-W"5+-",:4*+-"-41"

les OMVs de bactéries à Gram négatif ne cessent d’augmenter."

"" Les études sur les vibrios pathogènes de l’huître ont montré que les ECPs (produits de 

-,(1,:).3N" ,:;)+3:" :./)64+-" 8.41" 5+-" 74]:1+-" +:" 64+" *+-" >,:;55.81.:,;-+-" ,:;)+3:" 5+-" 81)3()8;4/"

D;(:+41-"*+":./)():,"*+-"FB=-":.:;5+-"MI;21+4(7+"+:";5[W"YZZU;h"?)3+--+"+:";5[W"YZZ\h"I;21+4(7+"+:";5[W"

YZRZN. Parce qu’un grand nombre de vésicules avaient étaient observées dans le phagosome des 
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7,>.(0:+-" )3D+(:,-"8;1"IH=lYW"3.4-"3.4-"-.>>+-" )3:,1+--,-"V" 5;" D1;(:).3"Q,-)(45;)1+"*+-"FB=-"64)"

n’avait jamais été étudiée jusqu’à présent chez les pathogènes de l’huître."L’analyse protéomique des 

G<P-"*+"10(&#$3#/*'/$*$"LGP32 a mis en évidence un certain nombre d’enzymes qui pourraient être 

)>85)64,+-" *;3-" 5;" Q)145+3(+" *+" 5;" 2;(:,1)+W" (.>>+" *+-" >,:;55.81.:,;-+-W" *+-" 7,>.50-)3+-W" *+-"

-,1)3+-"81.:,;-+-"+:"*+-"87.-87.5)8;-+-["&

L’association de facteurs de virulence aux OMVs est décrite chez un grand nombre de 

8;:7.A^3+-"74>;)3-"(.>>+"5+-"C')*%/'..#" MC+13;3*+gK<.1+)1;"+:";5[W"YZZUh"H;59;"+:";5[W"YZZ\NW" 5+-"

;#.3%/'..#" Mj;)"+:";5[W" YZZlh"L):;A;s;"+:";5[W" YZRZN"+:" 5+-";4*)'..#( ML;*414A;>4s;";3*"?+Q+1)*A+W"

R__\h"$4::;"+:";5[W"YZZ!N["@5"+3"+-:"*+">i>+"8.41"5+-"8;:7.A^3+-"*+"Q+1:,21,-"*4"A+31+"1*2"*%"(.>>+"

10( :4%.'"#'W" 10( 9-./*8*:-$" +:" 10( #/)-*..#"*-3[" #)3-)W" (7+g" 10( :4%.'"#'5" 5;" :./)3+" 'TwW" 5;" :./)3+"

(7.5,1)64+W"+:"5;"(0:.50-)3+"PBB"-.3:"1+:1.4Q,+-";--.(),+-";4/"G<P-"64)"8+4Q+3:"i:1+")3:+13;5)-,+-"

8;1"5+-"(+5545+-",8):7,5);5+-")3:+-:)3;5+-"74>;)3+-"M?.;1*>;3"+:";5[W"YZZXh"B7;::+1c++";3*"B7;4*741)W"

YZRRh"F5541)"+:";5[W"YZR!N["$+">i>+W"5+-"G<P-"*+"10(9-./*8*:-$"délivrent l’hémolysine/cytolysine VvhA 

;4/" (+5545+-" ,8):7,5);5+-"+:" -.3:" (0:.:./)64+-" ML)>"+:";5[W" YZRZN[" F3D)3W" 5+-"G<P-"*+"10(#/)-*..#"-3"

présentent des activités enzymatiques de phospholipase, d’hémolysine et de métalloprotéa-+"MO.3A"

+:";5[W"YZZ_N["

I+-" :1;Q;4/"64+"3.4-" ;Q.3-">+3,-" -41" 5+-"G<P-"*+"10( &#$3#/*'/$*$" IH=lY".3:"8+1>)-" *+"

mettre en évidence l’encapsulation de protéases dans l+-" Q,-)(45+-" *.3:" 5;" -,1)3+" 81.:,;-+" P-8"

nécessaire à la virulence en infections expérimentales d’huître." B+::+" ,:4*+" +-:" 5;" 81+>)^1+" 64)"

démontre l’encapsulation de protéases dans les OMVs. De plus, il s’agit de la description d’un 

3.4Q+;4">,(;3)->+")>85)64,"5;"Q)145+3(+"(7+g"10(&#$3#/*'/$*$"LGP32 chez l’huître. "

B7+g"5+-"8;:7.A^3+-"*4"A+31+"1*2"*%W".3"1+:1.4Q+"*+-"-,1)3+-"81.:,;-+-"*,(1):+-"(.>>+"*+-"

D;(:+41-"*+"Q)145+3(+["#)3-)W"5;"-,1)3+"81.:,;-+"*+"10(A#"#4#'3%.=&*:-$(+3:1;)3+"43+"7,>.11;A)+"*+-"

:)--4-";)3-)"64+"5;">.1:"*+-"-.41)-";81^-"43+")3c+(:).3"MI++"+:";5[W"YZZY;N["$+">i>+W"10(#.)*/%.=&*:-$(

-,(1^:+" 43+" -,1)3+" 81.:,;-+" 64)" +-:" 5,:;5+" 8.41" 5+-" (1+Q+::+-" +:" 64)" 8.--^*+" ;0;3:" *+-" 81.81),:,-"

;3:)(.;A45;3:+-" MI++"+:";5[W"R__Xh"B7+3"+:";5[W"R___W"YZZZN["F3D)3W" 5;" -,1)3+"81.:,;-+"*+"10(:4%.'"#'"

provoque des hémorragies de l’intestin grêle chez le lapin MJ03A9.3" +:" ;5[W" YZRZN[" B+::+" +-8^(+"

81.*4):",A;5+>+3:"43+"-,1)3+"81.:,;-+"P+-#"64)"+-:"3,(+--;)1+"V"5;">;:41;:).3"*+"5;"-.4-K43):,"#"*+"

5;" :./)3+" (7.5,1)64+" +:" +55+" +-:" 1+:1.4Q,+" *;3-" 5;" D1;(:).3" Q,-)(45;)1+" *+"10( :4%.'"#'" MJ)9.1;" +:" ;5[W"

YZRRN["$+">;3)^1+")3:,1+--;3:+W"5;"-,1)3+"81.:,;-+"P-8"+-:"7.>.5.A4+"P+-#["G3"8+4:"*.3("-488.-+1"

64+"5;"-,1)3+"81.:,;-+"*+"10(&#$3#/*'/*$*$"LGP32 soit également impliquée dans la maturation d’un 

D;(:+41"*+"Q)145+3(+"3.3"(;1;(:,1)-,["
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E3"8.)3:")>8.1:;3:"*+"3.:1+",:4*+";",:,"*+">.3:1+1"64+"5+-"G<P-"8.4Q;)+3:"i:1+"V"5;"D.)-"

internalisées par les cellules de l’huître M#1:)(5+"@W"C)A[eF~CN"et produites à l’intérieur du phagosome"

M#1:)(5+"@W"C@A["e?N["B+()")3*)64+"64+"5+-"G<P-"8+4Q+3:"+DD+(:)Q+>+3:"c.4+1"43"1b5+")>8.1:;3:"*;3-"5;"

délivrance de facteurs de virulence comme la Vsp aux cellules de l’hôte["$+">;3)^1+")3:,1+--;3:+W"

;5.1-"64+"5;"-.4(7+"IH=lY"*,8+3*"*+"5;"8.1)3+"G>8E"8.41"-.3"+3:1,+"*;3-"5+-"7,>.(0:+-"*;3-"43"

81.(+--4-"*+"87;A.(0:.-+"*,8+3*;3:"*+"5;"bK)3:,A1)3+"M$48+1:740"+:";5[W"YZRRNW""3.4-";Q.3-">.3:1,"

64+" les OMVs du mutant ∆%3AW",:;)+3:" )3:+13;5)-,+-"*+" 5;">i>+">;3)^1+"64+"(+55+"*+" 5;"-.4(7+"

jT" M*.33,+-" 3.3" 81,-+3:,+-N. Dans d’autres espèces bactériennes, l’entrée des OMVs de 

V%"A4="%3%/#$( )*/)*9#.*$" et d’>0( :%.*( FTFB" (7+g" *+-" (+5545+-" ,8):7,5);5+-" -+" D;):" 8;1" 5;" Q.)+" *+"

l’endocytose ML+-:0"+:";5[W"YZZ!h"C414:;"+:";5[W"YZZ_N. Il est vraisemblable qu’il en soit d+">i>+"*;3-"

3.:1+">.*^5+["

Malgré de nombreuses expériences tentées dans ce sens, nous n’avons pas pu identifier dans 

le cadre de cette thèse un mécanisme cellulaire susceptible d’expliquer le rôle des OMVs dans la 

Q)145+3(+" */( 9*9%[" =;1" +/+>85+W"nous n’avo3-"8;-".2-+1Q,"d’+DD+:" (0:.:./)64+" 1+81.*4(:)25+" -41" 5+-"

7,>.(0:+-"d’huître["I;"(.>8.-):).3"*+-"G<P-"8+4:"Q;1)+1"+3"D.3(:).3"*+"5;"87;-+"*+"(1.)--;3(+"*+"5;"

2;(:,1)+" MT;-7)1."+:";5[W" YZRZN"+:"*+-" (.3*):).3-"*+" (45:41+" M;3;,1.2)+" &" ;,1.2)+N" ML;3"+:";5[W" YZZ!h"

J:;1(9" +:" ;5[W" YZZ!N[" " %.4-" ;Q.3-" *+">i>+" (.3-:;:," 64+" 5+-">)5)+4/" *+" (45:41+" MI?" Q+1-4-" r.2+55W"

-.5)*+" Q+1-4-" 5)64)*+N" )3D54+3d;)+3:" *+" >;3)^1+" -)A3)D)(;:)Q+" 5;" (.>8.-):).3" *+-" G<P-" *+" IH=lY"

M$.33,+-" 3.3" >.3:1,+-N[" %.-" +--;)-" */( 9*&"%" ayant toujours été faits à l’aide d’OMVs issues de 

(45:41+-" ;,1.2)+-" *+" RU7" +3">)5)+4" r.2+55" ;A;1" M8;1" -.4()" *+" -:;3*;1*)-;:).3NW" )5" -+" 8+4:" 64+" *+-"

D;(:+41-" *+" Q)145+3(+" )>8.1:;3:-" +/81)>,-" -+45+>+3:" *;3-" 5;" (.3*):).3" )3:1;(+5545;)1+" ;)+3:" ,:,"

absents de nos préparations d’OMVs. F:;3:"*.33,"5;"*)DD)(45:,"V")-.5+1"5+-"G<P-"81,-+3:+-"*;3-"5+-"

phagosomes, il serait intéressant de produire des OMVs en conditions d’hy8./)+"+:"*+"5+-":+-:+1"-41"

des hémocytes. De plus, nous avons montré que les bactéries dans le plasma d’huître produisaient 

*+" A1;3*+" 64;3:):," *+" Q,-)(45+-" -�1+>+3:" +3" 1,8.3-+" ;4/" 81.:,)3+-" 85;->;:)64+-[" @5" -+1;):"

)3:,1+--;3:" *+" 81.*4)1+" *+-" G<P-" +3" 81,-+3ce de composé de l’hémolymphe pour stimuler 

,Q+3:4+55+>+3:" 5;" -,(1,:).3" *+" 81.:,)3+-" -8,()D)64+-" )>85)64,+-" *;3-" 5;" 1,-)-:;3(+" ;4/" #<=-" 8;1"

+/+>85+[""

F3D)3W"3.4-";Q.3-">.3:1,"64+"5;"(0:.:./)():,"*+"IH=lY"Q)-KVKvis des hémocytes d’huîtres était 

*,8+3*;3:+"*+"-.3")3:+13;5)-;:).3"M;1:)(5+"@@N["#)3-)W";4K*+5V"*+"5;"(.>8.-):).3"*+-"G<P-W"5+41">.*+"

de délivrance aux cellules de l’hôte pourrait à lui seul expliquer l’absence de phénotype observé */(

9*&"%0( @5" -+"8+4:"+3"+DD+:"64+" 5;"*,5)Q1;3(+"+/:1;(+5545;)1+"*+-"G<P-"3+"8+1>+:"8;-"*+"Q,7)(45+1" 5+-"
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OMVs chargés en facteurs de virulence dans des compartiments cellulaires permettant l’expression 

*+"5;"(0:.:./)():,[""

.JC$('&($7"O*'(*9&"#B'>>7>#*"'(Q("R>'(=#9$(>#("6$*$&#9B'(#78(,JK$(

I;" >)-+" +3" ,Q)*+3(+" *+" 5;" -,(1,:).3" )3:1;(+5545;)1+" *+-" G<P-" 8;1" IH=lY" 5;)--+" -488.-+1"

qu’elles puissent jouer un rôle dans la survie de la bactérie dans le phagosome des hémocytes. En 

+DD+:W"*+-";4:+41-".3:">.3:1,"64+"5+-"G<P-"8.4Q;)+3:" 28A2O65&E9&Y4N2R8&SA93RNRC6PEINRNRC6"(7+g"

C')*%/'..#( MC+13;3*+gK<.1+)1;" +:" ;5[W" YZZUN[( Un tel rôle des OMVs dans l’interaction 

IH=lY&7,>.(0:+-" 8.411;):" i:1+" ,:4*),[" F3" +DD+:W( les travaux de l’équipe ont mo3:1," 64+" IH=lY"

)3:+1D,1;):";Q+("5;">;:41;:).3"*4"87;A.-.>+"+3";5:,1;3:"5;"D.1>;:).3"*+"Q;(4.5+-";()*+-"M$48+1:740"

+:";5[W"YZRRN["=54-"81.(7+-"*+"3.-",Q)*+3(+-"+/8,1)>+3:;5+-W"*+-":1;Q;4/"1,(+3:-"(7+g"*+4/"+-8^(+-"

*+"2;(:,1)+-"+/:1;(+5545;)1+-"1*2"*%(:4%.'"#'"+:">0(:%.*"+3:,1.:./)A,3)64+"MFTFBN".3:">.3:1,W"(.>>+"

*;3-" 3.:1+" ,:4*+W" 64+" 5+-"G<P-" 8.4Q;)+3:" c.4+1" 43" 1b5+" )>8.1:;3:" *;3-" 5;" S5RG6:G2R8& :R8G56& E6N&

S6SG2D6N&98G2C2:5RO268N. La sécrétion intracellulaire d’OMVs dans la lumière du phagosome pourrait 

*.3("c.4+1"43"1b5+"*,:+1>)3;3:"8.41"-;"-41Q)+")3:1;(+5545;)1+"*;3-"43"(.>8;1:)>+3:".u"Q)+33+3:"-+"

*,Q+1-+1"*+-"A1;345+-"(0:.85;->)64+-"(7;1A,-"*+"8+8:)*+-";3:)>)(1.2)+3-["

Il est aujourd’hui montré dans diverses espèces, y compris 10( :4%.'"#'W" 64+" E6& NG56NN&

membranaire y compris l’exposition à des AMPs entraine une hypervésiculation des bactéries"

M<;33)3A" ;3*" L4+73W" YZRlN[" $;3-" 3.:1+" (;-W" 43+" 708+1Q,-)(45;:).3" *+" IH=lY" ;" 84" i:1+" >)-+" +3"

évidence lors d’un contact avec le plasma d’huître. Il est probable qu’en activant le relargage de 

Q,-)(45+-">+>21;3;)1+-W" 5+-"2;(:,1)+-"-+"81.:^A+3:W"+3"5+-",5)>)3;3:W"*+-";A+3:-">+>21;3.50:)64+-"

64)" )3:+1;A)--+3:" ;Q+(" 5+41-">+>21;3+-[" F3"+DD+:W" (.>>+"(7+g"10( &#$3#/*'/$*$" IH=lYW" 5+-" :1;Q;4/"

1,(+3:-"*+"$48+1:740"'&(#.0" (7+g"10( :4%.'"#'" .3:">.3:1,"64+"*+-"G<P-"81.*4):+-"+3"81,-+3(+"*+"

*.-+" -42K5,:7;5+-" 8.41" 5;" =>?" (.3D,1;)+3:" 43+" 1,-)-:;3(+" (1.)-,+" (.3:1+" 5;" (;:7+5)()*)3" IIKlXW" 43"

8+8:)*+";3:)>)(1.2)+3"81.*4):"8;1"5+-"87;A.(0:+-"+:"+8):7+5);"74>;)3-["B+::+"1,-)-:;3(+"+-:"*4+"V"5;"

81,-+3(+" *+" ?;8R" ;--.(),+" V" 5;" -41D;(+" *+-" G<P-" *.3:" 5;" 81.*4(:).3" +-:" D.1:+>+3:" )3*4):+" +3"

81,-+3(+" *+" =>?[" I;" 81.:,)3+" ?;8R" 5);3:" 5+" 8+8:)*+" IIKlXW" +55+" :):1+" 5+" 8+8:)*+" +:" ;4A>+3:+" 5;"

1,-)-:;3(+"*+"10(:4%.'"#'"(.3:1+"5;"81.:,)3+"IIKlX"M$48+1:740"+:";5[W"YZRlN["$;3-"5+"(;-"*+-"G<P-"*+"

10( &#$3#/*'/$*$" IH=lYW" 3.4-" ;Q.3-" >.3:1," 64+" 5+-" G<P-" 3.3" :1;):,+-" -4DD)-;)+3:" V" 81.:,A+1" 5;"

2;(:,1)+"(.3:1+"5;"8.50>0/)3+"?"*;3-"43">,(;3)->+"*+"1,-)-:;3(+"*.-+K*,8+3*;3:"2;-,",A;5+>+3:"

-41" 5;" :):1;:).3" M+:" 3.3" 5;" *,A1;*;:).3N" *+-" 8+8:)*+-[" %.-" ,:4*+-" *,(1)Q+3:" *.3(" 43" 3.4Q+;4"

>,(;3)->+"*+"1,-)-:;3(+";4/"#<=-"(7+g"5+-"1*2"*%(*;3-"5+64+5"5;":):1;:).3"8;--+"Q1;)-+>25;25+>+3:"

par l’insertion membranaire des peptides dans les OMVs." %,;3>.)3-W" *;3-" 5+-" *+4/" +-8^(+-" *+"
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1*2"*%W" )5" ;88;1;):"64+" la sécrétion d’OMVs est un mécanisme d’adNR5SG2R8&D6N&([=N&A94G6C68G&

6YY2:9:6&S65C6GG98G&D6&E2C2G65&E645&28G659:G2R8&9F6:&E6N&O9:GB526N&6EE6NPCsC6N;&

Comme décrit en rappels bibliographiques, l’huître produit une grande diversité de peptides 

+:" *+" 81.:,)3+-" ;3:)>)(1.2)+33+-" MJ(7>)::" +:" ;5[W" YZRY2N[" B+1:;)3-" *+" (+-" #<=-" .3:" *+-" ;(:)Q):,-"

(.3:1+" 5+-"2;(:,1)+-"V"H1;>"3,A;:)D" (.>>+" 5;"!)K?=@"64)" 5)+" 5+"I=J"+:"8+1>,;2)5)-+" 5+-">+>21;3+-"

2;(:,1)+33+-" MH.3g;5+g" +:" ;5[W" YZZXN[" @5" +-:" D.1:" 81.2;25+" 64+" 5+-" G<P-" (.3D^1+3:" 43+" 81.:+(:).3"

contre les protéines antimicrobiennes à activité membranaire de l’huître comme la !)K?=@["<;)-"5+-"

8+8:)*+-&81.:,)3+-" ;3:)>)(1.2)+3-" -.3:" *+-" >.5,(45+-" >45:)D.3(:).33+55+-" )>85)64,+-" *;3-" *+"

3.>21+4/"81.(+--4-" 2).5.A)64+-[" @5" +-:" ;)3-)" *,(1):" *;3-" 5;" 5)::,1;:41+"64+" 5;" ?=@" 74>;)3+" -+1Q)1;):"

d’osponine pour l’internalisation des OMVs dans des cellules dendritiques MJ(745:g"+:";5[W"YZZXN["$;3-"

notre cas, l’utilisation d’un anticorps contre la BPI de l’huître a permis de montrer qu’elle était 

(;8;25+"*+"-+"5)+1"V"5;"-41D;(+"*+"IH=lY"M$.33,+-"3.3"8425),+-N["@5"*.3("Q1;)-+>25;25+W"64+"(.>>+"5;"

BPI humaine, la BPI d’74]:1+";):"5;"(;8;():,"*+"-+"5)+1";4/"G<P-"*+"IH=lY"A1q(+"V"-+-"81.81),:,-"*+"

liaison au LPS. Nous ignorons à ce jour si elle peut promouvoir l’entrée des OMVs dans les 

phagocytes d’huître. Par contre nous avons testé l’hypothèse selon laquelle la !)7?=@">;)-";4--)" 5;"

=>?" 8.411;)+3:" 8+1>+::1+" *+" 50-+1" 5+-" G<P-" +:" *+" 5)2,1+1" ;)3-)" 5+" (.3:+34" *+-" G<P-" 1)(7+" +3"

D;(:+41-"*+"Q)145+3(+"M(.>>+"5;"81.:,;-+"P-8"(;1;(:,1)-,+"*;3-"(+::+",:4*+N["%,;3>.)3-W">i>+"V"

*+-" (.3(+3:1;:).3-" ,5+Q,+-" +3"!)KBPI et PmB, nous n’avons pas réussi à libérer l’activité protéase 

)3:1;Q,-)(45;)1+"5),+"V"5;"P-8"(.>>+"3.4-";Q.3-"84"5+"D;)1+";Q+("*+"D;)25+-"(.3(+3:1;:).3-"*+":1):.3"

M;1:)(5+"@N["-R4N&86&NRCC6N&DR8:&S9N&68&Cesure à ce jour d’étayer l’hypothèse d’une lyse des OMVs 

94&N628&D4&SA93RNRC6J&9I98G&SR45&:R8NB\468:6&E9&E2OB59G2R8&D6N&Y9:G645N&D6&F254E68:6&D4&C*A"*%["

,7&"'$(56B#9*$5'$(='("'5%='>#)'(5'5A"#9#*"'(B%9E6"#9&(79'("6$*$&#9B'(#78(,JK$(

#4K*+5V" *4" 1+>.*+5;A+">+>branaire associé à la production d’OMVs, la CRD2Y2:9G2R8& D6&

:A9536& D6& E9& C6CO5986& O9:GB526886" +-:" 43" >,(;3)->+" 7;4:+>+3:" 81.:+(:+41" (.3:1+" 5+-" #<=-"

1,(+>>+3:" (;1;(:,1)-," +3" *,:;)5-" (7+g" 10( :4%.'"#'0" B+54)Kci passe très largement par l’addition 

d’amines libres portées par les chaines d’acides gras secondaires du LPS MO;39)3-"+:";5[W"YZRYN[""#5.1-"

qu’on ne connait pas les signaux régulateurs de ce remodelage chez l+-"Q)21).-W" )5"+-:">.3:1,"*;3-"

d’autres espèces bactériennes que celuiK()"+-:"5;1A+>+3:"(.3:1b5,"8;1"E6&NINGaC6&]&D64Z&:RCSRN98GN"

=AR=?["B+()";"8;1"+/+>85+",:,">.3:1,"(7+g"*+-"+-8^(+-"*4"A+31+";#.3%/'..#"MH4."+:";5[W"R__\h"F13-:"

+:";5[W"YZZRh"H1.)->;3";3*"<.4-5)>W"YZZUh"$;5+21.4/";3*"<)55+1W"YZR!N".4"V4%&%"4#2,-$(M$+1g+55+"+:"

;5[W"YZZ!N["I+-":1;Q;4/"*+":7^-+"*+"<;105)-+"$48+1:740";Q;)+3:",A;5+>+3:">.3:1,"43"1b5+"*+"=7.=S"

*;3-"5;"1,-)-:;3(+";4/"#<=-"(;:).3)64+-"(7+g"IH=lY"M$48+1:740W"YZRZN["%,;3>.)3-W"V"(+">.>+3:K5VW"
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.3" )A3.1;):" 5+-" (;8;():,-" *+" IH=lY" V" +3Q;7)1" 5+-" 7,>.(0:+-" +:" V" -41Q)Q1+" ;4" -+)3" *+-" Q;(4.5+-" *+"

87;A.(0:.-+-["B+::+"(.33;)--;3(+"8+1>+:"*+"D;)1+"43"8;1;55^5+":1^-")3:,1+--;3:";Q+("5+-"-;5>.3+55+-"

et leur résistance à l’élimination intracellulaire."

=54-)+41-" -)A3;4/" 8+4Q+3:" )3*4)1+" 5+" -0-:^>+" =7.=K=7.S" (7+g" 5+-" -;5>.3+55+-" k" 5+" 8OW" 5+-"

(;:).3-"*)Q;5+3:-"M<A
Yv
"+:"B;

Yv
N".4"5;"81,-+3(+"d’AMPs MH433";3*"')(7;1*-W"YZZXN"M#584(7+"#1;3*;"+:"

;5[W" R__Yh"<;1:)3KG1.g(." +:" ;5[W" YZZUNW" ;4:;3:" *+" -)A3;4/" 64+" IH=lY" +-:" -4-(+8:)25+" *+" 1+3(.3:1+1"

dans l’hémocyte d’huître. Nous avons développé ici des tests de survi+")3:1;(+5545;)1+"M;1:)(5+"@@N"64)"

*+Q1;)+3:" 3.4-" 8+1>+::1+" *+" Q,1)D)+1" 5+" 1b5+" *4" -0-:^>+" =7.=S" *;3-" 5;" -41Q)+" )3:1;(+5545;)1+" *+"

LGP32. Il serait également intéressant de vérifier si l’induction massive d’une acyltransférase 

M87.-87.5)8;-+"PJx@@ZR!_N"*;3s le transcriptome intracellulaire de LGP32 (article II, Table S1), n’est 

pas régulée par PhoPQ. Il est en effet montré dans d’autres espèces, que l’acyltransférase PagL qui 

;88;1:)+3:";4"1,A45.3"87.="+-:"43"*,:+1>)3;3:">;c+41"*+"5;"1,-)-:;3(+";4/"#<=-"8;1"-.3"1b5+"*;3-"

l’acylation du LPS ML;s;-;9)" +:" ;5[W" YZZXN[" J)" (+::+" 708.:7^-+" +-:" Q,1)D),+W" 43+" (.>8;1;)-.3"

-:14(:41;5+"*4"I=J"*+"IH=lY"+:"*+"-.3">4:;3:"`"DA4%$A4%.*A#$'"a"-+1;):"V"+3Q)-;A+1["

.JC$('&($;$&I5'(*5579*&#*"'(='$(<7S&"'$(

Un aspect que nous n’avons pas exploré dans cette thèse est celui de la fonction immunitaire 

des OMVs. Or chez les mammifères, des études ont montré qu’une injection d’OMVs de bactéri+-"

8;:7.A^3+-"74>;)3+-"+3:1;)3;):"43+")>>43)-;:).3"*+-"-.41)-"(.>>+"5+-";4*)'..#(8.'K/'"*"MB;>;(7."

+:";5[W"YZRRNW">0(:%.*" ML)>"+:";5[W"YZRlNW"Z'*$$'"*#(3'/*/)*&*,*$( MH.3g;5+g"+:";5[W"YZZUN".4"10(:4%.'"#'"

MJ(7)5*"+:";5[W"YZZ\h"?)-7.8"+:";5[W"YZRYN["=;1"5+41"1)(7+--+"+3"=#<=-W"5+-"G<P-"-.3:";)3-)"-.4Q+3:"Q4+-"

(.>>+"43+"8)-:+"Q;(()3;5+["I’hu]:1+"+-:"43")3Q+1:,21,, et à ce titre, elle ne produit pas d’anticorps. 

%,;3>.)3-, il est aujourd’hui montré qu’o3" 8eut induire un priming immunitaire chez l’huître. Il 

-+1;):" )3:,1+--;3:" *+" :+-:+1" -)" 43+" 81,Kinjection d’OMVs de 10( &#$3#/*'/$*$( IH=lY" +3:1;)3+" 43+"

`")>>43)-;:).3"» chez l’huître. Une étude récente chez l’huître a montré qu’une préK)3c+(:).3"*+"10(

$A.'/,*,-$( MB5;*+NW" :4,+-" 8;1" (7.(" :7+1>)64+W" V" *+-" 74]:1+-" c4Q,3)5+-" )3*4)-;):" 43+" 1,8.3-+"

)>>43):;)1+" 81.:+(:)Q+" (.3:1+" 43+" -+(.3*+" )3c+(:).3" *+" IH=lY" Q)Q;3:-" Mr7;3A" +:" ;5[W" YZR!N[" =;1"

;)55+41-W" 5+" >i>+" +DD+:" ;" ,:," *,>.3:1," ;81^-" " 43+" 81,K)3c+(:).3" *+" =.50" @kB" M#'%" *.425+" 21)3"

synthétique) suivie d’une inj+(:).3"*4"Q;1);3:"*4"Q)14-"V"#'%"*.425+"21)3"G-OPK1 μvar, pathogène de 

l’huître MH1++3";3*"<.3:;A3;3)W"YZRlN["!6&5qE6&D6N&,[+N&D98N&E6&S52C283&2CC482G9256&D6N&A4nG56N&

-+1;):";)3-)"43+"64+-:).3")3:,1+--;3:+"V"8.-+1["B+::+"708.:7^-+"+-:"-.4:+34+"8;1"5+-":1;Q;4/"1,(+3:-"

*+" '420" +:" (.55[" -41" 5+">.*^5+" -0>2).:)64+" 1*2"*%( 8*$:4'"*( &" (;5>;1W" 64)" >+:" ,A;5+>+3:" +3" c+4" 5+"

système immunitaire d’un mollusque. Les auteurs de ce t1;Q;)5">.3:1+3:"64+"5+"1+5;1A;A+"*+"=#<=-"



RXU"

"

(ici le LPS) par le flagelle des vibrios joue un rôle majeur dans l’interaction avec l’hôte M?1+33;3"+:";5[W"

YZR!N["B+" 1+5;1A;A+"-+1;):">,*),"8;1" 5+-"G<P-" )--4+-"*+" 5;">+>21;3+"64)" 1+(.4Q1+" 5+" D5;A+55+"*+-"

vibrios, que l’on a pu largement voir se détacher du flagelle de 10( &#$3#/*'/$*$( IH=lY"*;3-"3.:1+"

,:4*+"M;1:)(5+"@N["%.:1+";3;lyse protéomique a permis de montrer qu’auK*+5V"*+-"=#<=-";::+3*4-"(;1"

(.3-:):4:)D-"*+" 5;">+>21;3+"+/:+13+W" 5+-"G<P-"*+"IH=lY"(.3:+3;)+3:"*+" 5;" D5;A+55)3+W"2)+3"(.334+"

8.41" -+-" 81.81),:,-" )>>43.A^3+-[" G3" 8+4:" ;4--)" +3Q)-;A+1" 64+" 5+" 1+5;1A;A+" *+-" G<P-"

extracellulaires participe au recrutement massif d’hémocytes que l’on observe sur les sites 

d’infections, et en conséquence, dans le cas de l’infection à LGP32, à la dissémination du pathogène 

8;1"5+-"87;A.(0:+-"Q+1-"5+-";utres tissus de l’huître."

Rôle de l’efflux de cuivre et des antioxydants dans la survie intracellulaire et la cytotoxicité de &&&&&&&

C3(&#$5#9*'9$*$&!0=T@&

Cette thèse a permis d’identifier la réponse antioxydante et l’efflux de cuivre comme des éléments 

3#Y'-"$(,'(.#(:#A#:*&R(,'($-"9*'(*/&"#:'..-.#*"'('&(,'(.#(:=&%&%K*:*&R(,'(CMVP@0(Z%-$(#9%/$(:.#*"'3'/&(

3%/&"R( X-'( $-"9*'( '&( :=&%&%K*:*&R( $%/&( R&"%*&'3'/&( .*R'$0( C#( )"#/,'( :%/$'"9#&*%/( ,'$( '88':&'-"$(

identifiés chez les vibrios suggère qu’il s’agit de fonctio/$(A%-9#/&(\&"'(/R:'$$#*"'$(](.#($-"9*'(:4'U(.'$(

9*2"*%$( #,%A&#/&( ,'( &'.$( $&#,'$( */&"#:'..-.#*"'$( ,#/$( .'-"$( 4^&'$0( !%/:'"/#/&( .'(3%,Q.'( 4-_&"'5( /%$(

résultats suggèrent que non seulement la production de ROS mais aussi l’influx de cuivre jouent un 

"^.'(3#Yeur dans la phagocytose chez l’huître.(

=.41";--41+1" 5+"-4((^-"*4"81.(+--4-" )3D+(:)+4/W" 5+-"2;(:,1)+-"8;:7.A^3+-"4:)5)-+3:"*)DD,1+3:-"

facteurs leur permettant d’envahir et de coloniser l’hôte, d’entrainer des dommages cellulaires et 

:)--45;)1+-W"*+"-41Q)Q1+"et d’échapper aux défenses immunitaires de l’hôte."

I;" :1;3-(1)8:.>)64+" *+-" 2;(:,1)+-" )3:1;(+5545;)1+-" +-:" 43" 2+5" .4:)5" 64)" 8+4:" ;)*+1" V"

l’identification de fonctions et de gènes impliqués dans la survie et la virulence. Les premières 

;3;50-+-":1;3-(1)8:.>)64+-"2;-,+-"-41"*+-">)(1.;11;0-".3:"-+1Q):"V" )*+3:)D)+1" 5+-"-:1;:,A)+-"4:)5)-,+-"

par des bactéries pathogènes pour s’adapter à l’hôte et la réponse de l’hôte à l’infection bactérienne 

Mj+-:+1>;33" +:" ;5[W" YZRYN. Cette technique avait été utilisée dans l’interaction <=:%2#:&'"*-3(

&-2'"-:%.%$*$" ;Q+(" 5+-" (+5545+-" *+3*1):)64+-" +:" 5+-" >;(1.87;A+-" MT;)55+4/" +:" ;5[W" YZZ\N[" =54-"

1,(+>>+3:W"5+-";3;50ses transcriptomiques basées sur le séquençage de l’ARN «"'%#-+6"a"-.3:"*+-"

;881.(7+-";Q+("43+"Q)-).3"A5.2;5+"-;3-(#A"*%"*"Mj;3A"+:";5[W"YZZ_N["B+::+">,:7.*+";"*,cV",:,"4:)5)-,+"

(7+g" 854-)+41-" 8;:7.A^3+-" )3:1;(+5545;)1+-" (.>>+" <=:%2#:&'"*-3( &-2'":-.%$*$( '&( 2%9*$( *;3-" 5+-"

>;(1.87;A+-" */(9*&"%" MC.3:;3"+:";5[W"YZZ\h"%;58;-"+:";5[W"YZRlN".4"C')*%/'..#(A/'-3%A4*.#(*;3-" 5+-"

;>)2+-" " Mj+)--+3>;0+1" +:" ;5[W" YZRRN. Dans cette thèse, nous avons utilisé l’outil transcriptomique 
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"

8.41" )*+3:)D)+1" 5+-"A^3+-"(;3*)*;:-"V" 5;"Q)145+3(+"+:"(0:.:./)():,"*+"IH=lYW"64)" -.3:"*+4/" D.3(:).3-"

dépendantes de l’invasion hémocytaire M$48+1:740" +:" ;5[W" YZRR" +:" ;1:)(5+" @@N[" I+" :1;3-(1)8:.>+"

)3:1;(+5545;)1+" *+" 10( &#$3#/*'/$*$" IH=lY" ;" ,A;5+>+3:" ,:," 4:)5)-," 8.41" )*+3:)D)+1" 5+-" +DD+(:+41-"

)>85)64,-"*;3-"5;"1,-)-:;3(+"V"5;"87;A.(0:.-+["(

I+" :1;3-(1)8:.>+" )3:1;(+5545;)1+" *+" IH=lY" ;" ,:," 1,;5)-," R" 7+41+" ;81^-" 87;A.(0:.-+[" @5" ;" 1,Q,5," 5;"

-41+/81+--).3"*+"A^3+-")>85)64,-"*;3-"5;"1,8.3-+";3:)Koxydante et l’efflux de cuivre. Par génomique 

fonctionnelle, nous avons alors pu montrer l’importance de ces deux fonctions dans la survie de la 

2;(:,1)+"*;3-"5+-"7,>.(0:+-W"+:"5+41"1b5+"*;3-"5;"-41Q)+")3:1;(+5545;)1+"+:"5;"Q)145+3(+"*+"IH=lY";",:,"

discuté dans l’article II. La question qui se pose alors est"k" 64+" -;):K.3" *+" (+-" D.3(:).3-" *;3-" 5;"

phagocytose chez l’huître"}"

#5.1-"64+"5;"3.:).3"*+"241-:"./0*;:)D";",:,":1^-"5;1A+>+3:"*,(1)1+"8.41"-.3"1b5+"*;3-"5;"87;A.(0:.-+"

chez l’huître M?;(7^1+"+:";5[W"R__Rh"?;(7^1+"+:";5[W"YZZ!h"=.)1)+1"+:";5[W"YZR!N, il n’existe pas d’étude à 

notre connaissance sur l’homéostasie du cuivre dans les hémocytes d’huître. Or, l;" D.1:+"

surexpression des gènes impliqués dans la réponse l’efflux de cuivre dans le transcriptome 

)3:1;(+5545;)1+" *4"1*2"*%W" -4AA^1+" 43" 1b5+" )>8.1:;3:" *4" (4)Q1+" *;3-" 5+" (.3:1b5+" *+-" 8;:7.A^3+-" ;4"

(.41-"*+" 5;"87;A.(0:.-+"8;1" 5+-"7,>.(0:+-["Dans d’autres modèles, l;"81,-+3(+"*+"(4)Q1+"*;3-" 5+-"

87;A.-.>+-"*+">;(1.87;A+-")3D+(:,-"8;1"<=:%2#:&'"*-3(Q)+3:"(.3D.1:+1"3.:1+"708.:7^-+"Mj;A3+1"

+:";5[W"YZZeh"'.s5;3*";3*"%)+*+1s+)-W"YZRYN["G3"8+4:"-488.-+1"64+"(+">,(;3)->+"*+"*,D+3-+"(.3:1+"

5+-" 8;:7.A^3+-" )3:1;(+5545;)1+" -.):" (.3-+1Q," (7+g" 5+-" 87;A.(0:+-" 81.D+--).33+5-" (.>>+" 5+-"

>;(1.87;A+-"+:" 5+-";>)2+-"(.>>+"5+"81.8.-+3:" MH+1>;3"+:";5[W"YZRlN["=.41"(.3D)1>+1" 5;"81,-+3(+"

*+"(4)Q1+"*;3-" 5+-"87;A.-.>+-"*’hémocytes envahit par LGP32, nous pourrons utiliser des sondes 

-8,()D)64+-"*4"(4)Q1+"5)21+"64+"3.4-"8.411.3-":1;(+1"+3">)(1.-(.8)+"V"D54.1+-(+3(+["B+::+":+(73)64+"

;"*,cV",:,"4:)5)-,+"8.41"*,:+(:+1"5;"81,-+3(+"*+"g)3("*;3-"5+-"87;A.-.>+-"*+">;(1.87;A+-"(.3:+3;3:"

<=:%2#:&'"*-3"M?.:+55;"+:";5[W"YZRRN["%.4-"8.4Q.3-",A;5+>+3:"+3Q)-;A+1"*+":1;(+1"5+"(4)Q1+"*;3-"5+"

phagosome en microscopie électronique. L’analyse du géno>+" *+" !0( )*)#$( >.3:1+" 64+" 5+-"

transporteurs du cuivre connus chez les macrophages humains existent chez l’huître. On trouve ainsi 

des homologues aux gènes codant pour des protéines impliqués l’accumulation de cuivre à l’intérieur 

*4"87;A.-.>+"(7+g"5+-">;(1ophages infectés. Il s’agit du transporteur de cuivre Ctr1 à la membrane 

85;->)64+"64)":1;3-8.1:+"5+"B4
v
"*;3-"5+"(0:.85;->+W"*+"5;"81.:,)3+"(7;8+1.33+"#TGwR"64)"5)+"5+"B4

v
"

*;3-" 5+" (0:.-.5" 8.41" 5+" *,5)Q1+1" ;4" :1;3-8.1:+41" #T=X#" -):4," V" 5;" >+>21;3+" *+-" 87;A.-.>+-"

MH+1>;3"+:";5[W"YZRlN"MC)A41+"lYN. Afin d’étayer l’hypothèse d’un influx de cuivre microbicide dans la 

Q;(4.5+" *+" 87;A.(0:.-+W" 3.4-" *+Q.3-" +3Q)-;A+1" *+-" +/8,1)+3(+-" *+" A,3.>)64+" D.3(:).33+55+[" I;"

-+45+" >,:7.*+" *)-8.3)25+" (7+g" !0( )*)#$" est l’A'%" )3:+1D,1+3(+[" %.4-" 8.411).3-" ;)3-)" +--;0+1"
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d’éteindre l’expression de ces gènes afin de démontrer leur implication dans l’accumulation de cuivre 

dans les phagosomes d’hémocytes infectés. Il faut néanmoins signaler qu’à l’inverse d’autres 

invertébrés chez qui le RNAi fonctionne en routine, chez l’huître la technique n’est pas encore bien 

rodée. Pour l’instant, cette technique n’a été réalisée sur des hémocytes d’huître qu’*/(9*9%"MB7.)"+:"

;5[W" YZRlN[" I+-" ,:4*+-" 81,5)>)3;)1+-" -41" 5+-" 7,>.(0:+-" */( 9*&"%" 3+" -.3:" 8;-" (.3(54;3:+-"

MB.>>43)(;:).3"8+1-.33+55+"B["<.3:;A3;3)N[""

Le rôle de l’efflux cuivre est décrit chez"d’autres pathogènes intracellulaires comme V$'-,%3%/#$(

#'"-)*/%$#" MJ(7s;3" +:" ;5[W" YZZeNW" ;&"'A&%:%::-$( A/'-3%/*#" MJ7;D++6" +:" ;5[W" YZRRNW" C*$&'"*#(

3%/%:=&%)'/'$"MC1;3()-";3*"T7.>;-W"R__XNW";#.3%/'..#('/"'"*:#(-+1.Q;1"T087)>41)4>"MJ)3A7"+:";5[W"

YZZ!h"G->;3"+:";5[W"YZRZh"#(7;1*"+:";5[W"YZRYN".4"+3(.1+"<=:%2#:&'"*-3(&-2'":-.%$*$" Mj;1*"+:";5[W"

YZRZh" j.5-(7+3*.1D" +:" ;5[W" YZRRN[" @5" -+>25+1;):" *.3(" 64+" 5;" 1,-)-:;3(+" ;4" (4)Q1+" -.):" 43+" ,:;8+"

(14();5+"*+-"2;(:,1)+-")3:1;(+5545;)1+-"8.41"(.5.3)-+1"5+41"7b:+["F3"1+Q;3(7+W"(7+g"1*2"*%(:4%.'"#'"64)"

8+4:";*.8:+1"*+-"-:;*+-")3:1;(+5545;)1+-W"(.8#"+:"(4+'"-.3:"3,(+--;)1+-"V"5;"1,-)-:;3(+";4"(4)Q1+">;)-"

8;-"V"5;"Q)145+3(+"M<;11+1."+:";5[W"YZRYN[""

Nous avons mis en évidence l’implication de :1.)-"81.:,)3+-")>85)64,+-"*;3-"5;"1,-)-:;3(+";4"(4)Q1+"

MB.8#W"B4-#"+:"B4-?N"+:" */( 8*/'" *;3-" 5;" -41Q)+" )3:1;(+5545;)1+"*+"IH=lY" MC)A41+"lYN">;)-" )5" +3"+/)-:+"

8+4:Kêtre d’autres. T1.)-" #T=;-+-" *+" :08+" =W" (.3:+3;3:" 5+" >.:)D" $KLKTKHKTK�I@<P�K�T@�" M='GJ@TF"

=JZZRe!NW" -.3:" 81,*):+-" *;3-" 5+" A,3.>+" *+( 1*2"*%" &#$3#/*'/$*$" IH=lY[" G3" 1+:1.4Q+" 2)+3"

,Q)*+>>+3:" (.8#" MPJxZXU\N">;)-" ,A;5+>+3:" PJxR!U!" +:" PJxYZ\l" )*+3:)64+-" V" lR{" +:" eU{" V" 5;"

-,64+3(+" 81.:,)64+" *+" r3:#"d’E. col*" 1+-8+(:)Q+>+3:[" B+-" :1;3-8.1:+41-" c.4+3:K)5-" 43" 1b5+" *;3-" 5+"

:1;3-8.1:" *+" g)3("? A l’inverse de copA qui est surexprimée 59 fois, VS_1464 et VS_2083 sont 

-41+/81)>,+-"!W!"+:"UWY"D.)-"en conditions intracellulaire dans le RNAseq. L’induction de ces gènes V"

l’intérieur des hémocytes suggère la présence de zinc dans le phagosome comme précédemment 

*,>.3:1," (7+g" *+-">;(1.87;A+-" +3Q;7):" 8;1"<=:%2#:&'"*-3" Mj;A3+1" +:" ;5[W" YZZeh" ?.:+55;" +:" ;5[W"

YZRRN["



RX_"

"

"

123456& T@;&[RDaE6& D6& E9& N45F26& 28G59:6EE4E9256& D6&C3( &#$5#9*'9$*$& LGP32 dans les hémocytes de l’huître !3(

)*)#$3&&

!9&S5RGB286&/G57& 2CSR5G6& E6&/4
k
&à travers la membrane plasmique de l’hémocyte. Le Cu

k
&:IGRSE9NC2\46&6NG&

ensuite délivré, via la protéine chaperonne ATOX1, à l’ATP7A qui est responsable du transport de cuivre dans 

la phagosome. La NADPH oxydase membranaire produit de l’ion superoxyde (O@
;
V&\42&3B8a56&NSR8G98BC68G&

du péroxyde d’hydrogène (H@,@VJ&\42& 5B932G&9F6:& E6&/4
@k
&SR45& YR5C65&D6N& 59D2:94Z&AID5RZIE6N& U,<

P
&6G&,<

;
V&

A94G6C68G&GRZ2\46N&SR45& E9&O9:GB526& U5B9:G2R8&D6&168GR8V;&!9&FP($=9N6& 2CSR5G6& E6N& 2R8N&<
k
&à l’intérieur du 

SA93RNRC6;& !6N& S5otéines impliquées dans l’homéostasie du cuivre U/RS(J& /4N()/1V& 6G& E9& 5BSR8N6&

98G2RZID98G6& U#RD(J& (AS/b$N9J& :9G9E9N6V& :A6c& !0=T@& NR8G& 56S5BN68GB6N& 68& 5R436;& (& :6& dR45J& N64EN& /RS(J&

/4N()& 6G& #RD(& NR8G& :959:GB52NBN& :RCC6& BG98G& 2CSE2\4BN& D98N& E9& N45F26& 28G59:6EE4E9256& D6& !0=T@& D98N& E6N&

ABCR:IG6N;&#,'&>&N4S65RZ2D6&D2C4G9N6;&(AS&>&9EQIE&AID5RS65RZ2D6&56D4:G9N6;&FP($=9N6&>&($=9N6&FBN2:4E9256;&

"

$;3-" 5+" A,3.>+" *+" IH=lYW" .3" 1+:1.4Q+" 43+" `">45:)(.88+1" ./0*;-+"a" B4+G" 64)" +-:" *,(1):+" 8.41"

(.3Q+1:)1"5+"B4
Yv"
(.3Q+1:)"+3"B4

v
"*;3-"5+"8,1)85;->+"MH1;--";3*"'+3-)3AW"YZZRh"G4::+3"+:";5[W"YZZRN["#"

l’inverse de CopA et CusABC, CueO ne fonctionne qu’en condition aérobie. Il n’est donc pas 

-4181+3;3:"64+"(+::+"+3g0>+"-.):" 1,81)>,+"+3" (.3*):).3" )3:1;(+5545;)1+".u" 5+"1*2"%" -+" 1+:1.4Q+"+3"

708./)+"*;3-" 5+-"7,>.(0:+-["F3"1+Q;3(7+W" 5;"-41+/81+--).3"*+"(4+GW"(.8#"+:"(4-#?"*;3-"5+"85;->;"

peut s’expliquer par l’abondance de cuivre et la présence d’oxygène dans le plasma d’huître. En effet, 

5;"81,-+3(+"*+" 5;"JG$"+/:1;(+5545;)1+"V"(4)Q1+&g)3(W"(.>>+",:;3:" 5;"81.:,)3+">;c.1):;)1+"*4"85;->;"

d’huître, indique l’importance de ce métal dans ce compartiment[" B+-" 1,-45:;:-" -4AA^1+3:" 64+" 5;"
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résistance au cuivre est un élément essentiel à la survie de LGP32 dans l’huître, qui ne se limite pas à 

-+"(;8;():,"*+"-41Q)+"*;3-"-+-"-:;*+-")3:1;(+5545;)1+-["

F3D)3W" 5+-" :1;Q;4/" 1,;5)-,-" *;3-" (+::+" :7^-+" -+" -.3:" +--+3:)+55+>+3:" (.3(+3:1,-" -41" 5+"

8;:7.A^3+W"-+-"D;(:+41-"*+"Q)145+3(+"+:"*+"-41Q)+["Afin d’obtenir l’image la plus intégrée possible de 

son interaction avec l’huître, il conviendrait de regarder également la réponse des hémocytes de 

l’hôte à l’entrée du 1*2"*%["B+()"+-:"1+3*4"8.--)25+"8;1"5;"8425)(;:).3"*4"génome de l’huître. G3"8+4:"

ici regretter de n’avoir pas gardé les ARNs polyA des cellules de l’hôte dans notre analyse 

:1;3-(1)8:.>)64+["E3"*4;5"'%#-+6"3.4-";41;):"+DD+:"-;3-"*.4:+"*.33,"*+-" )3D.1>;:).3-"81,()+4-+-"

sur l’interaction. F3"+DD+:W" 5+-",:4*+-" 1,;5)-;3:"-)>45:;3,>+3:" 5+" :1;3-(1)8:.>+"*4"8;:7.A^3+"+:"*+"

l’hôte permettent de mieux comprendre les mécanismes impliqués dans l’interaction entre les deux 

.1A;3)->+-"Mj+-:+1>;33"+:";5[W"YZRYh"w4"+:";5[W"YZR!N["#"*,D;4:"*+"(+-"*.33,+-W"3.4-"*)-8.-.3-"*4"

transcriptome hémocytaire d’huîtres infectées (*/(9*9%N"8;1"10(&#$3#/*'/$*$"IH=lY"M*+"I.1A+1)5"+:";5[W"

YZRR2N. L’analyse de ces données devrait nous être précieuse. Nous pourrons ainsi 1+A;1*+1"+3">)1.)1"

;4" :1;3-(1)8:.>+" *+" 5;" 2;(:,1)+W" l’expressio3" *+-" A^3+-" d’huître" 8.:+3:)+55+>+3:" )>85)64,-" *;3-"

l’activité microbicide du phagosome comme ceux citésK()"854-"7;4:"*;3-"(+::+"*)-(4--).3["

& &



!

!

!

!

!

!

"#$"%&'(#$!)*$*+,%*!

!





R\R"

"

/,-/!.#",-&0%-%*(!%&

"

Les surmortalités d’huîtres !0()*)#$" c4Q,3)5+-W"*):+-"`"+-:)Q;5+-"», sont le fruit d’une mal;*)+"

>45:)D;(:.1)+55+"64)"-+"81.*4):"*;3-"*+-">)5)+4/">;1)3-"(b:)+1-"D.1:+>+3:";3:71.8)-,-"+:"64)">+:"+3"

jeu des conditions climatiques particulières (température de l’eau de mer) ainsi que des associations 

*+"8;:7.A^3+-"MQ)14-"7+18^-"G-OPKR"+:"Q)21).-"*4"clade Splendidus). La génétique de l’hôte joue aussi 

43"1b5+"*,:+1>)3;3:"*;3-"5;"-4-(+8:)2)5):,";4/">.1:;5):,-"+-:)Q;5+-["G3")A3.1+"+3(.1+":1^-"5;1A+>+3:"V"

l’heure actuelle les mécanismes explicatifs de ces mortalités et le poids relatif de chacun des fact+41-"

*,(1):-"()K*+--4-[""

Cette thèse s’est concentrée sur une souche de 1*2"*%"8;:7.A^3+";--.(),+"V"(+-">.1:;5):,-"k"

5;"-.4(7+"10(&#$3#/*'/$*$"IH=lY")-.5,+"8;1"I+"'.4/"+:"(.55;2.1;:+41-"+3"YZZ!"MH;0"+:";5[W"YZZ!;h"H;0"

+:";5[W"YZZ!2N"et dont la capacité à envahir les hémocytes de l’huître avait été mise en évidence plus 

1,(+>>+3:"*;3-"3.:1+",64)8+"M$48+1:740"+:";5[W"YZRRN["

I+-"1,-45:;:-"*+"5;":7^-+".3:"8+1>)-"*+"(.>85,:+1"5;"(.>81,7+3-).3"*4"81.(+--4-")3D+(:)+4/"

*+"IH=lY"Q)-KVKvis des hémocytes de l’huître. Nous avons mis en évid+3(+"43+"(0:.:./)():,"*+"IH=lY"

sur les hémocytes qui s’exprime quelques heures après l’internalisation des LGP32. Nous avons 

montré qu’après lyse des hémocytes, les bactéries étaient libérées dans le milieu extracellulaire 

M;1:)(5+" @@N[" @5" +-:" Q1;)-+>25;25+" 64+" 5;" 50-+" *+-" (+5545+-" )>>43):;)1+-" 8;1" IH=lY" +-:" 43" 81.(+--4-"

+--+3:)+5"V" 5;"5)2,1;:).3"*4"8;:7.A^3+"64)"8+4:";5.1-"+3Q;7)1"*+"3.4Q+55+-"(+5545+-"+:";)3-)"(.5.3)-+1"

rapidement les tissus de l’huître. Il faut également noter que cette lyse des cellules")>>43):;)1+-"*+"

l’huître entraine très certainement une diminution de l’efficacité de la réponse cellulaire et par 

conséquent un affaiblissement des défenses immunitaires de l’huître. On peut alors se poser la 

question du rôle d’une souche comme LGP32 dan-"5;"(.5.3)-;:).3"*+-"74]:1+-"8;1"5+"Q)14-"G-OPKRW"64)"

jusqu’à il y a peu d’années était présent dans les huîtres sans être identifié comme pathogène, le 

-0-:^>+" )>>43):;)1+" *+-" 74]:1+-" -4DD)-;3:" V" (.3:1b5+1" -;" 81.5)D,1;:).3[" #)3-)W" 5+-" (.K)3D+(:).3-"

-0-:,>;:)64+-" G-OPKR" &" 1*2"*%( J85+3*)*4-" M(5;*+N" 1+5+Q,+-" *+84)-" YZZ\" (7+g" 5+-" 74]:1+-" c4Q,3)5+-"

>.1)2.3*+-"5.1-"*+-",8)-.*+-"*+">.1:;5):,-"+-:)Q;5+-"8.411;)+3:"1,-45:+1"*+"-41)3D+(:).3-"5,:;5+-"-41"

*+-" .1A;3)->+-" )>>43.*,81)>,-[" %.-" *.33,+-" *+" :+11;)3" 1+5+Q,+-"en 2011 lors d’un épisode de 

mortalité dans l’étang de Thau (projet Microgigas) montrent en effet que la dynamique des vibrios 

8;:7.A^3+-" M*,:+(:).3"*4"A^3+"%3AW(*+"IH=lYN"81,(^*+"*+"64+564+-" c.41-" 5+"8)("*+"*,:+(:).3"*4"

Q)14-"G-OPKR"*;3-"5+-"74]:1+-"M*+"I.1A+1)5"+:";5[W"*.33,+-"3.3"8425),+-N["
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Un résultat important de cette thèse a été d’identifier l’homéostasie du cuivre comme un 

composant majeur de sa capacité de survie dans les hémocytes d’huître. Or le cuivre est présent à 

*+-"(.3(+3:1;:).3-",5+Q,+-"*;ns l’hémolymphe des invertébrés marins. Ainsi chez les crustacés et les 

mollusques, la principale protéine de l’hémolymphe complexe le cuivre, donnant une couleur 

bleutée à l’hémolymphe. C’est le cas de l’hémocyanine qui assure le transport de l’oxygène ch+g"5+-"

crustacés et certains mollusques. L’huître ne possède pas cette protéine, le transport de l’oxygène se 

faisant sous forme dissoute dans l’hémolymphe. En revanche, elle possède une superoxide 

*)->4:;-+"+/:1;(+5545;)1+"V"(4)Q1+&g)3("64)"+-:"5;"81.:,)3e majoritaire du plasma d’huître. Ainsi, bien 

;4K*+5V" *+" 5+41" (;8;():," V" -41Q)Q1+" *;3-" *+-" Q;(4.5+-" *+" 87;A.(0:.-+W" 5+-" Q)21).-" 8;:7.A^3+-" .4"

commensaux capables de coloniser l’hémolymphe des huîtres doivent être équipés de transporteurs 

+DD)(;(+-"8.41"5+"contrôle de l’homéostasie du cuivre."

"B+"1;)-.33+>+3:"8+4:",A;5+>+3:"i:1+"+/:1;8.5,";4/",(.-0-:^>+-">;1)3-"(b:)+1-"(.>>+"5+-"

5;A43+-" >,*):+11;3,+33+-" *;3-" 5+-64+55+-" -.3:" (45:)Q,+-" 5+-" 74]:1+-" +:" 64)" -.3:" +/8.-,+-" ;4/"

(.3:;>)3;:).3-" (7)>)64+-"d’origine anthropique, y compris aux polluants d’origine industrielle ou 

agricole. On retrouve ainsi dans l’environnement lagunaire des métaux lourds tel-"64+"*4">+1(41+W"

*4"(;*3)4>W"*4"85.>2W"*4"(4)Q1+"+:"*4"g)3(["I;"(.3(+3:1;:).3"+3"(4)Q1+"8+4:";)3-)"Q;1)+1";4"(.41-"*+"

l’année au gré des pratiques agricoles et des épisodes de pluie. Dans nos régions viticoles, ce sont 

*+-"*.-+-">;--)Q+-"*+"(4)Q1+"64)"-.3:"4:)5)-,+-"8.41"5+41";(:)Q):,";3:)D.3A)64+"-41"5+-"8;:7.A^3+-"*+"

la vigne. Les importants épisodes pluvieux que l’on observe sont autant d’apports en cuivre vers 

5;A43+-">,*):+11;3,+33+-"Q);" 5+"2;--)3"Q+1-;3:[" @5"+-:"*.3(" )>8.1:;3:"8.41" 5+41";*;8:;:).3"64+" 5+-"

Q)21).-"8+485;3:"5+-"5;A43+-W".u"-.3:"(45:)Q,+-"5+-"74]:1+-W"-.)+3:":.5,1;3:"V"(+-";88.1:-"*+"(4)Q1+["@5"

+-:";insi vraisemblable que les gènes impliqués dans l’homéostasie du cuivre sont essentiels à la vie 

des vibrios non seulement chez les invertébrés marins mais aussi dans l’environnement marin côtier."

Les bactéries sont capables d’acquérir des mécanismes de ré-)-:;3(+"8;1">4:;:).3W"8;1" 5+-"

)3:,A1.3-W"8;1":1;3-D+1:"A,3,:)64+-"7.1)g.3:;4/".4"Q+1:)(;4/W"A1q(+";4/",5,>+3:-"A,3,:)64+-">.2)5+-"

et ainsi les disséminer dans l’environnement. Les éléments génétiques mobiles, tels que les 

85;->)*+-W" 5+-" :1;3-8.-.3-W" 5+-" (;-+::+-" A,3)64+-" ;--.(),+-" ;4/" )3:,A1.3-" c.4+3:" 43" 1b5+" ,Q.54:)D"

majeur dans l’adaptation des communautés microbiennes car ils sont le support, par exemple, de 

A^3+"*+"1,-)-:;3(+";4/";3:)2).:)64+-".4";4/">,:;4/"5.41*-"+:"*+"A^3+-"*+"Q)145+3(+")>85)64,"*;3-"5;"

8;:7.A,3)():,["I+-"+3Q)1.33+>+3:-"1)(7+-"+3"(4)Q1+"*;3-"5+-64+5-",Q.54+3:"5+-"Q)21).-W"0"(.>81)-"5+-"

7b:+-" )3Q+1:,21,-";4/64+5-" )5-" -.3:";--.(),-W".3:";)3-)"84" D;Q.1)-+1" 5+" :1;3-D+1:"7.1)g.3:;5" *+"A^3+-"

impliqués dans l’homéostasie du cuivre."
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#4K*+5V" *e la seule homéostasie du cuivre, l’environnement a pu favoriser la sélection de 

:1;):-" *+" -41Q)+" )3:1;(+5545;)1+" +:" *+" Q)145+3(+" (7+g" IH=lYW" D;d.33;3:" -.3" ;*;8:;:).3" V" 5;" Q)+"

)3:1;87;A.(0:;)1+[" F3"+DD+:W"*;3-" 5+">)5)+4";64;:)64+W" 5+-"1*2"*%" -.3:"+3" (.3:;(:";Q+("*+-"81.:)-:+-"

environnementaux, y compris des amibes, véritables phagocytes de l’environnement qui se 

3.411)--+3:"*+">)(1.K.1A;3)->+-"8;1"87;A.(0:.-+["G1W"5;"87;A.(0:.-+"+-:"43"81.(+--4-":1^-"(.3-+1Q,"

;4" (.41-" *+" 5m,Q.54:).3" M?.45;)-" +:" ;5[W" YZRZN[" G3" peut supposer que l’acquisition de gènes de 

Q)145+3(+"8;1"10(&#$3#/*'/$*$"IH=lYW"+:"3.:;>>+3:"-;"1,-)-:;3(+"V"5;"87;A.(0:.-+W"81.Q)+3*1;):"*+"5;"

81+--).3"*+"-,5+(:).3"+3Q)1.33+>+3:;5+"+/+1(,+"8;1"5+-"87;A.(0:+-"+3Q)1.33+>+3:;4/["$+-":1;Q;4/"

sont d’ores et déjà entrepris dans le cadre de la thèse d’Aurore Poirier pour tester cette hypothèse. 

I+-" >4:;3:-" A,3,1,-" *;3-" 5+" (;*1+" *+" >;" :7^-+" -41" 5+-" D.3(:).3-" +--+3:)+55+-" V" 5;" -41Q)+"

)3:1;7,>.(0:;)1+"8.411.3:"3.:;>>+3:"i:1+">)-"V"81.D):"8.41"1,8.3*1+"V"(+::+"64+-:).3",Q.54:)Q+["

@5"D;4:"+3D)3"-.45)A3+1")()"64+"-)"3.4-";Q.3-",:4*),"5;"-.4(7+"10(&#$3#/*'/$*$"IH=lY")-.5,+"+3"

YZZ!W"5es résultats de l’ANR Vibriogen"(..1*.33,+"8;1"C1,*,1)64+"I+"'.4/">.3:1+3:"64+"(+"-.3:"*+-"

8.845;:).3-" Q)145+3:+-" *+" Q)21).-" *4" (5;*+" J85+3*)*4-" 854-" 64+" *+-" -.4(7+-" Q)145+3:+-" 64)" -.3:"

associées aux mortalités d’huîtres juvéniles. Ainsi, auK*+5V"*+"10( &#$3#/*'/$*$, d’autres espèces de 

1*2"*%";88;1:+3;3:";4">i>+"(5;*+"J85+3*)*4-"(.>>+"*+-"1*2"*%(:"#$$%$&"'#'"-.3:")>85)64,+-"*;3-"

5+-" >.1:;5):és d’huître (F. Le Roux, communication personnelleh" I+>)1+" +:" ;5[W" YZR!N[" @5" -+1;"

)3:,1+--;3:" *+" (.>8;1+1" 5+-" +DD+:-" (0:.8;:7)64+-"*+" (+-"diverses souches et d‘approcher 8;1" 5V" 5;"

*)Q+1-):,"*+-")3:+1;(:).3-"74]:1+-KQ)21).-["#Q+("5+"-,64+3d;A+"*4"A,3.>+"*+"(+-"3.>21+4-+-"-.4(7+-"

(Le Roux et coll, données non publiées), nous disposons d’un outil de choix pour aborder cette 

64+-:).3"64)"-+1;"8.-,+"*;3-"(+"(;*1+"*+"5;":7^-+"*+"T1)-:;3"'42).["
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#4$1()&(-U!OV$)6$'W3'?)J$K4**P/)I)68$'H2*&'*-$56.*)$6-!*#)$%*$1$0N$!BBOP!BB"-$

%&(+$Q-+$S'**(+$%-+$R*)6?4'3&+$%-+$E')4+$M-.-+$'6($S'6(7?42H+$M-$@ABBXD$3*%)*$-#4$1()&(-U!$7?4')67$'4*$
K'J3/?'?)I*$ )6?4'J*//3/'4$ &'J?*4)'+$ '&/*$ ?2$ 734I)I*$'6($H3/?)F/=$ 7=H&)2?)J'//=$ )67)(*$ ?G*$'W3'?)J$ K4**P
/)I)68$'H2*&'-7#&6'4&,$(%&-#&/'(11&6**-$85!9-!*#)$%*$1-5#$1$/.N$OOPOV-$

%JG'4(+$ >-0-+$ S?'KK24(+$ S-:-+$ .2Y)/+$ E-;-+$ LG'4?4*7+$ ;-+$ .*46G'4(?+$ 5-,-+$ SJG*H&4)+$ >-%-$ *?$ '/-$ @AB!AD$
L2FF*4$4*()7?4)&3?)26$)6$H34)6*$H'J42FG'8*7$)6$4*7F267*$?2$9&1,$6(11&$)6K*J?)26-$0*$#4(,-:$111N$C!P
CX-$

%JG'4(+$>-0-+$<4**+$ ;-;-+$Q2/(*6+$ ;-%-+$S)HFK*6(24K*4+$Z-[-+$R)\&348+$U-:-+$S?4386*//+$[-%-$*?$'/-$ @AB!BD$
<G*$ H3/?)PJ2FF*4P)26$ 29)('7*$ L3*U$ 2K$ 9&1,$6(11&- (6'()*#&$ 7*42I'4$ ;"<4*,+)*+,$ )7$ 4*W3)4*($ K24$
7=7?*H)J$I)43/*6J*-$=6>(#'-=,,+6$02N$AO!APAO!V-$

%/'(')/*G+$S-+$E')4+$S-,-+$.)4JG+$1-+$'6($['K?27+$1-%-$@ABBXD$S=(6*=$42JY$2=7?*4$@9&##$/')(&-?1$,()&'&D$
G*H2J=?*7N$H24FG2/28=$'6($K36J?)26-$:-=6.()'(%)-@&'4$1$3/N$#"P]O-$

%/2672+$%-+$'6($M'4J)'P(*/$524?)//2+$^-$@ABB#D$Q)\'JY)68$2K$*3Y'4=2?)J$K36J?)267$&=$)6?4'J*//3/'4$&'J?*4)'/$
F'?G28*67-$=6'-!*#)$%*$1$0N$!"!P!V!-$

%/F3JG*$%4'6('+$L->-+$ S_'6726+$ ;-%-+$ :22H)7+$R-5-+$ '6($>)//*4+$ S-T-$ @!VVAD$ 9&1,$6(11&- '"<4*,+)*+,$
'J?)I'?*7$I)43/*6J*$8*6*$?4'67J4)F?)26$_)?G)6$'J)()K)*($H'J42FG'8*$FG'8272H*7-$@)$#-A&'1-7#&2-9#*-B-
9-7$23N$!BBXVP!BB"O-$

%/?)6()7+$0-+$^3+$`-+$'6($>*Y'/'627+$;-;-$@AB!#D$542?*2H)J$'6'/=7)7$2K$3*%)*$-#4$1()&($23?*4$H*H&4'6*$
I*7)J/*7-$@)$#-A&'1-7#&2-9#*-B-9-7$---N$0!C#"P!CC]-$

%/?34'+$>-%-+$Q*'?GPQ*JYH'6+$0-%-+$M)//*??*+$%-+$Z4*H*4+$E-+$Z4'JG/*4+$%->-+$.4*66'6+$L-$*?$'/-$@AB!OD$
<G*$ K)47?$ *68'8*H*6?$ 2K$ F'4?6*47$ )6$ ?G*$ 03F4=H6'$ 7J2/2F*7P3*%)*$- >*/#4()*- 7=H&)27)7$ )7$ '$ ?_2P7?*F$
F42J*77$)6)?)'?*($&=$'$K*_$*6I)426H*6?'/$7=H&)26?$J*//7-$56.*)$6-!*#)$%*$1-$

%HH*6(2/'+$S-+$5'7W3'/)+$5-+$5)7?2)'+$L-+$5*?43JJ)+$5-+$5*?4'4J'+$5-+$[2?)/)2+$M-+$'6($.'??)7?26)+$%-$@ABBXD$
Q)8GP'KK)6)?=$ a6Ab$3F?'Y*$ 7=7?*H$a63%.L$ )7$ 4*W3)4*($ K24$&'J?*4)'/$ c)6J$G2H*27?'7)7$ )6$ )6?4'J*//3/'4$
*6I)426H*6?7$'6($J26?4)&3?*7$?2$?G*$I)43/*6J*$2K$9&1,$6(11&-(6'()*#&-$=6>(#'-=,,+6$04N$C"]XPC"X]-$

%4*//'62P[*=6272+$ .-+$ :'F'W3*+$E-+$ S'/J*(2+$ S-+$ .4)26*7+$M-+$ L)2JJG)6)+$ %-0-+$d8'/(*+$ [-$ *?$ '/-$ @ABBCD$
L=J/)J$&*?'P!+AP8/3J'6$)7$'$0)+#(11&$I)43/*6J*$K'J?24$4*W3)4*($K24$)6?4'J*//3/'4$734I)I'/-$A&'-=,,+6$1$/N$
]!"P]AC-$

%483*//2+$ ;->-+$ M26c'/*cPM3*44*42+$ >-+$ '6($ [')H36('+$ 1-$ @AB!!D$ .'J?*4)'/$ ?4'67)?)26$ H*?'/$ 5@!.DP
%<5'7*7N$?4'67F24?$H*JG'6)7H$'6($42/*7$)6$I)43/*6J*-$0*$#4(,*/')"$4.N$VV#BPVV#V-$
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%4H7?4268+$ 5-.-$ @ABB]D$ 542?*'7*7$ '6($ F42?*'7*$ )6G)&)?247N$ '$ &'/'6J*$ 2K$ 'J?)I)?)*7$ )6$ G27?PF'?G28*6$
)6?*4'J?)26-$=,,+6$%*$1$?"$5--N$A]OPA"!-$

%7G?26P%/J29+$Z-%-+$'6($^24(+$S-0-$@!VV"D$,'4)'&)/)?=$)6$H2//37J'6$G*H2J=?*7N$'$K/2_$J=?2H*?4)J$7?3(=-$
;*//+(-C(11$6.N$!VCPAB#-$
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JG*H)J'/$JG'4'J?*4)c'?)26-$0*$#4*,-0*$<4"/-7#'&$-/63N$]CPXV-$

LG'??*4\**+$ S-E-+$ '6($ LG'3(G34)+$ Z-$ @ABB]D$ :)F2F2/=7'JJG'4)(*7$ 2K$ 3*%)*$- #4$1()&(N$ TTT-$ .)2/28)J'/$
K36J?)267-$0*$#4*,-0*$<4"/-7#'&$-0/5N$!P!]-$

LG*6+$L-`-+$R3+$Z->-+$LG'68+$`-L-+$LG'68+$L-Q-+$<7')+$Q-L-+$:)'2+$<-:-$*?$'/-$@ABBOD$L2HF'4'?)I*$8*62H*$
'6'/=7)7$2K$3*%)*$-.+16*>*#+/+$'$H'4)6*$F'?G28*6-$J(6$,(-G(/$-6N$ACXXPAC"X-$

LG*6+$ ^-[-+$ :)3+$ 5-L-+$ '6($ :**+$ Z-Z-$ @!VVVD$ 534)K)J'?)26$ '6($ F'4?)'/$ JG'4'J?*4)c'?)26$ 2K$ '$ ?29)J$ 7*4)6*$
F42?*'7*$F42(3J*($&=$F'?G28*6)J$3*%)*$-&1?*6$1"'*#+/-$!*#)$%*$/$32N$VCP!!!-$

LG*6+$ ^-[-+$ :)3+$ 5-L-+$ '6($ :**+$ Z-Z-$ @ABBBD$ :*?G'/$ '??4)&3?*$ 2K$ 7*4)6*$ F42?*'7*$ 7*J4*?*($ &=$ 3*%)*$-
&1?*6$1"'*#+/$7?4')67$)6$Y343H'$F4'_6$@(6&(+/-M&<$6*#+/-$N-A&'+)>$)/#4-C$44N$V#PVV-$

LG*6+$M-+$aG3JG*6Y2+$U-+$'6($Z37F'+$%-$@ABBX'D$THH36*P/)Y*$FG'82J=?*$'J?)I)?=$)6$?G*$72J)'/$'H2*&'-$
9#*(6#($6-0N$]X"P]"!-$

LG*6+$:->-+$Z'6)8'+$Z-+$'6($M'/'6+$;-0-$@!VV]D$9&1,$6(11&$7FF-$'4*$J=?2?29)J$K24$J3/?34*($H'J42FG'8*7-$
!$1-!*#)$%*$1$5-N$!!B!P!!!C-$

LG*6+$`-L-+$LG3'68+$`-L-+$LG'68+$L-L-+$;*'68+$L-:-+$'6($LG'68+$>-L-$@ABB#D$%$Zb$=F?'Y*$F42?*)6+$<4Y%+$)7$
4*W3)4*($K24$7*43H+$F42?'H)6*+$'6($F2/=H=9)6$.$4*7)7?'6J*$)6$3*%)*$-.+16*>*#+/-$=6>(#'-=,,+6$05N$]AVP
]O]-$



!"V$

$

LG*6+$a-+$:*_)7+$Z-%-+$SG3/?c'&*48*4+$[-Z-+$:='YG2I+$T-M-+$aG*68+$>-+$12'6+$.-$*?$'/-$@ABBX&D$1)7J2I*4=$2K$
^34$&)6()68$7)?*$J/37?*47$)6$5/#4()*#4*&-#$1*-&=$)6K24H'?)26$?G*24=$H2(*/7-$A+#1(*#-7#*2/-G(/$64N$]X]AP
]XXX-$

LG*68+$ <-L-$ @!V"!D$ T6I*4?*&4'?*7$ &/22($ J*//7-$ T6$ 0*.&1.(/-$ ['?J/)KK*+$ E-%-+$ '6($ [2_/*=+$ %-^-$ @*(7D-$
:26(26N$%J'(*H)J$54*77+$FF-$AOOPOB!-$

LG*68+$ <-L-$ @!VV]D$ Q*H2J=?*7N$ ^24H7$ '6($ K36J?)267-$ T6$ ;4(- (&/'()6- $"/'()- C)&//$')(&- .*)?*6*#&-$
>'4=/'6($S*'$M4'6?$L2//*8*+$d-2->-S-+$L2//*8*$5'4Y$@*(D-$>'4=/'6(-$

LG2)+$Q-+$Z)H+$S-+$>3YG2F'(G='=+$5-+$LG2+$S-+$R22+$;-+$S?24c+$M-+$'6($[=3+$S-0-$@ABB!D$S?43J?34'/$&'7)7$2K$
?G*$4*(29$7_)?JG$)6$?G*$U9=[$?4'67J4)F?)26$K'J?24-$C(11$-.4N$!BOP!!O-$

LG2)+$S-Q-+$;**+$.-`-+$:**+$S-;-+$LG2+$>-`-+$Z)H+$;-R-+$;*268+$Q-1-+$'6($Z)H+$Z-Q-$@AB!OD$0KK*J?7$2K$[E%$
)6?*4K*4*6J*PH*()'?*($Y62JYP(2_6$2K$G=F29)'P)6(3J)&/*$K'J?24P'/FG'$26$4*7F)4'?24=$&347?$'J?)I)?=$2K$
?G*$5'J)K)J$2=7?*4$C)&//$/')(&-?*?&/$G*H2J=?*7-$8*/4-94(11>*/4-=,,+6$1$64N$#X]P#XV-$

LG3'+$;-+$,*486*+$T-+$>'7?*4+$S-+$'6($1*4*?)J+$,-$@ABB#D$%$?'/*$2K$?_2$/)F)(7N$!"#$%&#'()*+,-'+%()#+1$/*/$
FG'8272H*$H'?34'?)26$'44*7?-$C+))-E<*6-!*#)$%*$1$0N$X!PXX-$

L/'=+$ Q-+$ 1'I)7+$ ;->-+$ .**4=+$ 1-+$ Q3??*6/2JG*4+$ %-+$ :=267+$ S-0-+$ '6($ ['H'Y4)7G6'6+$ :-$ @ABBXD$
1)JG2?2H237$ 42/*$ 2K$ ?G*$H'J42FG'8*$ )6$ *'4/=$!"#$%&#'()*+,-,&)*6+,$ )6K*J?)26$ 2K$ ?G*$ c*&4'K)7G-$
C(11-L$/'-!*#)$%($5N$AVPOV-$

L2JG*66*JP:'34*'3+$E-+$%3KK4*?+$>-+$[*6'3/?+$<-+$'6($:'68/'(*+$%-$ @ABBOD$LG'68*7$ )6$J)4J3/'?)68$'6($
?)773*P)6K)/?4'?)68$ G*H2J=?*$ F'4'H*?*47$ 2K$ 0342F*'6$ K/'?$ 2=7?*47+$ E/')(&- (2+1*/+$ 6'?34'//=$ )6K*J?*($
_)?G$0$6&,*&-$/')(&(-$:-=6.()'(%)-@&'4$1$26N$AOPOB-$

L2HF7+$>-+$'6($13?G2)?+$;-:-$@!VXVD$T6K*J?)267$I)4'/*7$JG*c$/*7$G3l?4*7$C)&//$/')(&-&6?+1&'&$@:HYD$*?$
CO-?*?&/$@<G-D-$L&1*$'*/$2N$OB!POB"-$

L24&*??+$1-+$SJG3/*4+$S-+$M/*66+$S-+$%6(4*_+$5-R-+$L'I*?+$ ;-S-+$'6($[2&*4?7+$ T-S-$ @AB!!D$<G*$J2H&)6*($
'J?)267$ 2K$ ?G*$ J2FF*4P4*7F267)I*$ 4*F4*7724$ L72[$ '6($ J2FF*4PH*?'//2JG'F*426*$ L2Fa$ H2(3/'?*$
L2F%PH*()'?*($J2FF*4$*KK/39$)6$?G*$)6?4'J*//3/'4$F'?G28*6$H*/'()*&-,$6$#"'$?(6(/-$!$1-!*#)$%*$1$2-N$
#CXP#XA-$

L24F24*'3+$L-+$M42)7)//)*4+$%-+$;*3(=+$%-+$.'4&*=426+$<-+$^/*34=+$0-+$^'&)239+$L-$*?$'/-$@AB!!D$%$K36J?)26'/$
7?3(=$ 2K$ ?4'67K24H)68$ 842_?G$ K'J?24P&*?'$ K42H$ ?G*$ 826'($2K$ 5'J)K)J$ 2=7?*4$C)&//$/')(&- ?*?&/-$!&)-

0*$'(#46$1-PAKQ$-6N$VX!PV"B-$

L244*'+$ E-0-+$ :'34)'62+$ L->-+$ >JM**+$ [-+$ '6($ Z/27*+$ Z-0-$ @ABBBD$ 5G27FG24=/'?)26$ 2K$ ?G*$ K/'8*//'4$
4*83/'?24=$ F42?*)6$ ^/4L$ )7$ 6*J*77'4=$ K24$ 3*%)*$- #4$1()&($ H2?)/)?=$ '6($ *6G'6J*($ J2/26)c'?)26-$!$1-

!*#)$%*$1$64N$X#OPXCC-$

L277'4?+$5-+$'6($S'6726*??)+$5-;-$@ABB#D$.'J?*4)'/$)6I'7)26N$?G*$F'4'()8H7$2K$*6?*42)6I'7)I*$F'?G28*67-$
9#*(6#($6.1N$A#APA#"-$

L234I)//*+$5-+$LG'/23FY'+$[-+$'6($L*//)*4+$>-^-$@ABB]D$[*J*6?$F4284*77$)6$7?43J?34*PK36J?)26$'6'/=7*7$2K$
E4'HF$F42?26P(*F*6(*6?$H*?'/P)26$?4'67F24?*47-$0*$#4(,-C(11-0*$1$21N$V]BPVX"-$

L2_'4(+$L-+$S')?+$:-+$L28'6+$<-+$Q3HFG4*=+$<-;-+$'6($>'7Y*//+$1-;-$@AB!OD$UP'6?)8*6$4*F*'?$63H&*4$)6$
9&1,$6(11&- (6'()*#&- /()$.&)- 56'()*'*2*/$ )7$ )HF24?'6?$ K24$ *88$ J26?'H)6'?)26+$ J2/26)7'?)26$ 2K$ ?G*$
JG)JY*6$4*F42(3J?)I*$?4'J?$'6($734I)I'/$)6$*88$'/&3H*6-$85!9-!*#)$%*$1-H(''$616N$!]VP!X]-$



!VB$

$

L2_/*=+$S-L-+$>=/?7*I'+$S-,-+$'6($E'62+$^-0-$@!VV]D$5G'7*$I'4)'?)26$)6$8)&6#*/(11&-'+1&)(6/*/$'KK*J?)68$
)6?4'J*//3/'4$ 842_?G+$ /)F2F2/=7'JJG'4)(*$ '6?)8*6)J)?=$ '6($ 6)?4)J$ 29)(*$ F42(3J?)26-$!$1-!*#)$%*$1$5.N$
"]XP"X#-$

L4')8+$:-+$5)W3*+$>-0-+$'6($<')6*4+$;-%-$@ABB#D$<=F*$T,$F)/37$7?43J?34*$'6($&'J?*4)'/$F'?G28*6)J)?=-$A&'-
G(.-!*#)$%*$1$5N$O]OPOX"-$

L3)+$ ;-+$ Z''6(24F+$ ;-%-+$ '6($ :/2=(+$ L->-$ @ABB"D$ S)H3/'?)68$ )6$ I)?42$ ?4'67J4)F?)26'/$ 4*7F267*$ 2K$ c)6J$
G2H*27?'7)7$7=7?*H$)6$5/#4()*#4*&-#$1*-$0!C-9"/'-0*$1$5N$"V-$

,8,+

1'/*&4239+$ a-1-+$ '6($ >)//*4+$ S-T-$ @AB!#D$ 9&1,$6(11&($ 5G25i$ 4*83/'?)26$ 2K$ ?G*$ 23?*4$ H*H&4'6*$ ?2$
4*7)7?$)66'?*$)HH36)?=-$C+))-E<*6-!*#)$%*$1$-0N$!B]P!!O-$

1'/G'HH'4+$ M-+$ '6($ S?*)6*4+$ Q-$ @!V"#D$ LG'4'J?*4)c'?)26$ 2K$ )6G)&)?24$ %+$ '$ F42?*'7*$ K42H$ 0&#*11+/-
'4+)*6?*(6/*/$_G)JG$(*84'(*7$'??'J)67$'6($J*J42F)67+$?_2$J/'77*7$2K$'6?)&'J?*4)'/$F42?*)67$)6$)67*J?7-$
5+)-:-0*$#4(,$-63N$A#XPACA-$

1'H2+$ S->-+$ Z*G/P^)*+$ <-0-+$ S38)?'6)+$ E-+$ Q2/?+$>-0-+$ ['?G)+$ S-+$>34FG=+$R-;-$ *?$ '/-$ @AB!OD$>2/*J3/'4$
&'7)7$ K24$ H'68'6*7*$ 7*W3*7?4'?)26$ &=$ J'/F42?*J?)6$ '6($ 42/*7$ )6$ ?G*$ )66'?*$ )HH36*$ 4*7F267*$ ?2$
)6I'()68$&'J?*4)'/$F'?G28*67-$@)$#-A&'1-7#&2-9#*-B-9-7$--.N$O"#!PO"#]-$

1'38G*4?=+$ %-+$ S3I'46'F36='+$ %-0-+$ '6($ [36=*6P;'6*JY=+$ :-$ @AB!AD$ <G*$ 42/*$ 2K$ 29=[$ '6($ 729[S$ )6$
29)('?)I*$7?4*77$734I)I'/$)6$94*?(11&->1(I6()*-$!*#)$%*$1-G(/$-/0N$AO"PA#C-$

1'I)*7+$.-R-+$.28'4(+$[-R-+$13F*7+$E->-+$M*47?*6K*/(+$<-%-+$S)HH267+$:-%-+$'6($>*Y'/'627+$;-;-$@AB!!D$
1E%$('H'8*$'6($4*'J?)I*$6)?428*6$7F*J)*7$'4*$&'44)*47$?2$3*%)*$-#4$1()&($J2/26)c'?)26$2K$?G*$)6K'6?$
H237*$)6?*7?)6*-$@H$9-@&'4$?$0N$*!BB!AVC-$

1'I)7+$ .->-+$ '6($ R'/(24+$ >-Z-$ @ABBVD$ Q)8GP?G4238GF3?$ 7*W3*6J)68$ 4*I*'/7$ 73FF4*77247$ 2K$ 3*%)*$-
#4$1()&($4F20$H3?'?)267N$26*$K*_*4$F24)6$)7$*6238G-$A+#1(*#-7#*2/-G(/$60N$CXCXPCX]X-$

1*$1*JY*4+$S-+$'6($S'3/6)*4+$1-$@AB!!D$,)&4)27)7$)6(3J*($&=$*9F*4)H*6?'/$J2G'&)?'?)26$)6$C)&//$/')(&-
?*?&/N$ *I)(*6J*$ 2K$ *'4/=$ )6K*J?)26$ '6($ (2_6P*9F4*77)26$ 2K$ )HH36*P4*/'?*($ 8*6*7-$ 8*/4- 94(11>*/4-
=,,+6$1$6.N$]V!P]VV-$

1*$M422?*+$>-%-+$UJG76*4+$d-%-+$SG)/2G+$>-d-+$E'?G'6+$L-+$>JL24(+$;->-+$1)6'3*4+$>-L-$*?$'/-$ @!VVXD$
5*4)F/'7H)J$ 73F*429)(*$()7H3?'7*$F42?*J?7$9&1,$6(11&$ K42H$F42(3J?7$2K$FG'82J=?*$E%15QP29)('7*$
'6($6)?4)J$29)(*$7=6?G'7*-$@)$#-A&'1-7#&2-9#*-B-9-7$31N$!OVVXP!#BB!-$

(*$ :248*4)/+$ ;-+$ a*6'83)+$ [-+$ [27'+$ [-1-+$ 5)W3*H'/+$1-+$ '6($.'JG*4*+$ 0-$ @AB!!'D$RG2/*$ ?4'67J4)F?2H*$
F42K)/)68$2K$73JJ*77K3/$)HH36*$4*7F267*$?2$,)&4)2$)6K*J?)267$)6$?G*$2=7?*4$L4'7727?4*'$8)8'7$&=$()8)?'/$
8*6*$*9F4*77)26$'6'/=7)7-$@1$/-E6($/N$*AO!#A-$

(*$ :248*4)/+$ ;-+$ a*6'83)+$ [-+$ [27'+$[-1-+$ 5)W3*H'/+$1-+$ '6($.'JGf4*+$ 0-$ @AB!!&D$RG2/*$ ?4'67J4)F?2H*$
F42K)/)68$2K$73JJ*77K3/$)HH36*$4*7F267*$?2$3*%)*$-)6K*J?)267$)6$?G*$2=7?*4$C)&//$/')(&-?*?&/$&=$1)8)?'/$
M*6*$09F4*77)26$'6'/=7)7-$@H$9-EA5$4N$*AO!#A-$

(*$S23c'$S'6?27+$>-+$'6($U4?G+$Z-$ @AB!#D$ T6?4'J*//3/'4$3*%)*$-<&)&4&(,$1"'*#+/$07J'F*7$?G*$,'J32/*$
'6($07?'&/)7G*7$'$[*F/)J'?)I*$E)JG*$)6$?G*$L=?272/$2K$0F)?G*/)'/$L*//7-$!0*$$4-$



!V!$

$

1*'6*+$ S->-+$ [2&&+$ ^-<-+$ [2&&+$ S->-+$ '6($ R22(7+$ 1-[-$ @!V"VD$ E3J/*2?)(*$ 7*W3*6J*$ 2K$ ?G*$ 3*%)*$-
&1?*6$1"'*#+/$ J'/J)3HP(*F*6(*6?+$ (*?*48*6?P4*7)7?'6?$ '/Y'/)6*$ 7*4)6*$ *92F42?*'7*$ %-$J(6($ 0/N$ A"!P
A""-$

1*'?G*4'8*+$.-:-+$:'4'+$;-L-+$.*487&'Y*6+$<-+$['7723/)'6$.'44*??+$S-:-+$:'4'+$S-+$'6($L22Y726+$.-<-$@ABBVD$
.)28*6*7)7$2K$&'J?*4)'/$H*H&4'6*$I*7)J/*7-$!$1-!*#)$%*$1$05N$!OVCP!#BX-$

1*L2347*=+$<-0-$@AB!BD$,2/?'8*P8'?*($F42?26$JG'66*/7$K)6($?G*)4$(4*'H$\2&$H'6'8)68$?G*$4*7F)4'?24=$
&347?$)6$FG'82J=?*7-$@4"/*$1$?"-P0('4(/2&Q$54N$AXP#B-$

1*K*4+$1-+$.2348238626+$E-+$'6($^/*34=+$`-$@ABBVD$SJ4**6)68$K24$'6?)&'J?*4)'/$'6($'6?)I)4'/$'J?)I)?)*7$)6$
?G4**$&)I'/I*$'6($?_2$8'7?42F2($H'4)6*$H2//37J7-$7F+&#+1'+)($536N$!PX-$

1*K*4+$ 1-+$ 1*74)'J+$ ^-+$ Q*64=+$ ;-+$ .2348238626+$ E-+$ .'3(=P^/2JgG+$ >-+$ .4)//*?+$ .-$ *?$ '/-$ @AB!OD$
%6?)H)J42&)'/$ F*F?)(*7$ )6$ 2=7?*4$ G*H2/=HFGN$ ?G*$ &'J?*4)'/$ J266*J?)26-$ 8*/4- 94(11>*/4- =,,+6$1$ 61N$
!#OVP!##X-$

1*/'F24?*+$>-+$S23('6?+$5-+$>2'/+$;-+$:'H&*4?+$L-+$i3*4*+$L-+$>)6*4+$5-$*?$'/-$@ABBOD$0KK*J?$2K$'$H262P
7F*J)K)J$ '/8'/$ ()*?$ 26$ )HH36*$ K36J?)267$ )6$ ?_2$ &)I'/I*$ 7F*J)*7PPC)&//$/')(&- ?*?&/$ '6($ G+2*'&<(/-
<4*1*<<*6&)+,-$:-5I<-0*$1$5./N$OBCOPOB]#-$

1*/7?26+$[-.-+$Z2?G'4=+$>-Q-+$SG'684'_+$Z-%-+$'6($<'//+$.-1-$@ABBOD$T72/'?)26$'6($JG'4'J?*4)c'?)26$2K$'$
c)6JPJ26?')6)68$H*?'//2F42?*'7*$*9F4*77*($&=$3*%)*$-'+%*&/4**-$C&6-:-!*#)$%*$1$13N$CACPCAV-$

1*4c*//*+$ S-+$ <34/)6+$ 0-+$ 13JG'3(+$ 0-+$ 5'8*7+$ S-+$ Z367?+$ ^-+$ M)I'3('6+$ %-+$ '6($ 1'6JG)6+$ %-$ @ABB#D$ <G*$
5G25P5G2i$?_2PJ2HF26*6?$4*83/'?24=$7=7?*H$2K$@4$'$)4&%2+/-1+,*6(/#(6/$)7$*77*6?)'/$K24$I)43/*6J*$
)6$)67*J?7-$:-0&#'()*$1$-2/N$!AXBP!AXV-$

1*74)'J+$^-$@AB!OD$.)I'/I*7$*?$542&)2?)W3*7$N$Sm/*J?)26$*?$m?3(*$(*$&'J?m4)*7$F42(3J?4)J*7$(*$F*F?)(*7$
antibactériens en vue d’une utilisation comme probiotiques en aquaJ3/?34*-$ T6N$ d6)I*47)7?m$ (*$
.4*?'86*$UJJ)(*6?'/*-$

1*74)'J+$ ^-+$ :*$LG*I'/)*4+$ 5-+$.4)//*?+$.-+$ :*83*4)6*/+$ T-+$ <G3)//)*4+$.-+$ 5')//'4(+$L-+$ '6($^/*34=+$ `-$ @AB!#D$
09F/24)68$?G*$G2/28*62H*$J26J*F?$)6$H'4)6*$&)I'/I)'N$G'*H2/=HFG$H)J42&)2?'$'7$'$F*4?)6*6?$7234J*$
2K$F42&)2?)J7$K24$'W3'J3/?34*-$85!9-!*#)$%*$1-H(''$64.N$!BXP!!]-$

1*7?23H)*39PM'4cn6+$1-+$13F*4?G3=+$>-+$,'6G2I*+$%-S-+$SJGH)??+$5-+$'6($R')+$S-E-$@AB!#D$[*7)7?'6J*$
?2$'6?)H)J42&)'/$F*F?)(*7$)6$I)&4)27-$76'*%*$'*#/-$

1)'J2I)JG+$:-+$'6($M24I*/+$;-5-$@AB!BD$.'J?*4)'/$H'6)F3/'?)26$2K$)66'?*$)HH36)?=$?2$F42H2?*$)6K*J?)26-$
A&'-G(.-!*#)$%*$1$2N$!!XP!A"-$

126'8G=+$:-+$Z4'KK*+$0-+$:*$M2)J+$E-+$:'H&*4?+$L-+$,2/*?=+$%-Z-+$'6($S23('6?+$5-$@AB!AD$[*'J?)I*$29=8*6$
7F*J)*7$ )6$ 367?)H3/'?*($ G*H2J=?*7$ 2K$ ?G*$ F'J)K)J$ 2=7?*4$ C)&//$/')(&- ?*?&/N$ '$ H)?2JG26(4)'/$
)6I2/I*H*6?-$@H$9-E6($0N$*#]CV#-$

14=7*/)37+$ [-+$ Z342Y'_'+$ Z-+$ '6($ T)('+$ <-$ @ABBXD$ 3*%)*$6&#(&(+$ '$ I*47'?)/*$ &'J?*4)'/$ K'H)/=$ _)?G$
*I2/3?)26'4)/=$J267*4I*($I'4)'&)/)?=-$G(/-!*#)$%*$1$-42N$#XVP#"]-$

13F*4?G3=+$>-$@AB!BD$0KK*J?eurs moléculaires de l’association C)&//$/')(&-?*?&/$j$3*%)*$-/<1(62*2+/$N$
Rôle de la porine OmpU dans les mécanismes de résistance et d’échappement à la réponse 
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Abstract: 

Vibrios are associated with a broad diversity of hosts that produce antimicrobial peptides (AMPs) as 

part of their defense against microbial infections. In particular, vibrios colonize epithelia, which 

function as protective barriers and express AMPs as a first line of chemical defense against pathogens. 

Recent studies have shown they can also colonize phagocytes, key components of the animal immune 

system. Phagocytes infiltrate infected tissues and use AMPs to kill the phagocytosed microorganisms 

intracellularly, or deliver their antimicrobial content extracellularly to circumvent tissue infection. We 

review here the mechanisms by which vibrios have evolved the capacity to evade or resist the potent 

antimicrobial defenses of the immune cells or tissues they colonize. Among their strategies to resist 

killing by AMPs, primarily vibrios use membrane remodeling mechanisms. In particular, some highly 

resistant strains substitute hexaacylated Lipid A with a diglycine residue to reduce their negative 

surface charge, thereby lowering their electrostatic interactions with cationic AMPs. As a response to 

envelope stress, which can be induced by membrane-active agents including AMPs, vibrios also 

release outer membrane vesicles to create a protective membranous shield that traps extracellular 

AMPs and prevents interaction of the peptides with their own membranes. Finally, once AMPs have 
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breached the bacterial membrane barriers, vibrios use RND efflux pumps, similar to those of other 

species, to transport AMPs out of their cytoplasmic space. 

Keywords: Lipopolysaccharide; OMV; membrane transporter; innate immunity; defensin; 

cathelicidin; BPI. 
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1. Introduction 

Vibrios are g-proteo-bacteria ubiquitous in aquatic environments. They have evolved the capacity to 

colonize a broad series of hosts from protozoans to metazoans. Vibrios are normally present in the 

tissues of healthy animals. Sometimes they become pathogenic in wild marine animals such as corals, 

in particular as a result of  environmental changes including shifts in seawater temperature and salinity, 

or, for aquacultured animals, upon exposure to high animal densities or stressful farming practices [1]. 

Currently, vibrioses are recognized as a major factor limiting the development of aquaculture. In 

addition, vibrios can cause severe disease outbreaks in human populations, the best known example 

being cholera. Again, environmental drivers -such as temperature changes, severe rainfalls that lower 

water salinity, and insufficient sanitation- govern the occurrence of the disease in human populations  

[2]. 

Vibrios have developed tropism for epithelial tissues that line both the outside and inside of cavities 

and lumen of their diverse hosts. They can colonize the keratinized epithelium of skin as well as the 

gastrointestinal tract. By lining the cavities and surfaces of structures throughout the body, epithelia act

as a first line of defense against pathogens. Epithelia also produce antimicrobial peptides (AMPs) 

[3,4], conferring to the host an immune arsenal broadly conserved among metazoans. When the host's 

epithelial barriers are breached, vibrios encounter phagocytes, key components of the animal immune 

system. These phagocytes infiltrate infected tissues and use reactive oxygen and nitrogen species (ROS 

and RNS) as well as AMPs to kill phagocytosed microorganisms intracellularly or deliver their 

antimicrobial content extracellularly to circumvent infection. Interestingly, recent works have shown 

that vibrios are able to colonize and survive inside phagocytes [5,6]. 

AMPs from metazoans are often cationic peptides that initially interact electrostatically with the 

membranes of bacteria, which carry negatively-charged lipopolysaccharide (Gram-negative) or 

teichoic acids (Gram-positive). Many AMPs then insert into the membranes and form deleterious pores 

or channels [7]. Alternatively, AMPs can bind to essential components of bacterial membranes or 

translocate across to reach the cytoplasm, where they interfere with essential cellular processes such as 

nucleic acid, protein, enzyme, and cell wall syntheses [8-13]. In addition, AMPs produced by a given 

host can be synergistic, combining their mechanisms of action to fight bacterial pathogens [14]. 

However, it has become clear that the activity of AMPs goes far beyond their antimicrobial properties; 

these peptides are also involved in many immunomodulatory functions including inflammation, wound 

healing, chemotaxis, cell differentiation, angiogenesis, regulation of oxidative stress, regulation of 

adaptive immunity, and epithelia homeostasis [4 ,15]. Accordingly, AMPs are also called Host 

Defence Peptides. 

Importantly, the tissues of healthy metazoans host an abundant microbiota, which itself has the 

capacity to produce AMPs, contributing to protection against pathogenic microbes. Prokaryotic AMPs 

are frequently referred to as bacteriocins, a generic name that covers classes of compounds with 

diverse structures and mechanisms of action. Bacteriocins may be peptides created by complex 

biosynthetic pathways that enable the inclusion of unconventional amino acids, as well as nucleotides 
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and siderophores. [16,17]. Many of these prokaryotic AMPs are cationic, although this is not a general 

rule. Like metazoan AMPs, some target the bacterial membranes while others target specific receptors 

and behave as inhibitors of key metabolic pathways. Still others combine different mechanisms of 

action (for review see [17]).

When confronted with such a complex immune arsenal, how do vibrios avoid the chemical defenses 

of their hosts and associated microbiota? What can we learn from their ability to colonize immune 

cells/tissues that produce high local concentrations of AMPs? In the context of the extensive antibiotic 

use that has led to emergence of broad-spectrum antibiotic-resistant bacteria [18], AMPs are often seen 

as an alternative to conventional antibiotics. However, an increasing number of studies have shown the 

diversity of mechanisms by which bacteria can also avoid the action of AMPs. Thus, the emergence of 

“superbugs” resistant to both antibiotics and AMPs is a potential risk of using AMPs as an antibiotic 

alternative. However, understanding the mechanism by which bacteria have evolved the capacity to 

live in AMP-producing tissues should allow us to develop strategies to prevent AMP-resistance. 

2. Antimicrobial peptides in host-vibrio interactions 

2.1. Vibrios colonizing epithelial surfaces 

Many species of vibrios pathogenic for human and animal species have evolved the capacity to 

colonize epithelia (table 1). Among these, the species of vibrios pathogenic for humans, Vibrio 

cholerae and Vibrio parahaemolyticus, cause major enteric disorders. While V. parahaemolyticus

disrupts the intestinal epithelium [19], V. cholerae induces inflammatory responses and innate immune 

cell infiltration in the small intestine without affecting the integrity of the mucosal tissue [20]. Diarrhea 

caused by such enteric infections leads to intense dehydration and is recognized as a major factor in 

morbidity and mortality worldwide. Virulence factors of the diarrheagenic vibrios are expressed upon 

intimate association with host epithelial cells and, in many instances, include the secretion of toxins. 

Vibrios causing gastrointestinal infection need to penetrate the mucous layer before attaching to 

intestinal epithelial cells, a process usually mediated by fimbriae or pilus structures (e. g., toxin-co-

regulated pilus (TCP)). Subsequently, the bacteria secrete important virulence factors such as cholera 

toxin (CT) and hemagglutinin/protease (HA/protease) (for review see [21]). In V. parahaemolyticus,

colonization of the intestine is dependent on the type III secretion system (T3SS2) [22] and further 

secretion of a T3SS2-secreted effector, VopZ, which also inhibits host mucosal defenses[23]. 

As in humans, many vibrios colonize the epithelial surfaces of animals, both vertebrates and 

invertebrates. Again, this often requires a first step of binding to the mucus covering the epithelium. In 

some cases, epithelium colonization is part of a mutualistic process. For instance, in the squid, the 

luminescent Vibrio fischeri colonizes the crypts of the squid light organ, which consists of a series of 

deep invaginated epithelium-lined crypt spaces [24]. In other cases, invasion of the epithelium is part 

of the pathogenic process. For instance, in the rainbow trout, Vibrio anguillarum colonizes both the 

skin and the intestinal epithelia, causing a fatal hemorrhagic septicaemia [25]. Similarly, in the coral 

Oculina Patagonica, the pathogenic Vibrio shiloi penetrates into the epithelial cells of the coral, 
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multiplies, and produces a toxin that inhibits photosynthesis of the coral symbiotic algae (for review 

see[26]).

2.2.   AMPs and epithelial defenses 

Mammalian epithelial tissues such as the epidermis but also the respiratory, gastrointestinal and 

genitourinary tracts, are in direct contact with the environment, thus, constant interaction between 

microorganisms and the immune system occurs at these sites. In vertebrates, epithelial tissues provide 

the first line of protection as they trigger the immune response. Mammalian epithelial cells function as 

both a physical barrier and as immunocompetent cells, producing a number of immune-related 

molecules [27]. Therefore, colonizing vibrios face a diversity of chemical weapons expressed in 

epithelial tissues. Indeed, in animals, virtually all epithelia have been found to express AMPs either 

constitutively or in response to damage and/or infection (table 2). 

In humans, AMPs are expressed in a broad range of epithelial cell types, either constitutively or in 

response to infection. The major AMPs and proteins of human epithelia include the small cationic a-

and b-defensins, the human cathelicidin LL-37 (hCAP-18) and the bactericidal/permeability-increasing 

protein (BPI). The average concentration of defensins in these epithelial cells reaches the 10-100 µg/ml 

range with higher local concentrations due to the uneven distribution of defensins [3]. BPI is expressed 

in mucosal epithelia including the esophagus and the colon [28]. LL-37 is expressed in the squamous 

epithelia of the airways, mouth, tongue, esophagus and large intestine [29-31] as well as in inflamed 

skin [32]. Human β-defensins are expressed by kidney, skin, pancreas, gingiva, tongue, esophagus, 

salivary gland, cornea, and airway epithelium [33]. In the small intestine, the antimicrobial C-type 

lectins HIP/PAP are expressed [4,34] together with enteric α-defensins, which are major AMPs 

exclusively expressed by Paneth cells located at the bottom of the intestinal crypts [35]. Importantly, 

the epithelial lining of the small intestine is the site at which V. cholerae adheres after passing through 

the gastric acid barrier and penetrating the mucin layer of the small intestine [36]. 

The human enteric a-defensins HD-5 and HD-6 are components of the secretory granules of Paneth 

cells. They are released in the lumen of the small intestinal crypts upon exposure to bacteria and 

bacterial antigens. Their contribution to enteric mucosal immunity has been clearly evidenced in 

transgenic mice expressing the human Paneth cell α-defensin, HD-5 [37]. While HD-5 has direct 

antimicrobial activity against bacteria, HD-6 acts by creating nanonets that entrap bacteria and prevent 

further dissemination [38]. Paneth cells of mice also secrete their own α-defensins into the lumen of 

small intestinal crypts, and local concentrations have been estimated to be 25–100 mg/ml at the point 

of release [35]. Paneth cells were also shown to express LPLUNC1 which co-localizes with HD-5 in 

the secretory granules. LPLUNC1 is a protein similar to BPI which does not display antimicrobial 

activity in vitro but binds lipopolysaccharide (LPS) and inhibits the TLR4-signaling pathway in 

response to V. cholerae O1 LPS. LPLUNC1 mRNA is also the most highly up-regulated transcript in 

the small intestine during acute phase cholera [39]. 

In fish, epithelial defenses include a series of AMPs whose expression varies according to peptide 

families, fish species and tissues (for recent reviews see [40,41]). Indeed, fish AMPs are abundant in 
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mucosal linings such as the skin, gills, and intestine, suggesting an important role in immunity [42]. 

These include AMPs similar to those found in mammals, namely β-defensins, cathelicidins, hepcidins

and histone-derived AMPs together with a-helical peptides AMPs (pleurocidin, piscidins, and 

moronecidin, among others....). Fish β-defensin genes have the highest basal expression in skin 

epithelium, which is induced by a variety of bacterial challenges such as Aeromonas hydrophila and 

Vibrio anguillarum. Interestingly, tissue-specific production of β-defensins has been described in 

salmonids where variants of this family can be differentially up-regulated in the intestine or gill tissues 

following bacterial challenge [43]. Hepcidin, which is both an AMP and a hormone expressed in liver, 

is also expressed by the skin epithelium and intestine. Fish hepcidin genes can be induced by exposure 

to both Gram-positive and Gram-negative bacteria. Cathelicidin is expressed in diverse epithelia 

including skin, gill and intestine. In the Atlantic cod, its expression in the gills was induced by 

Aeromonas salmonicida but not by V. anguillarum [44]. Like β-defensins, salmonid cathelicidins are 

produced in several mucosal tissues where variants display differential expression [45]. Moreover, 

transcripts of a homologue of the human bactericidal/permeability-increasing protein (BPI) have been 

found in the skin, intestine and gills of various fish species [46,47]. Finally, histone-derived AMPs are 

released in the epithelial mucosal layer of wounded fish skin [48]; they are expressed by mucus-

producing globlet cells, the cells in which all the AMPs from fish skin accumulate [41]. 

In marine invertebrates, AMPs are also expressed by a broad range of epithelial cell types. 

Homologues of human BPI are produced by diverse invertebrate species. In the squid Euprymna 

scolopes, Es-LBP1 was found in the light organ of juvenile squids colonized by V. fischeri, but not in 

aposymbiotic squids. Expression was localized within the deep crypt spaces where the symbiotic 

vibrios reside and along the surface of the epithelia [49]. In the oyster Crassostrea gigas, a homologue 

of human BPI, Cg-BPI, is produced by various epithelial cell types including the intestine, gills, and 

mantle [50]. In addition, the Cg-Defm defensin is expressed by the oyster mantle, the shell-forming 

secretory epithelium [51]. Expression of Cg-BPI and Cg-Defm was constitutive in the epithelia of 

oysters infected with vibrios [14]. Recently, a novel AMP rich in lysine residues was extracted from 

oyster gills. This AMP called Cg-Molluscidin is predicted to form a a-helix [52], Its regulation in 

response to infection is still unknown. Moreover, as in fish, oyster epithelia accumulate histones 

displaying antimicrobial activity against vibrios [53]. These antimicrobial histones are released in 

response to infection or injury by infiltrating hemocytes, the circulating immune cells of the oyster, by 

a mechanism reminiscent of neutrophil extracellular traps in vertebrates [54]. 

2.3. Vibrios adapted to intracellular life in phagocytes 

Vibrios have traditionally been considered extracellular organisms. In recent years, however, vibrios 

(V. cholerae and V. mimicus) have been shown to also adopt intracellular stages in phagocytes from 

the environment, the amoebae [55-57] (table 3). Similarly, live vibrios have been found inside 

professional phagocytes within the hosts they colonize. In vertebrates, V. cholerae can survive inside 

human macrophages, as this intracellular stage is required for the T6SS-mediated secretion of factors 

causing actin cross-linking in host cells [5]. In invertebrates, a V. splendidus-related strain can survive 

in hemocytes, the circulating immune cells of the oyster (table 3). Hemocyte invasion was 

accompanied by reduced production of reactive oxygen species and altered phagosome mutation [6].
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While vibrios pathogenic for fish can adopt intracellular stages in epithelial cells [58,59], to our 

knowledge they have not been reported to invade professional phagocytes. 

2.4. AMPs of phagocytes 

Intracellular vibrios must face the potent chemical defenses of phagocytes, professional immune 

cells that circulate in the animal bloodstream and infiltrate infected tissues. Phagocyte defenses include 

reactive oxygen species, which are particularly active during phagocytosis; hydrolytic enzymes 

including lysozyme; as well as AMPs, which are produced and stored by phagocytic cells (table 4).  

Human phagocytes (neutrophils and macrophages) are indeed known to express a broad diversity of 

AMPs. Neutrophils express a-defensins, stored in azurophil granules that fuse with the phagolysosome 

to kill internalized bacteria, and the LL-37 cathelicidin, stored in secretory granules which release their 

content extracellularly. a-defensin expression is constitutive and their release is regulated by diverse 

microbial signals. In neutrophil phagolysosomes, the concentration of defensins has been estimated at 

~10 mg/ml [60]. In addition, human neutrophils express the BPI antimicrobial protein [28]. Whereas 

macrophages express a limited number of antimicrobials compared to neutrophils, these cells in which 

V. cholerae is able to survive use AMPs such as LL-37, hepcidin and human β-defensin 1 and 2 to 

control intracellular pathogens [61,62]. The crucial role of LL-37 in intracellular killing of 

mycobacteria has been extensively documented [63,64]. 

In fish, less data are available about AMPs expressed by phagocytes. Evidence of AMPs in 

granulocytes exists for the α-helical peptide piscidin [65] and hepcidin in the seabream [66]. A fish 

BPI/LBP was constitutively expressed in head kidney leukocytes from Atlantic cod [47]. However, it 

should be mentioned that many studies that analyzed the expression of fish AMPs in tissues probably 

had infiltrating phagocytes in the samples. Therefore, further studies are needed to determine whether 

the AMP expression is restricted to a specific cell type or tissue. It is also not known whether fish 

phagocytes serve as a niche for any given Vibrio species. 

Hemocytes of invertebrates also produce a broad series of AMPs. Upon infection, oyster hemocytes 

massively migrate to infected tissues, bringing their antimicrobial content to the site of infection, and 

actively phagocytose bacteria. In oyster hemocytes, where the  V. tasmaniensis strain LGP32 was 

found to survive, AMPs include defensins, big-defensins, proline-rich peptides, as well as a BPI 

antimicrobial protein (for review see [1]). BPI is stored in large cytoplasmic granules while the 

intracellular localization of the other AMPs is not yet known. Expression of BPI and big-defensin1 and 

2 is induced in hemocytes of infected oysters, whereas defensin expression is not regulated by the 

infection [14,67]. 

Similar to phagocytes from metazoans, amoebae, which can host diverse Vibrio species, produce 

pore-forming polypeptides such as the well-known amoebapores, which can rapidly perforate human 

and bacterial cells. Amoebapores are stored in cytoplasmic granules and through their antibacterial 

activity, combat growth of phagocytosed bacteria which are killed inside the digestive vacuoles when 

their cytoplasmic membranes are permeabilized [68]. 
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3. Known mechanisms of resistance/evasion to AMPs in vibrios 

3.1. Outer membrane remodeling 

As electrostatic interactions often play a crucial role in the initial interaction of cationic AMPs with 

bacterial membranes, both Gram-negative and Gram-positive bacteria have evolved strategies to 

neutralize the net negative charge of cell surface molecules with amine-containing substitutions. Thus, 

D-alanylation of teichoic acids, which are major components of the Gram-positive cell wall, confers 

AMP-resistance in a variety of Gram-positive bacteria including Staphylococcus aureus and Bacillus 

cereus [69,70]. More generally, aminoacylation of bacterial cell surface phosphatidylglycerols with L-

lysine, L-alanine, or D-alanine confers resistance to cationic AMPs in both Gram-positive and Gram-

negative bacteria[71]. 

LPS, the major constituent in the Gram-negative outer membrane, is composed of three regions: the 

anionic Lipid A membrane anchor, the core oligosaccharide and the O-antigen polysaccharide [72].

Hankins et al. have shown that V. cholerae O1 and O139 share identical asymmetrical hexa-acylated 

Lipid A structures [73] composed of a b 1′-6 linked glucosamine disaccharide with unmodified 1- and 

4′-phosphate groups, which is acylated at the 2-, 3-, 2′- and 3′-positions. Myristate (C14:0) and 3-

hydroxylaurate (3-OH C12:0) are ester-linked to the hydroxyl groups on the 2′- and 3′-linked fatty acyl 

chains (Figure 1). As in V. cholerae, the presence of a hydroxylated secondary acyl chain has been 

reported in the Lipid A structure of V. fischeri [74]. 

Polymyxin B (PmB) has been extensively used to study the molecular basis of bacterial resistance 

to cationic AMPs in Gram-negative bacteria. Indeed, this peptide produced by the Gram-positive 

Paenibacillus polymyxa disrupts the cell envelope of Gram-negative bacteria by associating with the 

anionic LPS as well as with acidic glycerophospholipids [75]. To resist to AMPs, Gram-negative 

bacteria can neutralize their cell membrane by transferring phosphoethanolamine or aminoarabinose to 

phosphate groups on the lipid A domain of LPS [76] 

In V. cholerae, the secondary acyltransferase VC0212 (LpxN or MsbB), which transfers a 3-

hydroxylaurate group to penta-acylated Lipid A, contributes to the resistance of an El Tor strain to 

AMPs including PmB and LL-37 [73,77]. Thus, the higher susceptibility of the vc0212 mutant 

displaying incomplete Lipid A might be due to the greater permeability of its bacterial membrane.

However, recent data by Hankins et al. demonstrate that the presence of a 3-hydroxyl group on the 

secondary acyl chain provides a site for esterification of glycine residues in a unique strategy necessary 

for resistance to PmB in V. cholerae [78] (Figure 1).  

Three V. cholerae proteins, VC1577 (AlmG), VC1578 (AlmF), and VC1579 (AlmE) sharing 

sequence homology with the machinery involved in D-alanylation of teichoic acids in Gram-positive 

bacteria are essential for Lipid A modification with glycine and diglycine residues through aminoacyl 

esterification. Interestingly, sequence alignments comparing the classical (susceptible to PmB) and the

El Tor (resistant to PmB) biotypes of V. cholerae revealed that the classical strain O395 has a nonsense 

mutation, resulting in a truncated AlmF carrier protein lacking the conserved serine [78]. The authors 

discovered that classical strains lack glycine-modified Lipid A. Upon alm mutation, the minimum 

inhibitory concentration (MIC) of PmB against El Tor strains dropped dramatically (~100 times) from 

96-128 μg/mL to 0.5-1.0 μg/mL, showing that glycine modification of Lipid A is an essential 
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mechanism of AMP resistance in V. cholerae. This study provides a well-defined mechanism for the 

different PmB-resistant phenotypes observed in V. cholerae classical and El Tor biotypes. Why 

classical strains appear to have lost carrier protein functionality and thus AMP resistance is a puzzling 

evolutionary question. 

To date, it is unknown whether modifications of Vibrio LPS are induced upon exposure to sublethal 

concentrations of cationic AMPs, as shown in other bacterial species like Salmonella Typhimurium, 

which regulate their LPS structure, contributing to resistance to cationic AMP [79]. Changes in 

Salmonella LPS structure, regulated by the two-component system PhoPQ, include reducing average 

O-antigen chain-length, acylating, deacylating, and hydroxylating lipid A, derivatizing lipid A and 

LPS core phosphates with cationic groups (for recent review see [80]). Homologues of PhoPQ are 

found in Vibrio species, however, the potential role of PhoPQ in resistance to AMPs has not been 

described to date. 

3.2. Induction of the envelope stress response 

As discussed above, many AMPs create damage to bacterial membranes as part of their mechanism 

of action. Sensing external stress is therefore crucial to combating membrane injury before the damage 

becomes irreversible. One of the strategies by which bacteria respond to outer membrane stress and 

modulate gene expression is via the alternate sE factor, encoded by the rpoE gene. Under non-stress 

conditions, sE is inactivated by its cognate anti-sigma factor localized to the inner membrane. When 

activated by envelope stress, i.e, misfolding of outer membrane proteins, sE promotes the expression 

of factors that help preserve and/or restore cell envelope integrity. Certain outer membrane proteins 

can serve as upstream signal sensors to modulate the activity of sE [81]. In V. cholerae, the major 

outer membrane OmpU is a key determinant of sE production [82]. Such dependence on a single 

factor contrasts with the regulation of sE in E. coli, in which numerous factors contribute to its 

activation and none is dominant.  

In V. cholerae, sE plays a role in outer membrane stress response and resistance to AMPs. Thus, 

deficiency of sE confers to V. cholerae greater sensitivity to the antimicrobial peptide P2, a synthetic 

derivative of human BPI. Consistent with the ompU-dependent activation of sE, lack of OmpU in V. 

cholerae also conferred a greater sensitivity to AMPs [83,84]. Similar results were obtained for the 

oyster pathogen V. tasmaniensis LGP32 in which OmpU contributed to resistance to the oyster 

antimicrobials Cg-Defm and Cg-BPI [85]. However, in both V. cholerae and V. tasmaniensis, OmpU-

mediated resistance was much lower than that conferred by Lipid A remodelling [78]. Moreover, in V.

tasmaniensis LGP32, the major negative effect of the ompU deletion on pathogenicity was attributed to 

impaired capacity to invade the oyster immune cells rather than lower resistance to oyster AMPs [6]. 

3.3. AMP titration by Outer Membrane Vesicles  

One sE-dependent mechanism whose role in AMP resistance has been less studied is outer membrane 

vesicle release. OMVs form the insoluble fraction of Gram-negative bacterial extracellular products; 

they are extruded from the bacterial cell surface and entrap some of the underlying periplasmic 

contents [86,87]. OMVs are key players in the interaction between Gram-negative bacteria and both 
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the prokaryotic and eukaryotic cells from their environment [88]. Whereas it is now well established 

that Vibrio spp. constitutively release OMVs during cell growth [89-91], only recent studies in E. coli 

[92] and Vibrio spp. [93 ,94] have shown that the release of OMVs protects bacteria against 

membrane-active AMPs. 

In V. cholerae, earlier work demonstrated that under envelope stress conditions, the small 

regulatory RNA VrrA is expressed in a sE-dependent manner to down-regulate OmpA , which in turn 

reduces envelope stress by promoting OMV release [95]. More recently, we found that physiologically 

relevant amounts of OMVs produced in the presence of a sub-lethal concentration of PmB provide 

protection against human cathelicidin LL-37, increasing the MIC of LL-37 by 4-fold. This cross-

protection has been attributed to the presence of the biofilm-associated extracellular matrix protein 

Bap1, that is associated with OMVs in larger amounts when bacteria are grown in the presence of PmB. 

The Bap1 protein can therefore trap LL-37, leading to increased resistance of V. cholerae towards LL-

37 [93]. 

In V. tasmaniensis LGP32, OMVs provide significant and dose-dependent protection against AMPs 

[94]. Indeed, OMVs increased the MIC of PmB from 2- to 16-fold at OMV concentrations ranging 

from 6.25 to 50 μg/ml. This protective effect was attributed to the binding of PmB to OMVs; no 

proteolytic degradation of the peptide was observed. Interestingly, the addition of oyster plasma to the 

culture medium strongly stimulated the release of OMVs by V. tasmaniensis LGP32. This indicates 

that as in E. coli, in which sub-lethal concentrations of AMPs promote OMV release [92], OMV 

release in vibrios is likely up-regulated by membrane-active agents in oyster plasma.  

Altogether, these recent studies indicate that OMVs are a potent strategy used by vibrios to trap 

membrane-active AMPs such as PmB or LL-37, forming a protective shield that prevents interaction 

with the membranes of the bacterial cell (Figure 2). Although OMVs released by vibrios can contain 

specific proteases like the recently identified vesicular serine protease Vsp (VS_II0815) of V. 

tasmaniensis LGP32, there is to date no evidence of OMV degradation by OMV-encapsulated content 

[93,94]. 

3.4. Efflux of AMPs 

The involvement of efflux pumps in antimicrobial resistance, especially in antibiotic resistance, is well 

established in Gram-negative bacteria [96,97].  There are five different active efflux systems described 

in bacteria: the ATP-binding cassette superfamily (ABC), the small multidrug resistance family 

(SMR), the multi antimicrobial extrusion protein family (MATE), the major facilitator superfamily 

(MFS), and the resistance-nodulation-cell division superfamily (RND) [98]. In terms of antimicrobial 

resistance, the RND family efflux pumps are particularly important in Gram-negative bacteria. RND 

efflux systems are composed of an outer membrane protein homologous to the transmembrane b-barrel 

TolC protein of E. coli, a periplasmic membrane fusion protein (MFP), and an integral cytoplasmic 

membrane pump protein belonging to the RND superfamily of transporters (for review see [99]).

These three components function to form a channel to  extrude substrates from the cell envelope into 

the environment. The V. cholerae VexAB-TolC [100,101], the E. coli and Salmonella enterica AcrAB-
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TolC [102,103], and the Pseudomonas aeruginosa MexAB-OprM systems [104] function as RND 

efflux systems.  

In V. cholerae, six RND efflux pumps have been described: VexAB, VexCD, VexEF, VexGH,

VexIJK, and VexLM [105]. Among them, four are required for antimicrobial resistance in vitro.

VexAB is the main efflux pump involved in the resistance to antimicrobials including bile acids, 

detergents, antibiotics, and PmB. The MIC of PmB dropped by 4-fold (from 110 to 27 μg/mL) after 

vexB mutation in V. cholerae [101,106]. Moreover, the MIC of PmB against the vexB mutant was 

comparable with the MIC against the RND-null strain, indicating that only VexAB is involved in 

resistance to PmB [101]. Besides VexAB, VexGH also contributes to antibiotic (novobiocin and 

ampicillin) and detergent resistance but to a lesser extent than VexAB. Indeed, a decrease in the MIC 

can be observed only for a vexBH double mutant but not for the vexH single mutant, compaired to the 

wild-type and vexB single mutant strains [107]. Finally, VexCD and VexIJK appeared to efflux bile 

acids and detergents, respectively [101,106]. VexEF and VexLM do not participate in antimicrobial 

resistance, but are required for the full virulence of V. cholerae by influencing the production of the 

major effectors of virulence, i.e., cholera toxin and the toxin co-regulated pilus [107]. In V. 

parahaemolyticus, proteomic identification of membrane proteins up-regulated in strains that 

artificially evolved resistant to AMPs, (including the fish AMP pleurocidin) led to the identification of 

TolC [108]. Unfortunately, its role in AMP resistance in V. parahaemolyticus has not been investigated 

further.

In addition to efflux pumps, a K
+
 pump encoded by the trkA gene has been described in V.

vulnificus, and its role in AMP and serum resistance investigated [109]. The trkA gene product, TrkA, 

is a cytoplasmic protein bound to the inner side of the cytoplasmic membrane [110]. In V. vulnificus,

the trkA mutant exhibited attenuated growth at intermediate potassium concentrations and was more 

sensitive to human serum protamine and PmB than was the wild type. Indeed, in contrast to the wild-

type strain, the trkA mutant lysed in the presence of 10 to 20 μg/mL of protamine, and 5 to 15 μg/mL 

of PmB [109]. Moreover, TrkA was found to be important for V. vulnificus virulence in mice [109]. 

3.5. Suppression of AMP expression 

Pathogenic bacteria have developed multiple modalities to combat the antimicrobial response of their 

hosts. In addition to the structural modifications reviewed above, which increase their resistance to 

AMPs, they also use transcriptional repression as a strategy to evade the host immune system. Thus, 

the down-regulation of AMPs can be considered a general mechanism to facilitate invasion of 

pathogenic bacteria, including vibrios.  

In humans, where the interaction of V. cholerae with intestinal epithelial cells is a critical step in 

the disease process, down-regulation of the cathelicidin LL-37, but not of the defensin HBD-1 has 

been reported in the presence of enteric pathogens including V. cholerae O139 [111]. The authors 

showed that cholera toxin (CT) was the predominant molecule associated with the regulation of AMPs 

by V. cholerae spp. in vitro and in vivo using intestinal epithelial cells and ileal loop experiments, 

respectively [111]. Moreover, multiple signaling pathways activated downstream of intracellular 
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accumulation of cAMP contribute to the CT-mediated suppression of  LL-37 in intestinal epithelial 

cells [111]. However, a more recent study on small intestine biopsies of patients with V. cholerae O1 

infections did not show transcriptional repression of AMP genes in the small intestine [112], a

discrepancy that might be explained by differences in transcriptional regulation in vivo and in vitro. In

vivo, the expression of hBD-1, -3 and -4 did not vary with the infection, whereas hBD-2 mRNA levels 

were significantly higher at the acute stage of cholera than at the convalescent stage and in healthy 

controls. Paneth cell-derived HD-5 and HD-6, which were all expressed at high levels in controls, were 

not affected by the infections. While no transcriptional repression could be observed, the authors 

reported that hBD-2, HD-5 and LL-37 peptides are normally present in the small intestine epithelium 

and amounts decrease at the acute stage of watery diarrhea. Lower amounts of HD-5 could result from 

degranulation of the Paneth cells in response to infection. The processes regulating hBD-2 and LL-7

levels remain to be characterized. 

In invertebrate hosts, similar downregulation of antimicrobial peptides and proteins has been 

observed during vibrioses. For instance, the coral pathogen, V. coralliilyticus, represses the expression 

of the damicornin, an AMP expressed by the scleractinian coral Pocillopora damicornis [113]. Indeed, 

damicornin transcripts increased during the first 6 days after infection with V. coralliilyticus, directly 

followed by a dramatic decrease from days 9 to 18. Conversely, no transcriptional change was 

observed when P. damicornis was exposed to a nonvirulent state of V. coralliilyticus [113]. Since V. 

coralliilyticus enters into the ectodermal coral tissue within 6 days, the authors suggested that a first 

phase of infection, involving bacterial recognition by host cells, triggers a nonspecific inflammatory 

response that activates damicornin gene transcription. In a second phase, following bacterial invasion, 

the pathogen suppresses damicornin transcription. This study represents the first characterization of the 

immunosuppression of AMP expression in an invertebrate-vibrio model of pathogenesis. More 

recently, using a global RNAseq approach, the same authors showed that not only damicornin, but also 

a mytimacin-like and a LBP–BPI gene displayed decreased expression during a successful V.

coralliilyticus infection [114]. 

 In mollusks, repression of AMP transcription has not been demonstrated per se. Indeed, upon 

infection of oysters with the pathogen V. tasmaniensis LGP32, major hemocyte movements occur 

which, by bringing AMP-producing hemocytes to infected tissues, create an apparent depletion in Cg-

Defm and Cg-BPI transcripts in the circulating hemocytes. However, those transcripts accumulate at 

the same time in the hemocyte-infiltrated tissues [14]. A similar apparent repression of defensin 

expression was observed in the circulating hemocytes of a heterologous host, the mussel, infected with 

V. tasmaniensis LGP32 [115]. However, to date, the only AMP whose transcription is likely down-

regulated by LGP32 is a proline-rich peptide from the oyster which acts by synergism with the other 

AMPs [14].  

4. Conclusion 

While vibrios have evolved the capacity to colonize immune tissues such as epithelia and phagocytes, 

only recent studies have started to investigate the mechanism by which they can survive the high AMP 

concentrations they encounter. Among their potent mechanisms of resistance to AMPs, vibrios use 

novel mechanisms of membrane remodeling. In particular, some highly resistant strains substitute their 
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hexaacylated Lipid A with a diglycine residue to reduce the negative charge of their surface thereby 

lowering the electrostatic interaction with cationic AMPs. As a response to envelope stress, which can 

be induced by membrane-active agents including AMPs, vibrios release outer membrane vesicles to 

create a protective membranous shield that traps AMPs and prevents interaction of the peptides with 

their own membranes. Finally, once AMPs have breached the bacterial membrane barriers, vibrios can 

use RND pumps similar to those of other species to transport AMPs out of their cytoplamic space. 

Although suppression of AMP transcription has been described in some host-pathogen interactions, 

this mechanism of immune evasion appears to be more specific to given strains/species than universal 

among vibrios. 
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Table 1.Vibrios colonizing epithelia. 

Species or strain Host Tissues References

V. cholerae human intestine [20]

V. vulnificus human skin, wounds [116]

V. parahemolyticus human intestine [19]

V. anguillarum fish skin [25]

V. shiloi coral oral ectoderm [26]

V. coralliilyticus coral oral ectoderm [113]

V. fisheri squid [24]

Table 2. AMPs expressed in epithelial tissues

Species AMP family Examples  Epithelial Tissues References

Human a-defensins HD-5, HD-6 Small intestine, female genital 

tract

[35,117]

b-defensins hBD-1/-2/-3 Respiratory tract, large 

intestine, urogenital 

epithelium, oral cavity, skin

[118-122]

Cathelicidins LL-37(hCAP-

18)

Skin, gastrointestinal tract, 

epididymis, lungs, oral cavity,  

ocular surface

[29,123,124],

for review see 

[125]

Bactericidal-

permeability 

increasing 

proteins

BPI Esophagus, respiratory tract, 

large intestine

For review see 

[126]

C-type lectins HIP/HAP Small intestine [34]

Fish b-defensins omDB-1/-2/-

3/-4

Skin, gills, intestine [43,127]

Cathelicidins rtCATH_1/-

2A-2B, 

asCATH-1/-2

HFIAP-1/-2/-3

Skin, gills, intestine [45,128]

Liver-

expressed 

antimicrobial 

peptides 

(LEAPs)

Hepcidin 

(LEAP-1) , 

LEAP-2

Sal-1 Sal-2

Skin, intestine [129], for 

review see 

[42]
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α-helical 

peptides

Pleurocidin,

Piscidins

Chrysophsins 

Moronecidin

Skin, gills [130-132]

Bactericidal-

permeability 

increasing 

proteins

BPI Intestine, gills [46,47]

Histone-

derived 

AMPs

Parasin-1 

Hipposin 

Oncorhyncin 

Skin mucus [133,134]

[42,48]

Oyster CS-ab

defensins

Cg-Defm Mantle tissue [51]

Bactericidal-

permeability 

increasing 

proteins

Cg-BPI Gills, mantle, labial palps, 

gastrointestinal tract  

[50]

Histone-

derived 

AMPs

cvH2B-1/-2/-

3/-4

Gills [53]

Coral Cysteine Rich 

peptides

Damicornin

Mytimacin-

like

Oral ectoderm [113]

Bactericidal-

permeability 

increasing 

proteins

LBP–BPI Oral ectoderm [113]

Table 3. Vibrios colonizing phagocytes. 

Species or strain Host cells References

V. cholerae O1, O139 amoebae [55,57]

V. cholerae human macrophages [5]

V. mimicus amoebae [56]

V. tasmaniensis oyster hemocytes [6]
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Table 4. AMPs expressed in phagocytes 

Species AMP Examples Phagocytes References

Human a-defensins HNP-1/-2/-3/-4 Neutrophils [60].

b-defensins hBD-1/-2 Macrophages,

Dendritic cells

[61,62]

Cathelicidins LL-37 Neutrophils [135,136]

Liver-

expressed 

antimicrobial 

peptides 

(LEAPs)

Hepcidin Granulocytes 

Macrophages

[137,138]

Bactericidal-

permeability 

increasing 

proteins

BPI Neutrophils, 

(Eosinophils/to a 

lesser extent)

[28,139,140]

Fish α-helical 

peptides

Piscidins Granulocytes [65]

Bactericidal-

permeability 

increasing 

proteins

LBP/BPI Head–kidney 

leukocytes

[47]

Oyster CS-ab

defensins

Cg-Defh-1/h2 Hemocytes [1]

Big-defensins Cg-big-defensin-

1/-2/-3

Hemocytes [67].

Proline-rich 

peptides

Cg-Prp Hemocytes [14]

Bactericidal-

permeability 

increasing 

protein

Cg-BPI Hemocytes [14,50].

Histone-

derived 

AMPs

HETs Hemocytes [54].
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Figure 1. Structure of modified Lipid A from V. cholerae O1 El Tor 

The structure of V. cholerae lipid A was established by Hankins et al. (2011). It is

composed of a b 1′-6 linked glucosamine disaccharide with unmodified 1- and 4′-

phosphate groups, which is acylated at the 2-, 3-, 2′- and 3′-positions. Myristate (C14:0) 

and 3-hydroxylaurate (3-OH C12:0) are ester-linked to the hydroxyl groups on the 2′- and 

3′-linked fatty acyl chains. The 3-hydroxylaurate secondary acyl chain transferred by the 

LpxN acyltransferase is required for AMP resistance. Similarly, the di-Glycine residues 

transferred by the AlmG to the hexa-acylated lipid A of V. cholerae O1 El Tor strains are 

crucial for AMP-resistance [78]. 
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Figure 2. Model for AMP-titration by OMVs in V. cholerae and V. tasmaniensis

The role of OMVs in the protection against AMPs has been recently described in two 

species of vibrios. In V. cholerae, OMVs cross-protect against the human cathelicidin LL-

37 when bacteria are exposed to sublethal concentrations of PmB. Those OMVs are 

associated with Bap1 protein which serves as a ligand for LL-37. The association of Bap1 

to OMVs is mediated by the outer membrane protein, OmpT [93]. In V. tasmaniensis,

OMVs produced in the absence of AMPs are sufficient to titrate PmB and confer a potent 

dose-dependent protection against PmB. Although the molecular basis of PmB binding to 

V. tasmaniensis OMVs remain unknown, it is speculated that titration may occur by PmB 

insertion in the OMV membranes. The release of OMVs was shown to be strongly 

enhanced by the contact of V.tasmaniensis with oyster plasma [94]. In both species, OMV 

release is thought to create a protective membranous shield that prevents the interaction of 

membrane-active AMPs with the bacterial membranes. 
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Background: How antimicrobial histones participate in invertebrate defense was still unclear.

Results: Upon injury or infection, oyster immune cells release antimicrobial histones and extracellular DNA traps in a ROS-

dependent manner.

Conclusion: DNA traps are involved in the defense of Lophotrochozoa. Their mechanistic bases are shared with vertebrates.

Significance: This is a novel mechanism in the evolutionary conserved invertebrate immune arsenal.

Although antimicrobial histones have been isolated frommulti-

plemetazoan species, their role in host defense has long remained

unanswered.We foundhere that thehemocytes of theoysterCras-

sostrea gigas release antimicrobial H1-like andH5-like histones in

response to tissue damage and infection. These antimicrobial his-

tones were shown to be associated with extracellular DNA net-

works released by hemocytes, the circulating immune cells of

invertebrates, in response to immune challenge. The hemocyte-

released DNA was found to surround and entangle vibrios. This

defense mechanism is reminiscent of the neutrophil extracellular

traps (ETs) recently described in vertebrates. Importantly, oyster

ETs were evidenced in vivo in hemocyte-infiltrated interstitial tis-

sues surrounding wounds, whereas they were absent from tissues

of unchallenged oysters. Consistently, antimicrobial histoneswere

found to accumulate in oyster tissues following injury or infection

with vibrios. Finally, oyster ET formationwas highly dependent on

the production of reactive oxygen species by hemocytes. This

shows that ET formation relies on common cellular andmolecular

mechanisms from vertebrates to invertebrates. Altogether, our

data reveal that ET formation is a defensemechanism triggered by

infection and tissue damage, which is shared by relatively distant

species suggesting either evolutionary conservation or convergent

evolution within Bilateria.

Histones play an essential role in the organization and
architecture of the chromatin, and their post-translational
modifications are essential to gene regulation (1). Since 1942
(2), histones have been shown to display antimicrobial activ-
ities against bacteria, fungi, viruses, and protozoa (3). In Pro-
tostomia, antimicrobial histones have been isolated from the
shrimp Litopenaeus vannamei (4), the scallop Chlamys far-

reri (5), the abalone Haliotis discus discus (6), and recently
the oyster Crassostrea virginica (7, 8). However, the mecha-
nisms facilitating histone release, which is a prerequisite for
their antimicrobial activities on potential pathogens, has
long remained unidentified.
In 2004, a new antimicrobial mechanism relying on the

release, by mammalian neutrophils, of extracellular DNA-car-
rying histones and granular antimicrobial proteins bound to the
decondensed nucleic acids was uncovered (9). More recently,
those extracellular traps (ETs)5 have been observed to form
massively in infected tissues by intravital microscopy, demon-
strating further their role in host defense (10). ETs can be
released in response to bacteria, fungi, parasites, and viruses (9,
11, 12), to microbe-associated molecular patterns such as
lipopolysaccharide (LPS), and to host inflammatory signals
associated with tissue damage such as interleukin-8 (9) and
tumor necrosis factor (13). ETs were reported to entrap bacte-
ria, fungi, and parasites (9, 11, 12) and to kill them by their
content in antimicrobial peptides/proteins including histones,
bactericidal permeability-increasing proteins, and hydrolases
(9, 12, 14–16). However, some bacteria such as Streptococcus
pneumoniae, Mycobacterium tuberculosis, and group A Strep-
tococci are found entrapped into ETs without being killed (17,
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18). ETs can then play two important roles in the control of
infections, first by entrapping microbes and preventing their
dissemination, and second by concentrating antimicrobials and
potentially killing microbes (10, 16, 19).
Although ETs have been well studied in vertebrates (Deuter-

ostomia) over the past decade, studies on invertebrates have
remained sparse and limited to arthropods (Ecdysozoa, Proto-
stomia). In 2008, a first report suggested that extracellular
nucleic acids enhance immunity and induce hemolymph coag-
ulation in Galleria mellonella (20). More recently, an in vitro

study showed that hemocytes from the shrimp L. vannamei

release ETs able to entrap bacteria upon challenge with LPS,
phorbol myristate acetate (PMA), or bacteria (21). To the best
of our knowledge, clear evidences of ETs formation in vivo and
characterization of the underlying mechanisms have not been
reported yet in any invertebrate.
Here we performed a comprehensive study on DNA extra-

cellular traps in the defense of a lophotrochozoan, the oyster
Crassostrea gigas. Our work reveals that C. gigas hemocytes
form ETs associated with antimicrobial histones both in

vitro and in vivo, in response to infections and tissue damage,
and that these ETs can entrap bacteria. By using a quantita-
tive approach, we also show that similar to vertebrate neu-
trophils, oyster hemocytes require the production of reactive
oxygen species to release ETs. Altogether, our data reveal
that C. gigas, a lophotrochozoan, uses ET formation as
defense mechanism that can be triggered by infection and
tissue damage. From this study, this defense mechanism is
shared by distant species among the main branches of the
Bilateria.

EXPERIMENTAL PROCEDURES

Cationic Protein Extraction from C. gigas Tissues—C. gigas

adult oysters were carved in the dorsal side of the shell with
a small notch and acclimated for 5 days in seawater tanks.
Then, 16 oysters were challenged by injection in the adduc-
tor muscle of 100 ml of Vibrio tasmaniensis LGP32 (1 3 107

CFU/oyster), an oyster pathogen (22) recently assigned to
V. tasmaniensis within the Splendidus clade (23). After 24 h,
gills were dissected, frozen at 280 °C, and ground to fine
powder. Gill powder was resuspended in 5% acetic acid and a
mixture of protease inhibitors (Sigma). After sonication,
proteins were acid-extracted for 3 h at 4 °C and centrifuged

twice at 13,000 3 g, 4 °C, 30 min. pH was adjusted to 6.8

before the addition of a cation exchange resin (CM Macro-

Prep, Bio-Rad). After overnight incubation at 4 °C, the resin

was washed with 25 mM ammonium acetate, pH 6.8, and

proteins were eluted twice with 1% TFA in ultrapure water.

Purification of Antimicrobial Proteins—Cation exchange

extracted proteins were fractionated on a C18 reversed-phase

HPLC column (UP5ODB 25QS, 5 mm, 250 3 2.0 mm, Inter-

chim) using a linear gradient of 0% to 80% acetonitrile in

0.05% trifluoroacetic acid (TFA) over 90 min at a flow rate of

0.7 ml/min. Fractions were dried under vacuum, dissolved in

ultrapure water, and tested for antibacterial activity against

Staphylococcus aureus SG511. Antimicrobial fractions were

purified by a second step of reversed-phase HPLC (X-bridge

BEH130, 4.6 mm x 150 mm, Waters) using a biphasic gradi-

ent of 0–26% and 26–46% acetonitrile in 0.05% TFA over 5

and 80 min at a flow rate of 0.25 ml/min. Fractions were

dried under vacuum, dissolved in ultrapure water, and tested

for antimicrobial activity.

Protein Identification—Purity of active fractionswas assessed

by MALDI-TOF-MS, while sequences were obtained by nano-

LC-MS/MS after digestion with trypsin or V8 endopeptidase.

LC-MS/MS spectra were analyzed using the automatedMas-

cot algorithm (Matrix Science Ltd., London, UK), and

homology searches of the purified protein sequences were

performed using a Basic Local Alignment Search Tool

(BLAST) search on the National Center for Biotechnology

Information (NCBI) server (www.ncbi.nlm.nih.gov/BLAST).

Results were validated by the software IRMa (Mascot Results

Interpretation). Sequence alignment was performed with the

ClustalW2 tool of European Bioinformatics Institute server

(EBI).

Antimicrobial Assays—Antibacterial activity of HPLC frac-

tions was assayed against the Gram-positive Micrococcus lyso-

deikticus Collection de l’institut Pasteur (CIP) 5345, Bacillus

megaterium CIP 66.20, S. aureus SG 511, as well as the Gram-

negative Escherichia coli SBS363 and V. tasmaniensis LGP32.

Minimum inhibitory concentrations (MICs) were determined

in poor broth (1% Bacto-Tryptone, 0.5% NaCl w/v, pH 7.5)

medium by the liquid growth inhibition assay as described pre-

viously (24). Poor broth was supplemented with 2.9% NaCl for

the marineV. tasmaniensis. Incubation was performed for 18 h

FIGURE 1. Antimicrobials accumulate in oyster gills 24 h after infection or injury. Reversed-phase HPLCwas performed on gill extracts from non-injected
oysters (black line), SSW-injected oysters (green line), and V. tasmaniensis LGP32-injected (LGP32-injected) oysters (purple line) using a 0–80% acetonitrile
gradient (dotted line) developed over 90 min, on a UP5ODB-25QS column. Absorbance at 225 nm (continuous lines) showed an increase in intensity for the
fractions eluted at 36% of acetonitrile in LGP32-injected (LGP32–36) and SSW-injected oysters (SSW36) and for the fraction eluted at 37% of acetonitrile in
LGP32-injectedoysters (LGP32–37).Purple andgreenoblongs showantimicrobial fractions in LGP32-injectedandSSW-injectedoysters, respectively. LGP32–36,
LGP32–37, and SSW36were the only fractions showing antimicrobial activity against S. aureus SG511. Themolecules foundby LC-MS/MS in active fractions are
displayed with arrows.
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under shaking (150 rpm) at 30 °C for M. lysodeikticus and
B. megaterium, at 37 °C for S. aureus andE. coli, and at 20 °C for
V. tasmaniensis. Growth was monitored by optical density at
620 nm on a microplate reader infinite M200 (Tecan).
Induction of Extracellular Traps—Hemolymph withdrawn

from the oyster pericardial cavity was kept on ice before
plating hemocytes on 13-mm glass coverslips in 24-well cul-
ture plates at 2.5 3 105 cells/cm2. One h after plating, ET
formation was induced by adding V. tasmaniensis LGP32,
V. tasmaniensis LMG20012T, Brevibacterium stationis CIP
101282 ,or Zymosan particles to hemocytes at a multiplicity
of infection of 50:1. Plates were centrifuged for 5 min at
500 3 g to synchronize binding and further incubated at
20 °C for 30 min, 1 h, or 2 h. To assess the involvement of
reactive oxygen species (ROS) in ET formation, hemocytes
were pretreated with 10 mM diphenylene iodonium chloride
(DPI, Sigma) for 1 h before microbial challenge. For micros-
copy analyses of living cells, 0.5 mM Sytox Green nucleic acid
stain (Molecular Probes) was added to hemocytes. Live
imaging was performed on an Axiovert 200M Zeiss inverted
microscope. For other experiments, cells were fixed with 4%
paraformaldehyde and then permeabilized with 0.01% Tri-
ton X-100 for 10 min and stained with 1.25 mg/ml DAPI
(Sigma) and either 16.5 nM phalloidin-Alexa Fluor 488
(Molecular Probes) or 2 mg/ml wheat germ agglutinin
(WGA)-TRITC (Sigma). Immunostaining was performed
with a rabbit anti-H5-like histone antibody generated
against the NH2-TPKPAKAKKAAKPKKPASHC-COOH

peptide conjugated to Keyhole limpet hemocyanin (KLH)

(Proteogenix). Fixed and permeabilized hemocytes were first

incubated for 45 min in 50 mM NH4Cl and then for 20 min in

PBS containing 5% BSA. Then, 20 mg/ml antibody dissolved

in PBS containing 5% BSA was added to coverslips and incu-

bated for 1 h. After three washes in PBS, 10 mg/ml anti-rabbit

secondary antibody coupled to Alexa Fluor 488 was added

and incubated for 1 h. Coverslips were then washed, stained

with DAPI, and mounted with fluorescent mounting medium

(DAKO).

Monitoring of Reactive Oxygen Species Production—Hemo-

cytes freshly withdrawn from oysters were plated on a 96-well

plate at a density of 63 105 cells/cm2. After 1 h of incubation at

17 °C to let the cells settle down, the wells were washed with

sterile seawater (SSW) and incubated for 1 h in SSW supple-

mentedwith 1mM luminol (Sigma). Then, zymosan particles (at

a multiplicity of infection of 50:1) or PMA (at a final concentra-

tion of 1 mM, Sigma) were quickly added, and the plate was

immediately placed into a microplate reader infinite M200

(Tecan) to quantify the luminescence emission every 2 min for

2 h. To inhibit ROS production, 10mMDPIwas added to hemo-

cytes 1 h before the addition of ROS inducers (PMA or

zymosan).

Histology—Whole oysters were fixedwithDavidson’s fixative

for 42 h. After dissection, muscles and gills were embedded in

paraffin. Histological sections and hematoxylin-eosin staining

were performed at the technical platform of RHEM (Réseau

d’Histologie Expérimentale de Montpellier UMS3426 CNRS,

US9 INSERM, University Montpellier 1 and 2). After rehydra-

tation, histological sectionswere permeabilizedwith 0.01%Tri-

ton X-100 for 10 min, washed three times in PBS, and stained

with 0.25 mg/ml DAPI for 1 h. After three washes in PBS, cov-

erslips were mounted over histological sections with fluores-

cent mounting medium (DAKO).

Image Acquisition and Extranuclear Histone Quantification—

Histological sections stained with DAPI; coverslips labeled

with DAPI, WGA-TRITC, and phalloidin were observed

with 403 or 633 objectives, and images were captured using

a Leica TCS SPE confocal scanning laser microscope.

Extranuclear histones were quantified on hemocytes immu-

nostained with anti-H5-like histone antibody and counter-

stained with DAPI using a method adapted from Brinkmann

et al. (25). Briefly, for every conditions, 80 images were taken

randomly over the entire surface of the coverslip (covering

more than a thousand hemocytes) using a 403 objective on

a Zeiss Axio Imager upright fluorescence microscope

FIGURE 2. Mass spectrometry analysis of antimicrobial HPLC fractions. MALDI-TOF spectra were acquired on the antimicrobial fractions issued from two
rounds of reversed-phase HPLC. The SSW36 fraction (green) is pure, showing single-, double-, and triple-charged ions of one single molecule (molecular mass
M2) at MH1

5 20,749.7 Da. The LGP32–36 fraction (blue) contains twomolecular species, showing ions of onemajormolecule (molecular massM1) at MH1
5

19,603.8 Da and ions of aminormolecule atMH1
5 20,750.7 Da also found in SSW36. The LGP32–37 fraction (red) is pure, showing ions of one singlemolecule

(molecular mass M3) at MH1
5 20,626.8 Da. a. u., arbitrary units.

TABLE 1

MICs of native H1-like histone (GenBank EKC17653)

MIC

mM

M. lysodeikticus CIP 53.45 0.7
B. megaterium CIP 66.20 0.18
S. aureus SG511 0.7
E. coli SBS363 0.7
V. tasmaniensis LGP32 .0.7

TABLE 2

Estimated MIC of the LGP32–36 HPLC fraction

MICa

mM

M. lysodeikticus CIP 53.45 0.35
B. megaterium CIP 66.20 0.35
S. aureus SG511 0.7
E. coli SBS363 0.7
V. tasmaniensis LGP32 .0.7

a MICs were determined in mg/ml and converted into mM considering an average
molecular mass of 20176 Da (Fig. 2).
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equipped with an AxioCam MRm 2 digital microscope cam-
era. The image files were then analyzed with FIJI software
(26). For every image, the DAPI-stained nuclei of hemocytes

were counted. The total area revealed by anti-H5-like his-
tone staining and the total area revealed by DNA staining
DAPI-staining were measured in mm2. The area occupied by

FIGURE3.Alignment of LC-MS/MS sequenced peptides with the full-length sequences of H1- and H5-like histones and HMGB1.A–D, H1-like histone (A),
H5-like histone (B), putative H1-like histone (C), and HMGB1 (D) full sequences were alignedwith LC-MS/MS peptides. Black arrows indicate peptides obtained
after endopeptidase V8 digestion, and gray arrows indicate for peptides obtained after trypsin digestion. Sites of acetylation observed by LC-MS/MS are
displayed above the sequences.
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extranuclear histones only was obtained by subtracting the
DAPI-stained area to the anti-H5-like histone stained area.
The area of extranuclear histones was finally divided by the
number of counted hemocytes (nuclei) to normalize on
hemocyte density (mm2/cell).

RESULTS

Antimicrobials Accumulate in Oyster Gills 24 h after Infec-

tion or Injury—Antimicrobial peptides/proteins were isolated
from gills of oysters 24 h after an intramuscular injection of
V. tasmaniensisLGP32 (LGP32) or SSW. For that, the dissected
gills were subjected to acid extraction, cation exchange chro-
matography, and reversed-phase HPLC. Gills of non-injected
oysters were used as a negative control. Two absorbance peaks
strongly increased upon injection (Fig. 1). The corresponding
HPLC fractions were the only fractions showing antimicrobial
activity against S. aureus SG511 (Fig. 1, Tables 1 and 2). Two
were isolated from LGP32-injected oysters (LGP32–36 and
LGP32–37), and one was isolated from SSW-injected oysters
(SSW36). No antimicrobial activity could be recorded in any
fractions isolated from non-injected oysters.
After a second reversed-phase HPLC step, the active frac-

tions were analyzed by MALDI-TOF mass spectrometry (Fig.
2). The SSW36 fraction contained one single molecule with a
measured molecular mass of 20,748.7 Da. The LGP32–36 frac-
tion contained twomolecules: a major one of 19,602.8 Da and a
minor one of 20,749.7 Da, similar to that found in the SSW36
fraction. Finally, the LGP32–37 fraction contained one single
molecule of 20,625.8 Da (Fig. 2).
H1- and H5-like Histones Are the Major Antimicrobials of

Challenged Oyster Gills—The SSW36, LGP32–36, and LGP32-
37 antimicrobial fractionswere analyzed further by LC-MS/MS
after trypsin and endopeptidase V8 digestion. Histones were
found in all three fractions (Fig. 1). An H5-like histone (Gen-
BankTM EKC36743) present in the three fractions was identi-
fied with a coverage of 81.6% (Fig. 3A). From the molecular
mass measured by MALDI-TOF on the LGP32–36 fraction
(19,602.8 Da) (Fig. 2) and from the modifications observed by
MS/MS sequencing (Fig. 3), it could be deduced that it lacks its
N-terminalmethionine (2131Da) and carries one lysine acety-
lation (142 Da) (calculated mass 5 19,601.8 Da). An H1-like
histone (GenBank EKC17653) only found in LGP32–36 and
SSW-36 was identified with a coverage of 57.1% (Fig. 3B). This
lower coverage prevented its post-translational status to be
established accurately. Finally, traces of a putative histone H1
(GenBank EKC28013) and an high mobility group 1 domain
protein (HMGB1, GenBank AGH28093) were found in the
LGP32–37 fraction (Figs. 1 and 3, C and D). Interestingly, this
accumulation of antimicrobial histones in oyster tissues in
response to damage/infection (Fig. 1) correlatedwith hemocyte
infiltration in gill tissue (Fig. 4). This suggests that H1-like and
H5-like antimicrobial histones could be brought by hemocytes.
Oyster Histones Present Potent Antibacterial Activity—Due

to minute amounts of native proteins purified to homogeneity
from oyster tissues, only the H1-like histone (isolated from
SSW36)was tested for antimicrobial activity in a low rangeof con-
centrations (0–0.7 mM). Potent activities were observed against
M. lysodeikticus CIP 53.45, S. aureus SG511, E. coli SBS363, and

B.megaterium CIP 66.20 with MICs , 0.7 mM but not against
V. tasmaniensis LGP32 (Table 1). The MICs estimated for
LGP32–36, which contains the H5-like histone together with low
amountsofH1-likehistone,werealso in the lowmicromolar range
against most of the tested strains (Table 2).
Oyster Hemocytes Release DNA Extracellular Traps in

Response to Bacterial Challenge—To identify the defense
mechanism by which histones are released in oyster tissues,
oyster hemocytes were challenged with LGP32 in vitro. The
cell-impermeant nucleic acid dye, Sytox Green, added to the
primary cultures revealed clusters of permeabilized cells and
extracellular DNA only 45 min after LGP32 challenge,
whereas most of the hemocytes remained unstained (Fig. 5,
C and D). In control hemocytes, permeabilized cells were
rarely detectable without any visible extracellular DNA (Fig.
5, A and B). To get higher imaging resolution of the extra-
cellular DNA structures, confocal microscopy was per-

FIGURE4.Hemocyte infiltration in gills of LGP32-infected oysters.AandB,
histological sections of gills of unchallengedoyster (A) andof oysters infected
for 24 h with V. tasmaniensis LGP32 (B). Hematoxylin-eosin staining shows a
major hemocyte infiltration in gills of oyster infected with V. tasmaniensis
LGP32.

FIGURE 5. Living oyster hemocytes release extracellular DNA upon bac-
terial challenge. A–D, cultures of unchallenged hemocytes (A and B) and
hemocytes challenged for 45 min with V. tasmaniensis LGP32 (C and D) were
stained with Sytox Green and observed by epifluorescence microscopy to
reveal extracellular DNA and dead cell nuclei. B and D, bright field images
acquired to visualize total cells were merged to epifluorescence images. C
and D, extracellular DNA networks (yellow arrowheads) were observed in
areas where cells are dead (orange arrowheads) after V. tasmaniensis LGP32
challenge only.
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formed. Extracellular networks of DNA filaments were
observed 1 h after LGP32 challenge. They were found to
extend 5–10 mm above the hemocyte monolayer whose actin
cytoskeleton was stained with fluorescent phalloidin (Fig. 6,
A and B). To determine whether vibrios could be entrapped
into the extracellular DNA, confocal three-dimensional
imaging was performed at a higher magnification after stain-
ing the bacterial cell wall with the WGA-TRITC lectin.
Numerous vibrios were found entrapped in these extracellu-
lar DNA networks as shown on a representative confocal
section (0.2-mm thickness) (Fig. 6, C and D) and in the recon-
stituted z-stack containing all the focal planes (Online supple-
ment 1). Altogether, these data show that (i)C. gigas hemocytes
can form large DNA ETs upon challenge with V. tasmaniensis

LPG32, and (ii) vibrios are entrapped into these ETs.
Release of H5-like Histones Is Associated with ET Formation

and Dependent on the Production of ROS—To determine
whether the antimicrobial histones isolated from gills of
infected/wounded oysters could be released during ET for-

mation, a polyclonal antibody was raised against an N-ter-
minal peptide designed on the sequence of the H5-like his-
tone. Immunostaining was performed on both control and
LGP32-challenged hemocytes. As expected, in control
hemocytes, H5-like histones were found only within hemo-
cyte nuclei (Fig. 7, A–C and I). Conversely, in LGP32-chal-
lenged hemocytes, a significant amount of H5-like histones
was found to be extranuclear both in the cytosol and in the
extracellular space surrounding ETs, showing that H5-like
histones are released along with DNA during ET formation
(Fig. 7, D–F and I). Thanks to the H5-like histone immuno-
staining, we were able to develop a method by automated
image analyses to quantify the release of H5-like histone by
oyster hemocytes, which is indicative of ET formation (see
“Experimental Procedures”). In control hemocytes, the
amounts of extranuclear histones remained stable over time
(Fig. 7G). In accordance with our previous observations
(Figs. 5 and 6), a significant nuclear release of H5-like his-
tones wasmeasured in LGP32-challenged hemocytes as soon

FIGURE 6.Oyster hemocytes release DNA extracellular traps in which bacteria are entrapped. A and B, DNA ETs released by oyster hemocytes challenged
for 1 h with V. tasmaniensis LGP32. Confocal microscopy images were acquired after staining of DNA with DAPI (blue) and filamentous actin with phalloidin-
Alexa Fluor 448 (green). A, projections of a z stack and a y stackmade from 20 confocal sections. An extracellular DNA ET can be observed extending from 5 to
10mmabove the layer of adherent hemocytes (yellow arrowhead). B, an upper confocal section depicting the longest ET observed in the preparation. C andD,
bacteria entrapped in ETs of hemocytes challenged for 1 h with V. tasmaniensis LGP32. Confocal microscopy images were acquired after staining of DNAwith
DAPI (blue) and cellular membranes with WGA-TRITC (red). C, projections of a z stack and a y stack made from 125 confocal sections. ETs stained with DAPI
(yellow arrowheads) were observed in areas with a high bacterial density and extending up to 10 mm above adherent hemocytes. D, bacteria were found
entrapped in ETs (white arrowheads), as revealed by their blue nucleic acid staining (DAPI) and red membrane staining (WGA-TRITC) on one representative
confocal section of 0.2-mm thickness. See Online supplement 1 for full z-stack.
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as 1 h after challenge with a 2-fold increase in the average
size of extranuclear histone areas (p , 0.001, Fig. 7G). There
was no significant difference in the amount of extranuclear
histones between 1 and 2 h, indicating that the release of
H5-like histone and ET formation was rapid and synchro-

nized for most hemocytes capable of forming ETs in our
experimental conditions.
To investigate the diversity of microbial challenges that

could trigger ET formation, different bacterial strains and
microbe-associated molecular patterns were tested including

FIGURE 7. ET release is triggered by different microbes and depends on ROS production. A–F, H5-like histone immunostaining of ETs. Epifluorescence
microscopy images were acquired after staining of DNA with DAPI (blue, A and D) and immunostaining of C. gigas H5-like histones (green, B and E). In
unchallengedhemocytes (A–C), H5-like histones co-localizedwith nuclear DNA (merge inC). In hemocytes challenged for 1 hwithV. tasmaniensis LGP32 (D–F),
H5-like histones formed large extranuclear areas around ETs (merge in F). G, time course of ET formation in response to challenge with V. tasmaniensis LGP32.
Extranuclear histone areas (mm2/cells)were similar to unchallengedhemocytes (controls (CTRL),black) at 30min. A 2-fold increasewas observed 1 and2h after
V. tasmaniensis LGP32 challenge (V. tasmaniensis, light gray). Averages and standard deviations were calculated from two independent experiments. ***, p ,

0.001 (Student’s t test).H, inhibitionof ET formationuponblockingof ROSproduction.V. tasmaniensis LGP32 (LGP32),V. tasmaniensis LMG20012T (LMG20012T),
B. stationis CIP101282 (BS), or zymosan (Z) triggered similar ET formation (black) after a 1-h challenge as indicated by extranuclear histone quantification. In all
challenge conditions, DPI treatment (light gray) was sufficient to inhibit release of extranuclear histone down to levels of unchallenged hemocytes. Averages
and standard deviations were calculated from three independent experiments. ***, p , 0.001 (Student’s t test). I, themost representative photographs of the
hemocyte response tomicrobial challenge in the presence/absence of DPI. Epifluorescencemicroscopy imageswere acquired after staining of DNAwithDAPI
(blue) and immunostaining of C. gigas H5-like histones (green). The extracellular histones observed in non-treated samples (SSW) are absent in DPI-treated
samples. Sets of eighty similar images were used for extranuclear histone quantification.
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the Gram-negative Vibrio tasmaniensis LMG20012T and
LGP32, the Gram-positive B. stationis CIP 101282, and zymo-
san particles used as a yeast surrogate. All of them induced a
massive release of H5-like histones indicative of ET formation
without significant difference between microbial challenges
(Fig. 7, H and I). As neutrophil ET formation in mammals has
been shown to depend on the production of ROS (27), a ROS
production inhibitor (DPI) was used in our assays. Remarkably,
DPI treatmentwas sufficient to completely inhibit the release of
extranuclear H5-like histones, whose quantities remained as
low as in unchallenged hemocytes for any kind of microbial
challenge (Fig. 7, H and I).
To determine whether ROS production is sufficient to

induce ET formation by oyster hemocytes, we used PMA, awell
described inducer of oxidative burst and ET formation inmam-
malian neutrophils (27). Surprisingly, in contrast to zymosan,
PMA did not induce ET formation nor the release of extranu-
clear H5-like histones by hemocytes (Fig. 8A). This correlated
with a lack of ROS production in PMA-stimulated hemocytes,
as determined by chemiluminescence (Fig. 8B). On the con-
trary, zymosan induced a strong oxidative burst in hemocytes,
which correlated with the induction of ET formation and the
release of extranuclear H5-like histones (Fig. 8, A and B). Sup-

porting the hypothesis of a ROS-dependent process, DPI was
sufficient to inhibit zymosan effects, i.e. ROS production (Fig.
8B) and ET formation (Fig. 7). Taken together, these results
show that ET formation in C. gigas hemocytes can be triggered
by a broad diversity of microbial agents and depends strongly
on ROS production.
ETs Are Observed in Vivo in Infected or Wounded Tissues—

Finally, we assessed whether ETs could form in vivo. Oysters
were either challenged with a sublethal injection ofV. tasmani-

ensis LGP32 or injured by a sterile puncture in the adductor
muscle. Massive hemocyte infiltrations were observed in gills
(Fig. 4) and in the adductor muscles (Fig. 9A). In gills, the high
hemocyte density precluded the imaging resolution needed to
observe extracellular DNA filaments. In adductor muscles, cell
infiltrateswere foundwithin interstitial tissue between fascicles
of muscle fibers at the wound periphery in both LGP32-chal-
lenged and injured oysters 1 day after the challenge (Fig. 9, A
and B). More importantly, DNA filaments were observed in
these hemocyte-infiltrated regions, whereas only intact cell
nuclei were observed in control animals after DAPI staining
(Fig. 9C). Confocal microscopy was performed on a thick tissue
section to get a better three-dimensional reconstruction of
the areas containing extracellular DNA. Images confirmed the
presence of ETs between fascicles of muscle fibers, and in the
z-projected image, intact cell nuclei were observed above and
below the ET areas, indicating that theDNAwas not released as
a result of any nuclei damaging during the preparation of his-
tological sections (Fig. 9C). Taken together, these data showed
that infiltrating hemocytes can release ETs in vivo in response
to infection or tissue damage.

DISCUSSION

Results showed that antimicrobial histones accumulate
together with extracellular DNA in oyster tissues in response to
infection and injury. Tissues of non-injected oysters were
devoid of such antimicrobial histones (Fig. 1), indicating that
histone accumulation in tissues was induced by the challenges.
The major antimicrobial histones isolated here were H5-like
and H1-like histones. Antimicrobial H2B andH4 histones have
also been isolated from another oyster species, C. virginica (7)
(8). Similar to our observations, protein levels of H4 histone
strongly increased in hemocyte lysates and extracellular hemo-
lymph of C. virginica oysters infected with Perkinsus marinus

(8). Therefore, accumulation of histones in oyster tissues could
be a common response to infection and injury.
The antimicrobial histones isolated from oyster gills showed

a broad spectrumof antimicrobial activitieswithMICs as low as
0.18 mM against Bacillus megaterium CIP 66.20 for native
H1-like histone (Table 1). Together with oyster defensins (24),
the H1-like histone is therefore one of the most potent antimi-
crobials of C. gigas described so far. No activity could be
recorded against the oyster pathogen V. tasmaniensis LGP32,
whereas the H2B and H4 histones from C. virginica were
reported to be active against vibrios (7, 8). This may be due to
the intrinsic resistance of V. tasmaniensis LGP32 to antimicro-
bials (28) or to the low range of concentrations tested (0–0.7
mM). Because tissues of C. gigas oysters are poor in antimicro-
bial peptides/proteins (29), the isolation of histones as the only

FIGURE 8. Zymosan but not PMA induces ROS production and ET forma-
tion by oyster hemocytes. A, representative photographs of the hemocyte
response to stimulation with PMA or zymosan. Epifluorescence microscopy
images were acquired after staining of DNA with DAPI (blue) and immuno-
stainingofC. gigasH5-likehistones (green). Theextranuclear histones andETs
observed in zymosan-stimulated samples are absent in PMA-stimulated sam-
ples. B, ROS production was monitored in control hemocytes (black line) and
after hemocyte stimulation with PMA (blue line) or zymosan (green line). The
inhibition of ROS production by DPI treatment was monitored in control
hemocytes (red line), PMA-stimulated hemocytes (pink line), and zymosan-
stimulated hemocytes (orange line). Results are expressed in relative lumines-
cence units (RLUs) indicative of luminol oxidation. Averages and standard
deviations were calculated from three independent experiments.
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antimicrobials found in gills of challenged oysters strongly
argues in favor of their role in the oyster antimicrobial defense.
In vitro, antimicrobial histones were rapidly released (in

less than 1 h) by oyster hemocytes together with extracellu-
lar DNA when exposed to diverse microbial agents (Figs.

5–8 and Online supplement 1). Importantly, this phenome-
non was also observed in vivo (Fig. 9). Indeed, both LGP32-
infected and injured oysters showed a massive hemocyte
infiltration and release of extracellular DNA in tissues sur-
rounding the site of injury (Fig. 9). These DNA structures are

FIGURE 9. ETs are observed in vivo in muscles of infected or injured oysters. A, hematoxylin-eosin stained adductor muscles of unchallenged (Control),
V. tasmaniensis LGP32-infected, and injured oysters. Infiltrating hemocytes are found betweenmuscle fascicles after injury (black arrows,middle panel) or after
infection (black arrows, right panel). B, epifluorescence microscopy observation of DAPI-stained ETs within histological sections of muscle infiltrated with
hemocytes. Contrast phase images are shownbelowepifluorescence images. ETs are observed in cell-infiltrated interstitial tissues between fascicles ofmuscle
fibers after injury (yellow arrows,middle panel) or after V. tasmaniensis LGP32 infection (yellow arrows, right panel). No ETs are observed in muscle of control
animals (left panel).C, confocalmicroscopyobservationofDAPI-stained ETswithin a thick histological sectionofmuscle infiltratedwith hemocytes. Projections
of a z stack and a y stack display several ETs (yellow arrowheads, left panel). Intact cell nuclei are observed above and below ETs (z projection, left panel).
Superposition of the phase confocal section and y projection (right panel) shows that ETs located in cell-infiltrated interstitial tissues between fascicles of
muscle fibers.
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reminiscent of the neutrophil ETswell studied in vertebrates such
asmammals, birds, and fishover thepast decade (15, 16, 30). In the
presentwork, bacteriawere found entrapped into such extracellu-
larDNAnetworks (Fig. 6 andOnline supplement1).This strongly
suggests that, as in vertebrates, oyster ETs participate in host
defense by capturing large numbers ofmicrobes and preventing
their dissemination (16). Surrounding and entangling of bacte-
ria in DNA or peptide networks are indeed increasingly recog-
nized as conserved mechanisms of antimicrobial defense (31).
Moreover, as shown in some vertebrates, the antimicrobial
properties of the ET-associated antimicrobials including his-
tones (Table 1) and their concentration on ETs could also con-
tribute to kill the entrapped microorganisms (10, 16, 19).
The formation of oyster ETs was shown here to be depend-

ent on ROS production by hemocytes (Fig. 7H), which
results from NADPH-oxidase activity and/or mitochondrial
respiration (32). Indeed, we observed a strong positive cor-
relation between ROS production and ET formation (Figs. 7
and 8). This result is particularly important because ROS
play a central role in initiating ET formation in vertebrates
(27). However, unlike in vertebrates, PMA failed to trigger
the oxidative burst and the formation of ETs by oyster hemo-
cytes under our experimental conditions. Along with ROS,
damage-associated molecular patterns (DAMPs) released by
injured tissues (33) likely regulate ET formation in oysters.
Indeed, we first showed that an aseptic injury is sufficient to
induce accumulation of histones and extracellular DNA
release in vivo. Second, an HMG domain protein group 1
(HMGB1) was identified in the LGP32–37 HPLC fraction,
issued from LGP32-infected oysters (Fig. 1). HMGB1 is a
DAMP of intracellular origin well known in vertebrates (34)
but also in C. gigas, in which it enhances the Rel-dependent
NF-kB activation (35). Importantly, HMGB1 was recently
shown to promote neutrophil ET formation through TLR-4
activation (36). Therefore, the ROS-dependent production
of ETs by oyster hemocytes can be triggered by microbial
agents and potentially by DAMPs released in the extracellu-
lar milieu in response to injury or cell lysis.
One limitation of the present study is that the hemocyte sub-

set producing ETs has not been identified. We believe that ETs
are produced by certain hemocyte subsets only because numer-
ous intact cells are observed in ET-containing regions in both in
vivo and in vitro microscopy observations (Figs. 5 and 8). In
vertebrates, ETs are formed mostly by neutrophils (9, 15, 16).
However, the accurate determination of ET-forming hemo-
cytes remains challenging in oysters, hemocytes subsets being
still mainly classified based on morphological features rather
than molecular markers (37).
In conclusion, the present study shows that oysters use the

release ofDNAextracellular traps and antimicrobial histones as
part of their immune defense. Therefore, this defense mecha-
nism is shared by relatively distant species belonging to the
different branches of the Bilateria, not only the Deuterostomia
(mammals, birds, fishes) and the Ecdysozoa (shrimp) but also
the Lophotrochozoa (oyster). The identification of ROS as a
secondarymessenger required for ET formation in oysters sup-
ports the evolutionary conservation within Bilateria of an
important immune strategy without ruling out the hypothesis

of a convergent evolution between phylogenetically distant
species.

Acknowledgments—Weare grateful toAgnèsVergnes andMarc Leroy

for technical assistance. We thank theMontpellier RIO Imaging plat-

form for access to confocal and epifluorescence microscopy, the

“Réseau d’Histologie Expérimentale de Montpellier” histology facility

for histology expertise and tissue processing, and the mass spectrom-

etry platform of the “Institut des Biomolécules Max Mousseron” for

MALDI-TOF-MS.

REFERENCES

1. Parseghian,M.H., and Luhrs, K. A. (2006) Beyond thewalls of the nucleus:

the role of histones in cellular signaling and innate immunity. Biochem.

Cell Biol. 84, 589–604

2. Miller, B. F., Abrams, R., Dorfman, A., and Klein, M. (1942) Antibacterial

properties of protamine and histone. Science 96, 428–430

3. Kawasaki, H., and Iwamuro, S. (2008) Potential roles of histones in host

defense as antimicrobial agents. Infect. Disord. Drug. Targets 8, 195–205

4. Patat, S. A., Carnegie, R. B., Kingsbury, C., Gross, P. S., Chapman, R., and

Schey, K. L. (2004) Antimicrobial activity of histones from hemocytes of

the Pacific white shrimp. Eur. J. Biochem. 271, 4825–4833

5. Li, C., Song, L., Zhao, J., Zhu, L., Zou, H., Zhang, H., Wang, H., and Cai, Z.

(2007) Preliminary study on a potential antibacterial peptide derived from

histone H2A in hemocytes of scallop Chlamys farreri. Fish Shellfish Im-

munol. 22, 663–672

6. De Zoysa, M., Nikapitiya, C., Whang, I., Lee, J. S., and Lee, J. (2009) Abhi-

sin: a potential antimicrobial peptide derived from histone H2A of disk

abalone (Haliotis discus discus). Fish Shellfish Immunol. 27, 639–646

7. Seo, J. K., Stephenson, J., and Noga, E. J. (2011) Multiple antibacterial

histone H2B proteins are expressed in tissues of American oyster. Comp.

Biochem. Physiol. B Biochem. Mol. Biol. 158, 223–229

8. Dorrington, T., Villamil, L., andGómez-chiarri,M. (2011)Upregulation in

response to infection and antibacterial activity of oyster histone H4. Fish

Shellfish Immunol. 30, 94–101

9. Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y.,

Weiss, D. S., Weinrauch, Y., and Zychlinsky, A. (2004) Neutrophil extra-

cellular traps kill bacteria. Science 303, 1532–1535

10. Yipp, B. G., Petri, B., Salina, D., Jenne, C. N., Scott, B. N., Zbytnuik, L. D.,

Pittman, K., Asaduzzaman, M., Wu, K., Meijndert, H. C., Malawista, S. E.,

de Boisfleury Chevance, A., Zhang, K., Conly, J., and Kubes, P. (2012)

Infection-induced NETosis is a dynamic process involving neutrophil

multitasking in vivo. Nat. Med. 18, 1386–1393

11. Jenne, C. N., Wong, C. H., Zemp, F. J., McDonald, B., Rahman, M. M.,

Forsyth, P. A., McFadden, G., and Kubes, P. (2013) Neutrophils recruited

to sites of infection protect from virus challenge by releasing neutrophil

extracellular traps. Cell Host. Microbe. 13, 169–180

12. Guimarães-Costa, A. B., Nascimento, M. T., Wardini, A. B., Pinto-da-

Silva, L. H., and Saraiva, E. M. (2012) ETosis: a microbicidal mechanism

beyond cell death. J. Parasitol. Res. 2012, 929743

13. Wang, Y., Li, M., Stadler, S., Correll, S., Li, P., Wang, D., Hayama, R.,

Leonelli, L., Han, H., Grigoryev, S. A., Allis, C. D., and Coonrod, S. A.

(2009) Histone hypercitrullination mediates chromatin decondensation

and neutrophil extracellular trap formation. J. Cell Biol. 184, 205–213

14. Urban, C. F., Reichard, U., Brinkmann, V., and Zychlinsky, A. (2006) Neu-

trophil extracellular traps capture and kill Candida albicans yeast and

hyphal forms. Cell Microbiol. 8, 668–676

15. Brinkmann, V., and Zychlinsky, A. (2007) Beneficial suicide: why neutro-

phils die to make NETs. Nat. Rev. Microbiol. 5, 577–582

16. Papayannopoulos, V., and Zychlinsky, A. (2009) NETs: a new strategy for

using old weapons. Trends Immunol. 30, 513–521

17. Beiter, K., Wartha, F., Albiger, B., Normark, S., Zychlinsky, A., and Hen-

riques-Normark, B. (2006) An endonuclease allows Streptococcus pneu-

moniae to escape from neutrophil extracellular traps. Curr. Biol. 16,

401–407

DNA Extracellular Traps in Oyster Defense

24830 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 36 •SEPTEMBER 5, 2014

 at C
N

R
S

 o
n

 S
ep

tem
b

er 1
6

, 2
0

1
4

h
ttp

://w
w

w
.jb

c.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 

!$(



18. Ramos-Kichik, V.,Mondragón-Flores, R.,Mondragón-Castelán,M., Gon-

zalez-Pozos, S., Muñiz-Hernandez, S., Rojas-Espinosa, O., Chacón-Sali-

nas, R., Estrada-Parra, S., and Estrada-García, I. (2009) Neutrophil extra-

cellular traps are induced by Mycobacterium tuberculosis. Tuberculosis

(Edinb.) 89, 29–37

19. McDonald, B., Urrutia, R., Yipp, B. G., Jenne, C. N., and Kubes, P. (2012)

Intravascular neutrophil extracellular traps capture bacteria from the

bloodstream during sepsis. Cell Host. Microbe 12, 324–333

20. Altincicek, B., Stötzel, S.,Wygrecka,M., Preissner, K. T., andVilcinskas, A.

(2008) Host-derived extracellular nucleic acids enhance innate immune

responses, induce coagulation, and prolong survival upon infection in in-

sects. J. Immunol. 181, 2705–2712

21. Ng, T. H., Chang, S. H., Wu, M. H., and Wang, H. C. (2013) Shrimp

hemocytes release extracellular traps that kill bacteria.Dev. Comp. Immu-

nol. 41, 644–651

22. Gay, M., Renault, T., Pons, A. M., and Le Roux, F. (2004) Two vibrio

splendidus related strains collaborate to kill Crassostrea gigas: taxonomy

and host alterations. Dis. Aquat. Organ 62, 65–74

23. Sawabe, T., Ogura, Y., Matsumura, Y., Feng, G., Amin, A. R., Mino, S.,

Nakagawa, S., Sawabe, T., Kumar, R., Fukui, Y., Satomi, M., Matsushima,

R., Thompson, F. L., Gomez-Gil, B., Christen, R., Maruyama, F., Kuro-

kawa, K., and Hayashi, T. (2013) Updating the Vibrio clades defined by

multilocus sequence phylogeny: proposal of eight new clades, and the

description of Vibrio. tritonius sp. nov. Front Microbiol. 4, 414

24. Schmitt, P., Wilmes, M., Pugnière, M., Aumelas, A., Bachère, E., Sahl,

H. G., Schneider, T., and Destoumieux-Garzón, D. (2010) Insight into

invertebrate defensin mechanism of action: oyster defensins inhibit pep-

tidoglycan biosynthesis by binding to lipid II. J. Biol. Chem. 285,

29208–29216

25. Brinkmann, V., Goosmann, C., Kühn, L. I., and Zychlinsky, A. (2012) Au-

tomatic quantification of in vitro NET formation. Front Immunol. 3, 413

26. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pi-

etzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J. Y.,

White, D. J., Hartenstein, V., Eliceiri, K., Tomancak, P., and Cardona, A.

(2012) Fiji: an open-source platform for biological-image analysis. Nat.

Methods 9, 676–682

27. Fuchs, T. A., Abed, U., Goosmann, C., Hurwitz, R., Schulze, I., Wahn, V.,

Weinrauch, Y., Brinkmann, V., and Zychlinsky, A. (2007) Novel cell death

program leads to neutrophil extracellular traps. J. Cell Biol. 176, 231–241

28. Duperthuy, M., Binesse, J., Le Roux, F., Romestand, B., Caro, A., Got, P.,

Givaudan, A., Mazel, D., Bachère, E., and Destoumieux-Garzón, D. (2010)

The major outer membrane protein OmpU of Vibrio splendidus contrib-

utes to host antimicrobial peptide resistance and is required for virulence

in the oyster Crassostrea gigas. Environ Microbiol. 12, 951–963

29. Schmitt, P., Rosa, R. D., Duperthuy, M., de Lorgeril, J., Bachère, E., and

Destoumieux-Garzón, D. (2012) The antimicrobial defense of the Pacific

oyster,Crassostrea gigas: how diversitymay compensate for scarcity in the

regulation of resident/pathogenic microflora. Front Microbiol. 3, 160
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Abstract: This study assessed the apoptotic process occurring in the hemocytes of the 

Pacific oyster, Crassostrea gigas, exposed to Alexandrium catenella, a paralytic shellfish 

toxins (PSTs) producer. Oysters were experimentally exposed during 48 h to the toxic 

algae. PSTs accumulation, the expression of 12 key apoptotic-related genes, as well as the 

variation of the number of hemocytes in apoptosis was measured at time intervals during 

the experiment. Results show a significant increase of the number of hemocytes in 

apoptosis after 29 h of exposure. Two pro-apoptotic genes (Bax and Bax-like) implicated 

in the mitochondrial pathway were significantly upregulated at 21 h followed by the  

overexpression of two caspase executor genes (caspase-3 and caspase-7) at 29 h, suggesting 
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that the intrinsic pathway was activated. No modulation of the expression of genes 

implicated in the cell signaling Fas-Associated protein with Death Domain (FADD) and

initiation-phase (caspase-2) was observed, suggesting that only the extrinsic pathway was 

not activated. Moreover, the clear time-dependent upregulation of five (Bcl2, BI-1, IAP1, 

IAP7B and Hsp70) inhibitors of apoptosis-related genes associated with the return to the 

initial number of hemocytes in apoptosis at 48 h of exposure suggests the involvement of 

strong regulatory mechanisms of apoptosis occurring in the hemocytes of the  

Pacific oyster.  

Keywords: shellfish; toxins; apoptosis; gene expression 

1. Introduction 

Apoptosis or type I programmed cell death was reported to play an important role in organism 

immunity, especially in mollusks [1,2]. Based on the recent generation of Expressed Sequences Tags

(EST) in the Pacific oyster, Crassostrea gigas, the basic genes and domains related to  

apoptosis-associated proteins were demonstrated to be conserved [3]. Apoptosis is initiated by either 

extracellular or intracellular signals. Extracellular signals activate the extrinsic pathway  

(receptor-mediated) through death receptors. These activated receptors recruit the cell signaling  

Fas-Associated protein with Death Domain (FADD), forming the death-inducing signaling complex 

(DISC), inducing the activation of initiator cysteine proteases of the caspase family. The intrinsic 

apoptotic pathway (mitochondrial) is activated in response to cytotoxic stimuli or environmental 

stressors. In vertebrates when stressed, mitochondria become permeable and release cytochrome C into 

the cytosol [4]. Cytochrome C induces the formation of the apoptosome complex (Apaf-1/cytochrome 

c/caspase-9), then activates executor caspases, which play a central role in the execution phase of cell 

apoptosis [5]. B-cell lymphoma 2 (Bcl-2) family proteins regulate this process by releasing apoptotic 

signals from the mitochondria [6–9]. Members of this family are conserved in invertebrate [10]. This 

family is composed of pro- and anti-apoptotic members. Anti-apoptotic Bcl-2 members display 

sequence homology in four α-helical domains, called BH1–BH4 [10,11]. Pro-apoptosis can be further 

subdivided into more fully conserved, “multi-domain” members with homology in the BH1–BH3 

domains and BH3-only Bcl-2 family proteins. The cell death process is also regulated by inhibitors of 

caspase, inhibitors of apoptosis (IAPs) [6] and heat shock proteins (Hsps) [12–14].  

PSPs (paralytic shellfish poisons) are neurotoxins naturally produced by cyanobacteria and a 

number of toxic dinoflagellate species, such as Alexandrium catenella, Gymnodinium catenatum and

Pyrodinium bahamense [15,16]. These toxins were demonstrated to be highly accumulated in oysters 

that feed on dinoflagellates [17]. Globally, such paralytic shellfish toxin (PST) producing species 

negatively affect the clearance rate, the feeding and digestive capacity of exploited bivalves [18–22].

However, no direct lethal effect on oyster has been shown. Saxitoxin and its analogs are potent Na
+

channel blockers in vertebrate cells and mitochondria and have negative effects on the cellular integrity 

of mollusk cells [23–25].
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The aim of the present study was to investigate if exposure to a dense concentration of the toxic 

dinoflagellate, A. catenella, induces the apoptosis of the effective cells involved in the immune 

responses of oyster, the hemocytes. Oysters were experimentally exposed during 48 h to a toxic strain 

of A. catenella or a strain of A. tamarense, a non-producer of PSTs, considered as the control. PST 

accumulation was measured in oyster tissues. Temporal expressions of putative apoptotic-related genes 

previously identified from the 210,895 ESTs from C. gigas reported in the National Center of 

Biotechnology Information (NCBI) database as of 1 May 2013, were determined. Additionally, 

evolutions of the number of apoptotic cells were determined by microscopy during the experiment.

2. Results and Discussion 

2.1. PSP Accumulation in Oyster Tissues  

The Alexandrium catenella (ACT03) strain contained 5.3 ± 0.4 pg toxins/cell. The following toxins 

were found in decreasing concentrations: N-sulfocarbamoyltoxins 1 + 2 (51%), Gonyautoxins 5 (35%), 

Gonyautoxins 4 (12%), Gonyautoxins 1 (1%) and neo-Saxitoxin (1%) with N-sulfocarbamoyltoxins 4,

Gonyautoxins 3, Saxitoxin and decarbamoyl saxitoxin present as trace amounts (not show). During the 

48 h of the experiment, PSP toxins accumulated in oysters (Figure 1). The toxicity level reached  

10 (2.2), 40 (2.07), 40 (7.4), 130 (13.6) and 360 (53.2) µg/kg tissue wet weight (µg Saxitoxin diHCl 

equivalent/kg wet weight) at three, six, 21, 29 and 48 h, respectively. Due to the small amount of cells 

available for the analysis, the PST accumulation in hemocytes was not determined.  

Figure 1. Evolution of the paralytic shellfish poison (PSP)-toxin content (µg/kg wet 

weight) in Crassostrea gigas exposed to Alexandrium catenella; the bar charts represent  

(in %) the temporal toxin. 

The PST concentration in oyster after 48 h of exposure reaches 360 (53.2) µg/kg tissue wet weight 

(µg STX diHCl equivalent/kg wet weight). Such a level of toxicity was low, but close to that generally 

found in oyster in the environment. Since 1988, oysters cultivated in the French Mediterranean Thau 
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lagoon were frequently contaminated by PSP toxins during spring and/or autumn, but rarely did there 

contamination exceeded the sanitary threshold (800 µg Saxitoxin diHCl equivalent/kg tissue wet 

weight) excepted in 2001 and 2003 [26].

2.2. Level of Hemocytes in Apoptosis 

Exposure of oysters to A. catenella increased the number of nuclear degradations at 29 h (ANOVA,

p < 0.01), which coincided with a toxins concentration of 130 µg/kg oyster wet tissue (Figure 2). The 

hallmark of apoptosis is DNA degradation, which, in the early stages, is selective to the 

internucleosomal DNA linker regions. Many chemical agents have been shown to induce apoptosis in 

mollusks. Among these agents, heavy metals have been well documented in terms of their toxicity on 

ionic channels and the ability to bioaccumulate in the tissues [27]. For example, cadmium has been 

demonstrated to inhibit GABA-activated ion currents by increasing intracellular calcium levels in snail 

neurons [28] and to induce apoptosis in the hemocytes of the oyster, Crassostrea virginica, through a 

mitochondria/caspase-independent pathway [29]. Like heavy metals, saxitoxin and its analogs, all 

potent Na
+
 channel blockers, may be responsible for the apoptosis observed here. 

Surprisingly, after 48 h of exposure, while the concentration still increased to reach 0.36 µg/kg wet 

weights, no significant difference in the number of hemocytes in apoptosis was observed in 

comparison to the control (Figure 2). This suggests the implementation of an efficient regulatory 

mechanism to control apoptosis. 

Figure 2. Evaluation of the number of hemocytes in apoptosis in oysters exposed for 48 h 

to A. catenella, (A) Percentage of cells in apoptosis. Oyster not exposed (white), exposed 

to Alexandrium tamarense (grey) or to Alexandrium catenella (dark grey), * (ANOVA,

p < 0.01); (B) Hemocyte observations of oyster non-exposed (a), exposed for 29 h to  

A. tamarense (b) or to A. catenella (c) after Terminal deoxynucleotidyl transferase 

TetraMethylRhodamine Nick End Labelling (TTMRNEL) staining (nuclei are stained in 

blue and apoptotic cells in red).  
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Figure 2. Cont.

2.3. Temporal Expression of the Genes Related to Apoptotic Processes  

The expression level of putative apoptotic-related genes was evaluated in hemocytes of C. gigas

exposed to toxic A. catenella or to the non-toxic A. tamarense at zero, three, six, 21, 29 and 48 h after 

the beginning of the experiment. The genes selected are involved in the intrinsic pathway (Bax,  

Bax-like, Bcl2, BI-1), cell signaling (FADD), initiation-phase (caspase-2) and execution phase of cell 

apoptosis (caspase-3 and caspase-7). Other key genes associated with the regulation of the apoptosis 

system, executor caspase inhibitors (IAP1 and IAP-7B) and stress proteins (Hsp70 and Hsp27), were  

also analyzed.  

2.3.1. Expression of Apoptosis-Related Genes 

The deduced amino-acid sequence of cg-Bax and cg-Bax-like display more than 40% identity with 

apoptotic Bax family members in three-helical domains, called BH1–BH3. Interestingly, cg-Bax-like

shows more than 97% identity with the apoptosis regulator, Bcl-2 (EKC30556), and the Bcl-2-like 

protein 1 (EKC30554) and 72% identity with the Bcl-2-associated X protein from the mussel,  

Mytilus galloprovincialis (AGK88247.1), but has no BH4 domain. Results showed that Bax transcripts 

were significantly overexpressed (ANOVA, p < 0.01) at 21 h in oysters exposed to A. catenella  
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(Figure 3), whereas these genes were not modulated in the hemocytes of oysters exposed to  

A. tamarense. In mammals, Bax members play a central role in the induction of the mitochondrial 

apoptosis pathway. When cells are exposed to various apoptotic stimuli, the proteins are  

overexpressed [30] and translocated into the mitochondria [31,32]. In the mitochondria, Bax forms 

oligomers in the outer membrane, permeabilizing the membrane and promoting the release of 

apoptotic factors, such as cytochrome c, into the cytosol [33,34].

Figure 3. Expression of cg-Bax, cg-Bax-like, cg-caspase-3 and cg-caspase-7 in the 

hemocyte of Crassostrea gigas not exposed (time 0, white), exposed to Alexandrium 

tamarense (grey) or to Alexandrium catenella (dark grey). * (ANOVA, p < 0.01). 

Cg-caspase-3 protein (EKC30354.1) and Cg-caspase-7 protein (EKC34323.1) display high identity 

with members of the executioner caspase (cysteine aspartate protease) family of proteins. Interestingly, 

C. gigas translated caspase-7 partial coding sequence (CU988427.1) and caspase-1 complete coding 

sequence (HQ425703.1) mRNA sequences display high identity with cg-caspase-3 (EKC30354.1). The 

C. gigas translated caspase-3/-7complete cds (HQ425703.1) mRNA sequences display high identity 

with the cg-caspase-7 (EKC34323.1). Compared to the control, the level of cg-caspase-3 and  

cg-caspase-7 transcript increased significantly at 29 h (Figure 3) in the hemocytes of oysters fed the 

toxic A. catenella (p < 0.05), but was not modulated in the hemocytes of oysters fed with the non-toxic 

A. tamarense. In vertebrates, caspases play a central role in the execution-phase of cell  

apoptosis [35–37].
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FADD and caspase-2 gene expression was not modulated in the hemocytes of C. gigas exposed to 

toxic or nontoxic Alexandrium species (not shown). In response to cytotoxic stimuli, DNA damage or 

environmental stressors, the signaling of the vertebrate extrinsic pathway begins with death receptor 

activation. It requires the interactions of their death domains and the downstream adapter,  

FADD [38]. Then, caspase-2 is activated, and apoptosis occurs [39]. These two genes were shown to be 

upregulated in C. gigas infected with Vibrio anguillarum [3]. This result suggests that the extrinsic 

pathway of apoptosis was not activated.  

2.3.2. Expression of Anti-Apoptosis-Related Genes 

The cg-Bcl2 protein displays more than 30% identity with anti-apoptotic Bcl-2 family members in 

four-helical domains, called BH1–BH4. This transcript was significantly overexpressed at 29 h 

(ANOVA, p < 0.01) in oysters exposed to A. catenella (Figure 4). Bcl2 members are present in the 

mitochondrial membrane and are able to form a heterodimer with Bax [40]. The observed  

time-dependent regulated expression of this anti-apoptosis-related gene suggested the involvement of 

regulatory mechanisms to control apoptosis. 

The transmembrane Bax inhibitor (cg-BI.1) displays sequence homology with Golgi Anti-Apoptotic 

Protein (GAAP) or the transmembrane Bax inhibitor motif containing the 4.Cg-BI.1 transcript was 

significantly overexpressed at 21 h (ANOVA, p < 0.01) in oysters fed with A. catenella (Figure 4). 

Moreover, the upregulation at 21 h of cg-BI.1 was followed by the downregulation of cg-Bax and the 

upregulation of cg-Bcl2 at 29 h (Figure 3). In mammalian cells, the transmembrane Bax inhibitor was 

demonstrated to inhibit the decrease in the mitochondrial membrane potential, by either stimulating the  

anti-apoptotic function of Bcl-2 or inhibiting the pro-apoptotic effect of Bax [41,42]. Another study 

showed that BI.1 interacts with Bcl2 to increase the acidity of the cytoplasm, promoting ATP 

production by mitochondria, which contributes toward maintaining a neutral Ph in the cytosol [43].

Inhibitors of caspases (IAPs) were known to contribute significantly to cell death regulation by 

blocking the catalytic site of the caspase executor [44]. In the genome of C. gigas, 48 genes coding 

IAPs were identified [45], when only three and seven genes found in human and in sea urchin, 

respectively. In this work, we analyze the expression of two of them, because their sequences are 

available in GenBank. The two IAP genes display 25% to 44% identity with IAP family members in 

two baculovirus inhibitor of apoptosis protein repeat (BIR) domains. IAP1 and IAP7B display 43% 

and 44% identity with the IAP of the giant panda, Ailuropoda melanoleuca (XP002922057), 

respectively. In this experiment, the transcript levels of cg-IAP1 and cg-IAP7B proteins increased from 

21 h to reach their highest levels at 29 h (p < 0.01) in the hemocytes of oysters exposed to A. catenella,

whereas those genes were not modulated in the hemocytes of oysters exposed to A. tamarense  

(Figure 4). IAPs were overexpressed after the expression of Bax (Figure 3). This result is in accordance 

with the work of Wei and Devreaux (1999), who demonstrated that the overexpression of the apoptotic 

inhibitor in human was induced by Bax or other Bcl2 apoptosis family members [6,46].
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Figure 4. Relative expression of cg-BI.1, Cg-Bcl2, Cg-IAP1, Cg-IAP7B and cg-Hsp70 in 

the hemocytes of Crassostrea gigas not exposed (time 0, white), exposed to Alexandrium 

tamarense (grey) or to Alexandrium catenella (dark grey). * (ANOVA, p < 0.01).  

Cg-Hsp70 was significantly overexpressed at 21 h (ANOVA, p < 0.01) in oysters exposed to  

A. catenella (Figure 4), and the Cg-Hsp27 transcript was not modulated (not show). The induction of 

chaperones has already been demonstrated in many organisms [47–50] as a response to stress. 

Moreover, Hsp70 and Hsp27 have been demonstrated to be anti-apoptotic, interacting with the 

components of the apoptotic pathways [12–14,51]. The parasite, Perkinsus marinus, employs heat 

shock proteins as part of its adaptive survival repertoire in the oyster, C. Virginica [52,53].

Interestingly, in C. gigas, the expression of Hsp70 was demonstrated to decrease when the oyster is 
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exposed to cadmium [54]. Furthermore, cadmium is known to induce apoptosis in oyster hemocytes by 

disturbing the cellular energy balance [29]. Together with the result obtained in the present study, the 

upregulation of cg-Hsp70 could be associated with the ability of C. gigas to control apoptosis. 

Nevertheless, the clear upregulation of the expression of five of six inhibitors of apoptosis-related 

genes tested suggests the involvement of strong regulatory mechanisms to control the apoptosis 

occurring in the hemocytes of the Pacific oyster. 

3. Experimental Section  

3.1. Oysters and Microalgae 

Adult Pacific oysters (Crassostrea gigas) were collected in November, 2011, from an oyster farm in 

the Thau lagoon (Masson, Société A Responsabilité Limitée, Languedoc-Roussillon, France) during 

periods when blooms did not occur. The average total oyster fresh weight was 13.0 ± 2.9 g (average ± SD);

the average digestive gland weight was 1.8 ± 0.5 g, and the average shell length was 11.0 ± 1.0 cm. 

Before the experiments, oysters were exposed to a continuous flow of filtered (10 µm) Mediterranean 

seawater, maintained in partial starvation, having only bacteria and nanoplankton to feed, at a constant 

temperature of 20 ± 1 °C for two weeks for acclimatization.

The experiments were carried out with a toxic A. catenella (ACT03 strain) and a non-producer of 

PSTs, A. tamarense (ATT07 strain), isolated from the Thau lagoon in 2003 and 2007, respectively. 

The ENSW (enriched natural sea water) [55] culture medium used was characterized by a salinity of 

35 practical salinity units (PSU). The two dinoflagellate species were cultivated in batch cultures and 

were grown at 20 ± 1 °C, under cool-white fluorescent illumination (100 µmoles photons/m
2
/s) and a 

12 h:12 h light:dark cycle. For the feeding experiments, we used algae in their exponential  

growth phase. 

3.2. Experimental Exposures 

Two independent experimental exposures were carried out. For each experiment, after two weeks of 

acclimatization, 180 oysters were randomly placed into six tanks (30 individuals per tank) containing  

10 L of filtered (0.2 µm) seawater. The experiments were conducted at a constant temperature of  

20 ± 1 °C. Cells of A. catenella (two tanks) or A. tamarense (two tanks) were added into tank water 

regularly to maintain cell concentrations (1 × 10
6
 cells/L) corresponding to the in situ bloom in Thau 

lagoon [56]. In two control thanks, oysters were incubated in filtered (0.2 µm) sea water without algae. 

The mean concentrations in the tank water of the experiments for toxic A. catenella and non-toxic  

A. tamarense were (1.35 ± 0.02) × 10
6
 cells/L and (2.20 ± 0.23) × 10

6
 cells/L, respectively. Fresh  

cells were regularly added at 3, 6, 21 and 29 h to approach the initial cell concentrations. However, 

during the 48-h experiment, the concentrations in tank water ranged between 1 × 10
6
 cells/L and  

2.5 × 10
6
 cells/L. To estimate the concentration of cells in tanks during the experiment, triplicates of  

1 mL of water were collected, and cells were fixed with Formalin (2%), then counted in a Nageotte 

counting chamber using a photonic microscope. 
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3.3. Tissue Sampling 

Hemolymph from 5 oysters randomly taken from tanks (containing 30 individuals each) was 

collected at time 0 (control), 3, 6, 21, 29 and 48 h for analysis. The remaining tissues were pooled and 

stored at −20 °C until the toxin extraction was performed.

3.4. Chemical Analysis of PSP Toxin by Liquid Chromatography/Fluorescence Detection (LC/FD) 

One milliliter of 0.1 N acetic acid was added to the pooled tissues, and the samples were frozen at 

−20 °C until the extraction and analysis were performed. To release the toxins, the samples were 

sonicated for 5 min in a water bath three times and centrifuged at 17,000× g for 10 min at 4 °C. The 

supernatants were used for the subsequent LC/FD PSP toxin analyses, using the method of  

Oshima [57]. The toxins were separated by reverse chromatography using a C8 column (5 µm 

Develosil, 4.6 mm i.d. × 250 mm) with a flow rate of 0.8 mL/min. The eluent pH and/or column 

temperature were calibrated to optimize the separation of some gonyautoxins (dc-DTX3/B1/dc-GTX-2). 

The toxins were quantified using certified standards provided by the National Research Council of 

Canada (Halifax, Canada). B2 and C2-toxins were detected and quantified indirectly after acid 

hydrolysis (HCl 0.4 N at 97 °C for 5 min). The toxin concentration (µg/g) was converted into µg STX 

equiv/Kg wet weight of tissues using the conversion factors determined by Oshima [58].

Triplicates of 10 mL batch cultures (cell concentration ≥ 10
7
 cells/L) were taken during the 

exponential growth phases of the cultivated dinoflagellates. After centrifugation (3000× g, 8 min,  

4 °C), the cells were suspended in 1 mL of 0.1 N acetic acid and frozen at −20 °C. The extraction and 

toxin analyses were performed as explained above. 

3.5. Expression Analysis of Putative Apoptotic-Related Genes 

The expression levels of putative apoptotic-related genes were measured in hemocytes of C. gigas

fed with A. catenella or A. tamarense at 0, 3, 6, 21, 29 and 48 h after the beginning of the experiment. 

Hemocytes from one milliliter of hemolymph were collected and placed in 0.5 mL of Trizol buffer and 

conserved at −20 °C. Total RNA was isolated from the oyster hemocytes using the standard Trizol 

method (Invitrogen Life Technologies SAS, Saint Aubin, France), then treated with DNAse (Invitrogen) 

to eliminate the contamination of genomic DNA. After sodium acetate precipitation, the quantity and 

quality of total RNA were determined using a NanoDrop spectrophotometer (NanoDrop Technologies, 

Wilmington, DE, USA) and agarose gel electrophoresis, respectively. Following heat denaturing  

(70 °C for 5 min), reverse transcription was performed using 0.1 µg of hemocyte RNA prepared with 

50 ng/µL oligo-(dT)12mer−18mer in a 20-µL reaction volume containing 1 mM dNTPs, 1 unit/µL of 

RNAseOUT and 200 units/µL Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) 

in reverse transcriptase buffer, according to the manufacturer’s instructions (Invitrogen Life 

Technologies SAS, Saint Aubin, France).

The primer pairs used to quantify the expression level of apoptotic-related genes were designed 

according to the sequence available in Gene-Bank. The expression of the ribosomal protein, F40, was 

used as the housekeeping gene control. All sequences of primers used for the amplification are shown 

in Table 1. Real-time PCR amplifications were performed in the Light Cycler 480 (Roche). In short, 
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the following components were mixed to the indicated end-concentration: 5 mM MgCl2, 0.5 µM of 

each primer, 2.5 μL of reaction mix (Light Cycler
®
 480 SYBR

®
 Green I Master mix) in a final volume 

of 5 μL. Reverse transcribed RNA (1 μL) diluted 1/10 was added as the PCR template to the  

Light-Cycler master mix, and the following run protocol was used: initial denaturing at 95 °C for 5 min; 

95 °C for 10 s; 10 s at 58 °C; 72 °C for 10 s with a single fluorescence measurement; a melting curve 

program (65–97 °C) with a heating rate of 0.11 °C/s; a continuous fluorescence measurement; and a 

cooling step to 40 °C. Each PCR was performed in triplicate. To determine the qPCR efficiency of 

each primer pair used, standard curves were generated using six serial dilutions (1:1, 1:3, 1:7, 1:15, 

1:31, 1:63) of a unique cDNA sample constituted from a pool of all cDNAs obtained from each 

condition; qPCR efficiencies of the tested genes varied between 1.85 and 1.99. Moreover, the real-time 

PCR product analysis on agarose gel and by melting curve revealed a unique lane and a unique peak, 

respectively, indicating the formation of a single PCR product with no artefacts (data not shown). For 

further expression level analysis, the crossing points (CP) were determined for each transcript using 

the Light Cycler software. The amount of apoptotic-related genes expressed was calculated relative to 

the amount of the ribosomal protein F40 housekeeping gene (because of its lower coefficient of 

variation) using the delta-delta threshold cycle (ΔΔCt) method [59].

Table 1. Primers sequences for amplification, and the size of the obtained products. 

Gene Primers sequences 5'→3' Product size (bp) GenBank ID

Cg-FADD
AAGAGAAAGTGTCAACCGAC

CTCTCAAAACATCAAGACGG
134 HQ425700 

Cg-Bax like 
AGGATAGCACTCTATGCAGG

TCAACTCCTAGCAACCATGG
198 AM855407 

Cg-Bax1 
TCCACTGGAATATGTTCGAG 

GAAAGTTTCATGGTTTGCAC 
124 HS140552 

Cg-Bcl2 
CAACTGTGACAAACGAGATG

AGTCTACTAACTGTGGCATG
123 EU678310 

Cg-BI-1 
AATGGGCTTCCTGAGGAAGG 

GCAACCAACAGCATCCAGTG
134 HS115415 

Cg-IAP1 
TCGAGCAGCAATTTAACGC 

GAGGAAGGAGCTTTACCAC 
160 HQ425702 

Cg-IAP7B 
CATTATGGAAGCAGATAGATC 

ATGATGTCATCTTCCTTTGTC 
249 FP000296 

Cg-caspase-2 
ACAGGGGAAATACTGAAGGAC

AGCTACAGCTGTCAGAAAACC
162 HQ425706 

Cg-caspase-3 
ATCACCAGGAAGGATCATGG

GTTCATCCGAACACGACTCG 
139 CU988427 

Cg-caspase-7  
ATTGGACCACAGAGACAACG 

TGTTGCCTTTGAAGGGCTCC 
125 HQ425703 

Cg-Hsp27 
GGCAAAGACCCATTTGGTAA 

ACAGTCAAGTTCCGGTCCAC 
206 AM862573 

Cg-Hsp70 
TCATCAAGTGGATGGACCAG

CATTCCTCCAGGCATGCCA 
149 AF144646 

Ribosomal protein F40 (RPL40) 
AATCTTGCACCGTCATGCAG 

AATCAATCTCTGCTGATCTGG
149 FP004478 
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3.6. Determination of Hemocyte Apoptosis Levels 

Samples of hemolymph were collected in Modified Alsever Solution (MAS), pH 4 (v/v), then 

diluted in Alsever, pH 4, +8% Paraformaldehyde (v/v), and the samples were conserved at 4 °C until the 

analysis were performed. Single or double-stranded DNA breaks that occur at the early stages of 

apoptosis were detected by the red fluorescent label of DNA fragmentation (In Situ Cell Death 

Detection Kit, TetraMethylRhodamine (TMR) red, Roche
®
), according to the manufacturer’s 

recommendations. Briefly, hemocytes were permeabilized for 8 min. TMR red was added; then cells 

were incubated in the dark for 60 min at 37 °C. After three washes in phosphate buffer saline (PBS), 

4′,6′-diamidino-2-phénylindole (DAPI) as added to the fixed hemocytes in the dark for 10 min. Upon 

staining, the fluorescent products generated by the two dyes can be visualized using a wide-field 

fluorescence microscope equipped with standard red (540 nm–580 nm, TMRred) and blue  

(358 nm–461 nm, DAPI) filter sets. The percentage of apoptotic cells was determined by counting one 

thousand cells from 2 × 5 individual slides by condition. 

3.7. Statistics 

Data were analyzed using two-way ANOVA followed by the Wilcoxon test (R software). Values 

are the median ± SD of 10 individuals from two independent experiments. * p < 0.01.

4. Conclusions 

Apoptosis is highly conserved among species. In C. gigas, key genes involved in this process 

appear to be similar to those of the vertebrate model. Although Sokolova and Kiss highlighted the 

importance of the apoptotic process in the molluscan immune defense system [1,24], few studies have 

assessed the effects of harmful algae and their toxins upon the immune system of bivalves, especially 

on the modulation and/or regulation of the different apoptotic pathways [50]. In this study we show, 

for the first time, that the toxic dinoflagellate, A. catenella, was able to induce the apoptosis of C. gigas

hemocytes at a toxin concentration level similar to that generally observed in situ during a toxic event.

Since 1970, periodic and large episodes of the mortality of C. gigas occurred along the French coast at 

a level never observed before. Although several pathogens (Vibrio splendidus, Vibrio aestuarianus and 

Oyster Herpesvirus type 1) were demonstrated to be associated with those mortalities in the 

environment [58,60,61], no mortality was induced when oysters were exposed to the pathogens in our 

experimental conditions. It is likely that this phenomenon has a multifactorial origin. The results of this 

work suggest that the induction of apoptosis by PSP-producing algae may affect the efficiency of the 

oyster to resist microbial infection in the environment. We should further investigate this  

particular point.
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Survie intracellulaire, effets cytopathiques et virulence de Vibrio tasmaniensis LGP32,  

pathogène de l’huître Crassostrea gigas. 
 

Résumé : 
 

Des souches de Vibrio appartenant au clade Splendidus sont retrouvées de manière récurrente lors des mortalités 

estivales d’huîtres juvéniles. La souche V. tasmaniensis LGP32 est un pathogène intracellulaire facultatif des 

hémocytes d’huître, dont elle altère les fonctions de défense. Nous montrons ici que LGP32 se comporte comme un 

pathogène intravacuolaire qui survit au sein de larges vacuoles intrahémocytaires. Il induit des effets cytopathiques 

tels qu’une perméabilisation membranaire et un lessivage du contenu cytosolique des hémocytes. Cette cytotoxicité 

est dépendante de l’invasion hémocytaire. Par ailleurs, à l'intérieur du phagosome, LGP32 sécrète des vésicules de 

membrane externe (OMVs). Chez LGP32, ces OMVs jouent un rôle protecteur contre les défenses de l’hôte et 

servent de véhicules pour la délivrance de facteurs de virulence aux cellules de l’hôte. En effet, elles sont capables de 

titrer les peptides antimicrobiens et présentent un fort contenu en hydrolases (25% du protéome des OMVs). Une 

sérine protéase, nommée Vsp car elle est uniquement sécrétée par voie vésiculaire participe à la virulence de LGP32 

en infections expérimentales mais ne dégraderait pas les peptides antimicrobiens. Par une approche 

transcriptomique, nous avons identifié une série de gènes  impliqués dans la réponse anti-oxydante et l’efflux de 

cuivre, qui sont surexprimés dans les stades intracellulaires précoces de LGP32. La génomique fonctionnelle a 

montré que ces deux fonctions importantes sont requises pour la survie intracellulaire, la cytotoxicité et la virulence 

de LGP32. Leur grande conservation parmi les vibrios laisse supposer qu’elles puissent contribuer à la survie 

intracellulaire d’autres espèces de Vibrio.  
 

Mots clés : Interaction hôte-pathogène, Vibrio, processus infectieux, mécanismes d’échappement, immunité innée. 
 

Intracellular survival, cytopathic effects and virulence of Vibrio tasmaniensis LGP32,  

a pathogen of Crassostrea gigas oyster. 
 

Abstract: 
 

Vibrio strains belonging to the Splendidus Clade have been repeatedly found in juvenile diseased oysters affected by 

summer mortalities. V. tasmaniensis LGP32 is an intracellular pathogen of oyster hemocytes which has been 

reported to alter the oxidative burst and inhibit phagosome maturation. We show here that LGP32 behaves as an 

intravacuolar pathogen that survives within large cytoplasmic vacuoles. LGP32 induces cytotoxic effects such as 

membrane disruptions and cytoplasmic disorders. Cytotoxicity was shown to be entirely dependent on LGP32 entry 

into hemocytes. Moreover, LGP32 releases outer membrane vesicles (OMVs) inside the phagosome. LGP32 OMVs 

were found to be protective against host defenses and to serve as vehicles for the delivery of LGP32 virulence factors 

to oyster immune cells. Indeed, OMVs conferred a high resistance to antimicrobial peptides. They also displayed a 

high content in hydrolases (25 % of total proteome) among which a serine protease, named Vsp for vesicular serine 

protease, was found to be specifically secreted through OMVs. Vsp was shown to participate in the virulence 

phenotype of LGP32 in oyster experimental infections but did not degrade AMPs entrapped in OMVs. By developing 

a transcriptomic approach, we identified a series of Vibrio antioxidant and copper efflux genes whose expression is 

strongly induced within oyster hemocytes. Construction of isogenic deletion mutants showed that resistance to 

reactive oxygen species and copper efflux are two important functions required for LGP32 intracellular survival, 

cytotoxic effects and virulence. Their high conservation among vibrios suggests they could contribute to intracellular 

survival of other Vibrio species. 
 

Keywords : Host-pathogen interaction, Vibrio, infectious process, escape, innate immunity. 
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