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 INTRODUCTION BIBLIOGRAPHIQUE 

I - Le génome des bactéries 

1 - Généralités  
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2*+88+-$#$'%" )!&" '(#$2&" )!" &;:(!%d+>!" )!" &!0'%)!" >;%;-+#$'%" GfcA<" Next Generation 

SequencingH"GV+%)"!#"+2@<"gk[\H@"
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Figure 1 Nombre de génomes de bactéries et d'archées séquencés chaque année depuis le séquençage des deux 

premiers génomes de bactéries en 1995. Depuis les années 2010, ce chiffre augmente de façon exponentielle.  

D'après Land et al., 2015. 
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Figure 2 Différentes échelles d'organisation du génome bactérien. Les motifs, de courtes séquences d'ADN non-

codantes ayant un rôle biologique, sont le plus petit niveau d'organisation. Certaines séquences, dont la taille est 

relativement variable, sont répétées (Repeats) et peuvent entrainer des recombinaisons et donc de la variabilité 

génomique. L'organisation des gènes en unité transcriptionelle, l'opéron, est très conservée chez les bactéries. Les 

domaines topologiques (Domains) et les macrodomaines sont deux niveaux d'organisation spatiale du 

chromosome. Certaines régions très variables  différent entre souches proches et sont appelées "îlots génomiques" 

(Islands). Le génome est divisé quasi-symétriquement en deux réplichores, correspondants aux deux régions 

séparées par les sites d'origine et de terminaison de la réplication.  D'après Rocha 2008. 
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2 - Différents niveaux d'organisation  

a. Organisation de l'information génétique 

i. Les opérons  

  !"#$%!&'()(*#+,-(,.%()!(%,*!/(0',12$%30*!"0#!$*,1(,-2!*4$%)0#!$*,5,0/$!%,6#6,167%!#,("#,

 !"#$%&'(%)'"&* +,(* $-&,(* ,&* "./#"&(, 8907$:, 0*1, ;$*$1+, <=><?0* 1!,()@5@1!%(, (*, '*!#6",

#%0*"7%!.#!$**(--("A, B',&* 23,* .,3* +!"./#"&(* ("',&)* 1"&(,#4/(* %3* (,'&* +,(* 5%1)/#',(0*  ,*

#,$#"3.,6,&)*+,*. 3(',3#(*$-&,(*("3(* ,*1"&)#7 ,*+!3&*.#"6"),3#*3&'23,*,()*3&,*1%#%1)/#'()'23,*

7$*"(%/6(, 8C$$*!*+, DEE=F, G$7H0+, DEEI?8* 9,(* $-&,(* +!3&* 6:6,* "./#"&* ("&)* $/&/#% ,6,&)*

!).-!&'6", 10*", '*, )J)(, .%$7(""'", 7(--'-0!%(A, K-'"!('%", )$1L-(", $*#, 6#6, .%$.$"6", .$'%,

,;. '23,#*  !,;'(),&1,*+,(*"./#"&(0*  ,(*. 3(*1"&&3(*/)%&)*  ,* <6"+- ,* #/$3 %),3#<*,)*  !<"./#"&*

63$M"#(N,8O0P%(*7(,0*1,G$#H+,<==>?A,,

, =!%.#-(* ,*6"+- ,*#/$3 %),3#0* !"#$%&'(%)'"&*+,(*$-&,(*,&*"./#"&",(!,;. '23,#%')*.%#*+,(*

0/0*#03(", 7$*46%6", 0'Q, :07#6%!(", .(%)(##0*#, 3&,* #/$3 %)'"&* . 3(* ,>>'1%1,* +,*  !,;.#(""!$*,

36*6#!&'(A,O(",3L*(",12'*,$.6%$*,4$%)0*#,"$'/(*#,'*,)$1'-(,4$*7#!$**(-+,-2(Q.%(""!$*,1(,-('%,

#$#0-!#6,("#,*67(""0!%(,(#,-('%,%(3%$'.()(*#,"$'",'*,)J)(,.%$)$#('%,"():-(,0!*"!,0/0*#03('QA,

R0*",-(,70",12'*,SGT),7$10*#,1!446%(*#(","$'"@'*!#6",12'*(,.%$#6!*(,1(/0*#,J#%(,.%$1'!#(,(*,

&'0*#!#6,630-(+,-('%,7$@#%0*"7%!.#!$*,.(%)(#,'*(,"#$(7H!$)6#%!(,.%67!"(+,(#,-%*+/$#%+%)'"&*+!3&*

"('-,SGT),"'44!#,5,"#$..(%,-0,#%01'7#!$*,1(,7(##(,.%$#6!*(A,R(,.-'"+,-(","6&'(*7(",%63'-0#%!7(",

1(", $.6%$*", "$*#, "$'/(*#, .-'", 7$).-(Q(", &'(, 7(--(", 1(, 3L*(", !"$-6"+, 7(, &'!, .('#, (*, .-'",

.(%)(##%(,'*(,%63'-0#!$*,.-'",4!*(A,R20.%L",-(,)$1L-(,63$M"#(+,-2$%30*!"0#!$*,(*,$.6%$*,%6"'-#(,

+!3&,*(/ ,1)'"&*%3*&'4,%3*+,(*$-&,(*,)*&"&,+,* !'*1!/!1'A,O0,.%$Q!)!#6,(#,-2$%30*!"0#!$*,1(,3L*(",

(*,)$1'-(, 4$*7#!$**(-, "2(Q.-!&'(%0!#,.0%, -0,.%$:0:!-!#6,&'2!-", "$!(*#, #%0*"46%6", 0/(7,"'77L",5,

+!%3)#,(*5%1)/#',(A,U(",3L*("+,"2!-",*(,"$*#,.0",#%0*"46%6",(*"():-(+,*(,.%$7'%(*#,0'7'*,0/0*#03(,

5,-0,:07#6%!(,%(7(/('"(,(#,*(,"$*#,1$*7,.0","6-(7#!$**6"A,R20.%L",7(,)$1L-(+,-(,%(3%$'.()(*#,

1(", 3L*(", (*, $.6%$*", 0'%0!#, -!(', "'!#(, 5, 1(", %60%%0*3()(*#", 36*$)!&'(", $', 1(", #%0*"4(%#",

36*6#!&'(",H$%!V$*#0'Q,F,'*(,3%0*1(,!).$%#0*7(,("#,1$*7,1$**6(,5,-0,/0%!0:!-!#6,36*$)!&'(A,,,



,
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ii. Asymétrie du génome 

, O(",36*$)(",:07#6%!(*","$*#,)0%&'6",.0%,.-'"!('%",0"X)6#%!(",(*#%(,-(,:%!*,1!%(7#,(#,-(,

:%!*,!*1!%(7#A,O(,:%!*,1!%(7#,.$""L1(,#$'#,120:$%1,'*(,1(*"!#6,1(,3L*(",.-'",!).$%#0*#(A,U(##(,

+'>>/#,&1,* (!,;. '23,#%')* .%#*  ,* >%')* 23!,  ,*+'6'&3,*  %*.#"5%5' ')/*+,* 1"  '('"&", (*#%(, -2SRT,

.$-X)6%0"(,(#,-2SGT,.$-X)6%0"(0*23'*.#"$#,((,&)*)"3),(*+,3;*+%&(* ,*(,&(*?!@*A!8,O(",3L*(",

.%6"(*#",5,.%$Q!)!#6,1(,  !"#'$'&,*+,* #/. '1%)'"&, "$*#,36*6%0-()(*#, -(",.-'",(Q.%!)6"+,7(,&'!,

"(%0!#,-!6,5,-('%,"'%%(.%6"(*#0#!$*,.(*10*#,-0,%6.-!70#!$*+,1"66,*1!,()* ,*1%(*1B,C*E. coli,-$%"&'(,

.-'"!('%", 7X7-(", 1(, %6.-!70#!$*, "$*#, (*3036", 8G$7H0+, DEEY?A, O(, :%!*, 1!%(7#, ("#, 630-()(*#,

1%#%1)/#'(/*.%#*3&*)%3;*+,*5%(,*D*. 3(*/ ,4/8*E,*5'%'(*+,*1"6."(')'"&*(!,;. '23,#%')*.%#* ,*>%')*

&'(,.(*10*#,"0,%6.-!70#!$*+,-(,:%!*,1!%(7#,%("#(,"$'",4$%)(,"!).-(,:%!*+,7(,&'!,40/$%!"(%0!#,-(",

+/(%6'&%)'"&(*+,*E*,)*+,*F*GE@H*,)*F@DI8,Z*4!*+,-(,*$):%(,1(,"!#(",1(,%(7$):!*0!"$*,chi,

8Crossover Hot-spot Instigator?,("#, !).$%#0*# 8[!3'%(,\?A,O(", "!#(",chi, "$*#,1(",)$#!4",0/(7,

-("&'(-", !*#(%03!""(*#, G(7BUR+, !).-!&'6, 10*", -0, %6.0%0#!$*, 1(, -2SRT, .0%, %(7$):!*0!"$*,

H$)$-$3'(A,U(##(,(*VX)(,%(7$**0!#,(#,"(, -!(,5,1(",7$'.'%(",1$':-(,:%!*",1(, -2SRT+,.'!", -(,

163%01(,]'"&'25,6/(*#'(--()(*#,%(*7$*#%(%,'*,"!#(,chiA,R0*",7(,70"+,(--(,"#$..(,-0,163%010#!$*,

(#,.%$1'!#,'*(,(Q#%6)!#6,\2,"$%#0*#(+,&'!,.('#,"(%/!%,1(,"':"#%0#,5,1(",.%$#6!*(",!).-!&'6(",10*",

-0,%(7$):!*0!"$*,H$)$-$3'(A,
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Figure 3 Schéma de la structure générale des génomes bactériens montrant les différentes asymétries entre les 

brins direct (bleu) et indirect (rouge). Les gènes proches de l'ori sont plus exprimés, la densité de gènes, le taux 

de G et le nombre de sites chi sont plus importants sur le brin direct. D'après Rocha 2008. 

b. Structure du chromosome 

, O(, 7H%$)$"$)(, :07#6%!(*, 0, '*(, #0!--(, &'!, /0%!(, (*#%(, D, (#, I,;.:, "(-$*, -(", (".L7(",

7$*"!16%6("+,(#,("#,7$).07#6,.-'",1(,<EEE,4$!",0',"(!*,12'*(,"#%'7#'%(,1(,)$!*",1(,<EE,^)+,-(,

*'7-6$M1(,8_0*3,(#,0-A+,DE<\?A,U(##(,7$).07#!$*,("#,$%30*!"6(+,H!6%0%7H!"6(+,(#,.0%#!7!.(,0',:$*,

16%$'-()(*#, 1(", .%$7(""'", 1(, %6.-!70#!$*+, 12(Q.%(""!$*, 36*6#!&'(+, 1(, %(7$):!*0!"$*, (#, 1(,

%6.0%0#!$*, 1(, -2SRTA, U(##(, $%30*!"0#!$*, ("#, %(-0#!/()(*#, )0-, 7$**'(+, )0!", 1(", .%$3%L",

#(7H*!&'(",$*#,.(%)!",1(",0/0*76(",10*",7(,1$)0!*(,8O(,0*1,O0':+,DE<Y?A,

i. Les domaines topologiques 

, 9,*.#'&1'.% *6/1%&'(6,*+,*1"6.%1)'"&*+,* !F=J*,()* ,*(3#,&#"3 ,6,&)*&/$%)'>0*1!,()@

5@+'#,* +%&(*  ,* (,&(* '&4,#(,* +,*  %* +"35 ,* B/ '1,* +!F=J8* E,(* (3#,&#"3 ,6,&)(* "&)* ."'%,

7$*"6&'(*7(, -0, 4$%)0#!$*,1(,:$'7-(",(#,1(,:%0*7H(",1!#(", N.-(7#$*6)!&'("N+,$:"(%/0:-(",(*,

)!7%$"7$.!(,6-(7#%$*!&'(A,Z*,.-'",1(,7$*1(*"(%,-(,7H%$)$"$)(+,-(","'%(*%$'-()(*#",7%6(*#,1(",

1$)0!*(",#$.$-$3!&'(","6.0%6",-(",'*",-(",0'#%("+,(#,1$*#,-0,#0!--(,)$X(**(,("#,("#!)6(,5,'*(,

1!V0!*(,1(,C.:, 8[!3'%(, Y?A,`*,36*$)(,)$X(*,1(,Y,;.:,.('#, 0!*"!, 7$*#(*!%,YEE,1$)0!*(",

"'%(*%$'-6",!*16.(*10*#"A,O0,"6.0%0#!$*,#$.$-$3!&'(,1(,7(","#%'7#'%(",("#,)0!*#(*'(,.0%,1(",

6-6)(*#",0..(-6",1$)0!*!*("+,1(,*0#'%(,.%$#6!&'(,$',SGTA,,
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Figure 4 Schéma de la structure topologique du chromosome (gauche) et des protéines impliquées dans le 

maintien de la structure du chromosome (droite). D'après Wang et al. 2013. 

, O(",1$)0!*(",#$.$-$3!&'(","$*#,#%L",1X*0)!&'("A,9!/23' '5#,*,&)#,*(3#,&#"3 ,6,&)*,)*

%(-b7H()(*#,("#,.%!*7!.0-()(*#,)61!6,.0%, !%1)'"&*+,*+,3;*,&CK6,(8*9LF=J,3X%0"(,!*#%$1'!#,

1(","'%(*%$'-()(*#",*630#!4",(#, -0, #$.$!"$)(%0"(, c,.(%)(#, -0, %(-0Q0#!$*,1(,7(",1(%*!(%"A,O(",

"'%(*%$'-()(*#(*+,* !F=J*&!,;. '23,&)*.%(*M*,3;*(,3 (* ,*B%3)*+,$#/*+,*1"6.%1)'"&*+,* !F=JA,

U(%#0!*(",.%$#6!*("+,5,-0,)0*!L%(,1(",H!"#$*(",7H(V,-(",('70%X$#("+,"(,-!(*#,1(,)0*!L%(,".67!4!&'(,

$',*$*@(./1'>'23,*M* !F=J0* ,*1"3#5,*#,.$'%,-(,7$).07#(%,.'!",7%6(*#,1(",.$*#",(*#%(,-(",:%!*",

.-!6",04!*,1(,"#0:!-!"(%,-0,:$'7-(,0!*"!,7$*"#!#'6(A,O(",.%!*7!.0-(",.%$#6!*(",H!"#$*(@-!d(,7H(V,E. 

coli,"$*#, `+,c [,8Integration Host Factor?+,[!",(#, @Te,8[!3'%(,Y?A,=!%3)#,(*.#")/'&,(*("&),

"'..$"6(", 0""'%(%, -(, )0!*)',&* +,*  !"#$%&'(%)'$*, #$.$-$3!&'(, 1', 7H%$)$"$)(+, 7$))(, .0%,

(Q().-(,-(,7$).-(Q(,7$*1(*"!*(,e;U,8Structural Maintenance of the Chromosome?,&'!,("#,

630-()(*#,.%6"(*#,7H(V,-(",('70%X$#(",(#,1$*7,#%L",7$*"(%/6(A,`*(,6#'1(,%67(*#(,)(*6(,7H(V,E. 

coli, %0..$%#(, -2(Q!"#(*7(, 12'*(, 7$%%6-0#!$*, .$"!#!/(, (*#%(, -(, #0'Q, 1(, )'#0#!$*", (#, 7(%#0!*",

1$)0!*(", "#%'7#'%6", .0%, [!", (#,  `, 8[$"#(%, (#, 0-A+, DE<\?A, U(7!, "'33L%(%0!#, &'(, -(, 7$*#(*',

36*6#!&'(,1(,7(%#0!*(",%63!$*",1',7H%$)$"$)(,"$!#,.-'",5,)J)(,5,/0%!(%,&'(,120'#%("A,

ii. Les macrodomaines 

, 9,(*6%1#"+"6%'&,(*1"&()')3,&)*3&*+,$#/*+!"#$%&'(%)'"&*(3.6%!('%,1',7H%$)$"$)(+,1$*#,

-(",%63!$*",)("'%(*#,1(,IEE,C.:,5,<,;.:A,UH(V,E. coli,,&'0#%(,)07%$1$)0!*(",$*#,6#6,167%!#"+,

)0!",7(","#%'7#'%(","$*#,"'..$"6(",J#%(,'*(,70%07#6%!"#!&'(,7$))'*(,5,#$'#(",-(",:07#6%!("A,O(,

#0'Q, 1(, %(7$):!*0!"$*", 0', "(!*, 1(, 7(", 1$)0!*(", ("#, .-'", !).$%#0*#, &'2(*#%(, -(", 1!446%(*#",

1$)0!*("A,U(##(,$%30*!"0#!$*,.HX"!&'(,1',7H%$)$"$)(,*2("#,1$*7,.0","0*",7$*"6&'(*7(,"'%,

-2$%30*!"0#!$*,1(,-2!*4$%)0#!$*,36*6#!&'(A,O(",1$)0!*(",1(,E. coli,"$*#,-(",1$)0!*(",ori,8$%!3!*?,



,

<I,

(#,ter,8#(%)!*'"?,0!*"!,&'(,1('Q,1$)0!*(",:$%10*#,-(,1$)0!*(,ter,(#,0..(-6",)07%$1$)0!*(",left,

(#,rightA,Z*,.-'",1(,7(",)07%$1$)0!*("+,ori,("#,(*#$'%6,.0%,1('Q,%63!$*",4-(Q!:-(",0..0%())(*#,

(%&(* "#$%&'(%)'"&* .%#)'13 '-#,8* N',&* 23,*  ,(* 6/1%&'(6,(* #,(."&(%5 ,(* +,*  !"#$%&'(%)'"&* ,&*

)07%$@+"6%'&,(*("',&)*,&1"#,*23%('6,&)*'&1"&&3(0* !'6. '1%)'"&*+,*.#")/'&,(*(,* '%&)*M* !F=J*

1(,)0*!L%(,"6&'(*7(@".67!4!&'(,("#,1(/(*'(,6/!1(*#(A,S,#!#%(,12(Q().-(+,'*,)$#!4,*$))6,matS,

("#,*$#0))(*#,"'%%(.%6"(*#6,10*",-(,1$)0!*(,terA,c-,0,6#6,)$*#%6,&'(,-0,.%$#6!*(,;0#K,"(,-!(,5,

7(,)$#!4, in vivoA,U(,)$#!4, "():-(%0!#, $%30*!"(%, -(", "!#(",matS+, %(3%$'.0*#, 0!*"!, -(", :$'7-(",

(*%$'-6(",10*",-0,%63!$*,terA,,

3 - Comparaison de la structure des génomes d'espèces 

proches 

, O20'3)(*#0#!$*, 1', *$):%(, 1(, 1$**6(", 1!".$*!:-(", 7$*7(%*0*#, -(", "6&'(*7(", 1(,

36*$)(",:07#6%!(*",0,.(%)!",1(,)!('Q,7$).%(*1%(,-('%,"#%'7#'%(,(#,-('%,6/$-'#!$*+,(#,1(,%(/$!%,

-0,*$#!$*,12(".L7(A,c-,("#,.0%,(Q().-(,/!#(,.0%',6/!1(*#,&'(,7(",36*$)(",6#0!(*#,70%07#6%!"6",.0%,

'*(,7(%#0!*(,N.-0"#!7!#6N+,.-'"!('%",36*$)(",1(,-0,)J)(,(".L7(,.$'/0*#,0/$!%,'*(,$%30*!"0#!$*,

(#, '*, 7$*#(*', 36*6#!&'(, 1!446%(*#", 8U0"](*"+, <==I?A, Z*, 7$*"6&'(*7(+, -0, "#%'7#'%(, 36*6#!&'(,

12'*(,(".L7(,*(,.('#,J#%(,164!*!(,5,.0%#!%,12'*,"('-,36*$)(,(#,7(##(,*$#!$*,0,6#6,)$1!4!6(A,O0,

(K&)/&',0*1!,()@5@1!%(,-2$%30*!"0#!$*,1(",3L*(",10*",-(,36*$)(+,("#,36*6%0-()(*#,.(',7$*"(%/6(,

)J)(,(*#%(,1(",(".L7(",.%$7H(",8C$$*!*+,DEE=?+,(#,1!44L%(*#,120'#0*#,.-'",&'(,-(",(".L7(","$*#,

6-$!3*6("A,O(",70",-(",.-'",4%6&'())(*#,$:"(%/6","$*#,1(",!*/(%"!$*","X)6#%!&'(",.0%,%0..$%#,

M*  !"#'$'&,* +,* #/. '1%)'"&, .$'/0*#, %6"'-#(%, 1(, %(7$):!*0!"$*", H$)$-$3'(", 0', *!/(0', 1(, -0,

4$'%7H(,1(,%6.-!70#!$*,8Z!"(*,(#,0-A+,DEEE?A,=!%3)#,(* '&4,#('"&(*.,34,&)*:)#,*1%3(/,(*.%#*+,(*

%(7$):!*0!"$*", "!#(@".67!4!&'(+, (#, 1(", 6-6)(*#", 36*6#!&'(", )$:!-(", #(-", &'(, -(", "6&'(*7(",

12!*"(%#!$*",8ce+,Insertion Sequence?,.('/(*#,630-()(*#,:)#,*M* !"#'$'&,*+,*)#%&( "1%)!$*"A,Z*,

.-'",1(,)$1!4!(%,-0,"#%'7#'%(,1(",36*$)("+,'*(,0'#%(,7$*"6&'(*7(,1(",%()0*!()(*#",("#,-0,.(%#(,

1(,7(%#0!*",3L*(",$',%63!$*",1',36*$)(A,U(",%()0*!)(*#"+,0""$7!6",0'Q,#%0*"4(%#",H$%!V$*#0'Q+,

$*#,.$'%,7$*"6&'(*7(,1(",1!446%(*7(",1(,7$*#(*',36*6#!&'(,(*#%(,-(","$'7H("A,O26#'1(,1(,7(",

1!446%(*7(",("#,0']$'%12H'!,.(%)!"(,.0%,-(,16/(-$..()(*#,1(",$'#!-",36*$)!&'("+,(#,0,)(*6,5,

 !'&)#"+31)'"&*+3*1"&1,.)*+,*.%&@3(*$)(,(#,1(,7$%(@3(*$)(A,



,

<=,

a. Le pan-genome et core-genome 

i. Définition 

, O(, .0*@36*$)(, ("#, 164!*!, 1"66,*  !%++')'"&* +3* 1"#,@3(*$)(+, (*"():-(, 1(", 3L*(",

.0%#036",.0%, -(", "$'7H(", 7$).0%6("+, (#, 1', 36*$)(, 4-(Q!:-(,$',/0%!0:-(+, 7$).$"6,1(", 3L*(",

.0%#036",.0%,'*,"$'"@3%$'.(,"('-()(*#A,U(,7$*7(.#,0,6#6,!*#%$1'!#,.0%,f(##(-!*,(#,0-A,(*,DEEW+,

 "#(* +!3&* )#0/0!-, .!$**!(%, 1(, 7$).0%0!"$*", 1(", 36*$)(", 1(, H'!#, "$'7H(", 1(, Streptococcus 

agalactiae, 8f(##(-!*, (#, 0-A+, DEEW?A, U,.,&+%&)0*  !/)3+,* +3* .%&@36*$)(, .('#, J#%(, %60-!"6(, 5,

+!%3)#,(*#/(" 3)'"&(*.BK "$/&/)'23,(*23,*1,  ,*+,* !,(.-1,+,-0,.-'",-0%3(,5,7(,]$'%,6#0*#,-(,"'.(%@

.HX-'), B07#(%!0, 8O0.!(%%(, 0*1, g$30%#(*+, DEE=?A, O$%", 1(, , 7(##(, 1(%*!L%(", 6#'1(+, -(", 3L*(",

"$'7H(@".67!4!&'(",$',.0%#036",.0%,.(',1(,"$'7H(", %(.%6"(*#0!(*#,DI,h+,(#, -(, , 7$%(@3(*$)(,

"('-()(*#,I,hA,O0,*$#!$*,1(,7$%(@3(*$)(,("#,1$*7,%(-0#!/(,i,.-'",-(",$%30*!")(",7$).0%6","$*#,

6-$!3*6"+,.-'",7(,7$%(@3(*$)(,1!)!*'(A,O3'4%&)* ,*1"&),;),0* !/)3+,*+3*.%&@36*$)(,.('#,"(%/!%,

5, -0, 164!*!#!$*, 1', 36*$)(, :07#6%!(*, )!*!)0-, 8O0.!(%%(, 0*1, g$30%#(*+, DEE=?+, 5, ("#!)(%, -0,

+'4,#(')/* +!3&* ,&(,65 ,* +!"#$%&'(6,(* %3* (,'&* +!3&,* &'1B,* /1" "$'23,0* (#j$', 5, 4$'%*!%, 1(,

*$'/(0'Q,6-6)(*#",.$'%,-0,164!&')'"&*+,* !,(.-1,*5%1)/#',&&,8,R('Q,N#X.("N,1(,.0*@36*$)(,$*#,

6#6,167%!#","'!/0*#, -(",(".L7("A, c-,(Q!"#(,1(",70",$k, -0, #0!--(,1',.0*@36*$)(,0,.',J#%(,164!*!+,

%323, *1%(*' *,()*23% '>'/*+,*<>,#6/<8*=%&(*+!%3)#,*1%(* %*)%'  ,*+3*.%&@36*$)(,0,6#6,("#!)6(,

7$))(,!*4!*!(,8)0#H6)0#!&'()(*#?+,(#,&'0-!4!6(,12N$'/(%#NA,

ii. Méthode 

, 9!/)3+,*+3*.%&@36*$)(,+!3&*$#"3.,,+!"#$%&'(6,",7$*"!"#(,10*",'*,.%()!(%, #().",5,

7$).0%(%, -('%,36*$)(,04!*,1(,16#(%)!*(%,&'(-",3L*(","$*#,7$))'*"+,(#,7$*"#!#'(*#,1$*7, -(,

7$%(@36*$)(A,O(",0'#%(",3L*(","$*#,1$*7,*$*@(""(*#!(-",$',(*7$%(,"$'7H(@".67!4!&'(",(#,4$*#,

.0%#!(,1',36*$)(,1!#,4-(Q!:-(,$',/0%!0:-(A,O0,#0!--(,1(,7(,.0*@36*$)(,("#,("#!)6(,(*,70-7'-0*#,

7$):!(*, 1(, *$'/(0'Q, 3L*(", "(%0!(*#, 0]$'#6", 0', .0*@36*$)(, 5, 7H0&'(, *$'/(--(, "$'7H(,

"6&'(*76(A,B!(*,&'(,-(,7$*7(.#,1(,.0*@36*$)(,"$!#,!*#'!#!4+,-(",)6#H$1(",().-$X6(",1!44L%(*#,

"(-$*, -(", 6#'1(", 8l(%*!d$", (#, 0-A+, DE<W?A, K0%, (Q().-(+, 10*", -0, .%()!L%(, 6#'1(, 7$*7(%*0*#,

Streptococcus agalactiae+,1(",40)!--(",1(,.%$#6!*(",$%#H$-$3'(",$*#,6#6,164!*!(",0/(7,'*,"('!-,

1(,WE,h,+!'+,&)')/*+,*(/23,&1,*#/.%#)',"'%,WE,h,1(,-0,-$*3'('%,1',.(.#!1(,8f(##(-!*,(#,0-A+,DEEW?A,

R0*",'*(,0'#%(,6#'1(,1(, !--(%,et al.,7$*7(%*0*#,Streptococcus pneumoniae+,7(",)J)(","('!-",

"$*#,1(,aE,h,8 !--(%,(#,0-A+,DEEa?A,U(",1!446%(*#","('!-",%(*1(*#,1!44!7!-(,-0,7$).0%0!"$*,(*#%(,

-(",1('Q,6#'1("A,K0%,(Q().-(+,7(%#0!*",3L*(",1$*#,-0,"6&'(*7(,("#,/0%!0:-(,8(QA,#%0*".$%#('%",$',



,

DE,

0*#!3L*(", 1(, "'%407(?, .('/(*#, 0..0%#(*!%, 5, -0, .0%#!(, 4-(Q!:-(, $', 0', 7$%(@3(*$)(, "'!/0*#, -(",

7%!#L%("A,R(",.%$3%L",%("#(*#,5,40!%(,7$*7(%*0*#,-0,"#0*10%1!"0#!$*,1(,-0,)6#H$1$-$3!(+,)0!",7(",

6#'1(",$*#,&'0*1,)J)(,.(%)!",'*(,)(!--('%(,.%!"(,1(,7$*"7!(*7(,1(,-0,1!/(%"!#6,1(",36*$)("A,

Z*, .0%#!7'-!(%+, -(, *$):%(, 7%$!""0*#, 1(, 36*$)(", 1!".$*!:-(", .$'%, 1(", "$'7H(", #%L", .%$7H(",

.,#6,)*+!%..#/B,&+,#* !/4" 3)'"&*5%1)/#',&&,+,*$#0))(*#,-(,%m-(,(#,-2$%!3!*(,1(",6-6)(*#",1(,-0,

.0%#!(,4-(Q!:-(,1',36*$)(A,, ,

b. Le génome flexible 

i. Généralités 

, 9!'+/,*+,*> ,;'5' ')/*+3*$/&"6,*5%1)/#',&*,)*+L3&,,/0%!0:!-!#6,!*#%0@".67!4!&'(,1',7$*#(*',

36*$)!&'(+,,()*%&)/#',3#,*M* !"5),&)'"&*+!3&*$#%&+*&"65#,*+,*$/&"6,(*5%1)/#',&(*1"6. ,)(8*

P&*,>>,)0*+,(*,;./#',&1,(*+!/ ,1)#".B"#-(,*,&*1B%6.(*.3 (/*"&)*6"&)#/*23,*+'>>/#,&),(*("31B,(*

+!E. coli,.%6"(*#0!(*#,1(",#0!--(",0--0*#,1(,Y+W,5,W+W,C.:,8B(%3#H$%""$*,0*1,n7H)0*+,<==I?A,O0,

36*$)!&'(,0,7(.(*10*#,.(%)!",1(,)("'%(%,.-'",.%67!"6)(*#,7(##(,.0%#,/0%!0:-(+,1(,7$**0o#%(,

"$*,$%30*!"0#!$*,(#,+!%11/+,#*M*("&*1"&),&3A,,

, c-,(Q!"#(,'*(,7$%%6-0#!$*,(*#%(,.0*@36*$)(,4(%)6,(#,*!7H(,67$-$3!&'(,%("#%(!*#(,(#,!"$-6(A,

U2("#,.0%,(Q().-(,-(,70",1(,-2(*1$"X):!$*#(,!*#%07(--'-0!%(,Buchnera aphidicola+,.$'%,-(&'(-,

-2!"$-()(*#,1(,"0,*!7H(,67$-$3!&'(,().J7H(,-(",#%0*"4(%#",36*6#!&'(",H$%!V$*#0'QA,U(##(,(".L7(,

("#, .0%, 0!--('%", 16.$'%/'(, 1(, )670*!")(", 1267H0*3(", 36*6#!&'(", (#, 1(, %(7$):!*0!"$*"A, S,

-2!*/(%"(+,-(",(".L7(",/!/0*#,-!:%(",10*",-2(*/!%$**()(*#,*0#'%(-,"():-(*#,0/$!%,'*,.0*@36*$)(,

N$'/(%#N+,)J)(,10*",-(,70",1(,-0,7$).0%0!"$*,1(,"$'7H(",!"$-6(",(*,)J)(,#().",(#,0',)J)(,

(*1%$!#, 8K(*0, (#, 0-A+, DE<E?A, `*, .0*@36*$)(, N$'/(%#N, "():-(, 1$*7, %(4-6#(%, '*, .-'", 3%0*1,

.$#(*#!(-,010.#0#!4,10*",1(",(*/!%$**()(*#",$'/(%#",(#,7H0*3(0*#"A,,

, `*(, 70%07#6%!"#!&'(, 1(", 3L*(", 0..0%#(*0*#, 0', .$$-, 4-(Q!:-(, ("#, &'2!-", .('/(*#,

36*6%0-()(*#,7$*46%(%,'*,0/0*#03(,5,-0,:07#6%!(,10*",1(",7$*1!#!$*",.0%#!7'-!L%("A,c-",.('/(*#,

.0%, (Q().-(, 7$*46%(%, '*(, /!%'-(*7(+, -0, 70.07!#6, 5, 163%01(%, 1(", Q6*$:!$#!&'("+, $', (*7$%(,

-207&'!"!#!$*, 1', 4(%, 8R$:%!*1#, (#, 0-A+, DEEY?A, O0, .0%#!(, 4-(Q!:-(, 1', 36*$)(, 7$*4L%(, 1$*7, 1(",

70.07!#6",010.#0#!/("A,`*(,1('Q!L)(,70%07#6%!"#!&'(,("#,-('%,%(3%$'.()(*#,(*,%63!$*",0..(-6(",

o-$#",36*$)!&'(",8G$1%!3'(V@l0-(%0,0*1,`""(%X+,DE<D?A,,

ii. Les îlots génomiques 

, 9,*),#6,*+!Q ")*$/&"6'23,*,()*'((3*+3*1"&1,.)*+!Q ")*+,*.%)B"$/&'1')/*'&)#"+3')*M* %*>'&*

1(", 0**6(", <=IEA, O0, 164!*!#!$*, $%!3!*(--(, 0, 6#6, 1$**6(, 5, -0, 4!*, 1(", 0**6(", <==E+, 0-$%", &'(,



,

D<,

"('-()(*#,<D,36*$)(",7$).-(#",6#0!(*#,1!".$*!:-("A,O(",o-$#",36*$)!&'(",8gZc"?,.('/(*#,J#%(,

164!*!",1"66,*+,(*>#%$6,&)(*+!F=J0*%  %&)*+!3&,*+'C%'&,*M*. 3(*+,*RSS*T.:+,1!446%0*#,(*#%(,

1(","$'7H(",0..0%(*#6(",(#,1$*7,"'..$"6",J#%(,$',0/$!%,6#6,)$:!-(",89'H0",(#,0-A+,DEE=?A,,

,

Figure 5 Illustration des éléments regroupés sous le terme d'îlot génomique. Les GEIs ne correspondent pas à une 

classe particulière d'éléments génétiques mobiles.  D'après Juhas et al., 2009. 

, O(",gZc",$*#,36*6%0-()(*#,(*,7$))'*,1(",70%07#6%!"#!&'(",!*1!&'0*#,-('%,07&'!"!#!$*,

.0%,#%0*"4(%#,H$%!V$*#0-A,9'H0",(#,0-A,7!#(*#,"!Q,70%07#6%!"#!&'(","$'/(*#,%(#%$'/6(",0',*!/(0',1(,

7(",%63!$*",i,!j,"#0#!"#!&'(",*'7-6$#!1!&'(",8(A3A,hgU+,USc?,1!446%(*#(",1',%("#(,1',36*$)(,F,!!j,

!*"(%#!$*,0',*!/(0',+!FUJ),F,!!!j"6&'(*7(",%6.6#6(",1!%(7#(",.0%40!#(",$',.%("&'(,1(,<>@DE,.:+,

#/(3 )%&)*+!3&,*'&(,#)'"&*('),@".67!4!&'(,F,'4V.#/(,&1,*+!'&)/$#%(,(*>"&1)'"&&,  ,(*"3*1#K.)'23,(*

(#j$',407#('%",0..0%(*#6",5,1(","X"#L)(",1(,7$*]'30!"$*,.-0")!1!&'(",$',1(",.H03("+,!).-!&'6",

10*",-(,#%0*"4(%#,1',gZc,F,/j,ce,$',#%0*".$"$*",!).-!&'6",10*",-0,)$:!-!#6,1',gZc,$',10*",1(",

%()0*!()(*#", 36*$)!&'(", !*#(%*(",/!j3L*(", 7$*46%0*#,'*, 0/0*#03(, "6-(7#!4, 5, -0, 7(--'-(,Hm#(,

8%6"!"#0*7(+,.0#H$36*!7!#6+,"X):!$"(,(#7A?A,

, S!*"!,164!*!"+,-(",gZc",(*3-$:(*#,1(",6-6)(*#",36*6#!&'(",)$:!-(",8Zg;?,1(,1!/(%"(",

40)!--(", #(--(",&'(,-(",6-6)(*#", !*#63%0#!4",(#,7$*]'30#!4", 8cUZ"+ Integrative and Conjugative 

Elements?,8[!3'%(,W?+,)0!",0'""!,1(",6-6)(*#",0/(7,'*(,0'#$*$)!(,/0%!6(,(*,#(%)(,+!,;1'('"&0*

+!'&)/$#%)'"&0*+,*#/. '1%)'"&*,)*+,*)#%&(>,#)*8B(--0*3(%,(#,0-A+,DE<Y?A,U(",1!446%(*#",6-6)(*#","$*#,

167%!#",10*",-0,.0%#!(, ccc, @,.03(,\EA,O0,.%6"(*7(,1(,gZc",.('#, 40!%(,"'!#(,"$!#,5, -0,.(%#(,12'*,

4%03)(*#,12SRT+,"$!#,5,'*,30!*,/!0,'*,#%0*"4(%#,36*6#!&'(,H$%!V$*#0-,



,

DD,

II - Les transferts génétiques horizontaux  

1 - Généralités 

, O(", #%0*"4(%#", 36*6#!&'(", H$%!V$*#0'Q, 8 gf"+,Horizontal Gene Transfers?, "$*#, 1(",

/1B%&$,(* +,* 6%)/#', * $/&/)'23,* ,&)#,* +,(* "#$%&'(6,(* &!/)%&)* .%(* +%&(* 3&,* #, %)'"&* +,*

1("7(*10*7,*+'#,1),0*M*  !".."(/*+,*  !B/#/+')/*+'),*4,#)'1% ,8*EB,C*  ,(*.#"1%#K"),(0*  ,(*WDH(*

.,#6,)),&)*  !%123'(')'"&* +,* &"34,  ,(* >"&1)'"&(* ,)* .%#)'1'.,&)* %'&('* M*  %* +'4,#('>'1%)'"&* ,)*

 !%+%.)%)'"&*+,(*.".3 %)'"&(*8_!(1(*:(7d,0*1,U$H0*+,DE<<?A,,O(", gf","(,4$*#,5,-0,4$!",.0%,

1(",%(7$):!*0!"$*",H$)$-$3'(",(*#%(,1(","$'7H(",$',1(",(".L7(",.%$7H("+,$',.0%#,-(,#%0*"4(%#,

126-6)(*#", 36*6#!&'(", )$:!-("A, c-, (Q!"#(, .-'"!('%", )670*!")(", .(%)(##0*#, 1(", #%0*"4(%#",

H$%!V$*#0'Q,i,-0,#%0*"4$%)0#!$*+,.(%)(##0*#,-207&'!"!#!$*,12SRT,.%6"(*#,10*",-2(*/!%$**()(*#+,

-0, 7$*]'30!"$*, .(%)(##0*#, -267H0*3(, 12!*4$%)0#!$*", 36*6#!&'(", (*#%(, 1('Q, 7(--'-("+, (#, -0,

#%0*"1'7#!$*,!).-!&'0*#,1(",/!%'"A,Z*,.-'",1(,7(",#%$!",)670*!")(",:!(*,7$**'"+,120'#%(",.!"#(",

%67(*#(",7$*7(%*(*#,-2!).-!70#!$*,1(",/6"!7'-(",)():%0*0!%(",(#,1(,*0*$#':("A,

2 - La transformation 

a. Généralités  

, O%* )#%&(>"#6%)'"&* 5%1)/#',&&,* ,()*  L'6."#)* .%#* 3&,* 1,  3 ,* +!F=J*  ':%(, 10*",

 !,&4'#"&&,6,&)0*(3'4',1(,"$*,!*#63%0#!$*,10*",-(,7H%$)$"$)(A,U(,)670*!")(,0,6#6,167$'/(%#,

(*,<=DI,.0%,g%!44!#H,7H(V,Streptococcus pneumoniae,8g%!44!#H+,<=DI?A,U$*#%0!%()(*#,0'Q,0'#%(",

)670*!")(",%(".$*"0:-(",1(", gf,87$*]'30!"$&*,)*)#%&(+31)'"&I0* %*)#%&(>"#6%)'"&*&!'6. '23,*

.%(*+!/ /6,&)(*$/&/)'23,(*6"5' ,(8*H"3),(* ,(*,(.-1,(*&,*("&)*.%(*1%.%5 ,(*+,*)#%&(>"#6%)'"&(8*

U(,)670*!")(,0,6#6, %0..$%#6,7H(V,.-'",1(,IE,(".L7(", 89$H*"#$*,(#,0-A+,DE<Y?+,(#,7$%%(".$*1,

36*6%0-()(*#, 0, '*, 6#0#, .HX"!$-$3!&'(, #%0*"!#$!%(, 0..(-6, N7$).6#(*7(N+, -(", :07#6%!(", 6#0*#,

&'0-!4!6(",1(,N7$).6#(*#("NA,,

, O0,#%0*"4$%)0#!$*,!).-!&'(,-(,#%0*"4(%#,1(,-2SRT,5,#%0/(%",-0,)():%0*(,(Q#(%*(,810*",

-(,70",1(",g%0)@*630#!4?+,.'!",-0,.0%$!,(#,-0,)():%0*(,7X#$.-0")!&'(+,.'!","$*,!*#63%0#!$*,10*",

-(,36*$)(A,U(,)670*!")(,("#,1$*7,%(-0#!/()(*#,7$).-(Q(A,O2SRT,1$!#,120:$%1,J#%(,!*#(%*0-!"6+,

72("#,5,1!%(, #%0*"46%6,0',*!/(0',12'*,7$).-(Q(,.%$#6!&'(,.(%)(##0*#,"$*,.0""03(,5, #%0/(%", -0,

.0%$!A,,



,

D\,

b. Import de l�ADN  

, O(",)670*!")(",!).-!&'6",10*",-0,#%0*"4$%)0#!$*,167%!#",]'"&'25,.%6"(*#,"():-(*#,J#%(,

7$))'*",M*)"3),(* ,(*5%1)/#',(*1"6./),&),(*1"&&3,(0*M* !,;1,.)'"&*.#-(*+!Helicobacter pyloriA,

O2!*#(%*0-!"0#!$*,1(,-2SRT,%(.$"(,"'%,'*,(*"():-(,1(,.%$#6!*(",7$*"(%/6(",(#,.%!*7!.0-()(*#,

7$16(",.0%,'*,(*"():-(,1(,3L*(",(Q.%!)6","!)'-#0*6)(*#,-$%",1(,-0,7$).6#(*7(,i,-(,%63'-$*,

com 89$H*"#$*,(#,0-A+,DE<Y?A,

, O(,"':"#%0#,1(,-0,#%0*"4$%)0#!$*,("#,1(,-2SRT,"$'",4$%)(,1$':-(,:%!*A,e$*,#%0*"4(%#,5,

#%0/(%",-2(*/(-$..(,(Q#(%*(,1(",:07#6%!(",*2("#,.0",(*7$%(,:!(*,7$**'A,UH(V,-(",:07#6%!(",3%0)@

*630#!4+,7(##(,6#0.(,*67(""!#(,1(",.%$#6!*(","!)!-0!%(",5,7('Q,!).-!&'6(",10*",-20""():-03(,1',

"X"#L)(,1(,"67%6#!$*,1(,#X.(,cc,8eeD?,(#,1',.!-!,1(,#X.(,cl,8fYK?+,0!*"!,&'(,12'*,70*0-,4$%)6,.0%,

K!-p,0',*!/(0',1(,-0,)():%0*(,(Q#(%*(A,,c-,"():-(%0!#,630-()(*#,&'2'*,fYK,"$!#,!).-!&'6,10*",

7(,.%$7(""'",5,-0,4$!",7H(V,-(",:07#6%!(",3%0)@.$"!#!4,(#,-(",3%0)@*630#!4A,U(,.!-'"+,0..(-6,.!-'",

1(, #%0*"4$%)0#!$*, 8f4.+, TransFormation Pilus?+, "(, -!(%0!#, 5, -2SRT1:, (Q#%07(--'-0!%(, (#, -(,

#%0*"46%(%0!#,0',*!/(0',1',%67(.#('%,U$)ZS,8[!3'%(,>?A,U(,1(%*!(%,("#,"'..$"6,#%0*"46%(%,-2SRT,

5,'*(,.%$#6!*(,&'!,163%01(%0!#,'*,1(",1('Q,:%!*",0/0*#, -(, #%0*"4(%#A,U(,%m-(,("#,0""'%6,.0%,-0,

*'7-60"(,Z*1S, 7H(V,Streptococcus pneumoniae,,)0!", 0'7'*(, .%$#6!*(, "!)!-0!%(, *20, .', J#%(,

!1(*#!4!6(,7H(V,120'#%(",(".L7("A,,

, ,

,

Figure 6 Schéma de l'internalisation de l'ADN lors de la transformation chez les bactéries. L'ADN sous forme 

double-brin est transféré par un pilus de transformation (Tfp) au niveau de la membrane cytoplasmique. Dans le 

cas des Gram-négatif, un canal formé par PilQ permet le transfert de l'ADN à travers la membrane externe. L'ADN 

est ensuite transféré au niveau de ComEA (Gram +) ou ComA (Gram -) puis transféré sous forme simple-brin 

dans le compartiment cytoplasmique via ComEC (Gram +) ou ComA (Gram -). D'après Jonhston et al., 2014 



,

DY,

, O(,#%0*"4(%#,1(,-2SRT,5,#%0/(%",-0,)():%0*(,7X#$.-0")!&'(,0,6#6,(""(*#!(--()(*#,6#'1!6,

7H(V,B. subtilis,$k, !-, !).-!&'(, #%$!",6-6)(*#", i, -(, %67(.#('%,1(, -2SRT,U$)ZS+, -0,.(%)60"(,

U$)ZU+,(#,-0,.%$#6!*(,1(,-!0!"$*,5,-2SfK,U$)[SA,U$)ZS,("#,-!6,5,-0,)():%0*(,.0%,"0,%63!$*,

T@#(%)!*0-(, (#, .$""L1(, '*, 1$)0!*(, 1(, -!0!"$*, 5, -2SRT,10*", "0, .0%#!(,U@#(%)!*0-(, .$'/0*#,

!*#(%03!%, 0/(7, 1(, -2SRT1:, 1(, )0*!L%(, 0".67!4!&'(A, U$)ZS, .$""L1(, 630-()(*#, '*(, .0%#!(,

4-(Q!:-(, &'!, -'!, .(%)(##%0!#, 0!*"!, 1(, #%0*"46%(%, -2SRT, 0', *!/(0', 1', 70*0-, #%0*")():%0*0!%(,,

4$%)6,.0%,U$)ZUA,,

c. Intégration de l�ADN 

, 9!F=J*/)%&)*'&),#&% '(/*("3(*>"#6,*('6. ,@:%!*+,!-,7$*"#!#'(,1(,7(,40!#,'*,"':"#%0#,.$'%,

-0,%(7$):!*0!"$*,H$)$-$3'(A,UH(V,S. pneumoniae+,.-'"!('%",6#'1(","'33L%(*#,&'(,-0,.%$#6!*(,

=.#F*(,#%')*3&,*6/+'%)#'1,*+,* %*#,1"65'&%'("&0*1!,()@5@+'#,*3&*1">%1),3#*%'+%&)*M* !'&),#%1)'"&*

,&)#,*U,1F*,)* !F=J(58,O(,3L*(,7$10*#,R%.S,0,6#6,%(#%$'/6,10*",#$'",-(",36*$)(",1(,:07#6%!(",

#%0*"4$%)0:-(", 1!".$*!:-("+, (#, "():-(, 1$*7, J#%(, '*(, 70%07#6%!"#!&'(, 7$*"(%/6(, 1(", :07#6%!(",

&%)3#,  ,6,&)*1"6./),&),(8*E,*$-&,*%*/$% ,6,&)*/)/*#,)#"34/*1B,C*+,(*5%1)/#',(*&!/)%&)*.%(*

167%!#(",7$))(,7$).6#(*#("+, "0*",&'(, -(, %m-(,1(,R%.S,7H(V,7(",1(%*!L%(",*(,"$!#,7$**'A, c-,

."3##%')*%'&('*(!%$'#*("')*+,*4,()'$,(*+!3&,*1"6./),&1,*%&1,()#% ,0*("')*+!3&,*1"6./),&1,*,&1"#,*

*$*,16#(7#6(A,

d. Le cas Helicobacter pylori 

, S,-0,1!446%(*7(,1',)670*!")(,1(,#%0*"4$%)0#!$*,167%!#,7!@1(""'"+,H. pylori,*2'#!-!"(,.0",

1(,f4.+,)0!",'*,"X"#L)(,1(,"67%6#!$*,1(,#X.(,cl,8fYee?A,U(,"X"#L)(,1(,"67%6#!$*,0,6#6,0..(-6,

.%$#6!*(, 1(, 7$).6#(*7(, B, 8U$)B?A, O2H$)$-$3'(, 1(,U$)ZU, 870*0-, #%0*")():%0*0!%(?, ("#,

7(.(*10*#,.%6"(*#,(#,%(&'!",.$'%,-0,#%0*"4$%)0#!$*,)J)(,"2!-,("#,.HX-$36*6#!&'()(*#,1!"#0*#,1(,

7(-'!,167%!#,7H(V,-(",0'#%(",:07#6%!("A,O(,)670*!")(,120""!)!-0#!$*,1(,-2SRT,(Q#%07(--'-0!%(,("#,

"'..$"6,J#%(,%60-!"6,(*,1('Q,6#0.("A,R0*",'*,.%()!(%,#()."+,U$)B,#%0*".$%#(,-2SRT,10*",-(,

.6%!.-0")(+,.'!",U$)ZU, -2!).$%#(,10*", -(,7X#$.-0")(A,U(,)670*!")(,1!44L%(, 0!*"!,1(,7(-'!,

167%!#,.$'%,-(",0'#%(",:07#6%!(",&'2(--(","$!(*#,g%0)@*630#!4,$',g%0)@.$"!#!4A,



,

DW,

3 - La conjugaison 

a. Généralités 

, O0, 7$*]'30!"$*, ("#, '*, )670*!")(, 1(, #%0*"4(%#, 1(, )0#6%!(-, 36*6#!&'(, "$'", 4$%)(,

+!F=J(5* ,&)#,* +,3;* 1,  3 ,(8*E,* .#"1,((3(* &/1,(('),*  !%..%#',6,&)* +!3&,* 1,  3 ,* +"&&,3(,*

0/(7, '*(, 7(--'-(, %(7(/('"(, 3%b7(, 5, '*, "X"#L)(, 1(, "67%6#!$*, 1(, #X.(, cl, 8fYee?+, .'!", -0,

)$:!-!"0#!$*,8%6.-!70#!$*,.0%4$!",.%67616(,1(,-2(Q7!"!$*,1',36*$)(?,(#,-(,#%0*"4(%#,1',)0#6%!(-,

36*6#!&'(,/!0,7(,"X"#L)(,1(,"67%6#!$*,8U0:(V$*,(#,0-A+,DE<W?A,O(",3L*(", !).-!&'6",10*",7(",

6#0.(", .('/(*#, J#%(, .$%#6", .0%, 1(", .-0")!1(", 7$*]'30#!4", $', 1(", cUZ", 8Integrative and 

Conjugative Element?A,c-","$*#,$%30*!"6",(*,.-'"!('%",$.6%$*"+,0/(7,'*(,7-0!%(,1!"#!*7#!$*,(*#%(,

1,3;* '6. '23/(* +%&(*  !%..%#',6,&)* ,)* 1,3;* '6. '23/(* +%&(*  ,* )#%&(>,#)* ,)*  %* #/. '1%)'"&* +,*

 !F=J8*E,)),*"#$%&'(%)'"&*,()*1"&(,#4/,*+%&(* %*. 3.%#)*+,(*(K()-6,(*1"&X3$%)'>(8*,

, O(,"X"#L)(,1(,7$*]'30!"$*+,630-()(*#,0..(-6,#%0*"4(%$"$)(+,.('#,J#%(,7$*"!16%6,7$))(,

'*(,"$'"@40)!--(,1(,"X"#L)(,1(,"67%6#!$*,1(,#X.(,cl,8fYee?A,c-,("#,'*!&'(,7H(V,-(",:07#6%!(",1',

>%')*+,*(%*1%.%1')/*M* )#%&(."#),#*M*  %* >"'(*+,(*.#")/'&,(*,)*+,*  !F=J*G1"4% ,66,&)*  '/*M*+,(*

.%$#6!*("?A,O(",3L*(",7$10*#,7(,fYee+,"$*#,0..(-6",3L*(",;K[,8Mating Pair Formation?+,70%,

' (*("&)*'6. '23/(*+%&(* !%..%#',6,&)*+,(*1,  3 ,(8*EB,C* ,(*.#")/"5%1)/#',(0*23%)#,*>%6'  ,(*+,*

3L*(",;K[,$*#, 6#6, 167%!#",i,;K[[, 8.-0")!1(", 7$*]'30#!4", [?+,;K[c,8.-0")!1(", c*7c?+,;K[f,

G. %(6'+,(*H'*+!Agrobacterium tumefacien"?+,(#,;K[g,80""$7!6",0'Q,cUZ"?A,R(","!3*0#'%(",1(,

3L*(",;K[, $*#, 630-()(*#, 6#6, %(#%$'/6(", 7H(V, -(", 7X0*$:07#6%!("+, -(", Firmicutes+, -(, 3(*%(,

Bacteroides+, -(", Actinobacteria, (#, -(", ArchaeaA, O(, .%$7(""'", 1(, 7$*]'30!"$*, 7H(V, -(",

.%$#6$:07#6%!(",0'%0!#,1$*7,'*(,$%!3!*(,0*7!(**(,(#,0'%0!#,6#6,#%0*")!",.0%, gf,10*",1!446%(*#",

7-01(",.%$70%X$#("A,

, =!3&* ."'&)* +,* 43,* ()#31)3#% 0*  !%#1B'),1)3#,* +,(* HYee, ("#, 7$*"(%/6(A, p'0#%(, .0%#!(",

.('/(*#,J#%(,1!"#!*3'6(",i,-(,.!-'"+,-(,70*0-,#%0*")():%0*0!%(+,-0,.-0#(4$%)(,1(,-0,)():%0*(,

'&),#&,*,)* !FHY%(,*(')3/,*M* %*5%(,*+3*1%&% 8*9,*. 3(*('6. ,*HZOO*+/1#')*,()*1"+/*.%#* ,*(K()-6,*

;K[f,+!A. tumefaciens, (#, ("#, 7$).$"6, 1(, <<, .%$#6!*(", *$))6(",l!%B<, 5,l!%B<<A,U(", <<,

.%$#6!*("+,0/(7, %*.#")/'&,*+,*1"3. %$,*['#=Z0*(!%((,65 ,*#,(*,'*,7$).-(Q(,)07%$)$-67'-0!%(,

(!/),&+%&)*5,#%0/(%",-(",)():%0*(",(Q#(%*(+,!*#(%*(+,(#,-(,.6%!.-0")(A,,



,

D>,

,

Figure 7 Schéma (gauche) et architecture (droite) du pore de conjugaison et du pilus conjugatif. D'après  

Guglielmini et al., 2013 et Cabezon et al., 2015. 

b. Formation du pilus conjugatif 

, F>'&*+!%+B/#,#*M* %*1,  3 ,*#,1,4,3(,0* %*1,  3 ,*+"&&,3(,*(K&)B/)'(,*3&*.' 3(*%3*5"3)*

1'&'(-,"(,#%$'/(,'*(,)$-67'-(,0..(-6(,01H6"!*(+,!).-!&'6(,10*",-(",7$*#07#",!*#(%7(--'-0!%("A,

O(, 7$).$"0*#,)0]('%,1',.!-'",("#, -0,.%$#6!*(,HX1%$.H$:(,l!%BD, 80..(-6(,.!-!*(?+, 0-$%",&'(,

 L%+B/('&,*G['#N?I*,()*6'&"#')%'#,8*9%*(K&)B-(,*+,*.' 3(*&!,()*.%(*,&1"#,*5',&*1"6.#'(,*6%'(*

#%$!", 6#0.(", .('/(*#, J#%(, 1!"#!*3'6(",i, 4$%)0#!$*, 1(, -0, .!-!*(+, (Q#%07#!$*, 1(, -0, .!-!*(, 1(, -0,

)():%0*(,!*#(%*(+,(#,6-$*30#!$*,1',.!-'"A,,

, O0,.!-!*(,("#,4$%)6(,5,.0%#!%,12'*,.%67'%"('%+,-0,.%6.!-!*(+,7$*#(*0*#,'*(,"6&'(*7(,"!3*0-,

.(%)(##0*#,"$*,#%0*"4(%#,5,#%/0(%",-0,)():%0*(,!*#(%*(A,O0,.%6.!-!*(,("#,(*"'!#(,)$1!4!6(,"$'",

-207#!$*,12(*VX)("+,*$#0))(*#,1(,.(.#!10"("+,04!*,120/$!%,-0,7$*4$%)0#!$*,1(,-0,.!-!*(A,O0,.!-!*(,

("#,(*"'!#(,#%0*"46%6(,10*",-(,7$).0%#!)(*#,.6%!.-0")!&'(,0/(7,-20!1(,1(",.%$#6!*(",l!%BY,(#,

l!%B<<+,"0*",&'(,-207#!$*,(Q07#(,1(,7(",.%$#6!*(",*(,"$!#,7$**'(A,O(,)670*!")(,126-$*30#!$*,

1',.!-'",("#,630-()(*#,)0-,7$**'A,O(,70%07#L%(,HX1%$.H$:(,1(,-0,.!-!*(,"():-(,7(.(*10*#,]$'(%,

'*,%m-(,!).$%#0*#,.$'%,"0,.$-X)6%!"0#!$*A,

c. Mobilisation et transfert du matériel génétique   

, O(",1$**6(",:!$7H!)!&'(",(#,36*6#!&'(","'33L%(*#,&'(,-0,"X*#HL"(,1',.!-'",(#,-(,#%0*"4(%#,

+!F=JV.#")/'&,(* ("&)*+,3;*.#"1,((3(* '&+/.,&+%&)(* 8U0:(V$*,(#,0-A+,DE<W?A,R0*", -(, 70",1(",

. %(6'+,(* 6"5' '(%5 ,(* ,)* 1"&X3$%)'>(0*  !/)%.,* +,* 6"5' '(%)'"&* >%')* '&),#4,&'#* 3&* 1"6. ,;(,

.%$#6!&'(,0..(-6,%(-0Q$"$)(,&'!,%(7$**0!#,'*,"!#(,nic,(')3/*+%&(* !oriT,8$%!3!*(,1(,#%0*"4(%#?,1(,

-0,)$-67'-(, 5, #%0*"46%(%8* 9,* #, %;"("6,* ,()* 1"&()')3/* +!3&,* #, %;%(,* ."((/+%&)* 3&,* %1)'4')/*



,

Da,

.H$".H$1!("#(%0"(+, (#,1(,.%$#6!*(",0'Q!-!0!%(",1(, #%0*"4(%#A,U(",1(%*!L%(", "(, -!(*#,5, -0, %63!$*,

7$*#(*0*#,oriT,,)*.,#6,)),&)*M* %*#, %;%(,*+!%11/+,#*%3*('),*nic,04!*,1(,-(,7-!/(%A,O(,7-!/03(,"(,

40!#,.0%,'*(,#%0*"("#6%!4!70#!$*,&'!,0:$'#!#,5,'*(,-!0!"$*,7$/0-(*#(,(*#%(,-0,.%$#6!*(,(#, !F=J8*9%*

(K&)B-(,*+!F=J*+,* %*1,  3 ,*+"&&,3(,*+/53),*,&(3'),*%3*&'4,%3*+,* !,;)#/6')/*A!*+3*('),*1 '4/8*

\&*+"6%'&,*B/ '1%(,*.,#6,)* %*(/.%#%)'"&*+,(*5#'&(*,)* %*&31 /".#")/'&,*)#%&(>-#,* !F=J*4,#(*

-0,"$'7H(,%(7(/('"(,81(,-0,U%'V,(#,0-A+,DE<E?A,,

, `*(,.%$#6!*(,1(,7$'.-03(,0!16(,.0%,-(",.%$#6!*(",0'Q!-!0!%(","(,-!(,(*"'!#(,0',%(-0Q$"$)(,

%3*&'4,%3*+,* !oriT,.$'%,-20)(*(%,]'"&'20',fYeeA,O(,)670*!")(,1(,#%0*".$%#,5,#%0/(%",-(,70*0-,

+3*HZOO*&!,()*.%(*1"&&30*6%'(* ,*#, %;"("6,*,()*(3.."(/*:)#,*+/&%)3#/0*(%&(*23"'*(%*)%'  ,*(,#%')*

#%$.,!).$%#0*#(,.$'%,.(%)(##%(,"$*,.0""03(A,`*(,4$!",-(,7$).-(Q(,*'7-6$.%$#6!&'(,%(7%'#6,0',

*!/(0',1',fYee,.0%,-0,.%$#6!*(,1(,7$'.-03(,(#,#%0*"46%6,5,l!%B<<+,-(,"':"#%0#,("#,#%0*"46%6,5,

l!%B>,(#,l!%BIA,U(,.%$7(""'",("#,0""'%6,.0%,l!%BYA,

, \&,*>"'(*23,* %*#, %;%(,* '/,*M* !F=J*.%((,*M*)#%4,#(* ,*1%&% 0*['#=Z*,&)"3#,* !F=J*

("3(*>"#6,*B,;%6/#'23,*,)*3)' '(,* !/&,#$',*'((3,*+,* !BK+#" K(,*+,* !FHY*.$'%,-(,#%0*"46%(%,5,

)#%4,#(* ,*1%&% 8*F.#-(* ,*)#%&(>,#)*+,* !F=J*+%&(* %*1,  3 ,*#,1,4,3(,0* %*#, %;%(,*#,1"&&%')#%')*

-(, "!#(, nic, .3'(* %11"6. '#%')* 3&,* +,3;'-6,* )#%&(,()/#'>'1%)'"&* #,1'#13 %#'(%&)* %'&('*  !F=J*

#%0*"46%6,81(,-0,U%'V,(#,0-A+,DE<E?A,

4 - La transduction 

a. Phages lytiques et lysogéniques 

 O0, #%0*"1'7#!$*, ("#, '*, )670*!")(, 1(, #%0*"4(%#, 36*6#!&'(, (*#%(, 1('Q, 7(--'-(", .0%,

 !'&),#6/+'%'#,*+!3&*5%1)/#'".B%$,8*9,(*5%1)/#'".B%$,(* G.B%$,(I* ("&)*+,(*4'#3(* '&>,1)%&)*  ,(*

5%1)/#',(*,&*(!%+("#5%&)*+,((3(*.3'(*,&,-('%,!*](7#0*#,-('%,36*$)(A,O(",/!%'",%(.%6"(*#(*#,-2(*#!#6,

:!$-$3!&'(,-0,.-'",0:$*10*#(,"'%,f(%%(,8e'##-(+,DEEa?A,O('%,4$%)(,(Q#%07(--'-0!%(+,-(,/!%!$*+,("#,

7$*"#!#'6(,12'*(,(*/(-$..(,1(,*0#'%(,.%$#6!&'(,(#,.0%4$!", -!.!1!&'(+, -0,70."!1(+,7$*#(*0*#,'*,

36*$)(,.$'/0*#,J#%(,7$*"#!#'6,12SRT+,12SGT+,"!).-(,$',1$':-(,:%!*A,O0,3%0*1(,)0]$%!#6,1(",

/!%!$*",0..0%#!(**(*#,5,-2$%1%(,1(",U0'1$/!%0-("+,70%07#6%!"6,.0%,'*(,"X)6#%!(,1!#(,N#J#(,&'('(N,

7$))(,72("#, -(, 70",1(",.H03(", -0):10,$',fY,12E. coli,.0%,(Q().-(A,S.%L", -2!*4(7#!$*+,1('Q,

7X7-(",)0]('%","$*#,.$""!:-(","'!/0*#,-(",.H03(",i,-(,7X7-(,-X#!&'(,(#,-(,7X7-(,-X"$36*!&'(A,O(",

/!%'", -X#!&'(", (Q.-$!#(*#, -0, )07H!*(%!(, 7(--'-0!%(, 1(, -2Hm#(, .$'%, "(, %6.-!&'(%, (#, 4$%)(%, 1(,

*$'/(--(", .0%#!7'-("+, .'!", -X"(*#, -0, 7(--'-(, 04!*, 1(, "(, 1!""6)!*(%A,R0*", -(, 70", 1(", /!%'", 1!#",

 K("$/&'23,(0*  ,* $/&"6,* 4'#% * (!'&)-$#,* +%&(*  ,* $/&"6,* B7),* G.#".B%$,I0* ,)* .,3)* %'&('* :)#,*

#%0*")!",/(%#!70-()(*#,1(,36*6%0#!$*,(*,36*6%0#!$*A,R0*",7(%#0!*(",7$*1!#!$*", 8(Q, i, %6.$*"(,



,

DI,

O]OI0* ,*$/&"6,*4'#% *(!,;1'(,*+3*$/&"6,*B7),*.3'(*(*#0)(,'*,7X7-(,-X#!&'(A,

, 9%*)#%&(+31)'"&*,()*1%3(/,*.%#*3&*+/>%3)*+!,6.%23,)%$,*+3*$/&"6,*/!%0-,10*",-0,70."!1(,

-$%",1(,-0,4$%)0#!$*,1(",/!%!$*"A,U(##(,6#0.(,("#,%60-!"6(,.0%,'*(,#(%)!*0"(,7$)."(/,**+!3&,*

.(#!#(,"$'"@3&')/*H,#O^0*23'*(,* ',*M*3&,*(/23,&1,*(./1'>'23,*+,* !F=J*4'#% 0*,)*+!3&,*$#%&+,*

"$'"@'*!#6,f(%O,&'!,7$'.(,7(##(,"6&'(*7(,8G0$,0*1,[(!""+,DEEI?A,O(,7$).-(Q(,SRT@#(%)!*0"(,

(,*  ',* ,&(3'),* M*  %* .#"1%.('+,* ,)*  !F=J*,()* )#%&(>/#/* +%&(* 1,)),* +,#&'-#,8*H,#9*.$""L1(, '*(,

%1)'4')/*FHY%(,*.#"+3'(%&)* !/&,#$',*&/1,((%'#,*%3*)#%&(>,#)*+,* !F=J*4'#% 8, ,

, c-,(Q!"#(,1('Q,70",12().0&'(#03(+,-0,1!446%(*7(,)0]('%(,%6"!10*#,10*",-0,.H0"(,4!*0-(A,

R0*",'*,70"+,f(%O,7$'.(,5,'*,"!#(,!1(*#!&'(,5,7(-'!,1',.%()!(%,7-!/03(+,0..(-6,cos+,(#,-0,#0!--(,

1',36*$)(,(*70."!16, ("#, #$']$'%", -0,)J)(, 8(Q, i, .H03(, -0):10?A,R0*", -(, "(7$*1, 70"+,f(%O,

(44(7#'(,'*(,.%()!L%(,1"3.3#,*%3*&'4,%3*+!3&*('),*pac+,.'!",'*(,1('Q!L)(,-$%"&'(,-0,#J#(,1',

.H03(,("#,.-(!*(,8Headfull packaging F,(Q,i,.H03(,fY?+,(#,-0,#0!--(,1',4%03)(*#,(*70."!16,.('#,

16.0""(%,7(--(,1',36*$)(,/!%0-,8K(*016",(#,0-A+,DE<W?,8[!3'%(,I?A,

b. La transduction générale et spécialisée 

, O0,#%0*"1'7#!$*,36*6%0-!"6(,7$%%(".$*1,5,-2().0&'(#03(,12'*,4%03)(*#,1',36*$)(,1(,

-2Hm#(+,(#,-(,/!%!$*,("#,0-$%",&'0-!4!6,1(,.0%#!7'-(,#%0*"1'7#%!7(A,Z*,#H6$%!(+,*2!).$%#(,&'(--(,.0%#!(,

1',36*$)(,.('#,J#%(,#%0*"1'!#(A,R2'*(,)0*!L%(,36*6%0-(+,7(,#X.(,1(,#%0*"1'7#!$*,("#,%60-!"6(,.0%,

1(",.H03(",1(,#X.(,pac+,)0!",1(",70",!).-!&'0*#,1(",.H03(",1(,#X.(",cos,$*#,630-()(*#,6#6,

167%!#",8p'!-("@K'7H0-#,(#,0-A+,DE<Y?A,fH6$%!&'()(*#+,-0,.%$.$%#!$*,1(,.0%#!7'-(",#%0*"1'7#%!7(",

("#, 40!:-(+, 1(, -2$%1%(, 1(, <E@=, 5, <E@a, .0%, !*4(7#!$*A,U(.(*10*#+, 1(", 6-6)(*#",)$:!-(", #(-", &'(,

7(%#0!*",o-$#",36*$)!&'(",$',.-0")!1(",(Q.-$!#(*#,7(,)670*!")(,.$'%,J#%(,1!""6)!*6"A,R0*",7(,

70"+,-(,*$):%(,1(,.0%#!7'-(",#%0*"1'7#%!7(",("#,:!(*,.-'",6-(/6A,K0%,(Q().-(+,7H(V,Marinitoga 

piezophila+,-(,/!%'",;Kl<,(*70."!1(,.%646%(*#!(--()(*#,-(,.-0")!1(,.;KS,8<\+\,C.:?,5,"$*,

.%$.%(,36*$)(,8Y\+a,C.:?,8O$""$'0%*,(#,0-A+,DE<W?A,UH(V, ,Staphylococcus aureus+,1(", o-$#",

36*$)!&'(",0..(-6(",e0Kc",8S. aureus Pathogenicity Island"?,"$*#,630-()(*#,7$**'",.$'%,-('%,

70.07!#6,5,J#%(,#%0*"46%6",H$%!V$*#0-()(*#,.0%,.H03(",8;0!&'(",(#,0-A+,DEEa?A,,

,



,

D=,

,

Figure 8 Schéma des deux types d'encapsidation "cos" et "pac". Après son entrée dans la bactérie, le génome du 

phage est répliqué en un grand nombre de copies sous forme d'un concatémère (Concatemeric DNA). Cette 

molécule est ensuite prise en charge par la terminase, constituée d'une petite sous-unité TerS (bleu) et d'une grande 

sous-unité TerL (orange). Dans le cas des phages de type "cos" (a), le terminase découpe le concatémère en 

fragments de longueur égales, alors que dans le cas des types "pac" (b), la première coupure est effectuée au 

niveau d'un site pac, puis les autres lorsque la tête de la capside est pleine (Headful). Une fois les virions formés, 

la cellule est lysée pour les libérer.   D'après Penadès et al., 2015. 

, O0,#%0*"1'7#!$*,".67!0-!"6(,7$*7(%*(,-(",.H03(",-X"$36*!&'(",(#,("#,70'"6(,.0%,-2(Q7!"!$*,

!).%67!"(, 1', .%$.H03(A, R0*", 7(, 70"+, "('-(", -(", .0%#!(", 1', 36*$)(, Hm#(, 4-0&'0*#, -(, "!#(,

12!*#63%0#!$*,1',.%$.H03(,.('/(*#,J#%(,#%0*"1'!#("A,O(,70",-(,)!(';*+/1#')*,()*1, 3'*+3*.B%$,*_*

12E. coli 8G$#H)0*+,<=>W?A,,

5 - Vésicules et nanotubes  

, Z*,.-'",1(",)670*!")(",7-0""!&'(",167%!#",7!@1(""'"+,1(",6#'1(",%67(*#(",$*#,)$*#%6,&'(,

1(",  gf", .$'/0!(*#, .$#(*#!(--()(*#, 0/$!%, -!(', /!0, 1(", /6"!7'-(", 1(, )():%0*(", $', 1(",

"#%'7#'%(", #':'-0!%(", 0..(-6(", N*0*$#':("NA,O(",/6"!7'-(",1(,)():%0*(", "$*#, 7$).$"6(",1(,

-!.!1("+, 1(, .%$#6!*(", (#, 1207!1(", *'7-6!&'("A, Z--(", "$*#, 4$%)6(", .0%, :$'%3($**()(*#, 1(, -0,



,

\E,

)():%0*(,(Q#(%*(,7H(V,-(",:07#6%!(",g%0)@*630#!4,(#,.('/(*#,)("'%(%,(*,)$X(**(,1(,DE,5,DEE,

*)A,Z--(",$*#,6#6,167%!#(",.$'%,-(,.%()!L%(,4$!",(*,<=>W,7H(V,E. coli,8B!"H$.,0*1,_$%d+,<=>W?A,

R(.'!"+, 1(, *$):%('"(", 1("7%!.#!$*", $*#, 6#6, (44(7#'6(", 7H(V, -(", :07#6%!(", g%0)@*630#!4,

8e7HP(7HH(!)(%, 0*1, C'(H*+, DE<W?A, U(.(*10*#+, :!(*, &'(, -(", :07#6%!(", g%0)@.$"!#!4, "$!(*#,

16.$'%/'(",1(,)():%0*(,(Q#(%*(+,1(",/6"!7'-(",$*#,630-()(*#,6#6,167%!#(",7H(V,7(",1(%*!L%(",

8B%$P*,(#,0-A+,DE<YF,O((,(#,0-A+,DEE=?A,

, R2'*, .$!*#, 1(, /'(, 4$*7#!$**(-+, -(", /6"!7'-(", $*#, 1!446%(*#", %m-("+, (#, "$*#, *$#0))(*#,

!).-!&'6(",10*", -(", !*#(%07#!$*",0/(7,120'#%(",:07#6%!(",(#,0/(7, -('%,Hm#(, 8C!),(#,0-A+,DE<W?A,

R0*", 7(%#0!*", 70"+, -(", /6"!7'-(", 1(, )():%0*(", "$*#, "'..$"6(", J#%(, !).-!&'6(", 10*", 1(",

#%0*"4(%#",H$%!V$*#0'Q+,$',1',)$!*",-(",40/$%!"(%A,c-,0,(*,(44(#,6#6,)$*#%6,&'(,1(",/6"!7'-(",1(,

Neisseria gonorrhoeae,(#,E. coli,7$*#!(**(*#,1(,-2SRT,.$'/0*#,J#%(,#%0*"46%6,8R$%P0%1,(#,0-A+,

<=I=F,C$--!*3, 0*1,;0##H(P"+, <===?A, U(.(*10*#+, -2!).-!70#!$*, 1!%(7#(, 1(", /6"!7'-(", 10*", -(,

#%0*"4(%#,%("#(,5,16)$*#%(%A,

, G67())(*#+,'*,*$'/(0',#X.(,1(,"#%'7#'%(,0,630-()(*#,6#6,167%!#,7$))(,6#0*#,!).-!&'6,

10*",-0,7$))'*!70#!$*,7(--'-0!%(+,*$#0))(*#,10*",-(", gf"A,c-,"203!#,1(,*0*$#':(",4$%)0*#,1(",

.$*#",!*#(%7(--'-0!%(",7H(V,Bacillus subtilis,8R':(X,0*1,B(*@q(H'10+,DE<<?A,c-,0,6#6,16)$*#%6,

&'(, 7(##(, "#%'7#'%(, .$'/0!#, .(%)(##%(, -(, #%0*"4(%#, 1(, )$-67'-(", *$*@H6%!#0:-("+, )0!", 0'""!,

.(%)(##%(,-(,#%0*"4(%#,12'*,.-0")!1(,7$*]'30#!4A,R(,.-'"+,7(","#%'7#'%(",.('/(*#,630-()(*#,"(,

4$%)(%, 1(,)0*!L%(, !*#(%".67!4!&'(+, (*#%(,B. subtilis, (#,E. coli, $',Staphylococcus aureus, .0%,

(Q().-(A,

III - Les éléments génétiques mobiles 

, O(", 6-6)(*#", 36*6#!&'(",)$:!-(", 8Zg;"?, "$*#, 1(", 4%03)(*#", 12SRT, 7$*#(*0*#, 1(",

3L*(",7$10*#,1(",.%$1'!#",.(%)(##0*#,-('%,)$:!-!#6,!*#%07(--'-0!%(+,$',!*#(%7(--'-0!%(,8/!0, gf"?,

8[%$"#,(#,0-A+,DEEW?A,c-,(Q!"#(,'*(,)'-#!#'1(,12Zg;",1!446%(*#","'!/0*#,-('%,70.07!#6,12!*#63%0#!$*,

10*",-(,7H%$)$"$)(,Hm#(+,1(,#%0*"4(%#+,-('%,"#%0#63!(,1(,)0!*#!(*,(#7A,O(",1!446%(*#(",4$*7#!$*",

1(",Zg;,8)$:!-!"0#!$*+,%6.-!70#!$*+,#%0*"4(%#,AAA?,"$*#,7$16(",.0%,1(",3L*(",%(3%$'.6",(*,7-'"#(%,

0..(-6",)$1'-(",8(Q,i,)$1'-(,1(,#%0*"4(%#?, 8f$'""0!*#,0*1,;(%-!*+,DEED?A,U(##(,$%30*!"0#!$*,

)$1'-0!%(,("#,,!).$%#0*#(,70%,-0,1!/(%"!#6,1(",Zg;","2(Q.-!&'(,(*,.0%#!(,.0%,-('%,6/$-'#!$*,/!0,

-267H0*3(,1(,7(",)$1'-(",.0%,%(7$):!*0!"$*A,



,

\<,

1 - Les EGMs non-autonomes pour leur  transfert 

a. Les séquences d'insertion 

i. Généralités 

, O(", "6&'(*7(", 12!*"(%#!$*, 8ce+, Insertion Sequence?, "$*#, -(", 6-6)(*#", #%0*".$"0:-(",

0'#$*$)(",-(",.-'","!).-(",7$**'"A,Z--(",)("'%(*#,1(,E+a,5,D+W,C.:+,7$*#!(**(*#,'*,$',1('Q,

nG[",(#,"$*#,4-0*&'6(",1(,7$'%#(","6&'(*7(",%6.6#6(",!*/(%"6(",8cG?,8e!3'!(%,(#,0-A+,DEE>?A,Z--(",

"$*#,36*6%0-()(*#,%(#%$'/6(",10*",1(",%63!$*",!*#(%@36*!&'(",(*#%(,1(",3L*(",$%!(*#6",10*",-0,

)J)(,1!%(7#!$*A,Z--(","$*#,#%L",%6.0*1'(",5,-0,4$!",7H(V,-(",0%7H6(",(#,-(",:07#6%!("A,,,

, U(",6-6)(*#",$*#,6#6,7-0""6",(*,'*(,/!*3#0!*(,1(,40)!--(","'%,-0,:0"(,1(,-0,"!)!-0%!#6,1(,

-('%,#%0*".$"0"(,(#,1(,-('%","6&'(*7(",cGA,O(",7-0""(",)0]('%(","$*#,164!*!(","'%,-0,:0"(,1',#X.(,

1(,#%0*".$"0"(,8e!3'!(%,(#,0-A+,DE<Y?A,O(",ce,N7-0""!&'("N,.$""L1(*#,'*(,#%0*".$"0"(,5,1$)0!*(,

RRZ+, )0!", !-, (*, (Q!"#(, 630-()(*#, 5, 1$)0!*(", RZRR, (#,  ` +, $', (*7$%(, .$""610*#, '*(,

#%0*".$"0"(,5,"6%!*(,8[!3'%(,=?A,O(",#%0*".$"$*",8f*?,$*#,6#6,1!446%(*7!6",1(", ce,.0%7(,&'2!-",

.$%#0!(*#,1(",3L*(",(*,.-'",1(,-0,"#%'7#'%(,1(,:0"(+,*26#0*#,.0",!).-!&'6",10*",-('%,)$:!-!#6,$',

-0, %63'-0#!$*, 1(, -('%, )$:!-!#6A, U(.(*10*#+, !-, "20/L%(, 0']$'%12H'!, &'(, -0, 4%$*#!L%(, (*#%(,

#%0*".$"$*",(#,ce,("#,#%L",4-$'(A,c-,(Q!"#(,1(",6-6)(*#",16%!/6",1(",ce,&'!+,:!(*,&'(,.-'","!).-(,

&'(,-(",#%0*".$"$*"+,.$""L1(*#,1(",3L*(","'..-6)(*#0!%(",.$'/0*#,J#%(,.0%,(Q().-(,!).-!&'6",

10*",-0,%6"!"#0*7(,5,1(",0*#!:!$#!&'(",8(Q,i,40)!--(,IS1595,8e!3'!(%,(#,0-A+,DEE=??A,

,

Figure 9 Nombre d'IS (ordonnée) par famille (abscisse) et type de  transposase associée (en bas). D'après 

Siguier et al., 2014.



,

\D,

b. Les intégrons 

, O(",!*#63%$*","$*#,1(",6-6)(*#",%(-0#!/()(*#,7$))'*",10*",-(",36*$)(",:07#6%!(*",(#,

7$*"!16%6",7$))(,1(",H$#@".$#",1(,/0%!0:!-!#6,36*$)!&'(,8g!--!*3"+,DE<Y?A,U(",6-6)(*#",$*#,-0,

.0%#!7'-0%!#6, 1(, 70.#'%(%, .'!", %60%%0*3(%, 1(", nG[", 16.$'%/'", 1(, .%$)$#('%", (*, $.6%$*+,

"!%..#".#'%&)*%'&('* !,;.#,(('"&*+,*1,(*]U`(8*9,(*'&)/$#"&(*("&)*1"6."(/(*+!3&,*. %),>"#6,*

N"#0:-(N,10*", -0&'(--(,"$*#, !*#63%6",1,(*1%((,)),(*+,*$-&,(8*9%*.%#)',*()%5 ,*+,*  !'&)/$#"&*,()*

36*6%0-()(*#,7$).$"6,1',3L*(,intI,7$10*#,'*(,%(7$):!*0"(,5,#X%$"!*(,"!#(@".67!4!&'(0*+!3&*('),*

1(,%(7$):!*0!"$*,attI,(*,0)$*#,1',.%$)$#('%,1(,intI+,(#,1',.%$)$#('%,K7+,-$70-!"6,10*",intI,$',

attI,8[!3'%(,<E?A,,

,

Figure 10 Schéma de l'organisation générale d'un intégron. D'après Gillings 2014. 

, 9,(*1%((,)),(*+,*$-&,(*("&)*+,(*6" /13 ,(*+!F=J*1'#13 %'#,* '5#,(0*1"&),&%&)*

36*6%0-()(*#,'*,nG[,16.$'%/',1(,.%$)$#('%+,(#,'*,"!#(,1(,%(7$):!*0!"$*,attC,1$*#,-0,#0!--(,

/0%!(,1(,Wa,5,<Y<,:.A,O(",70""(##(","$*#,!*#63%6(",.0%,%(7$):!*0!"$*,"!#(@".67!4!&'(,8c*#c?,

(*#%(,-('%,"!#(,attC,(#,-(,"!#(,attI,1(,-2!*#63%$*A,O0,70""(##(,1(,3L*(",("#,0!*"!,!*#63%6(,(*,0/0-,

1',.%$)$#('%,K7,+%&(* !"#',&)%)'"&*.,#6,))%&)*(*,.%!*7!.(,"$*,(Q.%(""!$*A,O(",3L*(","'!/0*#",

"(%$*#,630-()(*#,!*"6%6",,0.%L",-(,.%$)$#('%,K7A,K-'",-(",3L*(","$*#,6-$!3*6",1',.%$)$#('%+,(#,

6"'&(*' (*"&)*+,*1B%&1,*+!:)#,*,;.#'6/"A,S!*"!+,-(",3L*(",07&'!",-(,.-'",%67())(*#,$*#,.-'",1(,

1B%&1,*+!:)#,*,;.#'6/",&'(,-(",0*7!(*"A,,

, O(",!*#63%$*","$*#,7$*"!16%6,7$))(,'*,H$#@".$#,1(,1!/(%"!#6,36*$)!&'(,8 0--+,DE<D?,(#,

$*#, 1$*7, '*, %m-(, !).$%#0*#, 10*", -2010.#0#!$*, (#, -26/$-'#!$*, 1(", :07#6%!("A, c-", .(%)(##(*#,

-207&'!"!#!$*,1(,*$'/(--(",4$*7#!$*",(#,.0%#!7!.(*#,0!*"!,5,-0,1!/(%"!4!70#!$*,1(",.$.'-0#!$*"A,c-",

"$*#, .0%, (Q().-(, 5, -2$%!3!*(, 1(, /0%!0:!-!#6", !*#%0@".67!4!&'(", 7H(V, Pseudomonas stutzeri,

8 $-)(",(#,0-A+,DEE\?A,U(%#0!*","$*#,.$%#6",.0%,1(",.-0")!1(",(#,.('/(*#,0!*"!,J#%(,1!""6)!*6",

.0%, gf"A,c-",.('/(*#,630-()(*#,.0%#!7!.(%,5,-0,1!/(%"!4!70#!$*,(*,%6.$*"(,5,1(","#%("",70'"0*#,

1(",1$))03(",5,-2SRT+,-2!*#63%0"(,.$'/0*#,J#%(,!*1'!#(,-$%",1(,-0,%6.$*"(,ene,8g'(%!*,(#,0-A+,

DEE=?A,,,



,

\\,

2 - Les EGMs autonomes pour leur transfert 

a. Les plasmides conjugatifs 

, O(",.-0")!1(",7$*]'30#!4",7$1(*#,'*,"X"#L)(,1(,7$*]'30!"$*,(#,"$*#,1$*7,0'#$*$)(",

.$'%, -('%, #%0*"4(%#A, c-, ("#, ("#!)6, &'2!-", %(.%6"(*#(*#, (*/!%$*, '*, &'0%#, 1(", .-0")!1(", 7$**'",,

8e)!--!(,(#,0-A+,DE<E?A,O('%,*$):%(,1(,7$.!(",.0%,7(--'-(,("#,36*6%0-()(*#,40!:-(,8r<E,7$.!(",j,

7(--'-(?A,U$))(,-(",0'#%(",Zg;"+,-('%,"#%'7#'%(,("#,)$1'-0!%(,i,-(",3L*(",4$%)(*#,1(",7-'"#(%",

7$%%(".$*10*#,5,1(",3%$'.(",4$*7#!$**(-",8T$%)0*,(#,0-A+,DEE=?A,U(%#0!*",1(,7(",)$1'-(","$*#,

(""(*#!(-",0',)0!*#!(*,1(",.-0")!1(",8"#0:!-!#6+,%6.-!70#!$*+,#%0*"4(%#?,(#,"$*#,7$*"(%/6",8[!3'%(,

<<?+,0-$%",&'(,120'#%(","$*#,077(""$!%(",(#,7$*"#!#'(*#,'*(,.0%#,/0%!0:-(A,,

, O0,.0%#,/0%!0:-(,1(",36*$)(",.-0")!1!&'("+,&'!,.('#,630-()(*#,J#%(,0..(-6, N)$1'-(,

12010.#0#!$*N+,7$1(*#,1(",#%0!#",.$'/0*#,J#%(,0/0*#03('Q,.$'%,-2Hm#(,10*",7(%#0!*(",7$*1!#!$*"A,

O(",.-0")!1(",$*#,120!--('%",6#6,#%L",6#'1!6",5,70'"(,1(,-('%,!).-!70#!$*,10*",-26)(%3(*7(,1(,

%6"!"#0*7(, 0'Q, 0*#!:!$#!&'(", (#, 0'Q, )6#0'QA, U(##(, .0%#, /0%!0:-(, .('#, 7$*#(*!%, 1(", 6-6)(*#",

36*6#!&'(",)$:!-(",*$*,0'#$*$)(",.$'%,-('%,#%0*"4(%#+,#(-",&'(,1(",6-6)(*#",ce,$',1(",!*#63%$*"A,

,

Figure 11 Schéma de l'organisation modulaire d'un plasmide conjugatif. D'après Norman et al., 2009    

b. Les bactériophages 

, O(",:07#6%!$.H03(","$*#,1(",/!%'"+,(*#!#6,:!$-$3!&'(,-0,.-'",0:$*10*#(,"'%,f(%%(,8e'##-(+,

DEEa?+,!*4(7#0*#,1(",:07#6%!("A,c-",.$""L1(*#,'*(,4$%)(,(Q#%07(--'-0!%(+,-(,/!%!$*+,7$*"#!#'6(,12'*(,

(*/(-$..(,36*6%0-()(*#,.%$#6!&'(,7$*#(*0*#,-(,36*$)(A,O$%",1(,-2!*4(7#!$*,12'*(,:07#6%!(+,7(,

1(%*!(%, ("#, !*](7#6, .0%, -(, .H03(, 10*", -(, 7X#$.-0")(, (#, 1('Q, 7X7-(", .%!*7!.0'Q, .('/(*#, "(,

.%$1'!%(i,-X#!&'(,$k,1(,*$'/(0'Q,/!%!$*","$*#,!))61!0#()(*#,4$%)6",(#,-!:6%6",.0%,-X"(,1(,-0,

7(--'-(+,(#,-X"$36*!&'(,$k,-(,36*$)(,/!%0-,("#,!*#63%6,10*",-(,36*$)(,1(,-2Hm#(,"$'",-0,4$%)(,

12'*,.%$.H03(,8U4A,.0%#!(,cc,@Y,@,.03(,Da?A,



,

\Y,

c.  Les Agents de Transfert de Gènes 

, O(", 03(*#", 1(, #%0*"4(%#, 1(, 3L*(", 8gfS"+, Gene Tranfer Agents?, "$*#, 1(", 6-6)(*#",

"():-0:-(",5,1(",.H03("A,O('%,4$%)(,(Q#%07(--'-0!%(,("#,'*(,.0%#!7'-(,"!)!-0!%(,0'Q,70'1$/!%0-(",

(#, 7$*#!(*#, '*, SRT, 1$':-(, :%!*, #%0*")!""!:-(, 5, '*(, 7(--'-(A, c-", .$""L1(*#, 7(.(*10*#, 1(",

70%07#6%!"#!&'(",.0%#!7'-!L%(", i, -2SRT,7$*#(*',10*",-('%,70."!1(,("#,'*,4%03)(*#,0-60#$!%(,1',

36*$)(, 1(, -('%, Hm#(, &'!, -(", 0, .%$1'!#+, (#, -0, &'0*#!#6, 12SRT, ("#, !*"'44!"0*#(, .$'%, 7$1(%, -0,

.%$1'7#!$*, (#, -20""():-03(, 1(", 6-6)(*#", 1(, -0, .0%#!7'-(, 8O0*3, (#, 0-A+, DE<D?A, S!*"!+, -2SRT,

#%0*")!",.0%,'*,gfS,*(,.(%)(#,.0",5,-0,7(--'-(,%(7(/('"(,1(,.%$1'!%(,1(,*$'/(0'Q,gfS"A,U(7!,

-(",1!"#!*3'(,1(",.H03(",%60-!"0*#,-0,#%0*"1'7#!$*,36*6%0-!"6(+,$k,-0,)0]('%(,.0%#!(,1(",/!%!$*",

7$*#!(**(*#,-(,36*$)(,/!%0-,8[!3'%(,<D?A,,

,

Figure 12 Schéma du cycle des GTAs (gauche) et de la transduction généralisée (droite). Dans le cas de GTAs, 

la majorité des particules formées contiennent des fragments du génome de l'hôte cellulaire (bleu) et quelques 

unes contiennent une partie de leur génome (rouge). Dans le cas de la transduction généralisée, la majorité des 

particules contiennent le génome viral et quelques une contiennent un fragment du génome de l'hôte cellulaire. 

D'après Lang et al., 2012. 

, p'0#%(,gfS",1!446%(*#",$*#,07#'(--()(*#,6#6,!1(*#!4!6",i,-(,G7gfS,7H(V,Rhodobacter 

capsulatus+, -(, R1<, 7H(V, Desulfovibrio desulfuricans+, -(, le @<, 8/!%'", $4, Serpulina 

hyodysenteriae?, 7H(V, Brachyspira hyodysenteriae, (#, -(, lfS, 8l$-#0(, #%0*"4(%, S3(*#?, 7H(V,

Methanococcus voltaeA,O2$%30*!"0#!$*,36*6#!&'(,1(,-0,.0%#!(,1',36*$)(,7$10*#,-0,70."!1(,1(,



,

\W,

7(",6-6)(*#",("#,7$*"(%/6(,0/(7,-(",36*$)(",1(",.H03("A,c-","():-(*#,1$*7,-!6",12'*,.$!*#,1(,

/'(,6/$-'#!4A,,U(##(,"!)!-0%!#6,-0!""(,!)03!*(%,&'(,-0,-!0!"$*,1',gfS,5,-0,7(--'-(,Hm#(,!).-!&'(,

'*(,!*#(%07#!$*,".67!4!&'(,(*#%(,-0,&'('(,1(,-0,.0%#!7'-(,(#,'*,%67(.#('%,)():%0*0!%(A,,

d. Les Eléments Intégratifs et Conjugatifs (ICEs) 

i. Définition  

, O(",6-6)(*#", !*#63%0#!4", (#, 7$*]'30#!4", 8cUZ"+, Integrative and Conjugative Elements?,

"$*#,1(",6-6)(*#",5,-0,4$!",70.0:-(",1(,#%0*"4(%#,.0%,7$*]'30!"$*+,(#,12!*#63%0#!$*j(Q7!"!$*,10*",

-(,36*$)(,1(,-('%,Hm#(,8_$V*!0d,0*1,_0-1$%+,DE<E?A,U(##(,#(%)!*$-$3!(,0,6#6,.%$.$"6(,.0%,

B'%%'", (#, 0-A, (*, DEED+, 04!*, 12'*!4!(%, -0, *$)(*7-0#'%(, 1(, #$'", -(", 6-6)(*#", .$""610*#, -(",

70%07#6%!"#!&'(", .%6761())(*#, 7!#6(", 8B'%%'", (#, 0-A+, DEED?A, U(7!, 0, .(%)!", 1(, %(3%$'.(%, -(",

6-6)(*#",0*7!(**()(*#,0..(-6",,N#%0*".$"$*",7$*]'30#!4"N,(#,N.-0")!1(",!*#63%0#!4"NA,

, ,

,

Figure 13 Organisation modulaire d'un ICE (à gauche) ; forme excisée et intégrée (à droite) d'un ICE. Noir : 

séquences répétées. Blanc : module de fonctions accessoires. Bleu = module de transfert par conjugaison ; FtsK-

SpoIIIE = module de transfert d'ADN double-brin. MPF +CP + MOB = module de trandsfert d'ADN simple brin 

; MPF = système de formation du pore de conjugaison (Mating Pair Formation system) ; CP = Protéine de 

Couplage (Coupling Protein); MOB = relaxase. Rouge = module d'intégration/excision. Int-Tyr = Intégrase à 

tyrosine ; RDF = Facteur de directionalité (Recombination Directionality Factor) ; Int-Ser = Intégrase à Sérine 

; Tnp DDE = Transposase à DDE. attI, attB attL et attR = sites d'attachements. D'après Bellanger et al., 2014. 

ii. Cycle de vie 

, O(", cUZ", 7$1(*#, -('%, .%$.%(, !*#63%0"(+, 36*6%0-()(*#, '*(, %(7$):!*0"(, 5, #X%$"!*(+,



,

\>,

*67(""0!%(,5,-('%,!*#63%0#!$*,"!#(@".67!4!&'(,10*",-(,36*$)(,Hm#(A,c-,(Q!"#(,7(.(*10*#,1(",cUZ",,

'#!-!"0*#,1(",%(7$):!*0"(",5,"6%!*(,$',1$)0!*(,RRZ,8B%$7H(#,(#,0-A+,DEE=?A,O2!*#63%0#!$*,("#,

%60-!"6(, .0%, %(7$):!*0"$*, (*#%(, -(, "!#(, attI, 1(, -2cUZ, (#, '*, "!#(, attB, 1', 7H%$)$"$)(+,

36*6%0-()(*#,10*",-0,%63!$*,\2,12'*,SGT#,$',1(,3L*(",#%L",7$*"(%/6"A,O2!*#63%0#!$*,(*#%0!*(,-0,

4$%)0#!$*,1(","!#(",attL,(#,attR,4-0*&'0*#,-2cUZA,O2(Q7!"!$*+,&'!,%(&'!(%#,630-()(*#,-2!*#63%0"(+,

("#,(44(7#'6(,/!0,'*(,%(7$):!*0!"$*,(*#%(,-(","!#(",attR,(#,attLA, ,O0,.-'.0%#,1',#()."+,-(,"!#(,

12!*#63%0#!$*,("#, -0!""6, !*#07#A,e$'/(*#+, 1(", 407#('%",1(,1!%(7#!$**0-!#6, 8RDF, Recombination 

Directionality Factor?,$',(Q7!"!$*0"(+,!*#(%/!(**(*#,.$'%,40/$%!"(%,-2(Q7!"!$*A,,

, O(,#%0*"4(%#,.0%,7$*]'30!"$*,"():-(,J#%(,"!)!-0!%(,5,7(-'!,1(",.-0")!1(",7$*]'30#!4"A,R(",

"6&'(*7(", oriT, $*#, 6#6, %(#%$'/6(", 10*", 7(%#0!*", cUZ"+, 1$*#, 7(%#0!*(", .%$'/6(",

(Q.6%!)(*#0-()(*#A,R(,.-'"+,-0,.-'.0%#,1(",cUZ",7$*#!(**(*#,1(",3L*(",H$)$-$3'(",0',fYee+,

"'336%0*#,'*,#%0*"4(%#,1(,-2SRT,/!0,7(,"X"#L)(A,`*(,4$!",#%0*"46%6,"$'",4$%)(,"!).-(,:%!*+,-(,

1('Q!L)(,:%!*,("#,"X*#H6#!"6,"$'",-207#!$*,12'*(,.$-X)6%0"(A,c-,(Q!"#(,1(",70",12cUZ",630-()(*#,

70.0:-(",1(,%6.-!70#!$*,8GcUZ"+,Replicating ICEs?,8g'6%!--$#,(#,0-A+,DE<\?A,,

,

Figure 14 Schéma du cycle de vie d'un ICE. D'après Wozniak & Waldor 2010.  

iii. Les éléments mobilisables intégratifs 

, U$))(,167%!#,10*",-0,.0%#!(,.%6761(*#(+,-(",cUZ","$*#,'*(,7-0""(,126-6)(*#",1!/(%"(,1',

40!#,1(,-2(Q!"#(*7(,1(,1!446%(*#",)$1'-(",1(,7$*]'30!"$*,$',1(,)$:!-!"0#!$*,*$#0))(*#A,Z*,.-'",

1(",1!446%(*#(",7$):!*0!"$*",1(,)$1'-("+,120'#%(",6-6)(*#","$*#,70%07#6%!"6",.0%,-20:"(*7(,1(,

7(%#0!*(", 4$*7#!$*"A,U2("#, -(, 70",1(", 6-6)(*#",)$:!-!"0:-(", !*#63%0#!4", 8c;Z+, Integrative and 

Mobilizable Elements?,.$'%,-("&'(-",-(,)$1'-(,1(,#%0*"4(%#,("#,(*,.0%#!(,$',#$#0-()(*#,0:"(*#,



,

\a,

8[!3'%(,<W?A,Z*,7$*"6&'(*7(+,7(,#X.(,126-6)(*#,.('#,"2(Q7!"(%,$',"2!*#63%(%,10*",-(,36*$)(,)0!",

("#,!*70.0:-(,1(,#%0*"4(%#,1(,)0*!L%(,0'#$*$)(A,c-",.('/(*#,7(.(*10*#,J#%(,)$:!-!"6",(*,trans,

(#,#%0*"46%6",/!0,-(,"X"#L)(,1(,7$*]'30!"$*,12'*,cUZ,$',12'*,.-0")!1(,7$*]'30#!4A,

,

,

Figure 15 Schéma de l'organisation d'un IME. Noir : séquences répétées. Blanc : module de fonctions accessoires. 

Bleu = module de transfert par conjugaison ; MOB = relaxase. Rouge = module d'intégration/excision ; RDF = 

Facteur de directionalité (Recombination Directionality Factor). attL et attR =sites d'attachements. D'après 

Bellanger et al., 2014. 

, R(, -0,)J)(,)0*!L%(,&'(, -(", cUZ"+, -(",)$1'-(",12!*#63%0#!$*,(#,1(,)$:!-!"0#!$*,"$*#,

1!/(%"A,e'!/0*#,-(",70"+,-2!*#63%0#!$*j(Q7!"!$*,.('#,J#%(,%60-!"6(,.0%,'*(,%(7$):!*0"(,5,#X%$"!*(+,

%(7$):!*0"(,5,"6%!*(+,$',%(7$):!*0"(,5,RRZ+,(#,-(,"!#(,12!*#63%0#!$*,.('#,J#%(,#%L",".67!4!&'(,

$', .(', ".67!4!&'(A, K$'%, 7(%#0!*", c;Z", .$""610*#, '*(, 40!:-(, ".67!4!7!#6, .$'%, -('%, "!#(,

12!*#63%0#!$*+, .-'"!('%", 7$.!(", !*#63%6(", 10*", -(, 36*$)(, .('/(*#, J#%(, %(#%$'/6("A, O('%,

)670*!")(,1(,)$:!-!"0#!$*,("#,"!)!-0!%(,5,7(-'!,1(",.-0")!1(",)$:!-!"0:-("A,c-",.$""L1(*#,'*,

"!#(,oriT, (#, 7$1(*#, -0, .-'.0%#, 1', #().", -('%, .%$.%(, %(-0Q0"(, 0!*"!, &'(, 120'#%(", .%$#6!*(", 1',

%(-0Q$"$)(A,O2(Q!"#(*7(,1(,)670*!")(",1(,)0!*#!(*,1(, -0, 4$%)(,7!%7'-0!%(,*2("#,.0",7$**'(,

)0!",7$))(,.$'%,-(",cUZ"+,7(%#0!*",c;Z",7$*#!(**(*#,1(",3L*(",H$)$-$3'(",5,7('Q,!).-!&'6",

10*",-0,%6.-!70#!$*,(#,-0,%6.0%#!#!$*,1(",.-0")!1("A,U(%#0!*",c;Z",7$1(*#,1(",4$*7#!$*",.$'/0*#,

J#%(,0/0*#03('"(",.$'%,-('%,Hm#(+,#(-",&'(,1(",3L*(",1(,%6"!"#0*7(,0'Q,0*#!:!$#!&'("A,



,

\I,

IV - Réarrangements génomiques : les mécanismes 

1 - La recombinaison et la transposition 

a. Recombinaison homologue 

, O0,%(7$):'&%'("&*B"6" "$3,*,()*3&*6/1%&'(6,*+!/1B%&$,*+,*>#%$6,&)(*+!F=J*+"&)*

-(", "6&'(*7(", "$*#,.%$7H(",$', !1(*#!&'("A,U(", 4%03)(*#",.('/(*#,J#%(,.%6"(*#", "'%, -(,)J)(,

7H%$)$"$)(,$',"'%,1('Q,)$-67'-(",12SRT,1!446%(*#("A,`*(,"6&'(*7(,H$)$-$3'(,1(,DE,5,<EE,

.:,)!*!)'),("#,*67(""0!%(,,5,7(,#X.(,1(,%(7$):!*0!"$*A,,

, O0, %(7$):!*0!"$*,H$)$-$3'(, 40!#, .0%#!(,1(, -0, %6.$*"(,ene,(#, ("#, !).-!&'6(,10*", -(,

)0!*#!(*,1(,-2!*#63%!#6,1',36*$)(,(*,.0%#!7!.0*#,5,-0,%6.0%0#!$*,1(",70""'%(",1$':-(,(#,"!).-(@

:%!*,1(,-2SRTA,U(",70""'%(",1(,-2SRT,.('/(*#,J#%(,1'(",5,1(",0%%J#",1(,-0,4$'%7H(,1(,%6.-!70#!$*,

"'!#(,5,'*(,7$--!"!$*,(*#%(,-2SRT,.$-X)6%0"(,(#,-2SGT,.$-X)6%0"(,.0%,(Q().-(+,$',5,1(",03(*#",

)'#03L*(", #(-", &'(, -(", %0X$**()(*#", '-#%0@/!$-(#", 8`Al?, $', -(, "#%("", $QX10*#A, U(, #X.(, 1(,

%(7$):!*0!"$*+, 0""$7!6, 5, -0, .%6"(*7(, 1(, %6.6#!#!$*", 1(, 3%0*1(, #0!--(+, .('#, 630-()(*#, 70'"(%,

12!).$%#0*#", %60%%0*3()(*#", !*#%036*$)!&'("A, R(, .-'"+, (--(, .('#, 630-()(*#, .(%)(##%(,

-2!*#63%0#!$*,12SRT,6#%0*3(%,07&'!",.0%,#%0*"4(%#,36*6#!&'(,H$%!V$*#0-A,R0*",-(,70",1(,"$'7H(",

0..0%(*#6("+,7(-0,.('#,(*#%0!*(%,1(",%(7$):!*0!"$*",0--6-!&'("A,

, R('Q,)670*!")(",1(, %(7$):!*0!"$*,H$)$-$3'(,$*#, 6#6,167%!#",i, -(",/$!(",G(7BUR@

G(7S,(#,G(7[nG@G(7S,%(".(7#!/()(*#,!).-!&'6(",10*",-0,%6.0%0#!$*,1(",70""'%(",1$':-(,:%!*",

(#,"!).-(,5#'&(*+,* !F=J,8[!3'%(,<>?A,R0*",7H07'*(,1(,7(",/$!("+,G(7S,]$'(,'*,%m-(,)0]('%,(*,

(,* '%&)*M* !F=J*('6. ,@:%!*,.$'%,4$%)(%,'*,4!-0)(*#,".!%0-6,(#,.(%)(##%(,-2!*/0"!$*,12'*(,%63!$*,

1$':-(@:%!*,H$)$-$3'(A,R0*",-0,/$!(,G(7S@G(7BUR+,G(7BUR,"(,-!(,5,-2SRT,1$':-(@:%!*+,-(,

16%$'-(, (#, -(,163%01(, ]'"&'25, %(*7$*#%(%,'*, "!#(, chiA,S,.0%#!%,1(, 7(, "!#(+,G(7BUR,36*L%(,1(,

 !F=J(5* ,)* .%#)'1'.,* M*  %* >';%)'"&* +,, G(7S, "'%, -2SRTA, R0*", -0, /$!(, G(7S@G(7[nG+, -(",

.%$#6!*(",G(7[+,G(7n+,(#,G(7G,"(,-!(*#,5,1(,-2SRT":,4$%)6,.0%,'*(,76"'%(+,.'!",16.-07(*#,-(",

.%$#6!*(",eeB,8Single Strand Binding?+,&'!,"#0:!-!"(*#,-2SRT,"$'",4$%)(,"!).-(@:%!*+,04!*,1(,

.(%)(##%(,-0,4!Q0#!$*,+,*U,1F*(3#* !F=J(58*U,1F,.(%)(#,(*"'!#(,-2!*/0"!$*,1(,-2SRT1:,(#,-0,

%(7H(%7H(, 12H$)$-$3!(, 04!*, 1(, 4$%)(%, '*(, ]$*7#!$*, 1(,  $--!10XA, `*, 7$).-(Q(, .%$#6!&'(,

G'/SBU,70#0-X"(,(*"'!#(,-0,)!3%0#!$*,1(",:%!*",(#,-0,%6"$-'#!$*,1(,-0,]$*7#!$*A,UH(V,E. coli+,

7(##(, %6"$-'#!$*, .('#, 630-()(*#, J#%(, %60-!"6(, .0%, -2H6-!70"(, G(7g, .0%, '*,)670*!")(, %("#0*#,

!*7$**'A,



,

\=,

,

Figure 16 Schéma des voies RecBCD et RecFOR de la recombinaison homologue. D'après Rocha et al., 2005.  

b. Recombinaison illégitime 

, U(, #X.(,1(, %(7$):!*0!"$*, %(3%$'.(,1!446%(*#(", %607#!$*", "(,.%$1'!"0*#, 36*6%0-()(*#,

,&)#,*+,(*(/23,&1,(*+!F=J*.#"1B,",.HX"!&'()(*#,)0!",*(,.0%#03(0*#,&'(,.(',/$!%(,0'7'*(,

H$)$-$3!(,8ZH%-!7H,(#,0-A+,<==\?A,O(,%(-b7H()(*#,1(,&'(-&'(",.0!%(",1(,:0"(",0',*!/(0',1(,"!#(",

0X0*#,'*(,)!7%$@B"6" "$',*>%4"#'(,* !BK5#'+%)'"&*+,(*5#'&(*+!F=J8*E,)),*BK5#'+%)'"&*%* ',3*%3*

&'4,%3*+!,;)#/6')/(*#/(3 )%&)*("')*+,* %*(K&)B-(,*+!F=J*G1%(*+,*$ '((,6,&)*+,*5#'&(I*("')*+,*

1%((3#,(* G1%(* +,* X"&1)'"&(* +!,;)#/6')/(, *$*@H$)$-$3'("?A, f$'#, 7$))(, -0, %(7$):!*0!"$*,

H$)$-$3'(+,7(,.%$7(""'",("#,G(7S,16.(*1(*#A,



,

YE,

,

Figure 17 Schéma des deux types de recombinaisons illégitimes. A = Glissement de brin. B = Jonction 

d'extrémités non_homologues. Flèches noires horizontales = micro-homologies. Rouges = région d'ADN 

flanquées par les micro_homologies. D'après Darmon et al., 2014. 

, O(", %(7$):!*0!"$*", !--63!#!)(", 8[!3'%(,<a?,(,*.#"+3'(%&)*  "#(*+,*  %* (K&)B-(,*+!F=J*

.('/(*#,-$70-()(*#,70'"(%,1(",16-6#!$*"+,1'.-!70#!$*",(#,7$*/(%"!$*",1(,"6&'(*7("A,U(-0,.('#,

.%#*,;,6. ,*(,*.#"+3'#,* "#(*+,* %*#/. '1%)'"&*+,* !F=J*8;!7H(-,0*1,ZH%-!7H+,<=I>?+,)0!",0'""!,

(*,7$*"6&'(*7(,+!'##%+'%)'"&*\[*"3*M* %*(3'),*+,*)#%&(>"#6%)'"&*%4,1*3&,*(/23,&1,*+!F=J*

 '&/%'#,*."3#* %23,  ,* %*#,1"65'&%'("&*B"6" "$3,*&!,()*.%(*."(('5 ,*8U$*-(X,(#,0-A+,<=I>?A,

, 9%* X"&1)'"&* ('6. ,* 5#'&* M*  %* (3'),* +,* 1%((3#,(* +,*  !F=J* .,3)* (,* .#"+3'#,* %.#-(*

+/$#%+%)'"&* +,*  !F=J0* ,&)#%'&%&)* 3&,* +/ /)'"&*  "1% ,8* =,(* 63)%)'"&(* %3* &'4,%3* +,*  !F=J*



,

Y<,

.$-X)6%0"(, ccc, $', 1', "X"#L)(, 1(, %6.0%0#!$*, 1(", )6"0..0%!()(*#", 0'3)(*#(*#, -(, #0'Q, 1(,

#,1"65'&%'("&(*'  /$')'6,(8*E,#)%'&,(*5%1)/#',(*."((-+,&)*3&*(K()-6,*+,*X"&1)'"&*+!,;)#/6')/(*

*$*@H$)$-$3'(", 8NHEJ, Non-Homologous End-Joining?, 7$).$"6,1(,1('Q,.%$#6!*("+,C',(#,

9'$=0* 23'* %$'((,&)* ,&(,65 ,* %>'&* +,* X"'&+#,*  ,(* ,;)#/6')/(* +!F=J* 1"6."#)%&)* +,(* 6'1#"@

H$)$-$3!(",8eH')0*,0*1,g-!7d)0*+,DEEa?A,U(,"X"#L)(,%(/J#,'*(,!).$%#0*7(,.0%#!7'-!L%(,10*",

 %* #/.%#%)'"&* +,*  !F=J* ,&* 1%(* +!%5(,&1,* +!3&,*6%)#'1,* +!F=J*B"6" "$3,* .,#6,))%&)* 3&,*

%6.0%0#!$*,.0%,%(7$):!*0!"$*,H$)$-$3'(A,

c. Recombinaison site-spécifique 

, O0,%(7$):!*0!"$*,"!#(@(./1'>'23,*,()*3&*6/1%&'(6,*+!/1B%&$,*+!F=J*,&)#,*+,3;*('),(*

+/>'&'(* (')3/(* %3;* ,;)#/6')/(* +,*  %* (/23,&1,* +!F=J* 1"&1,#&/,8* E,, .%$7(""'", *67(""!#(,

 !'&),#4,&)'"&* +!3&,* #,1"65'&%(,* ,)* ,()* 23% '>'/* +,* 1"&(,#4%)'>0* 1%#* ' * &!K* %* &'* .,#),* &'* $%'&*

+!F=J*,)*+!/&,#$',*8g%!*1-(X,(#,0-A+,DEE>?A,c-,(Q!"#(,1('Q,.%!*7!.0'Q,#X.(",1(,%(7$):!*0"(",

!).-!&'6(", 10*", -0, %(7$):!*0!"$*, "!#(@".67!4!&'(, i, -(", %(7$):!*0"(, 5, #X%$"!*(, (#, -(",

%(7$):!*0"(,5,"6%!*(A,O(",%(7$):!*0"(,5,"6%!*(,7-!/(*#,-(",1('Q,:%!*",12SRT,0/0*#,-(,#%0*"4(%#,

8G((1,0*1,g%!*1-(X+,<=I<?+,0-$%",&'(,-(",%(7$):!*0"(,5,#X%$"!*(,7-!/(*#,120:$%1,'*,:%!*+,.'!",-(,

1('Q!L)(,'*!&'()(*#,-$%"&'(,-(,#%0*"4(%#,1(,:%!*,("#,!*!#!6,8C!##",0*1,T0"H+,<=Ia?A,,

, E,*)K.,*+,*#,1"65'&%'("&*.,3)*1%3(,#*  !'&4,#('"&0*  !,;1'('"&,"3*  !'&)/$#%)'"&*+%&(*  ,*

$/&"6,*+!3&,*(/23,&1,*+!F=J0* !'((3,*/)%&)*+/),#6'&/,*.%#* !"#',&)%)'"&*+,(*+,3;*('),(8*O!' (*

("&)*"#',&)/(*+%&(* ,*6:6,*(,&(0*' *(,*.#"+3'#%* !,;1'('"&*+,* !/ /6,&)*"3*5',&*("&*'&)/$#%)'"&+,

"!,7('Q@7!,"$*#,"!#'6","'%,1('Q,)$-67'-,(*+'>>/#,&),(8*O!' (*("&)*"#',&)/(*,&*(,&(*'&4,#(,0*' *(,*

.#"+3'#%*3&,*'&4,#('"&*+,* %*(/23,&1,*+!F=J*G[!3'%(,<I?A,

,

Figure 18 Schéma des différentes issues de la recombinaison site-spécifique. D'après Grindley et al., 2006. 

, R0*",'*,.%()!(%,#()."+,-0,%(7$):!*0"(,"(,-!(,0'Q,1('Q,"!#(",(#,-(",%0..%$7H(+,4$%)0*#,

'*,7$).-(Q(,"X*0.#!&'(,0/(7,-(",1('Q,"!#(",1(,7%$""@$/(%,]'Q#0.$"6"A,O0,%(7$):!*0"(,70#0-X"(,

,&(3'),* ,*1 '4%$,0* !/1B%&$,*,)* %* '$%)'"&*+,(*5#'&(8*9,*1"6. ,;,*(K&%.)'23,*,()*% "#(*+/>%')*,)*



,

YD,

-(",.%$1'!#",1(,-0,%(7$):!*0!"$*,"$*#,-!:6%6",8g%!*1-(X,(#,0-A+,DEE>?A,O(","!#(",1(,%(7$):!*0!"$*,

-(",.-'","!).-(",)("'%(*#,DE@\E,.:,(#,7$*#!(**(*#,'*(,.0!%(,1(,"6&'(*7(",!*/(%"6(",&'!,"(,-!(*#,

5,-0,%(7$):!*0"(A,U(","!#(",1(,%(7$**0!""0*7(,7$*#!(**(*#,-(,.$!*#,1(,70""'%(,j,-!30#!$*,(#,"$*#,

7$*"!16%6",7$))(,"!#(,1(,7%$""@$/(%A,

, 9,(*(K()-6,(*+!'&4,#('"&(*('),(@".67!4!&'(","$*#,-0%3()(*#,%6.0*1'",7H(V,-(",:07#6%!("+,

23,*1,*("')*%3*&'4,%3*+3*1B#"6"("6,*"3*+!/ /6,&)(,36*6#!&'(",)$:!-("A,U(",6/L*()(*#","(,

.%$1'!"(*#,36*6%0-()(*#,5,'*(,4%6&'(*7(,1(,<E@\,5,<E@W,.0%,7(--'-(,(#,.0%,36*6%0#!$*+,(#,-0,#0!--(,

1(",4%03)(*#",7$*7(%*6",/0%!(,(*#%(,'*(,7(*#0!*(,1(,.:,(#,\W,C.58*9!'&4,#('"&*('),@".67!4!&'(,

("#,7$**'(,.$'%,7$*46%(%,'*,0/0*#03(,0'Q,:07#6%!(",(*,!*1'!"0*#,'*(,1!/(%"!#6,.H6*$#X.!&'(,0',

(,'&*+!3&,*.".3 %)'"&*1 "&% ,8*E,(*6/1%&'(6,(*("&)*%.., /(*4%#'%)'"&*+,*.B%(,0*"3*4%#'%)'"&*

%&)'$/&'23,8* *9,(*6/1%&'(6,(*+!,;1'('"&*,)* +!'&)/$#%)'"&* ("&)*3)' '(/(*.%#* 1,#)%'&(* / /6,&)(*

36*6#!&'(",)$:!-(",#(-",&'(,-(",.H03(",(#,-(",6-6)(*#",7$*]'30#!4",(#,!*#63%0#!4"+,-(,)!('Q,167%!#,

/)%&)* ,*.B%$,* %65+%*+!E. coli,8U4A,.0%#!(,ccc@D?A,U(.(*10*#+,!-",.('/(*#,630-()(*#,.0%#!7!.(%,5,

+,(*.#"1,((3(*+,*+'>>/#,&)'%)'"&8*F* )')#,*+!,;,6. ,0*  %* (."#3 %)'"&*+,* Bacillus subtilis, $', -0,

>"#6%)'"&*+!B/)/#"1K(),(*G1,  3 ,(*(./1'% '(/,(*+%&(* %*>';%)'"&*+!%C"),*%)6"(.B/#'23,I*1B,C* ,(*

1K%&"5%1)/#',(* >' %6,&),3(,(* #,."(,&)* (3#*  !,;1'('"&* +!3&* / /)(*#, .0%, %(7$):!*0!"$*, "!#(@

(./1'>'23,8*=%&(* ,(*+,3;*1%(0* !/ /6,&)*,()*(')3/*+%&(*3&*$-&,*,("(*#!(-,.$'%,-0,1!446%(*7!0#!$*+,

7$*1'!"0*#,5,'*,0%%J#,12(Q.%(""!$*A,,

2 - Impacts des EGMs sur les remaniements génomiques 

a. Transposition   

, O0, #%0*".$"!#!$*, ("#, '*, .%$7(""'", '#!-!"6, .0%, -(", 6-6)(*#", #%0*".$"0:-(", 8fZ+,

Transposable Element?,#(-",&'(,-(",#%0*".$"$*",(#,-(",ce,,8K0%#!(,ccc,@<,@0+,.03(,\<?,,04!*,1(,"(,

16.-07(%,12'*,-$7'",5,'*,0'#%(A,U(",6-6)(*#",*(,*67(""!#(*#,.0",'*(,!).$%#0*#(,H$)$-$3!(,0/(7,

-('%, "!#(, 7!:-(A, O(, )670*!")(, 1(, #%0*".$"!#!$*+, &'!, !).-!&'(, 1(", 7$'.'%(", 1(, -2SRT, 0'Q,

(Q#%6)!#6", 1(, -26-6)(*#+, ("#, .%!*7!.0-()(*#, %60-!"6, /!0, 1('Q, )670*!")(", 36*6%0'QA,

O2!*#(%)61!0!%(,1(,#%0*".$"!#!$*,.('#,J#%(,"$!#,1(,-2SRT+,"$!#,1(,-2SGT,8%6#%$#%0*".$"$*"?A,S-$%",

&'2'*(,!).$%#0*#(,.%$.$%#!$*,126-6)(*#",#%0*".$"0:-(",'#!-!"(,'*,!*#(%)61!0!%(,SGT,7H(V,-(",

('70%X$#("+,-0,.-'.0%#,'#!-!"(*#,'*,!*#(%)61!0!%(,SRT,7H(V,-(",.%$70%X$#(",8e!3'!(%,(#,0-A+,DE<Y?A,

R('Q, 70", 1(, 4!3'%(, "$*#, .$""!:-("A, R0*", '*, .%()!(%, 70"+, -0, #%0*".$"!#!$*, ("#, &'0-!4!6(, 1(,

7$*"(%/0#!/(+,(--(,!).-!&'(,'*(,7$'.'%(,1$':-(@:%!*,0',*!/(0',1(",(Q#%6)!#6",1(,-26-6)(*#+,.'!",

"0, #%0*".$"!#!$*,&'!, ("#, 1!#(, N7$'.(%@7$--(%NA,R0*", -(,1('Q!L)(,70"+, -0, #%0*".$"!#!$*,("#, 1!#(,

%6.-!70#!/(+, 70%, (--(, (*#%0!*(, -0, 1'.-!70#!$*, 1(, -26-6)(*#, 8)670*!")(, 1(, N7$.!(%@7$--(%N?+, (#,



,

Y\,

*2!).-!&'(,&'2'*(,76"'%(,"!).-(,:%!*,0'Q,(Q#%6)!#6",1(,-26-6)(*#A,,,

, O(, .%$7(""'", 1(, #%0*".$"!#!$*, *67(""!#(, '*(, #%0*".$"0"(+, 36*6%0-()(*#, 7$).$"6(, 1(,

.-'"!('%",1$)0!*("A,O0, #%0*".$"0"(, %(7$**0!#, -(",(Q#%6)!#6",1',fZ+, -(",7-!/(+,.'!", 4$%)(,'*,

7$).-(Q(,*'7-6$.%$#6!&'(,0/(7,-(,"!#(,12!*#63%0#!$*A,U(,7$).-(Q(,*'7-6$.%$#6!&'(+,0..(-6,-(,

#%0*".$"$)(+, 7$).%(*1, '*, $', 1('Q, )$*$)L%(8"?, 1(, #%0*".$"0"(+, (#, .0%4$!", 1(", .%$#6!*(",

077(""$!%(", !).-!&'6(",10*", -20%7H!#(7#'%(,1(, -2SRT,8(Q, i, `+, c [+, @Te?,$',1(",.%$#6!*(",

7H0.(%$*",8(Q,i,g%$ZO?A,,

, `*(,3%0*1(,.0%#,1(",#%0*".$"0"(","$*#,1(",#%0*".$"0"(",5,1$)0!*(,RRZ+,#!%0*#,-('%,*$),

1(",%6"!1'",S".8R?,S".8R?,g-'8Z?,7$*"(%/6",(#,(""(*#!(-",5,-0,%607#!$*,1(,7-!/03(,1(",:%!*"A,

U(",#%0*".$"0"(",7-!/(*#,'*,:%!*,12SRT,0'Q,1('Q,(Q#%6)!#6",1(,-26-6)(*#+,-!:6%0*#,36*6%0-()(*#,

1(",(Q#%6)!#6",\2A,O(",(Q#%6)!#6",-!:6%6(","(,-!(*#,(*"'!#(,0',"!#(,7!:-(+,-0,%607#!$*,1(,#%0*"4(%#,

6#0*#,7$$%1$**6(,.0%,-(,#%0*".$"$)(,8U'%7!$,0*1,R(%:X"H!%(+,DEE\?A,O$%",1(,-0,-!0!"$*,0',"!#(,

7!:-(+,-0,7$'.'%(,1$**(,-!(',5,1(",(Q#%6)!#6","$%#0*#(",1$*#,-0,%6.0%0#!$*,7%6(,1(",%6.6#!#!$*",

0'Q,(Q#%6)!#6",1(,-26-6)(*#+,'*(,70%07#6%!"#!&'(,1(",#%0*".$"!#!$*",)61!6(",.0%,1(",#%0*".$"0"(",

RRZA,

, B!(*, &'(, -(", #%0*".$"0"(", 5, 1$)0!*(, RRZ, %60-!"(*#, #$'#(", -0, )J)(, %607#!$*+, -(",

)670*!")(",1(,#%0*".$"!#!$*,/0%!(*#,"'!/0*#,-(",6-6)(*#"A,K0%,(Q().-(+,10*",-(,70",1(,-26-6)(*#,

ce<E+,-2(Q#%6)!#6,\2,-!:%(,(*/0H!#,-2(Q#%6)!#6,W2,7(,&'!,4$%)(,'*(,"#%'7#'%(,(*,N#J#(,126.!*3-(N,(#,

.(%)(#, -2(Q7!"!$*, 1(, -26-6)(*#A,`*(, 1('Q!L)(, (Q7!"!$*, 1(", (Q#%6)!#6", \2, .(%)(#, -2$:#(*#!$*,

12'*(,4$%)(,-!*60!%(,&'!,(*/0H!#,-(,"!#(,7!:-(A,

b. Impact des IS sur le génome hôte 

, 9!'&(,#)'"&*+!3&*/ /6,&)*aO*.,3)*6"+'>',#* !,;.#,(('"&*+,*1,#)%'&(*$-&,(*+,* !B7),0*%4,1*

1(", 7$*"6&'(*7(", .$"!#!/(", $', *630#!/(", "'!/0*#, -(", 3L*(", 7$*7(%*6", (#, -(", 7$*1!#!$*",

(*/!%$**()(*#0-("A,O2!*"(%#!$*,10*",'*,3L*(,$',10*","0,"6&'(*7(,%63'-0#%!7(,.('/(*#,7$*1'!%(,

M*("&*'&%1)'4%)'"&*"3*M*("&*%1)'4%)'"&*+%&(* ,*1%(*+!3&,*'&(,#)'"&*,&*%6"&)8*O('%,(Q7!"!$*,.('#,

10*",7(%#0!*",70",-0!""(%,-(,7H%$)$"$)(,10*","$*,6#0#,$%!3!*0-+,(#,%6#0:-!%,0!*"!,-(,.H6*$#X.(,1(,

16.0%#+,"$!#,70'"(%,1(",)'#0#!$*"A,O(",ce,.('/(*#,630-()(*#,J#%(,5,-2$%!3!*(,1(,%()0*!()(*#",

36*$)!&'("A,K0%,(Q().-(+,.0%,%(7$):!*0!"$*,H$)$-$3'(,+!3&*aO*%4,7,'*(,0'#%(,7$.!(,1',)J)(,

ceA,

, ,O(",gZc", 7$*#!(**(*#, "$'/(*#, 1(", 6-6)(*#", ceA,U(", 6-6)(*#", .('/(*#, (*#%0!*(%, 1(",

%()0*!()(*#", 10*", -(", o-$#", (*, 4$%)0*#, 1(", #%0*".$"$*", 7$).$"!#(", $', (*#%0!*0*#, 1(",

%(7$):!*0!"$*",(*#%(,1('Q,ce,!1(*#!&'("A,c-",.('/(*#,0'""!,(*#%0!*(%,-2!*07#!/0#!$*,1(,7(%#0!*",



,

YY,

3L*(",.0%,!*"(%#!$*A,

, `*,.H6*$)L*(,)0%&'0*#, 7$*7(%*0*#, -2!).07#,1(", ce,"'%, -26/$-'#!$*,1(",36*$)(",("#,

-2(Q.0*"!$*A, U(, .H6*$)L*(, 7$%%(".$*1, 5, -20'3)(*#0#!$*, 1', *$):%(, 126-6)(*#", ce, 10*", -(,

36*$)(+, 077$).03*6, 1(, %()0*!()(*#", 36*$)!&'(", 0!*"!, &'(, -0, .(%#(, (#, -2!*07#!/0#!$*, 1(,

7(%#0!*", 3L*(", 8[!3'%(, <=?A,U(##(, (Q.0*"!$*, 0, 6#6, $:"(%/6(, 10*", 1(", 70", 1(, :07#6%!(", 0X0*#,

%67())(*#,01$.#6,'*,)$1(,/!(,"X):!$#!&'(,$',(*1$"X):!$#!&'(A,e(-$*,7(%#0!*",0'#('%"+,7(,

7H0*3()(*#,(*#%0!*(%0!#,'*,%(-b7H()(*#,1(,-0,.%(""!$*,1(,"6-(7#!$*,*630#!/(,8.'%!4!0*#(?,7(,&'!,

70'"(%0!#,'*(,077')'-0#!$*,1',*$):%(,1(,)'#0#!$*",(#,,-20'3)(*#0#!$*,1',*$):%(,12ce,8;$%0*,

0*1,K-03'(+,DEEY?A,O0,/!(,(*1$"X):!$#!&'(,%(*1,'*(,.0%#!(,1(",3L*(",1(",:07#6%!(",!*'#!-(,5,"0,

"'%/!(A,O(",6-6)(*#",ce,.0%#!7!.(%0!(*#,0-$%",5,-0,."('1$36*!"0#!$*,(#,5,-0,%61'7#!$*,1',36*$)(,

(*,40/$%!"0*#,1(",%(7$):!*0!"$*",70'"0*#,1(",16-6#!$*",8;!%0,(#,0-A+,DEE<?A,

,

Figure 19  Schéma des étapes de l'expansion puis de l'élimination des éléments IS (rouge,) associés à une 

réduction de génome (bleu). D'après Siguier et al., 2014. 

c.  Impact des prophages sur les génomes bactériens 

, O(", .H03(", .('/(*#, #%0*"46%(%, 1(", 4%03)(*#", 1(, 36*$)(, 7(--'-0!%(, .0%, '*, .%$7(""'",

0..(-6, #%0*"1'7#!$*A,O(",.%$.H03(",(#, -(","6&'(*7(",16%!/6(",1(,.%$.H03(",%(.%6"(*#(*#,'*(,

.0%#, *$*@*63-!3(0:-(, 1(", 36*$)(", :07#6%!(*", 8B$:0X, (#, 0-A+, DE<\?A, `*(, 7$*"6&'(*7(, 1(, -0,

.%6"(*7(,1(,7(","6&'(*7(","$*#,1(",%()0*!()(*#",36*$)!&'(",.$'/0*#,7$*7(%*(%,1(",4%03)(*#",

1(,3%0*1(,#0!--(,8;(*$'*!,(#,0-A+,DE<W?A,`*,1(",70",-(",.-'",)0%&'0*#",("#,7(-'!,1',.0#H$3L*(,

Xylella fastidiosa, $k, .-'", 1(, 1!Q, %()0*!()(*#", !1(*#!4!6", (*#%(", 1!446%(*#(", "$'7H(", "$*#,

0##%!:'6",5,-0,.%6"(*7(,1(,"6&'(*7(",16%!/6(",1(,.H03(",81(,;(--$,l0%0*!,(#,0-A+,DEEI,F,[!3'%(,

DE?A,

,



,

YW,

,

Figure 20 Séquences dérivées de prophages et remaniements génomiques chez des souches de X. fastidiosa. 

Flèches grises en pointillés = réarrangements génomiques entre les différentes souches. giCVC et gi PD = îlots 

génomiques présents dans les souches CVC et PD respectivement. D'après Mello Varani et al., 2008. 

, O(", .H03(", .('/(*#, 7$1(%, 1(", %(7$):!*0"(", &'!, *(, "$*#, .0", %(#%$'/6(", 7H(V, -(",

:07#6%!("A, U(", %(7$):!*0"(", "$*#, "'..$"6(", 70'"(%, 1(", %()0*!()(*#", 36*$)!&'(", .0%,

%(7$):!*0!"$*,H$)$-$3'(",8;(*$'*!,(#,0-A+,DE<W?A,U$*#%0!%()(*#,0'Q,%()0*!()(*#",6/$&'6",

7!@1(""'"+,-2!).-!70#!$*,1(,7(",%(7$):!*0"(",("#,.$'%,'*(,-0%3(,.0%#,HX.$#H6#!&'(A,

3 - Evolution des EGMs 

a. Evolution de GEIs 

i. Evolution modulaire et dégénérescence 

, U$))(, 16]5, 6/$&'6, .%6761())(*#, .$'%, -(", .-0")!1(", (#, -(", cUZ"+, -267H0*3(, 1(,

)$1'-(",/!0,1(",)670*!")(",1(,%(7$):!*0!"$*,.0%#!7!.(,5,-26/$-'#!$*,1(",Zg;"A,U(",)$1'-("+,

)0!",630-()(*#,-(","!#(",1(,%(7$):!*0!"$*+,.('/(*#,630-()(*#,J#%(,.(%1'"+,)'#6"+,$',"':!%,1(",

%()0*!()(*#",16-6#L%("A,Z*,7$*"6&'(*7(+,7(%#0!*",cUZ",$',c;Z",.('/(*#,.(%1%(,#$'#(,70.07!#6,

1(,)$:!-!#6A,K0%,(Q().-(+,10*",'*,cUZ,1(,Streptococcus agalactiae,8cUZ_2603_tRNALys?+,-(,

3L*(,7$10*#,-0,.%$#6!*(,H$)$-$3'(,5,l!%BY,8orfD?+,(""(*#!(--(,5,-0,7$*]'30!"$*+,("#,!*#(%%$).',

.0%,-0,.%6"(*7(,12'*,6-6)(*#,ce,8ce1381?,8e)X#H,0*1,G$:!*"$*+,DEE=?A,U(#,cUZ,.(%1,0!*"!,"0,

70.07!#6, 5, J#%(, #%0*"46%6, .0%, 7$*]'30!"$*A, `*, 0'#%(, (Q().-(, 7$*7(%*(, Bradyrhizobium 

japonicum,`eRS<<E,$k,'*(,0*0-X"(,36*$)!&'(,0,"'336%6,&'(,1('Q,o-$#",1636*6%6",%6"'-#0!(*#,,

12'*,%60%%0*3()(*#,1(,3%0*1(,67H(--(,0X0*#,7$'.6,(*,1('Q,'*,cUZ,1(,3%0*1(,#0!--(,8C0*(d$,(#,



,

Y>,

0-A+, DEED?A, S, -0, )0*!L%(, 1(", 6-6)(*#", 7!#6", 10*", -0, .0%#!(, .%6761(*#(+, 7(%#0!*", 6-6)(*#",

1636*6%6",.('/(*#,J#%(,)$:!-!"6",.0%,120'#%(",6-6)(*#",4$*7#!$**(-"A,,,

ii. Accrétion en tandem et mosaïque d'éléments  

, T$):%(,1(,gZc",*(,"(%0!#,.0",1',5,'*,)0!",5,.-'"!('%",!*#63%0#!$*",1(,;gZ",(*,#0*1(),

$',-(",'*",10*",-(",0'#%("+,7%60*#,0!*"!,1(","#%'7#'%(",)$"0M&'("A,R(,.-'"+,1(",%(7$):!*0!"$*",

.('/(*#,(*"'!#(,(*#%0!*(%,1(",%()0*!()(*#",0',"(!*,1(,7(",gZc"+,0!*"!,&'(,-0,1636*6%("7(*7(,

1(,7(%#0!*(",.0%#!(",8B(--0*3(%,(#,0-A+,DE<Y?A,

, c-,(Q!"#(,'*(,!).$%#0*#(,1!/(%"!#6,1(,70",12!*#63%0#!$*,126-6)(*#",-(",'*",10*",-(",0'#%(",

7$))(, .0%, (Q().-(, 12cUZ", $', c;Z", 7$*#(*0*#, 120'#%(", 6-6)(*#", *$*@)$:!-!"0:-("+, 1(",

.%$.H03(",$', (*7$%(,1(", cUZ", 8B(--0*3(%, (#, 0-A+, DE<Y?A,`*,0'#%(,.H6*$)L*(,7-0""!&'()(*#,

$:"(%/6,("#,-2077%6#!$*,(*,#0*1(),1(,1!446%(*#",6-6)(*#"A,R2'*(,)0*!L%(,36*6%0-(+,7(7!,("#,1s,5,

-2!*#63%0#!$*,12'*,6-6)(*#,.0%,%(7$):!*0!"$*,,1(,"$*,"!#(,attI,0/(7,-(,"!#(,attL,$',attR,12'*,0'#%(,

6-6)(*#,16]5,!*#63%6,10*",-(,36*$)(,8[!3'%(,D<?A,

, ,

,

Figure 21 Schéma du phénomène d'accrétion en tandem de GEIs. D'après Bellanger et al., 2014. 

, O(",o-$#",36*$)!&'("+,(#,1$*7,12'*(,)0*!L%(,.-'",36*6%0-(,-0,.0%#,/0%!0:-(,1',36*$)(+,

7$%%(".$*1,"$'/(*#,5,12!).$%#0*#(",%63!$*",4-(Q!:-("A,U(",%63!$*",.('/(*#,J#%(,7$).-(Q(",1(,

.0%,-2077')'-0#!$*,126/L*()(*#",1(,30!*"+,.(%#(",(#,1636*6%("7(*7(",1(,7(%#0!*(",.0%#!("+,0!*"!,

&'(,1(,.0%,1(,*$):%('Q,%()0*!()(*#",36*$)!&'("A,

b. Evolution des ICEs 

, U$))(,-(",.-0")!1("+,-(",cUZ",$*#,'*(,"#%'7#'%(,)$1'-0!%(+,72("#@5@1!%(,&'(,-(",3L*(",

7$10*#, .$'%, 1(", .%$7(""'", "!)!-0!%(", 4$%)(*#, 1(", 7-'"#(%"A, R(", 0*0-X"(", 7$).0%0#!/(", $*#,

)$*#%6,&'(,1(",%(7$):!*0!"$*",(*#%(,cUZ"+,.H03(",(#,.-0")!1(","$*#,%(-0#!/()(*#,4%6&'(*#(",



,

Ya,

(#, .('/(*#, 70'"(%, -267H0*3(, 1(,)$1'-("A,U(7!, (Q.-!&'(%0!#, &'(, 7(%#0!*", cUZ", .$""L1(*#, 1(",

%(7$):!*0"(", 5, 1$)0!*(,RRZ, 84%6&'(*#(", 7H(V, -(", 6-6)(*#", ce?+,)0!", 0'""!, -0, .%6"(*7(, 1(,

1!446%(*#",)$1'-(",1(,7$*]'30!"$*A,U(##(,6/$-'#!$*,)$1'-0!%(,.('#,0'""!,(*#%0!*(%,-0,7%60#!$*,

126-6)(*#",1!446%(*#",1(,.0%,-('%,0'#$*$)!(,1(,#%0*"4(%#,(#,1(,)$:!-!"0#!$*A,U(",6-6)(*#"+,cUZ",

7$).%!"+,"$*#,%(3%$'.6","$'",-(,#(%)(,12o-$#",36*$)!&'("+,'*(,7-0""(,%(3%$'.0*#,1(",6-6)(*#",

#%L",1!/(%"A,,

V - Les éléments modulant la variabilité génomique 

, O(",%()0*!()(*#",36*$)!&'(",(#,-207&'!"!#!$*,12SRT,6#%0*3(%,.0%,1(", gf",.('/(*#,

J#%(, )$1'-6", .0%, -(", :07#6%!("A, U(%#0!*", 6-6)(*#", 1', 36*$)(, "$*#, (*, (44(#, 5, -2$%!3!*(, 1(,

)670*!")(",.$'/0*#,7$*#%0!*1%(,-207&'!"!#!$*,1(,)0#6%!(-,36*6#!&'(+,$',0',7$*#%0!%(,40/$%!"(%,

-(,)0!*#!(*, 1(, -2SRT, 07&'!"A, f%$!", 1(, 7(",)670*!")(", "$*#, .%6"(*#6", 10*", -(", .0%#!(", &'!,

"'!/(*#A,

1 - Les systèmes de restriction-modification 

a. Généralités 

i. Rôle dans la défense contre l'ADN étranger 

, O(", "X"#L)(", 1(, %("#%!7#!$*@)$1!4!70#!$*, 8"X"#L)(", G;?, "$*#, 7$*"!16%6", 7$))(, '*,

"X"#L)(,12!))'*!#6,!**6+,.%$#63(0*#, -0,7(--'-(,1(,-2!*/0"!$*,12SRT,6#%0*3(%,8(QA,.%$.H03(?A,

U(",6-6)(*#",7$1(*#,'*(,(*1$*'7-60"(,1(,%("#%!7#!$*,8GZ0"(?,70.0:-(,1(,%(7$**0!#%(,(#,7-!/(%,

-2SRT,6#%0*3(%+,(#,'*(,)(#HX-#%0*"4(%0"(,.(%)(##0*#,1(,-(,1!446%(*7!(%,1(,-2SRT,1(,-2Hm#(,(*,

#%0*"46%0*#,1(",3%$'.()(*#",)6#HX-(,0',*!/(0',1(,"6&'(*7(",".67!4!&'(",1(,7(,1(%*!(%,8n-!/(!%0,

(#,0-A+,DE<Y?A,Z*,(44(#+,"!,-2SRT,6#%0*3(%,*(,.$""L1(,.0",-0,)$1!4!70#!$*,7$%%(7#(+,!-,("#,0##0&'6,

.%#*  !,&+"&31 /%(,, 8[!3'%(,DD?8*9%*."((,(('"&*+!3&*(K()-6,*Ub*'&> 3,*+"&1*('%, -0,70.07!#6,

+!3&,*5%1)/#',*M*%123/#'#*+,* !F=J*+%&(*("&*$/&"6,*8l0"',0*1,T030%0]0+,DE<\?A,O(","X"#L)(",

G;,"$*#,#%L",%6.0*1'",(#,1!/(%"!4!6",10*",-(",36*$)(",1(",:07#6%!(",(#,7H(V,-(",0%7H6("A,,

ii. Les différents types de systèmes RM 

, p'0#%(, 3%$'.(", "$*#, 1!"#!*3'6", *$#0))(*#, "'%, -0, :0"(, 1(, -('%, 7$).$"!#!$*+, 1(, -('%,

%(7$**0!""0*7(, 1(, "6&'(*7(+, 1(, -0, .$"!#!$*, 1(, 7-!/03(, (#, 1(, -0, ".67!4!7!#6, 1(, "':"#%0#A, O(",

"X"#L)(",G;,1(,#X.(,c,"$*#,1(",.%$#6!*(",H6#6%$@$-!3$)6%!&'(",7$).-(Q(",7$).%(*0*#,5,-0,4$!",

-(",07#!/!#6",1(,%("#%!7#!$*,(#,1(,)$1!4!70#!$*A,R0*",-(","X"#L)(",G;,1(,#X.(,cc+,-(",07#!/!#6",1(,



,

YI,

%("#%!7#!$*, (#, )$1!4!70#!$*, "$*#, 36*6%0-()(*#, 7$16(", .0%, 1('Q, 3L*(", 1!446%(*#"+, "$'/(*#, (*,

$.6%$*A,O(", "X"#L)(",G;,1(, #X.(, ccc, "$*#,1(", H6#6%$)L%(", 7$).$"6",1(",.%$1'!#", 1(,1('Q,

3L*("+, !).-!&'6", 10*", -0, %("#%!7#!$*, (#, -0,)$1!4!70#!$*A, O(", 1('Q, #X.(", 1(, "$'"@'*!#6", "$*#,

*67(""0!%(", 5, -0, %("#%!7#!$*, 0-$%", &'(, -(", "$'"@'*!#6", !).-!&'6(", 10*", -0, )$1!4!70#!$*, "$*#,

0'#$*$)("A, O(", "X"#L)(", G;, 1(, #X.(, cl, "$*#, 7$).$"6", 12'*(, $', 1('Q, (*1$*'7-60"(", 1(,

%("#%!7#!$*,&'!,5,-0,1!446%(*7(,1(",0'#%(","X"#L)("+,7-!/(*#,1(","!#(",)$1!4!6"A,, ,

, ,

,

Figure 22 Schéma du rôle défensif d'un système RM contre de l'ADN phagique.  D'après Vasu & Nagaraja 2013. 

b. Rôle dans le maintien des EGMs 

, O(,"('-,%m-(,164(*"!4,1(","X"#L)(",G;,*2(Q.-!&'(,.0",-0,H0'#(,".67!4!7!#6,1(,"6&'(*7(",

1(",(*1$*'7-60"(",1(,%("#%!7#!$*+,*!,-0,.%6"(*7(,1(,.-'"!('%","X"#L)(",7H(V,7(%#0!*(",(".L7("+,

*$#0))(*#, -(", 7$).6#(*#(", #(--(", &'(, Neisseria gonorrhoeae, 8e#(!*, (#, 0-A+, <==W?A, S!*"!+,

.-'"!('%",0'#%(",%m-(",$*#,6#6,.%$.$"6",7$))(,.0%,(Q().-(,-0,*'#%!#!$*+,-(,)0!*#!(*,126-6)(*#",

36*6#!&'(",)$:!-(",$',(*7$%(,-0,1!/(%"!4!70#!$*j6/$-'#!$*,1(",36*$)("A,

, O(", "X"#L)(", G;, .('/(*#, 10*", 7(%#0!*", 70", J#%(, 7$*"!16%6", 7$))(, 1(", 6-6)(*#",

63$M"#(",10*",-0,)("'%(,$k,!-",$*#,#(*10*7(,5,"(,.%$.03(%,(#,5,0""'%(%, 0/0*#,#$'#,-('%,.%$.%(,

)0!*#!(*A,K0%,(Q().-(+, -$%"&'2!-", "$*#,.%6"(*#", "'%,'*,.-0")!1(+, -0,.(%#(,1(,7(,.-0")!1(,.0%,

7(%#0!*(",:07#6%!(",-$%",1(,-0,1!/!"!$*,7(--'-0!%(,.('#,(*#%0!*(%,-('%,)$%#,5,70'"(,1(,-207#!/!#6,1(,

-2(*1$*'7-60"(, .-'", "#0:-(, &'(, 7(--(, 1(, -0, )6#HX-0"(A, U(", "X"#L)(", "$*#, 120!--('%", "$'/(*#,

%(#%$'/6",10*",1(",Zg;",$',1(",.0%#!(",1',36*$)(,.%$:0:-()(*#,07&'!"(",.0%, gf",8(Q,i,-(",



,

Y=,

o-$#",36*$)!&'("?,8['%'#0,(#,0-A+,DE<E?A,c-",.$'%%0!(*#,1$*7,J#%(,!).-!&'6",10*",-(,)0!*#!(*,1(,

7(%#0!*(",V$*(",4-(Q!:-(",1',36*$)(+,7$))(,72("#, -(,70",1(", "'.(%!*#63%$*",8eV(d(%(",(#,0-A+,

DEEa?A, ,

, U(##(,!).-!70#!$*,10*",-(,)0!*#!(*,1(,7(%#0!*",6-6)(*#",(#,-0,.%$#(7#!$*,7$*#%(,120'#%(",

7$*4L%(*#,0'Q,"X"#L)(",G;,'*,%m-(,)$1'-0#('%,1(,-2!*#63%!#6,1(",36*$)(",(#, -(,)0!*#!(*,1(,

-2!1(*#!#6,1(",(".L7(",8;'%%0X+,DEED?A,O207&'!"!#!$*,12'*,"X"#L)(,G;,.0%,'*(,"$'7H(,1$**6(,

.('#, 630-()(*#, -2!"$-(%, 36*6#!&'()(*#, 1(, "$'7H(", .%$7H(", (#, 1$**(%, -!(', 5, '*, .%$7(""'", 1(,

".67!0#!$*A,Z*4!*+,-0,163%010#!$*,12SRT,6#%0*3(%,.0%,-(","X"#L)(",G;,("#,"'..$"6(,40/$%!"(%,

-0,%(7$):!*0!"$*,H$)$-$3'(,8K%!7(,0*1,B!7d-(+,<=I>?,0/(7,-(,36*$)(,Hm#(,(#,1$*7,36*6%(%,1(,

-0,1!/(%"!#6,A,

2 - Les systèmes toxine-antitoxine 

a. Définition 

, O(", "X"#L)(", #$Q!*(@0*#!#$Q!*(, 8"X"#L)(", fS?, "$*#, 1(, .(#!#", )$1'-(", 36*6#!&'(",

)$:!-("+,%(#%$'/6",0'""!,:!(*,10*",-(,7H%$)$"$)(,:07#6%!(*,&'(,10*",1(",6-6)(*#",)$:!-("A,

R(",6#'1(",1(,36*$)(",7$).-(#",$*#,.(%)!",1(,)$*#%(%,&'(,7(","X"#L)(","$*#,0:$*10*#",(#,#%L",

%6.0*1'",8 0X(",0*1,l0*,;(-1(%(*+,DE<<?A,c-","$*#,"$'/(*#,%(#%$'/6",(*,)'-#!.-(",7$.!(",10*",

'*,36*$)(A,=!3&,*6%&'-#,*$/&/#% ,0*' (*("&)*1"6."(/(*+,*+,3;*$-&,(0* ,*. 3(*("34,&)*%3)"@

%63'-6"+, 7$10*#, '*(, #$Q!*(, "#0:-(, (#, '*(, 0*#!#$Q!*(, !*"#0:-(A, S7#'(--()(*#+, 7!*&, #X.(", 1(,

"X"#L)(",fS,$*#,6#6,167%!#",120.%L",-0,*0#'%(,(#,-(,)$1(,1207#!$*,1(,-20*#!#$Q!*(,8e7H'"#(%,0*1,

B(%#%0)+,DE<\,F,[!3'%(,D\?A,O(",#$Q!*(","$*#,#$']$'%",1(,*0#'%(,.%$#6!&'(,8.(#!#(",.%$#6!*(",t,

cAS*%1'+,(*%6'&/(I0*% "#(*23,* !%&)'@#$Q!*(,.('#,J#%(,"$!#,'*(,.%$#6!*(,8"X"#L)(",1(,#X.(,cc+,cl,

(#,l?+,"$!#,3&,*6" /13 ,*+!FUJ,8"X"#L)(",1(,#X.(,c,(#,ccc?A,,

, O0,.(%#(,+!3&*(K()-6,*HF*.%#*,;1 3('"&0*(/$#/$%)'"&0*#,1"65'&%'("&*"3*63)%)'"&*.,3)*

6,&,#* M*  %*6"#)* 1,  3 %'#,* "3*  !%##:)* +,*  %* 1#"'((%&7(+, .'!"&'(, -0, #$Q!*(, ("#, .-'", "#0:-(, &'(,

 !%&)')";'&,8*9%*)";'&,*.,3)*%>>,1),#* !B7),*+,*6%&'-#,(*4%#'/,(,i,"#$..(%,-0,%6.-!70#'"&*+,* !F=J0*

-0,1!/!"!$*,7(--'-0!%(+,-0,#%0*"7%!.#!$*+,$',(*7$%(,0##0&'(%,-0,)():%0*(,7(--'-0!%(A,O(","X"#L)(",

fS,.('/(*#,1$*7,0/$!%,'*(,)'-#!#'1(,12!).07#","'%,-0,.HX"!$-$3!(+,1$*#,-(,%m-(,("#,.-'",$',)$!*",

:!(*,7$).%!","'!/0*#,&'2!-","$!(*#,.%6"(*#",10*",-(,7$%(@36*$)(,$',"'%,1(",6-6)(*#",36*6#!&'(",

)$:!-("A,,

b. Les différentes types de systèmes TA 

, R0*",-(","X"#L)(",fS,1(,#X.(,c+,-0,#$Q!*(,("#,36*6%0-()(*#,'*(,.(#!#(,.%$#6!*(,8t,>E,00?,



,

WE,

HX1%$.H$:(, 5, 1$)0!*(", #%0*")():%0*0!%("A, Z--(, ("#, "'..$"6(, 16"#0:!-!"(%, -0, )():%0*(,

7X#$.-0")!&'(, (#, -(, .$#(*#!(-, )():%0*0!%(, 0/(7, 1(", 7$*"6&'(*7(", "'%, -0, "X*#HL"(, 12SfKA,

O20*#!#$Q!*(,("#, '*(,)$-67'-(,12SGT,&'!, ().J7H(, -0, "X*#HL"(,1(, -0, #$Q!*(,0',*!/(0',.$"#@

#%0*"7%!.#!$**(-,.0%,'*,)670*!")(,0*#!"(*"A,R0*",-(","X"#L)(",1(,#X.(,cc+,-20*#!#$Q!*(,("#,'*(,

.%$#6!*(,&'!,/0,:-$&'(%,-0,#$Q!*(,0',*!/(0',.$"#@#%01'7#!$**(-A,Z--(,]$'(,630-()(*#,-(,%m-(,1(,

%63'-0#('%,1(,-2$.6%$*,(*,%6.%!)0*#,-0,#%0*"7%!.#!$*,1(,7(-'!@7!A,O(",#$Q!*(",1',"X"#L)(,1(,#X.(,

ccc,"$*#,1(",(*1$GT0"(",7-!/0*#,-(",SGT,7(--'-0!%(",1(,)0*!L%(,0".67!4!&'(A,O20*#!#$Q!*(,.('#,

03!%,"$!#,(*,:-$&'0*#,-0,#%01'7#!$*,1(,-0,#$Q!*(,(#j$',(*,40/$%!"0*#,-0,163%010#!$*,1(,"$*,SGT)A,

O(,"X"#L)(,1(, #X.(, cl,0,6#6,.%$.$"6, %67())(*#, 8;0"'10,(#, 0-A+,DE<D?A,O0, #$Q!*(, !*H!:(, -0,

.$-X)6%!"0#!$*,1(",.%$#6!*(",[#"u,(#,;%(B,!).-!&'6(",10*",-0,4$%)(,(#,-0,1!/!"!$*,1(,-0,7(--'-(+,

0!*"!,&'(,-20*#!#$Q!*(,B7(SA,O20*#!#$Q!*(,7$*#%(,-2(44(#,1(,-0,#$Q!*(,(*,"#0:!-!"0*#,[#"u,(#,;%(BA,

S!*"!+,7$*#%0!%()(*#,0'Q,0'#%(","X"#L)(",fS+,-20*#!#$Q!*(,*2!*#(%03!#,.0%,0/(7,-0,#$Q!*(,)0!",

.%$#L3(,"(",7!:-("A,U(,"X"#L)(,.$""L1(,1$*7,1(",0*0-$3'(",0/(7,-(","X"#L)(",1(,%("#%!7#!$*@

)$1!4!70#!$*,8U4A,.0%#!(,.%6761(*#(?A,Z*4!*+,10*",-(,"X"#L)(,fS,1(,#X.(,l,167%!#,7H(V,E. coli+,

-0,,#$Q!*(,8gH$f?,16"#0:!-!"(,-0,)():%0*(+,(#,-20*#!#$Q!*(,8gH$e?,%63'-(,"$*,07#!/!#6,0',*!/(0',

.$"#@#%0*"7%!.#!$**(-,/!0,'*(,07#!/!#6,(*1$*'7-60"(,".67!4!&'(,1(,-2SGT),1(,ghoTA,

,

,

Figure 23 Schéma du fonctionnement des cinq types de systèmes toxine-antitoxine. Flèches rouges = ORF codant 

la toxine. Flèches bleus = ORF codant l'antitoxine. D'après Schuster & Bertram 2013. 

c. Impact sur la stabilité des îlots génomiques 

, O$%"&'2!-","$*#,7$16",.0%,-(,7$%(@36*$)(,-('%,%m-(,*2("#,.0",#$']$'%",:!(*,7$).%!"+,)0!",

!-, ("#, )0!*#(*0*#, :!(*, 6#0:-!, &'2!-", $*#, '*, %m-(, 10*", -(, .H6*$#X.(, 1(", .(%"!"#(%", (#, 10*", -0,



,

W<,

4$%)0#!$*,1(,:!$4!-)",8_(*,(#,0-A+,DE<Y?A,R0*",7(%#0!*",70"+,!-",.('/(*#,.(%)(##%(,1(,40!%(,407(,

5,'*,"X"#L)(,fS,"!)!-0!%(,.%6"(*#,"'%,'*,.-0")!1(,$','*,0'#%(,Zg;+,(#,]$'(%,0!*"!,'*,%m-(,0*#!@

011!7#!4A,O$%"&'2!-", "$*#, 7$16",.0%,1(", 6-6)(*#", ,)$:!-("+, !-",.0%#!7!.(*#,0',)0!*#!(*,1(, 7(",

6-6)(*#",10*",-0,.$.'-0#!$*,(*,(*#%0!*0*#,-0,)$%#,$',-20%%J#,1(,-0,7%$!""0*7(,1(",7(--'-(",.(%10*#,

-26-6)(*#A,,O(","X"#L)(",fS,"$*#,0'""!,167%!",7$))(,1(",6-6)(*#",63$M"#(",0""'%0*#,-('%,.%$.%(,

)0!*#!(*,$',1(",,/("#!$,(*+!%&1',&(*/ /6,&)(*6"5' ,(8,

3 - Le système CRISPR-Cas 

a. Généralités 

 !"# #$#%&'"# ()*+,)-(.# /Clustered Regularly Interspersed Short Palindromic 

Repeats-CRISPR associated proteins0 #12% 312#45676# 31''" 82 #$#%&'" 594''824%6 .3:84#" 

5"# ;.3%674"# 312%7" 3"7%.42"# '1<638<"# 59=>? 6%7.2@&7"# A <. 3"<<8<" /B.2 5"7 C1#% "% .<DE 

FGHI0D !"87 J76#"23" 5.2# 82 @621'" 312K&7" "2 "KK"% 82" 4''824%6 .5.J%.%4L" "% M67654%.47" 

312%7" 5"# ;.3%6741JM.@"# "% 5"# J<.#'45"#D ("J"25.2%E 4<# #12% :8.25 'N'" 6@.<"'"2% 

7"%718L6# 5.2# 5"# JM.@"#E 5"#  !"#$%&'#() *+) &,"+-.'#) /!/$'0-#) $*1%!'#E 4254:8.2% <"87 

J1%"2%4"<<" 54##6'42.%412 J.7 OPQ#D ("# 6<6'"2%# 12% 6%6 7"%718L6# 5.2# "2L4712 <. '14%46 5"# 

@621'"# 5" ;.3%674"# #6:8"236# "% 5.2# 2+"#%$'0-)-*+#)!'#)3/0*$'#)&,".45/'#6  

 Q714# 6<6'"2%# 31'J1#"2% <"# #$#%&'"# ()*+,)-(.# R 82" #6:8"23" 54%" S<".5"7S 5" 

:8"<:8"# 3"2%.42"# 5" J;E 743M" "2 =Q "% 312%"2.2% 82 J71'1%"87E #+%7%') &,+0" #674" 5" 

#6:8"23"# 76J6%6"# J.<42571'4:8"#E <"# ()*+,)E A J71T4'4%6 5" @&2"# casD !. #674" 5" ()*+,) 

"#-)8*.$/')&,+0')#+44'##412 5" 76J6%4%412# 547"3%"# "% 45"2%4:8"# 5" FG-UG J;E #6J.76" J.7 5"# 

#6:8"23"# L.74.;<"#E <"#S#J.3"7#S 5" FG-VI J; /W4@87" FI0D ("# 5"724&7"# J"8L"2% N%7" 45"2%4:8"# 

A 3"7%.42"# #6:8"23"# 5" J<.#'45"# 18 5" JM.@"#E "% 315"2% <. '6'147" 4''824%.47" 58 #$#%&'"D 

*< "T4#%" 82" 4'J17%.2%" 54L"7#4%6 5" #$#%&'"# ()*+,)-(.# <46" A 5"# 54KK67"23"# .8 24L".8 5"# 

#6:8"23"# 76J6%6"#E 5"# #6:8"23"# 5"# @&2"# cas "% 5" <917@.24#.%412 5" <91J6712 casD +87 <. ;.#" 

5" 3"# 54KK67"23"#E <"# #$#%&'"# ()*+,)-(.# 12% 6%6 3<.##6# "2 %714# 3.%6@174"#D !"# #$#%&'"# 

5" %$J" * J1##&5"2% <. 283<6.#"-M6<43.#" (.#XE <"# #$#%&'"# 5" %$J" ** #12% 3.7.3%674#6# J.7 <. 

283<6.#" (.#Y "% <"# #$#%&'"# 5" %$J" *** J1##&5"2% 82" J71%642" (.#HG 5" K123%412 4231228"D 

!"# #$#%&'"# 5" %$J" * "% *** #"';<"2% J713M"# JM$<1@626%4:8"'"2% .<17# <"# #$#%&'"# 5" %$J" 

** #12% 54#%423%# "% 12% 82" #%783%87" 54KK67"2%" /B.2 5"7 C1#% "% .<DE FGHI0D 

b. Fonctionnement général 

 !9.3:84#4%412 5" <. #6:8"23" S#J.3"7S . <4"8 A <9"T%76'4%6 5" <. #6:8"23" <".5"7E '.4# <" 



 

UF 

'63.24#'" "#% "2317" '.< 31228D +"<12 82 '15&<" J71J1#6E <. J7"'4&7" 6%.J" 312#4#%"7.4% "2 

<. 7"3122.4##.23" J84# <. K7.@'"2%.%412 5" <9=>? 42L.#4KD *< #"';<"7.4% :8" <"# #$#%&'"# )Z 
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Figure 24 Schéma de la structure et du fonctionnement général du système CRISPR-Cas. Une séquence spacer est 

acquise après fragmentation d'une molécule d'ADN invasive. Cette nouvelle séquence spacer est insérée au niveau 

de la répétition à l'extrémité de la séquence leader. La série de CRISPR est transcrite en un Pre-crRNA grâce au 

promoteur présent dans la séquence leader. Cette molécule d'ARN est ensuite clivée par des protéines Cas ou une 

RNaseIII pour former un complexe nucléoprotéique (crRNP) avec d'autres protéines Cas. Ce complexe permet la 

reconnaissance d'une molécule d'ADN invasive lors d'une deuxième infection par un phage par exemple. Une fois 

détectée, la molécule est dégradée. D'après Van der Oost et al. 2014. 
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Figure 25 Schéma du modèle d'acquisition d'une nouvelle séquence spacer dans la série de CRISPR. En noir, les 

répétitions de la série de CRISPR ; en bleu et violet, les séquences spacers précédemment acquises ; en vert : la 

séquence spacer en cours d'acquisition. En amont : la séquence leader. Le spacer est inséré dans la répétition  à 

l'extrémité de la séquence leader, engendrant une nouvelle répétition. D'après Van der Oost et al. 2014. 
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VI - L'influence de l'environnement et du mode de vie 
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2 - La réponse au stress  
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a. Réponse générale au stress 
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b. La réponse SOS 
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ii. Le régulon SOS 
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3 - L'implication des biofilms 

a. Généralités 

i. Définition 
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iii. Biofilms et résistance 

 !" #833&# 6L1<8%4K 5"# ;41K4<'# #9"TJ<4:8" "2 J.7%4" J.7 <"87 4'J<43.%412 5.2# <. 

76#4#%.23" K.3" .8T 312%7.42%"# "2L47122"'"2%.<"#D Q18% 59.;175E <. '.%743" 312#%4%8" 82" 



 

UV 

;.774&7" JM$#431-3M4'4:8" "'JN3M.2% 18 7.<"2%4##.2% <"# 31'J1#6# %1T4:8"#D ("%%" '.%743" 

J"7'"% 6@.<"'"2% <" '.42%4"2 5982" 3"7%.42" M1'61#%.#4" K.3" A 5"# 31254%412# L.74.;<"#D 

!9M6%671@6264%6 #J.%4.<" "2%7.42" 82" M6%671@6264%6 JM$#41<1@4:8" .L"3 21%.''"2% <9.JJ.74%412 

5" #18#-J1J8<.%412# J<8# 76#4#%.2%"# .JJ"<6"# SJ"7#4#%"7#SD 

 !" 56L"<1JJ"'"2% "2 ;41K4<' "#% 42K<8"236 J.7 <"# 31254%412# "2L47122"'"2%.<"#D 

!17#:8" <"# 31254%412# 5"L4"22"2% 56K.L17.;<"#E 3"7%.42"# "#J&3"# 12% J.7 "T"'J<" %"25.23" A 

#" K4T"7 "%j18 A J715847" 5.L.2%.@" 5" ;41K4<'D ("J"25.2%E .8382"# @6267.<4%6# 2" J"8L"2% N%7" 

K.4%"#E <"# #%7.%6@4"# J18L.2% 54KK67"7 #84L.2% <"# 31254%412# "% <"# "#J&3"# 312#45676"#D !. 

'1;4<4%6 J"8% J.7 "T"'J<" 3M"[ 59.8%7"# 17@.24#'"# N%7" K.L174#6" .K42 5963M.JJ"7 A 5"# 

31254%412# .5L"7#"#D 

b. Biofilms et variabilité génomique 

 h2 .8%7" 7f<" 5"# ;41K4<'# "#% <"87 4'J<43.%412 5.2# <. 54L"7#4K43.%412 "% <9.5.J%.%412 5"# 

;.3%674"#D ,<8#4"87# 6%85"# 12% "2 "KK"% 7.JJ17%6 :8" <. 3714##.23" "2 ;41K4<' K.L174#.4% 

<96'"7@"23" 5" L.74.2%# @626%4:8"# .8 #"42 5" <. J1J8<.%412D ("%%" 54L"7#4K43.%412 2" 76#8<%" J.# 

59.@"2%# "T%"72"#E '.4# "#% 42%742#&:8" .8T ;41K4<'#D !9M6%671@6264%6 5"# 31254%412# JM$#431-

3M4'4:8"# "% JM$#41<1@4:8"# .42#4 :8" <. 5"2#4%6 3"<<8<.47" J71J7"# .8T ;41K4<'# K12% J.7%4" 5"# 

K.3%"87# 4'J<4:86# 5.2# 3"%%" 54L"7#4K43.%412D ("%%" 5"724&7" J"8% N%7" 58" A 82 %.8T 5" '8%.%412 

18 5" 7"31';42.4#12 J<8# 6<"L6 18 ;4"2 A 5"# %7.2#K"7%# 59^PZ#D  

i. Mutations et remaniements 

 =8 #"42 5982" J1J8<.%412 "2 ;41K4<'E <"# 31254%412# JM$#431-3M4'4:8"# #12% M6%671@&2"#D 

h2" J.7%4" 5" <. J1J8<.%412 "#% 21%.''"2% #18'4#" A 82 #%7"## 1T$5.2% 3.8#.2% 5"# 51''.@"# 

A <9=>?D !"# 3.##87"# #4'J<" 18 518;<" ;742# 12% J187 312#6:8"23" 5"# 76J.7.%412# )"3= 

56J"25.2%"# "2%7.42.2% 82 %.8T 5" '8%.%412# "% 5" 7"31';42.4#12# J<8# 4'J17%.2% "% 5123 82" 

54L"7#4K43.%412 5" <. J1J8<.%412 /=<<"@78334 .25 +.8"7E FGGVl _1<"# .25 +42@ME FGGVl L.2 5"7 

B""2 .25 =;""E FGHH0D >.2# 3"7%.42# 3.#E 3" %.8T 5" '8%.%412 . 6%6 .%%74;86 A 82" 76J7"##412 5" 

@&2"# 315.2% <"# #$#%&'"# 5" 76J.7.%412 5" <9=>? />74KK4"<5 "% .<DE FGGV0D 

ii. HGTs 

 !"# 51''.@"# 3.8#6# A <9=>? J"8L"2% 6@.<"'"2% 563<"23M"7 <. 76J12#" +C+ "% 

K.L174#"7 <. '1;4<4#.%412 "% <" %7.2#K"7% 59^PZ#D >.2# 82" J1J8<.%412 "2 ;41K4<'E <. 54#J"7#412 

5"# ^PZ# J"8% "2 J<8# N%7" K.L174#6" J.7 <. 5"2#4%6 3"<<8<.47"D >.2# <" 3.# 5" <. 312d8@.4#12E <" 



 

UY 

K.4% :8" <" ;41K4<' #14% #%783%876 J"7'"% 82 '"4<<"87 '.42%4"2 58 J4<8# /Z.5#"2 "% .<DE FGHF0D  

("7%.42# ;41K4<'# 12% 82" '.%743" 312%"2.2% ;".8318J 59=>? "T%7.3"<<8<.47"D *< . 6%6 56'12%76 

:8" 3"% =>? J"8% .L147 82 7f<" 5.2# <. '4#" "2 J<.3" "% <" '.42%4"2 58 ;41K4<'D ("J"25.2%E 3"% 

=>? J"8% J1%"2%4"<<"'"2% N%7" 42%6@76 J.7 <"# ;.3%674"# L4. <" '63.24#'" 5" %7.2#K17'.%412 

/O.22.2 "% .<DE FGHG0D  

 >"# 6%85"# %"25"2% A '12%7"7 :8" 5.2# 3"7%.42# 3.#E 3" #12% <"# OPQ :84 K.L174#"2% <" 

56L"<1JJ"'"2% "% <" '.42%4"2 5"# ;41K4<'# /PM4@1E FGGHl Z1<42 .25 Q1<k"7-?4"<#"2E FGGXl 

,"%"7#"2 "% .<DE FGGU0D *<# J"8L"2% #14% 315"7 5"# @&2"# 4'J<4:86# 5.2# <. K17'.%412 5" ;41K4<'#E 

#14% 7"2K173"7 <. '4#" "2 J<.3" "% <" '.42%4"2 5942%"7.3%412# #134.<"# .8 #"42 5" <. J1J8<.%412D 

("# 5"8T '63.24#'"# #"';<"2% .42#4 %7&# <46# "% #12% 5"8T JM621'&2"# %7&# 76J.258# 5.2# <"# 

J1J8<.%412# 2.%87"<<"#D 
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 CONTEXTE DU SUJET DE THESE 

I -  L'arsenic et les bactéries 

1 - L'arsenic 

 !9.7#"243 /=#0 "#% 82 '6%.<<1m5" 5" 28'671 .%1'4:8" XXD *< .JJ.7%4"2%E 31''" <" 

JM1#JM.%" /,0 "% <9.2%4'142" /+;0E A <. K.'4<<" 5"# J243%1@&2"# /HU&'" 31<122" 5" <. 3<.##4K43.%412 

J674154:8"0D ("% 6<6'"2% "#% J"8 .;125.2% 5.2# <. 3718%" %"77"#%7" /HEU '@Dk@-H0 '.4# %7&# 

76J.258D *< "#% @6267.<"'"2% .##1346 A 5"# '42"7.4# 5" '6%.8T %"<# :8" <" J<1';E <" 384L7" 18 

<917E "% J"8% "T4#%"7 #18# :8.%7" 6%.%# 591T$5.%412 54KK67"2%# R -***E GE *** "% B /C7"'<.25 .25 +%1<[E 

FGGX0D *< "T4#%" 3"J"25.2% 5"8T K17'"# J7651'42.2%"# 5.2# <"# "2L47122"'"2%# .:8.%4:8"# R 

<9.7#624%" n=#/***0E 5" K17'8<" =#/CO0X 18 OF=#CX
-o "% <9.7#624.%" n=#/B0E 5" K17'8<" OF=#CI

- 

"% O=#CI
F-oD 

 >.2# 3"7%.42# 3.#E <9.7#"243 %718L6 5.2# <"# '4267.8T J"8% N%7" '1;4<4#6 "% .%%"4257" 5"# 

3123"2%7.%412# 4'J17%.2%"# 5.2# <"# #654'"2%# 18 <"# '4<4"8T .:8"8TD ("%%" '1;4<4#.%412 J"8% 

76#8<%"7 5" J713"##8# 2.%87"<#E 18 59.3%4L4%6# M8'.42"# %"<<"# :8" <98%4<4#.%412 5" J"#%4345"# 18 

<9.3%4L4%6 '424&7"D !9.7#"243 6%.2% 82 3.73421@&2"E #. J76#"23" 5.2# <9".8 312#%4%8" 82 J71;<&'" 

5" #.2%6 J8;<43D Z.<@76 3"%%" 312%.'42.%412E 3"7%.42# "2L47122"'"2%# %"<# :8" <"# 57.42.@"# 

'424"7# .345"# #12% :8.25 'N'" 31<124#6# J.7 5"# '437117@.24#'"#D ("# 5"724"7# J1##&5"2% 

5"# '63.24#'"# 5" 76#4#%.23" A <9.7#"243 "% 3"7%.42# <98%4<4#"2% 'N'" A 5"# K42# 62"7@6%4:8"# 

/p78@"7 "% .<DE FGHXl +<$"'4 .25 _122"K1$E FGHF0D 

2 - Les mécanismes de résistance à l'arsenic chez les 

bactéries 

a. Contrôle de l'entrée de l'As dans la cellule 

 *< . 6%6 '12%76 :8" <9=#/***0 "% <9=#/B0 12% 5"# J71J746%6# 3M4'4:8"# <6@&7"'"2% 

54KK67"2%"# "% "2%7"2% 5.2# <"# 3"<<8<"# J.7 5"# '1$"2# 6@.<"'"2% 54KK67"2%#D !9=#/B0 J1##&5" 

82" #%783%87" .2.<1@8" .8 JM1#JM.%"E "% J"8% 5123 "'J782%"7 <"# %7.2#J17%"87# JM1#JM.%" J187 

J626%7"7 5.2# <" 31'J.7%4'"2% 42%7.3"<<8<.47"D !"# 5"8T %7.2#J17%"87# 8%4<4#6# #12% ,4%E :84 "#% 

J"8 #J634K4:8" "% 312#%4%8" <. J74234J.<" J17%" 59"2%76" 5" <9=#/B0E "% ,#% :84 "#% J<8# #6<"3%4KE 

<.4##.2% "2%7"7 '142# 59=#/B0 /W4@87" Fe0D !9"TJ7"##412 J76K67"2%4"<<" 5"# %7.2#J17%"87# ,#% "#% 

5123 82 '1$"2 5" <8%%"7 312%7" <9"2%76" 5" <9=#/B0 5.2# <"# 31''82.8%6# "TJ1#6"# A <9=#D 
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!9=#/***0 J"8% "2%7"7 5.2# <. 3"<<8<" J.7 82" .:8.@<$3671J1742" /P<JW0 /)1#"2 .25 Q.'q#E FGHG0 

3M"[ E. coliE '.4# 4< "T4#%" 5"# 3.# 5" ;.3%674"# '6%.;1<4#.2% <9=#/***0 3M"[ <"#:8"<<"# .8382 

M1'1<1@8" 5" P<JW 29. 6%6 45"2%4K46D (9"#% 21%.''"2% <" 3.# 5" Thiomonas #JD X=# /=7#"2"-

,<1"%[" "% .<DE FGHG0E 4#1<6"# 5.2# <" 57.42.@" '424"7 .345" 5" (.7218<&# />8:8"#2" "% .<DE FGGV0D 

 

Figure 26 Schéma récapitulatif des mécanismes de résistances des bactéries à l'arsenic. Chez E. coli, l'As(III) 

entre dans la cellule par une aquaglycéroporine (GlpF). L'As(III) dans la cellule peut ensuite être expulsé à 

l'extérieur via le transporteur ArsB parfois couplé à l'ATPase ArsA, ou bien méthylé et évacué par diffusion. 

L'As(III)peut également être oxydé au niveau de la membrane cytoplasmique par Aio ou Arx et être utilisé comme 

donneur d'électrons. L'As(V) entre par les transporteurs phosphate Pit et Pst, ce dernier étant plus sélectif et 

laissant entrer moins d'As(V). A l'intérieur de la cellule, cet As(V) est réduit en As(III). L'As(V) peut aussi être 

réduit par Arr au niveau de la membrane cytoplasmique. D'après Krüger et al., 2013. 

b. Mécanismes d'extrusion  

 *< "T4#%" 5"8T '63.24#'"# J"7'"%%.2% 5" 7"d"%"7 <9=#/***0 42%7.3"<<8<.47" A <9"T%674"87 5" 

<. 3"<<8<"D *< J"8% N%7" 312L"7%4 "2 K17'" L1<.%4<" J.7 '6%M$<.%412 "%  54KK8#"7 "2#84%"  A %7.L"7# 

<. '"';7.2"D (" '63.24#'" 2" #"7. J.# 56%.4<<6 434 3.7 4< "#% J"8 31228 3M"[ <"# ;.3%674"#D 

!9=#/***0 J"8% .8##4 N%7" %7.2#K676 A %7.L"7# <. '"';7.2" J.7 <" %7.2#J17%"87 =7#_D (" 5"724"7 

J"8% 5.2# 3"7%.42# 3.# N%7" 318J<6 A <9=Q,.#" =7#= :84 7"25 <9"T%78#412 5" <9=#/***0 J<8# "KK43.3"D 

!. J71%642" 3M.J"712 =7#> /=d""# "% .<DE FGHH0 %7.2#K&7" :8.2% A "<<" <9=#/***0 58 31'J<"T" 

@<8%.%M412 d8#:89.8 31'J<"T" =7#=_D *< 29"T4#%" J.# 5" '63.24#'" 59"T%78#412 5" <9=#/B0 
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31228D ("<84-34 "#% 76584% "2 =#/***0 :84 #"7. "2#84%" J74# "2 3M.7@" J.7 =7#_= "% =7#> /W4@87" 

Fe0D !9"2[$'" 76584#.2% <9=#/B0 "#% <9.7#"24.%" 7"583%.#" =7#(D !"# @&2"# .rs #12% 17@.24#6# "2 

82 1J6712 512% <. %7.2#374J%412 "#% 76@8<6" J.7 =7#)D ("% 1J6712 J"8% N%7" 7"%718L6 5.2# <" 

3M71'1#1'" 18 .8 24L".8 5" J<.#'45"#E "% #12 17@.24#.%412 "#% L.74.;<" /"T R arsRBC 5.2# <" 

@621'" 5" E. coli "%  arsRDABC 5.2# <" J<.#'45" )``X 5" E. coli0D 

c.  Oxydation de  l'arsénite 

 (M"[ <"# ;.3%674"#E <9=#/***0 "#% 312#45676 31''" @6267.<"'"2% J<8# %1T4:8" :8" <9=#/B0 

/Q.'.k4 .25 W7.2k"2;"7@"7E HYYF0D ("<. "#% 21%.''"2% <46 A <. ;4154#J124;4<4%6 J<8# 4'J17%.2%" 

5" <9=#/***0 "2 '4<4"8 .:8"8TD !9=#/B0 J7634J4%" J<8# K.34<"'"2% A 3.8#" 5" #. %"25.23" A 

#9.5#17;"7 #87 5"# '4267.8T %"<# :8" <"# M$571T$5"# 5" K"7E "% 5"L4"2% .42#4 '142# ;4154#J124;<"D 

!91T$5.%412 5" <9=#/***0 "2 =#/B0 J"8% 5123 312#%4%8"7 82 '1$"2 J187 <"# ;.3%674"# J187 

56%1T4K4"7 <"87 "2L47122"'"2%D *< "T4#%" 5"8T "2[$'"# 3.J.;<"# 5" 3.%.<$#"7 <91T$5.%412 5" 

<9=#/***0 "2 =#/B0 R =41_= "% =7T=_D !. J7"'4&7" "#% <.7@"'"2% 76J.258"E "% <"# @&2"# 

J1877.4"2% 5.2# 3"7%.42# 3.# .L147 6%6 %7.2#K676# J.7 OPQ# /O"42743M-+.<'"712 "% .<DE FGHH0E <. 

5"8T4&'" 29. 6%6 56318L"7%" :8" 763"''"2% /r.7@.7 "% .<DE FGHG0 "% <. 54#%74;8%412 5"# @&2"# 

3177"#J125.2%# "#% "2317" '.< 31228"D 

 !91J6712 aioBA J"8% N%7" .##1346 .L"3 <"# @&2"# .33"##147"# aioC "% aioDE 315.2% 

7"#J"3%4L"'"2% 82" 24%717"583%.#" "% 82 3$%13M71'" ( J1%"2%4"<<"'"2% 4'J<4:86 5.2# 82 

%7.2#K"7% 596<"3%712# #84%" A <91T$5.%412 5" <9=#/***0D !" #$#%&'" A 5"8T 31'J1#.2%# =41+j=41)E 

=41i /82" J71%642" J674J<.#'4:8" #" <4.2% <9=#/***00 "% <" K.3%"87 #4@'. )J1? #12% "##"2%4"<# A 

<. 76@8<.%412 5" <91J6712 aioBAD (M"[ Thiomonas arsenitoxydansE <. '"%.<<1J71%642" =41W "#% 

4'J<4:86" 5.2# <. 76@8<.%412 5" aioBA "2 J76#"23" 59.7#"243 /Z1424"7 "% .<DE FGHI0D  

II - Les drainages miniers acides 

 _".8318J 5" ;.3%674"# 4#1<6"# 5" 57.42.@"# '424"7# .345"# J1##&5"2% <"# #$#%&'"# 5" 

76#4#%.23" 56374%# J76365"''"2%D !"# 57.42.@"# '424"7# .345"# />Z=0 #12% 5"# 6318<"'"2%# 

.345"# 3M.7@6# "2 '6%.8T 58# E) !,'> *#%-%*0) &') #+!8+.'#) ;'> I) #+!8+.'#) &') 8'.B) E) !,'"8 "% A 

!,*>J3K0'6 *<# J"8L"2% #" J715847" 5" '.24&7" 2.%87"<<"E '.4# 76#8<%"2% <. J<8J.7% 58 %"'J# 

&,"4-%7%-/#) "0-5.* %2+'#() 0*-"$$'0-) &') -."7"+>) $%0%'.#6 *<# 7"J76#"2%"2% 82 J71;<&'" 

"2L47122"'"2%.< 5" %.4<<" "% #12% .42#4 5"L"28# <" #8d"% 5" 21';7"8#"# 7"3M"73M"#D ("# 5"724&7"# 

J"7'"%%"2% 5" '4"8T 31'J7"257" <. K17'.%412 "% <" K123%4122"'"2% 5" >Z= .K42 5" '4"8T <"# 

J76L"247E "% j 18 5" <"# .%%628"7D  
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1 - Formation des DMAs 

 !")8*.$"-%*0)&,+0)FLC)&/1+-') ".)!,'> *#%-%*0)&')#+!8+.'#)E)!,'"+)*+)!,"%.()'0-."%0"0-)

<"87 1T$5.%412 '-)&*04)!")!%1/."-%*0)&')$/-"+>)'-)!,"4%&%8%4"-%*0)&+)$%!%'+6 !"# 5"8T J74234J.8T 

1T$5.2%# #12% <" 541T$@&2" "% <" K"7 K"774:8" W"XsD (" J713"##8# J"8% N%7" 4<<8#%76 .L"3 <" 3.# 5" 

<. J$74%" /W"+F0E <" J<8# 31''82 5"# #8<K87"# '"%.<<4:8"#D  

!. J$74%" '#-)&,"1*.& *>J&/') ".)!,MF R 

 W"+F s XEUCF s OFM)@)N'Fs s F+CI
F- s FOs /H0 

!" K"7 K"77"8T W"Fs  '+-)'0#+%-')O-.')*>J&/)#+%7"0-)!,/2+"-%*0 R 

 FW"Fs s GEUCF s FOs @)PW"Xs s OFC  /F0 

!. J$74%" J"8% .<17# N%7" 1T$56" J.7 <" W"Xs K17'6 R 

 W"+F s HIW"Xs s VOFM)@)QAN'Fs s F+CI
F- s HeOs  /X0 

 !"# 76.3%412# /F0 "% /X0 J"7'"%%"2% 82 '.42%4"2 58 J713"##8# "2 312%428E J84#:8" <. /X0 

8%4<4#" <" W"Xs J71584% J.7  <. /F0 "% 76@62&7" .42#4 58 W"Fs A 218L".8 1T$56 J.7 3"%%" 5"724&7"D 

("# 5"8T 76.3%412# 7"J1#"2% #87 <. 76.3%412 /H0 <17# 5" <.:8"<<" "#% J71584% <" W"FsD !"# >Z= 

J"8L"2% N%7" 42K<8"236# J.7 82 21';7" 4'J17%.2% 5" K.3%"87#E %"<# :8" <. '4267.<1@4"E <" JOE <. 

%"'J67.%87"E <. 3123"2%7.%412 "2 1T$@&2" 18 <. 31''82.8%6 ;.3%674"22" J76#"2%" /=k34< .25 

p1<5.#E FGGe0D ̂ 2 J.7%438<4"7E <,*>J&"-%*0)&+)N'Fs 5.2# <. 76.3%412 /F0 "#% <"2%" A K.4;<" JOE '.4# 

J"8% N%7" 3.%.<$#6" J.7 3"7%.42# '437117@.24#'"#D  

2 - Communauté microbienne associée aux DMAs 

 _4"2 :8" <"# >Z= 312#%4%8"2% 82 '4<4"8 .L"3 5"# 31254%412# "T%7N'"# "2 %"7'"# 5" JO 

"% 5" 3123"2%7.%412 "2 '6%.8TE 4<# #12% 82" 243M" 631<1@4:8" J187 82" 31''82.8%6 

&,*.3"0%#$'#6 =8 #"42 5" 3"%%" 31''82.8%6E 5"# .73M6"# "% 5"# ;.3%674"# 12% 5" J.7 <"87 

42K<8"23" #87 <"# J.7.'&%7"# JM$#431-3M4'4:8"#E 82 7f<" 4'J17%.2% 5.2# <" K123%4122"'"2% 5" 

3"% 631#$#%&'"D !. 31''82.8%6 '4371;4"22" "#% 21%.''"2% 4'J<4:86" &"0#)!,*>J&"-%*0)&+)8'.)

"% 5"# #8<K87"#E  K.L174#.2% .42#4 <. K17'.%412 5"# >Z=#D  

 !"# ;.3%674"# K"771-1T$5.2%"# .336<&7"2% <" J713"##8# 3.7 <" W"Xs J71584% "#% 82 '"4<<"87 

*>J&"0-)&'#)#+!8+.'#)2+')!,*>J3K0'()$"%#)"+##%) ".4' :8" <. 76.3-%*0)&,*>J&"-%*0)"1%*-%2+')&+)

W"Fs "#% <"2%" A JO .345"D Acidithiobacillus ferrooxidans "#% <. ;.3%674" <. '4"8T 3.7.3%674#6"D 

G,*>J&"-%*0)&+)8'.)J.7 3"<<"-34 . 6%6 J.7%438<4&7"'"2% 6%8546"D ("J"25.2%()&,"+-.'#)*.3"0%#$'#)

58 @"27" LeptospirillumE GallionellaE 5"# K47'438%"# %"< Sulfobacillus acidophilus 18 5"# 

.73M6"# 58 @"27" Ferroplasma 18 Metallosphaera J.7 "T"'J<"E #12% .8##4 56374%"# 31''" 
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1T$5.2% <" K"7 .8 24L".8 5"# >Z=D 

 ("7%.42# 17@.24#'"# #12% 6@.<"'"2% 4'J<4:86# 5.2# <. 76583%412 58 W"Xs "2 W"FsE %"< 

Sulfobacillus thermosulfidooxidans 18 S. acidophilus 2+%)!,+-%!%#'0-)4*$$')+0%2+')"44' -'+.)

&,/!'4-.*0# '0) 4.*%##"04') 5/-/.*-.* 5') 2+"0&) !") 2+"0-%-/) &,MF "#% <4'4%6"D ("J"25.2%E 5"# 

31254%412# .21T4:8"# 2" #12% J.# 1;<4@.%147"# J187 <. 76583%412 58 W"Xs() 4*$$') %!) !," 6%6 

56'12%76 J187 A. cryptum J.7 "T"'J<"D  

 G,*>J&"-%*0)&'#)#+!8+.'#)'#-)3/0/."!'$'0-)./"!%#/') ".)&'#)1"4-/.%'#)"+-*-.* 5'#)4*$$')

%!)!,") ".)'>'$ !')/-/)&/$*0-./) *+.)Acidithiobacillus thiooxidans 18 A. ferrooxidans :84 J"8% 

.8##4 #" 56L"<1JJ"7 "2 31254%412# .21T4:8"# .L"3 W"Xs 4*$$') "44' -'+.) &,/!'4-.*0#) '-) +G 

31''" 5122"87D F'#)4*$ *#/#)#*+8./#)"7'4)&'#)/-"-#)&,*>J&"-%*0)%0-'.$/&%"%.')8*.$/#)&+."0-)

!,*>J&"-%*0)&'#)#+!8+.'#) '+7'0-)"+##%)O-.')+-%!%#/#6 

 !. 31''82.8%6 58 >Z= 5" )43M'125 /h+=0 "#% 6%8546" 5"J84# 82" L42@%.42" 

&,"00/'#D !. 54L"7#4%6 5" 3"%%" 31''82.8%6 "#% 7"<.%4L"'"2% 8"%1!')2+')4')#*%-)&,+0) *%0-)&')

L8" %.T121'4:8" 18 %71JM4:8"E 21%.''"2% A 3.8#" 5"# K17%"# 3123"2%7.%412# "2 '6%.8T "% 5" 

!,"4%&%-/6) R'#) 4"."4-/.%#-%2+'#) K12% &') 4'--') 4*$$+0"+-/) +0) #+S'-) &,/-+&') %56.< J187 5"# 

.JJ713M"# 5" '6%.@621'4:8"#E "% "<<" "#% &'7'0+)+0)$*&K!')&,/-+&')/>"2"K "% .<DE FGHG0D   

3 - Le DMA de Carnoulès  

a. Caractéristiques 

 ^2 W7.23"E <" >Z= J76#"2% A (.7218<&# 5.2# <" P.75 "#% 6@.<"'"2% 6%8546 5"J84# 

J<8#4"87# .226"#D !" #4%" "#% 82" .234"22" '42" 5" J<1'; "% [423E 512% <" @4#"'"2% 5" FEU Z% 

/XEU t 5" ,; "% GEV t 5" r20 6%.4% "TJ<14%6 A 34"< 18L"7%6)G,'> !*%-"-%*0)&')4'#)3%#'$'0-# . 

21%.''"2% '4# A d187 5"# #8<K87"# 5" K"7 /'.73.##4%"0 "% 5" J<1'; /@.<&2"0 "% 58 #8<K.%" 5" 

;.7$8' /;.7$%"0D ^2 J<8# 5" 3"# '4267.8T 312%"2.2% 5" 21';7"8#"# %7.3"# 5" '6%.8T /"T R 

".3'0-() 4"&$%+$() T%04() 4+%7.'B() &,"+-.'#) #+!8+.'#) *0-) /-/) '> *#/#) '0) 2+"0-%-/)$*%0&.' R 5"# 

#8<K87"# 5" [423 /#JM.<674%"0E "% 5"# #8<K87"# 312%"2.2% 5') !,.7#"243 /.7#621J$74%"0 18 5" 

!,.2%4'142" /K7"4;"7@4%"0 /!";<.23 "% .<DE HYYe0D =J7&# <. K"7'"-+.')&')!,"TJ<14%.%412 58 @4#"'"2% 

5" (.7218<&# "2 HYeFE GEU Z% 5" 563M"%# /XEU t 5" ,;E HG t 5" W"+F '-)U(P)V)&,C#B 12% 6%6 

#%13k6# #87 <. #1873" 58 )"4@18# 5""74&7" 82" 54@8"D (" 784##".8 '"#87" HEU p'E 4< #" d"%%" 5.2# 

!,C$*+#)2+%)!+%-'N'" #" d"%%" 5.2# <" P.75E 3" 5"724"7 #" d"%%" 5.2# <" )Mf2"D =8 24L".8 5" <. 

54@8"E <" )"4@18# "#% 3.7.3%674#6 J.7 82 JO .345" /FEF W I0 "% 82" K17%" 3123"2%7.%412 "2 =# /XUG 

'@D!-H0E "2 W" /`UG W F`GG '@D!-H0E "% "2 #8<K.%" /FGGG W `UGG '@D!-H0D !"# #654'"2%# 5" <. 

74L4&7" #12% 6@.<"'"2% 743M"# "2 =# /u FF t0 /!";<.23 "% .<DE HYYe0D = <. #1873"E !,C#) '#-)
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 .%04% "!'$'0-) ./#'0-)#*+#)8*.$')&,C#;XXXB) ;".#/0%-'B)2+%)'#-)*>J&/)'0)C#;YB);".#/0%"-'B <" 

<12@ 58 )"4@18#D ("% =#/B0 #,"&#*.1')'-)4*-J7634J4%" .L"3 58 W"XsD (" J713"##8#E :84 .%%628" 

!")4*04'0-."-%*0)&,C#)&"0#)!,'"+)&')9'%3*+#);U(Z)$36G-H 5.2# <" J.7%4" <. J<8# "2 .L.<0E "#% "2 

J.7%4" 58 E)!,"4-%7%-/)&')1"4-/.%'#)*>J&"0-)!,C#;XXXB6  

 G')9'%3*+#) 8"%-) !,*1S'-) &,/-+&'#) E) !") 8*%#)$%0/."!'#() 45%$%2+'#) '-)$%4.*1%*!*3%2+'#6)

,<8#4"87#  #%-'#)#*0-)./ '.-*.%/#)'-)0*$$/#()"!!"0-)&+)-'..%!)E)!")4*08!+'04')"7'4)!,C$*+#)4*$$')

7"J76#"2%6 #87 <" #3M6'. 34-5"##18#D 

 

Figure 27 Plan  du DMA de Carnoulès indiquant différents sites d'échantillonnages. Le site le plus en amont est 

un puits creusé au niveau du terril (S5), et le plus en aval est celui de la confluence avec l'Amous (CONF). Entre 

les deux, un site d'échantillonnage est situé au niveau de la source, un deuxième 30 m plus en aval appelé 

COWG et un dernier 150 m en aval de la source, le site GAL.  D'après Volant et al., 2014. 

b. Communauté microbienne 

 !. 31''82.8%6 '43.*1%'00')&+)FLC)&')R".0*+!K#)8"%-) !,*1S'-)&,6%85"# 5"J84# J<8# 

&,+0')&%T"%0')&,"006"#E A <. K14# J.7 5"# .JJ713M"# 38<%87.<"# "% 38<%87"-4256J"25.2%"#D _4"2 

:8" <"# 76#8<%.%# 1;%"28# 54KK&7"2% #"<12 <"# 6%85"#E :8" 3" #14% A 3.8#" 5"# '6%M15"# "'J<1$6"# 

"%j18 5" <. L.74.;4<4%6 #J.%4.<" "% %"'J17"<<"E J<8#4"87# %"25.23"# @6267.<"# #" 56@.@"2%D   

 !. 31''82.8%6 5" (.7218<&# "#% 51'426" J.7 <" JM$<8' 5"# ProteobacteriaE 512% <"# 

 -proteobacteria /Gallionellales "% Thiobacillales 21%.''"2%0E "% <91757" 5"# 
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Acidithiobacillales #12% @6267.<"'"2% <"# '4"8T 7"J76#"2%6#D !"# .8%7"# @718J"# <"# J<8# 

.;125.2%# #12% @6267.<"'"2% <"# FirmicutesE <"# AcidobacteriaE <"# Actinobacteria "% <"# 

NitrospiraeD ("# '437117@.24#'"# #12% '.d174%.47"'"2% 4'J<4:86# 5.2# <" 3$3<" 58 #18K7" /+0 

"% 58 K"7 /W"0D ^2 J<8# 5"# @718J"# '.d174%.47"#E 82" 6%85" 38<%87" 56J"25.2%" 7.JJ17%" <. 

56%"3%412 5" J<8#4"87# @"27"# d.'.4# 56%"3%6# .8J.7.L.2% A (.7218<&# />"<.L.% "% .<DE FGHF0D ("# 

@"27"# #12% #8JJ1#6# N%7" 5"# 7"J76#"2%.2%# 5" <. ;41#JM&7" 7.7"D ^2 FGHIE 82" 6%85" 5" B1<.2% 

"% .<D . 6@.<"'"2% '4# "2 6L45"23" J.7 J$71#6:8"2v.@" <. J76#"23" 5" 21';7"8T 218L".8T %.T. 

%"<# :8" BacteroidetesE ChlorobiE ChloroflexiE SpirochaetesE 18 "2317" Verrumicrobia /B1<.2% 

"% .<DE FGHI0D !. '.d174%6 5" 3"# %.T. 7"J76#"2%" '142# 5" H t 5"# 51226"# 1;%"28"# "% "#% 5123 

7.7" .8 #"42 5" <. 31''82.8%6D _4"2 :8" <. J74#" "2 31'J%" 5" 3"# %.T. .8@'"2%" 

312#4567.;<"'"2% <. 54L"7#4%6 5" <. 31''82.8%6E <"87 7f<" 631<1@4:8" 7"#%" A 6<8345"7D   

 !. 54L"7#4%6 5" <. 31''82.8%6 2" #" <4'4%" J.# .8T ;.3%674"#E 5"# .73M6"# .$.2% 

6@.<"'"2% 6%6 45"2%4K46"# /_782""< "% .<DE FGGVl B1<.2% "% .<DE FGHF0D  ^<<"# .JJ.7%4"22"2% .8 

JM$<8' 5"# Euryarchaeota /21%.''"2% 5"# Thermoplasmatales0  "% Thaumarchaeota /B1<.2% 

"% .<DE FGHF0D !. 54L"7#4%6 "#%4'6" "#% K.4;<" '.4# 31''" 5.2# <" 3.# 5"# ;.3%674"#E <. J76#"23" 

&,"+-.'#)-">")$%0*.%-"%.'#)0,'#-) "#)'>4!+'D [08%0()+0)$%4.**.3"0%#$')'+.*4".J*-'()!,'+3!K0')

Euglena mutabilisE "#% 6@.<"'"2% J76#"2% #87 <" #4%"D E. mutabilis '#-)4" "1!')&,"+-*-.* 5%')'-)

K17'" 5"# %.J4# L"75]%7"# A <. #87K.3" 5" #654'"2%# 743M"# "2 J7634J4%6# W"-+E #87 "2L4712 FUG 

'&%7"# "2 .L.< 5" <. #1873" /(.#41% "% .<DE FGGI0D  

 !. 5$2.'4:8" #J.%41--'$ *.'!!')&')!")&%7'.#%-/)$%4.*1%'00')")/3"!'$'0-)8"%-)!,*1S'-)&')

J<8#4"87# 6%85"# /P4<1%".8T "% .<DE FGHXl B1<.2% "% .<DE FGHFE FGHI0D F,+0) *%0-)&')7+')# "-%"!()

<. 54L"7#4%6 "#%4'6" N%7" <. J<8# M.8%" "#% 3"<<" 5" <. #1873" /+H0E "% <. J<8# ;.##" 3"<<" 58 #4%" 

P=!E HUG ' "2 .L.< 5" <. #1873" /B1<.2% "% .<DE FGHI0D !. #%783%87" 5" <. 31''82.8%6 54KK&7" 

/3"!'$'0-)#+%7"0-) !'#)#%-'#6)C)-%-.')&,'>'$ !'( <"# Acidithiobacillales #12% J7651'42.2%"# .8 

0%7'"+)&')!,'"+)#*+-'.."%0')&+)-'..%!);:AB)'-)&')!")#*+.4');:QBE .<17# :8" <"# #4%"# J<8# "2 .L.< 

#12% @6267.<"'"2% 51'426# J.7 <"# GallionellalesD !"#  -proteobacteria 12% 6@.<"'"2% %"25.23" 

A N%7" 5" J<8# "2 J<8# J76#"2%"# "2 .L.< 58 )"4@18#D G") ./#'04')&,".#'0%4()&')#+!8"-'#)'-) !")

%"'J67.%87" #"';<"2% N%7" <"# K.3%"87# '.d"87# 42K<8.2% <. #%783%87" 5" <. 31''82.8%6 /B1<.2% 

"% .<DE FGHI0D >"# L.74.%412# #.4#1224&7"# #12% 6@.<"'"2% 1;#"7L6"#)E)!,%0#-".)&')!")4*$$+0"+-/)

#8<K.%1-76583%743" /P4<1%".8T "% .<DE FGHX0E  $"%#) "+4+0') -'0&"04') 0,")  *+.) !,42#%.2% 6%6 

56'12%76"D   

 h2 5"724"7 J142% 3123"72.2% 3"%%" 31''82.8%6 "#% #12 .#J"3% K123%4122"<D >"# 

.JJ713M"# '6%.J71%61'4:8"# /_782""< "% .<DE FGHH0 "% '6%.@621'4:8"# /W.M$ "% .<DE FGHU0 12% 

J"7'4# 5" 76L6<"7 5"# '"';7"# 5" <. 31''82.8%6 .3%4L"D ,.7'4 <"# '"';7"# .3%4K# 12% 6%6 
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7"%718L6# <"# @"27" ThiomonasE  AcidithiobacillusE AcidiphilumE Gallionella .42#4 :8" 5"# 

;.3%674"# .KK4<46# .8T  - !- "% "-proteobacteriaD =8 24L".8 58 #4%" (CbP /XG ' "2 .L.< 5" <. 

#1873"0E 82" 6%85" '6%.@621'4:8" "% '6%.J71%61'4:8" . J"7'4# <. 7"312#%4%8%412 5"# @621'"# 

5" ` '437117@.24#'"# 51'42.2%# /_"7%42 "% .<DE FGHH0D ("# @621'"#E 21''6# (=)?H A 

(=)?`E 3177"#J125"2% A <. K14# A 5"# @"27"# 56dA 56374%# %"<# Thiomonas #JD /(=)?F0 "% At. 

ferrooxidans /(=)?U0E A 5"# 212-38<%4L6# %"< (=)?` /J713M" 5" Gallionella0E 18 "2317" A 5"# 

7"J76#'0-"0-#)&,+0)0*+7'"+) 5J!+$ J713M" 5" Firmicutes 5.2# <"# 3.# 5" (=)?H "% (=)?ID 

("%%" 6%85" . '12%76 :8" 3"7%.42# J713"##8# %"<# :8" <. '1;4<4%6 "% <. #$2%M&#" 5" ;41K4<' 

#"';<.4"2-) 4.+4%"+>)  *+.) !") #+.7%') &"0#) !,CLF6) G'#) # /4%8%4%-/#) $/-"1*!%2+'#) &') 4'#)

'437117@.24#'"# /M6%671%71JM4"E .8%1%71JM4"E '4T1%71JM4"0 .42#4 :8" <"# 42%"7.3%412# %71JM4:8"# 

:84 "2 56318<"2% #"';<"2% 6@.<"'"2% N%7" 5" J7"'4&7" 4'J17%.23"D ^2K42E <" J71%4#%" Euglena 

mutabilis . 6@.<"'"2% 82 7f<" 4'J17%.2% .8 #"42 5" <. 31''82.8%6D ^2 "KK"%E 4< . 6%6 56'12%76 

J.7 82" .JJ713M" '6%.;1<1'4:8" :8" 3"%%" "8@<&2" #637&%" #J634K4:8"'"2% 3"7%.42# .345"# 

"$%0/#)#+4.'#() *!J"$%0'#)*+)&,"+-.'#)4*$ *#/#)-'!#)2+')!,+./')/O.<%"7 "% .<DE FGHF0D !. '.%4&7" 

17@.24:8" #6376%6" J.7 E. mutabilis J1877.4% N%7" 8%4<4#6" J.7 <"# .8%7"# '"';7"# 5" <. 

31''82.8%6D 

III - Le genre Thiomonas 

1 - Généralités 

 !" @"27" Thiomonas 7"@718J" 5"# ;.3%674"# @7.' 26@.%4K 5" %$J" ;.34<<"#E .JJ.7%"2.2% A 

!,*.&.')&'#)\+.]5*!&'.%"!'#)"+)#'%0)&')!")4!"##')&'#)^-J71%"1;.3%"74.D (" @"27" . 6%6 56K424 "2 

HYY` #84%" A 82" 6%85" JM$<1@626%4:8" 58 @"27" Thiobacillus ;.#6" #87 <"# =)? U+ "% He+ 

/Z17"47. .25 ='4<#E HYY`0D ("%%" 6%85" . "2 "KK"% 56'12%76 :8" <"# "#J&3"# Thiobacillus 

cuprinus /O8;"7 .25 +%"%%"7E HYYG0E Thiobacillus intermedius /!12512E HYeX.0E Thiobacillus 

perometabolis /!12512 .25 )4%%"2;"7@E HYe`0 "% Thiobacillus thermosulfatus /+M112"7 "% .<DE 

HYYe0E K17'.4"2% 82 3<8#%"7 JM$<1@626%4:8" 54#%423%D ,.7 <. #84%"E Thiobacillus delicatus 

/p.%.$.'.-W8d4'87. "% .<DE HYVXE HYVIl Z4[1@83M4 "% .<DE HY`e0  . 6@.<"'"2% 6%6 %7.2#K676 5.2# 

<" @"27" Thiomonas "2 %.2% :8" Thiomonas delicata /p.%.$.'. "% .<DE FGGe0D !"#  Thiomonas 

J.7%.@"2% .L"3 <"# Thiobacillus <.  3.J.34%6 A K4T"7 <" (CF .%'1#JM674:8" "% A 1T$5"7 5"# 

4*$ *#/#)%0*.3"0%2+'#)#*+8./#) *+.)!'+.) .*&+4-%*0)&,/0'.3%'6)R' '0&"0-E "<<"# 12% "2 J<8# <. 

J..-%4+!".%-/)&,+-%!%#'.)!')4".1*0')*.3"0%2+')4*$$')#*+.4')&,/0'.3%');*.3"0*-.* 5%'B)"%j18 5" 

3.7;12" /M6%671%71JM4"0 /Z17"47. .25 ='4<#E HYY`0D =42#4E <"# Thiomonas 12% 82 '6%.;1<4#'" 

L"7#.%4<"E J18L.2% N%7" .8%1%71JM"E M6%671%71JM"E 18 '4T1%71JM"D 
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 !"# Thiomonas %#*!/'#)S+#2+,E) ./#'0-)#*0-)#14% 4##8"# 5" #1873"# 3M.85"# /"D@D  Tm. 

islandica e( /B"#%"42#51%%47 "% .<DE FGHH00E #14% 5" '4<4"8T J1<<86# %"<# :8" <"# ".8T 8#6"#E <"# 

1*+'#)&,6J87.%412 /"D@D Tm. intermedia pHF /Z4<5" "% .<DE HYVX00E 18  <"# 57.42.@"# '424"7# 

.345"# /"TD Tm. arsenitoxydans X=# />8:8"#2" "% .<DE FGGV00 / 

Q.;<".8 H0D 

Souche Groupe Origine Référence 

Thiomonas arsenitoxydans 3As I 

DMA, ancienne mine de plomb et de 

zinc (Carnoulès, Gard, France) 

(Duquesne et al., 2008) 

Thiomonas sp. CB1 I 

(Arsene-Ploetze et al., 2010)  
Thiomonas sp. CB2 I 

Thiomonas sp. CB3 I 

Thiomonas sp. CB6 I 

Thiomonas sp. X19 II (Delavat et al., 2012) 

Thiomonas intermedia K12 I Eaux usées (Hamburg, Allemagne) (Milde et al., 1983) 

Thiomonas intermediaT I Rive d'un ruisseau (London, 1963b) 

Thiomonas thermosulfata ATCC 

51520 
I Boues d'épurations  (Shooner et al., 1996) 

Thiomonas perometabolis I Sol (Los Angeles, USA) (London and Rittenberg, 1967) 

Thiomonas sp. Ynys1 I Mine de charbon (Ynysarwed, UK) (Hallberg and Johnson, 2003) 

Thiomonas sp. WJ68 I 
DMA. Système de bioremédiation 

(Wheal Jane, UK) 
(Johnson and Hallberg, 2005) 

Thiomonas delicata  

(DSM 16361) 
II DMA, mine d'or (Cheni, France) (Battaglia-Brunet et al., 2006) 

Thiomonas delicata  

(DSM 17897)  
II Mine Cu-Pb-Zn-Au-Ag (Kosaka, Japan) 

(Katayama-Fujimura et al., 

1984) 

Thiomonas delicata Hö5 (DSM 

5495)  
II 

Mine d�uranium  (Poppenreuth, 

Allemagne) 
(Huber and Stetter, 1990) 

Thiomonas islandica 6C  

(DSM 21436) 
I Source chaude (Greandalur, Islande) (Vesteinsdottir et al., 2011) 

Thiomonas bhubaneswarensis 

S10 (DSM18181) 
I Source chaude (Atri, Odisha, Inde) (Panda et al., 2009) 

 

Tableau 1 Quelques souches de Thiomonas et lieux d'isolement (liste non - exhaustive) 

 !"# #183M"# 4##8"# 5" 57.42.@"# '424"7# .345"# 12% 56L"<1JJ6 5"# .5.J%.%412# A 3"# 

'4<4"8T J.7%438<4"7# 512% <. ./#%#-"04')"+>)$/-"+>6)F"0#)!')4"#)&')!,".#'0%4()4'#)$/4"0%#$'#)

31'J7"22"2% A <. K14# !,'>-.+#%*0) '-) !=*>J&"-%*0D ^2 "KK"%E 4< 6%6 56'12%76 :8" 3"7%.42"# 

Thiomonas "7"%'0-)!")4" "4%-/)&,*>J&'. !,".#/0%-" /=#/***00 "2 .7#624.%" /=#/B00E :8" 3" #14% "2 

312#17%48' /_.%%.@<4.-_782"% "% .<DE FGGF0 18 "2 38<%87" J87" /_.%%.@<4.-_782"% "% .<DE FGGel 

_782""< "% .<DE FGGXl >8:8"#2" "% .<DE FGGV0D (M"[ Tm. delicata "% Tm. arsenitoxydans X=#E 
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 !"#$%%%&'(#)'*)+ +#,'-.//('0.11(*2'0!, (-)2.1 !"#$ ! %&!'()#*+%, '&!($&-.(),/0&! 12#))#.%,#3

2-0$&)!&)!#%45!67789!2-:#$!&)!#%45!677;9!<0/0& $&!&)!#%45!677=>4!3!.4506)+.1'0(' !62#(1+-'(#)'*1'

'(?#$, '&! ,'@+-)#$)! ?#-! ,%! ?+$)-,*0&! A! %#! *,+3#))($0#),+$! $#)0-&%%&! "&! ?&)! (%('&$)! "#$ ! %& !

<BC!?+''&!A!D#-$+0%E 4!F& !Thiomonas!-&GH)&$)!"+$?!0$!,$)(-H)!@#-),?0%,&-!A!%#!I+, !@+0-!%#!

?+'@-(J&$ ,+$!"0!I+$?),+$$&'&$)!"& !(?+ : )E'& !@+%%0( !&)!@+0-!%&0-!*,+-&'(",#),+$4!!

2 - Phylogénie et évolution 
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Figure 28 A-Photo d'une micro-colonie du biofilm de Thiomonas sp. CB2. Rouge = cellules mortes ; Vert = 

cellules vivantes. B- Ratio des biovolumes de "cellules mortes / cellules vivantes" à  différentes concentrations 

d'As(III). D'après Marchal et al., 2011. 
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Abstract

Acid mine drainage (AMD) is a highly toxic environment for most living organisms due to the

presence of many lethal elements including arsenic (As). Thiomonas (Tm.) bacteria are found

ubiquitously in AMD and can withstand these extreme conditions, in part because they are

able to oxidize arsenite. In order to further improve our knowledge concerning the adaptive

capacities of these bacteria, we sequenced and assembled the genome of six isolates

derived from the Carnoulès AMD, and compared them to the genomes of Tm. arsenitoxydans

3As (isolated from the same site) and Tm. intermedia K12 (isolated from a sewage pipe). A

detailed analysis of the Tm. sp. CB2 genome revealed various rearrangements had occurred

in comparison to what was observed in 3As and K12 and over 20 genomic islands (GEIs)

were found in each of these three genomes.We performed a detailed comparison of the two

arsenic-related islands found in CB2, carrying the genes required for arsenite oxidation and

As resistance, with those found in K12, 3As, and five other Thiomonas strains also isolated

fromCarnoulès (CB1, CB3, CB6, ACO3 and ACO7). Our results suggest that these arsenic-

related islands have evolved differentially in these closely related Thiomonas strains, leading

to divergent capacities to survive in As rich environments.

Introduction

Recent studies revealed that both horizontal gene transfer (HGT) and Genomic Islands (GEIs)

may confer selective advantages to bacteria, and are essential in adaptation to extreme
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environments [1–3]. GEIs consist of discrete DNA segments (ranging from 10 to 200 kbp in

size) which sometimes differ in their nucleotide features (G+C content or codon usage) from

the rest of the genome, and have often been found in the vicinity of tRNA or tRNA-like genes.

The boundaries of these islands frequently correspond to perfect or near-perfect direct repeats

(DRs). These regions often harbor functional or cryptic genes encoding integrases originated

from phages or genes involved in plasmid conjugation processes. GEIs thus include elements

of other kinds such as integrative and conjugative elements (ICE), conjugative transposons and

cryptic or defective prophages and can result from one or several HGT events and genomic

rearrangements [2]. Thus, studying bacterial colonization of diverse niches is one way to

understand the forces driving bacterial evolution [4–6], which plays a particularly important

role in habitats with high levels of toxic metals that provide stressful conditions. These extreme

habitats can arise naturally, or as a result of human activities, although in both cases, bacteria

have adapted to thrive in these challenging ecological niches. Acid mine drainage (AMD) is an

excellent example of a stressful environment in which only few organisms can survive. Mining

activities, involving the processing of sulfide ores, lead to the production of toxic, metal rich

waste, and when mines are left exposed, weathering of the ores results in AMD [7]. Ultimately,

AMD contaminates runoff and produces streams with acidic pH and high concentrations of

heavy metals. Common pollutants include arsenite (As(III)) and arsenate (As(V)), two inor-

ganic forms of arsenic (As) which are highly toxic and dramatically impact microbial commu-

nity composition. The Carnoulès site in the south of France has a typical AMD profile with a

pH of approximately 3 and particularly high levels of As, ranging in concentration from 50 to

350 mg/L. This AMD is therefore an excellent model site to examine extreme microbial envi-

ronments and has been the focal point of a suite of studies [8–11].

Bacteria belonging to the genus Thiomonas are found ubiquitously at AMD sites and several

strains (including CB1, CB2, CB3, CB6 and 3As), have been isolated from the Carnoulès AMD

[12–16]. These facultative chemolithoautotrophic betaproteobacteria are able to use reduced

inorganic sulfur compounds (RISCs) as electron donors. Tm. delicata (previously Tm. arseni-

vorans b6) is capable of autotrophic growth while Tm. spp. CB1, CB2, CB3 and CB6 survive

only in the presence of organic carbon sources [13–15]. Using Comparative Genomic Hybrid-

ization (CGH), our previous work demonstrated that Thiomonas genomes have been shaped

by the acquisition and loss of GEIs, which may have helped strains adapt to different niches

within the AMD [16]. While it was possible to detect GEIs and uncover evidence of HGT using

the CGH approach, forces that lead to bacterial adaptation in toxic environments are not thor-

oughly understood. The genome of two Thiomonas strains, Thiomonas arsenitoxydans 3As

(3As) isolated from the Carnoulès AMD [16], and Thiomonas. intermedia K12 (K12) isolated

from sewage pipes [17], (http://genome.jgi-psf.org/thiin/thiin.info.html) are available in public

databases and provided the initial glimpse into the genetic capacity of these Thiomonas strains.

In particular, Tm. intermedia K12 has not been well studied and, to our knowledge, its phyloge-

netic relationship with other characterized Thiomonas strains, in particular with the Tm.

arsenitoxydans strain 3As was never analyzed. The DNA-DNA hybridization values proposed

suggest that while it clearly belongs to a different species, 3As is genetically related to the Tm.

intermedia strain, DSM 18155 [18]. The isolates designated as 3As, CB1, CB2, CB3 and CB6

are phylogenetically related and share more than 99% sequence ID according to the 16S rRNA

[16]. Despite their relatedness, these isolates each have unique metabolic capacities [15,16,19],

thus representing an ideal model system to analyze bacterial genomic divergence in extreme

and polluted environments on a fine evolutionary scale.

In this study, we sequenced the genome of strain CB2, and optimized the assembly in order

to compare this genome’s architecture to that of 3As and K12. Our results revealed that the

CB2 genome was subject to rearrangement and contains genomic islands involved in heavy
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metal transformation and resistance. Second, we sequenced the genomes of additional five

Thiomonas strains isolated from AMD and we compared those draft genomes with the

genomes of CB2, 3As and K12. This revealed that the Thiomonas strains that originated from

the AMD have adapted to an extremely hazardous habitat by maintaining specific GEIs that

confer As resistance as well as the capacity to oxidize arsenite.

Materials and Methods

Bacterial cultivation and growth conditions
In this study, the strains Thiomonas spp. ACO3, ACO7 were isolated on R2A agar medium (BD

Difco) after 7 days of incubation at 30ºC from sediments collected at the Carnoulès AMD after

being processed on a Nycodenz gradient as previously described [20]. The strains Thiomonas spp.

CB1, CB2, CB3, CB6, and 3As (DSM 22701) were previously isolated from AMD-impacted water

at the Carnoulès AMD (France) [14,16] and K12 was obtained from a corroded concrete wall of

the Hamburg sewer system [17]. After isolation or recovery from cryogenic stocks (for all strains

previously isolated) the Thiomonas spp. studied here were maintained at 30°C in modified m126

medium. The composition in one liter of diH2Owas: 4.5 g Na2HPO4; 1.5 g KH2PO4; 5.0 g Na2S2O3;

0.3 g NH4Cl; 0.1 g MgSO4.7H20; and 0.5 g yeast extract. The pH of the media was adjusted to 5.0

with H2SO4. Variations of this media included the addition of sodium arsenite (from a 500 mM

stock solution), at the concentration listed in the text. Klebsiella pneumoniae ozenaeKIIIA [21] was

used in the plasmid visualization experiment, and was grown in LB medium (BDDifco) at 30°C.

Assessment of arsenite oxidation
In an initial set of experiments, 100 mL of either standard m126 or m126 supplemented with 5

g/L glucose was inoculated with CB2 from a liquid preculture to an OD600 ~ 0.002 and then

was incubated at 30°C while horizontally shaking at 120 rpm. After 24 hours of unimpeded

growth, As(III) was added from a sterile stock to a final concentration of 3 mM. Uninoculated

flasks with the respective media served as abiotic controls. Samples of 1 mL were taken at daily

intervals and centrifuged for 10 minutes at 16, 000 x g. After centrifugation, the supernatants

were stored at 4°C in order to avoid precipitation of dissolved As salts observed in frozen sam-

ples. For speciation analysis, all samples were diluted 100-fold with distilled water before being

subjected to inductively coupled plasma mass spectrometry (ICP-MS) or inductively coupled

plasma atomic emission spectroscopy (ICP-AES) analysis. Standards of inorganic As(III) and

As(V) were used for calibration throughout all experiments. In a second set of experiments,

three independent 25 mL cultures of m126 supplemented with 1.33 mM of As(III) were inocu-

lated with CB1, CB2, CB3, CB6, K12 or 3As to an OD600 ~ 0.002. An abiotic control (no inocu-

lation) was also prepared. These cultures were incubated for 120 h at 30°C shaking at 120 rpm.

600 μL of the cultures were sampled at 0 h, 24 h, 48 h, 72 h, and 120 h of growth and were

immediately centrifuged at 10, 000 x g for 10 min, after which 500 μL of the supernatant was

diluted in 12 mL of ultrapure water. This dilution was then injected in an anion-exchange chro-

matography column (BOND ELUT JR-SAX, 500MG, Agilent Technologies) which retained

the As(V), while the flow through fraction contained As(III). The bound As(V) was eluted

with 0.12 M HCl solution. The two As(III) and As(V) fractions obtained were conserved at

4°C, and the As concentration was assessed by ICP-AES.

Determination of arsenite minimal inhibitory concentration (MIC)
20 mL of m126 was inoculated with K12, CB1, CB2, CB3, CB6, 3As, ACO3, or ACO7 to an

OD600 ~ 0.002 and incubated for 40 h at 30°C, with shaking at 120 rpm. After growth, the
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cultures were diluted to an OD600 ~ 0.1 and serial dilutions were then made in m126. Then,

2 μL of each dilution was spotted on solid m126 plates supplemented with different concentra-

tions of arsenite (1.33 mM and from 6.67 to 16 mM), and incubated at 30°C for 10 days.

Western blot
Monoclonal antibodies raised against the AioA peptide were obtained from Perbio Science

(Erembodegem, Belgium). Briefly, a peptide with the sequence CGYHAYTWDADREG

GRAPHC was synthesized. This peptide corresponds to the N-terminal amino acids residues

29 to 47 of the arsenite oxidase large subunit of Tm. arsenitoxydans 3As. The peptide was then

coupled to keyhole limpet haemocyanin (KLH). Two rabbits were injected with peptide-KLH

and bled at day 90. Antibodies were partially purified on an affinity column substituted with

the peptide. Excess antibodies were removed by repeated washing with PBS and then 50 mL of

a stationary phase culture in m126 was prepared containing 0, 0.67, 1.33 or 2.66 mM As(III)

and centrifuged at 7, 000 x g. The pellets were suspended in Laemmli buffer [22] and boiled for

1 min. 15 μL of these extracts were separated by SDS-PAGE using a AmershamTM ECLTM gel

4–12% (GE Healthcare). After SDS-PAGE electrophoresis, the proteins were electrotransfered

to a PVDF low-fluorescent membrane (Thermo Scientific) using a TE77 Semi-dry transfer unit

(Amersham Biosciences) at 45 mA for 1 h according to the manufacturer’s instructions. The

membranes were blocked in SuperBlock
1

blocking buffer (Thermo Scientific) and then washed

three times in PBS2 buffer (80 mM Na2HPO4, 20 mM NaH2PO4, 100 mMNaCl, 0.01% tween

20) and incubated for 1 h with AioA antisera (1:1, 000 dilution) in PBS. After a 1 hour incuba-

tion in PBS containing the secondary antibody (1:5, 000 dilution of goat anti-rabbit IgG

DylightTM 488 conjugated highly cross-adsorbed, Thermo Scientific), the membrane was

washed twice with PBS in the dark and assessed using a Typhoon Scanner (GE Healthcare).

Sequencing, annotation and optical map analysis of the Thiomonas spp.
genomes
The 3As genome was previously sequenced and described [16], while the K12 genome was

sequenced by the US DOE Joint Genome Institute (NC_014153.1, NC_014154.1,

NC_014155.1). The genomes analyzed for this study were integrated into the MicroScope plat-

form [23–25]. CB1, CB2, CB3, CB6, ACO3, and ACO7 genomic DNAs were prepared using

the Wizard genomic kit (Promega). The Thiomonas CB2 genome was sequenced de novo by

MWG operon (http://www.operon.com/) using Roche 454 Sequencing through the use of shot-

gun and paired end (8 kb in size) libraries. The 425, 947 reads gave a 28x coverage. The assem-

bly with Newbler (454 Life Science/Roche) yielded 92 contigs and ultimately 16 scaffolds. To

optimize the CB2 assembly and to compare it to that of K12 and 3As, an optical map was gen-

erated using the Argus™Whole-Genome Mapping System (www.opgen.com, Gaithersburg,

Maryland, USA). The optimal restriction enzyme BglII was chosen using “Enzyme Chooser”

(OpGen Inc., Gaithersburg, MD), a software program allowing for the identification of the best

enzyme for analysis. The selected enzyme produced an average fragment 6–12 kb in size with

no single restriction fragment larger than 80 kb across the genome. Overall, 180 single-mole-

cule restriction maps with an average size of 214 kb each were generated. The assembly of dif-

ferent molecules permitted us to obtain a unique circular map (3.5 Mb). Contig fasta files were

imported into MapSolver™ software and in silicomaps were created using BglII restriction sites.

The in vitro and in silicomaps were compared for each of the 16 scaffolds, enabling their reor-

ganization into 9 scaffolds. The largest scaffold spanned 3.8 Mb, which was over 98% of the

CB2 genome sequence. Accession numbers for the CB2 genome (EMBL database) are from

LK931581 to LK931672.
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The CB1, CB3, CB6, ACO3 and ACO7 genomes were sequenced on an Illumina instrument

(www.illumina.com). Genomic DNA of the strains CB1, CB3, and CB6 was fragmented and

inserts approximately 8 kb in length were selected to construct mate pair indexed libraries.

These libraries were loaded on a MiSeq sequencing device flowcell and sequenced on pair-

ends, 150 nt length. CB1, CB3, and CB6 reads were assembled in parallel using Velvet (De

Bruijn Graph) (https://www.ebi.ac.uk) and using Newbler (OLC) (www.roche.com, Basel,

Switzerland) followed by SSPACE [26] to organize the contigs longer than 500 nt. The different

assemblies were compared and the best were retained (performed with Newbler for CB1 and

CB6 and with Velvet for CB3). The gap filling was completed for the 3 strains using GapCloser

(http://soap.genomics.org.cn/soapdenovo.html) on scaffolds more than 2 kb. Genomic DNA

of ACO7 and ACO3 were fragmented and inserts between 500 and 600 nt were selected to con-

struct pair-end indexed libraries. These libraries were loaded on a MiSeq sequencing device

flowcell and 300 nt length sequences were obtained for each extremity. The data were merged

before assembly with Newbler and in order to reduce the number of undetermined bases, Gap-

Closer was used. Due to the high similarities of sequence between these genomes and the refer-

ence strain 3As genome, contigs longer than 500 nt were then organized by comparison with

3As genome sequence. Accession numbers for the CB1, CB3, CB6, ACO3 and ACO7 genomes

are LN831666-LN831688, LN831730-LN831775, LN831689-LN831714,

CTRK01000001-CTRK01000065 and CTRL01000001-CTRL01000068, respectively (EMBL

database).

The automated annotation was completed by Genoscope (Centre national de séquençage

français) with the MicroScope platform [23–25]. MicroScope uses the Prokaryotic Genome

DataBase (PkGDB), to analyze and compare the annotation of genomes of bacteria and

Achaea. A manual annotation was completed for genes in the CB2 genomic islands RGP10,

RGP19, and RGP9. The data and annotations are accessible using the MicroScope web inter-

face, MaGe (Magnifying Genomes). Whole genome comparisons were performed using the

nucmer module of the MUMmer 3.0 program [27] with default parameters. Dot plot figures

were subsequently generated using mummerplot with the color parameter on. RGP finder, a

module in MaGe [25] was used to initially identify and compare the genomic islands of Thio-

monas strains. Comparative genomic analyses were performed using the MicroScope plateform

tools (“Pan/core-genome” option) using the default MICFAM parameters.

Visualization of plasmids
Plasmids were visualized using the Wheatcroft’s method method [28] with some modifications.

Klebsiella pneumoniae ozenae KIIIA [21] was grown at 30°C in LB. This strain contains 3 plas-

mids with estimated sizes of 225 kb, 130 kb and 45 kb [29]. Thiomonas strains were grown at

30°C in m126 medium. For each strain, a volume of culture equivalent to 1.5 mL of cells at

OD620nm = 0.4 was harvested and centrifuged for 3 min at 13, 000 x g and 4°C. The pellet was

suspended in 0.5 mL water at 4°C. The cell suspension was layered onto 1 mL of 0.3% N-laur-

oylsarcosine sodium salt solution and centrifuged at 13, 000 x g for 3 min at 4°C. The pellet was

immediately resuspended in 40 μL of 40 mM Tris, 10 mM EDTA, 20% Ficoll and incubated on

ice for 15 min. A 0.75% agarose gel (pulse field certified agar, Bio-Rad) was prepared with TBE

buffer and 25 μL of 10% SDS containing xylene cyanole was loaded in each well. Migration was

completed in TBE buffer at 100 V reversing polarities of the electrodes until the dye migrated 1

cm behind the wells. 20 μL of lysis solution was added to each cell suspension and 60 μL was

loaded on the gel. The lysis solution used for K. pneumoniae and T. intermedia K12 contained

100 mM Tris, 10 mM EDTA, 0.4 mg/mL RNase and 10 mg/mL lysozyme. For CB1, CB2, CB3,

CB6 and 3As, 10 mg/mL proteinase K and 4 μL/mL ß-glucanase 2 (20 mg/mL) were added to
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the lysis solution and the lysozyme concentration was increased to 15 mg/mL. Migration was

performed at 50 V for 30 min and then at 100 V for 5 h. The gel was stained with ethidium bro-

mide and visualized under a UV-transilluminator.

PCR experiments
Cells were grown in m126 medium for 48h and centrifuged at 5, 000 x g for 15 minutes. DNA

was extracted as previously described [15]. The presence of the two plasmids was verified by

PCR using a Taq Core Kit (MP Biomedicals). Each reaction mixture (total volume of 25μL)

contained 250 ng of DNA. Thermocycling conditions were as follows: 2 minutes at 94°C fol-

lowed by 35 cycles of 40 seconds at 94°C, 45 seconds at 61°C and 4 minutes at 72°C. A final

elongation step at 72°C for 7 min was added. Primers were designed as follows: 870001_280sor

5’-CAGCGATGTGCACATCGAGC-3’, 870008_10220sor 5’-GCAGTAGCTCGCGGAT

GATG-3’, 880002_180sor 5’-CGTTCTAGGCGTACCGGTAC-3’, 8800035_20340sor 5’-

CAGCGCAAGTCTTCCTGGTC-3’, 890001_145sor 5’-CGATCGTACTGGGTGAGCTC-3’,

890016_7140sor and 5’-GAGCCTGAGCGTGAGCAATC-3’ for the ascertainment of the two

plasmids and 730161-830for 5’-GCCTGCTGTACGAAGCCAAC-3’, 730162-1610rev 5’-

CCACGATCAGGTCGACAACC-3’, 780013-120for 5’-GCGGCTAAGTCTGAGGAACG-3’

and 780014-850rev 5’-CCGTCGGATGTGTCGATGTG-3’ for testing the circularization of the

ICE19. Products of amplification were sequenced at Eurofins Genomics.

RNA sequencing
CB2 was cultivated in 20 mL of m126 liquid medium until OD600 = 0.2. Cells were then diluted

12.5-fold in the same medium in the absence or presence of 1.3 mM As(III) and incubated in a

6-well plate (Costar, Corning, USA) without shaking. After 48 h the planktonic cells were care-

fully removed and new sterile medium was added. After 72 h the planktonic cells were

removed, biofilm cells were washed 2-times with NaCl 9 g/L and were manually recovered by

scratching the dishes with NaCl 9 g/L. Cells were pelleted by centrifugation for 15 min at 4, 000

x g. RNA was extracted from these pellets as previously described [30]. For RNA-Seq, enriched

mRNA was obtained from 10 μg of total RNA using the rRNA capture hybridization approach

from the RiboZero kit (Epicentre, Singapore), according to the manufacturer's instructions.

For high-throughput sequencing, non-directional cDNA libraries were prepared from enriched

fragmented mRNA using the RNA sample preparation kit, set A (Illumina, San Diego, CA,

USA). Fragments of cDNA of ± 150 bp, ligated with Illumina adapters and amplified per PCR,

were purified from each library. Quality and quantity was confirmed on a Bioanalyzer (Agilent,

Santa Clara, CA, USA). Sequencing of 51 bases was performed in single-end mode, using an

Illumina HiSeq2000 instrument (Illumina). Reads were cleaned from the adapter sequences

and from sequences of low quality using an in-house program. Only sequences with a mini-

mum length of 25 nt were considered for further analysis.

The Bowtie program was used to align the reads to the Thiomonas CB2 genome. Statistical

analyses were performed with R software [31] and Bioconductor packages [32]. Normalization

and differential analysis were carried out according to the DESeq model and package [33]. A

Benjamini and Hochberg (BH) [34] p-value adjustment was performed to take into account

multiple testing and control the false positive rate to a chosen level, α set to 0.05, yielding 42

up-regulated genes, i.e. more expressed in the presence of As than in the absence. In order to

compare expression levels between different genes, normalized expression values were com-

puted as follows: counts were first normalized with DESeq in order to make reads comparable

between samples; these normalized counts were then divided by gene length (in nt) and multi-

plied by 1, 000, in order to obtain expression levels by kilobase.
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Results

Genome sequencing of Thiomonas strains and assembling
There were several strains used in this study that were previously isolated from the Carnoulès

AMD: 3As, CB1, CB2, CB3, and CB6. Here, we also report two novel strains isolated from this

AMD community: ACO3 and ACO7. Since the phylogeny of closely related strains is difficult

to resolve using only the 16S rRNA gene, we combined five markers (rpoA, dnaK, atpD, 16S

rDNA, and 23S rDNA) to clarify the relationships among these Thiomonas strains (Fig 1). The

resulting maximum likelihood and Bayesian trees showed that 3As, CB1, CB6, ACO3, and

ACO7 are very closely related (bootstrap value (BV) = 99% and posterior probability (PP) =

1.0), and cluster with CB3 and CB2, while K12 is more divergent (BV = 82% and PP = 1.0).

The genomes of CB1, CB2, CB3, CB6, ACO3, and ACO7 were sequenced. While CB2 har-

bors the most divergent genome compared to 3As among these strains, we attempted to obtain

the most complete genome assembly of possible for this strain. The CB2 scaffold organization

was determined with an optical map, and of the 16 scaffolds, of which organization of twelve

was possible. Five scaffolds could not be mapped precisely to the genome: two were too small

(5 and 2.4 kb) to be assembled according to the optical map, and the other three (20.9, 10.8 and

7.9 kb) likely correspond to plasmid DNA as is indicated by the presence ofmob and par genes

which are involved in plasmid mobilization, replication, and stabilization [35–38]. PCR experi-

ments were performed showing that the 7.9 Kb scaffold correspond to one small plasmid and

Fig 1. Maximum likelihood tree of the Thiomonas strains included in this study. The tree is based on the concatenated alignment of rpoA, dnaK, atpD,
16S rDNA, and 23S rDNA genes (8628 nucleotide positions). The sequences were aligned with the MUSCLE and trimmed with GBLOCKS programs
implemented in SEAVIEW software version 4.5.4 [46] and then concatenated. The tree was inferred with PhyML version 3.1 [47], using the GTR+Γ4 model
as suggested by the proposed model tool implemented in TREEFINDER v2011 [48], using the NNI+SPR option for topology search. Values at branch nodes
correspond to bootstrap values (100 replicates) calculated with PhyML and to posterior probabilities calculated with MrBayes version 3.2.2 [49], with the GTR
+ G4model. The scale bar represents the average number of substitutions per site.

doi:10.1371/journal.pone.0139011.g001
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the two other scaffolds (20.9 and 10.8 Kb) correspond to one plasmid of 31.7 Kb (data not

shown). Moreover, electrophoresis of CB2 gDNA detected an extra chromosomal element less

than 40 kb in length (S1 Fig), which further supports the presence of the 31.7 Kb plasmid. Simi-

larly, one plasmid was detected in CB1 (approximately 40 kb), and two were detected in CB3

(one of approximately 40 kb and one less than 40 kb) however, no plasmid was detected in

CB6 (S1 Fig). These observations are in agreement with genomic data since, in the case of CB1

and CB3, the presence of regions similar to the 3As plasmid pTHI (46.8 kb) [16] suggested that

plasmids similar to pTHI were present in CB1 and CB3. These observations revealed that Thio-

monas strains harbor various plasmids of different sizes with different sets of genes.

General features including the GC-contents (63.7%– 63.9%) are similar among the eight

strains, while the genome size and gene content varied from 3.4 Mb (K12) to 4.3 Mb (CB3) (S1

Table). The CB3 genome was larger, due in part to multiple duplications (77 tandem duplica-

tions including five large duplications (>10 genes)) and had a higher percentage of repetitive

sequences compared to the other genomes (S1 Table). Finally, a comparative genomic analysis

of CB2, 3As, and K12 revealed that the pan genome of these three strains is comprised of 11,

016 genes, while the core-genome encompassed 7, 381 genes (80% of amino acid identity, 80%

alignment coverage), representing 66.8%, 65.0%, and 69.4% of the 3As, CB2, and K12 prote-

omes, respectively. This analysis also highlighted that 285 genes are present in CB2 and 3As

(isolates from the Carnoulès AMD,) but not in K12 (https://www.genoscope.cns.fr/agc/

microscope/home/index.php). These genes encode enzymes involved in glutamate, biotin, and

cobalamin biosynthesis, toxic metal resistance, nitrite and nitrate reduction, sulfate assimila-

tion, transcriptional regulation, permeases, methyl-accepting chemotaxis proteins, transport-

ers, as well as proteins of unknown function (https://www.genoscope.cns.fr/agc/microscope/

home/index.php) representing 7.5% (CB2) to 7.8% (3As) of the AMD genomes, and possibly

required for survival in AMD.

Comparison of the genome structure of Thiomonas strains CB2, 3As,
and K12
Previous analysis based on the use of CGH revealed dramatic variation in the genomic content

of eight Thiomonas strains (CB1, CB2, CB3, CB6, 3As, Tm. arsenivorans, Ynys1 and Tm. pero-

metabolis) despite their phylogenetic proximity. Indeed, the 16S rDNA/rpoA-based phylogeny

of the CB1, CB2, CB3, CB6, and 3As isolates (which share a 97% nucleotide identity), as well as

DNA-DNA hybridization experiments, suggested that while they are indeed 5 different strains,

they are of the same species. However, subtle physiological differences were observed among

the isolates, and only 74.7% of the genome of strain 3As was sufficiently conserved to allow

hybridization using the CGH approach [16]. Nevertheless, this did not allow for the compari-

son of genomic synteny or to detect if the genomes shared similar architectures. Here, due to

the high quality of sequence assembly, the architecture of the 3As, K12 and CB2 genomes

could be compared and the genomic islands identified. Dot plots were constructed for pairwise

genomic comparisons among the three isolates, revealing striking similarities between 3As and

K12 compared to the CB2 genome (Fig 2A). The 3As and K12 genomes are highly syntenic

and similar in gene content (Fig 2A), although 3As harbors several insertions (indicated by

breaks in the line) and one inversion compared to K12. In contrast, genome organization

between CB2 and 3As is not well conserved due to a variety of rearrangements and inversions

(Fig 2A). Since the 3As and K12 strains are phylogenetically distant but harbor similar genomic

organization (Figs 1 and 2A), we hypothesize that these genomes represent the ancestral state,

while that of CB2 is more derived (Fig 2B). Accordingly, three major genomic rearrangements

and inversions could have occurred in the CB2 lineage after its divergence from the two others
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strains: (i) the translocation of a 0.1 Mb region; (ii) the inversion of a 1.8 Mb region, and (iii)

the translocation and inversion of a 0.13 Mb region (Fig 2B).

The CB2 genome is larger than that of 3As and K12 due to the presence of sizable regions

that may correspond to GEIs. Careful analyses were completed on the CB2, 3As and K12

genomes to define GEIs (also referred to as Regions of Genomic Plasticity or RGPs by “RGP

finder”), a module in the MaGe platform (https://www.genoscope.cns.fr/agc/microscope/

home/index.php). According to the criteria used, the 3As genome harbored 30 GEIs, among

which 19 were identified previously using the CGH approach [16]. Twelve GEIs were specific

to 3As and 5 were shared with K12. We identified 24 GEIs in the K12 genome, 11 of which

were specific to this strain. We then carefully analyzed the 20 GEIs identified in CB2, which

were> 5 kb, and accounted for more than 27.8% (1, 065 CDS) of the genome (S2 and S3

Tables). The island identified as RGP19 was composed of at least two distinct islands, labeled

RGP19 and RGP20 (S3 Table), since these genes were found in a different scaffold. Remark-

ably, genes involved in plasmid conjugation (tra or trb genes) were found on five of these GEIs,

suggesting that these sequences were perhaps originally acquired by plasmid conjugation and

integration. Four CB2 GEIs, i.e. RGP5 (29.8 kb, 26 genes), RGP8 (35.7 kb, 32 genes), RGP12

(36.3 kb, 33 genes) and RGP17 (9.9 Kb, 12 genes) contain genes with homologs in distantly

related bacteria (https://www.genoscope.cns.fr/agc/microscope/home/index.php) but not in

3As and K12, or in other Thiomonas genomes (S3 Table). In RGP12, of the 33 genes 4 genes

were found duplicated in CB2 in another GEI and involved in urea transport. Overall, these

data suggests that CB2 acquired the corresponding genes via horizontal gene transfer. The 3As

and K12 genomes shared five and four distinct GEIs with CB2, respectively, while only two

islands (RGP1 and 13) were found in all three genomes. Interestingly, genes found in RGP7

and a large part of RGP19 of CB2 were present in all other AMD strains (CB1, CB3, CB6, 3As,

ACO3, and ACO7) but not in K12, suggesting that these two islands were most likely impor-

tant for survival in AMD. The RGP7 contains almost exclusively proteins of unknown func-

tion, while RGP19 carries genes involved in As resistance and transformation (S3 Table) and

was further analyzed in detail.

Fig 2. Comparison among the CB2, K12, and 3As genomes. (A) Dot plot, CB2 vs 3As and 3As vs K12. The genomes of 3As and K12 are well conserved
while the CB2 genome appears to have undergone chromosomal rearrangements. (B) Scheme demonstrating the key differences between the Thiomonas

ancestor and CB2 genome. Above, “1”, “2” and “3” highlight a translocation of 0.1 Mb, an inversion of 1.8 Mb and a translocation and inversion of 0.13 Mb,
respectively.

doi:10.1371/journal.pone.0139011.g002
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Detailed analysis of the ars and aio genes of CB2, involved in As
metabolism
Microbial mechanisms to mitigate the toxic effects of As include the expression of ars genes,

which encode an arsenite (As(III)) efflux pump (arsB) and an arsenate (As(V)) reductase

(arsC) and allow bacteria to reduce arsenate to arsenite in order to ultimately extrude it from

the cell [35]. These genes are usually present as a three-gene operon, arsRBC, with arsR encod-

ing a transcriptional regulator, or an extended five-gene operon arsRDABC, with arsA encod-

ing an ATPase involved in As(III) extrusion, and arsD encoding an arsenite chaperone that

transfers arsenite from glutathione-bound complexes to the ArsA subunit of the ArsAB com-

plex. The arsA and arsD genes supposedly confer higher levels of resistance [35]. Another

mechanism of As resistance involves the aio operon that encodes proteins involved in detoxify-

ing arsenite by oxidizing As(III) to arsenate As(V) or utilizing As(III) as an electron donor

[35].

The CB2, K12, and 3As Thiomonas genomes harbor an arsRICB operon, sharing more

than 97% of similarity at the nucleotide level, that is not located in a GEI but in a very con-

served region of these three genomes. Both CB2 and 3As have an additional arsRDACB

operon with a shared 91% identity at the nucleotide level, located in a GEI in both genomes.

In CB2, this operon is found on RGP19, directly upstream from an aio locus, while in 3As,

it is located on The ThGEI-O described previously [16]. In CB2, two versions of the aio

operon, sharing less than 90% identity at the nucleotide level, are located in two distinct

GEIs (referred to from now on as “arsenic genomic islands”) (Fig 3). One copy is encoded in

RGP19 of CB2, while the second is located in RGP10. In contrast, a single aio operon is

found in 3As [16] and in K12 (this work). The CB2 AioA and AioB proteins encoded by the

operon located on RGP19 both share 100% identity with the proteins encoded by 3As, and

84% and 88% identity with those of K12, respectively (Table 1). However, the AioA and

AioB encoded by the operon on RGP10 share 82% and 89% identity with the 3As proteins

and 87% and 98% identity with those of K12 (Fig 3 and Table 1). These observations revealed

than one copy of the aio locus and associated genes of CB2 (located on RGP19), were more

related to those in 3As, whereas the second copy of the aio and associated genes in CB2

(located on RGP10), were more related to those found in the unique aio locus of K12 (Fig 3,

Table 1 and S2 Fig). To test if the genes are functional in CB2, we assessed the extent of As

(III) oxidation, and found that more than 60% of As(III) was oxidized to As(V) within 48 h,

followed by a slow reduction of As(V) during the stationary growth phase (Fig 4). In other

Thiomonas isolates, where arsenite oxidation is involved in energy production, this activity

was reduced in the presence of a preferred substrate. In our work, the addition of glucose to

m126 caused a severe inhibition of As(III) oxidation in CB2 (Fig 4), suggesting that CB2 may

use either arsenite or glucose as an electron donor and the inhibition of the arsenite oxida-

tion could be due to a catabolite repression. Finally, we investigated if both copies of the aio

genes were expressed in two growth conditions. First, RNAseq was performed on cells grown

in conditions favoring biofilm formation (without shaking) and revealed that the expression

of the ars and the aio genes (two copies of each operon), and also other genes from these two

islands, are induced by As(III) (S4 Table). Second, a Western blot was performed to deter-

mine if both copies were synthetized during aerobic growth. In shaken liquid cultures, we

observed that indeed, the two aioA genes were expressed only in the presence of As(III) (S3

Fig), as was found previously in 3As [18]. Altogether, these experiments demonstrated that

both CB2 aioAB operons are functional.
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Fig 3. Synteny of the aio loci of the Thiomonas spp. isolates. The top portion represents the RGP19-like region present in each genomes and the bottom
portion represents the RGP10-like region. The% of nucleotide identity is expressed along a grey scale. The genes involved in the arsenic oxidation are
localized on the aio operon (red). The aioX (orange), aioR (brown) and aioS (yellow) code for proteins involved in regulation and expression of aioBA. The
cytochrome genes (green) are likely involved in electron transfer. ThemoaA gene (dark blue) is involved in the biosynthesis of molybdopterin, an essential
co-factor for the catalytic activity of the protein. Black arrow represents CDS with no known function. Figures were generated with Easyfig [50].

doi:10.1371/journal.pone.0139011.g003

Table 1. Percent of identity between AioA and AioB of CB2, 3As and K12. Whereas both 3As and K12 encoded a single copy of AioA and AioB, CB2
encoded two copies of each protein, one in RGP19 and another in RGP10. AioA and AioB of CB2 encoded in the RGP19 shared more identity with AioA and
AioB of 3As (99.9% and 100% respectively). However, AioA and AioB encoded on the RGP10 share more identity with AioA and AioB of K12 (86.9% and
98.3% respectively).

AioA AioB

3As K12 CB2-1 CB2-2 3As K12 CB2-1 CB2-2

3As - 83.7 99.9 82.2 - 87.7 100 88.8

K12 83.7 - 83.8 86.9 87.7 - 87.7 98.3

CB2-1 99.9 83.8 - 82.4 100 87.7 - 88.8

CB2-2 82.2 86.9 82.4 - 88.8 98.3 88.8 -

doi:10.1371/journal.pone.0139011.t001
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Comparison of the two CB2 arsenic genomic islands with those found in
other Thiomonas strains
RGP19 is 338.7 kb long and contains genes implicated in resistance to various heavy metals

(As, mercury, copper, zinc, and cadmium). Genes involved in sulfate assimilation (cys genes)

and biotin synthesis (bio genes), were also present in this genomic island. In fact, many inte-

grases are also located on RGP19, as well as genes involved in conjugation, including phage

integrase and relaxase. 49 bp nearly perfect direct repeats are located at the left extremity of

RGP19 and between gene THICB2v3-780013 and -780014, and the region between these two

repeats contains tra and trb genes involved in conjugation (Fig 5). The excision and circulariza-

tion of this part have been confirmed by PCR in CB2 (Fig 5C and data not shown). All these

observations emphasized the fact that this region has been acquired after insertion and is or, at

Fig 4. CB2 capacity to oxidize arsenite. Concentrations of As(III) (squares) and As(V) (triangles) are shown for CB2 cells grown in m126 medium in the
presence of 2.66 mM of As(III) (full symbols) and m126 medium in the presence of 2.66 mM of As(III) and supplemented with glucose (hollow symbols). Error
bars indicate standard deviations of triplicate cultures. No As(III) oxidation was observed in abiotic controls (data not shown).

doi:10.1371/journal.pone.0139011.g004
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some point, was mobile. Consequently, this part of RGP19 (from 3533461 to 3796598, 185,5

Kb) has the characteristics of an integrative and conjugative element (ICE) [36], and has been

designated ICE19 and the repeats designed attL and attR (Fig 5). We observed that the arsenic

island is not syntenic in 3As as compared to CB2 and only part of this ICE19 is found in 3As

(in the genomic island previously named ThGEI-O [16], Fig 5). In particular, the tra and trb

genes were not found in the ThGEI-O and therefore this island has not the characteristics of an

ICE. In 3As, ThGEI-O is located in the middle of a gene encoding a 4Fe-4S ferredoxin, whereas

in CB2, ICE19 is found near the fbp gene encoding fructose-1,6-bisphosphatase and the Thr

tRNA. The presence of direct repeats (DR) at the both sides of the ThGEI-O (RGP19-like

island) in 3As was previously described [16] and indicates a probable insertion by site-specific

recombination in the gene encoding a 4Fe-4S ferredoxin. Interestingly, similar repeats are also

found in the ICE19 of CB2, although one is slightly different, perhaps due to punctual muta-

tions occurred after the insertion or rearrangement of genes in this region (Fig 5). These obser-

vations suggest that the two islands, ThGEI-O in 3As and RGP19 in CB2, may have similar

origin but evolved differently in the two strains.

RGP10 is shorter (91.2 kb) than RGP19 and contains genes encoding transporters as well as

those involved in resistance to cobalt or acriflavine. In addition, RGP10 encodes a hydrogenase

similar to that of a gastropod endosymbiont Gammaproteobacteria, which possibly acquired

the relevant genes by HGT [37]. A region containing genes similar to those in RGP10 was

detected in K12, however, it is shorter in K12 in comparison to RGP10 (S2 Fig). In CB2, an

additional region was identified that is not harbored by K12, which includes genes encoding

transposases, integrases, and proteins of unknown function. All in all, these observations sug-

gest that the two CB2 arsenic islands RGP19 and RGP10 are different, at least in part, from

those of 3As and K12, respectively.

Fig 5. Schematic diagram of ICE19 in CB2. This figure shows one part of the arsenic island of CB2 (RGP19) that has the characteristics of an ICE (called
ICE19) (A) Alignment of ICE19 of Thiomonas sp. CB2 with its cognate portion found in the strain 3As (ThGEI-O). The arsenic island RGP19 of CB2 is
localized in a different genomic region that ThGEI-O in 3As. The ThGEI-O of 3As (upper portion of the figure) is localized in a gene encoding a 4Fe-4S
ferredoxin which is intact in CB2. Direct repeat sequences are indicated. (B) Sequence comparison of the almost perfect direct repeat flanking the ICE19.
attL: left DR; attR: right DR. (C) Schematic representation of the integrated and circular form of the ICE19 of CB2, which were detected by PCR. The
sequence attI is identical to attR and attB identical to attL. The % of nucleotide identity is expressed along a grey scale. Figures were generated with Easyfig
[50].

doi:10.1371/journal.pone.0139011.g005
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To further analyze these two arsenic genomic islands, we searched for the genes involved in

As metabolism in the CB1, CB3, CB6, ACO3, and ACO7 draft genomes. Interestingly, multiple

copies of the aio/ars genes were in some strains (Fig 3). In fact, the ACO3 and ACO7 genomes

are very similar to the 3As genome and encode only one copy of the aio genes (https://www.

genoscope.cns.fr/agc/microscope/home/index.php). CB1 and CB6 strains harbour one copy of

the aio genes, found in RGP10, with a frameshift in the aioA sequence, and one copy of the

aio/ars genes is found in CB2 RGP19 (Fig 3 and S2 Fig). A Western blot revealed that only one

copy is indeed expressed in CB1, CB6, ACO3, and ACO7 strains with a similar apparent

molecular weight when grown in the presence of arsenite (S3C Fig). Interestingly, the genome

of the CB3 strain contains five copies of the ars genes as well as four copies of the aio loci,

which were clearly located on different contigs. The aio genes in CB2 RGP19 were identified in

3 copies in CB3 (Fig 3); however, one aio cluster was only partially intact (only one aioA frag-

ment and no aioB) and found on a short scaffold. Interestingly, at least two copies of aioA were

expressed in the presence of arsenite in CB3 and the proteins migrated similarly to the two

CB2 AioA proteins (S3C Fig). The synteny around the aio genes was analysed in more detail in

these Thiomonas strains (Fig 3 and S2 Fig). It has to be mentioned that this synteny analysis

was limited by the scaffolds limits in each of the draft genomes. Indeed, the synteny of the

entire CB2 RGP was occasionally not clarified in other genomes since the scaffold organization

could not be deciphered. Nevertheless, this analysis revealed that in all strains, the synteny of

the aio/ars genes was conserved (Fig 3), whereas the synteny of the other genes from these

islands was not (S2 Fig). These observations further support the hypothesis that these two arse-

nic islands have evolved differently in these Thiomonas strains through multiple genomic rear-

rangements or HGT.

Finally, we investigated if the number of aio and ars genes influenced resistance to As(III)

and its oxidation efficiency in Thiomonas strains. The MIC for As(III) was previously deter-

mined in liquid culture, however, in this study we tested the As(III) resistance on solid media

with a narrow range of As(III) concentrations. We observed that the CB2 and CB3 strains are

slightly more resistant than K12, ACO3, and ACO7 while the strains 3As, CB1, and CB6 dem-

onstrated the lowest levels of As(III) resistance (S5 Table). We also determined if the kinetics

of As(III) oxidation to As(V) were similar in all these strains by measuring the As(III) and As

(V) concentrations over 120 h (S4 Fig). The As(III) oxidation activity of K12 was lower com-

pared to the strains isolated from the AMD strains (CB1, CB2, CB3, CB6 and 3As). No dra-

matic difference in the As(III) oxidation was observed between the AMD strains suggesting

that despite several copies of aio genes, CB2 and CB3 did not oxidize As(III) more rapidly than

the other strains, this activity was even slightly slower in CB2. In contrast, once the As(III) was

completely oxidized, As(V) was then reduced in 3As, CB1, and CB6. Such As(V) reduction

activity was not observed in CB2 or CB3 in 1.3 mM As(III). These results suggest that arsenate

reduction is either less efficient or that As(III) oxidation activity is maintained for a longer

time period in these two strains. Altogether, these data revealed that in relation to the genes

involved in As metabolism, the As(III) resistance and oxidation capacities are different between

these closely related strains.

Discussion

With the growing number of genome sequences available, it is now possible to utilize compara-

tive tools to understand adaptations that microorganisms have acquired in diverse environ-

ments. Here, we compared the CB2 genome to that in other Thiomonas strains, including two

complete (3As and K12) and five draft (ACO3, ACO7, CB1, CB3 and CB6) genomes. These

isolates, as well as CB2 and 3As, were isolated from an AMD rich in toxic metals ([14,16] and

The Arsenic Genomic Islands of Thiomonas Strains

PLOS ONE | DOI:10.1371/journal.pone.0139011 September 30, 2015 14 / 20



this work), while K12 was originally obtained from a sewer in Hamburg, an environment not

known for high As concentrations [17]. The genetic relatedness of K12 with other Thiomonas

strains has never been analyzed previously. Here, a detailed phylogenetic analysis was com-

pleted that demonstrated that 3As, CB1, CB6, ACO3, and ACO7 are very closely related and

clade with CB3 and CB2, while the K12 strain clearly diverges from this group.

CB1, CB6, 3As, ACO3, and ACO7 expressed only one copy of the aio genes, while CB2 and

CB3 have two or more copies which are expressed, each likely playing a role in As tolerance

and metabolism. To date, the Carnoulès AMD, which is highly contaminated with As(III), is

the only location that has yielded isolates with multiple copies of the aio operon. Expressing

two aio operons may allow CB2 and CB3 strains to maintain arsenite oxidation activity for a

longer time period, as suggested by the results we’ve obtained in this study, ultimately allowing

these strains to be slightly more resistant to As(III) than the others assessed.

Due to a robust assembly, the comparison among K12, CB2, and 3As allowed us to define

essential GEIs, which might be important for survival in AMD. In CB2, we described 20 GEIs,

while 30 were found in 3As ([16] and this work). Genes found in only two GEIs were shared

between all the isolates from AMD strains but not in K12, revealing that there is not a large

pool of AMD-specific genes in Thiomonas strains from the Carnoulès AMD. In fact, our data

demonstrated that the Thiomonas genomes are variable, due to the presence, expansion (possi-

bly via gene duplication and/or HGT), or absence of several GEIs. In addition, several Thiomo-

nas strains have at least one plasmid. Remarkably, the size and content of the plasmids found

in the strains analyzed here are variable and the functions they encoded were different and may

be specific to some strains. Thus, a large portion of the genome in these strains may confer dif-

ferent ecological capacities and functions, acting as a flexible region influencing gene content

diversity and suggesting that they adapt differently to their niches. Finally, the K12 genome (3,

467 genes) is smaller than the others (which range from 3, 628 to 4, 508 genes) possibly indicat-

ing its native environment requires fewer genes for survival. Additionally, we found a larger

number of CDS with unknown functions in the AMD strains, in particular in RGP7, which is

found in all the strains isolated from AMD. It may be possible that these genes confer specific

capacities not yet characterized, which could allow for survival in AMD.

Our comparative analyses revealed that the CB2 chromosome has a unique architecture in

comparison to 3As and K12. Surprisingly, the 3As genome structure was more similar to K12,

possibly indicating that the CB2 genome underwent specific genomic events, exemplified by

three major inversions and rearrangements compared to 3As. Furthermore, some CB2 GEIs

appear to contain multiple islands, most likely acquired after the divergence of this strain.

Some of these GEIs, in particular the ICE19 possibly allowing for survival in the harsh AMD

environment may have been acquired by HGT [38,39]. In particular, within biofilm structures,

HGT is more likely to shuffle genes among organisms [40,41]. Indeed CB2 forms biofilms,

which are stimulated in the presence of arsenic [30], which may have played a role in the acqui-

sition of exogenous DNA. Previous work demonstrated genetic exchange is more common

between closely related organisms [42], thus Thiomonas sp. could potentially transfer the por-

tions of the GEIs that confer a selective survival advantage to other Thiomonas strains. Our

data and a recent analysis of GEIs involved in As metabolism [43] suggest that both vertical

inheritance and HGT favor the spread of such aio/ars genes. Thus, rearrangement, HGT and

gene loss events probably impacted CB2 genome content after strain divergence, leading to the

formation of similar but not identical composite GEIs. In particular, the arsenic islands may

have been modified by HGT or rearrangement processes, since it appears that the gene content

of these islands is similar but not identical in Thiomonas strains.

The analysis of the Thiomonas genomes is a step towards understanding environmental

pressures on genome evolution. The high frequency of modifications within these sequences
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possibly depicts the first phase in the creation of novel species and the extinction of others

[5,44,45]. Readily shuffling DNA allows microbial community members to sample the environ-

ment for potentially beneficial genes, which has implications in both community diversity and

strain-specific lineage survival [39,41]. Our results clearly demonstrate the importance of geno-

mic islands in Thiomonas adaptation. These islands allow organisms to inhabit diverse envi-

ronments by providing genomic plasticity and the rapid acquisition of functional traits. In the

case of Thiomonas, the environment appears to have played an important role in driving the

acquisition of genomic islands, and is possibly the source of selective pressures leading to rear-

rangements and HGT. Therefore, in order to obtain a detailed understanding of bacterial adap-

tation, speciation, and evolution, as well as to delineate lineages, a holistic view taking into

account bacterial species as well as traditional metrics needs to be adopted.

Supporting Information

S1 Fig. Plasmid detection and visualization in CB1, CB2, CB3, CB6, 3As, and K12 Thiomo-

nas strains in agarose gels after ethidium bromide staining. K3: the 3 plasmids from Klebsi-

ella pneumoniae with estimated sizes of 225 kb, 130 kb and 45 kb. One extra chromosomal

element less than 40 kb was detected in CB2, CB3, and K12, while an additional one of approxi-

mately 40 kb was detected in 3As, CB1, CB3, and K12.

(TIF)

S2 Fig. Comparison of the Thiomonas genes similar to those found in RGP19 and RGP10

in CB2 genome. The synteny between the 3As, K12, and CB2 genomes and CB1, CB3, and

CB6 scaffolds is represented. The % of nucleotide identity is expressed on a grey scale. Genes:

red = aio genes; purple = ars genes; pink: genes involved in metals resistance (Cu, Hg, Cd. . .);

yellow: genes encoding transposases, integrases; brown: mobile genetic elements associated

genes (includingmob, tra, and trb); orange and green: genes conserved around aioBA (see Fig

3); black: unknown function and /or no homology known; blue: others genes. Figures were gen-

erated with Easyfig (Sullivan et al., 2011). Thiomonas sp. CB2 has two aioBA operons localized

on the RGP19 and RGP10. The strains 3As and K12 have one copy localized in a region of con-

served synteny with the RGP19 (RGP19-like) and the RGP10 (RGP10-like) respectively. Thio-

monas sp. CB3 have two aioBA localized in a RGP19-like region and another found in a

RGP10-like region. Both CB1 and CB6 have two aioBA copies in a RGP19-like and RGP10-like

region respectively, but with a frameshift in aioA in the latter region.

(TIF)

S3 Fig. Western blots to detect aioBA operon expression in Thiomonas strains. Expression

of two AioA proteins in the presence of arsenic is indicated with arrows. (A) Results from a

planktonic culture of CB2 grown without or with arsenic. The two AioA are induced in the

presence of As(III). (B) Planktonic cultures of CB2 grown at a range of concentration of As

(III). The two AioA are expressed from 0.67 mM to 2.66 mM of As(III). (C) Results from

planktonic cultures of CB1, CB2, CB3, CB6 and 3As grown with 1.33 mM of As(III). Two

AioA are expressed for CB2 and CB3 and only one of similar weight for CB1, CB6, ACO3 and

ACO7.

(TIF)

S4 Fig. Capacity of Thiomonas strains to oxidize arsenite, As(III), to arsenate, As(V). Con-

centrations of As(III) (squares) and As(V) (triangles) are shown for cells grown in m126 with

an initial concentration of 1.33 mM As(III). On the left of the figure the concentrations mea-

sured at t0h, t+24h, t+48h, t+72h and t+120h are represented, while on the right the concentrations

measured at t0h, t+6h, t+12h and t+24h are shown. Error bars indicate standard deviation of data
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obtained from triplicate cultures. The As(III) oxidation activity of K12 was lower than the

strains from the AMD. After 24 h, and once all As(III) was oxidized, 3As, CB1, and CB6

reduced the As(V), which was not observed for CB2 or CB3.

(TIF)

S1 Table. General characteristics of the Thiomonas genomes. Calculation of repetitive

regions did not include undetermined (‘N’) bases. The genome size and gene content range

from 3.4 Mb and 4, 367 CDS (K12) to 4.3 Mb and 4, 508 CDS (CB3). Thiomonas sp. CB3 also

has a higher proportion of repetitive regions (19.21%). The others general features are similar

between the strains.

(DOCX)

S2 Table. Regions of genomic plasticity (RGP) identified after comparison of CB2 with 3As

and K12. The RGP were identified with the RGP findermodule in MaGe, which identify syn-

teny breaks and search for HGT features (tRNA hotspots, genes involed in mobility), and for

compositional bias (AlienHunter (Vernikos and Parkhill, 2006), SIGI-HMM (Waack et al.,

2006), and GC deviation computation).

(DOCX)

S3 Table. Details of the RGP found in CB2 genome.

(XLSX)

S4 Table. RNAseq results for genes that are significantly more expressed in the presence

than in the absence of arsenite. The ars and the aio genes (two copies of each operon), as well

as other genes from these two islands (RGP10 and RGP19) are induced by As(III).

(XLSX)

S5 Table. Minimal inhibitory concentration (MIC) of As(III) for Thiomonas strains on

solid m126. Thiomonas spp. CB2 and CB3 are slightly more resistant than the others strains.

Thiomonas spp. 3As, CB1 and CB6 demonstrate lower levels of resistance to As(III).

(DOCX)
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RGP 

number 
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normalized 

counts, 
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AsIII a 

normalized 

counts, 

with AsIII a 

Fold 

change 

(FC) b 

log2(FC) 
raw p-value 

c 

adjusted p-

value d 

THICB2_v3_390037 

RGP10 

operonic 

? 

Permease 21 248 11,83 3,56 7,06e-26 1,89e-23 

THICB2_v3_390036 conserved exported protein of unknown function 23 200  8,78 3,13 1,13e-19 2,32e-17 

THICB2_v3_390035 Thiol-disulfide isomerase and thioredoxins family protein 30 220  7,42 2,89 1,14e-18 2,23e-16 

THICB2_v3_390033 

operonic 

? 

Arsenical resistance protein ArsH 39 166  4,28 2,10 1,57e-10 2,08e-08 

THICB2_v3_390032 putative Carboxymuconolactone decarboxylase 671 1496  2,23 1,16 1,36e-06 1,65e-04 

THICB2_v3_390031 conserved protein of unknown function 1827 3293  1,80 0,85 2,09e-04 2,20e-02 

THICB2_v3_390024 

operonic 

? 

OsmC family protein 6 74 13,05 3,71 5,88e-14 8,94e-12 

THICB2_v3_390023 Outer membrane efflux protein 15 109  7,41 2,89 3,49e-13 5,11e-11 

THICB2_v3_390022 Efflux transporter, RND family, MFP subunit 9 115 12,16 3,60 1,10e-17 1,96e-15 

THICB2_v3_390021 Acriflavin resistance protein/ efflux pomp 82 315  3,85 1,94 1,69e-11 2,39e-09 

THICB2_v3_390020 
FAD-dependent pyridine nucleotide-disulfide 

oxidoreductase 
112 344  3,08 1,62 4,65e-09 5,97e-07 

THICB2_v3_390019 Lipid A 3-O-deacylase-related protein 24 71  3,00 1,59 8,18e-05 9,08e-03 

THICB2_v3_390010 

aio 

operon 

Transcriptional regulator, ArsR family 92 407  4,44 2,15 1,90e-14 3,00e-12 

THICB2_v3_390009 Nitroreductase-like 95 1079 11,34 3,50 2,10e-37 1,08e-34 

THICB2_v3_390008 Cytochrome c-552 109 1232 11,30 3,50 8,85e-38 5,19e-35 

THICB2_v3_390007 Arsenite oxidase subunit AioA 336 5624 16,73 4,06 1,32e-53 2,72e-50 

THICB2_v3_390006 Arsenite oxidase subunit AioB 32 969 30,68 4,94 2,49e-59 1,02e-55 

THICB2_v3_840004 RGP20   protein of unknown function 54 126  2,32 1,22 3,70e-04 3,71e-02 

THICB2_v3_220018 RGP3   conserved protein of unknown function 69 149  2,18 1,12 4,31e-04 4,21e-02 

THICB2_v3_760066 

RGP19 
ars 

operon  

Arsenic operon regulator ArsR 108 734  6,79 2,76 9,20e-24 1,99e-21 

THICB2_v3_760067 Arsenate reductase ArsC2a 142 1058  7,47 2,90 2,06e-27 6,50e-25 

THICB2_v3_760068 Arsenical resistance operon trans-acting repressor ArsD 8 404 47,70 5,58 1,91e-51 2,61e-48 

THICB2_v3_760069 Arsenical pump-driving ATPase ArsA 317 1982  6,25 2,64 1,13e-25 2,73e-23 

THICB2_v3_760070 Arsenate reductase ArsC2b 23 330 14,29 3,84 8,67e-32 3,95e-29 



 

!!" 

THICB2_v3_760071 
putative FAD-dependent pyridine nucleotide-disulphide 

oxidoreductase 
149 1209  8,11 3,02 4,76e-30 1,95e-27 

THICB2_v3_760072 conserved protein of unknown function 45 463 10,37 3,37 6,34e-30 2,37e-27 

THICB2_v3_760073 arsenite/antimonite transporter ArsB 88 455  5,17 2,37 1,71e-17 2,93e-15 

THICB2_v3_760074   protein of unknown function 6 34  5,67 2,50 2,57e-05 3,01e-03 

THICB2_v3_760075   Transposase of ISThsp18, IS1182 family (fragment) 60 492  8,18 3,03 7,37e-26 1,89e-23 

THICB2_v3_760082 

aio 

operon 

putative nitroreductase 51 120  2,35 1,23 2,39e-04 2,45e-02 

THICB2_v3_760083 putative Cytochrome c, class ID (fragment) 16 86  5,22 2,38 6,94e-09 8,63e-07 

THICB2_v3_760084 putative Bacterial regulatory protein, ArsR family 9 97 11,01 3,46 3,11e-15 5,10e-13 

THICB2_v3_760085 Cytochrome c-551 39 425 10,79 3,43 2,49e-29 8,50e-27 

THICB2_v3_760086 Arsenite oxidase subunit AioA 939 13571 14,45 3,85 2,65e-50 2,72e-47 

THICB2_v3_760087 Arsenite oxidase subunit AioB 188 2693 14,29 3,84 3,74e-47 3,07e-44 

THICB2_v3_640015 no 

ars 

operon  

putative transcriptional regulator, ArsR family 46 399  8,62 3,11 1,02e-24 2,31e-22 

THICB2_v3_640014 no Glyoxalase/bleomycin resistance protein/dioxygenase 106 554  5,22 2,38 7,01e-18 1,31e-15 

THICB2_v3_640013 no arsenate reductase ArsC 171 1230  7,19 2,84 5,71e-27 1,67e-24 

THICB2_v3_640012 no arsenite/antimonite transporter ArsB 126 424  3,38 1,76 1,04e-10 1,42e-08 

a normalized counts per biological condition; b FC fold change of expression, calculated on the basis of mean normalized counts as with As(III)/withoutAs(III); c  raw p-value from the 

statistical test; d adjusted p-value on which the cut-off   is applied 
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The acid mine drainage (AMD) in Carnoulès (France) is characterized by the presence

of toxic metals such as arsenic. Several bacterial strains belonging to the Thiomonas

genus, which were isolated from this AMD, are able to withstand these conditions.

Their genomes carry several genomic islands (GEIs), which are known to be potentially

advantageous in some particular ecological niches. This study focused on the role of

the “urea island” present in the Thiomonas CB2 strain, which carry the genes involved

in urea degradation processes. First, genomic comparisons showed that the genome

of Thiomonas sp. CB2, which is able to degrade urea, contains a urea genomic island

which is incomplete in the genome of other strains showing no urease activity. The urease

activity of Thiomonas sp. CB2 enabled this bacterium to maintain a neutral pH in cell

cultures in vitro and prevented the occurrence of cell death during the growth of the

bacterium in a chemically defined medium. In AMD water supplemented with urea, the

degradation of urea promotes iron, aluminum and arsenic precipitation. Our data show

that ureC was expressed in situ, which suggests that the ability to degrade urea may

be expressed in some Thiomonas strains in AMD, and that this urease activity may

contribute to their survival in contaminated environments.

Keywords: aluminum, arsenic, adaptation, metabolomics, acid stress
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Introduction

Although acid mine drainage (AMD) environments are highly
toxic to most living organisms due to the acidic conditions and
the presence of elements such as arsenic, a stable microbial
community composed of bacteria, archaea, and protists has been
known for several years to inhabit the AMD-impacted Reigous
creek near Carnoulès (France; Bruneel et al., 2003, 2006, 2011;
Duquesne et al., 2003, 2008; Bryan et al., 2009; Halter et al.,
2011; Slyemi et al., 2011; Volant et al., 2012). Various Thiomonas
bacteria isolated from this river were previously characterized,
and it has been suggested that by oxidizing arsenite, Thiomonas
strains may promote the sorption of arsenic by iron oxides and
their coprecipitation, resulting in a natural process of arsenic
attenuation (Bruneel et al., 2003; Morin et al., 2003; Duquesne
et al., 2008; Bryan et al., 2009; Arsène-Ploetze et al., 2010;
Egal et al., 2010; Slyemi et al., 2011, 2013). The survival of
these Thiomonas bacteria probably involves several processes.
In particular, metabolic interactions between Thiomonas and
other microorganisms may be essential to the survival and
development of the microbial communities inhabiting the AMD-
impacted Carnoulès waters. Interactions of this kind are known
to contribute importantly to the survival and development of
microbial communities in toxic environments (Jones et al., 2012;
Johnson and Amarasekare, 2013). These interactions may be
crucial to the functioning of ecosystems and the recycling of
chemical elements in toxic environments such as AMDs where
the growth conditions are particularly stringent (Wilmes and
Bond, 2009). In addition, some of the genes involved in these
interactions or in the general adaptation of strains in a particular
niche are often found to exist in genomic islands (GEIs). GEIs
consist of discrete DNA segments (ranging from 10 to 200 kbp
in size), that are present in one species, but are not present in
several other related species. These genomic regions sometimes
differ in their nucleotide features (G + C content or codon
usage) from the rest of the genome, and have often been
found to exist in the vicinity of tRNA or tRNA-like genes. The
boundaries of these islands frequently correspond to perfect or
near-perfect direct repeats (DRs), usually resulting of site-specific
integration. These regions often harbor functional or cryptic
genes encoding integrases originated from phages or genes
involved in plasmid conjugation processes. GEIs, which include
elements of other kinds such as integrative and conjugative
elements (ICE), conjugative transposons and cryptic or defective
prophages, can result from one or several HGT events and
genomic rearrangements (Juhas et al., 2009; Bellanger et al.,
2014). They can be detected in silico by performing genomic
comparisons between closely related strains. Studies on these
GEIs shed interesting light on the bacterial survival strategies at
work in inhospitable environments such as AMD waters.

The pH of the acidic AMD waters in Carnoulès sometimes

drops to values of <3. One of the defense mechanisms whereby

bacteria resist acidity is based on the degradation of urea:
urease catalyzes the hydrolysis of urea, giving ammonia and
carbonic acid. In aqueous solutions, the released carbonic acid
and the two molecules of ammonia are in equilibrium with
their deprotonated and protonated forms, respectively. This

reaction increases the pH (Mobley, 2001). A defense mechanism
of this kind has been previously described in the pathogen
Helicobacter pylori, which resists the acidic conditions pertaining
in the human stomach (Athmann et al., 2000; Stingl et al.,
2002). In sediments collected at the AMD-impacted creek in
Carnoulès, urea was detected in the interstitial water (Bertin
et al., 2011; Halter et al., 2012). Urea is one of the organic
substances produced and excreted by Euglena mutabilis, a
photosynthesizing bio-indicator of AMD (Brake et al., 2001a,b;
Brake and Hasiotis, 2010; Bertin et al., 2011; Halter et al.,
2012). Other hitherto uncultivated bacteria such as “Candidatus
Fodinabacter communificans” (Carn1 and Carn4) may also
produce urea in the Carnoulès AMD, since genes involved in the
production of urea were detected in their genomes (Bertin et al.,
2011). Urea produced by organisms of this kindmay then be used
by other microorganisms to withstand the acidity. Interestingly,
studies on metagenomic sequences have shown that at least one
Thiomonas-like strain present in this community harbors genes
possibly involved in urea degradation processes (Arsène-Ploetze
et al., 2010; Bertin et al., 2011).

In this study, we searched for genes involved in urea
degradation in the genomes of several Thiomonas isolates.
Chemical and microscopic tests were first conducted under
laboratory conditions in order to determine whether these
Thiomonas strains are able to degrade urea and if so, whether
their urease activity may contribute to acid tolerance and
survival. Genes involved in urea degradation processes were
found to be present in one GEI in Thiomonas sp. CB2. This GEI
was incomplete in the other strains tested. The urease activity
was found to confer greater viability on Thiomonas sp. CB2 in
synthetic medium, and to promote metal precipitation in AMD
water supplemented with urea. Interestingly, the Thiomonas sp.
CB2 ureC gene was expressed in situ, which suggests that urea
degradation may favor the survival of Thiomonas strains in the
Carnoulès AMD.

Materials and Methods

Bacterial Growth Conditions
Thiomonas spp. CB2, CB1, CB3, CB6, and Thiomonas
arsenitoxydans 3As were isolated from AMD-impacted water
collected at the Reigous creek in Carnoulès (France; Duquesne
et al., 2008; Arsène-Ploetze et al., 2010), and Thiomonas
intermedia K12 was isolated from a corroded concrete wall in
the Hamburg sewer system (Milde et al., 1983). These strains
were grown in m126 medium: (Na2HPO4 4.5 g; KH2PO4 1.5 g;
Na2S2O3 5.0 g; NH4Cl 0.3; MgSO4.7H2O 0.1 g; and yeast extract
0.5 g. The pH of the medium was adjusted to 5.0 using H2SO4).
In addition, 4 g.L−1 sodium arsenite (from a 500-mM stock
solution) were added to the medium when required. The growth
potential of Thiomonas cells was tested in AMD-impacted
Reigous creek water collected on 24 January 2012, which was
filtered twice using 0.22µm filters. Since no urea was detected
using ametabolomic approach (see below) in the AMD-impacted
water sampled from the creek, urea was added to the AMD-
impacted water as specified below. A final urea concentration
of 0.02M (from a 1.67M stock solution) was adopted because
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urease activity was detected in the m126 medium when the cells
had been previously incubated at this concentration but not
at lower concentrations (see the Results Section). Before being
incubated in AMD-impacted water, Thiomonas strains were
grown in the m126 liquid medium. After their growth, the cells
were centrifuged for 15min at 4500 × g, washed in 9 g.L−1 NaCl
and resuspended in filtered AMD-impacted water at the initial
Optical Density (OD600nm) specified in the figure legends.

Viability Assessment
Thiomonas strains were grown in 20mL of m126 medium at an
initial OD600nm of 0.002. Urea from a 1.67M sterile stock solution
was added to obtain a final concentration of 0.02 M. O.D600nm

and pH were measured after 2, 3, 5, and 9 days. 500µL of each
cell culture (3As and K12) and 1mL (CB2) were centrifuged
separately at 10,000 × g for 10min and pellets were recovered
in 500µL of sterile NaCl solution (9 g.L−1). Viability staining
was carried out using a Live/Dead BacLight Bacterial Viability
Kit (Invitrogen, Cergy Pontoise, France): 0.5µL of both SYTO9
green (5mM) and iodide propidium iodide (1 g.L−1) were mixed
with 500µL of cells and incubated for 20min in the dark. 2.4µL
were used to observe viable or dead cells using a fluorescence
microscope (Zeiss Axio-Observer used with a X63 oil immersion
lens). Wavelengths of 488 nm and 532 nm were used for SYTO9
and propidium iodide excitation purposes, respectively. Numbers
of viable and dead cells were calculated using NIH ImageJ
analysis software (http://rsbweb.nih.gov/ij/). These tests were
performed in triplicate, except on the 9th day in the case of
strains 3As and K12, which were tested in duplicate. When tested
in the AMD-impacted water, the mortality rate of Thiomonas
strains was measured using cell plating methods: cell cultures
were diluted in 9 g.L−1 NaCl solution and plated onto m126.
After 10 days of incubation at 30◦C, the colonies were counted.

Urease Activity
The ability of each Thiomonas strain to degrade urea was
tested with cells grown in liquid m126 media with and without
urea. Cells were centrifuged for 15min at 4500 × g, washed
and resuspended in PBS buffer (8 g.L−1 NaCl, 0.2 g.L−1 KCl,
1.44 g.L−1 Na2HPO4, and 0.24 g.L−1 KH2PO4) with the pH
adjusted to 5.1, and the volume was adjusted in order to obtain
the same number of cells, based on the OD at 600nm. One
volume of cell suspension (5 × 108cells) was mixed with 1
volume of BCP reagent (1 g.L−1 of Bromo-Cresol Purple with
or without 0.83M urea). In BCP containing urea, the presence
of a violet color indicated an increase in the pH due to the
urea degradation activity, resulting in the formation of ammonia
and carbonic acid. The effects of urea degradation activity on
metal precipitation in the AMD-impacted water were assessed
by adding 10 U of purified urease (from Canavalia gladiata
(sword beans), Merck) to 5mL samples of sterile AMD-impacted
water in the presence or absence of 1 g.L−1 urea. As a negative
control, urease was inactivated before being added to samples
by heating it for 5min at 95◦C. Samples were then incubated at
30◦C for 24 h and images of the precipitates were taken after a 10-
min centrifugation step at 3750 × g. Precipitate formation was
tested in three independent replicates in AMD-impacted water
supplemented or not with urea and active urease.

Chemical and Metabolomic Analysis
The AMD-impacted water was filtered at the time of sampling
and again at the laboratory and stored at 4◦C during the
experiments, all of which were completed within 1 year.
Due to the characteristics of the creek water (Table 1), Fe(II)
precipitated slowly even in non-inoculated water. Abiotic
controls were therefore systematically performed and Fe(II)
oxidation/precipitation was expressed as the difference between
the Fe(II) concentrations measured in the soluble fraction of
the non-inoculated and inoculated samples. In addition, the
characteristics of the water were determined in 10-month old
0.22µm filtered AMD-impacted water and compared with those
observed at the time of sampling. No significant decrease in
the concentrations of elements was detected, except for lead,
arsenic and iron, the levels of which decreased by 50, 40, and
10%, respectively, after 10 months and cobalt and barium, the
levels of which dropped to below the detection limit in both
cases.

Concentrations of aluminum, calcium, manganese, iron,
nickel, strontium, cadmium, thallium, cobalt, barium, lead,
iron, total arsenic, and redox species arsenite (As(III)) and
arsenate (As(V)) were determined by performing ICP-MS and
HPLC-ICP-MS as previously described (Casiot et al., 2011)
or inductively coupled plasma-atomic emission spectroscopy
(ICP-AES). As(III) and As(V) species were also observed
during metabolomic analysis using previously described
GC-MS profiling methods (Lugan et al., 2010). Briefly,
samples were vacuum-dried prior to derivatization with
methoxyamine hydrochloride (20 mg.mL−1 in pyridine)
and N,O-Bis(trimethylsilyl) trifluoroacetamide. A mixture of n-
alkanes was introduced as retention index standards. The GC-MS
system consisted of a 7683 injector, a 6890 gas chromatograph

TABLE 1 | Chemical parameters of the creek water at the time of sampling.

Parameters Valuesa

pH 3.68

SO2−
4 (mg.L−1) 2.991

Fe (mg.L−1) 891.50

As (mg.L−1 ) 115.20

Al (mg.L−1) 36.95

Ca (mg.L−1) 266.80

Mn (mg.L−1) 7.41

Zn (mg.L−1 ) 18.53

Co (µg.L−1) 249

Ni (µg.L−1 ) 418

Cu (µg.L−1) 60.9

Sr (µg.L−1) 197

Cd (µg.L−1) 85.4

Sb (µg.L−1 ) <QL

Ba (µg.L−1 ) 6.4

Tl (µg.L−1) 287

Pb (µg.L−1 ) 890

U (µg.L−1) 20.5

aMeasurements taken 30m downstream from the source (“COWG”) (Egal et al., 2010).

DL, detection limit; QL, quantification limit.
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and a 5973 mass spectrometer (Agilent Technologies, Santa
clara, USA). Samples were injected twice, in the splitless and split
modes (with a split ratio of 50), on an Agilent J&W HP5-MS
capillary column with helium as the carrier gas. As(III) and
As(V) were identified by comparing the mass spectra obtained
with those available in databases (NIST 2008). Total Fe and
Fe(II) concentrations were measured using ICP-AES or ICP-MS
and the previously described phenanthroline method (Fadrus
and Malý, 1975), respectively.

FE-SEM and Energy-Dispersive X-ray Spectroscopy (EDXS,
Thermo-Noran Vantage) were performed in order to assess
the content of precipitates. In each condition, one pinhead of
precipitate was treated with 1mL hydrogen peroxide in order
to eliminate the organic matter, using plastic tubes to prevent
metal adsorption. Samples were then centrifuged at 3000 × g
for 15min and rinsed with Milli-Q water before performing an
additional centrifugation step. Precipitates were then suspended
in 100% ethanol. A droplet of the ultra-sonicated suspension
was placed on a plasma-treated piece of silicon or carbon wafer
providing a smooth, conductive support. After being dried at
room temperature, the samples were carbon coated. Standard
conditions were used at 12 keV primary beam energy. Since the
arsenic L lines at 1.282 keV overlapped with the magnesium K
lines at 1.254 keV, control measurements were also performed
at 15 keV to check the presence/absence of the arsenic K lines
at 10.543 keV. Depending on whether a silicon or carbon wafer
was used, the spectra consistently showed a silicon K line at
1.735 keV or a carbon K line at 0.26 keV, respectively, the
intensity of which depended on the thickness of the precipitate
analyzed. Acquisitions were performed either in the fixed spot
mode or by scanning a selected area, and at least three analyses
were performed per sample. Due to the topography and the
chemically inhomogeneous characteristics of the samples, it
was not possible to calculate absolute concentrations in all the
samples.

Urea was identified by performing ultra-performance
liquid Zic-PiHILIC chromatography coupled to tandem mass
spectrometry (UPLC-MS/MS) on an Acquity UPLC system
(Waters corp, Milford, USA) coupled to a triple Quadrupole
(Quattro Premier XE Waters). Multiple Reaction Monitoring
(MRM) methods were used for urea identification purposes
at the MS/MS level with the transition: 61 > 44 in the
positive Electrospray mode (ESI+). Standard urea was used
to determine the chromatographic retention times and mass
spectrometry ionization parameters. Absolute quantification
was not possible here because the background noise was too
large.

Genomic Comparisons
The Thiomonas arsenitoxydans 3As genome was previously
sequenced and described (Arsène-Ploetze et al., 2010), while
the K12 genome was sequenced by the US DOE Joint Genome
Institute (NC_014153.1, NC_014154.1, NC_014155.1). The
CB2, CB1, CB3, CB6 genomes analyzed in this study were
obtained previously (Freel et al., in press) and integrated into
the MicroScope platform (Vallenet et al., 2006, 2009, 2013)
for analysis. The genome accession numbers of CB2, CB1,

CB3 and CB6 (EMBL database) are LK931581-LK931672,
LN831666-LN831688, LN831730-LN831775, LN831689-
LN831714, respectively. These genomes were compared
using the RGP finder tool provided with the MaGe platform
(http://www.genoscope.cns.fr/agc/microscope/home/) in order
to identify GEIs. The RGP finder interface can be used to search
for potentially horizontally transferred genes (HGT) present
in genomic regions (Regions of Genomic Plasticity). The RGP
Finder method starts by identifying synteny breaks between
a query genome and other closely related genomes. It then
searches for HGT features (tRNA hotspots, mobility genes)
and for the presence of any compositional bias (AlienHunter
(Vernikos and Parkhill, 2006), SIGI-HMM (Waack et al.,
2006), and GC deviation computation) in the query genome
(https://www.genoscope.cns.fr/agc/microscope/compgenomics/
genomicIsland.php?act=logout).

Total RNA Extraction from Sediment Originating
from the Reigous Creek and Reverse
Transcription
The total microbial community was recovered after Nycodenz
gradient density separation as previously described (Bertin
et al., 2011) from sediments sampled in May 2007 and stored
at −80◦C. RNA extraction and RT-PCR were performed as
described previously (Bertin et al., 2011), with some slight
modifications. Cells recovered from sediments were centrifuged
at 10,000 × g for 15min at 4◦C. Pellets were resuspended in
400µL of suspension solution [25mMTris-HCl (pH 7.6)-10mM
EDTA + 20% glucose (vol/vol)] and transferred into microtubes
containing 0.5 g glass beads (0.1mm in diameter) and 0.5µL
acidic phenol (pH 4.5). Cells were disrupted mechanically
with a Retsch’s Mixer Mill apparatus (three 30-s cycles of
homogenization at maximum speed with 1min intervals on
ice). Microtubes were centrifuged at 13,000 × g for 5min at
4◦C. The aqueous phase was placed in a new tube with 1mL
TRIzol reagent (Life Technologies). Microtubes were incubated
for 5min at room temperature. 100µL of chloroform was added
and homogenized by pipetting. The tubes were centrifuged
at 13,000 × g for 5min at 4◦C. The aqueous phase was then
recovered and treated with 200µL chloroform before being
centrifuged at 13,000 × g for 5min at 4◦C. The aqueous phase
was recovered and purified using the RNeasy Plus Mini kit
(Qiagen). RNA integrity was checked by electrophoregram
using a BioAnalyser (Agilent) and quantified by measuring A260

and A280 with a Nanodrop device. Reverse transcription was
performed using the SuperScript R© III One-Step RT-PCR System
with Platinum R© Taq DNA Polymerase (Life Technologies).
Each reaction (total volume: 12.5µL) contained 55µg total
RNA. Thermocycling conditions were as follows: 30min at 50◦C
followed by 3.5min at 94◦C, followed by 40 cycles of 15 s at
94◦C, 30 s at 55◦C and 1min at 68◦C. A final 5-min elongation
step at 68◦C was added. Primers were designed using three
genes: CARN2_aioA_for 5′-CCTGCCATTTCTGCATCG-3′

and CARN2_aioA_rev 5′-GCATTCGGAGTTGTACGC-3′

in the case of the aioA gene of the Thiomonas-like organisms
previously detected at this site (CARN2_0821; Bertin et al., 2011);
THICB2v2_ureC_for2 5′-CGAAGGCATGATCCTCAC-3′ and
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THICB2v2_ureC_rev2 5′-CTCGTCGATGGTGTTGAC-3′ in the
case of the ureC gene (THICB2V3_370058); THICB
2v2_360024_for2 5′-GGGCTGTACACCAACTTC-3′ and THIC
B2v2_360024_rev2 5′-GCCATCTTCAAGCTGCAG-3′ to
amplify the transcript encoding the putative allophanate
hydrolase gene (THICB2V3_360023). Negative controls were
performed by omitting the reverse transcription step with each
pair of primers.

Results and Discussion

Genes Involved in Urea Transport and
Degradation are Present in One Genomic Island
in Some Thiomonas Strains
The genomes of several closely related Thiomonas strains, seven
originating from the same AMD (CB1, CB2, CB3, CB6, 3As,
ACO3, ACO7) (Freel et al., in press) and one isolated from
a sewage pipeline (Tm. intermedia K12), have been recently
sequenced. A comparative analysis of these genomes using RGP
finder (see Materials and Methods) showed the presence of 19

GEIs in the Tm. sp. CB2 genome (Freel et al., in press). One
GEI 88.2 Kb in size (95 CDS) detected using this comparative
genomic approach, which is present in the vicinity of another
GEI (RGP10; Freel et al., in press) involved in arsenic resistance,
was found to have the following characteristics: it is flanked
by a miscRNA gene, contains several transposases and shows a
compositional bias indicating possible acquisition by HGT (see
Supplementary Table 1). Interestingly, this genomic island carries
genes involved in urea degradation. In this study, we therefore
refer to this GEI as the “urea island.” Two distinct enzymes,
urease and urea amidolyase, are known to degrade urea into
ammonia and carbonic acid. In bacteria, the urea amidolyase
activity results from two separate enzymes, a urea carboxylase
and an allophanate hydrolase (Kanamori et al., 2004). The “urea
island” in Tm. sp. CB2 carries genes encoding these enzymes
(ure genes encoding urease and two genes which are essential
to the urea carboxylase (UCA)-allophanate hydrolase pathway)
and urt genes involved in urea import (Figure 1A). A second
copy of the urtABCDE genes was present at another locus in
the CB2 genome (from 2246372 to 2251947). This duplication
was not detected in the genomes of the other strains tested.

FIGURE 1 | Genes involved in urea degradation in CB2 and urea degradation activity in Thiomonas strains. (A) Genes involved in urea import (urt) and

degradation (ure, in blue or genes encoding the urea amidolyase involved in the UCA-allophanate hydrolase pathway, in green) were detected in a genomic island in

the CB2 genome. (B) After growth of cell cultures in m126 supplemented with urea (1 g.L−1), urea degradation activity was detected using Bromo-cresol purple as

described in Materials and Methods. The purple color indicates urea degradation. In the negative control where no urea was added to the BCP reagent, the orange

color stands for no activity observed (as indicated by “urease test—urea”). Urea degradation affected the pH of the media when cells were incubated in the synthetic

medium m126 supplemented with urea. (C) Urea was detected in the the supernatant of CB2, 3As, or K12 cell cultures in synthetic medium m126 supplemented with

1 g.L−1 urea, at T0 and after 1, 2, or 3 days using mass spectrometry (UPLC-MS/MS). The data are expressed as the percentages of urea (area under the peak)

measured at T0.
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The urea island also carries genes involved in metal, sulfur,
lipid and nitrogen metabolism, including 27 genes involved in
nitrate transport and reduction in particular. It also contains
genes encoding ABC transporters and several hydrolases that
contribute to the degradation of various compounds such as
cyanate and creatinine (Supplementary Table 1).

The synteny of the genes detected in and around the urea
island in CB2 was compared with that of the corresponding
genes in CB1, 3As, CB3, CB6, and K12 (Figures 2, 3), and
these analyses showed that some blocks of genes were highly
conserved, although possibly translocated or inverted, whereas
others were lacking in some Thiomonas strains. In particular,
genes involved in urea degradation and transport processes were
found to be present in 4 genomes from Thiomonas strains (CB2,
CB1, CB6, and 3As) but not in CB3 or K12 (Figure 4), while
the genes detected in the vicinity of the ure genes in CB2 are
present in both of these strains (Figure 2). These results suggest
that these urea islands have evolved differentially in these closely
related Thiomonas strains. GEIs may endow bacterial strains with
particular abilities (Juhas et al., 2009). Since urea degradation is
thought to be involved in acid tolerance in some bacteria such as
H. pylori (Stingl et al., 2002), and since Thiomonas strains were
isolated from acidic AMDs, the contribution of these genes to
acid tolerance was further investigated.

Urea Degradation Activity Prevents Acidification
of the Medium and Cell Death during the Growth
of Thiomonas sp. CB2
First, the urea degradation activity of Thiomonas sp. CB2 was
tested with cells previously grown in culture media supplemented
with various urea concentrations (Supplementary Figure 1).
An optimized colorimetric test (see Materials and Methods)
showed the occurrence of urea degradation in the case of cells
grown with 0.02M urea but not in those pre-grown with lower
urea concentrations (Supplementary Figure 1). These findings
suggest that the expression of the corresponding genes is induced
in the presence of urea. This urea degradation activity could
not be quantified but was reproduced at least five times and
confirmed by the results of metabolomic studies (Figures 1B,C).
No activity was detected with either Thiomonas intermedia K12
or Thiomonas sp. CB3 (Figures 1, 4; Supplementary Figure 1),
in agreement with the genomic analyses, which showed that
these two strains carry no genes involved in urea degradation
(Figures 2, 4). The fact that strains 3As, CB1, and CB6 showed
very low levels of activity (Figures 1, 4; and data not shown)
suggests that under the conditions tested here, the genes involved
in urea degradation processes are not strongly expressed in these
strains or that the corresponding enzymes are not fully active.
Close analysis of the genes detected in the urea islands of these

FIGURE 2 | Comparison between the Thiomonas genomic regions carrying urea islands. The large genomic region comprising the urea island and another

island, RGP10 in CB2 and the synteny between 3As, K12, CB3, and CB2 genomes are shown. The percentage of nucleotide identity is expressed in shades of gray

(see the gray scale). Figures were generated with Easyfig (Sullivan et al., 2011).
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FIGURE 3 | Comparison between the Thiomonas genomic regions carrying a urea island. The large genomic region comprising the urea island and another

island, RGP10 in CB2 and the synteny between CB1 and CB2 genomes are shown. The percentage of nucleotide identity is expressed in shades of gray (see the gray

scale). Figures were generated with Easyfig (Sullivan et al., 2011).

FIGURE 4 | Comparison between the genes involved in urea degradation and urease activity in the Thiomonas strains investigated. Only part of the urea

island carrying the ure and urt genes involved in urea degradation is shown. The figure shows the synteny between CB1, CB2, CB3, and 3As. The percentage of

nucleotide identity is expressed in shades of gray (see the gray scale). Figures were generated with Easyfig (Sullivan et al., 2011). The urea degradation activity is

shown on the right: cells were grown in the absence (−U) and presence (+U) of urea. After growth, cells were incubated in the presence of urea and Bromo-cresol

purple for 30min, as described in Materials and methods (as indicated by “test + urea”). As a negative control, the test was performed in the absence of urea in the

reaction mixture (as indicated by “test − urea”). In the case of the test performed in the presence of urea, the purple color indicates urea degradation.

Thiomonas genomes showed that two genes differed in CB2 in
comparison with 3As, CB1, and CB6: (i) one gene encoding a
putative transporter belonging to the lysE family was fragmented

in 3As; (ii) a gene encoding a high-affinity nickel permease was
shorter in CB1, CB6, and 3As than in CB2 (Figure 4, and data
not shown). Since nickel plays an important role in urease activity
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(Stingl et al., 2002), this may explain why the degradation activity
was lower in these strains than in CB2. This possible explanation
for the difference in urea degradation activities will have to be
tested when appropriate genetic tools have been developed for
studying these bacteria. All in all, the present findings suggest that
several Thiomonas strains contain a genomic island harboring
genes which are either directly or indirectly involved in the
degradation of urea, whereas other strains lack these features,
which results in differences between strains in terms of their
ability to degrade urea.

The effects of urea degradation on acid tolerance were
further tested in three strains, CB2, 3As, and K12. During the
growth of these three strains in m126 in the absence of urea,
the pH of the culture medium dropped to approximately 3.0
or less within 24 h, and stabilized after 50 h (Figure 5). The
viability of the cells decreased rapidly, probably due to this pH
decrease. In the presence of urea, the pH of the CB2 growth
medium remained at a value of approximately 6 because of
the production of ammonia and carbonic acid during the urea

degradation process, whereas in both K12 and 3As, the pH
dropped to 3 even in the presence of urea in the growth medium
(Figure 5). CB2 cells were less viable when grown without than
with urea (Figure 5). The viability of 3As and K12 was similar
whether cells were grown in the presence or absence of urea,
as well as being similar to that of CB2 cells grown without
any urea (Figure 5). These data show that the urea degradation
activity of CB2 in synthetic media contributed to preventing
the acidification of the medium during cell growth and enabled
CB2 to survive more efficiently than 3As and K12 under the
conditions tested here. The acid resistance conferred on CB2
by urease activity may result from a similar mechanism to
that found to occur in the human pathogen H. pylori, which
resists acid in the human stomach by degrading urea into
carbonic acid and ammonia, the deprotonated and protonated
forms of which are in a state of equilibrium (Athmann et al.,
2000). It was then proposed to test whether this activity
played a role when this bacterium was incubated under AMD
conditions.

FIGURE 5 | Effect of urea degradation on cell viability. Viability and pH were measured during the growth of the Thiomonas strains in m126 medium in the

absence and presence of urea. Error bars indicate standard deviations based on triplicate cultures.
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The Degradation of Urea by Thiomonas sp. CB2
Promotes the Precipitation of the Toxic Metals in
AMD-impacted Water Supplemented with Urea
The effects of the CB2 urea degradation activity were therefore
tested in contaminated water from the AMD-impacted
Carnoulès creek under laboratory conditions (Table 1). No
urea was detected in the AMD-impacted water used in these
experiments (data not shown). CB2, 3As, and K12 could
therefore be incubated in this AMD-impacted water, whether or
not it was supplemented with urea. When no urea was added
to the AMD-impacted water, the growth of all three strains, as
shown by an increase in the OD600nm, resulted in a decrease in
the pH (Figures 6A,C). However, when CB2 was incubated in
the AMD-impacted water with urea, the pH increased within
48 h (Figure 6C), reflecting the occurrence of urea degradation
activity. The number of CFU.mL−1 decreased with time, which
suggests that the Thiomonas cell survival ability decreases under
these conditions (Figure 6B). Contrary to what was observed in
m126 medium, the viability of the CB2 cells did not increase in
the AMD water in the presence of urea, and was even slightly
impaired. The urea degradation process therefore did not
improve the rate of CB2 survival under these conditions tested.
The acid resistance mechanism involving urea degradation
activity may not have been sufficiently strong to improve the
viability of Thiomonas sp. CB2 in the AMD-impacted water, the
pH of which was lower than that of the synthetic medium.

An orange precipitate accumulated during the experiments
with CB2 in AMD-impacted water in the presence of urea, which
was not observed in samples where no urea degradation activity
was possible (Figures 7A,B). To test whether this precipitate
was correlated with urease activity, purified urease and urea
were added to sterile AMD-impacted water. A substantial orange
precipitate was observed when both urease and urea were added,
whereas no precipitate occurred when only urea was added, and
less precipitate when urease was heat-inactivated (Figure 7D).
The presence of this orange material suggested that Fe was
precipitated when either urease or bacteria with urea degradation
activity were present in the AMD water supplemented with urea.
A covariance analysis was performed with MATLAB R2014a
(using the aoctool and multcompare commands) on the quantity
of soluble Fe(II) measured in the dissolved phase vs. time. This
analysis showed that the rate of Fe(II) oxidation and subsequent
Fe(III) precipitation was significantly higher (p < 0.01) in the
case of CB2 grown with urea than in that of the other cell cultures
tested (CB2 without urea and 3As or K12 with and without urea)
(Figure 7C). CB2 is not able to oxidize ferrous iron in synthetic
medium, (data not shown), which is consistent with the finding
that its genome lack any detectable genes normally associated

with Fe(II) oxidation. This is also true in the case of other

Thiomonas strains (Slyemi et al., 2011). The iron precipitation
observed here in AMD-impacted water in the presence of urea

was therefore probably due to abiotic oxidation. In view of the

FIGURE 6 | Effects of incubating Thiomonas strains in AMD-impacted water. (A) OD600nm, (B) Viability expressed in CFU/mL, and (C) pH was measured in

AMD-impacted water incubated with Thiomonas strains in the presence and absence of 1 g.L−1 urea. This experiment was representative of three independent

experiments.
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FIGURE 7 | Thiomonas urea degradation activity promotes Fe(II) oxidation/precipitation in AMD-impacted water supplemented with urea. K12, 3As,

and CB2 were incubated at an initial OD600nm of 0.2 – 0.3 in AMD-impacted water in the absence and presence of 1 g.L−1 urea. (A) The medium supplemented with

urea and CB2 acquired an orange color with time, which did not occur with 3As or K12. (B) Orange precipitate detected after centrifuging 4-day cell cultures of CB2

in AMD-impacted water supplemented or not with 1 g.L−1 urea. (C) Kinetics of Fe(II) oxidation/precipitation. Fe(II) oxidation/precipitation is expressed as the difference

between the Fe(II) concentrations measured in the soluble fractions of the non-inoculated and inoculated samples. The dotted line gives the 5% confidence interval of

each of the regression lines, computed with the MATLAB fitlm command. (D) Effects of urease activity on the formation of orange precipitate in the AMD-impacted

water. AMD-impacted water was supplemented with 10 U of purified urease in the presence and absence of 1 g.L−1 urea. As an additional control, urease was

heat-inactivated for 5min at 95◦C.

TABLE 2 | Metal content of the Precipitates and Supernatant obtained from 3As, CB2, and K12 cell cultures in AMD-impacted water.

Metala Supernatants Precipitates

CB2 Urea + CB2 3AS Urea + 3AS K12 Urea + K12 CB2 Urea + CB2 3AS Urea + 3AS K12 Urea + K12

Al 45.7 35.6 45.3 42.9 43.6 43.6 69.6 1.106 98.9 80.2 87.5 103

As 80.9 17.1 83.0 80.4 59.4 58.5 2.355 6.899 3660 2676 4.797 6.134

Cd 0.066 0.067 0.070 0.066 0.067 0.067 0.025 0.07 0.020 0.021 0.039 0.051

Co 0.24 0.23 0.24 0.23 0.23 0.23 0.27 0.25 0.30 0.24 0.24 0.29

Cu 0.072 0.07 0.074 0.073 0.074 0.073 0.22 0.75 0.76 0.59 0.66 0.58

Fe 882 714 874 824 847 851 5.961 20.144 11478 8488 8.189 10.224

Ni 0.47 0.46 0.46 0.46 0.47 0.45 0.64 0.73 0.81 0.64 0.62 0.67

Pb 0.2 0.075 0.22 0.20 0.065 0.066 10.3 23.9 12.6 10.4 28.4 35.3

Zn 20.5 20.2 20.8 19.5 19.9 20.1 21.2 25 27.6 21.5 21.8 26.9

aAnalysis of precipitates and supernatants was performed by ICP-MS after incubating CB2, 3As, and K12 in AMD-impacted water for 11 days in the presence and absence of 1 g.L−1

urea. Metal concentrations are given in mg.kg−1.
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dependence of the Fe(II) oxidation rate on the pH in natural
waters (Sigg et al., 2006), the iron oxidation observed here
may have been at least partly due to the increase in the pH
observed under our experimental conditions as the result of urea
degradation activity.

The pH increase observed here may have induced the co-
precipitation of other metals together with Fe under these
experimental conditions. Using inductively coupled plasma-
mass spectrometry (ICP-MS, Table 2) and X-ray microanalysis
(Figure 8), we established that in samples where urea degradation
had occurred (samples inoculated with CB2 in the presence of
urea), the soluble iron, arsenic, and aluminum concentrations
were lower than in the other samples tested. In addition, high
amounts of these elements were detected in the precipitates
obtained from these samples (Table 2; Figure 8). Fe(III)
precipitation probabaly causes the co-precipitation of arsenic, as
previously found to occur in AMD-impacted waters (Casiot et al.,
2003; Morin et al., 2003; Duquesne et al., 2008). Previous studies

have shown that Thiomonas strains express arsenite oxidases in
AMD-impacted creek waters (Bertin et al., 2011). As(III) may
be oxidized into As(V), which is less soluble and precipitates
with Fe(III) more efficiently than As(III) under these conditions
(Casiot et al., 2003; Morin et al., 2003; Cheng et al., 2009; Maillot
et al., 2013). Thiomonas sp. CB2 oxidizes As(III) in the presence
of organic compounds (Bryan et al., 2009), and we observed in
the present study that this bacterium is also able to oxidize As(III)
in the presence of urea in m126medium (Figure 9). Therefore, to
test whether CB2 is able to oxidize arsenite in AMD-impacted
water, the concentrations of As(III) and As(V) present in the
soluble fraction were measured using ICP-AES or GC-MS. The
concentrations of these two forms of arsenic decreased under all
the conditions tested (Figure 10). No As(V) accumulation was
observed in the soluble phase because As(V) is more efficiently
adsorbed by Fe precipitates than As(III) in AMD-impacted water
(Morin et al., 2003; Cheng et al., 2009; Maillot et al., 2013). These
explanations are consistent with results obtained in previous

FIGURE 8 | Analysis of precipitates’ composition. SEM photographs and microanalytical X-ray graphs of precipitates. These were obtained with AMD-impacted

water supplemented (A) with 1 g.L−1 urea after incubating CB2 for 4 days and (B) after incubating 10 U of urease in AMD-impacted water supplemented with 1 g.L−1

urea for 1 day, respectively. White arrows on the photographs show spots on which the X-ray microanalyses were conducted to obtain the graphs presented below.

Since the magnesium X-ray K lines interfered with the arsenic L lines around 1250–1300 eV, the presence of As was confirmed by checking its K lines at higher energy

levels. Silicon in the second graph and carbon in the first and third ones originate from the supports used in these studies. Pictures and graphs are representative of at

least three points analyzed. These graphs show that aluminum is present in the precipitate only under the conditions where urea degradation activity was possible.

Controls were also performed with (C) urea added alone, (D) no urea added (E) with inactivated urease, and (F) with urease but no urea.
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FIGURE 9 | Ability of Thiomonas strains to oxidize arsenite in m126. Cells were grown in m126 medium supplemented with 1.33mM arsenite, in the absence

(squares and triangles) and presence of 1 g.L−1 urea (diamonds and circles) and concentrations of As(III) (squares and circles) and As(V) (triangles and diamonds)

were measured in culture supernatants. Error bars give the standard deviations based on triplicate cultures.

FIGURE 10 | Arsenic concentration in AMD-impacted water inoculated with CB2 in the presence and absence of urea. As(III) and As(V) were measured by

performing (A) GC-MS or (B) ICP-AES in duplicate. Arsenic concentrations are expressed as a percent of the total arsenic concentration measured at T0.

studies on the geochemical processes underlying iron and arsenic
solubility in AMD (Cheng et al., 2009; Klein et al., 2014). All
in all, the present findings indicate that As(III) may be oxidized
into As(V) and precipitated with iron more readily when urease
activity is possible.

Another noteworthy finding made in this study was
that bacterial urea degradation activity induces aluminum
precipitation. It has been established that in aluminum sulfate
solutions and homogeneous solutions of aluminum acetate,
sodium sulfate and urea, the reaction between water and the
ammonia formed by urease activity yields hydroxide ions, which

react in turn with aluminum sulfate, generating particles of
aluminum basic sulfate (Simpson et al., 1998; Kara and Sahin,
2000). The AMD-impacted water used in this study certainly
has a high sulfate content (Table 1). Alternatively, aluminum
may precipitate in the form of aluminum oxyhydroxides, as
suggested by our X-ray microanalyses (Figure 8). The pH value
reached in our samples after urea degradation was slightly higher
than 4.2 (Figure 6). Previous authors have indeed reported
that aluminum hydroxide or microcrystalline gibbsite flocs are
formed at pH values ranging from 4.2 to 4.9 in AMD and form
aggregates at pH levels above 5 (Furrer et al., 2002).

Frontiers in Microbiology | www.frontiersin.org 12 September 2015 | Volume 6 | Article 993



Farasin et al. Urea degradation ability of Thiomonas strains

The present data suggest that the bacterial degradation of
urea may accelerate iron, arsenic, and aluminum precipitation
in AMD in the presence of urea. Since urea was detected in
the interstitial water of sediments from the AMD-impacted
creek, it may be available to bacteria inhabiting this AMD to
use for degradation purposes (Halter et al., 2012). However,
the effects of urea degradation on metal precipitation were
observed in this study under laboratory conditions using a
higher urea concentration than that previously measured in situ
(Halter et al., 2012). In addition, some of the Thiomonas strains
inhabiting AMD waters are able to degrade urea whereas others
are not, which suggests that urea degradation activity is not
crucial to the survival of Thiomonas in AMD environments.
In order to determine whether these biological activities are
relevant in situ, the levels of expression of the Thiomonas
genes encoding the arsenite oxidase and urease were therefore
examined by performing RT-PCR with RNA extracted from
the Reigous creek sediment community, as previously (Bertin
et al., 2011). These Thiomonas cells extracted from the Reigous
creek sediment were found to express the two genes aioA and
ureC (Figure 11) responsible for the two activities promoting
toxic metal precipitation, i.e., arsenite oxidation and urea
degradation, respectively. These findings suggest that some of
the organisms in the Carnoulès AMD community are able
to produce large enough amounts of urea to promote the
expression of ure genes in situ. CB2 may benefit indirectly from
microbial activities in microscale environmental niches where
the urea concentrations may be higher than those previously
measured in the macroscale environment. This bacterium is
known to be able to form biofilms, for instance (Marchal
et al., 2011): other organisms surrounding Thiomonas cells
in biofilms may provide metabolites such as urea or make
the environmental conditions more suitable for CB2 survival
and growth. These organisms may in turn benefit from the
urea degradation and arsenite oxidation activities performed
by Thiomonas, since both activities accelerate the precipitation
of toxic metals. The urea degradation process promoted by
Thiomonas may therefore contribute to enhancing the survival
or the fitness of other microorganisms in the surrounding
biofilm community, as previously suggested to occur in the
case of other activities and other multi-species biofilms exposed
to toxic metals (Koechler et al., 2015). Previous studies have
established that the protist E. mutabilis present in the Carnoulès
AMD is a primary producer excreting organic compounds which
may be consumed by bacterial species (Bertin et al., 2011;
Halter et al., 2012). Among the organic substances produced
by this protist, urea was found to be excreted in synthetic
medium (Halter et al., 2012). Other bacteria belonging to this
community, namely “Candidatus Fodinabacter communificans”
(Carn1 and Carn4), also carry genes involved in urea production
(Bertin et al., 2011). If one of these organisms produces urea,
this compound may then be degraded by Thiomonas. Since
several organisms may be responsible of urea production, some
of which have not yet been grown and studied in vitro, a
new experimental approach will be required to identify the
source(s) of urea and the relevance of its degradation to the
survival of Thiomonas in AMDs. Generally speaking, the results

FIGURE 11 | In situ expression of the Thiomonas arsenite oxidase and

urease-encoding genes. Agarose gel analysis of transcripts corresponding

to aioA, ureC, and the gene encoding the allophanate hydrolase amplified by

performing RT-PCR on the RNA extracted from the bacterial community

inhabiting the Carnoulès AMD. Lane M: GeneRulerTM 1kb DNA Ladder Plus

(Fermentas). Lane 2, 4, and 6: negative controls (with each gene, the same

reaction was performed but without any reverse transcriptase). Lane 1:

RT-PCR product in the case of aioA (555 bp). Lane 3: RT-PCR product in that

of ureC (570 bp). Lane 5: RT-PCR product in that of the allophanate hydrolase

gene (515bp). The amplification products were sequenced and the sequences

predicted were obtained (i. e., those of aioA and ureC).

presented here confirm the complexity of these processes, which
probably involve interactions both between Thiomonas and the
urea producers (E. mutabilis or other less well documented
bacteria such as “Candidatus Fodinabacter communificans”)
and with other mechanisms (such as arsenite oxidation). In
conclusion, it emerges that several closely related Thiomonas
strains co-exist in the Carnoulès AMD waters, which have
different abilities in this toxic environment. Recent studies have
shown that several closely-related bacteria co-existing in AMD
biofilms express different proteins and therefore play distinct
ecological roles (Denef et al., 2010). Further studies on this
fine-scale heterogeneity and the interactions occurring between
Thiomonas strains and other members of the AMD community
will now be required in order to understand more clearly how
these communities function and survive in these highly toxic
ecosystems.
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Note : Le "Supplementary table 1" est présenté en Annexe 
3. 

 

 

Supplementary figure 1 . Urea degradation activity in Thiomonas strains. After growth of cell cultures in m126 

supplemented without or with 0.0005, 1, 2 or 5 g.L-1 urea, urea degradation activity was detected using Bromo-

cresol purple as described in Material and Methods after incubation at room temperature for 15 min. The purple 

color indicates urea degradation. In the negative control where no urea was added to the BCP reagent, the orange 

color stands for no activity observed (as indicated by "urease test � urea"). Urea degradation affected the pH of 

the media when cells were incubated in the synthetic medium m126 supplemented with urea. 
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Partie 3 - Biosynthèse de biofilm et mobilité 

 

I - Introduction 
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Abstract

Since biofilms are an important issue in the fields of medicine and health, several recent microbiological studies have focused on their

formation and their contribution to toxic compound resistance mechanisms. In this review, we describe how metals impact biofilm formation and

resistance, and how biofilms can help cells resist toxic metals. First, the organic matrix acts as a barrier isolating the cells from many envi-

ronmental stresses. Secondly, the metabolism of the cells changes, and a slowly-growing or non-growing sub-population of cells known as

persisters emerges. Thirdly, in the case of multispecies biofilms, metabolic interactions are developed, allowing cells to be more persistent or to

have greater capacity to survive than a single species biofilm. Finally, we discuss how the high density of the cells may promote horizontal gene

transfer processes, resulting in the acquisition of new features. All these crucial mechanisms enable microorganisms to survive and colonize

toxic environments, and probably accelerate ongoing evolutionary processes.

© 2015 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

In many environments, populations of microorganisms

concentrate at the solid/liquid or liquid/gas interfaces, result-

ing in formation of periphytons (biofilms forming on sub-

merged solid surfaces), stromatolites (mushroom- and tower-

shaped biofilms in quiescent waters) or aggregates of cells

not attached to a solid surface (named flocs) or streamers

(filamentous biofilms in flowing water), which have similar

characteristics [1,2]. All these types of biofilms consist mainly

of cells embedded in an organic matrix composed of hydrated

biopolymers such as proteins (including enzymes), exopoly-

saccharides, glycolipids and extracellular DNA [3]. Consid-

erable interest has focused during the last few years on the

process of formation of surface-adherent communities and

their dispersion, partly because of the advent of microscopic

methods such as confocal microscopy and the development of

new cell culture systems (which were recently reviewed in

[1,3e6]). Briefly, planktonic bacteria first adhere to a biotic or

abiotic surface; this first step often requires, but is not

restricted to, the presence of flagella or pili (Fig. 1). Once they

have become firmly attached, the cells migrate together using

a process of twitching motility or recruit planktonic cells and

grow to form microcolonies. Sessile bacteria excrete extra-

cellular polymeric substances (EPS) forming a heterogeneous

matrix interspersed with open water channels. The specific

components of the matrix determine the architecture and its

stability, and influence the functional efficiency of the biofilm,

in particular, its adhesive properties, molecular exchange

processes, matrix water content, charge and sorption proper-

ties [3]. The composition of the EPS depends on the micro-

organisms present and the environmental conditions, including

the temperature and availability of nutrients. Cell lysis may be
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responsible for the formation of hollow cavities in a mature

biofilm (Fig. 1). Other cells can be passively or actively (via a

process of motility-driven dispersal) detached from the sessile

community and disperse either in the fluid (via their swim-

ming motility) or on the surface (by swarming on moist sur-

faces or via a process of gliding or twitching motility) and

colonize other sites (Fig. 1). A link between the regulation of

biofilm formation and swarming, swimming or twitching

motility processes has been recently described and reviewed

[1,7]. Biofilm formation is a coordinated developmental pro-

cess based on cell-to-cell communications which involves

several regulation processes such as quorum sensing (QS),

two-component systems- or c-di-GMP-mediated regulation

[2,7,8].

There exist several lines of evidence suggesting that biofilm

formation protects cells from a wide range of environmental

challenges [9e11]. In the field of microbial ecology, the role

of biofilms in cell resistance to toxic compounds such as metal

ions is of particular interest [2,10]. Several metal ions are toxic

since they block many crucial cellular processes in all the

domains of life [12,13]. In eukaryotic and prokaryotic cells,

the toxicity of metals depends on whether or not they are

essential metals, their speciation and their concentration

[12,13]. Essential redox-active metals such as iron (Fe), cop-

per (Cu), chromium (Cr) and cobalt (Co), which undergo

cycling reactions involved in electron transfer processes, are

toxic when they are present in excess, whereas non-essential

metals such as arsenic (As), mercury (Hg), lead (Pb) and

cadmium (Cd) are toxic even at very low concentrations. The

mechanisms involved in the toxicity of metals have been

recently reviewed [12,13]. Briefly, metals can directly or

indirectly produce reactive radicals via Fenton and Haber-

Weiss reactions, resulting in the formation of reactive oxygen

and nitrogen species (ROS or RNS). This mechanism was

observed in the case of Fe, As, Cr, tellurium (Te), Co, Hg,

silver (Ag) and Cu. ROS, such as the hydroxyl radical (�OH)

in particular, react with DNA, resulting in damaged bases or

strand breaks, lipid peroxidation (leading indirectly to

damaged bases) or protein modifications. In addition, metal

toxicity may be linked to glutathione metabolism, which plays

an important antioxidant role in cells and induces the chelation

of several metals. The presence of excess As, Ag, Cd, Co, Cr

or Te induces glutathione depletion, affecting the cellular

redox balance. Metals interfere with protein activity by bind-

ing to thiols or other functional groups, catalyzing the oxida-

tion of amino acid side chains, displacing essential metals ions

in metalloproteins and interfering with folding processes and

promoting protein aggregation [12e14]. Some metals can also

inhibit cellular activity because they present a structural ho-

mology with enzyme substrates. This occurs, for example,

with pentavalent arsenic (arsenate), which substitutes for

phosphate used in many cellular processes including oxidative

phosphorylation. Lastly, in microorganisms, some metals such

as Ag and aluminium (Al) impair membrane function by

interfering with nutrient uptake processes and disrupting the

electron transport chain and/or the proton gradient force

Fig. 1. Overview of biofilm formation and factors that contribute to toxic metal resistance or tolerance. The reduced sensitivity to toxic metals in biofilms is due to

multiple factors, including changes in biofilm formation efficiency, matrix structure, metabolism and gene expression, as well as the onset of mutations. (Me:

metal; H: hemagglutinin).
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[12,13]. Despite such toxic effects, many microorganisms are

able to colonize contaminated ecosystems because they

develop resistance mechanisms, which can affect metal

speciation, cause extrusion of metal out of the cell, efficiently

repair macromolecules, circumvent metabolic pathways or

sequester the metal within the structure of a biofilm [10,15].

In this review, we propose to report on the latest findings on

how biofilms contribute to the adaptive bacterial mechanisms

enabling cells to survive in extreme environments containing

toxic metals. Data on the link between biofilm formation or

dispersion and microbial toxic metal resistance processes will

be presented. Biofilms are generally formed by communities

containing several species [16], and recent findings on how

multispecies biofilms promote resistance to toxic metals will

also be presented.

2. Effect of metals on the formation and development of

biofilms

Most studies on the role of bacterial biofilms in resistance

to toxic metals were performed on preformed biofilms chal-

lenged with metals since, in most cases, bacterial biofilm

formation was not possible at toxic metal concentrations above

the planktonic minimum inhibitory concentration (MIC)

[17,18]. In such studies, it was shown that once initiated, the

biofilm provides a slight advantage in the presence of toxic

metals, as the occurrence of cell death is generally postponed.

However, and contrary to what is observed in the presence of

antiobiotics, planktonic and biofilm cells are in most cases

almost equally susceptible to killing by metal oxyanions and

cations [17,19e21], i.e. their minimum biofilm-eradication

concentration (MBEC) in biofilm is not higher than the min-

imum bactericidal concentration (MBC) observed under

planktonic growth conditions. Growth in a bacterial biofilm

therefore does not necessarily increase the resistance of the

cells to toxic metals, but rather, endows them with greater

time-dependent tolerance [19,20,22,23]. In some bacteria,

cells in biofilm are even more susceptible to oxyanions than

planktonic cells, as observed for tellurite in the case of

Staphylococcus aureus ATCC 29213, where the MBC is

higher than the MBEC [24]. Nevertheless, in few studies, it

was possible to test the bacterial biofilm formation at inhibi-

tory concentrations. For example, formation of biofilm was

found to be promoted in Rhizobium alamii YAS34 by Cd

exposure at inhibitory concentrations [25], and in the marine

methanogen archaeon Methanosarcina acetivorans C2A when

pre-adapted cells were exposed to Cd at concentrations which

are very toxic for control cells [26]. Candida tropicalis 99916

yeast biofilms were more tolerant to toxic metals than plank-

tonic cells, and the death of the cells in the biofilms was not

time-dependent [27]. Thus, the effects of metals on biofilm

depend on the bacterial strain, the metal and the growth

environment (the composition of the media, carbon source and

buffer conditions) [18,21,22]. Recent studies that more spe-

cifically reveal how metals can affect the various steps in the

formation and development of biofilms will be described

below.

2.1. Attachment and adherence

One protective strategy adopted by several bacteria when

they are exposed to toxic metals consists in promoting the

formation of a biofilm. Bacterial attachment is the first step in

the development of a biofilm, as well as playing a key role in

this process. Metals often have an impact on the adhesion of

cells to the surface and/or cell-to-cell aggregation processes,

which probably promote the formation of biofilms and

enhance their resistance. However, the efficiency of the pro-

cess of attachment and/or aggregation of cells seems to

depend on the metal involved and its concentration. For

example, increasing concentrations of Cd, even at inhibitory

concentrations, induce the attachment of cells, and thus, bio-

film formation in R. alamii YAS34 [25]. Several studies have

also been performed on these processes in the case of Xylella

fastidiosa. Increasing the Cu concentration (from 0 to

200 mM, <MIC) enhanced biofilm formation of the X. fas-

tidiosa strain Temecula, as shown by crystal violet detection

assays on microtiter plates, although higher concentrations

(>200 mM) reduced the amount of biofilm formed. On the

other hand, in studies using microfluid chambers, the addition

of Cu (50 mM) promoted attachment of this bacterium and

accelerated cell aggregation, while higher concentrations

(400 mM, <MIC) inhibited aggregation and prevented for-

mation of biofilm [28]. Subinhibitory manganese (Mn) and Zn

concentrations affect cell-to-cell attachment in X. fastidiosa

strain Temecula, but Mn increases the process of biofilm

formation in this bacterium, whereas zinc impairs this process,

probably by decreasing the surface-cell attachment process

[28,29]. In another bacterium, X. fastidiosa 9a5c, the re-

sponses of the biofilm to Cu and tetracycline were compared.

In this case, the biofilm was found to be less susceptible than

planktonic cells to Cu. The biofilms incubated in the presence

of inhibitory concentrations of tetracycline seemed to be

thinner than those formed in the presence of inhibitory con-

centrations of Cu. In line with these results, it was shown that

the gene and protein expressions of hemagglutinins, which are

known to be involved in cell-to-cell adhesion processes in X.

fastidiosa, were greater in response to Cu than to tetracycline

[30]. Cu may therefore speed up the settling rate and the

process of biofilm formation in the case of both X. fastidiosa

9a5c and Temecula strains. Some Escherichia coli K-12

strains formed a biofilm in response to subinhibitory nickel

(Ni) concentrations. In this biofilm, cell growth was found to

be less affected by metal exposure than under planktonic

conditions [31]. In addition, the adherence properties and the

process of biofilm formation were increased and transcription

of the adhesive curli encoding genes was induced in response

to Ni [31]. All in all, these findings suggest that bacterial cells

exposed to metals generally respond by promoting adhesion

processes, and hence, formation and maintenance of biofilms

(Fig. 1). However, some exceptions to this strategy have been

observed, and in other cases, the switch between the plank-

tonic and biofilm ways of life was prevented in the presence of

toxic metals. Indeed, biofilm formation may compete with

flagellar motility in bacteria, and in some cases, the motility
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strategy is favored rather than biofilm formation in the pres-

ence of toxic metals (Fig. 1). In Herminiimonas arsenicox-

ydans ULPAs1 and Rhizobium sp. NT26, for example, As(III)

induces swimming motility, delays biofilm initiation [32] and

reduces the amount of biofilm formed [33]. Bacteria may

therefore have to choose between the sessile and planktonic

lifestyles in order to either embed the cells in a protective

matrix or escape harsh conditions and reach more favorable

niches (Fig. 1).

2.2. Changes in biofilm structure and maturation

In addition to impacting cell adhesion, heavy metal

exposure can lead to structural changes in the biofilm matrix

(Fig. 1). The formation of a stiffer or more compact biofilm

that is more resistant to erosion by shear forces has been

observed, for example, at concentrations higher than the MIC

for Fe2þ and higher than the MBC for Al3þ, Cu2þ, Fe3þ,

Zn2þ in Bacillus subtilis B1, and at subinhibitory concen-

tration of Zn2þ in X. fastidiosa strain Temecula [29,34]. The

amount of extracellular matrix increases considerably in

Thiomonas sp. CB2 at subinhibitory concentrations of

As(III), thus probably improving the integrity of the biofilm

[35]. It has been established that the complex 3-D develop-

ment of the Tm. sp. CB2 biofilm contributes to its physio-

logical heterogeneity and to the development of a

subpopulation of cells that are remobilized in a rapid process

of dispersal [35] (Fig. 1). In this case, the exopolysaccharides

contribute to enhancing the complex 3-D architecture of the

biofilm matrix in response to As(III) exposure. In the case of

R. alamii YAS34, the biofilm is more condensed in the

presence of subinhibitory concentrations of Cd than in the

absence of this metal [25]. Metal-specific changes in struc-

ture and hydrodynamic properties have also been observed in

Shewanella oneidensis MR-1 biofilm exposed to either

chromate Cr(VI) or uranyl U(VI), resulting in specific spatial

stratifications [36]. In yeast strains, metals affect the biofilm

structure and influence the 3-D structure in a similar way via

the cell differentiation process from yeast to hyphal cells in

C. tropicalis 99916 and Candida albicans 3153A. Subin-

hibitory concentrations of Zn2þ, Co2þ, Cu2þ, Agþ, Cd2þ,

Hg2þ, AsO�

2 and SeO2�
3 abolish hyphal formation in both

strains, whereas CrO2�
4 induces a mycelial structure in C.

tropicalis 99916 [37]. All these findings suggest that expo-

sure to metals results in a spatial restructuring of the biofilm,

which may help the microorganisms to acquire greater

tolerance to toxic metals. It has been hypothesized that these

structural changes may affect the metals' bioavailability,

cellular nutrient acquisition processes and the metabolic ac-

tivities described in the next section.

3. Role of biofilms in toxic metal resistance

Once a biofilm has been established, it will impact the cells

either via a passive process and/or by influencing the pattern of

gene expression, resulting in the specific resistance or toler-

ance mechanisms described below.

3.1. Sequestration and immobilization within the biofilm

matrix

It has been clearly established that the extracellular poly-

meric matrix acts as a barrier to toxic metals, in which they

can be sequestered, immobilized, mineralized and/or precipi-

tated [1,10,38] (Fig. 1). Some toxic metals bind to functional

groups of EPS matrix components (such as the carboxyl,

phosphoryl, hydroxyl and amino groups) [38]. The combina-

tion of positive and negative charges in the matrix restricts

diffusion of metal ions because the number of electrostatic

binding sites available for biosorption of metals is 20- to 30-

fold greater in extracellular polymers than in planktonic

cells [39]. This biosorption of toxic metals results in their

sequestration in the extracellular matrix and may therefore

decrease their bioavailability, retard their diffusion and thus

reduce cell exposure and increase bacterial resistance

[22,34,40]. This process may protect the bacteria until the

matrix becomes saturated. Indeed, in agreement with this idea,

a gradient in the distribution of living cells has been observed

in Pseudomonas aeruginosa PAO1 biofilm exposed to subin-

hibitory concentrations of Cu. In this case, death of the cells

occurred preferentially on the outer surface and periphery of

the biofilm, which is more exposed to Cu, whereas the number

of living cells was greater in the bottom layers of the biofilm

where cells are probably not affected by the metal [41].

Increasing the amounts of EPS or changing the carbohydrate

composition of biofilms exposed to metal ions in comparison

with non-exposed cells would probably improve the metal

trapping process [29,42,43]. This process has been mainly

described in the case of cations, since EPS are often anionic

[22,27]. It has been reported that in biofilm matrices of bac-

terium E. coli JM109 and yeast C. tropicalis 99916, metal

oxyanions have lower binding affinity than cations and may

therefore diffuse more efficiently [17,27]. In Pseudomonas

putida ATCC 33015, sugars are present in great amounts in the

biofilm matrix exposed to chromium, which probably facili-

tates cation binding processes. In addition, large amounts of

extracellular DNA (eDNA) were found to bind to Cr(III) and

contribute to metal biostabilization [43]. In X. fastidiosa 9a5c,

the amount of exopolysaccharides able to form a complex with

Cu changes depending on the growth medium [44]. Likewise,

Pseudomonas pseudoalcaligenes KF707 biofilms grown in

minimal medium were able to counteract metals better than

those obtained in rich medium (MBECminimal

media > MBECrich media) [21]; whereas E. coli JM109 was less

susceptible to metals in rich than in minimal medium

(MBECrich media > MBECminimal media) [22]. These findings

show that both the environmental conditions and the quantity

of EPS influence the biosorption behavior and the sequestra-

tion efficiency of biofilms.

Mechanisms involving biofilms that influence metal

speciation or precipitation processes have been described.

Changes in the oxidative state may favor metal precipitation

and render metals less toxic, which enables the cells to tolerate

higher metal concentrations than planktonic cells (Fig. 1).

Several studies have established that inorganic compounds
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such as sulfides and phosphates promote metal depletion from

a solution by concentrating them, which results in the for-

mation of insoluble precipitates in the matrix [10,38,45].

These precipitates can be seen to form finely grained minerals

when observed microscopically, as in the case of electro-dense

cadmium and sulfur grains trapped throughout the biofilm

matrix of M. acetivorans C2A [26]. Similar seleniumesulfur

granules were observed in the biofilm matrix of a Desulfo-

microbium norvegicum-like strain (Dundee isolate 1). In this

case, it was established that the bacterium produced sulfide,

which promoted abiotic reduction of selenite at subinhibitory

concentrations [46]. On the other hand, the immobilization

and modification of metal in the biofilm matrix may be linked

to an active extracellular enzymatic reduction process possibly

occurring in the presence of a suitable electron donor. For

example, the biofilm of Geobacter sulfurreducens PCA

showed enhanced capacity to immobilize and reduce U(VI) to

the less mobile form U(IV) in comparison with planktonic

cells. This biofilm contains proteins involved in electron

transfer, i.e. outer membrane c-type cytochromes, and elec-

trically conductive pili, which immobilize and reduce uranium

in the top stratum of the biofilm. This process is largely

dependent on the size of the metalloid-exposed surface of the

biofilm [47]. Another biomineralization process has been

described in Cupriavidus metallidurans CH34, which is able

to form gold (Au) nanoparticles in biofilms through an active

mechanism of reduction and precipitation of toxic Au(III)-

complexes [48]. All these processes are tightly regulated and

require a switch in the pattern of gene expression as well as

changes in the general metabolism of the cells, as described in

the following section.

3.2. Biofilm-specific gene induction and metabolic

changes in response to toxic metals

Changes in gene expression and in metabolism are thought

to be involved in biofilm-mediated metal tolerance. Three

main changes have been described to date. First, it has been

reported in two studies that cells under metal exposure favored

the synthesis of EPS, which meant that they would be pro-

tected in the biofilm from exposure to toxic metals during their

growth (Fig. 1, see also part 3.1). A shift in the

exopolysaccharide-related metabolism was observed in Pseu-

domonas fluorescens ATCC 13525 biofilm metabolome

exposed to a subinhibitory concentration of Cu ions using both

GC-MS and H_NMR approaches, which resulted in an in-

crease in the matrix production, whereas metabolism corre-

sponding to an oxidative stress response was favored in

planktonic cells exposed to Cu [49]. Likewise, the expression

of genes involved in exopolysaccharide synthesis increased in

X. fastidiosa strain Temecula cells exposed to subinhibitory

concentrations of Zn in the biofilm as compared to non-

exposed cells [29]. Secondly, one metabolic pathway can

sometimes be favored versus another during biofilm forma-

tion. In Desulfovibrio desulfuricans strain ND132, for

example, the process of Hg methylation was faster in the

biofilm than in unattached bacteria. In addition, the process of

methylation in planktonic cultures was found to be indepen-

dent of the acetyl-CoA pathway, whereas this pathway seems

to play an important role in the methylation processes occur-

ring within the biofilm [50]. In addition, P. pseudoalcaligenes

KF707 biofilm and planktonic cells adopt different strategies

for counteracting toxic metals: the cells present in biofilms are

resistant to selenite and tellurite, but contrary to what is

observed with planktonic cells, this resistance is not linked to

the reduction of these metals [21]. Thirdly, a microarray

approach was used to investigate the response to Cu of the

plant-pathogen X. fastidiosa 9a5c biofilm and compare it with

the response to tetracycline. In these experiments performed

with subinhibitory and inhibitory Cu concentrations, a dose-

dependent response mechanism specific to this metal was

observed. The number of regulated genes involved in similar

biological processes increases with increasing Cu concentra-

tions. The genes induced in this way included phage-related

genes, pathogenic, virulence and adaptation genes, whereas

the genes repressed included genes involved in RNA and

protein synthesis [30]. Thus, phage-related activity and biofilm

formation seem to represent a specific response to Cu in this X.

fastidiosa strain, whereas the shutdown of DNA replication

and protein translation, as well as the repression of movement

and the induction of toxin-antitoxin systems, seem to comprise

a common response to both Cu and tetracyclsine in X. fas-

tidiosa biofilm (Fig. 1). These findings suggest that bacterial

cells may reduce their metabolism and enter a resistant

physiological state when they are exposed to toxic compounds

[30]. A dormant state was previously described in studies on

the responses of other bacteria to antibiotics, and these cells

were termed persister cells.

3.3. Persister cells formation

Amechanismcommonly associatedwith antibiotic resistance

is the formation of persister cells, a subpopulation of cells that

neither grow nor die and survive prolonged exposure to toxic

compounds [51e53]. Only a few examples of persister cells able

to survive exposure to metals in biofilms have been described,

includingP. aeruginosaATCC27853 exposed tometal cations at

concentrations higher than the MBC [20], and E. coli strain

JM109 exposed to oxyanions at concentrations slightly higher

than the MIC [17]. This dormant state differs from the acquisi-

tion of resistance, since theMBCof these cells does not increase,

and it was suggested that these persister cells may contribute to

the time-dependent tolerance described in section 2 [17,20]. In

these studies, it was observed that these cells were able to grow

again after metal removal and show normal susceptibility to it

[17,20]. Similarly, X. fastidiosa strain Temecula may be able to

enter a viable but non-cultivable state at subinhibitory concen-

tration of Zn, at which growth is slow [29]. In X. fastidiosa 9a5c,

the presence of persister cells (accounting for 0.05% of the

population) was observed in response to inhibitory concentra-

tions of both tetracycline and Cu [30] and the number of these

persister cells increasedwhen the populationwas pretreatedwith

a subinhibitory concentration of Cu. The expression of tox-

ineantitoxin related genes, known to be associated with the rate
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of occurrence of persister cells in response to antibiotics in E.

coli [52,53], was induced inX. fastidiosa 9a5c biofilmexposed to

Cu. All in all, these findings show that, as in the case of antibi-

otics, some bacteria are able to enter a dormant state in the

presence of toxic metals, awaiting better growth conditions.

4. Metals and multispecies biofilms

The existence of biodiversity is crucial to any ecosystem, and

this is evenmore so under fluctuating environmental conditions,

where it may serve to maintain the functional integrity of eco-

systems. Several studies demonstrate that the presence of toxic

metals can have either negative [54] or positive effects on

functional relationships at work in microbial multispecies bio-

films [55]. On the other hand, the presence of several species in

biofilmsmay favor the functioning of the communities and their

resistance to toxicmetals. For example, it was demonstrated that

in the presence of Cd [56], a single-species biofilm accumulated

only 25e30% of the amount of Cd accumulated by a multi-

species biofilm. It was suggested that the low amounts of Cd

accumulated by the single-species biofilm may be linked to its

poor capacity to grow and produce extracellular Cd-binding

components, since a higher amount of both proteins and EPS

accumulated in the multispecies biofilm than in the single-

species biofilm [57]. In another study, a microbial community

showed a two-to threefold higher Cu ion uptake capacity than

that of single-species cultures [58]. Likewise, the mixed cya-

nobacterial and bacterial biofilms removed Cr(VI) from the

aqueous phase more effectively than each strain separately [59].

In a third study, experimental bioreactors inoculated with a

single resistant strain and fed with sterile chlorine/alkali

wastewater collapsed when the influent Hg concentrations

increased, whereas stable performances were achieved using a

mixture of strains [60]. This study reveals that stable, efficient

bioreactor performances are facilitated even under variable

influent conditions by the presence of a mixed Hg-resistant

community.

Biomineralization seems to be an important process for

metal detoxification in natural biofilms. A central role has

indeed been demonstrated for C. metallidurans CH34, a bac-

terium that dominates the communities of biofilms on Au

grains in Australian mines, in the detoxification of Au com-

plexes [48,61] (See also part 3.1). Recently, multispecies

biofilms grown from an oil sand tailings pond in Northern

Alberta, Canada were found to be extremely resistant to

several metals (up to 20 mg L�1 of Pb, 16 mg L�1 of Zn,

1000 mg L�1 of Sr and 3.2 mg L�1 of Ni). In this community,

a process of Cu, Ag, Pb and Sr mineralization was observed on

the surface of the biofilms where a high level of bacterial

species complexity was maintained. Interestingly, little change

in the microbial communities exposed to silver, lead or

strontium was observed in comparison with stress-free multi-

species biofilm [62]. Pseudomonas, Ensifer, Azospirillum and

species belonging to the Rhizobiaceae family were the main

members of this community. One species, Rhodococcus

erythropolis, was isolated from this community and found to

be less tolerant to lead and strontium than the other isolates,

and it did not biomineralize these metals. In contrast to what is

observed in the presence of Pb and Sr, the viability of R.

erythropolis biofilm did not decrease in the presence of Cu as

it did in a multispecies biofilm, which suggests that this spe-

cies is fairly Cu-resistant [62]. These observations indicate

that its resistance depended on the metals but also on the

presence of the other species. It should be noted that the

structure and diversity of bacterial communities of this kind do

not depend on toxic metal concentrations alone, but also, as

mentioned above in the case of single-species biofilms, on the

temperature [63], the pH [64], the organic content [65] and

interactions between these factors.

The development and persistence of biofilms are also

affected not only by their environment, but also by the variety

of species present. Some recent studies have been performed

with a view to understanding how toxic metals may influence

the diversity of the biofilm community. Chodak et al. [66] re-

ported that a high heavy metal content in forest soil had a

negative influence on bacterial activity and diversity, suggesting

that community members do not necessarily all benefit equally

from belonging to a multispecies biofilm. Although a loss of

biodiversity within the biofilm has been observed in some

studies, positive effects of heavy metal exposure on biodiversity

have been frequently reported. High levels of biodiversity were

detected in rocks and mines, where the typical number of OTUs

amounted to almost 100 [67e70]. In one study on a rock bio-

film from a former gold and arsenic mine in Zloty Stok

(Poland), a high level of microbial diversity (more than 190

OTUs) dominated by Rhizobiales (a-Proteobacteria)

(60 mg kg�1 of dry mass) was observed [71]. Several organisms

potentially involved in transformation of arsenic, iron-

oxidizing/reducing microorganisms, methanotrophs and many

microorganisms involved in the nitrogen cycle were detected in

the biofilm originating from this mine. The authors presented an

“arsenium commensalism” model, in which they speculated

that the majority of the bacteria in the biofilm community may

gain energy from sources other than arsenic compounds, but

oxidize arsenic and produce the less toxic oxidized form,

arsenate. The reduction of arsenate is then catalyzed by She-

wanella and used to promote its own growth [71].

More generally, microbial diversity yields a reservoir of

strains with complementary ecological niches resulting in high

levels of resistance to toxic metal conditions. It seems that the

driving forces responsible for bacterial community develop-

ment in toxic metal environments are self-organization and

cooperation rather than competition between individual mi-

croorganisms. Multispecies biofilms probably constitute a

favorable bacterial habitat under toxic metal stress conditions,

providing protection and the possibility of engaging in

mutually beneficial cooperative interactions. Finally, species

diversity within a biofilm constitutes an important means of

dealing with stress and variable conditions by producing an

“insurance effect” [72]. The “insurance” hypothesis is based

on the assumption that different species or strains will respond

differently to environmental conditions: some bacteria may

tolerate various kinds of abiotic perturbations more than others

and their growth rates may be less severely affected [73e75].
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Altogether, the very small changes in the microbial commu-

nities observed in response to As, Hg, Zn, Pb, Cr or Cd

challenge in all the studies described above indicate that the

abundance of more resistant species is not enhanced by the

presence of these compounds. They tend, rather, to indirectly

promote growth of multispecies biofilms because these metals

induce resistance and/or tolerance upon its members when

they are exposed to toxic metal stress. This finding may be

partly attributable to differences in the genetic potential of this

set of microorganisms, which allow the coexisting members of

the community to withstand and sometimes take advantage of

increasing environmental stresses such as toxic metals.

Since more than a decade, several studies have been per-

formed on the biofilm communities found in acid mine

drainages (AMDs) at the Richmond Mine (California), which

contains extremely high As, Cd, Cu and Zn concentrations

[76]. It was demonstrated that a biofilm formed by several

microorganisms (bacteria, archaea, protist and fungi) at the

air-solution interface stimulates pyrite dissolution to form an

acidic and metal-rich solution. At various stages of this biofilm

development, metabolic roles have been assigned to different

microorganisms or even populations of closely-related bacte-

ria or archaea [76]. In particular, it was demonstrated that

several closely-related Leptospirillum co-exist and play crucial

roles, expressing different proteins and therefore having

distinct ecological roles. More generally, fine-scale heteroge-

neity was observed in these biofilms and unexpected high

diversity was recently demonstrated in these ecosystems

[77e79]. Environmental genomics performed on these bio-

films have led to studies of microbial evolution at the com-

munity level and demonstrate that such bacteria and archaea

have evolved over a relatively short time scale (a few years) by

mutation, migration and genome rearrangement, but also

horizontal gene transfer (HGT) involving plasmids or phages

[76,78e80]. Such mechanisms probably enable maintaining

the high diversity and heterogeneity observed. A comparative

study on several metagenomics data suggest that microor-

ganisms found in extreme environments evolve faster, and the

frequency of HGT is higher than in those found in non-

extreme environment [81]. Interestingly, an enrichment in

genes involved in recombination, replication and DNA repair

was observed in the genomes of microorganisms found in

AMDs, and in particular in the biofilms of the Richmond mine

[81], and genomic islands carrying metal resistance genes

have been detected in several bacteria capable of forming

biofilms which may have been acquired by HGT processes

[33,82e84]. All these data suggest that toxic metals may favor

mutation occurrence, HGT and thus accelerate evolution of

such microorganisms. To date, only one study was performed

in Tm. sp. CB2 biofilm to test such a hypothesis. In this

bacterium, in the presence of As(III), dead cells and cell lysis

events were observed, as well as rapid dispersal of part of the

population [35]. After the dispersal, 20% of the cells were

more resistant, i.e. the MIC was higher than that of the

planktonic “mother” cells. These cells were defined as vari-

ants, since this resistance is conserved after several genera-

tions of growth in the absence of As(III) (Farasin, unpublished

data). Such resistance acquisition mechanism may increase

bacterial capacity to colonize new niches after cell dispersal

(Fig. 1). The occurrence of variants in biofilm metal resistance

and the mechanisms involved should be studied in the future to

understand how metals can increase biofilm diversity and

accelerate the evolution processes.

5. Conclusion

The fact that bacterial biofilms are often more tolerant or

resistant to toxicmetals than their planktonic counterparts is due

to complex processes involving many factors (Fig. 1). This

resistance makes biofilms an attractive biotechnological tool,

since they may increase the efficiency of the current toxic metal

remediation processes. For example, since toxic metal seques-

tration or immobilization processes by EPS are energy-

independent, EPS and biofilms could be used for heavy metal

removal or in situ heavy metal immobilization purposes

[45,85,86]. As established in the literature, multispecies bio-

films are probably more efficient and more stable than single-

species biofilms, and they promise to have useful applications

in the future. Generally speaking, understanding how multi-

species biofilms form, resist pollutants such as toxic metals and

remove them is of crucial importance not only from the biore-

mediation point of view, but also inmedical processes and water

distribution systems, where biofilms are undesirable because

they are liable to interfere with decontamination processes.

Finally, only a few works have been performed to study how

metals influence bacterial evolution in biofilms. Various pro-

cesses such as HGT are known to impact species evolution in

multispecies biofilms. Less information is available thus far on

the ability of plasmids, transposons, bacteriophages and eDNA

to mediate HGT in bacterial cells growing in biofilms under

toxic metal stress. Nevertheless, HGTmay have a strong impact

on the spreading of resistance genes and may therefore strongly

contribute to overall resistance to toxic metals in nature. In the

future, it will be important to study the mechanisms involved in

HGT in biofilms exposed to toxic metal.
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II - Matériels et méthodes 

1 - Souches et conditions de cultures 

 Thiomonas arsenitoxydans $%& '( )'& &*+,-'& Thiomonas &../ 01!2 0132 01$ '( 014 

*5( 6(6 7&*)6'& 8+ 89:75:;' <757'9 :,78' 8' 0:95*+)=& >?:98@ >%9&'5'AB)*'(C' '( :)/2 3D!DE 

F+G+'&5' '( :)/2 3DDH@/ I))'& *5( 6(6 ,+)(7J6'& '5 <7)7'+ <!34 8*5( ): ,*<.*&7(7*5 .*+9 ! )7(9' 

'&( ): &+7J:5(' K IL(9:7( 8' )'J+9' K D2M ; E N-7*&+)O:(' 8' &*87+< PQ:3R3S$T K M ; E B-*&.-:(' 8' 

.*(:&&7+< <*5*U:&7G+' PVW3BS"T K !2M ; E B-*&.-:(' 8' &*87+< 87-X89:(' PQ:3WBS"A3W3ST K 

"2M ; E R+)O:(' 8' <:;56&7+< -'.(:-X89:(' PY;RS"AZW3ST K D2! ; E 0-)*9+9' 8[:<<*57+< 

P>QW"@0)T K D2$ ;/ \' .W 6(:7( '5&+7(' :]+&(6 ^ M :J', 8+ W3RS"/ \[:9&657(' >%&>___@@ : '5&+7(' 

6(6 :]*+(6 :+L ,*5,'5(9:(7*5& 86&796'& ^ .:9(79 8[+5' &*)+(7*5 <=9' &(697)' 8' Q:%&S3 >B9*):U* 

`*5('5:XA&*+&A1*7&2 `9:5,'@ ^ 44Z <Y/ 

 \'& ,+)(+9'& '5 U7*O7)< *5( 6(6 96:)7&6'& 8:5& 8'& .):G+'& '5 .*)X&(X9=5' !3 .+7(& >Q+5,@ 

.*+9 )'& 'L.697'5,'& 8' ,*)*9:(7*5 :+ ,9X&(:) J7*)'(2 '( 4 .+7(& .*+9 )'& 'L.697'5,'& 8' aQ%&'G/ 

B*+9 )'& *U&'9J:(7*5& '5 <7,9*&,*.7' ,*5O*,:)'2 )'& U7*O7)<& *5( 6(6 ,+)(7J6& 8:5& 8'& .):G+'& 

!3 .+7(& ^ O*58 '5 J'99' >_5b7(9*R,7'5(7O7,@/ \'& .):G+'& !3 .+7(& *5( 6(6 75*,+)6'& :J', ! <\ 

8' ,+)(+9' 87)+6 8:5& 8+ <!34 ^ F/S4DD5< c D2DD3 .:9 .+7(&2 &+..)6<'5(6 *+ 5*5 '5 %&>___@/ \'& 

.):G+'& 4 .+7(& *5( 6(6 75*,+)6'& 8' ): <d<' <:57=9' <:7& :J', 32ZM <\e.+7(&/ 0'& ,+)(+9'& *5( 

6(6 75,+U6'& ^ $Df0 '( )' <7)7'+ : 6(6 9'5*+J')6 :+ U*+( 8' 3" -/   

2 - Quantification de biofilm au crystal violet 

 \'& ,*)*9:(7*5& :+ ,9X&(:) J7*)'( *5( 6(6 'OO',(+6'& &+9 8'& U7*O7)<& 8' Z3 - '5 (97.)7,:( 

>75*,+):(7*5 ^ .:9(79 8' (9*7& ,+)(+9'& 7586.'58:5('&@ :J', (9*7& .+7(& .*+9 ,-:G+' ,*587(7*5 >D 

<Y2 324Z <Y '( M2$$ <Y 8[%&>___@@/ %+ U*+( 8' Z3 - 8[75,+U:(7*52 )' <7)7'+ : 6(6  9'(796 8'& 

.+7(& '( )'& U7*O7)<& *5( 6(6 86)7,:('<'5( 975,6& :J', ! <\ 8[':+ .-X&7*)*;7G+'& >Q:0) c # ;/\A

!@/ \'& .):G+'& *5( '5&+7(' 6(6 &6,-6'& .:9 75,+U:(7*5 ̂  $Df0 .'58:5( 3D <75 '5J79*52 .+7& ! <\ 

8' ,9X&(:) J7*)'( ^ D2! g : 6(6 :]*+(6 8:5& ,-:G+' .+7(&/ \'& .):G+'& *5( :)*9& 6(6 ^ 5*+J':+ 

75,+U6'& ̂  $Df0 .'58:5( 3D <75 .+7& )' ,9X&(:) J7*)'( : 6(6 9'(796 '( )['L,=& '5)'J6 .:9 +5 975h:;' 

:J', ! <\ 8[':+ .-X&7*)*;7G+'/ ! <\e.+7(& 8[6(-:5*) ^ #M g : 6(6 :]*+(6 .*+9 9'A&+&.'589' )' 

,9X&(:) J7*)'( O7L6 8:5& )'& U7*O7)<& .+7& 8'& 87)+(7*5& i *5( 6(6 96:)7&6'& 8:5& 8'& .):G+'& #4 

.+7(& >(9:5&O'9( 8' MD j\ 8'& .+7(& 8' ): .):G+'& !3 .+7(& 8:5& !MD j\ 8[6(-:5*) #M g 8:5& ): 

.):G+' #4 .+7(&@/ \: F/SM#M5< 8' ): .):G+' #4 .+7(& : '5&+7(' 6(6 <'&+96' :J', +5 )',('+9 8' 
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.):G+' >RX5'9;X WN E 17*N'k@/ 

3 - Test de mobilité en gélose molle 

 N9*7& ;*+(('& 8' ! j) 8[+5' ,+)(+9' 87)+6'& ^ F/S4DD5< c D2DD3 *5( 6(6 86.*&6'& &+9 +5' 

U*l(' 8' B6(97 ,*5('5:5( 3D <\ 8' <!34 &'<7A&*)78' >D2$g 8[:;:9@ &+..)6<'5(6 *+ 5*5 :J', 

324Z <Y *+ M2$$ <Y 8[%&>___@/ \'& U*l('& *5( '5&+7(' 6(6 75,+U6'& ^ $Df0 .'58:5( Z ]*+9&/ I5 

,:& 8' <*U7)7(6 8'& &*+,-'&2 +5 -:)* 6(:7( J7&7U)' :+(*+9 8+ 86.m(/ 

4 - Etude des biofilms en microscopie confocale 

 \'& U7*O7)<& *5( 6(6 ,+)(7J6& 8:5& 8'& .):G+'& !3 .+7(& ^ O*58 '5 J'99' 8' ): <d<' 

<:57=9' G+' 86,97( .)+& -:+( .*+9 )'& ,*)*9:(7*5& '5 ,9X&(:) J7*)'(/ F'+L (97.)7,:(& U7*)*;7G+'& 

>(9*7& ,+)(+9'& 7586.'58:5('&@ *5( 6(6 96:)7&6& K +5 .*+9 )'& *U&'9J:(7*5& ^ 3" -2 )[:+(9' .*+9 )'& 

*U&'9J:(7*5& ^ Z3 - >:J', 9'5*+J'))'<'5( 8+ <7)7'+ ^ 3" -@/ \'& U7*O7)<& *5(  <:9G+6& :J', 

(9*7& ,*)*9:5(& 87OO69'5(& K 32M jY 8' RnNS# ;9''5 >"HMe"#H@ .*+9 96J6)'9 )'& ,'))+)'& J7:U)'& 

E 32M jY 8' 7*8+9' 8' .9*.787+< >$DMAM$He4!Z@ .*+9 96J6)'9 )'& ,'))+)'& <*9('& E !DD j;/<\A! 

8' ('(9:<'(-X)9-*8:<75' ,*5]+;+6' ^ 8' ): ,*5,:5:J:)75' % >('(9:<'(-X)9-*8:<75'A0*5%@ 

>MMMeMHD@ .*+9 96J6)'9 ): <:(97,'/ %.9=& :]*+( 8'& ,*)*9:5(&2 )'& .):G+'& *5( 6(6 75,+U6'& ^ 

)[*U&,+97(6 .'58:5( $D <75/ 

 \[*U&'9J:(7*5 '( )[:,G+7&7(7*5 8'& 7<:;'& *5( '5&+7(' 6(6 96:)7&6'& ^ )[:78' 8[+5 

<7,9*&,*.' ,*5O*,:) >\'7,: N0R RBH2 *U]',(7O 4$ o ^ 7<<'9&7*5@/ F'+L CA&(:,k& >&697' 

8[7<:;'& &+9 +5 .):5 J'9(7,:)@ :J', +5 75('9J:))' 8' ! j< *5( 6(6 :,G+7& .*+9 ,-:G+' .+7(&/ \'& 

)*5;+'+9& 8[*58'& 8['L,7(:(7*5 6(:7'5( 8' "HH 5< >RnNS# ;9''5 '( 7*8+9' 8' .9*.787+<@ '( M4! 

5< >('(9:<'(-X)9-*8:<75'A0*5%@/ \'& .):;'& 8' )*5;+'+9& 8[*58'& 6<7&'& 6(:7'5( 8' "#M 5< 

^ M"Z 5< .*+9 )' RnNS# ;9''52 8' 4MZ 5< ^ ZMZ 5< .*+9 )[7*8+9' 8' .9*.787+< '( 8' M4Z 5< 

^ M#H 5<  .*+9 ): ('(9:<'(-X)9-*8:<75'A0*5%/ 

 \'& 7<:;'& *5( '5&+7(' 6(6 (9:7(6'& .*+9 *U('579 +5' 9'.96&'5(:(7*5 '5 (9*7& 87<'5&7*5& 

:J', )' )*;7,7') _Y%a_R >17(.):5'2 pq97,-2 R+7&&'@/ \'& U7*J*)+<'& 8' ,'))+)'& >RnNS# ;9''5@ 

'( 8' <:(97,' >('(9:<'(-X)9-*8:<75'A0*5%@ *5( 6(6 G+:5(7O76& ^ .:9(79 8'& &697'& 8[7<:;'& :J', 

)' )*;7,7') _0n >-((.Kee7,X/U7*7<:;':5:)X&7&/*9;@/ 
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5 - Recherche d'îlots génomiques impliqués dans la synthèse de 

biofilm et la mobilité 

 %O75 8' 9',-'9,-'9 )'& *97;75'& ;656(7G+'& .*('5(7'))'& 8'& 87OO69'5,'& *U&'9J6'& 

,*5,'95:5( ): U7*&X5(-=&' 8' U7*O7)< '( ): <*U7)7(62 )'& ;65*<'& 8'& ,75G &*+,-'& >$%&2 01!2 

0132 01$ '( 014@ *5( 6(6 ,*<.:96&/ B*+9 ,'): )[*+(7) RGP Finder 8' ): .):('O*9<' Y:?' 

>-((.&Keerrr/;'5*&,*.'/,5&/O9e:;,e<7,9*&,*.'e,*<.;'5*<7,&e;'5*<7,_&):58/.-.strrr.k

;8Uc'O8D,8$O#D'H,Z33'HZUZM#$4#M,3$O"@ : 6(6 +(7)7&6 :O75 8' 9'.69'9 )'& 9+.(+9'& 8' &X5(657' 

'5(9' )'& &*+,-'&/ I5&+7('2 )' ,*5('5+ 8'& 96;7*5& 78'5(7O76'& ,*<<' 6(:5( J:97:U)' : 6(6 :5:)X&6 

<:5+'))'<'5( :O75 9',-'9,-'9 ): .96&'5,' 8' ;=5'& .*('5(7'))'<'5( 7<.)7G+6& 8:5& ): &X5(-=&' 

8' U7*O7)< *+ ): <*U7)7(6/  

6 - Transcriptomique : RNAseq différentiel 

 %O75 8' 9',-'9,-'9 8'& ;=5'& .*('5(7'))'<'5( 7<.)7G+6& 8:5& ): O*9<:(7*5 8' U7*O7)< 

,-'C Tm. &./ 0132 5*(:<<'5( ): 96.*5&' ^ )[%&>___@2 +5' 'L.697'5,' 8' (9:5&,97.(*<7G+' .:9 

aQ%&'G : 6(6 96:)7&6'/ 

a. Cultures  

 \'& U7*O7)<& *5( 6(6 ,+)(7J6& 8:5& 8'& .):G+'& 4 .+7(& &:5& %&>___@ *+ :J', M2$$ <Y 

8[%&>___@ .'58:5( 3" -2 "H - '( Z3 -2 :J', 9'5*+J'))'<'5( 8+ <7)7'+ ^ 3" -/ %+ (*(:)2 H .):G+'& 

*5( 6(6 +(7)7&6'& .*+9 ,-:G+' ,*587(7*5 '( )['L.697'5,' : 6(6 96:)7&6' '5 (97.)7,:( >$ ,+)(+9'& 

7586.'58:5('&@/ %.9=& )[75,+U:(7*5 ^ $Df02 )' <7)7'+ : 6(6 86)7,:('<'5( 9'(796 8'& .+7(& '( 

9'<.):,6 .:9 !2M <\ 8[':+ .-X&7*)*;7G+' ^ "f0/ \'& U7*O7)<& *5( :)*9& 6(6 86,*))6& 8+ O*58 8'& 

.+7(& ^ )[:78' 8' ;9:((*79& ^ ,'))+)'& >17*)*;7L@ :O75 8' <'((9' '5 &+&.'5&7*5 )'& ,'))+)'& 8:5& 

)[':+ .-X&7*)*;7G+'/ 0'((' 6(:.' : 6(6 96:)7&6' &+9 ;):,' .*+9 6J7('9 ): 86;9:8:(7*5 8'& %aQ/ 

\'& &+&.'5&7*5& *5( '5&+7(' 6(6 ,'5(97O+;6'& ^ HDDD x g .'58:5( !M <75 ^ "f0 '( :.9=& 

6)7<75:(7*5 8'& &+95:;':5(&2 )'& ,+)*(& ,'))+):79'& *5( 6(6 &(*,k6& ^ AHDf0/  

b. Extractions d'ARN et séquençage 

 \'& 'L(9:,(7*5& 8[%aQ *5( 6(6 96:)7&6'& .:9 R:58975' V*',-)'9/ %.9=& 86,*5;6):(7*5 ^ 

('<.69:(+9' :<U7:5('2 4D j\ 8[IFN% >D2M Y E .W Z24@ ^ "f0 *5( 6(6 :]*+(6& 8:5& ,-:G+' (+U'/ 

\'& ,'))+)'& *5( '5&+7(' 6(6 9'.97&'& 8:5& "DD j\ 8' &*)+(7*5 8' 9'A&+&.'5&7*5 >3D g ;)+,*&' E 

3M <Y N97& E !D <Y >JeJ@ IFN%@ :O75 8' )X&'9 )'& ,'))+)'& .:9 ,-*, *&<*(7G+'/ \'& &+&.'5&7*5& 

*5( '5&+7(' 6(6 (9:5&O696'& 8:5& 8'& (+U'& ,*5('5:5( 3 <\ 8' .-65*)2 D2M ; 8' <7,9*U7))'& '( 



 

!M3 

MDD j\ 8' .-65*) :,78'/ \'& (+U'& *5( 6(6 :;7(6& ^ )[:78' 8[+5 U9*X'+9 >`:&(B9'.@ 8+9:5( 8'+L 

,X,)'& 8' $D &',*58'&2 .+7& ,'5(97O+;6& ^ !4 DDD x g .'58:5( M <75+('& ^ "f0/ \'& .-:&'& 

:G+'+&'& *5( :)*9& 6(6 (9:5&O696'& 8:5& 8' 5*+J':+L (+U'& .+7& ! <\ 8' (97C*) : 6(6 :]*+(6/ \: 

&*)+(7*5 *U('5+' : 6(6 -*<*;6567&6' ^ )[:78' 8[+5' .7.'((' ]+&G+[^ G+' )[:&.',( 8'J7'55' 

(9:5&)+,78'2 '( 3DD j\ 8' ,-)*9*O*9<' e :),**) 7&*:<X)7G+' *5( '5&+7(' 6(6 :]*+(6&/ \' <6):5;' 

*U('5+ : 8' 5*+J':+ 6(6 -*<*;6567&6 ^ ): .7.'(('2 .+7& :.9=& :J*79 9'.*&6 $ <75 ^ ('<.69:(+9' 

:<U7:5('2 )'& (+U'& *5( 6(6 ,'5(97O+;6& ^ !4 DDD x g .'58:5( M <75 ^ "f0/ \: .-:&' :G+'+&' : 

:)*9& 6(6 (9:5&O696' 8:5& 8' 5*+J':+L (+U'& '( 3DD j\ 8' ,-)*9*O*9<' e :),**) 7&*:<X)7G+' *5( 

^ 5*+J':+ 6(6 :]*+(6&/ \' ,*5('5+ 8'& (+U'& : 6(6 -*<*;6567&6 ^ )[:78' 8[+5' .7.'((' .+7& )'& 

(+U'& *5( 6(6 ,'5(97O+;6& ^ !4 DDD L ; .'58:5( M <75 ^ " f0/ \'& &+95:;':5(& *5( 6(6 (9:5&O696& 

8:5& 8' 5*+J':+L (+U'& '( )'& %aQ ,*5('5+& 8:5& ,'((' .-:&' *5( 6(6 .+97O76& &+9 ,*)*55' >V7( 

u7:;'5 aQ':&X B)+& Y757 V7(@ .+7& '5J*X6& ^ &6G+'5,'9 :+ ?65*&,*.'/ 
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III - Résultats et discussion 

1 - Quantification de biofilms au crystal violet et test de mobilité 

 \: G+:5(7O7,:(7*5 8' U7*O7)<& :+ ,9X&(:) J7*)'( : 6(6 96:)7&6' :O75 8[:J*79 +5' J+' ;)*U:)' 

8'& ,:.:,7(6& 8' ,-:,+5' 8'& &*+,-'& ^ &X5(-6(7&'9 8'& U7*O7)<&2 G+' ,' &*7( )'& +5'& .:9 9:..*9( 

:+L :+(9'& *+ '5 96.*5&' ^ ): .96&'5,' 8[%&>___@/ 0'((' G+:5(7O7,:(7*5 : 6(6 96:)7&6' &+9 8'& 

U7*O7)<& 8' Z3 - ,+)(7J6& 8:5& 8'& .):G+'& 8' !3 .+7(& '5 .*)X&(X9=5'/ 

 F'+L ;9*+.'& .'+J'5( d(9' 87&(75;+6& K 8[+5 ,m(6 $%&2 01! '( 014 G+7 .9*8+7&'5( 

9'):(7J'<'5( .'+ 8' U7*O7)<&2 '( 8' )[:+(9' 013 '( 01$ G+7 '5 .9*8+7&'5( U':+,*+. .)+& >`7;+9' 

3#@/ I5 .96&'5,' 8' M2$$ <Y 8[%&>___@2 ): F/S '&( .)+& 6)'J6' .*+9 01$ :)*9& G+['))' )['&( <*75& 

.*+9 013 '( 014 >`7;+9' 3#@/ 0',7 &+;;=9' G+' ): .9*8+,(7*5 8' U7*O7)<& &'<U)' d(9' 

87OO69'<<'5( 96;+)6' .:9 ): .96&'5,' 8[%&>___@ &+7J:5( )'& &*+,-'& ,*5&78696'&/ %+,+5 'OO'( 8' 

)[%&>___@ 5[: .+ d(9' *U&'9J6 ,-'C $%& '( 01!2 .'+(Ad(9' ^ ,:+&' 8+ <:5G+' 8' 96&*)+(7*5 8' 

,'((' <6(-*8'/ 

 

Figure 29 D.O 595 nm mesurée après coloration des biofilms en crystal violet. Bleu = 0 mM d'As(III) ; Jaune = 

2,67 mM d'As(III) ; Rouge = 5,33 mM d'As(III). La croix "+" indique la moyenne. 

 \: .9*8+,(7*5 8' U7*O7)<& '( ): <*U7)7(6 O):;')):79' &*5( 8'& .9*,'&&+& )76& :+ 57J':+ 8' 

)'+9 96;+):(7*5 '( 8' .:9 )[7<.)7,:(7*5 8'& O):;'))'& 8:5& )[:8-6&7*5 )*9& 8'& 6(:.'& .96,*,'& 8' 

86J')*..'<'5( 8'& U7*O7)<&/ F:5& )' U+( 8' &:J*79 &7 )'& 87OO69'5,'& 8' .9*8+,(7*5 8' U7*O7)<& 

96J6)6'& .:9 <:9G+:;' :+ ,9X&(:) J7*)'( &*5( ,*996)6'& :J', 8'& 87OO69'5,'& ,*5,'95:5( ): 

<*U7)7(62 8'& ('&(& 8' <*U7)7(6 '5 ;6)*&' <*))' >D2D$ g 8[:;:9@ *5( 6(6 96:)7&6& '5 .96&'5,' *+ 
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'5 :U&'5,' 8[%&>___@/ %+ U*+( 8' Z ]*+9& 8[75,+U:(7*52 +5 -:)* 8' <*U7)7(6 6(:7( *U&'9J:U)' .*+9 

)'& &*+,-'& $%&2 01! '( 014 '5 .96&'5,' 8[%&>___@2 7587G+:5( )[758+,(7*5 8[+5' <*U7)7(6 .)+& 

7<.*9(:5(' .:9 ,'( 6)6<'5( ,-'C ,'& (9*7& &*+,-'&/ 

 \'& &*+,-'& Tm. &../ $%&2 01! '( 014 &*5( )'& (9*7& .*+9 )'&G+'))'& ): .9*8+,(7*5 8' 

U7*O7)<& &[6(:7( 96J6)6' d(9' ): .)+& O:7U)' .:9 <:9G+:;' :+ ,9X&(:) J7*)'( >`7;+9' 3#@/ 0'& 

96&+)(:(& <*5(9'5( 8*5, +5' ,*996):(7*5 75J'9&' '5(9' ): <*U7)7(6 '5 .96&'5,' 8[%&>___@ '( ): 

.9*8+,(7*5 8' U7*O7)<&/ 0',7 .'+( d(9' 75('9.96(6 ,*<<' +5' &(9:(6;7' 87OO69'5(' :8*.(6' .:9 )'& 

&*+,-'& K Tm. &../ $%&2 01! '( 014 G+7 &X5(-6(7&'5( .'+ 8' U7*O7)<&2 8'J7'55'5( <*U7)'& :O75 

8' O+79 )'& ,*587(7*5& :8J'9&'&2 :)*9& G+' Tm. &../ 013 '( 01$ O:J*97&'9:7'5( ): O*9<:(7*5 8' 

U7*O7)<& 8:5& ,'& ,*587(7*5&/ 0'.'58:5(2 ^ O*9(' ,*5,'5(9:(7*52 Tm. &./ 013 O*9<'9:7( <*75& 

8' U7*O7)< G+' ): &*+,-' Tm. &./ 01$/  

 \: .9*8+,(7*5 8' U7*O7)<& '&( +5 .9*,'&&+& ,*<.)'L'2 ,*<.9'5:5( )[:8-6&7*5 8'& 

,'))+)'&2 ): U7*&X5(-=&' 8' ): <:(97,'2 ): <:(+9:(7*5 8+ U7*O7)< '( ): 87&.'9&7*5 8'& ,'))+)'&/ \: 

,*)*9:(7*5 :+ ,9X&(:) J7*)'( 5' .'9<'((:5( .:& 8' 87OO69'5,7'9 )'& ,'))+)'& 8' ): <:(97,'2 7) '&( 

7<.*&&7U)' 8' &:J*79 &7 )[:+;<'5(:(7*5 8' F/S '&( 8+' ^ +5' <'7))'+9' :8-6&7*5 ,'))+):79' *+ ^ 

)[:+;<'5(:(7*5 8' ): U7*&X5(-=&' 8' <:(97,' .:9 'L'<.)'/ %O75 8' .:))7'9 ,' .9*U)=<'2 8'& 

:5:)X&'& '5 <7,9*&,*.7' ,*5O*,:)' *5( 8*5, 6(6 96:)7&6'&/ 

2 - Etudes des biofilms en microscopie confocale 

 %O75 8' <7'+L ,*<.9'589' )'& 87OO69'5,'& 8' U7*&X5(-=&' 8' U7*O7)<& '5(9' )'& 

87OO69'5('& &*+,-'& '( '5 96.*5&' ̂  )[%&>___@2 +5' :5:)X&' '5 <7,9*&,*.7' ,*5O*,:)' : 6(6 96:)7&6' 

&+9 8'& U7*O7)<& :.9=& 3" - '( Z3 - 8' ,9*7&&:5,'/ B*+9 ,'((' :5:)X&'2 )'& &*+,-'& 013 '( 01$ 

5*5 <*U7)'& '( .9*8+7&:5( U':+,*+. 8' U7*O7)<& :75&7 G+' ): &*+,-' 01! <*U7)' '( .9*8+7&:5( 

.'+ 8' U7*O7)<& *5( 6(6 &6)',(7*556'&/ \'& U7*J*)+<'& 8' <:(97,' 'L(9:,'))+):79' '( )'& ,'))+)'& 

J7:U)'& *5( 6(6 <:9G+6& :J', 8' ): ('(9:<'(-X)9-*8:<75' ,*+.)6' ^ 8' ): ,*5,:5:J:)75' % '( 8+ 

RnNS# ;9''5 9'&.',(7J'<'5(/ \'& U7*J*)+<'& 8' ,'))+)'& <*9('& 5[*5( .:& .+ d(9' ,:),+)6& ,:9 

)' <:9G+:;' ^ )[7*8+9' 8' .9*.787+< .9*8+7&:7( (9*. 8' U9+7( 8' O*58/   

 % 3" - '5 :U&'5,' 8[%&>___@ >`7;+9' $D@2 )' U7*O7)< 8' Tm. &./ 01$ .:9:7( d(9' .)+& 

&(9+,(+96 G+' ,')+7 8'& 8'+L :+(9'& &*+,-'&/ \'& ,'))+)'& O*9<'5( 8'& :;96;:(& :&&7<7):U)'& ^ 

8'& <7,9*A,*)*57'& '( 8' 5*<U9'+L :;96;:(& 8' <:(97,' 9'):(7J'<'5( 8'5&'& &*5( J7&7U)'&/  F' 

<:57=9' &+9.9'5:5('2 ,*<.:96 :+L 96&+)(:(& *U('5+& .:9 ,*)*9:(7*5 :+ ,9X&(:) J7*)'(2 )' U7*O7)< 

8' Tm. &./ 01! '&( .)+& 86J')*..6 G+' ,')+7 8' Tm. &./ 013/ %+ U*+( 8' Z3 - (*+]*+9& '5 

:U&'5,' 8[%&>___@ >`7;+9' $!@2 +5 7<.*9(:5( J*)+<' 8' ,'))+)'& '&( J7&7U)' ,-'C Tm. &./ 013 
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<:7& &:5& *9;:57&:(7*5 .:9(7,+)7=9' ,*<.:96 ^ Tm. &. 01$/ \' J*)+<' 8' <:(97,' : 87<75+6 

,-'C )'& (9*7& &*+,-'&/ 0'((' *U&'9J:(7*5 '&( 6;:)'<'5( &+9.9'5:5(' 6(:5( 8*556 G+' )'& U7*O7)<& 

&*5( ^ <:(+97(6/ F'& &(9+,(+9'& .)+& ,*<.)'L'& &'9:7'5( :(('58+'&2 '( 7) '&( 7<.*&&7U)' 7,7 8' 

86('9<75'9 &7 ,'& *U&'9J:(7*5& &*5( )76'& ^ +5 .9*,'&&+& 5:(+9') 8' 87&&6<75:(7*52 *+ U7'5 ^ ): 

O9:;7)7(6 8'& &(9+,(+9'& .*)X&:,,-:9787G+'& G+7 &'9:7'5( 6)7<756'& )*9& 8+ 9'5*+J'))'<'5( 8+ 

<7)7'+ ^ 3"-/ I5 .96&'5,' 8[%&>___@ ^ 3" - >`7;+9' $D@2 :+,+5' 87OO69'5,' (9=& <:9G+6' 5['&( 

J7&7U)' :+ 57J':+ 8'& ,'))+)'&/ \'& :;96;:(& 8' <:(97,' .:9:7&&'5( .:9 ,*5(9' +5 .'+ .)+& 

5*<U9'+L '( .)+& 8'5&'& ,-'C Tm. &../ 01! '( 013/ 0'& 8'+L &*+,-'& &'<U)'5( 8*5, 96.*589' 

^ )[%&>___@ 8=& 3" - '5 O*9<:5( +5 U7*O7)< +5 .'+ .)+& &(9+,(+96/ I5 .96&'5,' 8[%&>___@ ^ Z3 - 

>`7;+9' $!@2  )' U7*O7)< 8' Tm. &./ 01! '&( <:9G+6 .:9 +5 5*<U9' 7<.*9(:5( 8' ,'))+)'& <*9('&/ 

0'((' &*+,-' .:9:7( 8*5, .)+& &'5&7U)' ^ )[%&>___@ G+' )'& :+(9'& &*+,-'&/ \' U7*O7)< 8' Tm. &./ 

013 ,*5(7'5( <*75& 8' ,'))+)'& G+[^ 3" - <:7& .*&&=8' .)+& 8' &(9+,(+9'& .*)X&:,,-:9787G+'&2 

'L:,('<'5( ^ )[75J'9&' 8' Tm. &./ 01$/ 0'& 8'+L &*+,-'& 96.*58'5( 8*5, 87OO69'<<'5( ^ ): 

.96&'5,' 8[%&>___@ ,*<<' 7) )[: 6(6 <7& '5 6J78'5,' .96,68'<<'5( .:9 ,*)*9:(7*5 :+ ,9X&(:) 

J7*)'(/ 

 

Figure 30 Reconstitution 3D d'observations réalisées au bout de 24 h des biofilms de Thiomonas spp. CB1, CB2 

et CB3 cultivées en absence ou en présence de 2,67 mM d'As(III). Bleu = matrice polysaccharidique ; Vert = 

Cellules vivantes ; Rouge = Cellules mortes. Echelle = 50  m. La souche CB1 produit du biofilm en quantité 

comparable aux deux autres souches. Le biofilm de CB3 est plus développé que CB1 et CB2 à 24h. 
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Figure 31  Reconstitution 3D d'observations réalisées au bout de 72 h des biofilms de Thiomonas spp. CB1 CB2 

et CB3 cultivées en présence de 0 mM et 5,33 mM  d'As(III). Bleu = matrice polysaccharidique ; Vert = Cellules 

vivantes ; Rouge = Cellules mortes. Echelle = 50  m. L'effet de l'As(III) semble différent chez CB2 et CB3 : 

augmentation du volume de la matrice et diminution du volume de cellules pour CB2, inversement pour CB3. 

 F[:.9=& )'& U7*J*)+<'& <'&+96& ^ 3" - '5 :U&'5,' 8[%&>___@ >`7;+9' $3@2 ): &*+,-' Tm. 

&./ 01$ .9*8+7( +5' G+:5(7(6 8' <:(97,' .)+& 6)'J6' G+' )'& 8'+L :+(9'&2 X ,*<.97& 9:<'56' :+ 

J*)+<' 8' ,'))+)'&/ \' J*)+<' 8' <:(97,' 9:..*9(6 ^ ,')+7 8' ,'))+)'& '&( 6;:)'<'5( 6)'J6 ,-'C 
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9:..*9(6' :+ J*)+<' 8' ,'))+)'& '&( .)+& 7<.*9(:5(' ,-'C Tm. &../ 01! '( 01$ G+' ,-'C 
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8' ,'( 6)6<'5(/ 0'.'58:5(2 )' J*)+<' 8' <:(97,' .9*8+7( 9:..*9(6 :+ J*)+<' 8' ,'))+)'& '&( .)+& 

U:& '5 .96&'5,' 8[%&>___@/ \'& ,'))+)'& 8' ,'((' &*+,-' *5( 8*5, ,):79'<'5( ('58:5,' ^ :8-69'9 

.*+9 &' 86J')*..'9 '5 U7*O7)< '5 .96&'5,' 8[%&>___@2 <:7& .9*8+7&'5( 7587J78+'))'<'5( <*75& 

8' <:(97,'/ \: &*+,-' Tm/ &./ 013 96.*58 ^ ): .96&'5,' 8[%&>___@ 8' <:57=9' 75J'9&' ^ Tm. &./ 
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Figure 32 Volume de cellules (gauche) et de matrice (milieu), et rapport  des volumes "matrice/cellules" (droite) 

des Thiomonas spp. CB1, CB2 et CB3 à 24h suivant différentes concentration d'As(III). Bleu = 0 mM ; Jaune = 

2,67 mM ; Rouge = 5,33 mM. La croix "+" indique la moyenne. 
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Figure 33 Volume de cellules (gauche) et de matrice (milieu), et rapport  des volumes "matrice/cellules" (droite) 

des  Thiomonas spp. CB1, CB2 et CB3 à 72 h suivant différentes concentration d'As(III) à 72 h. Bleu = 0 mM ; 

Jaune = 2,67 mM ; Rouge = 5,33 mM. La croix "+" indique la moyenne.
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3 - Ilots impliqués dans la synthèse de biofilm et la mobilité 

 %O75 8' 9',-'9,-'9 8'& 87OO69'5,'& ;65*<7G+'& .*('5(7'))'<'5( 7<.)7G+6'& 8:5& )'& 

87OO69'5,'& *U&'9J6'&2 )'& l)*(& ;65*<7G+'& 8'& &*+,-'& *5( 6(6 :5:)X&6&/ Q*+& :J*5& 9',-'9,-6 
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014 8[+5' .:9(2 '( ,-'C Tm. &../ 013 '( 01$ 8[:+(9' .:9(/ \: ,*<.:9:7&*5 8'& ;65*<'& 8'& 

,75G &*+,-'& : .'9<7& )[78'5(7O7,:(7*5 8' .)+&7'+9& 96;7*5& J:97:U)'& >a?B&2 Region of Genomic 

Plasticity@ 8:5& ,-:G+' &*+,-' K $D a?B& ,-'C $%&2 $3 ,-'C 01!2 3D ,-'C 0132 $# ,-'C 01$ 

'( $! ,-'C 014/ v5 a?B ,*<<+5 ^ $%&2 01! '( 014 >a?B3H2 a?B3$ '( a?B3D 

9'&.',(7J'<'5(@ '( :U&'5( 8' 013 '( 01$ ,*5(7'5( 8'& ;=5'& eps2 ,*55+& .*+9 d(9' 7<.)7G+6& 

8:5& ): &X5(-=&' 8' <:(97,'/ 0'( a?B : 6(6 :..')6 wl)*( '.&w >`7;+9' $"@/  

 

 

Figure 34 Synténie au niveau de l'îlot "eps". L'échelle grise indique le % d'identité nucléotidique (BlastN). 
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&*7( :J*79 6(6 :,G+7& .:9 +5 :5,d(9' ,*<<+5 :+L &*+,-'& $%&2 01! '( 0142 *+ U7'5 :J*79 6(6 

.'98+ .:9 +5 :5,d(9' ,*<<+5 ^ 013 '( 01$/ 0['&( 6;:)'<'5( )' ,:& 8' )[l)*( w,-'w K ;:75 .:9 +5 
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Figure 35 Synténie au niveau de l'îlot "rfb". L'échelle grise indique le % d'identité nucléotidique (BlastN).
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Figure 36 Synténie au niveau de l'îlot "che". L'échelle grise indique le % d'identité nucléotidique (BlastN). 
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;9*+.'& 8' &*+,-'&/ \: ,*)*9:(7*5 8+ U7*O7)< :+ ,9X&(:) J7*)'( '( )'& ('&(& 8' <*U7)7(6 *5( '5 

'OO'( .'9<7& 8' 87&,'95'9 ,'& 8'+L ;9*+.'& K Tm. &../ $%&2 01! '( 014 6(:5( <*U7)'& '5 

.96&'5,' 8[%&>___@ '( .9*8+7&:5( 9'):(7J'<'5( .'+ 8' U7*O7)< ^ )[75J'9&' 8' Tm. &../ 013 '( 01$ 

5*5 <*U7)'& '5 ;6)*&' <*))' '( .9*8+7&:5( .)+& 8' U7*O7)</ _) : ,'.'58:5( 6(6 9'<:9G+6 '5 

<7,9*&,*.7' ,*5O*,:)' G+' ): &*+,-' Tm. &./ 01! .9*8+7&:7( +5' G+:5(7(6 8' U7*O7)< 

,*<.:9:U)' ^ Tm. &../ 013 '( 01$ ^ 3"-/ v5' 8'& -X.*(-=&'& '&( G+' Tm. &./ 01! .9*8+79:7( 

+5 U7*O7)< G+:)7(:(7J'<'5( 87OO69'5( 8'& 8'+L :+(9'& &*+,-'&2 .)+& &'5&7U)' :+L *.69:(7*5& 8' 

975h:;' >,9X&(:) J7*)'(@ '( 8' 9'5*+J'))'<'5( 8+ <7)7'+/ \'& 6)6<'5(& 8' ): <:(97,' .9*8+7(& .:9 

)'& ;=5'& eps '( .:9 )'& ;=5'& rfb .*+99:7'5( '5 'OO'( :J*79 8'& .9*.976(6& 87OO69'5('&/ \'& ;=5'& 

che '( ,')+7 ,*8:5( ): 87;+:5X):(' ,X,):&' &*5( 8'& ;=5'& 7<.)7G+6& 8:5& ): 96;+):(7*5 8' ): 

<*U7)7(6 '( 8' ): O*9<:(7*5 8' U7*O7)<2 '( &'9:7'5( 8*5, .*('5(7'))'<'5( 7<.)7G+6& 8:5& )'& 

87OO69'5,'& 8' <*U7)7(6 *U&'9J6'& &+9 ;6)*&' <*))' *+ 8' &X5(-=&' 8' U7*O7)<& 6(+876'& '5 

<7,9*&,*.7' ,*5O*,:)'/ 
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4 - Transcriptomique (RNAseq) 

 F:5& )' U+( 8' <'((9' '5 6J78'5,' 8'& ;=5'& .*('5(7'))'<'5( 7<.)7G+6& 8:5& )' 

86J')*..'<'5( '5 U7*O7)< ,-'C Tm. &./ 0132 5*(:<<'5( ): 96.*5&' ^ )[%&>___@2 +5' 'L.697'5,' 

8' (9:5&,97.(*<7G+' .:9 aQ%&'G : 6(6 96:)7&6'/ F7OO69'5('& ,*587(7*5& *5( 6(6 ,*<.:96'& K 3" -2 

"H - '( Z3 - '5 .96&'5,' *+ :U&'5,' 8' M2$$ <Y 8[%&>___@/ \'& 8*556'& *U('5+'& 6(:5( '5 ,*+9& 

8[:5:)X&'2 &'+)'& ,'))'& ,*5,'95:5( )'& ;=5'& .*('5(7'))'<'5( 7<.)7G+6& 8:5& ): O*9<:(7*5 8' 

U7*O7)<& &*5( U97=J'<'5( .96&'5(6'& 7,7/ F' <:57=9' 75(69'&&:5('2 )' .9*O7) 8['L.9'&&7*5 :+ ,*+9& 

8+ ('<.& 8'& ;=5'& 8'& 8'+L l)*(& .*9(:5( )'& ;=5'& rfb '( che &'<U)' 7<.:,(6 .:9 ): .96&'5,' 

8[%&>___@/  

 \' ;=5' rfbE 8*5( )['L.9'&&7*5 87<75+' :+ ,*+9& 8+ ('<.& '5 :U&'5,' 8[%&>___@ : :+ 

,*5(9:79' &*5 'L.9'&&7*5 G+7 :+;<'5(' '5(9' 3" - '( "H - '5 .96&'5,' 8[%&>___@/ F' .)+& &*5 

'L.9'&&7*5 '&( (*+]*+9& &+.697'+9' '5 .96&'5,' G+['5 :U&'5,' 8[%&>___@/ \['L.9'&&7*5 8'& 

;)X,*&X) (9:5&O'9:&'& '&( :+&&7 :+;<'5(6' '5 .96&'5,' 8[%&>___@/ 0',7 .*+99:7( '5 .:9(7' 

'L.)7G+'9 .*+9G+*7 ): G+:5(7(6 8' <:(97,' '&( .)+& 7<.*9(:5(' '5 .96&'5,' 8' ,'( 6)6<'5( ,-'C 

Tm. &./ 013/  

 %+ 57J':+ 8' )[l)*( w,-'w2 )'& ;=5'& &*5( 8[+5' <:57=9' ;6569:)' &+9'L.97<6& '5 .96&'5,' 

8[%&>___@ ^ )['L,'.(7*5 8' cheD '( cheR &*+& 'L.97<6& ^ "H - '5 .96&'5,' 8' ,'( 6)6<'5(/ 

\['L.9'&&7*5 8' cheB '( cheR 87<75+' :+ ,*+9& 8+ ('<.& <:7& :+;<'5(' '5(9' "H - '( Z3 - '5 

.96&'5,' 8[%&>___@/ \'& ;=5'& 8' ,'& 8'+L l)*(& .*+99:7'5( 8*5, d(9' '5 .:9(7' 9'&.*5&:U)'& 8'& 

J:97:(7*5& *U&'9J6'& '5 .96&'5,' 8[%&>___@ ,-'C  Tm. &./ 013/ %O75 8' &:J*79 &7 ,'& ;=5'& &*5( 

6;:)'<'5( 7<.)7G+6& 8:5& ): O*9<:(7*5 8' U7*O7)< ,-'C Tm. &./ 01$ '( &7 )'& ;=5'& 8' )[l)*( 

w'.&w .*&&=8'5( +5 .9*O7) 8['L.9'&&7*5 75(69'&&:5( ,-'C )'& &*+,-'& Tm. arsenitoxydans $%& '( 

Tm. &../ 01! '(  0142 7) &'9:7( 75(69'&&:5( 8[6('589' )['L.697'5,' 8' aQ%&'G ^ ,'& &*+,-'&/ 
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IV - Conclusion 

 \'& U7*O7)<& .'9<'(('5( 8' ,*)*57&'9 8'& 57,-'& 6,*)*;7G+'& J7: )'+9& .9*.976(6& 

:8-6&7J'&2 '( 8' )7<7('9 )'& ,*5(9:75('& '5J79*55'<'5(:)'& '5 .9*(6;':5( )'& ,'))+)'&/ 0'.'58:5(2 

): U7*&X5(-=&' 8' U7*O7)< '&( +5 .9*,'&&+& ,*<.)'L' '( ,*55+ .*+9 d(9' &*+J'5( J:97:U)' 8[+5' 

'&.=,' ^ )[:+(9'2 *+ <d<' 8[+5' &*+,-' ^ )[:+(9' :+ &'75 8[+5' <d<' '&.=,' >W:))AR(**8)'X '( 

 !"#$%&&'($)*+,,!-$-.$ !"#$%&&&// 0' ,:9:,(=9' J:97:U)' 9'O)=(' )[7<.*9(:5,' 8'& U7*O7)<& 8:5& 

)[:8:.(:(7*5 ^ +5' 57,-' .:9(7,+)7=9'/  

 \'& ,75G &*+,-'& 8' Thiomonas 6(+876'& 7,7 .96&'5('5( 8'& .9*O7)& 87OO69'5(& '5 ('9<'& 

8' .9*8+,(7*5 8' U7*O7)<& '( 8' <*U7)7(6/ F'+L .9*O7)& .975,7.:+L .'+J'5( d(9' 87&(75;+6&/ v5 

.9'<7'9 ;9*+.' ,*<.9'58 )'& &*+,-'& Tm. &../ $%&2 01! '( 0142 <*U7)'& &+9 ;6)*&' <*))' '5 

.96&'5,' 8[%&>___@ '( 5' &'<U):5( .:& d(9' (9=& 75O)+'5,6'& .:9 )[%&>___@ .*+9 ): .9*8+,(7*5 8' 

U7*O7)</ 0'.'58:5(2 7) 5['&( .:& 'L,)+ G+' ,'& &*+,-'& .*&&=8'5( +5 U7*O7)< wO9:;7)'w2 G+7 &'9:7( 

6)7<756 )*9& 8'& 'L.697<'5(:(7*5&/ \' 8'+L7=<' ;9*+.' ,*<.9'58 )'& &*+,-'& Tm. &../ 013 '( 

01$2 5*5A<*U7)'& &+9 ;6)*&' <*))'2 8*5( ): .9*8+,(7*5 8' U7*O7)<& '&( 75O)+'5,6' .:9 )[%&>___@/ 

\' (X.' 8' U7*O7)<& &'<U)' 87OO69'5( 8' ,')+7 8+ .9'<7'9 ;9*+.' 8:5& ): <'&+9' *x &*5 :&.',( 

'&( 87OO69'5( '5 <7,9*&,*.7' ,*5O*,:)'/ \'+9 96;+):(7*5 &'<U)' :+&&7 87OO69'5('2 )'& J*)+<'& '5 

96.*5&' ^ )[%&>___@ &+7J:5( 8'& ('58:5,'& 75J'9&'&/ \'& &*+,-'& 8' ,'& 8'+L ;9*+.'& *5( '5 

,*<<+5 8'& ?I_& .9*U:U)'<'5( 7<.)7G+6& 8:5& ): U7*&X5(-=&' 8' U7*O7)<&2 ): <*U7)7(6 '( )'+9 

96;+):(7*5/ 0'& ?I_& 87OO=9'5( '5(9' )'& 8'+L ;9*+.'& '( ,'& 87OO69'5,'& &*5( ,*-69'5('& :J', 

)[-X.*(-=&' &')*5 ):G+'))' )'& U7*O7)<& &'9:7'5( 8' 5:(+9' 87OO69'5('2 8:5& )' ,:& *x )'+9 &X5(-=&' 

7<.)7G+'9:7( )'& ;=5'& 8' )[l)*( w'.&w ,-'C Tm. &../ $%&2 01! '( 0142 '( 8'& [l)*(& w9OUw '( w,-'w 

,-'C Tm. &../ 013 '( 01$/ 

 \'& 87OO69'5('& ,:.:,7(6& 8' ,'& Thiomonas &../ ^ O*9<'9 8'& U7*O7)<& &*5( 8*5, 

.9*U:U)'<'5( '5 .:9(7' )76'& :+L (9*7& l)*(& 78'5(7O76&/ \'& .9'<7=9'& 8*556'& 8+ aQ%&'G 

<*5(9'5( G+' ,-'C 0132 )[%&>___@ &'<U)'5( 75O)+'5,'9 )['L.9'&&7*5 8'& ;=5'& 8'& ?I_& w,-'w '( 

9OUw/ \: ,*5O79<:(7*5 8' )[7<.)7,:(7*5 8' ,'& 8'957'9& 8:5& )'& 87OO69'5,'& *U&'9J6'& 

'L.697<'5(:)'<'5( 56,'&&7('9:7( 8' 96:)7&'9 +5' 'L.697'5,' 8' aQ%&'G ,-'C )'& :+(9'& &*+,-'& 

'( 8' 86J')*..'9 8'& *+(7)& ;656(7G+'&/ 0'+LA,7 .'9<'((9*5( .:9 'L'<.)' 8' 96:)7&'9 8'& 

'L.697'5,'& 8' ,*<.)6<'5(:(7*5 O*5,(7*55'))' '5(9' )'& 87OO69'5('& &*+,-'&2 *+ 8['OO',(+'9 8' 

): <+(:;'5=&' ,7U)6'/ \['L.)*7(:(7*5 8'& 8*556'& 8' (9:5&,97.(*<7G+' 8'J9:7( :+&&7 .'9<'((9' 

8' <'((9' '5 6J78'5,' 8[:+(9'& ;=5'& 7<.)7G+6& 8:5& )' 86J')*..'<'5( 8+ U7*O7)<2 X ,*<.97& 

8'& ;=5'& 8*5( ): O*5,(7*5 5['&( .:& '5,*9' ,*55+'/ 
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 Conclusion - Chapitre 1 

 %+ &'75 8+ FY% 8' 0:95*+)=& ,*'L7&('5( 8'& U:,(697'& 8+ ;'59' Thiomonas &../ 8+ 

;9*+.' _ '( :..:9('5:5( ^ ): <d<' '&.=,'/ \' &6G+'5h:;' 8' .)+&7'+9& &*+,-'& 7&*)6'& 8' ,' &7(' 

: .'9<7& 8' 86O7579 .)+&7'+9& ;=5'& ,*5&'9J6& '( 8' ,*5&(9+79' :75&7 +5 :9U9' .-X)*;656(7G+' 

:J', +5' 96&*)+(7*5 7<.*9(:5('/ \'& &*+,-'& 013 '( 01$ 87J'9;'5( 8'& &*+,-'& Tm. 

arsenitoxydans $%&2 '( Tm. &./ 01! '( 014/ \: &*+,-' 0132 8*5( )' ;65*<' : 6(6 :&&'<U)62 : 

&+U7 .)+&7'+9& 9'<:57'<'5(& ;65*<7G+'& 8' ;9:58' '5J'9;+9' ,*<<' )[: <*5(96 ): 

,*<.:9:7&*5 8' &: &X5(657' :J', )'& &*+,-'& $%& '( Tm. intermedia V!3/ \: &(9+,(+9' 8+ 

;65*<' 8'& Thiomonas &../ .'+( 8*5, 6J*)+'9 7586.'58:<<'5( 8' ): 87J'9;'5,' 

.-X)*;656(7G+' .:9 8'& 9'<:57'<'5(& ;65*<7G+'&/  

 \: ,*<.:9:7&*5 8' ,'& ;65*<'& : ,*5O79<6 ): .96&'5,' 8' 5*<U9'+L l)*(& ;65*<7G+'&/ 

\'& ,:& 86,97(& 8:5& )'& (9*7& .:9(7'& .96,68'5('& <*5(9'5( G+' )'& 87OO69'5,'& *U&'9J6'& '5(9' 

)'& &*+,-'& ,*5,'95:5( )'& ?I_& &*5( ,*996)6'& :J', 8'& 87OO69'5,'& O*5,(7*55'))'&/ \[*LX8:(7*5 

8' )[%&>___@ '( ): 86;9:8:(7*5 8' )[+96'  &*5( '5 9'):(7*5 :J', ): .96&'5,' 8' ,'& 8'+L ,*<.*&6& 

&+9 )' &7('/ \: .96&'5,' 8' .)+&7'+9& ,*.7'& 8' )[*.69*5 aioBA '&( ,*996)6' :J', +5' <'7))'+9' 

96&7&(:5,' ^ )[%&>___@/ \[:J:5(:;' ,*5O696 .:9 ): 86;9:8:(7*5 8' )[+96' ,*5,'95' ^ ): O*7& ): 

96&7&(:5,' ^ )[:,787(6 '( ): .96,7.7(:(7*5 8'& <6(:+L 8+ <7)7'+ 8:5& )'& ,*587(7*5& 8' ):U*9:(*79'/ 

\'& &*+,-'& 87OO=9'5( '5O75 8' .:9 )'+9 ,:.:,7(6 ̂  O*9<'9 8'& U7*O7)<&2 ,' G+7 .*+99:7( 6;:)'<'5( 

)'+9 ,*5O69'9 8'& :J:5(:;'& 8:5& ,'9(:75'& ,*587(7*5&2 '( ,*99'&.*589' ^ 8'& :8:.(:(7*5& ^ 8'& 

57,-'& .:9(7,+)7=9'&/ 

 \'& Thiomonas &../ *5( 8*5, 6J*)+6 87OO69'<<'5( J7: ): .'9(' '( )[:,G+7&7(7*5 8' ?I_& 

<:7& 6;:)'<'5( J7: 8[7<.*9(:5(& 9'<:57'<'5(& 8' ): &(9+,(+9' 8' )'+9 ;65*<'/ \: 87J'9&7(6 

O*5,(7*55'))' G+7 &'<U)' '5 96&+)('9 .'+( d(9' 75('9.96(6' ,*<<' 8'& :8:.(:(7*5& ^ 8'& 

,*587(7*5& .:9(7,+)7=9'& &+9 )' &7('2 *+ ,*<<' +5 96&'9J*79 8' 87J'9&7(6 .'9<'((:5( 8' O:79' O:,' 

^ 8'& ,-:5;'<'5(& 8'& ,*587(7*5& 8+ <7)7'+/ F:5& )'& 8'+L ,:&2 7) &'<U)' 'L7&('9 +5 )7'5 '5(9' 

)'& ?I_& '( )' .*('5(7') 6J*)+(7O 8'& Thiomonas &../ \: &+7(' 8'& (9:J:+L .96&'5(6' 8:5& )' 

,-:.7(9' 3 ,*5,'95' 8'& O:,('+9& 75O)+'5h:5( ,' .*('5(7') :8:.(:(7O ,-'C ): &*+,-' Tm. &./ 013/ 
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Chapitre II -  

Influence de l'As(III) et des 

biofilms sur la variabilité 

génomique 
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I - Introduction 

 \'& U7*O7)<& ,*5O=9'5( +5' .9*(',(7*5 O:,' ^ 87J'9& &(9'&& '( ^ ): J:97:U7)7(6 8'& 

,*587(7*5& '5J79*55'<'5(:)'&/ I5 .)+& 8' O*9<'9 8'& U7*O7)<&2 )'& U:,(697'& &*5( 6;:)'<'5( 

,:.:U)'& 8[:8:.('9 )'+9 .-X&7*)*;7' J7: 8'& .9*,'&&+& 8' 96.*5&'& :+ &(9'&& >Y:9)'&Ay97;-( :58 

\'r7&2 3DDZ@/ \: 96.*5&' :+ &(9'&& '5 ;6569:) '( ): O*9<:(7*5 8' U7*O7)<& *5( '5 ,*<<+5 )' O:7( 

8[:J*79 +5 7<.:,( &+9 ): J:97:U7)7(6 ;65*<7G+' 8'& U:,(697'&/ I5 96.*5&' :+ &(9'&&2 )'& U:,(697'& 

'L.97<'5( .:9 'L'<.)' )[%FQ .*)X<69:&' _b 8*5( )' (:+L 8['99'+9& '&( .)+& 6)'J6 G+' )[%FQ 

.*)X<69:&' ___ >`*&('92 3DDME ?:)-:98* '( :)/2 3DDZ@ F:5& )' ,:& 8' ): 96.*5&' RSR 758+7(' )*9& 

8' ,:&&+9'& 8' )[%FQ2 ): 96.:9:(7*5 .'+( O:79' 75('9J'579 8'& 9',*<U75:7&*5& -*<*)*;+'& 

&+&,'.(7U)'& 8' ,:+&'9 8'& 96:99:5;'<'5(& ;65*<7G+'& >1:-:9*;)+ :58 Y:C')2 3D!"@/ _) : 6(6 

86<*5(96 G+[:+ &'75 8'& U7*O7)<& .'+( 'L7&('9 +5 &(9'&& *LX8:5( 75(975&=G+' '5(9:l5:5( 8'& 

96:99:5;'<'5(& >1*)'& :58 R75;-2 3DDH@/ \'& U7*O7)<& &*5( 6;:)'<'5( &+&,'.(7U)'& 8' O:J*97&'9 

8'& (9:5&O'9(& ;656(7G+'& -*97C*5(:+L ^ ,:+&' 8' )[7<.*9(:5(' 8'5&7(6 ,'))+):79' O:J*97&:5( )'& 

6,-:5;'& .:9 ,*5]+;:7&*5 >Y:8&'5 '( :)/2 3D!3@2 '( 8' ): .96&'5,' 8[%FQ 'L(9:,'))+):79' 8:5& 

): <:(97,' G+7 .'+( d(9' )' &+U&(9:( 8' .9*,'&&+& 8' (9:5&O*9<:(7*5 >W:55:5 '( :)/2 3D!D@/ 

 %+ &'75 8+ FY% 8' 0:95*+)=&2 ): .96&'5,' 8[7<.*9(:5(' ,*5,'5(9:(7*5 8[%&>___@ .'+( 

.*('5(7'))'<'5( ,:+&'9 8' ): J:97:U7)7(6 ;65*<7G+'/ \[%&>___@ '&( 86,97( ,*<<' 6(:5( ^ )[*97;75' 

8' &(9'&& *LX8:5(2 5*(:<<'5( ^ ,:+&' 8' &*5 :OO757(6 .*+9 )'& ;9*+.'<'5(& 87(-7*)& .96&'5(& &+9 

)'& (-7*9'8*L75'&2 ;)+(:(-7*5& '( ;)+(:9'8*L75'&/ F:5& +5' 6(+8' .96,68'5('2 7) :J:7( 6(6 

86<*5(96 G+[:+ &'75 8'& U7*O7)<& 8' Tm. &./ 013 ,+)(7J6' '5 .96&'5,' 8[%&>___@2 .*+J:7( 

6<'9;'9 +5' &*+&A.*.+):(7*5 8' J:97:5(& :X:5( :,G+7& +5' 96&7&(:5,' &+.697'+9' ^ ): .*.+):(7*5 

8' 86.:9( >Y:9,-:) '( :)/2 3D!!@/ \'& (9:J:+L .96&'5(6& 8:5& ,' ,-:.7(9' O*5( 879',('<'5( &+7(' 

^ ,'((' *U&'9J:(7*5/ F:5& +5 .9'<7'9 ('<.&2 ][:7 *.(7<7&6 +5 .9*(*,*)' <7& '5 .):,' .:9 V'))' 

`9'') :O75 8' 86('9<75'9 )[75O)+'5,' 8'& U7*O7)<& '( 8' )[%&>___@ &+9 ): O96G+'5,' 8[:..:97(7*5 8'& 

J:97:5(&/ I5&+7('2 ,'9(:75& 8['5(9' '+L *5( 6(6 7&*)6& &+9 8'& ,*5,'5(9:(7*5& ,9*7&&:5('& 8[%&>___@ 

^ .:9(79 8' U7*O7)<& ,+)(7J6& '5  .96&'5,' 8' 87OO69'5('& ,*5,'5(9:(7*5& 8[%&>___@/ \['5&'<U)' 8'& 

7&*)'<'5(& : 6(6 96:)7&6 .:9 V/ `9'')/ B:9<7 )'& J:97:5(& 7&*)6&2 ,'9(:75& *5( 6(6 &6)',(7*556& &+9 

): U:&' 8' )'+9 96&7&(:5,' ^ )[%&>___@ *+ 8' )'+9 ,:.:,7(6 ^ O*9<'9 8'& U7*O7)<&/ 0' (9:J:7) 8' 

&6)',(7*5 :75&7 G+' ): 86('9<75:(7*5 8' ): 0Y_ 8'& J:97:5(& &6)',(7*556& *5( 6(6 'OO',(+6& .:9 

Y:9(75: B69'& :+ ,*+9& 8' &*5 &(:;' 8' <:&('9 G+' ][:7 &+.'9J7&6/ z[:7 '5&+7(' 6(+876 )'& U7*O7)<& 

8' (9*7& J:97:5(& '5 <7,9*&,*.7' ,*5O*,:)' :O75 8' 86('9<75'9 )[6J*)+(7*5 8' )'+9 86J')*..'<'5( 

:+ ,*+9& 8+ ('<.& '( )['OO'( 8' )[%&>___@ &+9 ,' 86J')*..'<'5(/ 0'((' 'L.697'5,' :+ ,*+9& 8' 

):G+'))' ][:7 'OO',(+6 ): .96.:9:(7*5 8'& ,+)(+9'& '( )[:5:)X&' 8'& 96&+)(:(& *5( 6(6 96:)7&6& '5 
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.:9('5:97:( :J', )[vYa!$!# >Y7,:)7&@/ \' ;65*<' 8' 8'+L J:97:5(& : '5&+7(' 6(6 '5J*X6 ^ 

&6G+'5,'9 .+7& G 6(6 75(6;96 ^ ): .):('O*9<' Y:?' >?65*&,*.'@/ 0',7 : .'9<7& ): ,*<.:9:7&*5 

8' )'+9 ;65*<' :J', ): &*+,-' *97;75'))' Tm. &./ 013 :O75 8[78'5(7O7'9 )'& <+(:(7*5& '( 

96:99:5;'<'5(& &+9J'5+& '( &+&,'.(7U)'& 8[d(9' 7<.)7G+6& 8:5& )'& 5*+J'))'& ,:9:,(697&(7G+'& 8'& 

J:97:5(&/ I5O752 8:5& )' U+( 8[78'5(7O7'9 8'& ;=5'& .*('5(7'))'<'5( 7<.)7G+6& 8:5& )[:..:97(7*5 8' 

,'& J:97:5(&2 +5' 6(+8' 8' (9:5&,97.(*<7G+' .:9 aQ%&'G 87OO69'5(7') 8' Tm. &./ 013 ,+)(7J6' 

'5 U7*O7)< '5 :U&'5,' *+ '5 .96&'5,' 8' M2$$ <Y 8[%&>___@ ^ 87OO69'5(& ('<.& : 6(6 96:)7&6'/ 

0'((' 6(+8'2 : 6(6 96:)7&6' :J', ): .):('O*9<' wN9:5&,97.(*<' '( I.7?'5*<'w 8' )[75&(7(+( 

B:&('+9/ z[:7 .:9(7,7.6 ^ ,'((' 'L.697'5,' '5  .96.:9:5( )['5&'<U)' 8'& ,+)(+9'&/ 
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II - Matériels et méthodes 

1 - Mesure du pourcentage taux de variants "super-résistants" à 

l'As(III) 

 %O75 8' 86('9<75'9 )[75O)+'5,' 8' ): ,9*7&&:5,' '5 U7*O7)< '( 8' ): .96&'5,' 8[%&>___@ &+9 

): J:97:U7)7(6 ;65*<7G+'2 )' (:+L 8[:..:97(7*5 8' J:97:5(& 96&7&(:5(& ^ +5' ,*5,'5(9:(7*5 '5 

%&>___@ &+.697'+9' *+ 6;:)' ^ ): 0Y_ 8' 86.:9( : 6(6 <'&+96/ \['L.697'5,' : ,*5&7&(6 ^ ,+)(7J'9 

): &*+,-' Thiomonas &./ 013 '5 :U&'5,' *+ '5 .96&'5,' 8' 87OO69'5('& ,*5,'5(9:(7*5& 8[%&>___@2 

'5 ,*587(7*5 .):5,(*57G+' *+ '5 U7*O7)</ % )[7&&+' 8' ,'& ,+)(+9'&2 )'& ,'))+)'& *5( 6(6 6(:)6'& 

&+9 <7)7'+ &*)78' '5 :U&'5,' 8[%&>___@ .*+9 ,*55:l(9' )' 5*<U9' (*(:) 8' ,'))+)'& J7J:5('&2 '( '5 

.96&'5,' 8' !D24 <Y 8[%&>___@ >0Y_ 8' Tm. &./ 013@ .*+9 ,*55:l(9' )' 5*<U9' 8' J:97:5(&/ \' 

9:..*9( 8+ 5*<U9' 8' J:97:5(& .:9 )' 5*<U9' 8' ,'))+)'& (*(:)'& : '5&+7(' .'9<7& 8' 86('9<75'9 

)' .*+9,'5(:;' 8' J:97:5(& 8:5& )'& ,+)(+9'&/ 

a. Cultures 

 v5' ,+)(+9' .):5,(*57G+' 8' ): &*+,-' Tm. &./ 013 : 6(6 96:)7&6' '5 75*,+):5( 3D <\ 8' 

<7)7'+ <!34 )7G+78' :J', +5' .96A,+)(+9' 8' <:57=9' ^ *U('579 +5' F/S4DD5< 8' D2DD3/ 0'((' 

,+)(+9' : '5&+7(' 6(6 75,+U6' '5 ,*587(7*5 :;7(6' ^ $D f0 .'58:5( "D -2 ('<.& :+ U*+( 8+G+') ): 

,+)(+9' '&( '5 .-:&' 'L.*5'5(7'))' 8' ,9*7&&:5,' :J', +5' F/S4DD5< 8['5J79*5 D23 >`7;+9' $Z@/  

 % .:9(79 8' ,'((' ,+)(+9'2 8'& 87)+(7*5& ^ F/S4DD5< c D2DD3 *5( 6(6 96:)7&6'& 8:5& 8+ <!34 

&+..)6<'5(6 *+ 5*5 :J', 324Z <Y *+ M2$$ <Y 8[%&>___@/ 0'& 87)+(7*5& *5( &'9J7 ^ 75*,+)'9 

(9*7& .):G+'& !3 .+7(& '5 .*)X&(X9=5' >Q+5,@ ^ 9:7&*5 8' ! <\e.+7(& '( 8' O:h*5 ^ *U('579 $ .+7(& 

8' ,-:G+' ,*5,'5(9:(7*5 '5 %&>___@ .*+9 ,-:G+' .):G+'/ 0'& 8'957=9'& *5( '5&+7(' 6(6 75,+U6'& 

^ $D f0 '5 ,*587(7*5 &(:(7G+' 8+9:5( +5 ('<.& 87OO69'5( K 3" -2 "H - *+ Z3 - ^ $D f0/ F:5& )'& 

,:& 8[75,+U:(7*5 8' "H - *+ Z3 -2 )' <7)7'+ : 6(6 9'5*+J')6 :+ U*+( 8' 3" -/ I5 .:9:))=)'2 ): 

<d<' ,+)(+9' .):5,(*57G+' 8' 86.:9( : &'9J7 ^ 75*,+)'9 # ,+)(+9'& .):5,(*57G+'& &+..)6<'5(6'& 

:J', D <Y2 324Z <Y *+ M2$$ <Y 8[%&>___@2 ^ 9:7&*5 8' $ ,+)(+9'& .:9 ,*5,'5(9:(7*52 (*+]*+9& 

'5 87)+:5(& ^ F/S4DD5< c D2DD3/ 0'& ,+)(+9'& *5( 6;:)'<'5( 6(6 75,+U6'& ^ $D f0 8+9:5( 3" -2 "H 

- *+ Z3 -/ 
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Figure 37 Schéma du protocole utilisé pour la mesure du taux d'apparition de variants "super-résistants" à 

l'As(III). Une culture planctonique inoculée à partir d'une pré-culture a été incubée à 30 °C pendant 40 h puis a 

elle-même servie à inoculer des cultures planctoniques et des cultures en biofilm après dilution à D.O = 0,002. 

Ces cultures ont été réalisées en absence ou en présence de 2,67 ou 5,33 mM d'As(III). Pour les biofilms, il y avait 

trois puits par concentration, et pour les cultures planctoniques, 3 cultures par concentration. Comme représenté 

par le schéma du puits en coupe à droite de la plaque 12 puits, le pourcentage de variants a été mesuré à la fois 

dans la phase supérieure et la partie fixée du biofilm. Des dilutions ont été réalisées avant l'ensemencement des 

milieux solides. 

b. Mesures du pourcentage d'apparition de variants  

 %.9=& 75,+U:(7*5 >3" -2 "H - *+ Z3 -@2 )'& .-:&'& )7G+78'& &+.697'+9'& >.-:&'& 

&+.697'+9'&@ 8'& ,+)(+9'& '5 U7*O7)< *5( 6(6 86)7,:('<'5( 9'(796'& 8'& .+7(& '( (9:5&O696'& 8:5& 

8'& (+U'& '..'58*9O 8' M <\/ F:5& ,-:G+' (+U' 8' M <\ 6(:7'5( <6):5;6'& )'& .-:&'& 

&+.697'+9'& 8'& (9*7& .+7(& 8[+5' <d<' ,*5,'5(9:(7*5 '5 %&>___@/  I5&+7('2 ! <\ 8[':+ 

.-X&7*)*;7G+' : 6(6 :]*+(6 8:5& ,-:G+' .+7(& '( )'& U7*O7)<& *5( 6(6 <7& '5 &+&.'5&7*5 '5 )'& 

86,9*,-:5( ^ )[:78' 8[+5 ,m5' 8' ! <\/ \'& &+&.'5&7*5& *U('5+'& .*+9 ,-:G+' ,*5,'5(9:(7*5 *5( 

6;:)'<'5( 6(6 (9:5&O696'& 8:5& 8'& (+U'& '..'58*9O 8' M <\/ I5O752 ! <\ 8' ,-:G+' ,+)(+9' 

.):5,(*57G+' 8[+5' ,*5,'5(9:(7*5 '5 %&>___@ 8*556' : 6;:)'<'5( 6(6 (9:5&O696 8:5& +5 (+U' 

'..'58*9O 8' M <\/ 

 % .:9(79 8'& &+&.'5&7*5& ,'))+):79'& :75&7 *U('5+'&2 8'& 87)+(7*5& *5( 6(6 96:)7&6'& .+7& 

"D j\ 8' ,'& 87)+(7*5& *5( 6(6 6(:)6'& &+9 <7)7'+ <!34 &*)78' 8:5& 8' .'(7('& U*l('& 8' B6(97 

>87:<=(9' K 4D <<@ &:5& %&>___@ *+ &+..)6<'5(6 :J', !D24 <Y 8[%&>___@/ 0'((' ,*5,'5(9:(7*5 

,*99'&.*58:5( ^ ): 0Y_ '5 %&>___@ .*+9 Tm. &./ 013/ F:5& )' ,:& 8'& ,+)(+9'& 8' 3" -2 '( 8' ): 

.-:&' &+.697'+9' 8'& U7*O7)<& ,+)(7J6& :J', %&>___@2 )'& 87)+(7*5& 6(:)6'& 6(:7'5( 8' !e!D DDD/ 

F:5& )'& :+(9'& ,:&2 )'& 87)+(7*5& 6(:7'5( 8' !e!DD DDD/ \'& U*l('& *5( '5&+7(' 6(6 75,+U6'& ^ $D 
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f0 .'58:5( !D ]*+9&/ 

 \' .*+9,'5(:;' 8' J:97:5(& 96&7&(:5(& ^ ): 0Y_ 8[%&>___@ 8' ): .*.+):(7*5 8' 86.:9( : 6(6 

,:),+)6 '5 O:7&:5( )' 9:..*9( 8+ 5*<U9' 8' ,*)*57'& ,*<.(6'& &+9 )'& U*l('& ,*5('5:5( !D24 <Y 

8[%&>___@ .:9 )' 5*<U9' 8' ,*)*57'& ,*<.(6'& &+9 )'& U*l('& &:5& %&>___@ .+7& '5 <+)(7.)7:5( )' 

(*+( .:9 !DD K 

 

 >QU/ 8' ,*)*57'& &+9 !D24 <Y 8[%&>___@@ e >QU/ 8' ,*)*57'& &:5& %&>___@@ L !DD 

  

 \['L.697'5,' 86,97(' 7,7 : 6(6 96:)7&6' '5 (97.)7,:(&#$ 0*-1.A^A879' :J', (9*7& ,+)(+9'& 

7586.'58:5('& :+ 86.:9(/   

2 - Isolements de variants "super-résistants" à l'As(III) 

 F'& J:97:5(& :X:5( :,G+7& +5' 96&7&(:5,' ^ )[%&>___@ &+.697'+9' ^ ,'))' 8' ): .*.+):(7*5 

8' 86.:9( :.9=& ,+)(+9' '5 U7*O7)< *5( 6(6 7&*)6& :O75 8' )'& ,:9:,(697&'9/ F:5& )' U+( 8[*U('579 

8'& J:97:5(& 96&7&(:5( ^ 8'& ,*5,'5(9:(7*5& 6)'J6'&2 .)+&7'+9& ,X,)'& 8' ,+)(+9' '5 U7*O7)< *5( 6(6 

96:)7&6&2 ,-:G+' 5*+J':+ ,X,)' 6(:5( 86<:996 :J', +5 J:97:5( :X:5( :,G+7& +5' 96&7&(:5,' .)+& 

6)'J6' G+' ,'))' 8'& J:97:5(& 8+ ,X,)' .96,68'5(/ 0*<<' 8:5& )' ,:& 8' ): <'&+9' 8+ (:+L 

8[:..:97(7*5 8' J:97:5(& w&+.'9A96&7&(:5(&w ^ )[%&>___@2 +5' ,+)(+9' .):5,(*57G+' 75*,+)6' :J', 

+5' .96A,+)(+9' : &'9J7 ^ 75*,+)'9 +5' .):G+' !3 .+7(& >`7;+9' $H@/ \: ,+)(+9' .):5,(*57G+' : 6(6 

87)+6' ^ F/S c D2D3 '( ! <\e.+7(& : 6(6 :]*+(6 8:5& ): .):G+'2 &+..)6<'5(6 *+ 5*5 :J', !2$$ 

<Y2 324Z <Y2 " <Y *+ M2$$ <Y 8[%&>___@/ F'+L .+7(& 8' ,-:G+' ,*5,'5(9:(7*5 *5( 6(6 

75*,+)6& K %! '( %3 c D <Y E 1! '( 13 c !2$$ <Y E 0! '( 03 c 324Z <Y E %$ '( %" c " <Y E 

1$ '( 1" c M2$$ <Y/ \' <7)7'+ : 6(6 9'5*+J')6 :+ U*+( 8' 3" -/ 0*<<' .96,68'<<'5(2 ): 

.:9(7' &+.697'+9' 8'& U7*O7)<& '( ,'))' O7L6' :+ O*58 8'& .+7(& *5( 6(6 &6.:96'&/ F'& 87)+(7*5& *5( 

'5&+7(' 6(6 96:)7&6'& .+7& "D j\ *5( 6(6 6(:)6& &+9 <!34 &*)78' &+..)6<'5(6 :J', !D24 <Y 

8[%&>___@ )*9& 8+ .9'<7'9 ,X,)'2 .+7& :J', 8'& ,*5,'5(9:(7*5& ,9*7&&:5('& >:)):5( ]+&G+[^ 3424 

<Y@ )*9& 8' ,X,)'& &+7J:5(&/ \'& J:97:5(& 7&*)6& *5( 6(6 9'<7& '5 ,+)(+9'2 .+7& +(7)7&6& .*+9 

86<:99'9 +5 5*+J':+ ,X,)' '(e*+ &(*,k6& 8:5& 8'& ,9X*(+U'& ^ A HDf0 >:.9=& :]*+( 8' Z g 8' 

FYRS@/ 
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Figure 38 Schéma des cycles de biofilm réalisés pour l'isolement des variants "super-résistants" à l'As(III). Comme 

pour la mesure du taux d'apparition de variants, la culture en biofilm a été inoculée à partir d'une culture 

planctonique de 40 h, elle-même inoculée à partir d'une pré-culture. Les biofilms ont été cultivés pendant 72 h 

avec renouvellement du milieu à 24 h et des concentrations en As(III) de 0 mM, 1,33 mM, 2,67 mM, 4 mM, ou 5, 

33 mM, à raison de 2 puits par concentration. La phase supérieure et la partie fixée des biofilms ont été séparées 

avant les isolements (non indiqué sur le schéma). Les variants isolés ont été remis en culture pour être ensuite 

stockés à - 80 °C et/ou démarrer un nouveau cycle. Le nombre de générations a été déduit des mesures des D.O 

pour les cultures planctoniques et en biofilms. Concernant les cultures sur milieu solide, l'estimation a été faite en 

considérant qu'une colonie contenait 109 cellules.  

3 - Sélection et caractérisation de variants 

  v5 5*<U9' 7<.*9(:5( 8' J:97:5(& : 6(6 7&*)6 &+9 87OO69'5('& ,*5,'5(9:(7*5& 8[%&>___@ 

9'58:5( 7<.*&&7U)' ): ,:9:,(697&:(7*5 8' (*+&/ v5' .9'<7=9' 6(:.' : 8*5, ,*5&7&(6 ^ &6)',(7*55'9 

,'+L .96&'5(:5( +5 75(69d( 8+ .*75( 8' J+' 8' )'+9 96&7&(:5,' :,,9+' ^ )[%&>___@ *+ 8' )'+9 

.9*8+,(7*5 8' U7*O7)<&/ 0' (9:J:7) : 6(6 96:)7&6 .:9 Y:9(75: B69'& )*9& 8' &*5 &(:;' 8' <:&('9 3 

G+' ][:7 '5,:896/ 

a. Sélection sur la base de la résistance à l'As(III) 

 F:5& +5 .9'<7'9 ('<.&2 !H J:97:5(& ,*5&'9J6& ^ A HD f0 *5( 6(6 ,-*7&7& &+9 ): U:&' 8' ): 

-:+(' ,*5,'5(9:(7*5 '5 %&>___@ &+9 ):G+'))' 7)& :J:7'5( 6(6 7&*)6&2 &+;;69:5( +5' 96&7&(:5,' :,,9+' 

^ )[%&>___@2 '( !Z :+(9'& 8' .:9 )[:&.',( 8' )'+9& ,*)*57'&2 ):7&&:5( .96&:;'9 8[6J'5(+'))'& 

87OO69'5,'& 8:5& )'+9 ,:.:,7(6 ^ O*9<'9 8'& U7*O7)<&/ %O75 8['OO',(+'9 +5 .9'<7'9 (97 ,*5,'95:5( 

): 96&7&(:5,' ̂  )[%&>___@2 )'& $M J:97:5(& *5( (*+( 8[:U*98 6(6 879',('<'5( ,+)(7J6& &+9 <7)7'+ <!34 
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&*)78' &:5& %&>___@ *+ &+..)6<'5(6 :J', +5' ;:<<' 8' ,*5,'5(9:(7*5 :)):5( 8' !D24 <Y ^ 3424 

<Y :J', +5 75('9J:))' 8' 324Z <Y/ \'& ,+)(+9'& *5( 6(6 75,+U6'& ^ $Df0 .'58:5( !3 ]*+9& .+7& 

): ,*5,'5(9:(7*5 <:L7<:)' &+9 ):G+'))' +5' ,9*7&&:5,' 6(:7( J7&7U)' : 6(6 5*(6'/ 

b. Sélection sur base de la capacité à former des biofilms et de la mobilité 

 0'9(:75& J:97:5(& *5( 6(6 ,-*7&7& .*+9 +5' G+:5(7O7,:(7*5 8' )'+9 O*9<:(7*5 8' U7*O7)<& 

.:9 ,*)*9:(7*5 :+ ,9X&(:) J7*)'(/ B:9<7 '+L2 ,'9(:75& *5( 6(6 &6)',(7*556& .*+9 )'+9 96&7&(:5,' ^ 

)[%&>___@ )*9& 8' )[6(:.' .96,68'5('2 '( 8[:+(9'& &+9 ): U:&' 8' ): <*9.-*)*;7' 8' )'+9& ,*)*57'&/ 

v5' ,+)(+9' '5 <7)7'+ <!34 )7G+78' : (*+( 8[:U*98 6(6 96:)7&6' '( 75,+U6' "D - ^ $Df0/ F'& 

87)+(7*5& 8'& ,+)(+9'& ^ F/S4DD5< c D2DD3 *5( 6(6 'OO',(+6'& '( &+..)6<'5(6'& :J', D <Y2 324Z 

<Y '( M2$$ <Y 8[%&>___@2 .+7& ! <\ 8' ,'& 87)+(7*5& : 6(6 (9:5&O696 8:5& )'& .+7(& 8[+5' .):G+' 

!3 .+7(& 8' <:57=9' ^ *U('579 (9*7& .+7(& 8' ,-:G+' ,*5,'5(9:(7*5/ \'& .):G+'& *5( 6(6 75,+U6'& 

'5 ,*587(7*5 &(:(7G+' .'58:5( Z3 - :J', 9'5*+J'))'<'5( 8+ <7)7'+ :+ U*+( 8' 3" -/ %+ U*+( 8' 

Z3 - 8[75,+U:(7*52 )' <7)7'+ : 6(6  9'(796 8'& .+7(& '( )'& U7*O7)<& *5( 6(6 86)7,:('<'5( 975,6& :J', 

! <\ 8[':+ .-X&7*)*;7G+' >Q:0) c # ;/\A!@/ \'& .):G+'& *5( '5&+7(' 6(6 &6,-6'& .:9 75,+U:(7*5 

^ $Df0 .'58:5( 3D <75 '5J79*52 .+7& ! <\ 8' ,9X&(:) J7*)'( ^ D2! g : 6(6 :]*+(6 8:5& ,-:G+' 

.+7(&/ \'& .):G+'& *5( :)*9& 6(6 ^ 5*+J':+ 75,+U6'& ^ $Df0 .'58:5( 3D <75 .+7& )' ,9X&(:) J7*)'( 

: 6(6 9'(796 '( )['L,=& '5)'J6 .:9 +5 975h:;' :J', ! <\ 8[':+ .-X&7*)*;7G+'/ ! <\e.+7(& 8[6(-:5*) 

^ #M g : 6(6 :]*+(6 .*+9 9'&+&.'589' )' ,9X&(:) J7*)'( O7L6 8:5& )'& U7*O7)<& .+7& 8'& 87)+(7*5& 

i *5( 6(6 96:)7&6'& 8:5& 8'& .):G+'& #4 .+7(& >(9:5&O'9( 8' MD j\ 8'& .+7(& 8' ): .):G+' !3 .+7(& 

8:5& !MD j\ 8[6(-:5*) #M g 8:5& ): .):G+' #4 .+7(&@/ \: F/SM#M5< 8' ): .):G+' #4 .+7(& : '5&+7(' 

6(6 <'&+96' :J', +5 )',('+9 8' .):G+'/ 

 \'& 87)+(7*5& ^ F/S4DD5< c D2DD3 &:5& %&>___@ +(7)7&6'& .*+9 )[75*,+):(7*5 8'& .):G+'& !3 

.+7(& *5( 6;:)'<'5( 6(6 +(7)7&6'& .*+9 ,*<.:9'9 ): <*U7)7(6 &+9 ;6)*&' ̂  D2$ g 8[:;:9 8'& J:97:5(& 

'5(9' '+L '( :J', )'& &*+,-'& Tm. &../ 01! '( 013/ B*+9 ,'):2 (9*7& 86.m(& 8' ! j) 8' 87)+(7*5 

*5( 6(6 'OO',(+6& &+9 8'& <7)7'+L <!34 ^ D2$g 8[:;:9 '( &+..)6<'5(6& 8' D <Y2 324Z <Y *+ 

M2$$ <Y 8[%&>___@/ \'& <7)7'+L *5( '5&+7(' 6(6 <7& ^ 75,+U'9 ^ $Df0 .'58:5( Z ]*+9&/ I5 ,:& 8' 

<*U7)7(62 +5 -:)* 6(:7( J7&7U)' :+(*+9 8'& 86.m(& ^ )[7&&+' 8' )[75,+U:(7*5/  

c. Détermination de la concentration minimale inhibitrice en As(III) 

 \: 0Y_ 8[%&>___@ 8'& J:97:5(& ,-*7&7& :.9=& )'& 6(:.'& 8' &6)',(7*5 .96,68'5('& : 6(6 

<'&+96' .)+& .96,7&6<'5(/ B*+9 ,'):2 8'& ,+)(+9'& .):5,(*57G+'& '5 .-:&' 'L.*5'5(7'))' 

>75,+U6'& ^ $D f0 .'58:5( "D -@ *5( 8[:U*98 6(6 87)+6'& !D O*7& 8:5& ): .9'<7=9' ,*)*55' 8[+5' 

.):G+' #4 .+7(&2 '( +5' 87)+(7*5 '5 &697' 8' 87L '5 87L : 6(6 96:)7&6' 8:5& )'& .+7(& :8]:,'5(& 
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]+&G+[^ !DAM/ 0'& 87)+(7*5& *5( '5&+7(' 6(6 96.)7G+6'& &+9 <!34 &*)78' &+..)6<'5(6 *+ 5*5 :J', 

!$2$ <Y2 !4 <Y2 !H24 <Y2 3D <Y2 3!2$ <Y2 3324 <Y *+ 3$2# <Y/ \'& U*l('& *5( '5&+7(' 

6(6 75,+U6'& ^ $D f0 .'58:5( !D ]*+9&/ 

d. Etude des biofilms des variants en microscopie confocale 

 N9*7& J:97:5(& *5( 6(6 ,-*7&7& &+9 ): U:&' 8' )'+9 .9*O7) 8' O*9<:(7*5 8' U7*O7)< 86('9<756 

.:9 ,*)*9:(7*5 :+ ,9X&(:) J7*)'(/ v5' 6(+8' 8'& U7*O7)<& 8' ,'& J:97:5(& : 6(6 96:)7&6' '5 

<7,9*&,*.7' ,*5O*,:)' 8' ): <d<' <:57=9' G+' 86,97( 8:5& ): (9*7&7=<' .:9(7' 8+ ,-:.7(9' _/ 

 \'& U7*O7)<& *5( 6(6 ,+)(7J6& 8:5& 8'& .):G+'& !3 .+7(& ^ O*58 '5 J'99' 8' ): <d<' 

<:57=9' G+' 86,97( .)+& -:+( .*+9 )'& ,*)*9:(7*5& '5 ,9X&(:) J7*)'(/ F'+L (97.)7,:(& U7*)*;7G+'& 

>(9*7& ,+)(+9'& 7586.'58:5('&@ *5( 6(6 96:)7&6& K +5 .*+9 )'& *U&'9J:(7*5& ^ 3" -2 )[:+(9' .*+9 )'& 

*U&'9J:(7*5& ^ Z3 - >:J', 9'5*+J'))'<'5( 8+ <7)7'+ ^ 3" -@/ \'& U7*O7)<& *5( 6(6 <:9G+6& :J', 

(9*7& ,*)*9:5(& 87OO69'5(& K 32M jY 8' RnNS# ;9''5 >"HMe"#H@ .*+9 96J6)'9 )'& ,'))+)'& J7:U)'&  

E 32M jY 8' 7*8+9' 8' .9*.787+< >$DMAM$He4!Z@ .*+9 96J6)'9 )'& ,'))+)'& <*9('& E !DD j;/<\A! 

8' ('(9:<'(-X)9-*8:<75' ,*5]+;+6' ^ 8' ): ,*5,:5:J:)75' % >('(9:<'(-X)9-*8:<75'A0*5%@ 

>MMMeMHD@ .*+9 96J6)'9 ): <:(97,'/ %.9=& :]*+( 8'& ,*)*9:5(&2 )'& .):G+'& *5( 6(6 75,+U6'& ^ 

)[*U&,+97(6 .'58:5( $D <75/ 

 \[*U&'9J:(7*5 '( )[:,G+7&7(7*5 8'& 7<:;'& *5( '5&+7(' 6(6 96:)7&6'& ^ )[:78' 8[+5 

<7,9*&,*.' ,*5O*,:) >\'7,: N0R RBH2 *U]',(7O 4$ o ^ 7<<'9&7*5@/ F'+L CA&(:,k& >&697' 

8[7<:;'& &+9 +5 .):5 J'9(7,:)@ :J', +5 75('9J:))' 8' ! j< *5( 6(6 :,G+7& .*+9 ,-:G+' .+7(&/ \'& 

)*5;+'+9& 8[*58'& 8['L,7(:(7*5 6(:7'5( 8' "HH 5< >RnNS# ;9''5 '( 7*8+9' 8' .9*.787+<@ '( M4! 

5< >('(9:<'(-X)9-*8:<75'A0*5%@/ \'& .):;'& 8' )*5;+'+9& 8[*58'& 6<7&'& 6(:7'5( 8' "#M 5< 

^ M"Z 5< .*+9 )' RnNS# ;9''52 8' 4MZ 5< ^ ZMZ 5< .*+9 )[7*8+9' 8' .9*.787+< '( 8' M4Z 5< 

^ M#H 5<  .*+9 ): ('(9:<'(-X)9-*8:<75'A0*5%/ 

 \'& 7<:;'& *5( '5&+7(' 6(6 (9:7(6'& .*+9 *U('579 +5' 9'.96&'5(:(7*5 '5 (9*7& 87<'5&7*5& 

:J', )' )*;7,7') _Y%a_R >17(.):5'2 pq97,-2 R+7&&'@/ \'& U7*J*)+<'& 8' ,'))+)'& >RnNS# ;9''5@ 

'( 8' <:(97,' >('(9:<'(-X)9-*8:<75'A0*5%@ *5( 6(6 G+:5(7O76& ^ .:9(79 8'& &697'& 8[7<:;'& :J', 

)' )*;7,7') _0n >-((.Kee7,X/U7*7<:;':5:)X&7&/*9;@/   
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4 - Génomique comparée des variants 

 F'+L J:97:5(& *5( 6(6 ]+;6& 75(69'&&:5(& ^ ): O*7& &+9 )' ,97(=9' 8' )'+9 96&7&(:5,' :,,9+' 

^ )[%&>___@ '(2 .*+9 )[+5 8'& 8'+L2 8'& 87OO69'5,'& *U&'9J6'& ,*5,'95:5( &*5 -:U7)7(6 ^ O*9<'9 8'& 

U7*O7)<&/ z[:7 .96.:96 )[%FQ 8' ,'& J:97:5(& '( )'& :7 '5J*X6& :+ ?65*&,*.'/ \'& &6G+'5,'& 8' 

8'+L J:97:5(& *5( '5&+7(' 6(6 75(6;96'& ^ ): .):('O*9<' Y:?' '( *5( .+ d(9' ,*<.:96'& '5(9' 

'))'& :75&7 G+[:J', ,'))' 8' ): &*+,-' *97;75'))' Tm. &./ 013 ;9{,' ^ )[*+(7) B:)*<:/ 0'( *+(7) 

.'9<'( 8' )7&('9 )'& 87OO69'5('& <+(:(7*5& :,,+<+)6'& .:9 ,-:G+' J:97:5( >RQB&2 75&'9(7*5& '( 

86)6(7*5&@ '( 8' &:J*79 &7 '))'& &*5( ,*<<+5'& *+ &.6,7O7G+'& :+L J:97:5(&/ \: .9*O*58'+9 8' 

)',(+9' 8+ &6G+'5h:;' '( )['<.):,'<'5( 8'& <+(:(7*5& .'+J'5( 6;:)'<'5( d(9' J7&+:)7&6&/ 

5 - Transcriptomique (RNAseq) chez Tm. sp. CB2 

 %O75 8' 9',-'9,-'9 8'& .9*,'&&+& .*+J:5( d(9' 7<.)7G+6& 8:5& )[:..:97(7*5 8'& J:97:5(&  

:+ &'75 8'& U7*O7)<& 8' Thiomonas &./ 0132 +5' 'L.697'5,' 8' aQ%&'G : 6(6 96:)7&6' ,-'C ,'((' 

&*+,-'/ 

a. Cultures  

 \'& U7*O7)<& *5( 6(6 ,+)(7J6& 8:5& 8'& .):G+'& 4 .+7(& &:5& %&>___@ *+ :J', M2$$ <Y 

8[%&>___@ .'58:5( 3" -2 "H - '( Z3 -2 :J', 9'5*+J'))'<'5( 8+ <7)7'+ :.9=& 3" -/ %+ (*(:)2 H 

.):G+'& *5( 6(6 +(7)7&6'& .*+9 ,-:G+' ,*587(7*5 '( )['L.697'5,' : 6(6 96:)7&6' '5 (97.)7,:( >$ 

,+)(+9'& 7586.'58:5('&@/ %.9=& )[75,+U:(7*5 ^ $Df02 )' <7)7'+ : 6(6 86)7,:('<'5( 9'(796 8'& .+7(& 

'( 9'<.):,6 .:9 !2M <\ 8[':+ .-X&7*)*;7G+' ^ "f0/ \'& U7*O7)<& *5( :)*9& 6(6 86,*))6& 8+ O*58 

8'& .+7(& ^ )[:78' 8' ;9:((*79& ^ ,'))+)'& >17*)*;7L@ :O75 8' <'((9' '5 &+&.'5&7*5 )'& ,'))+)'& 8:5& 

)[':+ .-X&7*)*;7G+'/ 0'((' 6(:.' : 6(6 96:)7&6' &+9 ;):,' .*+9 6J7('9 ): 86;9:8:(7*5 8'& %aQ/ 

\'& &+&.'5&7*5& *5( '5&+7(' 6(6 ,'5(97O+;6'& ^ HDDD x g .'58:5( !M <75 ^ "f0 '( :.9=& 

6)7<75:(7*5 8'& &+95:;':5(&2 )'& ,+)*(& ,'))+):79'& *5( 6(6 &(*,k6& ^ AHDf0/  

b. Extractions d'ARN et séquençage 

 \'& 'L(9:,(7*5& 8[%aQ *5( 6(6 96:)7&6'& .:9 R:58975' V*',-)'9/ %.9=& 86,*5;6):(7*5 ^ 

('<.69:(+9' :<U7:5('2 4D j\ 8[IFN% >D2M Y E .W Z24@ ^ "f0 *5( 6(6 :]*+(6& 8:5& ,-:G+' (+U'/ 

\'& ,'))+)'& *5( '5&+7(' 6(6 9'.97&'& 8:5& "DD j\ 8' &*)+(7*5 8' 9'&+&.'5&7*5 >3D g ;)+,*&' E 

3M <Y N97& E !D <Y >JeJ@ IFN%@ :O75 8' )X&'9 )'& ,'))+)'& .:9 ,-*, *&<*(7G+'/ \'& &+&.'5&7*5& 

*5( '5&+7(' 6(6 (9:5&O696'& 8:5& 8'& (+U'& ,*5('5:5( 3 <\ 8' .-65*)2 D2M; 8' <7,9*U7))'& '( MDD 

j\ 8' .-65*) :,78'/ \'& (+U'& *5( 6(6 :;7(6& ^ )[:78' 8[+5 U9*X'+9 >`:&(B9'.@ 8+9:5( 8'+L ,X,)'& 
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8' $D &',*58'&2 .+7& ,'5(97O+;6& ^ !4 DDD x g .'58:5( M <75+('& ^ "f0/ \'& .-:&'& :G+'+&'& 

*5( :)*9& 6(6 (9:5&O696'& 8:5& 8' 5*+J':+L (+U'& .+7& ! <\ 8' (97C*) : 6(6 :]*+(6/ \: &*)+(7*5 

*U('5+' : 6(6 -*<*;6567&6' ^ )[:78' 8[+5' .7.'((' ]+&G+[^ G+' )[:&.',( 8'J7'55' (9:5&)+,78'2 '( 

3DD j\ 8' ,-)*9*O*9<' e :),**) 7&*:<X)7G+' *5( '5&+7(' 6(6 :]*+(6&/ \' <6):5;' *U('5+ : 8' 

5*+J':+ 6(6 -*<*;6567&6 ^ ): .7.'(('2 .+7& :.9=& :J*79 9'.*&6 $ <75 ^ ('<.69:(+9' :<U7:5('2 

)'& (+U'& *5( 6(6 ,'5(97O+;6& ^ !4 DDD x g .'58:5( M <75 ^ "f0/ \: .-:&' :G+'+&' : :)*9& 6(6 

(9:5&O696' 8:5& 8' 5*+J':+L (+U'& '( 3DD j\ 8' ,-)*9*O*9<' e :),**) 7&*:<X)7G+' *5( ̂  5*+J':+ 

6(6 :]*+(6&/ \' ,*5('5+ 8'& (+U'& : 6(6 -*<*;6567&6 ^ )[:78' 8[+5' .7.'((' .+7& )'& (+U'& *5( 6(6 

,'5(97O+;6& ^ !4 DDD x g .'58:5( M <75 ^ " f0/ \'& &+95:;':5(& *5( 6(6 (9:5&O696& 8:5& 8' 

5*+J':+L (+U'& '( )'& %aQ ,*5('5+& 8:5& ,'((' .-:&' *5( 6(6 .+97O76& &+9 ,*)*55' >V7( u7:;'5 

aQ':&X B)+& Y757 V7(@ .+7& '5J*X6& ^ &6G+'5,'9 :+ ?65*&,*.'/ 
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III - Résultats et discussion 

1 - Mesure du pourcentage de variants "super-résistant" à 

l'As(III) 

" #$" %&'($)(" *+,'-.../" 0" 12" 34" 5(" 6789)($:%;(" *(" <%9=%$:" (':" >" 1"?"@8(55(" @8(" '7=:" 5%"

)7$*=:=7$"*(")85:89("-A=;89("BC/D",8"&78:"*("2E"34")(::("697679:=7$"6%''("0"1F"?"*%$'"5(")%'"*('"

)85:89('"65%$):7$=@8('"(:"*("5%"6%9:=("G=HI("*8"&=7G=5J4"(:"0"FK"?"*%$'"5%"63%'("'86I9=(89("J%='"

%<()"*+=J679:%$:('"<%9=%:=7$'"($:9("5('"9I65=)%:'D","!1"34"5%"697679:=7$"*("<%9=%$:'"($"%&'($)("

*+,'-.../"%8;J($:("0"BK"?"6789"5%")85:89("65%$):7$=@8("J%='"*=J=$8("0" F"?"6789"5('"*(8H"

63%'('"*(" 5%" )85:89(" ($"&=7G=5JD"L("J%$=M9(" =$:I9(''%$:(4" %8"&78:"*("!1" 34" 5%"697679:=7$"*("

<%9=%$:'"($"%&'($)("*+,'-.../"(':"658'"=J679:%$:("*%$'"5('")85:89('"65%$):7$=@8('"@8+($"&=7G=5JD"

.5" N" %" *7$)" 8$(" IJ(9;($)(" $%:89(55(" *(" <%9=%$:'" *%$'" 5%" 67685%:=7$" *("Thiomonas" '6D"OP1"

=$*I6($*%JJ($:"*("5%"69I'($)("*+,'-.../"(:"*8":N6("*(")85:89(D"

" #$"69I'($)("*+,'-.../4"5("6789)($:%;("*("<%9=%$:'"0"12"3"*('")85:89('"65%$):7$=@8('"(':"

$85"78"@8%'="$85D"L%$'"5%"6%9:=("G=HI("*('"&=7G=5J'4"=5"%8;J($:("0"FK"?"($"69I'($)("*+%8"J7=$'"

F4BB"JQ4"%<()")(6($*%$:"8$("<%9=%&=5=:I"=J679:%$:(D"L%$'"5%"63%'("'86I9=(89("*8"&=7G=5J4"5("

6789)($:%;("*("<%9=%$:'"(':"'86I9=(89"%<()"14R!"JQ"*+,'-.../"-S1K"?/"(:"%::(=$:"658'"*("!F"?"

%<()"F4BB"JQD",8"&78:"*("2E"34"5%")85:89("65%$):7$=@8(")7$:=($:"8$("697679:=7$"*("<%9=%$:'"%8H"

%5($:789'"*("1K"?"%<()"8$(")7$)($:9%:=7$"($",'-.../"*("14R!"JQ"(:"BK"?"%<()"F4BB"JQD"L%$'"

5%"6%9:=("G=HI("*8"&=7G=5J4"5(":%8H"(':"*+($<=97$"FK"?"@8(55("@8("'7=:"5%")7$)($:9%:=7$4"J%='"%<()"

8$(" <%9=%&=5=:I" =J679:%$:(D" L%$'" 5%" 63%'(" '86I9=(89(4" 5('" 697679:=7$'" *(" <%9=%$:'" '7$:"

9('6():=<(J($:"*+($<=97$"BK"?"(:"2K"?"6789"14R!"JQ"(:"F4BB"JQD","!1"34"5(":%8H"*("<%9=%$:'"

%8;J($:("5I;M9(J($:"*%$'"5%"63%'("65%$):7$=@8(4"%<()"($<=97$"BK"?"(:"2F"?"6789"14R!"JQ"(:"

F4BB"JQ"*+,'-.../D".5"(':"*+($<=97$"2FT"FK"?"($"69I'($)("*("14R!"JQ"(:"F4BB"JQ"*+,'-.../"*%$'"

5%"6%9:=("G=HI("*8"&=7G=5JD"#$G=$4"*%$'"5%"63%'("'86I9=(89(4"5(":%8H"*("<%9=%$:'"($"69I'($)("*("

14R!"JQ"(':" '=J=5%=9("0")(58="J('89I"0"2E"3" -($<=97$"BK"?/4"J%='"(':" '86I9=(89"0"!F"?"($"

69I'($)("*("F4BB"JQ"*+,'-.../D""
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Figure 39 Proportion (%) d'apparition de variants "super-résistants" à l'As(III) chez Tm.CB2 à 24 h (gauche), 48 

h (milieu) et 72 h (droite) en condition planctonique, et biofilm (partie fixée et phase mobile du biofilm). Bleu = 0 

mM d'As(III) ; Jaune = 2,67 mM d'As(III) ; Rouge = 5,33 mM d'As(III). La croix "+" indique la moyenne. 

" L+8$(" J%$=M9(" ;I$I9%5(" 5%" 69I'($)(" *+,'-.../" (':" 67'=:=<(J($:" )799I5I(" %<()" 5("

6789)($:%;("*("<%9=%$:'"*%$'"5('"*(8H":N6('"*(")85:89(4"%<()")(6($*%$:"*('"697G=5'"*=GGI9($:'D"

L%$'"5%")85:89("65%$):7$=@8(4"5('"<%9=%$:'"%66%9%=''($:"0"2E"3"68='"5(89"6789)($:%;("':%;$("(:"

5+,'-.../" $(" '(J&5(" 6%'" %<7=9" &(%8)786" *+(GG(:D" L%$'" 5%" 6%9:=(" G=HI(" *('" &=7G=5J'4" 5('"

6789)($:%;('"J('89I'"0"14R!"JQ"(:"F4BB"JQ"*+,'-.../"'7$:"'86I9=(89'"0")(8H"J('89I'"'%$'"

,'-.../D","!1"34"8$("*=J=$8:=7$"*("5%"697679:=7$"*("<%9=%$:'"($"%&'($)("*(")(:"I5IJ($:"*%$'"5%"

6%9:=(" G=HI(" (:" %8" $=<(%8" *(" 5%" 63%'(" '86I9=(89(" *8" &=7G=5J" 67899%=:" '7=:" U:9(" *8(" 0" 8$" :%8H"

*+%66%9=:=7$"*(")('"<%9=%$:'"658'"G%=&5("($"&=7G=5J"'%$'",'-.../4"'7=:"0"658'"*("*=GG=)85:I'"6789"5('"

<%9=%$:'"0"'+=J67'(9"*%$'"5%"67685%:=7$D"L("5%"JUJ("J%$=M9(4"5('"6789)($:%;('"658'"=J679:%$:'"

($"69I'($)("*+,'-.../"67899%=($:"'7=:"9I'85:(9"*+8$("G9I@8($)("*+%66%9=:=7$"658'"=J679:%$:("5=I("

6%9"(H(J65("6%9"5+=$*8):=7$"*("<%9=%&=5=:I";I$7J=@8(4"78"&=($"9I'85:(9"*+8$("'I5():=7$"*(")('"

<%9=%$:'D"L%$'"5%"6%9:=("'86I9=(89("*8"&=7G=5J4"8$("*=J=$8:=7$"(':"7&'(9<I("0"2E"3"0"F4BB"JQ"

*+,'-.../4"68='"8$("$78<(55("%8;J($:%:=7$"'("697*8=:"0"!1"3D"O(55(T)="6(8:"G%)=5(J($:"'+(H65=@8(9"

6%9"5+I5=J=$%:=7$"*('")(5585('"579'"*8"9($78<(55(J($:"*8"J=5=(8"0"12"3D"

" V$(" 6%9:=(" *('" )(5585('" *(" )(::(" 63%'(" '86I9=(89(" 67899%=:" %<7=9" 6789" 79=;=$(" 5%"

*=''IJ=$%:=7$"*(")(5585('"*("5%"6%9:=("G=HI(D"L%$'")(")%'4"5('")(5585('"*=''IJ=$I('"*(68='"5%"6%9:=("
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G=HI("67899%=($:"U:9("8$("'78'T67685%:=7$"9(*(<($8("65%$):7$=@8("(:"'(9%=($:"69IGI9($:=(55(J($:"

*('")(5585('"<%9=%$:('D"L%$'"8$("I:8*("69I)I*($:("*('"&=7G=5J'"*("Tm."OP14"=5"%<%=:"I:%=:"7&'(9<I"

@8+($"69I'($)("*+,'-.../"*('"")%<=:I'"'("G79J%=($:"%8")($:9("*('"&=7G=5J'"6%9"*('"I<M$(J($:'"*("

J79:")(5585%=9("(:"@8("")('")%<=:I'"I:%=($:"($'8=:(")757$='I('"6%9"*('")(5585('"J7&=5('"-Q%9)3%5"

(:"%5D4"1K  /D"W+3N67:3M'("%<%=:"I:I"IJ='("@8(")('")(5585('"J7&=5('"67899%=($:")799('67$*9("%8H"

<%9=%$:'"=*($:=G=I'D"W('"9I'85:%:'"7&:($8'"=)="'(J&5($:"%55(9"*%$'"5("'($'"*(")(::("3N67:3M'(D"#$"

)7$)58'=7$4"JUJ("'=" 5+%66%9=:=7$"*('"<%9=%$:'"$+(':"6%'" '6I)=G=@8("*('"&=7G=5J'4")('" 9I'85:%:'"

J7$:9($:"@8("5(89"6789)($:%;("%8;J($:("($"69I'($)("*+,'-.../"*%$'"5('"&=7G=5J'D"

2 - Isolement de variants "super-résistants" à l'As(III) 

" ,G=$"*+I:8*=(9" 5('"697)(''8'" =J65=@8I'"*%$'" 5+%66%9=:=7$"*("<%9=%$:'"%N%$:"%)@8='"8$("

9I'=':%$)("%))98("0"5+,'-.../"($"&=7G=5J4"(:"%=$'="*("J=(8H")7J69($*9("5("67:($:=(5"%*%6:%:=G"*("

Tm."'6D"OP1"G%)("0"5+,'-.../4"@8(5@8('"<%9=%$:'"7$:"I:I"='75I'"(:")%9%):I9='I'D"X789")(5%4"658'=(89'"

)N)5('"*("&=7G=5J'"7$:"I:I"(GG():8I'"(:"%8":(9J("*(")3%@8(")N)5(4"*('"='75(J($:'"7$:"I:I"9I%5='I'"

'89"*('")7$)($:9%:=7$'")97=''%$:('"($",'-.../D"V$":7:%5"*("@8%:9(")N)5('"*("&=7G=5J'"%"I:I"9I%5='I4"

%8":(9J("*('@8(5'" K!"<%9=%$:'"7$:"I:I"='75I'"'89"*('")7$)($:9%:=7$'"%55%$:"*(" K4R"JQ"-OQ."*("

Tm."'6D"OP1/"0"1R4R"JQ"-A=;89("2K"(:"Y%&5(%8"1/D"W('"<%9=%$:'"='75I'"7$:"I:I"$7JJI'"'(57$"5%"

6%9:=("*8"&=7G=5J"*("5%@8(55("=5'"'7$:"=''8'4"*8"$8JI97"*8"&=7G=5J"(:"*8"68=:'"*8@8(5"=5'"'7$:"

=''8'D",=$'=4"5('"69IG=H('"Z[86Z"(:"ZP=7Z"=$*=@8($:"@8+=5'"'7$:"=''8'"*("5%"6%9:=("'86I9=(89("78"

G=HI("*8"""""&=7G=5J4"5(")3=GG9("@8="'8=:"=$*=@8("5("$8JI97"*8"&=7G=5J"(:"($G=$"5(")3=GG9("(:"5%"5(::9("

=$*=@8("5("68=:'D"X%9"(H(J65(4"P=7 !"PB"'=;$=G=("Z=''8"*("5%"6%9:=("G=HI("*8"68=:"PB"*8"&=7G=5J"

\] !ZD"V$")3=GG9("69I)I*I"*+8$"Z^Z"(':"6%9G7='"%_78:I"*%$'"5(")%'"7`"658'=(89'"<%9=%$:'"7$:"I:I"

='75I'"*8"JUJ("68=:'D"
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Figure 40 Schéma des variants isolés. Quatre cycles de biofilms ont été réalisés. Les premiers isolements ont été 

réalisés sur 10,6 mM d'As(III) (Biofilms N°9 et N°14). A partir du biofilm N°13, les isolements ont été réalisés sur 

des concentrations croissantes en As(III). Un variant isolé sur la concentration la plus élevée a alors été utilisé 

pour démarrer un nouveau cycle (Bio13 C1 #1 isolé sur 13,3 mM et Bio16A1 #1 isolé sur 21,3mM). Les trois 

derniers variants ont été isolés sur 26,6 mM lors du quatrième cycle. 
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Biofilm 

Concentration en As(III) dans les puits 

0 mM 1,33 mM 2,67mM 4 mM 5,33 mM 

N°9 

Bio9 A1 #1 Bio9 B1 #1 Bio9 C1 #1 Bio9 A3 #1 Bio9 B3 #1 

Bio9 A1 #2 Bio9 B1 #2 Bio9 C1 #2 Bio9 A3 #2 Bio9 B3 #2 

Bio9 A1 #3 Bio9 B1 #3 Bio9 C1 #3 Bio9 A3 #3 Bio9 B3 #3 

Bio9 A1 #4 Bio9 B1 #4 Bio9 C1 #4 Bio9 A3 #4 Bio9 B3 #4 

Bio9 A2 #1 Bio9 B2 #1 Bio9 C2 #1 Bio9 A4 #1 Bio9 B4 #1 

Bio9 A2 #2 Bio9 B2 #2 Bio9 C2 #2 Bio9 A4 #2 Bio9 B4 #2 

Bio9 A2 #3 Bio9 B2 #3 Bio9 C2 #3 Bio9 A4 #3 Bio9 B4 #3 

Bio9 A2 #4 Bio9 B2 #4 Bio9 C2 #4 Bio9 A4 #4 Bio9 B4 #4 

N°13 

Bio13 A1 #2 Bio13 B1 #1 *Bio13 C1 #1 *Bio13 A3 #1 *Bio13 B3 #1 

Bio13 A1 #3 Bio13 B1 #2 Bio13 C2 #4 Bio13 A4 #1 *Bio13 B3 #2 

Bio13 A1 #5 Bio13 B1 #3 Bio13 C2 #5 Bio13 A4 #2 Bio13 B3 #6 

Bio13 A1 #6 Bio13 B1 #4 Bio13 C2 #7 Bio13 A4 #4  

Bio13 A1 #7 Bio13 B1 #5 Bio13 C2 #8 Bio13 A4 #5  

 Bio13 B1 #6  Bio13 A4 #6  

 Bio13 B1 #7  Bio13 A4 #8  

  Bio13 B1 #8       

N°14a. 

  Bio14 B1 #1 Bio14 C2 #1 Sup14 A3 #1 Sup14 B4 #1 

  Sup14 C2 #1 Sup14 A3 #2 Sup14 B4 #2 

   Bio14 A3 #1  

   Sup14 A4 #1  

      Sup14 A4 #2   

N°14b. 

Bio14 A1 #1   Bio14 C2 #1 Bio14 A3 #1   

Bio14 A1 #2   Bio14 A3 #2  

Bio14 A1 #3      Bio14 A3 #4    

N°16 

**Bio16 A1 #1 **Bio16 B1 #1b **Bio16 C1 #1   **Bio16 B3 #1 

Sup16 A1 #2 Bio16B1 #1 Sup16 C1 #1  Bio16 B3 #1 

Sup16 A1 #3  Sup16 C1 #2   Bio16 B3 #2 

  Sup16 C1 #3  Sup16 B3 #1 

  Sup16 C1 #5  Sup16 B3 #2 

  Sup16 C1 #6  Sup16 B3 #3 

    Sup16 B3 #5 

        Sup16 B3 #6 

N°17   Sup17 B1   Bio17 A3 Bio17 B3  

      

Concentration d'As(III) utilisée pour les isolements :  Exceptions : 

  Biofilm N°9 :  10,6 mM   

  Biofilm N°13 :  13,3 mM  * 13,3 mM 

  Biofilms N°14 :  10,6 mM   

  Biofilm N°16 :  21,3 mM   ** 16 mM 

  Biofilm N°17 :  26,6 mM   

"

Tableau 2 Liste des variants isolés dans les biofilms lors des quatre cycles. Chaque colonne correspond à la 

concentration d'As(III) dans les puits lors de la culture des biofilms. Sous le tableau sont indiquées les 

concentrations auxquelles ont été isolés les variants. 
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3 - Sélection et caractérisation de variants 

a. Sélection de variants sur la base de leur résistance à l'As(III) 

" X%9J="5('" K!"<%9=%$:'"='75I'4")(9:%=$'"7$:"I:I")37='='"6789"U:9("I:8*=I'"658'"($"*I:%=5D"V$"

69(J=(9":9="%"I:I"9I%5='I"%<()")7JJ(")9=:M9("5%")7$)($:9%:=7$"($",'-.../"'89"5%@8(55("5('"<%9=%$:'"

7$:"I:I"='75I'"b"5('" F"<%9=%$:'"='75I'"*8"&=7G=5J"\] R"-BMJ(")N)5(/"'89"*('"&7a:('")7$:($%$:"1 4B"

JQ" %=$'=" @8(" 5('" :97='" *8" &=7G=5J" \] !" -2MJ(" )N)5(/" ='75I'" '89" 1R4R" JQ" 7$:" I:I" )37='='D"

W+($'(J&5("*('"<%9=%$:'"*('"*(8H"&=7G=5J'"\] 2"-1MJ(")N)5(/"7$:"I;%5(J($:"I:I")37='='"0")%8'("

*("5+%'6():"*=GGI9($:"*("5(89'")757$=('D",8":7:%54")("'7$:"*7$)"BF"<%9=%$:'"@8="7$:"I:I"'I5():=7$$I'D""

" X%9J=" 5('" BF" <%9=%$:'" )37='='4" 8$" *(8H=MJ(" )9=&5(" ;97''=(9" %" )7$'=':I" 0" 5('" )85:=<(9"

*=9():(J($:" *8" ':7)c" TEK" ]O" '89" J=5=(8" ;I57'I" '8665IJ($:I" *(" *=GGI9($:('" )7$)($:9%:=7$'"

*+,'-.../D"-Y%&5(%8"B/",8"&78:"*(" 1"_789'4":78'"5('"<%9=%$:'"*('"&=7G=5J'"\] 2"0"5+(H)(6:=7$"*("

*(8H"'("'7$:"*I<(5766I'" _8'@8+0" B4B"JQD"Y97='"<%9=%$:'"7$:"I:I")37='='"*8"&=7G=5J"\] 2%"b"

ZP=7 2",B^ Z4"Z[86 2%",B"^ Z"(:"Z[86 2%",2"^ Z4"='75I'"'89"*('"&7a:('")7$:($%$:" K4R"JQ"

*+,'-.../D"X%9J="5('"<%9=%$:'"*8"&=7G=5J"\] R4"8$"'+(':"*I<(5766I"_8'@8+0"1R4R"JQ4"*(8H"_8'@8+0"

1 4B"JQ"(:"5('"%8:9('"_8'@8+0" B4B"JQD""Y97='"<%9=%$:'"7$:"I:I")37='='"b"Z[86 R"PB"^ Z4""Z[86 R"

, "^BZ"(:"ZP=7 R"P "^ Z"@8="'("'7$:"9('6():=<(J($:"*I<(5766I'"_8'@8+0"1R4R"JQ4"1 4B"JQ"(:"

 B4B"JQ"*+,'-.../D"#$G=$4"6%9J="5('":97='"<%9=%$:'"*8"&=7G=5J"\] !4"ZP=7 !",BZ"(:"ZP=7 !"PBZ"

7$:" I:I" )37='='" )%9" =5'" '(" '7$:" *I<(5766I'" _8'@8+0" 1 4B" JQ" %579'" @8(" Z[86 !" P Z" $(" '+(':"

*I<(5766I"@8("_8'@8+0" B4B"JQD",8":7:%54"E"<%9=%$:'"7$:"*7$)"I:I"'I5():=7$$I'D"
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  Temps de culture 

Variants Biofilm Cycle J+3 J+5 / J+7 J+12 

Sup14 a.1 

N°14 2 

0 mM 0 mM 13,3 mM 

Sup14 a.2 0 mM 0 mM 13,3 mM 

Sup14 a.3 0 mM 0 mM 13,3 mM 

Sup14 a.4 0 mM 0 mM 13,3 mM 

Sup14 a.5 n.d 13,3 mM 13,3 mM 

Sup14 a.7 n.d 13,3 mM 13,3 mM 

Sup14 a.8 n.d 13,3 mM 13,3 mM 

Sup14 a.9 n.d 13,3 mM 13,3 mM 

Bio14 a.10 n.d 13,3 mM 13,3 mM 

Bio14 b.1 n.d 0 mM 13,3 mM 

Bio14 b.2 n.d 0 mM 0 mM 

Bio14 b.3 n.d 13,3 mM 13,3 mM 

Bio14 b.4 n.d 13,3 mM 13,3 mM 

Bio14 b.5 n.d 0 mM 13,3 mM 

Bio14 b.6 n.d 13,3 mM 13,3 mM 

Bio14 A3 #1 n.d 0 mM 13,3 mM 

Bio14 C2 #1 n.d n.d n.d 

Bio16 B1 

N°16 3 

13,3 mM 13,3 mM 13,3 mM 

Bio16 B3 #1 13,3 mM 13,3 mM 13,3 mM 

Bio16 B3 #2 800 13,3 mM 13,3 mM 13,3 mM 

Sup16 A1 #2 n.d 13,3 mM 21,3 mM 

Sup16 A1 #3 n.d 21,3 mM 21,3 mM 

Sup16 B3 #1 n.d 13,3 mM 26,6 mM 

Sup16 B3 #2 m126 n.d 13,3 mM 13,3 mM 

Sup16 B3 #3 n.d 13,3 mM 13,3 mM 

Sup16 B3 #5 n.d 13,3 mM 13,3 mM 

Sup16 B3 #6 n.d 13,3 mM 13,3 mM 

Sup16 C1 #1 n.d 13,3 mM 13,3 mM 

Sup16 C1 #2 n.d 13,3 mM 13,3 mM 

Sup16 C1 #3 n.d 13,3 mM 13,3 mM 

Sup16 C1 #5 n.d 13,3 mM 13,3 mM 

Sup16 C1 #6 n.d 13,3 mM 13,3 mM 

Sup17 B1 

N°17 4 
13,3 mM 13,3 mM 13,3 mM 

Bio17 B3 13,3 mM 13,3 mM 21,3 mM 

Bio17 A3 13,3 mM 13,3 mM 21,3 mM 

 

Tableau 3 Premier crible grossier après culture des variants directement du stock -80 °C sur des boîtes 

contenant différentes concentrations d'As(III). La concentration maximale sur laquelle les variants se sont 

développés après 3, 7 et 12 jours de culture a été notée. n.d = non déterminée. 
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%::($*84"5('"*(8H"<%9=%$:'"*8"&=7G=5J"\] !"='75I'"'89"1R4R"JQ"67''M*($:"5%"OQ."5%"658'"I5(<I(4"

@8="(':"*("1B4C"JQD"O(6($*%$:4"5("<%9=%$:"Z[86 R"PB^ Z"=''8"*("&=7G=5J"\] R"(:"='75I"'89"1 4B"

JQ" %" I;%5(J($:" 8$(" OQ." *(" 1B4C" JQD" L("J%$=M9(" 658'" '8969($%$:(4" 5%" OQ." *8" <%9=%$:"

ZP=7 R"P "^ Z"$+(':"@8("*(" R"JQD"W('"<%9=%$:'"*8"&=7G=5J"\] 2%"7$:"8$("OQ."*("1 4B"JQ"(:"

)(58="*8"\] 2&"*(" E4R"JQ4")+(':T0T*=9("=$GI9=(89("%8H"%8:9('"<%9=%$:'"J='"0"6%9:"ZP=7 R"P "

^ ZD"X789":(':(9"5%"':%&=5=:I"*("5(89"9I'=':%$)("0"5+,'-.../4"5('"38=:"<%9=%$:'"7$:"I:I"9(6=@8I'"'%$'"

,'-.../"68='"5(89"OQ."0"$78<(%8"J('89I(D",69M'"9(6=@8%;("($"J=5=(8"5=@8=*("'89"8$(":9($:%=$("

*(" ;I$I9%:=7$'4" 5('" OQ." I:%=($:" =*($:=@8('" (:" '(J&5($:" *7$)" ':%&5('D" W%" ':%&=5=:I" *(" )(::("

9I'=':%$)(" '8;;M9("8$("79=;=$(" ;I$I:=@8("*(" )(55(T)=" (:" $7$"8$("63N'=757;=("6%9:=)85=M9("*('"

<%9=%$:'D"

Variants Biofilm N° Cycle N° Isolé sur (As(III)) CMI As(III) en mM 

Sup14a A3 #1 14a 2 10 ,6 mM 21,3 

Sup14a A4 #1 14a 2 10, 6 mM 21,3 

Bio14b A3 #1 14b 2 10,6 mM  18,6 

Sup16 A1 #3 16 3 21,3 mM 23,9 

Bio16 B1 #1 16 3 21,3 mM 16 

Sup16 B3 #1 16 3 21,3 mM 23,9 

Bio17 A3 17 4 26,6 mM 23,9 

Bio17 B3 17 4 26,6 mM 23,9 

 

Tableau 4 CMI en As(III) des huit variants sélectionnés pour leur résistance accrue à l'As(III) (Biofilms N°16 et 

N°17) ou de la morphologie de leurs colonies (biofilms N°14)
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b. Quantification de la formation de biofilms et  détermination des capacités 

de nage des variants 

" V$("J%$=M9("6789"5('"<%9=%$:'"*("J=(8H"9I'=':(9"0"5+,'-.../"'(9%=:"*("'N$:3I:='(9"658'"*("

&=7G=5J'D"W%")%6%)=:I"0"G79J(9"*('"&=7G=5J'"*('"38=:"<%9=%$:'"'I5():=7$$I'"%"*7$)"I:I"*I:(9J=$I("

0"*=GGI9($:('")7$)($:9%:=7$'"($",'-.../"6%9")7579%:=7$"%8")9N':%5"<=75(:"(:")7J6%9I("0"5%"'78)3("

79=;=$(55("Tm."'6D"OP14"%=$'="@8+0"TmD"'6D"OP "@8="67''M*("*('")%6%)=:I'"*=GGI9($:('D""

" Y97='"697G=5'";I$I9%8H"6(8<($:"U:9("*=':=$;8I'"6%9J=")('"38=:"<%9=%$:'"-A=;89("2 /D"V$"

69(J=(9"697G=5"(':")(58="*('"<%9=%$:'"*8"&=7G=5J"\] 24"@8="697*8='($:"658'"*("&=7G=5J'"@8("5('"

%8:9('4" $7:%JJ($:" ($" 69I'($)(" *(" 14R!" JQ" *+,'-.../D" O('" <%9=%$:'" %<%=($:" I:I" ($" 6%9:=("

'I5():=7$$I'" 0" )%8'(" *(" 5+%'6():" *(" 5(89'" )757$=('" @8=" '8;;I9%=:" _8':(J($:" *('" )%6%)=:I'" *("

G79J%:=7$"*("&=7G=5J'"*=GGI9($:('D"V$"*(8H=MJ("697G=5"(':")(58="*8"<%9=%$:"Z[86 R"PB"^ Z"@8="

697*8=:":9M'"6(8"*("&=7G=5J'4"*("G%d7$")7J6%9%&5("0"Tm."'6D"OP D"V$":97='=MJ("697G=5"(':")(58="

*('"<%9=%$:'"9(':%$:'4"'=J=5%=9("0")(58="*("Tm."'6D"OP1D"

" O7JJ("5%"G79J%:=7$"*("&=7G=5J'"(:"5%"J7&=5=:I"'7$:"*(8H"697)(''8'"5=I'4"5%"J7&=5=:I""*("

)('"<%9=%$:'"%"($'8=:("I:I":(':I("'89";I57'("J755("-K4B"?"*+%;%9/"'8665IJ($:I("78"$7$"%<()"14R!"

78"F4BB"JQ"*+,'-.../D",8)8$"*('"<%9=%$:'"$("'+(':"%<I9I"J7&=5(4"=$*=@8%$:"@8("*+%69M'")(":(':4"

5('")%6%)=:I'"*("J7&=5=:I"*(")('"<%9=%$:'"$+7$:"6%'"I:I"%GG():I('"($")7J6%9%='7$"0"Tm."OP1D
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Figure 41 Quantification des biofilms des huit  variants sélectionnés et des souches Tm. spp. CB1 et CB2 par 

coloration au crystal violet. Bleu = 0 mM d'As(III), Jaune = 2,67 mM d'As(III), Rouge = 5,33 mM d'As(II). La 

croix "+" indique la moyenne.  

c. Etude des biofilms en microscopie confocale 

" L%$'"5("&8:"*+I:8*=(9"658'"($"*I:%=5"5('"*=GGI9($:('")%6%)=:I'"*('"<%9=%$:'"J='"($"I<=*($)("
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6(9J(::%$:"*("*=':=$;8(9"5('")(5585('"(:"5%"J%:9=)("%"I:I"9I%5='I(D"X789")(5%4"8$"<%9=%$:"*(")3%@8("

697G=5"*I:(9J=$I"6%9")7579%:=7$"%8")9N':%5"<=75(:"%"I:I")37='="b"ZP=7 2&",B"^ Z4"Z[86 R"PB"^ Z"

(:"ZP=7 !"PBZD"X789"658'"*(")5%9:I4")('" :97='"<%9=%$:'"'7$:" 9('6():=<(J($:"$7JJI'"ZP=7 2Z4"

Z[86 RZ"(:"ZP=7 !Z"*%$'"5%"'8=:("*8"J%$8')9=:D"W('"7&'(9<%:=7$'"7$:"I:I"9I%5='I('"($"%&'($)("78"

($"69I'($)("*("F4BB"JQ"*+,'-.../4"0"12"3"-A=;89("21/"(:"!1"3"-A=;89("2B/D"

" O7J6%9I"0"5%"'78)3("Tm."'6D"OP14"5("<%9=%$:"P=7 2"'N$:3I:='("658'"*("J%:9=)("0"!1"34"

$7:%JJ($:"($"69I'($)("*+,'-.../"-A=;89("2B/D"W("<%9=%$:"[86 R"@8="'(J&5%=:"$("6%'"697*8=9("

&(%8)786"*("&=7G=5J"*+%69M'"5%")7579%:=7$"%8")9N':%5"<=75(:4"G79J("*("$7J&9(8H"%J%'"*("J%:9=)("

0"!1"34"J7=$'"<758J=$(8H"@8(")(8H"*("P=7 2"J%='" 9(5%:=<(J($:"$7J&9(8H" -A=;89("2B/D"W("

<%9=%$:"P=7 !"697*8=:"658'"*("J%:9=)("@8("5('"%8:9('4"$7:%JJ($:"0"12"3"-A=;89("21/D","!1"34"5('"
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Figure 42 Reconstitution 3D d'observations réalisées au bout de 24 h des biofilms de Tm. sp.  CB2 et des 

variants Bio14, Sup16 et Bio17 cultivées en présence de 2,67 mM d'As(III). Bleu = matrice polysaccharidique ; 

Vert = Cellules vivantes ; Rouge = Cellules mortes. Echelle = 100  m. 
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Figure 43 Reconstitution 3D d'observations réalisées au bout de 72 h des biofilms de Tm. sp.  CB2 et des 

variants Bio14, Sup16 et Bio17 cultivées en présence de 2,67 mM d'As(III). Bleu = matrice polysaccharidique ; 

Vert = Cellules vivantes ; Rouge = Cellules mortes. Echelle = 100  m. 
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Figure 44 Volume de cellules (à gauche), de matrice (au milieu) et rapport "matrice/cellules" (à droite) de 

Thiomonas spp. CB2 et des variants Bio14, Sup16 et Bio17 à 24 h suivant différentes concentration d'As(III). 

Bleu = 0 mM ; Jaune = 2,67 mM ; Rouge = 5,33 mM. La croix "+" indique la moyenne.
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Figure 45 Volume de cellules (à gauche), de matrice (au milieu) et rapport "matrice/cellules" (à droite) de 

Thiomonas spp. CB2 et des variants Bio14, Sup16 et Bio17 à 72 h suivant différentes concentration d'As(III). Bleu 

= 0 mM ; Jaune = 2,67 mM ; Rouge = 5,33 mM. La croix "+" indique la moyenne. 

4 - Génomique comparée des variants Sup16 et Bio17 
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Figure 46 Blocs de synténie déduits (en couleurs) de la comparaison des génomes de Tm. sp. CB2 (haut), Sup16 

(milieu) et Bio17 (bas). Sur cette figure sont visibles différents remaniements génomiques ayant eu lieu chez les 

variants. 
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Figure 47 Profondeur de lecture du variant Bio17 dans la région correspondant à l'ICE19. L'ICE19 a une 

couverture trois fois plus élevée que le reste du génome, indiquant la présence de plusieurs copies de celui-ci 

chez les variants. 
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5 - Transcriptomique (RNAseq) chez Tm. sp. CB2 
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Figure 48 Expression au cours du temps des gènes codant les protéines RecA (à gauche) et RecX (à droite)  

impliquées dans la recombinaison homologue. L'expression a été déterminée en absence d'As(III)  (--- --- ) et en 

présence de 5,33 mM d'As(III (!"!). 
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Figure 49 Expression des gènes codant les  protéines chaperons DnaK et GroEL. L'expression a été déterminée 

en absence d'As(III)  (--- --- ) et en présence de 5,33 mM d'As(III (!"!).  
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IV - Conclusion 
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Figure 50  Illustration des deux types de structure génétique d'une population bactérienne. Dans la partie gauche 

(A), différents écotypes adaptés à des niches écologiques spécifiques forment des clusters génotypiques. 

L'abondance de chacun varie dans le temps sous l'effet des pressions de sélection. Dans la partie droite (B), les 

échanges génétiques empêchent la formation d'écotypes et entrainent la formation de génomes mosaïques, même 

si les pressions de sélection ne fixent que certains loci dans des sous-populations D'après Desai and Walczak, 

2015. 
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Annexes 

Annexe 1 $

Table S3.  !"#$%&'()'"*!'+,-')(./0'$/'123'4!/(5!  

RGP Number 
Found 

in� 
ID Gene Product 

RGP1 

K12 

and 

3As in 

part 

THICB2_v3_10001   Single-stranded DNA-binding protein 

THICB2_v3_10002   conserved protein of unknown function 

THICB2_v3_10003   protein of unknown function 

THICB2_v3_10004   exported protein of unknown function 

THICB2_v3_10005   conserved protein of unknown function 

THICB2_v3_10006   conserved protein of unknown function 

THICB2_v3_10007   conserved protein of unknown function 

THICB2_v3_10008   putative nucleoside 2-deoxyribosyltransferase 

THICB2_v3_10009   Integrase family protein 

THICB2_v3_10010   protein of unknown function 

THICB2_v3_10011   Phage integrase family protein 

THICB2_v3_10012   protein of unknown function 

THICB2_v3_10013   protein of unknown function 

THICB2_v3_10014   protein of unknown function 

THICB2_v3_10015   putative Prophage CP4-57 regulatory 

THICB2_v3_10016   protein of unknown function 

THICB2_v3_10017   Primase C 2 (PriCT-2) family 

THICB2_v3_10018   protein of unknown function 

THICB2_v3_10019   protein of unknown function 

THICB2_v3_10020   protein of unknown function 

THICB2_v3_tRNA45   Ser tRNA 

RGP2 _ 

THICB2_v3_100008   protein of unknown function 

THICB2_v3_110001   Prevent-host-death family protein 

THICB2_v3_110002   PilT protein domain protein (fragment) 

THICB2_v3_110003   conserved membrane protein of unknown function 

THICB2_v3_110004   conserved membrane protein of unknown function 

THICB2_v3_110005   Glycosyl transferase family 2 

THICB2_v3_110006   Toxin-antitoxin system, antitoxin component, PHD family 

THICB2_v3_110007   PilT protein domain protein 

THICB2_v3_110008   Prevent-host-death family protein 

THICB2_v3_110009   conserved protein of unknown function 

THICB2_v3_110010   putative Polysaccharide biosynthesis protein 

THICB2_v3_110011   conserved protein of unknown function 

THICB2_v3_110012   dTDP-rhamnosyl transferase RfbF 

THICB2_v3_110013   Prevent-host-death family protein 

THICB2_v3_110014   conserved protein of unknown function 

THICB2_v3_110015   putative Glycosyl transferase family 2 (fragment) 

THICB2_v3_110016   putative Glycosyl transferase, family 2 (fragment) 

THICB2_v3_110017   putative glycosyltransferase 



$

.NS$

THICB2_v3_110018   conserved protein of unknown function 

THICB2_v3_110019   conserved protein of unknown function 

THICB2_v3_110020   protein of unknown function 

THICB2_v3_110021   conserved protein of unknown function 

THICB2_v3_110022   conserved protein of unknown function 

THICB2_v3_110023   conserved protein of unknown function 

RGP3 _ 

THICB2_v3_180001 istA transposase 

THICB2_v3_180002   conserved protein of unknown function 

THICB2_v3_190001   transposase 

THICB2_v3_200001   protein of unknown function 

THICB2_v3_200002   protein of unknown function 

THICB2_v3_200003   protein of unknown function 

THICB2_v3_200004   Phage integrase family protein 

THICB2_v3_200005   conserved protein of unknown function 

THICB2_v3_200006   protein of unknown function 

THICB2_v3_200007   conserved protein of unknown function 

THICB2_v3_200008   conserved protein of unknown function 

THICB2_v3_200009   conserved protein of unknown function 

THICB2_v3_200010   Type III restriction protein res subunit (fragment) 

THICB2_v3_210001   Putative type III restriction enzyme, res subunit (fragment) 

THICB2_v3_210002   DNA methylase N-4/N-6 domain protein 

THICB2_v3_210003   putative phage-associated protein 

THICB2_v3_210004   conserved protein of unknown function 

THICB2_v3_210005   exported protein of unknown function 

THICB2_v3_210006   conserved protein of unknown function 

THICB2_v3_210007   protein of unknown function 

THICB2_v3_210008   protein of unknown function 

THICB2_v3_210009   protein of unknown function 

THICB2_v3_210010   protein of unknown function 

THICB2_v3_210011   protein of unknown function 

THICB2_v3_210012   protein of unknown function 

THICB2_v3_210013   exported protein of unknown function 

THICB2_v3_210014   putative Conjugal transfer protein TraN 

THICB2_v3_210015   protein of unknown function 

THICB2_v3_210016   putative Pilus assembly protein TraH 

THICB2_v3_210017   protein of unknown function 

THICB2_v3_220001   conserved protein of unknown function 

THICB2_v3_220002   protein of unknown function 

THICB2_v3_220003   protein of unknown function 

THICB2_v3_220004   conserved protein of unknown function 

THICB2_v3_220005   conserved protein of unknown function 

THICB2_v3_220006   conserved protein of unknown function 

THICB2_v3_220007   putative Transcriptional regulator, XRE family 

THICB2_v3_220008   putative Transcription repressor protein relE 

THICB2_v3_220009   Major facilitator superfamily MFS_1 

THICB2_v3_220010   conserved protein of unknown function 

THICB2_v3_220011   Transcriptional regulator, AraC family 
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THICB2_v3_220012   3-isopropylmalate dehydratase 

THICB2_v3_220013   putative Anti-ECFsigma factor, ChrR (modular protein) 

THICB2_v3_220014   Isochorismatase hydrolase 

THICB2_v3_220015   conserved protein of unknown function 

THICB2_v3_220016 aspC Aspartate aminotransferase 

THICB2_v3_220017   protein of unknown function 

THICB2_v3_220018   conserved protein of unknown function 

THICB2_v3_220019   Major facilitator superfamily MFS_1 

THICB2_v3_220020   conserved protein of unknown function 

THICB2_v3_220021   putative Taurine catabolism dioxygenase TauD, TfdA family 

THICB2_v3_220022   conserved membrane protein of unknown function 

THICB2_v3_220023   Predicted thioesterase 

THICB2_v3_220024   
putative Permease of the drug/metabolite transporter (DMT) 

superfamily 

THICB2_v3_220025   putative Transcriptional regulator, AraC family 

THICB2_v3_220026   Conjugation TrbI family protein 

THICB2_v3_220027   Conjugal transfer protein TrbG/VirB9/CagX 

THICB2_v3_220028   conserved protein of unknown function 

THICB2_v3_220029   putative conjugal transfer protein 

THICB2_v3_220030   Transcriptional regulator, TetR family 

THICB2_v3_220031   Conserved protein of unknown function 

THICB2_v3_220032   Transcriptional regulator, AraC family 

THICB2_v3_220033   protein of unknown function 

THICB2_v3_220034   Major facilitator superfamily MFS_1 

THICB2_v3_220035   conserved protein of unknown function 

THICB2_v3_220036   protein of unknown function 

THICB2_v3_220037   putative MoaC domain protein (fragment) 

THICB2_v3_220038   Putative O-methyltransferase 

THICB2_v3_220039   protein of unknown function 

THICB2_v3_220040   conserved protein of unknown function 

THICB2_v3_220041   conserved protein of unknown function 

THICB2_v3_220042   P-type conjugative transfer protein TrbL 

THICB2_v3_220043   P-type conjugative transfer protein TrbJ 

THICB2_v3_220044   
putative Cell wall surface anchor family protein (modular 

protein) 

RGP4 

few 

genes 

in K12 

THICB2_v3_220056   conserved protein of unknown function 

THICB2_v3_220057   Putative addiction module antidote protein 

THICB2_v3_220058 trbB putative conjugal transfer protein TrbB 

THICB2_v3_220059   conserved protein of unknown function 

THICB2_v3_220060   protein of unknown function 

THICB2_v3_220061   conserved exported protein of unknown function 

THICB2_v3_220062 cusA copper/silver efflux system, membrane component 

THICB2_v3_220063   
putative Heavy metal RND efflux membrane fusion protein, 

CzcB family (CusB or silB) 

THICB2_v3_220064   
putative Integral outer membrane protein TolC,efflux pump 

component 

THICB2_v3_220065   protein of unknown function 

THICB2_v3_220066   conserved exported protein of unknown function 

THICB2_v3_220067   Transposase of ISThsp1, IS1182 family (fragment) 
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THICB2_v3_220068   Methyltransferase type 11 

THICB2_v3_220069   conserved protein of unknown function 

THICB2_v3_220070 merA Mercuric reductase 

THICB2_v3_220071 merP Mercuric transport protein periplasmic component 

THICB2_v3_220072 merT Mercuric transport protein 

THICB2_v3_220073 merR Mercuric resistance operon regulatory protein 

THICB2_v3_220074   Transcriptional regulator, LysR family 

THICB2_v3_220075   Major facilitator superfamily MFS_1 

THICB2_v3_220076   Drug resistance transporter, EmrB/QacA subfamily 

THICB2_v3_220077   Transcriptional regulator, LysR family 

THICB2_v3_220078   protein of unknown function 

THICB2_v3_220079   protein of unknown function 

THICB2_v3_220080 insK IS150 conserved protein InsB 

THICB2_v3_220081   transposase 

THICB2_v3_220082   OsmC family protein (modular protein) 

THICB2_v3_220083   protein of unknown function 

THICB2_v3_230001   GCN5-related N-acetyltransferase (fragment) 

THICB2_v3_230002   conserved protein of unknown function 

THICB2_v3_230003   Relaxase/mobilization nuclease family protein 

THICB2_v3_230004   conserved protein of unknown function 

THICB2_v3_230005   protein of unknown function 

THICB2_v3_230006   protein of unknown function 

THICB2_v3_230007   protein of unknown function 

THICB2_v3_230008   conserved protein of unknown function 

THICB2_v3_230009   TraB family protein 

THICB2_v3_230010   
putative Permeases of the drug/metabolite transporter (DMT) 

superfamily 

THICB2_v3_230011   conserved protein of unknown function 

THICB2_v3_230012   Argininosuccinate synthase 

THICB2_v3_230013   putative HTH-type transcriptional regulator ltrA 

THICB2_v3_230014   protein of unknown function 

THICB2_v3_230015   putative DNA topoisomerase III (TopB) (fragment) 

THICB2_v3_230016   conserved protein of unknown function 

THICB2_v3_230017   conserved protein of unknown function 

THICB2_v3_230018   protein of unknown function 

THICB2_v3_230019   Bkd operon transcriptional regulator 

THICB2_v3_230020   Extracellular ligand-binding receptor 

THICB2_v3_230021   putative SAM-dependent methyltransferases 

THICB2_v3_230022 mmr Methylenomycin A resistance protein 

THICB2_v3_230023 Ldhd D-lactate dehydrogenase 

THICB2_v3_230024   Filamentation induced by cAMP protein Fic 

THICB2_v3_230025   DNA topoisomerase III 

THICB2_v3_230026   Lytic transglycosylase catalytic 

THICB2_v3_230027   Chorismate mutase, type II 

THICB2_v3_230028   conserved protein of unknown function 

THICB2_v3_230029   conserved protein of unknown function 

THICB2_v3_230030   protein of unknown function 
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THICB2_v3_230031   conserved protein of unknown function 

THICB2_v3_230032   ParB-like partition protein 

THICB2_v3_230033   conserved protein of unknown function 

THICB2_v3_230034   Phage transcriptional regulator, AlpA 

THICB2_v3_230035   
putative uncharacterized protein conserved in bacteria, 

prophage-related 

THICB2_v3_230036   putative phage repressor 

THICB2_v3_230037 ssb Single-stranded DNA-binding protein 

THICB2_v3_230038   conserved protein of unknown function 

THICB2_v3_230039   conserved protein of unknown function 

THICB2_v3_230040   conserved protein of unknown function 

THICB2_v3_230041   Aldo/keto reductase 

THICB2_v3_230042   protein of unknown function 

THICB2_v3_230043 ycaN Uncharacterized HTH-type transcriptional regulator LysR family 

THICB2_v3_230044   Putative nucleoside 2-deoxyribosyltransferase (fragment) 

THICB2_v3_230045   Transcriptional regulator, LysR family 

THICB2_v3_230046   Carboxymuconolactone decarboxylase 

THICB2_v3_230047   Alcohol dehydrogenase zinc-binding domain protein 

THICB2_v3_230048   putative permease of the major facilitator superfamily (MFS) 

THICB2_v3_230049   
putative Zinc-binding alcohol dehydrogenase family protein 

(fragment) 

THICB2_v3_230050   Major facilitator superfamily MFS_1, EmrB/QacA subfamily 

THICB2_v3_230051   Transcriptional regulator, LysR family 

THICB2_v3_230052   Zinc-binding alcohol dehydrogenase family protein 

THICB2_v3_230053 ydeP HTH-type transcriptional regulator HxlR family 

THICB2_v3_230054   conserved protein of unknown function, Darcynin homolog 

THICB2_v3_230055   Transcriptional regulator, TetR family 

THICB2_v3_230056   Major facilitator superfamily MFS_1 

THICB2_v3_230057   Transcriptional regulator, ArsR family 

THICB2_v3_230058   Major facilitator superfamily MFS_1 

THICB2_v3_230059   conserved protein of unknown function 

THICB2_v3_230060   Uncharacterized HTH-type transcriptional regulator lysrR family 

THICB2_v3_230061   protein of unknown function 

THICB2_v3_230062   putative chr0mate reductase 

THICB2_v3_230063   conserved protein of unknown function 

THICB2_v3_230064   Transcriptional regulator, MarR family 

THICB2_v3_230065   protein of unknown function 

THICB2_v3_230066   DNA damage-inducible protein DinB family protein 

THICB2_v3_230067   conserved protein of unknown function 

THICB2_v3_230068   protein of unknown function 

THICB2_v3_230069   Lysine exporter protein (LYSE/YGGA) 

THICB2_v3_230070   Integrase family protein 

THICB2_v3_tRNA41   Ser tRNA 

RGP5 _ 

THICB2_v3_240009   protein of unknown function 

THICB2_v3_240010   putative LmbE family protein 

THICB2_v3_240011   
putative GDP-mannose-dependent alpha-(1-6)-

phosphatidylinositol dimannoside mannosyltransferase 

THICB2_v3_240012   conserved protein of unknown function 

THICB2_v3_240013   Efflux ABC transporter, ATP-binding protein 
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THICB2_v3_240014   
ABC-type polysaccharide/polyol phosphate export system, 

permease component 

THICB2_v3_240015   exported protein of unknown function 

THICB2_v3_240016   exported protein of unknown function 

THICB2_v3_240017   General secretion pathway protein D 

THICB2_v3_240018   protein of unknown function 

THICB2_v3_240019   putative Tetratricopeptide TPR_2 repeat protein 

THICB2_v3_240020   putative SAM-dependent methyltransferases 

THICB2_v3_240021   conserved protein of unknown function 

THICB2_v3_240022   putative General secretion pathway protein M 

THICB2_v3_240023   putative Fimbrial assembly protein 

THICB2_v3_240024   putative General secretion pathway protein K 

THICB2_v3_240025   putative General secretion pathway protein J 

THICB2_v3_240026 xpsI General secretion pathway protein I 

THICB2_v3_240027   General secretion pathway protein H 

THICB2_v3_240028 gspG pseudopilin, cryptic, general secretion pathway 

THICB2_v3_240029   Type II secretion system protein 

THICB2_v3_240030 xpsE Type II secretion system protein E (GspE) 

THICB2_v3_240031   protein of unknown function 

THICB2_v3_240032   protein of unknown function 

THICB2_v3_240033   protein of unknown function 

THICB2_v3_250001   
Putative UDP-N-ACETYLGLUCOSAMINE--PEPTIDE N-

ACETYLGLUCOSAMINYLTRANSFERASE SUBUNIT(Fragment) 

THICB2_v3_250002   protein of unknown function 
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THICB2_v3_280037   3',5'-cyclic-nucleotide phosphodiesterase; CpdA 

THICB2_v3_280038 potA Polyamine-transporting ATPase 

THICB2_v3_280039   putative ABC-type transport system, permease component 

THICB2_v3_280040   
putative Binding-protein-dependent transport systems inner 

membrane component 

THICB2_v3_280041   
Putative ABC-type Fe3+ transport system periplasmic 

component 

THICB2_v3_280042 potA Spermidine/putrescine import ATP-binding protein PotA 

THICB2_v3_280043   Putative periplasmic iron-binding protein 

THICB2_v3_280044   putative Permease protein, ABC-type iron transporter 

THICB2_v3_280045 ugpC2 
glycerol-3-phosphate transporter subunit ; ATP-binding 

component of ABC superfamily 

THICB2_v3_280046 ugpB2 sn-glycerol-3-phosphate-binding periplasmic protein UgpB 

THICB2_v3_280047 ugpA2 
sn-glycerol-3-phosphate transport system permease protein 

UgpA 

THICB2_v3_280048 ugpE2 
sn-glycerol-3-phosphate transport system permease protein 

UgpE 

THICB2_v3_280049   Porin Gram-negative type 

THICB2_v3_280050 ugpB 
glycerol-3-phosphate transporter subunit ; periplasmic-binding 

component of ABC superfamily 

THICB2_v3_280051 ugpA 
glycerol-3-phosphate transporter subunit ; membrane 

component of ABC superfamily 

THICB2_v3_280052 ugpE 
glycerol-3-phosphate transporter subunit ; membrane 

component of ABC superfamily 

THICB2_v3_280053 ugpC 
glycerol-3-phosphate transporter subunit ; ATP-binding 

component of ABC superfamily 
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THICB2_v3_280115   conserved protein of unknown function 

THICB2_v3_280116   putative Bacterial regulatory protein, Crp 

THICB2_v3_280117   putative CsbD protein, yjbJ 

THICB2_v3_280118   conserved protein of unknown function 

THICB2_v3_280119   putative Transport-associated protein 

THICB2_v3_280120 osmB Osmotically-inducible lipoprotein B 

THICB2_v3_280122   putative Transglutaminase-like protein 

THICB2_v3_280123   Putative universal stress protein family UspA 

THICB2_v3_280124   conserved hypothetical protein 

THICB2_v3_290001   conserved protein of unknown function 

THICB2_v3_290002   putative NdvB protein 

THICB2_v3_290003   conserved protein of unknown function 

THICB2_v3_290004   putative Stomatin protein 

THICB2_v3_290005   conserved protein of unknown function 

RGP8 _ 

THICB2_v3_320001   
putative 5-methylcytosine restriction system component-like 

protein 

THICB2_v3_320002   protein of unknown function 

THICB2_v3_320003   protein of unknown function 

THICB2_v3_320004   conserved protein of unknown function 

THICB2_v3_330001   protein of unknown function 

THICB2_v3_330002   putative Metallophosphoesterase 

THICB2_v3_330003   conserved protein of unknown function 

THICB2_v3_330004   conserved protein of unknown function 

THICB2_v3_330005   conserved protein of unknown function 

THICB2_v3_330006   conserved protein of unknown function 

THICB2_v3_330007   conserved protein of unknown function 

THICB2_v3_330008   Putative DNA helicase 

THICB2_v3_330009   conserved protein of unknown function 

THICB2_v3_330010   protein of unknown function 

THICB2_v3_330011   conserved protein of unknown function 

THICB2_v3_330012   conserved protein of unknown function 

THICB2_v3_330013   protein of unknown function 

THICB2_v3_340001   conserved protein of unknown function 

THICB2_v3_340002   putative transposition helper protein 

THICB2_v3_340003   putative integrase, catalytic region 

THICB2_v3_340004   conserved protein of unknown function 

THICB2_v3_340005   protein of unknown function 

THICB2_v3_340006   conserved protein of unknown function 

THICB2_v3_340007   protein of unknown function 

THICB2_v3_340008   protein of unknown function 

THICB2_v3_340009   conserved protein of unknown function 

THICB2_v3_340010   conserved protein of unknown function 

THICB2_v3_340011   protein of unknown function 

THICB2_v3_340012   protein of unknown function 

THICB2_v3_340013   protein of unknown function 

RGP9 3As 

THICB2_v3_misc_RNA_3   ykkC-yxkD 

THICB2_v3_360017   
putative ABC-type nitrate transport system, periplasmic 

component 

THICB2_v3_360018   putative Nitrate transport permease protein nrtB 
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THICB2_v3_360019   conserved protein of unknown function 

THICB2_v3_360020   conserved protein of unknown function 

THICB2_v3_360021   conserved protein of unknown function 

THICB2_v3_360022   Urea carboxylase 

THICB2_v3_360023   putative Allophanate hydrolase 

THICB2_v3_360024 cynS Cyanate hydratase 

THICB2_v3_360025   conserved protein of unknown function 

THICB2_v3_360026   putative AHL-lactonase 

THICB2_v3_360027 crnA Creatinine amidohydrolase 

THICB2_v3_360028   
putative Permease of the drug/metabolite transporter (DMT) 

superfamily 

THICB2_v3_360029 fabG 3-oxoacyl-[acyl-carrier-protein] reductase FabG 

THICB2_v3_360030   putative 3-oxoacyl-[acyl-carrier-protein] reductase 

THICB2_v3_360031   putative fatty acid desaturase 

THICB2_v3_360032   
putative ABC-type nitrate/sulfonate/bicarbonate transport 

system, periplasmic component 

THICB2_v3_360033   conserved protein of unknown function 

THICB2_v3_360034   putative alpha/beta-Hydrolases 

THICB2_v3_360035   putative ABC-type transport system, ATPase component 

THICB2_v3_360036   putative ABC-type transport system, permease component 

THICB2_v3_360037   putative ABC-type transport system, periplasmic component 

THICB2_v3_360038   putative transcriptional regulator, GntR family 

THICB2_v3_360039   conserved protein of unknown function 

THICB2_v3_360040 atzE Biuret hydrolase 

THICB2_v3_360041   conserved protein of unknown function 

THICB2_v3_360042   putative 5-formyltetrahydrofolate cyclo-ligase 

THICB2_v3_360043   
putative Monosaccharide-transporting ATPase (ABC-type 

transport system) 

THICB2_v3_360044   putative ABC-type transport system, permease component 

THICB2_v3_360045   
putative transport protein (ABC superfamily, membrane) 

(fragment) 

THICB2_v3_370001   
Putative ABC-type transport system, permease component 

(fragment) 

THICB2_v3_370002   putative ABC-type transport system, periplasmic component 

THICB2_v3_370003 amiF Formamidase 

THICB2_v3_370004   Putative Isochorismatase hydrolase 

THICB2_v3_370005   Putative Isochorismatase hydrolase 

THICB2_v3_370006   putative S-adenosylhomocysteine deaminase 

THICB2_v3_370007   
putative NAD-dependent dihydropyrimidine dehydrogenase 

sunbunit PreT 

THICB2_v3_370008 yeiA putative oxidoreductase subunit 

THICB2_v3_370009 dht D-hydantoinase/dihydropyrimidinase 

THICB2_v3_370010 atcC Amidase, hydantoinase/carbamoylase family 

THICB2_v3_370011   conserved protein of unknown function 

THICB2_v3_370012   putative ABC-type transport system, permease component 

THICB2_v3_370013   putative ABC-type transport system, permease component 

THICB2_v3_370014   putative ABC-type transport system, periplasmic component 

THICB2_v3_370015 rutR HTH-type transcriptional regulator RutR 

THICB2_v3_370016   protein of unknown function 
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THICB2_v3_370017 codA fragment of cytosine deaminase (part 1) 

THICB2_v3_370018 codA fragment of cytosine deaminase (part 2) 

THICB2_v3_370019   protein of unknown function 

THICB2_v3_370020   conserved protein of unknown function 

THICB2_v3_370021   putative hydrolase protein 

THICB2_v3_370022   putative transport protein (ABC superfamily, atp_bind) 

THICB2_v3_370023   
putative ring-hydroxylating dioxygenase with Rieske 2Fe-2S 

domain 

THICB2_v3_370024   protein of unknown function 

THICB2_v3_370025   putative binding protein (ABC superfamily, peri_bind) 

THICB2_v3_370026   putative binding protein (ABC superfamily, peri_bind) 

THICB2_v3_370027   putative permease protein (ABC superfamily, membrane) 

THICB2_v3_370028   putative Clavaminate synthase-like 

THICB2_v3_370029   putative Nucleoside-binding outer membrane protein 

THICB2_v3_370030   putative ribonuclease VapC 

THICB2_v3_370031   transposase 

THICB2_v3_370033   putative Sirohydrochlorin cobaltochelatase CbiX 

THICB2_v3_370034   putative Response regulator antiterminator nasT 

THICB2_v3_370035 nasF Nitrate transporter component 

THICB2_v3_370036 nrtB Nitrate transporter component 

THICB2_v3_370037 nasD Nitrate transport protein NasD 

THICB2_v3_370038 nasD Nitrite reductase [NAD(P)H] 

THICB2_v3_370039 nasE Assimilatory nitrite reductase [NAD(P)H] small subunit 

THICB2_v3_370040   putative Nitrate reductase 

THICB2_v3_370041   putative anthranilate phosphoribosyltransferase 

THICB2_v3_370042 cobA Uroporphyrinogen-III C-methyltransferase 

THICB2_v3_370043   putative transposase (fragment) 

THICB2_v3_370044   putative transposase 

THICB2_v3_370045   conserved protein of unknown function 

THICB2_v3_370046   putative DnaJ-class molecular chaperone 

THICB2_v3_370047   putative plasmid stabilization system protein 

THICB2_v3_370048   conserved protein of unknown function 

THICB2_v3_370049 ureD Urease accessory protein UreD 

THICB2_v3_370050   
putative branched-chain amino acid transport protein (ABC 

superfamily, ATP_bind) 

THICB2_v3_370051   
putative branched-chain amino acid transport protein (ABC 

superfamily, atp_bind) 

THICB2_v3_370052   
putative branched-chain amino acid permease protein (ABC 

superfamily, membrane) 

THICB2_v3_370053   
putative branched-chain amino acid permease protein (ABC 

superfamily, membrane) 

THICB2_v3_370054   
putative branched-chain amino acid transport protein (ABC 

superfamily, peri_bind) 

THICB2_v3_370055   conserved protein of unknown function 

THICB2_v3_370056 ureA urease gamma subunit 

THICB2_v3_370057 ureB urease beta subunit 

THICB2_v3_370058 ureC urease alpha subunit 

RGP10 
K12 in 

part 

THICB2_v3_380001   putative two-component sensor histidine kinase 

THICB2_v3_380002 ompR Transcriptional regulatory protein OmpR 

THICB2_v3_390001   protein of unknown function 
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THICB2_v3_390002   protein of unknown function 

THICB2_v3_390003 zraR Transcriptional regulatory protein aioR 

THICB2_v3_390004   Integral membrane sensor signal transduction histidine kinase 

THICB2_v3_390005   Phosphonate-binding periplasmic protein 

THICB2_v3_390006 aioB Arsenite oxidase subunit AioB 

THICB2_v3_390007 aioA Arsenite oxidase subunit AioA 

THICB2_v3_390008 cyt Cytochrome c-552 

THICB2_v3_390009   Nitroreductase-like 

THICB2_v3_390010   Transcriptional regulator, ArsR family 

THICB2_v3_390011   conserved protein of unknown function 

THICB2_v3_390012   Putative tetrathionate reductase, subunit A 

THICB2_v3_390013   putative Tetrathionate reductase subunit C 

THICB2_v3_390014   
4Fe-4S ferredoxin iron-sulfur binding domain protein, putative 

Tetrathionate reductase subunit B 

THICB2_v3_390015   protein of unknown function 

THICB2_v3_390016   conserved membrane protein of unknown function 

THICB2_v3_390017   conserved membrane protein of unknown function 

THICB2_v3_390018   conserved protein of unknown function 

THICB2_v3_390019   Lipid A 3-O-deacylase-related protein 

THICB2_v3_390020   FAD-dependent pyridine nucleotide-disulfide oxidoreductase 

THICB2_v3_390021   Acriflavin resistance protein 

THICB2_v3_390022   Efflux transporter, RND family, MFP subunit 

THICB2_v3_390023   Outer membrane efflux protein 

THICB2_v3_390024   OsmC family protein 

THICB2_v3_390025   ATPase, P-type (Transporting), HAD superfamily, subfamily IC 

THICB2_v3_390026   conserved protein of unknown function 

THICB2_v3_390027   Cobalt-zinc-cadmium resistance protein CzcD 

THICB2_v3_390028   conserved protein of unknown function 

THICB2_v3_390029   Glyoxalase/bleomycin resistance protein/dioxygenase 

THICB2_v3_390030   Major intrinsic protein 

THICB2_v3_390031   conserved protein of unknown function 

THICB2_v3_390032   putative Carboxymuconolactone decarboxylase 

THICB2_v3_390033   Arsenical resistance protein ArsH 

THICB2_v3_390034   conserved exported protein of unknown function 

THICB2_v3_390035   Thiol-disulfide isomerase and thioredoxins family protein 

THICB2_v3_390036   conserved exported protein of unknown function 

THICB2_v3_390037   Permease 

THICB2_v3_390038   RNA polymerase, sigma-24 subunit, ECF subfamily 

THICB2_v3_390040   putative mobA 

THICB2_v3_390041   conserved protein of unknown function 

THICB2_v3_390042   conserved protein of unknown function 

THICB2_v3_390043   conserved protein of unknown function 

THICB2_v3_390044   conserved protein of unknown function 

THICB2_v3_390045   putative DNA primase 

THICB2_v3_390046   conserved protein of unknown function 

THICB2_v3_390047   conserved protein of unknown function 

THICB2_v3_390048 insH IS5 transposase and trans-activator; CP4-44 prophage 
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THICB2_v3_390049   Conserved protein of unknown function 

THICB2_v3_390050   conserved protein of unknown function 

THICB2_v3_390051   Phosphoglycerate mutase 

THICB2_v3_390052   Putative Bis(5'-adenosyl)-triphosphatase 

THICB2_v3_390053   
putative Major facilitator superfamily, general substrate 

transporter 

THICB2_v3_390054   IstB domain protein ATP-binding protein 

THICB2_v3_390055   Integrase catalytic region 

THICB2_v3_390056   putative Major facilitator superfamily MFS_1 (fragment) 

THICB2_v3_390057   protein of unknown function 

THICB2_v3_400001   putative Major facilitator superfamily MFS_1 (fragment) 

THICB2_v3_400002   protein of unknown function 

THICB2_v3_400003   Integrase (fragment) 

THICB2_v3_400004   protein of unknown function 

THICB2_v3_400005   protein of unknown function 

THICB2_v3_400006 hypE 
carbamoyl phosphate phosphatase, hydrogenase 3 maturation 

protein 

THICB2_v3_400007 hypD protein required for maturation of hydrogenases 

THICB2_v3_400008   putative sedoheptulose 7-phosphate isomerase 

THICB2_v3_400009 hypC Hydrogenase expression/formation protein hypC 

THICB2_v3_400010 hypF Carbamoyltransferase hypF 

THICB2_v3_400011   Nickel-dependent hydrogenase large subunit hupV 

THICB2_v3_400012   Uptake hydrogenase accessory protein hupU 

THICB2_v3_400013   
Signal transduction histidine kinase HoxJ (hydrogenase 

regulation) 

THICB2_v3_400014 hoxA Hydrogenase transcriptional regulatory protein hoxA 

THICB2_v3_400015   protein of unknown function 

THICB2_v3_400016 hypB GTP hydrolase involved in nickel liganding into hydrogenases 

THICB2_v3_400017 hybF protein involved with the maturation of hydrogenases 1 and 2 

THICB2_v3_400018   Ni,Fe-hydrogenase I large subunit 

THICB2_v3_400019   Hydrogenase expression/formation protein HoxT 

THICB2_v3_400020 hoxR Rubredoxin 

THICB2_v3_400021 hoxQ Hydrogenase expression/formation protein hoxQ 

THICB2_v3_400022 hoxO Hydrogenase expression/formation protein hoxO 

THICB2_v3_400023 hupN Hydrogenase expression/formation protein hupN 

THICB2_v3_400024 hupM Hydrogenase expression/formation protein hupM 

THICB2_v3_400025   protein of unknown function 

THICB2_v3_400026 hyaA hydrogenase 1, small subunit 

THICB2_v3_400027 hyaB hydrogenase 1, large subunit 

THICB2_v3_400028 hyaC hydrogenase 1, b-type cytochrome subunit 

THICB2_v3_400029 nixA High-affinity nickel-transport protein nixA 

THICB2_v3_400030   transposase (fragment) 

THICB2_v3_400031   putative Site-specific recombinase, phage integrase family 

THICB2_v3_400032 pcl Fe(2+)/Mn(2+) transporter pcl1 

THICB2_v3_400033   conserved protein of unknown function 

THICB2_v3_400034   membrane protein of unknown function 

THICB2_v3_400035   protein of unknown function 

THICB2_v3_400036   conserved protein of unknown function 

THICB2_v3_400037   Asparagine synthase family amidotransferase 
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THICB2_v3_400038   protein of unknown function 

THICB2_v3_410001   conserved protein of unknown function 

RGP11 K12 

THICB2_v3_490001   protein of unknown function 

THICB2_v3_490002   IstB-like ATP binding N-terminal 

THICB2_v3_490003   transposase 

THICB2_v3_500001   Integrase, catalytic region (fragment) 

RGP12 
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THICB2_v3_500032   putative phage integrase/recombinase protein 

THICB2_v3_500033   Protein of unknown function 

THICB2_v3_500034   conserved exported protein of unknown function 

THICB2_v3_500035   conserved protein of unknown function 

THICB2_v3_500036   conserved protein of unknown function 

THICB2_v3_510001   conserved protein of unknown function 

THICB2_v3_510002   protein of unknown function 

THICB2_v3_510003   protein of unknown function 

THICB2_v3_510004   putative Mobilisation protein 

THICB2_v3_510005   protein of unknown function 

THICB2_v3_510006   putative Transposase (fragment) 

THICB2_v3_510007   putative 3-oxoacyl-[acyl-carrier-protein] reductase FabG 

THICB2_v3_510008   Acetamidase/Formamidase 

THICB2_v3_510009   Urea ABC transporter, ATP-binding protein UrtE 

THICB2_v3_510010   Urea ABC transporter, ATPase protein UrtD 

THICB2_v3_510011   Urea ABC transporter, permease protein UrtC 

THICB2_v3_510012   Urea ABC transporter, permease protein UrtB 

THICB2_v3_510013   
Branched-chain amino acid ABC transporter, periplasmic amino 

acid-binding protein 

THICB2_v3_510014   
ABC branched chain amino acid family transporter, periplasmic 

ligand binding protein 

THICB2_v3_510015   ANTAR 

THICB2_v3_510016   Carbonic anhydrase 

THICB2_v3_510017   protein of unknown function 

THICB2_v3_510018   protein of unknown function 

THICB2_v3_510021   protein of unknown function 

THICB2_v3_510023   conserved protein of unknown function 

THICB2_v3_510024   protein of unknown function 

THICB2_v3_520001   transposase 

THICB2_v3_520002   protein of unknown function 

THICB2_v3_520003   putative Phage integrase 

THICB2_v3_tRNA34   Met tRNA 

RGP13 
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THICB2_v3_590112   protein of unknown function 

THICB2_v3_590113   protein of unknown function 

THICB2_v3_590114   conserved protein of unknown function 

THICB2_v3_590115   conserved protein of unknown function 

THICB2_v3_590116   protein of unknown function 

THICB2_v3_590117   protein of unknown function 

THICB2_v3_590118   protein of unknown function 

THICB2_v3_590119   putative Conjugal transfer protein traB 
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THICB2_v3_590120   conserved exported protein of unknown function 

THICB2_v3_590121   HicA protein 

THICB2_v3_590122   HicB family protein 

THICB2_v3_590123   exported protein of unknown function 

THICB2_v3_590124   protein of unknown function 

THICB2_v3_590125   protein of unknown function 

THICB2_v3_590126   protein of unknown function 

THICB2_v3_590127   conserved protein of unknown function 

THICB2_v3_590128   protein of unknown function 

THICB2_v3_590129   protein of unknown function 

THICB2_v3_590130   conserved protein of unknown function 

THICB2_v3_590131   conserved membrane protein of unknown function 

THICB2_v3_590132   protein of unknown function 

THICB2_v3_590133   conserved protein of unknown function 

THICB2_v3_600001 cheY 
chemotaxis regulator transmitting signal to flagellar motor 

component 

THICB2_v3_600002   putative Chemotaxis protein cheZ 

THICB2_v3_600003   putative Chemotaxis protein histidine kinase CheW 

THICB2_v3_600004   Putative Methyl-accepting chemotaxis protein 

THICB2_v3_600005   putative beta-lactamase-like 

THICB2_v3_600006   Methyl-accepting chemotaxis sensory transducer 

THICB2_v3_600007   Methyl-accepting chemotaxis sensory transducer (fragment) 

THICB2_v3_610001   conserved protein of unknown function 

THICB2_v3_610002   putative Integrase catalytic region (fragment) 

THICB2_v3_610003   protein of unknown function 

THICB2_v3_610004   Conjugal transfer protein trbF 

THICB2_v3_610005   Conjugal transfer protein TrbG/VirB9/CagX 

THICB2_v3_610006   Conjugation TrbI family protein 

THICB2_v3_610007   protein of unknown function 

THICB2_v3_610008   protein of unknown function 

THICB2_v3_610009   conserved protein of unknown function 

THICB2_v3_610010   conserved membrane protein of unknown function 

THICB2_v3_610011   conserved protein of unknown function 

THICB2_v3_610012   conserved protein of unknown function 

THICB2_v3_610013   conserved protein of unknown function 

THICB2_v3_610014   conserved membrane protein of unknown function 

THICB2_v3_610015   putative Beta-lactamase 

THICB2_v3_610016   conserved protein of unknown function 

THICB2_v3_610017   conserved protein of unknown function 

THICB2_v3_610018   putative Pili subunit, PilE 

THICB2_v3_610019   conserved protein of unknown function 

THICB2_v3_610020   conserved protein of unknown function 

THICB2_v3_610021   putative Integration host factor (IHF) 

THICB2_v3_610022   Putative DNA methyltransferase YeeA (fragment) 

THICB2_v3_620001   exported protein of unknown function 

THICB2_v3_620002   lipoprotein pcp or SlyB 

THICB2_v3_620003 trbE Conjugal transfer protein TrbE 

THICB2_v3_620004   Type IV secretory pathway, TrbD component 
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THICB2_v3_620005   putative conjugal transfer protein TrbC 

THICB2_v3_620006   protein of unknown function 

THICB2_v3_620007   protein of unknown function 

THICB2_v3_620008   conserved protein of unknown function 

THICB2_v3_620009   Transcriptional regulator, XRE family 

THICB2_v3_620010 trbB putative conjugal transfer protein TrbB 

THICB2_v3_620011   conserved protein of unknown function 

THICB2_v3_630001   protein of unknown function 

THICB2_v3_630002   conserved protein of unknown function 

THICB2_v3_630003   putative Lytic transglycosylase 

THICB2_v3_630004   protein of unknown function 

THICB2_v3_630005   DNA topoisomerase 

THICB2_v3_630006   protein of unknown function 

THICB2_v3_630007   protein of unknown function 

THICB2_v3_630008   putative Phage integrase 

THICB2_v3_630009   protein of unknown function 

THICB2_v3_tRNA31      Leu tRNA 

THICB2_v3_tRNA30      Leu tRNA 

RGP14 
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THICB2_v3_tRNA15   Pro tRNA 

THICB2_v3_640043   protein of unknown function 

THICB2_v3_640044   putative Relaxase/mobilization nuclease family protein 

THICB2_v3_640045   conserved protein of unknown function 

THICB2_v3_640046   conserved protein of unknown function 

THICB2_v3_640047   protein of unknown function 

THICB2_v3_640048   conserved protein of unknown function 

THICB2_v3_640049   conserved protein of unknown function 

THICB2_v3_640051   conserved protein of unknown function 

THICB2_v3_640052   conserved protein of unknown function 

THICB2_v3_640053   
putative Transcriptional regulator, GntR family with 

aminotransferase domain 

THICB2_v3_640054   protein of unknown function 

THICB2_v3_640055   Branched-chain amino acid transport protein AzlC 

THICB2_v3_640056   Branched-chain amino acid transport protein AzlD 

THICB2_v3_640057   conserved hypothetical protein iopA 

THICB2_v3_640058   conserved hypothetical protein IopB 

THICB2_v3_640059 strB Scyllo-inosamine-4-phosphate amidinotransferase 

THICB2_v3_640060   putative lysine exporter 

THICB2_v3_640061   putative Carbamoyltransferase of the NodU/CmcH family 

THICB2_v3_640062   protein of unknown function 

THICB2_v3_640063   
putative Adenosylmethionine--8-amino-7-oxononanoate 

transaminase 

THICB2_v3_640064   conserved hypothetical protein 

THICB2_v3_640065   protein of unknown function 

THICB2_v3_640066   conserved hypothetical protein 

THICB2_v3_640067   Lysine exporter protein (LYSE/YGGA) 

THICB2_v3_640068   conserved protein of unknown function 

THICB2_v3_640069   conserved protein of unknown function 
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THICB2_v3_tRNA19   His tRNA 

THICB2_v3_640116   protein of unknown function 

THICB2_v3_640117   protein of unknown function 

THICB2_v3_640118   protein of unknown function 

THICB2_v3_640119   protein of unknown function 

THICB2_v3_640120   conserved protein of unknown function 

THICB2_v3_640121   protein of unknown function 

THICB2_v3_640122   conserved protein of unknown function 

THICB2_v3_640123   Putative Primase 2 

THICB2_v3_640124   conserved protein of unknown function 

THICB2_v3_640125   protein of unknown function 

THICB2_v3_640126   protein of unknown function 

THICB2_v3_640127   Addiction module antidote protein, HigA family 

THICB2_v3_640128   Plasmid maintenance system killer HigB like 

THICB2_v3_640129 intF prophage CP4-6 integrase 

THICB2_v3_tRNA20   Pseudo tRNA 

RGP16 

K12 

THICB2_v3_660002 cheB 
fused chemotaxis regulator ; protein-glutamate methylesterase 

in two-component regulatory system with CheA 

THICB2_v3_660003 cheD chemoreceptor glutamine deamidase CheD 3 

THICB2_v3_660004 cheR chemotaxis regulator, protein-glutamate methyltransferase 

THICB2_v3_660005   Diguanylate cyclase/phosphodiesterase with PAS/PAC sensor(S) 

THICB2_v3_660006   protein of unknown function 

RGP16? 

THICB2_v3_920001   Methyl-accepting chemotaxis sensory transducer (fragment) 

THICB2_v3_920002   CheW protein 

THICB2_v3_920003   
Methyl-accepting chemotaxis sensory transducer with Cache 

sensor 

RGP17 _ 

THICB2_v3_misc_RNA_4   tmRNA 

THICB2_v3_700065   putative Phage integrase 

THICB2_v3_700066   putative Phage transcriptional regulator, AlpA 

THICB2_v3_710001   conserved hypothetical protein 

THICB2_v3_710002   conserved protein of unknown function 

THICB2_v3_710003   protein of unknown function 

THICB2_v3_710004   putative Crossover junction endodeoxyribonuclease 

THICB2_v3_710005   protein of unknown function 

THICB2_v3_710006   conserved protein of unknown function 

THICB2_v3_710007   conserved protein of unknown function 

THICB2_v3_710008   conserved protein of unknown function 

THICB2_v3_tRNA28   Ser tRNA 

RGP18 _ 

THICB2_v3_710020   protein of unknown function 

THICB2_v3_710021   putative Site-specific recombinase, phage integrase family 

THICB2_v3_710022 topB DNA topoisomerase 3 

THICB2_v3_710023   Lytic transglycosylase catalytic 

THICB2_v3_710024   protein of unknown function 

THICB2_v3_710025   conserved protein of unknown function 

THICB2_v3_710026 trbB putative conjugal transfer protein TrbB 

THICB2_v3_710027   conserved protein of unknown function 

THICB2_v3_710028   conserved protein of unknown function 

THICB2_v3_710029   putative relaxase/mobilization protein mobB 

THICB2_v3_710030   Endonuclease relaxase, MobA/VirD2 
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THICB2_v3_710031   putative conjugal transfer protein TrbC 

THICB2_v3_710032   putative Type IV secretory pathway, TrbD component 

THICB2_v3_710033 trbE Conjugal transfer protein TrbE 

THICB2_v3_710034   17 kDa surface antigen 

THICB2_v3_710035   exported protein of unknown function 

THICB2_v3_720001   Cell wall surface anchor family protein (fragment) 

THICB2_v3_720002   P-type conjugative transfer protein TrbJ 

THICB2_v3_720003   exported protein of unknown function 

THICB2_v3_720004   
putative Type IV secretory pathway TrbL components-like 

protein 

THICB2_v3_720005   protein of unknown function 

THICB2_v3_720006   protein of unknown function 

THICB2_v3_720007   protein of unknown function 

THICB2_v3_720008   conserved protein of unknown function 

THICB2_v3_720009   protein of unknown function 

THICB2_v3_720010   protein of unknown function 

THICB2_v3_720011   conserved protein of unknown function 

THICB2_v3_720012   exported protein of unknown function 

THICB2_v3_720013 traG Conjugal transfer protein TraG 

THICB2_v3_720014   protein of unknown function 

THICB2_v3_720015 pin site-specific DNA recombinase; e14 prophage 

THICB2_v3_720016   conserved protein of unknown function 

THICB2_v3_720017   conserved membrane protein of unknown function 

THICB2_v3_720018   conserved protein of unknown function 

THICB2_v3_720019   conserved protein of unknown function 

THICB2_v3_720020   conserved protein of unknown function 

THICB2_v3_720021   conserved protein of unknown function 

THICB2_v3_720022   
conserved protein of unknown function, putative 

Nucleotidyltransferase 

THICB2_v3_730001 tnpA transposase 

THICB2_v3_730002   putative Type IV secretory pathway, protease TraF 

THICB2_v3_730003   DNA methyltransferase MmeI 

THICB2_v3_730004 ihfB Integration host factor subunit beta 

THICB2_v3_730005   Conjugation TrbI family protein 

THICB2_v3_730006   Conjugal transfer protein TrbG/VirB9/CagX 

THICB2_v3_730007   Conjugal transfer protein trbF 

THICB2_v3_730008   protein of unknown function 

THICB2_v3_730009   exported protein of unknown function 

THICB2_v3_730010   protein of unknown function 

THICB2_v3_730011   protein of unknown function 

THICB2_v3_730012   conserved protein of unknown function 

THICB2_v3_730013   protein of unknown function 

THICB2_v3_730014   exported protein of unknown function 

THICB2_v3_730015   HicB family protein 

THICB2_v3_730016   HicA protein 

THICB2_v3_730017   putative TraB family protein 

THICB2_v3_730018   conserved protein of unknown function 
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THICB2_v3_730019   protein of unknown function 

THICB2_v3_730020   protein of unknown function 

THICB2_v3_730021   protein of unknown function 

THICB2_v3_730022   protein of unknown function 

THICB2_v3_730023   protein of unknown function 

RGP19 
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THICB2_v3_tRNA23   Thr tRNA 

THICB2_v3_730162   putative domain of the Conjugation TrbI family protein 

THICB2_v3_730163   putative Conjugal transfer protein TrbG/VirB9/CagX 

THICB2_v3_730164   putative Conjugal transfer protein trbF 

THICB2_v3_730165   conserved protein of unknown function 

THICB2_v3_730166   conserved protein of unknown function 

THICB2_v3_730167   putative P-type conjugative transfer protein TrbL 

THICB2_v3_730168   putative P-type conjugative transfer protein TrbJ 

THICB2_v3_730169   Conserved protein of unknown function 

THICB2_v3_730170   Type IV secretory pathway, VirB4 component (CagE, TrbE, VirB ) 

THICB2_v3_730171   putative Type IV secretory pathway, TrbD component 

THICB2_v3_730172   conserved protein of unknown function 

THICB2_v3_730173   putative conjugal transfer protein TrbC 

THICB2_v3_730174   conserved protein of unknown function 

THICB2_v3_730175   conserved protein of unknown function 

THICB2_v3_730176   putative Type IV secretory pathway, protease TraF 

THICB2_v3_730177   conserved protein of unknown function 

THICB2_v3_730178   conserved protein of unknown function 

THICB2_v3_730179   putative Transcriptional regulator, XRE family (fragment) 

THICB2_v3_730180   putative EAL domain protein 

THICB2_v3_730181   TRAG family protein 

THICB2_v3_730182   protein of unknown function 

THICB2_v3_730183   protein of unknown function 

THICB2_v3_730184   protein of unknown function 

THICB2_v3_730185   protein of unknown function 

THICB2_v3_730186   conserved protein of unknown function 

THICB2_v3_730187   conserved protein of unknown function 

THICB2_v3_730188   conserved protein of unknown function 

THICB2_v3_730189   protein of unknown function 

THICB2_v3_730190 trbB putative conjugal transfer protein TrbB 

THICB2_v3_730191   conserved protein of unknown function 

THICB2_v3_730192   protein of unknown function 

THICB2_v3_730193   protein of unknown function 

THICB2_v3_730194   putative Transcriptional regulator, XRE family 

THICB2_v3_730195   protein of unknown function 

THICB2_v3_730196 traI Relaxase/Mobilisation nuclease traI 

THICB2_v3_730197   putative Mobilization protein MobB 

THICB2_v3_730198   protein of unknown function 

THICB2_v3_730199   protein of unknown function 

THICB2_v3_730200   protein of unknown function 

THICB2_v3_730201   protein of unknown function 

THICB2_v3_730202   membrane protein of unknown function 

THICB2_v3_740001   conserved protein of unknown function 
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THICB2_v3_740002   Type IV secretion pathway protein pilN 

THICB2_v3_740003   putative transglycosylase 

THICB2_v3_740004   protein of unknown function 

THICB2_v3_740005   putative Protein virB1 (fragment) 

THICB2_v3_740006   protein of unknown function 

THICB2_v3_740007   putative phage integrase 

THICB2_v3_740008   conserved protein of unknown function 

THICB2_v3_740009   conserved protein of unknown function 

THICB2_v3_740010   conserved membrane protein of unknown function 

THICB2_v3_740011   putative ATPases of the AAA+ class 

THICB2_v3_740012   putative AAA family ATPase 

THICB2_v3_740013   conserved protein of unknown function 

THICB2_v3_740014   conserved exported protein of unknown function 

THICB2_v3_740015   Transcriptional regulator, LysR family (fragment) 

THICB2_v3_740016   protein of unknown function 

THICB2_v3_740017   transposase IS116/IS110(fragment) 

THICB2_v3_740018   protein of unknown function 

THICB2_v3_750001   Outer membrane efflux protein (fragment) 

THICB2_v3_750002   Transcriptional regulator, ArsR family 

THICB2_v3_750003   conserved exported protein of unknown function 

THICB2_v3_750004   conserved protein of unknown function (fragment) 

THICB2_v3_750005 insI IS30 transposase; CP4-6 prophage 

THICB2_v3_750006 retA RNA-directed DNA polymerase (Reverse transcriptase) 

THICB2_v3_750007 merA Mercuric reductase 

THICB2_v3_750008 merC Mercuric resistance protein MerC 

THICB2_v3_750009 merP Mercuric transport protein periplasmic component 

THICB2_v3_750010 merT Mercuric transport protein 

THICB2_v3_750011 merR Mercuric resistance operon regulatory protein 

THICB2_v3_750012   putative Cytochrome c biogenesis protein 

THICB2_v3_750013   putative Thioredoxin/glutaredoxin 

THICB2_v3_750014 merR Mercuric resistance operon regulatory protein 

THICB2_v3_750015   Uncharacterized 9.0 kDa protein in mobE 3'region 

THICB2_v3_750016   conserved protein of unknown function (fragment) 

THICB2_v3_750017   transposase 

THICB2_v3_760001   transposase (fragment) 

THICB2_v3_760002   protein of unknown function 

THICB2_v3_760003   conserved exported protein of unknown function 

THICB2_v3_760004   putative thioredoxin 

THICB2_v3_760005   putative Protein-disulfide reductase dsbD 

THICB2_v3_760006   putative Thiol:disulfide interchange protein DsbD 

THICB2_v3_760007   conserved exported protein of unknown function 

THICB2_v3_760008   conserved exported protein of unknown function 

THICB2_v3_760009   putative Thioredoxin family protein (fragment) 

THICB2_v3_760010   
putative blue (Type 1) copper domain protein, oxido-reductase 

protein involved in Cu(II)/Cu(I) resistance (CopI) 

THICB2_v3_760011   putative Copper resistance protein B (CopB) 

THICB2_v3_760012 pcoA copper resistance protein A precursor 
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THICB2_v3_760013 cusR 
DNA-binding response regulator in two-component regulatory 

system with CusS 

THICB2_v3_760014 cusS 
sensory histidine kinase in two-component regulatory system 

with CusR, senses copper ions 

THICB2_v3_760015   protein of unknown function 

THICB2_v3_760016   protein of unknown function 

THICB2_v3_760017   conserved exported protein of unknown function 

THICB2_v3_760018   conserved protein of unknown function 

THICB2_v3_760019   conserved protein of unknown function 

THICB2_v3_760020 actP Copper-transporting P-type ATPase 

THICB2_v3_760021   putative Neuraminidase (Sialidase) 

THICB2_v3_760022   conserved membrane protein of unknown function 

THICB2_v3_760023   putative thioredoxin 

THICB2_v3_760024   conserved exported protein of unknown function 

THICB2_v3_760025   putative Voltage-gated potassium channel 

THICB2_v3_760026   conserved membrane protein of unknown function 

THICB2_v3_760027   putative alpha/beta-Hydrolase 

THICB2_v3_760028   conserved membrane protein of unknown function 

THICB2_v3_760029   Cation transporting P-type ATPase 

THICB2_v3_760030   protein of unknown function 

THICB2_v3_760031   

putative blue (type 1) copper domain protein, putative oxido-

reductase protein involved in Cu(II)/Cu(I) resistance (copI) 

(fragment) 

THICB2_v3_760032   transposase (fragment) 

THICB2_v3_760033   transposase (fragment) 

THICB2_v3_760034   protein of unknown function 

THICB2_v3_760035   conserved protein of unknown function 

THICB2_v3_760036   putative 3-hydroxybutyryl-CoA dehydratase (Crotonase) 

THICB2_v3_760037   putative Protochlorophyllide reductase 

THICB2_v3_760038   putative protease 

THICB2_v3_760039   transposase (fragment) 

THICB2_v3_760040   transposase 

THICB2_v3_760041   putative Bacterial regulatory protein, MerR family 

THICB2_v3_760042 cadA Cadmium-transporting ATPase 

THICB2_v3_760043   protein of unknown function 

THICB2_v3_760044   conserved protein of unknown function 

THICB2_v3_760045   conserved protein of unknown function 

THICB2_v3_760046   transposase 

THICB2_v3_760047   conserved exported protein of unknown function 

THICB2_v3_760048 ompR Transcriptional regulatory protein OmpR 

THICB2_v3_760049   putative two-component sensor histidine kinase 

THICB2_v3_760050   protein of unknown function 

THICB2_v3_760051   conserved exported protein of unknown function 

THICB2_v3_760052   conserved membrane protein of unknown function 

THICB2_v3_760053   exported protein of unknown function 

THICB2_v3_760054   putative phosphatase / Phospholipase C 

THICB2_v3_760055   protein of unknown function 

THICB2_v3_760056   conserved protein of unknown function 

THICB2_v3_760057   putative permease 
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THICB2_v3_760058 cysI Sulfite reductase (NADPH) hemoprotein beta-component 

THICB2_v3_760059   conserved protein of unknown function 

THICB2_v3_760060 cysH APS reductase 

THICB2_v3_760061 cysD sulfate adenylyltransferase, subunit 2 

THICB2_v3_760062 cysN sulfate adenylyltransferase, subunit 1 

THICB2_v3_760063   putative Uroporphyrinogen-III C-methyltransferase cobA 

THICB2_v3_760064 fdxA 7-Fe ferredoxin 

THICB2_v3_760065   Ferredoxin--NADP reductase 

THICB2_v3_760066 arsR Arsenic operon regulator 

THICB2_v3_760067 arsC2a Arsenate reductase 

THICB2_v3_760068 arsD Arsenical resistance operon trans-acting repressor ArsD 

THICB2_v3_760069 arsA Arsenical pump-driving ATPase 

THICB2_v3_760070 arsC2b Arsenate reductase 

THICB2_v3_760071   
putative FAD-dependent pyridine nucleotide-disulphide 

oxidoreductase 

THICB2_v3_760072   conserved protein of unknown function 

THICB2_v3_760073 arsB arsenite/antimonite transporter 

THICB2_v3_760074   protein of unknown function 

THICB2_v3_760075   Transposase of ISThsp18, IS1182 family (fragment) 

THICB2_v3_760076   putative transcriptional regulator crp family 

THICB2_v3_760077   putative transcriptional regulator 

THICB2_v3_760078 moeA Molybdopterin molybdenumtransferase 

THICB2_v3_760079 moaA Cyclic pyranopterin monophosphate synthase 

THICB2_v3_760080   putative bacterial regulatory protein, ArsR 

THICB2_v3_760081   conserved protein of unknown function 

THICB2_v3_760082   putative nitroreductase 

THICB2_v3_760083   putative Cytochrome c, class ID (fragment) 

THICB2_v3_760084   putative Bacterial regulatory protein, ArsR 

THICB2_v3_760085 nirM Cytochrome c-551 

THICB2_v3_760086 aioA Arsenite oxidase subunit AioA 

THICB2_v3_760087 aioB Arsenite oxidase subunit AioB 

THICB2_v3_760088   putative phosphite transport system-binding protein PtxB 

THICB2_v3_760089   putative Signal transduction protein (AoxS) 

THICB2_v3_760090 aoxR AoxR regulatory protein 

THICB2_v3_760091   putative Prophage antirepressor 

THICB2_v3_760092   protein of unknown function 

THICB2_v3_760093   conserved protein of unknown function 

THICB2_v3_760094   conserved protein of unknown function 

THICB2_v3_760095   protein of unknown function 

THICB2_v3_760096   exported protein of unknown function 

THICB2_v3_760097   transposase 

THICB2_v3_760098   conserved protein of unknown function 

THICB2_v3_760099   conserved protein of unknown function 

THICB2_v3_760100   conserved protein of unknown function 

THICB2_v3_760101   protein of unknown function 

THICB2_v3_760102   protein of unknown function 

THICB2_v3_760103   conserved protein of unknown function 
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THICB2_v3_760104   Phage transcriptional regulator, AlpA 

THICB2_v3_770001   conserved exported protein of unknown function 

THICB2_v3_770002   Single-stranded DNA-binding protein 

THICB2_v3_770003   protein of unknown function 

THICB2_v3_770004   putative Metal dependent phosphohydrolase 

THICB2_v3_770005   exported protein of unknown function 

THICB2_v3_770006   conserved protein of unknown function 

THICB2_v3_770007   conserved protein of unknown function 

THICB2_v3_770008   exported protein of unknown function 

THICB2_v3_770009   protein of unknown function 

THICB2_v3_770010   exported protein of unknown function 

THICB2_v3_770011   
putative superfamily S-adenosyl-L-methionine-dependent 

methyltransferase 

THICB2_v3_770012   protein of unknown function 

THICB2_v3_770013   protein of unknown function 

THICB2_v3_770014   conserved protein of unknown function 

THICB2_v3_770015   Prophage CP4-like integrase 

THICB2_v3_770016   Integrase family protein 

THICB2_v3_770017   conserved exported protein of unknown function 

THICB2_v3_770018   conserved protein of unknown function 

THICB2_v3_770019   protein of unknown function 

THICB2_v3_770020   exported protein of unknown function 

THICB2_v3_770021   exported protein of unknown function 

THICB2_v3_770022   exported protein of unknown function 

THICB2_v3_770023   conserved protein of unknown function 

THICB2_v3_770024   protein of unknown function 

THICB2_v3_770025   Mobilization protein TriK (fragment) 

THICB2_v3_780001   exported protein of unknown function 

THICB2_v3_780002   putative mobC 

THICB2_v3_780003   protein of unknown function 

THICB2_v3_780004   exported protein of unknown function 

THICB2_v3_780005   conserved protein of unknown function 

THICB2_v3_780006   conserved protein of unknown function 

THICB2_v3_780007   exported protein of unknown function 

THICB2_v3_780008   exported protein of unknown function 

THICB2_v3_780009   protein of unknown function 

THICB2_v3_780010   protein of unknown function 

THICB2_v3_780012   conserved protein of unknown function 

THICB2_v3_780013   conserved protein of unknown function 

THICB2_v3_780014   protein of unknown function 

THICB2_v3_780015   conserved protein of unknown function 

THICB2_v3_780016   Phage Gp37Gp68 family protein 

THICB2_v3_780017   Conjugation TrbI family protein 

THICB2_v3_780018   Conjugal transfer protein TrbG/VirB9/CagX 

THICB2_v3_780019   conserved protein of unknown function 

THICB2_v3_780020   putative Conjugal transfer protein TrbF 

THICB2_v3_780021   Addiction module toxin, RelE/StbE family 

THICB2_v3_780022   Transcriptional regulator, XRE family 
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THICB2_v3_780023   conserved protein of unknown function 

THICB2_v3_780024   P-type conjugative transfer protein TrbL 

THICB2_v3_780025   P-type conjugative transfer protein TrbJ 

THICB2_v3_780026   exported protein of unknown function 

THICB2_v3_780027 trbE Conjugal transfer protein TrbE 

THICB2_v3_780028   putative Type IV secretory pathway, TrbD component 

THICB2_v3_780029   conserved protein of unknown function 

THICB2_v3_780030   putative conjugal transfer protein TrbC 

THICB2_v3_780031   putative Type IV secretory pathway, protease TraF 

THICB2_v3_780032 traG Conjugal transfer protein TraG 

THICB2_v3_780033   conserved protein of unknown function 

THICB2_v3_780034   
putative Peptidase S9 prolyl oligopeptidase active site domain 

protein 

THICB2_v3_780035   Putative DNA primase (fragment) 

THICB2_v3_790001   Putative DNA primase (fragment) 

THICB2_v3_790002   putative Co/Zn/Cd efflux system component 

THICB2_v3_790003   protein of unknown function 

THICB2_v3_790004   conserved protein of unknown function 

THICB2_v3_790005   putative membrane protein 

THICB2_v3_790006   conserved protein of unknown function 

THICB2_v3_800001   conserved protein of unknown function 

THICB2_v3_800002   protein of unknown function 

THICB2_v3_800003   putative Chemotaxis signal transduction protein (fragment) 

THICB2_v3_800004   putative Methyl-accepting chemotaxis protein 

THICB2_v3_800005   conserved membrane protein of unknown function 

THICB2_v3_800006   putative Permease of the major facilitator superfamily 

THICB2_v3_800007   conserved protein of unknown function 

THICB2_v3_800008   conserved protein of unknown function 

THICB2_v3_800009   conserved protein of unknown function 

THICB2_v3_810001   Transposase IS21 family (fragment) 

THICB2_v3_810002   protein of unknown function 

THICB2_v3_810003 bioI Biotin biosynthesis cytochrome P450-like enzyme 

THICB2_v3_810004 bioB biotin synthase 

THICB2_v3_810005 bioD dethiobiotin synthetase 

THICB2_v3_810006 bioF 8-amino-7-oxononanoate synthase 

THICB2_v3_810007 bioA 
Adenosylmethionine-8-amino-7-oxononanoate 

aminotransferase 

THICB2_v3_810008   transposase (fragment) 

THICB2_v3_810009   conserved exported protein of unknown function 

THICB2_v3_810010 panD 

Aspartate 1-decarboxylase precursor (Aspartate alpha- 

decarboxylase) [Contains: Aspartate 1-decarboxylase beta 

chain; Aspartate 1-decarboxylase alpha chain] 

THICB2_v3_810011 trbB putative conjugal transfer protein TrbB 

THICB2_v3_810012   conserved protein of unknown function 

THICB2_v3_810013   protein of unknown function 

THICB2_v3_810014   conserved protein of unknown function 

THICB2_v3_810015   conserved protein of unknown function 

THICB2_v3_810016 traI Relaxase/Mobilisation nuclease 
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THICB2_v3_810017   conserved protein of unknown function 

THICB2_v3_810018   protein of unknown function 

THICB2_v3_810019   protein of unknown function 

THICB2_v3_810020   conserved protein of unknown function 

THICB2_v3_810021   conserved protein of unknown function 

THICB2_v3_810022   TraB family protein 

THICB2_v3_810023   protein of unknown function 

THICB2_v3_810024   putative Type II restriction enzyme, methylase subunits 

THICB2_v3_810025   Transcriptional regulator, AbrB family 

THICB2_v3_810026   PilT protein domain protein 

THICB2_v3_810027   
putative DNA helicase, restriction/modification system 

component YeeB 

THICB2_v3_810028   putative YeeC-like protein 

THICB2_v3_810029   protein of unknown function 

THICB2_v3_810030   conserved protein of unknown function 

THICB2_v3_810031 topB DNA topoisomerase 3 

THICB2_v3_810032   Lytic transglycosylase catalytic 

THICB2_v3_810033   conserved protein of unknown function 

THICB2_v3_810034   conserved protein of unknown function 

THICB2_v3_810035   conserved protein of unknown function 

THICB2_v3_810036   Conserved protein of unknown function 

THICB2_v3_810037   conserved protein of unknown function 

THICB2_v3_810038   transposase 

THICB2_v3_820001   protein of unknown function 

THICB2_v3_820002   putative phage repressor 

THICB2_v3_830001   putative Phage transcriptional regulator, AlpA 

THICB2_v3_830002   conserved protein of unknown function 

RGP20 or 

more? 
_ 

THICB2_v3_840001   protein of unknown function 

THICB2_v3_840002   protein of unknown function 

THICB2_v3_840003   conserved protein of unknown function 

THICB2_v3_840004   protein of unknown function 

THICB2_v3_840005   Lysine exporter protein (LYSE/YGGA) 

THICB2_v3_840006   protein of unknown function 

THICB2_v3_840007   putative permease of the major facilitator superfamily 

THICB2_v3_840008   Metallophosphoesterase 

THICB2_v3_840009   conserved protein of unknown function 

THICB2_v3_840010   putative peptidase family M4 

THICB2_v3_840011   N-6 DNA methylase 

THICB2_v3_850001   protein of unknown function 

THICB2_v3_850002   conserved protein of unknown function 

THICB2_v3_850003   Type I restriction-modification system, restriction subunit R 

THICB2_v3_850004   conserved protein of unknown function 

THICB2_v3_850005   conserved protein of unknown function 

THICB2_v3_850006   conserved protein of unknown function 

THICB2_v3_850007   protein of unknown function 
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Abstract
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The acid mine drainage (AMD) impacted creek of the Carnoulès mine (south of France) is characterized by acid waters containing

high concentrations of heavy metals. The microbial community found in this AMD has been extensively studied using isolation,

metagenomic and metaproteomic technologies, revealing that a natural attenuation of arsenic and iron occurred at this site and

involved the arsenite oxidase activity of different Thiomonas strains. In this study, a sensitive and quantitative Selected Reaction

Monitoring (SRM)-based proteomic approach was developed to detect and quantify the two subunits of the arsenite oxidase and

RpoA of two different Thiomonas groups. Using this approach combined with 16S rRNA sequence analysis by pyrosequencing and

FISH, we demonstrated for the first time that these Thiomonas strains are ubiquitously present in minor proportions in this AMD

and that they express the key enzymes involved in natural remediation, at different locations and time points in this AMD. Besides

this demonstration, this study also highlighted the power of targeted proteomics applied at the community level, to detect low

abundant proteins in situ.
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KP'./*2 *6 )0Z, +UUTLZ ]@* (/)0% _*2* B'JA0*6*. 6' +V JG _/6@ .*/'#/E*. _)6*2Z ]@* %)JA0*% 145 

\'2 ;* )#. !% %A*B/)6/'# )#. %30\)6* .*6*2J/#)6/'# _*2* %6'2*. /# 6@* .)2` )#. )#)0>E*. 146 

_/6@/# 4f @Z 5@*J/B)0 )#)0>%/% _*2* B)22/*. '36 )% A2*(/'3%0> .*%B2/H*. K123#**0 *6 )0Z, 4V++LZ 147 

 148 

3. 5E3 -.&,%+&'"( %() !=,"*-F#-(+'(6 "G ;%+&-,'%$ HID ,8E3 6-(- G,%6@-(&* 149 

]2/A0/B)6* "*#'J/B 9O! _)% *^62)B6*. \2'J %*./J*#6% 3%/#" 6@* N062)50*)# I'/0 150 

DNA Isolation Kit according to the manufacturer�s recommendations (MoBio Laboratories 151 

M#BZ, 5)20%H)., 5!, NI!LZ ]@*%* 62/A0/B)6*% _*2* A''0*. H*\'2* D5P )JA0/\/B)6/'#Z !00 152 

*^62)B6*. "*#'J/B 9O! %)JA0*% _*2* %6'2*. )6 C4Vn5 3#6/0 \326@*2 )#)0>%/%Z ]@* +TI 2PO! 153 

"*#*% _*2* )JA0/\/*. H> D5P \'2 J306/A0*^*. A>2'%*83*#B/#" 3%/#" H)2B'.*. A2/J*2%Z ]@* 154 

A2/J*2% A)/2% 3%*., 6)2"*6/#" 6@* ?< 6' ?S ()2/)H0* 2*"/'#% '\ 6@* +TI 2PO! "*#*, _*2* <f<; 155 

(5�C!^^^]!5XXP!XX5!X5!XC3�) and 806R (5�C1^^^ 156 

XX!5]!55!XXX]!]5]!!]C<qL _@*2* ! )#. 1 2*A2*%*#6 6@* 6_' ;Gj ]/6)#/3J 157 

In re
view

\'2 UV 
3)#6/6)6/'#, )BB'2.B'2.

# :3#* 4V++ )#. :)#3)2> 4V+4:)#3)2> 4V+4 )0'#" 6@* P*/"'3% B2**`,)0'#" 6@* P*/"'3% B2**`, 6
_#%62*)J \2'J 6@* %A2/#" K5-kXL, )#. +SVV J .'_#%62J 6@* %A2/#" K5-kXL, )#. +SVV J .'_

O;L, _@/B@ B'22*%A'#.*. 6' ) \*_ J*6*2%'#.*. 6' ) \*_ J*6*2% 3A%62*)J 3A%62*)J \2'J\2
"'3% "'3% B2**` )#. )#. 6@*6@ !J'3%3% 2/2/(*2 K123#**0 *6 )0Z, 4VV<K123#**0 *6 )0Z, 4VV
* %A)630) /# 62/A0/B)6*% )6 6@* H'66'J '* %A)630) /# 62/A0/B)6*% )6 6@* H'66'J 

/E*. /E*. )#. `*A6 '# /B* )#. `*A6 '# /# 6@* \/6@*
6@* A2*%*#B* '\ '#* (6@* A2*%*#B* '\ '
* J)/# A@* J)/# A
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adapters (A adapter sequence: 5�C 55!]5]5!]555]X5X]X]5]55X!5 C3�; B adapter 158 

sequence: 5�C 55]!]5555]X]X]X55]]XX5!X]5 C3�) and xxx represent the sample 159 

%A*B/\/B H)2B'.* %*83*#B*Z ]_' D5P )JA0/\/B)6/'#% _/6@ 6_' ./%6/#B6 H)2B'.*% _*2* 160 

A*2\'2J*. \'2 *)B@ %)JA0* K#+ )#. #4LZ ]@* 2*)B6/'# J/^632* B'#6)/#*. S 6' +V oG '\ 9O!, S 161 

oG '\ +Vj D5P H3\\*2, 4fV o= '\ .O]D, +ZS J= '\ ="504, + oG '\ *)B@ A2/J*2% K+V o=L 162 

)#. +N '\ 6)8 A'0>J*2)%*Z I6*2/0* ./%6/00*. _)6*2 _)% )..*. 6' 2*)B@ ) \/#)0 ('03J* '\ SV oGZ 163 

!\6*2 ) %6*A '\ .*#)632)6/'# )6 USn5 \'2 +V J/#, <V B>B0*% _*2* .'#* )% \'00'_Y USn5 \'2 <V % 164 

K.*#)632)6/'#L, SVn5 \'2 <V % K)##*)0/#"L )#. Q4n5 \'2 + J/# K*^6*#%/'#L, \'00'_*. H> +V J/# 165 

)6 Q4n5Z I*(*2)0 D5P _*2* A''0*. )6 6@* A32/\/B)6/'# %6*A "/(*# 6@* A''2 A*2\'2J)#B* '\ 166 

D5P%Z D>2'%*83*#B/#" _)% A*2\'2J*. H> ) P'B@* fSf G/\* IB/*#B*% X*#'J* I*83*#B*2 ;Gj 167 

]/6)#/3J %*83*#B*2 )6 X*#'%B2**# KG/00*, ;2)#B*LZ 168 

 169 

4. J,"+-**'(6 "G !=,"*-F#-(+'(6 )%&%B )'/-,*'&= -*&'@%&'"(B %() &%."("@'+ 170 

+$%**'G'+%&'"( 171 

]@* 2)_ .)6) "*#*2)6*. H> fSf A>2'%*83*#B/#" _*2* A2'B*%%*. )#. )#)0>E*. 3%/#" 6@* 172 

+Z<4Z+ (*2%/'# '\ J'6@32 %'\6_)2* K3A.)6*. +Vd+Td+<, @66AYdd___ZJ'6@32Z'2"L KIB@0'%% *6 )0Z, 173 

4VVULZ ]@*%* %*83*#B*% _*2* A2'B*%%*. 3%/#" 6@* B'JJ)#.% %@@@Z\0'_% 3%/#" 6@* )0"'2/6@J 174 

D>2'O'/%* Ki3/#B* *6 )0Z, 4VVULZ D2*A2'B*%%/#" '\ 3#)0/"#*. %*83*#B*% /#B03.*. )0%' 175 

2*J'(/#" '\ %@'26 %*83*#B*% Kr4VV HAL, )00 %*83*#B*% B'#6)/#/#" )JH/"3'3% B@)2)B6*2% )% 176 

_*00 )% %*83*#B*% _/6@ J'2* 6@)# R @'J'A'0>J*2%Z k* \326@*2 2*J'(*. %*83*#B*% 6@)6 ./. 177 

#'6 )0/"# '(*2 6@* %)J* 2*"/'#Z M.*#6/B)0 %*83*#B*% _*2* 6@*# "2'3A*. )#. 2*A2*%*#6)6/(* 178 

%*83*#B*% _*2* )0/"#*. )")/#%6 6@* IMG?! H)B6*2/)0 )#. )2B@)*)0 2*\*2*#B* .)6)H)%* 3%/#" 6@* 179 

O**.0*J)#Ck3#%B@ )0"'2/6@J KO**.0*J)# )#. k3#%B@, +UQVLZ 5@/J*2/B %*83*#B*% _*2* 180 

.*6*B6*. )#. 2*J'(*. 3%/#" 6@* /JA0*J*#6)6/'# '\ 5@/J*2) NB@/J* KW.")2 *6 )0Z, 4V++LZ ! 181 

\326@*2 %B2**#/#" %6*A KA2*CB03%6*2L _)% )AA0/*. 6' 2*.3B* %*83*#B/#" #'/%* H> B03%6*2/#" 2*).% 182 

./\\*2/#" H> '#0> + H)%* *(*2> +VV H)%*% K&3%* *6 )0Z, 4V+VLZ ]@* 2*J)/#/#" @/"@C83)0/6> 2*).% 183 

_*2* 3%*. 6' "*#*2)6* ) ./%6)#B* J)62/^ )#. B03%6*2/#" /#6' -A*2)6/'#)0 ])^'#'J/B N#/6% 184 

K-]N%L .*\/#*. )6 UQe B36'\\ 3%/#" 6@* s!(*2)"* O*/"@H'2s )0"'2/6@JZ ]@* -]N% _*2* 6@*# 185 

A@>0'"*#*6/B)00> B0)%%/\/*. 6' 6@* "*#3% 0*(*0 3%/#" 6@* #)t(* 1)>*%/)# B0)%%/\/*2 KRVe 186 

confidence threshold) trained on the RDP�s taxonomic outline and implemented in Mothur. 187 

O'#A)2)J*62/B 5@)'+ )#. I@)##'# )0A@) ./(*2%/6> *%6/J)6*% )% _*00 )% 6@* B'(*2)"* )#. 188 

2)2*\)B6/'# B32(*% _*2* B)0B30)6*. \'2 #'2J)0/E*. .)6) \'2 *)B@ %)JA0* _/6@ ='6@32 %'\6_)2*Z  189 

 190 

5. K$#",-*+-(+- '( *'&# 0=;,')'L%&'"( MK?DNO %(%$=*'*: 191 

I*./J*#6% _*2* \/^*. /# \2*%@0> A2*A)2*. fe A)2)\'2J)0.*@>.* \'2 4 @ <V )6 fn5, 192 

_)%@*. _/6@ A@'%A@)6* H3\\*2*. %)0/#* KD1IL, )#. %6'2*. )6 C4Vn5 /# SVe D1Id*6@)#'0 193 

%'036/'# _/6@/# R @ '\ B'00*B6/'#Z ;/^*. %)JA0*% _*2* %'#/B)6*. < J/#, /#B3H)6*. 4V J/# /# 194 

H'(/#* %*23J )0H3J/# K1I!L KVZf J"dJG, !J2*%B', NIL, %A2*). '# +VC_*00 ]*\0'# B')6*. 195 

"0)%% %0/.*% K=*#E*0 "0u%*2, X*2J)#>L )#. .2/*. +V J/# )6 4Tn5Z ]@* %)JA0*% _*2* 196 

.*@>.2)6*. /# SV, RV, )#. UVe *6@)#'0 %'036/'#% \'2 < J/# *)B@Z 1)B6*2/) _*2* *#3J*2)6*. 197 

_/6@ ) ;MI& A2'6'B'0 K12'_# *6 )0Z, 4V++b &3"*#@'06E *6 )0Z, 4VV4L 6@)6 _)% %0/"@60> J'./\/*. 198 

\'2 6@/% %63.>Z I*./J*#6% _*2* @>H2/./E*. 3%/#" 6@* \'00'_/#" %A*B/\/B \03'2*%B*#6 A2'H*%Y 199 

WN1<<R K!J)## *6 )0Z, +UUVL \'2 J'%6 1)B6*2/), O-O <<R Kk)00#*2 *6 )0Z, +UU<L \'2 #*")6/(* 200 

B'#62'0, ]=+XV+<R, 6@* %A*B/\/B A2'H* 6)2"*6/#" Thiomonas "2'3A + .*\/#*. H> K&)00H*2" *6 201 

)0Z, 4VVTL, B'22*%A'#./#" 6' 6@* X2'3A MM .*\/#*. H> K12>)# *6 )0Z, 4VVUL, )#. ]=4XV+<R \'2 202 

Thiomonas "2'3A 4 K&)00H*2" *6 )0Z, 4VVTL, B'22*%A'#./#" 6' 6@* X2'3A M .*\/#*. H> K12>)# *6 203 

)0Z, 4VVULZ &>H2/./E)6/'# B'#./6/'#% _*2* A2*(/'3%0> 'A6/J/E*. H> 6*%6/#" *)B@ A2'H* )")/#%6 ) 204 

B'00*B6/'# '\ ./\\*2*#6 H)B6*2/)0 %A*B/*% J)/#6)/#*. /# 6@* 0)H'2)6'2> K&)00H*2" *6 )0Z, 4VVTLZ In 205 

situ @>H2/./E)6/'#% _*2* A*2\'2J*. )6 fTn5 \'2 4 @ /# VZU = O)50, 4V J= ]2/%C&50 )6 A& R, S 206 

J= W9]!, VZV+e %'./3J .'.*B>0 %30\)6* KI9IL, <CS #"doG '\ \03'2*%B*#60> 0)H*0*. A2'H*%, 207 

In re
view

@0'%% *
% 3%/#" 6@* )0"'2/"'2/

#*. %*83*#B*% /#B03.*. )*% /#B03.*. 
B*% B'#6)'#6)/#/#" )JH/"3'3% B@)2)B6*2% " )JH/"3'3% B@)2)B6*2

A'0>J*2%Z k* \326@*2 2*J'(*. %*83*#B*% 6@)6 ./* \326@*2 2*J'(*. %*83*#B*% 6@)6
M.*#6/B)0 %*83*#B*% _*2* 6@*# "2'3A*. )#. 2*A2*%*#6)6*#B*% _*2* 6@*# "2'3A*. )#. 2*A2*%*#6)

. )")/#%6 6@* IMG?! H)B6*2/)0IMG?! H)B6*2/)0 )#. )2B@)*)0 2*\*2*#B* .)6)H)#. )2B@)*)0 2*\*2*#B* 
k3#%B@ )0"'2/6@J KO**.0*J)# )#. k3#%B@, +UQVLKO**.0*J)# )#. k3#%B@, +UQVL 5@

. )#. 2*J'(*. 3%/#" 6@* /JA0*J*#6)6/'# '\ 5@/J*2). )#. 2*J'(*. 3%/#" 6@* /JA0*J*#6)6/'# '\ 5@/J
B2**#/#" %6*A KA2*B2**#/#" %6*A KA2 CB03%6*2L _)% )AA0/*. 6' 22L _)% )AA0/*. 6'
H> '#0> + H)%* *(*2> +VV H)%*%H> '#0> + H)%* *(*2> +VV H)
. 6' "*#*2)6* ) ./%6). 6' "*#*2)6* ) .

\/#*. )6 UQ\/#*. )6 U
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)#. <Ve \'2J)J/.*Z k)%@/#" _)% A*2\'2J*. )6 fRn5 \'2 4V J/# /# 4V J= ]2/%C&50 )6 A& R, 208 

VZV+e I9I, S J= W9]! )#. VZ+V+ = O)50Z I)JA0*% _*2* 2/#%*. /# ./%6/00*. _)6*2, )/2 209 

dried, counterstained with 4!,6!C./)J/./#'C4CA@*#>0/#.'0* K9!DM, + o"dJG, 4 J/#L )#. 210 

J'3#6*. _/6@ 5/6/\03'2 !;+ K1/'()00*>, ;2)#B*LZ -0/"'#3B0*'6/.*% 0)H*0*. _/6@ 6@* B>)#/#* 211 

dye (Cy5) or Fluorescein isothiocyanate (FITC) at the 5� were purchased from Eurogentec 212 

K1*0"/3JLZ =/B2'%B'A/B B'3#6/#" '\ )6 0*)%6 +,VVV B*00% A*2 *^A*2/J*#6% _)% .'#* 3%/#" ) 213 

B'#\'B)0 0)%*2 %B)##/#" J/B2'%B'A* KGI= S+Vb v*/%%, X*2J)#>L )#. )#)0>E*. _/6@ MJ)"* : 214 

A2'"2)JZ !00 *^A*2/J*#6% _*2* A*2\'2J*. /# 6@2** /#.*A*#.*#6 2*A0/B)6*%Z k* B'JA)2*. 215 

%*(*2)0 J*6@'.% 6' %*A)2)6* H)B6*2/) \2'J 6@* %3H%62)63J, /JA2'(* 6@* @>H2/./E)6/'# )#. 216 

.*B2*)%* 6@* H)B`"2'3#. K*Z"Z, ('26*^/#", %'#/B)6/'#, J)#3)0 %B2)6B@/#", 3%/#" '\ 0'_ J*06/#" 217 

)")2'%*, 0>%'E>J*, 1I!LZ 1)B6*2/)0 %*A)2)6/'# _)% 'A6/J/E*. H> %'#/B)6/'# )#. 6@* 218 

H)B`"2'3#. %**J*. 6' H* 0'_*2 )\6*2 1I! /#B3H)6/'#Z -A6/J/E)6/'#% _*2* .'#* _/6@ WN1<<R 219 

A2'H*Z ;'2 6@* .*6*2J/#)6/'# '\ 6@* #'#%A*B/\/B H/#./#" '\ ;MI&C0)H*0 A2'H*%, 6@* %)JA0*% 220 

_*2* )0%' @>H2/./E*. _/6@ )# )#6/%*#%* WN1<<R, O-O<<RZ ?*2> \*_ '2 #' A2'H*CA'%/6/(* 221 

B*00% _*2* .*6*B6*. _/6@ 6@* #*")6/(* B'#62'0Z   222 

 223 

6. J,"&-'( -.&,%+&'"( G,"@ &0- @'+,";'%$ +"@@#('&= "G 8-'6"#* +,--P *-)'@-(&*C  224 

]' 2*B'(*2 J/B2'H/)0 B*00%, %*./J*#6% _*2* %3Ha*B6*. 6' ) O>B'.*#Ep "2)./*#6Z ]*# 225 

6/J*% +S JG '\ %*./J*#6% _*2* _)%@*. /# +S JG '\ %'036/'# + K/# "dGY O)4I-fZ+V&4-, VZ+Sb 226 

KO&fL4I-f, VZfSb c50, VZVSb ="I-fZQ&4V, VZSb c&4D-f, VZVSb 5)KO-<L4Zf&4-, VZV+fL )#. 227 

)"/6)6*. '#* #/"@6 )6 fn5Z !\6*2 +V J/#36*% .*B)#6)6/'#, +S JG '\ %3A*2#)6)#6 _*2* )..*. 228 

_/6@'36 J/^/#" '# <S JG '\ ) TSe O>B'.*#Ep %'036/'# K!^/%CI@/*0., -%0' O'2_)>L, )#. 229 

6@*# B*#62/\3"*. + @'32 )6 +V,VVV gZ ]@* B*0030)2 \2)B6/'# K3AA*2 \2)B6/'#L _)% 2*J'(*. )#. 230 

_)%@*. H> )../#" 4 ('03J*% '\ %'036/'# + )#. B*#62/\3"*. +S J/# )6 +V,VVV g )#. fn5Z 231 

D*00*6% _*2* %3%A*#.*. /# TVV oG '\ J/00/i _)6*2 %3AA0*J*#6*. _/6@ +  G 1*#E'#)%* 232 

O3B0*)%* KI/"J)L )#. f oG '\ D2'6*)%* M#@/H/6'2 =/^ KXW &*)06@B)2*LZ 5*00 %3%A*#%/'#% _*2* 233 

./%23A6*. H> )../#" "0)%% H*).% K+ "L )#. ('26*^/#" < 6/J*% + J/#, _/6@ <V % /#6*2()0%Z 234 

5*0030)2 .*H2/% _*2* 2*J'(*. H> 6_' B*#62/\3")6/'#%, 6@* \/2%6 )6 +V,VVV g \'2 S J/# )#. 6@* 235 

%*B'#. )6 +T,VVV g \'2 UV J/#Z D2'6*/# B'#B*#62)6/'#% _*2* J*)%32*. 3%/#" 6@* i3H/6p 236 

Fluorometric Quantitation, according to the manufacturer�s instructions (Life technologies)Z 237 

 238 

7. Q'F#') 10,"@%&"6,%!0= MQ1O D-$-+&-) 8-%+&'"( 4"('&",'(6 MD84O %**%= 239 

)-/-$"!@-(&  240 

 241 

RC HC 9%,6-&-) !,"&-'(* %() !-!&')-* *-$-+&'"( : ]@* 6)2"*6*. )%%)> _)% .*(*0'A*. 6' 242 

6)2"*6 )2%*#/6* '^/.)%* K!/'!d1L )#. PA'! %*2(/#" )% )# 3H/83/6'3%0> *^A2*%%*. B'#62'0 243 

A2'6*/#Z k* B'JA)2*. 6@* !/'!d1 )#. PA'! A2'6*/# %*83*#B*% .*2/(*. \2'J 6@* %*83*#B*. 244 

"*#'J*% '\ Q %*0*B6*. Thiomonas %62)/#% )#. 6@* 2*B'#%623B6*. 5)2#4 "*#'J* K!2%*#*C245 

D0'*6E* *6 )0Z, 4V+4b 1*26/# *6 )0Z, 4V++b ;2**0 *6 )0Z, 4V+SL, H> )0/"#/#" 6@*%* %*83*#B*% _/6@ 246 

503%6)0 k4 K@66AYdd___Z*H/Z)BZ3`d]''0%dJ%)dB03%6)0_4dLZ Using the �Deptidemass� tool from 247 

W^A)%> K@66AYdd_*HZ*^A)%>Z'2"dA*A6/.*wJ)%%dL, A*A6/.* %*83*#B*% 2*%306/#" \2'J )# in silico 248 

62>A%/# ./"*%6/'# )#. _/6@ J)%%*% B'JA2/%*. H*6_**# SVV 6' +TVV 9) _*2* %*0*B6*.Z D*A6/.*% 249 

B'#6)/#/#" B>%6*/#* '2 J*6@/'#/#* 2*%/.3*% _*2* )('/.*.Z ]' 6*%6 /\ 6@* %*0*B6*. A*A6/.*% )2* 250 

A2'6*'6>A/B '\ 6@* 6)2"*6 A2'6*/#, 6@* A*A6/.* %*83*#B*% _*2* %*)2B@*. /# )00 "*#'J*% 251 

)()/0)H0* /# -B6'H*2 4V+4 '# 6@* =/B2'IB'A* K=/B2'H/)0 X*#'J* !##'6)6/'# x !#)0>%/%L 252 

D0)6\'2J K@66A%Ydd___Z"*#'%B'A*ZB#%Z\2d)"BdJ/B2'%B'A*d@'J*d/#.*^ZA@AL 3%/#" 6@* A)66*2# 253 

J)6B@ %*)2B@ 6''0, 6)`/#" /#6' )BB'3#6 6@* \)B6 6@)6 i, W )#. c, '2 O )#. 9 '2 M )#. G @)(* 254 

#'# ./%6/#B6/(* J)%%*%Z -#0> A*A6/.*% 6@)6 _*2* %A*B/\/B 6' 6@* A2'6*/#% \2'J Thiomonas 255 

%62)/#% _*2* J)#3)00> 2*6)/#*.Z ;/\6> A*A6/.*% _*2* %*0*B6*. )#. %>#6@*6/E*. )% B23.* 256 

/%'6'A/B)00>C0)H*0*. %6)#.)2. A*A6/.*% KDWD'6*B D*A6/.*%, ]@*2J' ;/%@*2 IB/*#6/\/B, N0J, 257 

In re
view

+,--P *-)'@-(&*(&*CC

6' ) O>B'.*#Ep "2)./*#6Z #Ep "2)./*#6Z ]
'036/'# /'# + K/# "dG"dGY O)Y O)44I-I-ffZ+V&+V&44-, VZ+-, V

, VZSb c&4D-ff, VZVS, VZVSb 5)KO-5)KO-<<LL44Zf&Zf&44-, VZV+fL )#-, VZV+fL 
+V J/#36*% .*B)#6)6/'#, +S B)#6)6/'#, +S JGJG '\ %3A*2#)6)#6 _*2* ).'\ %3A*2#)6)#6 _*2* ).

JG '\ ) TSe O>B'.*#Ep %'036/'# K!^/%>B'.*#Ep %'036/'# K!^/%CI@/*0., I@/*0., -%0' O-
"*. + @'32 )6 +V,VVV VVV ggZ ]@* B*0030)2 \2)B6/'# K3AA*2 \2)Z ]@* B*0030)2 \2)B6/'# K3AA*2

H> )../#" 4 ('03J*% '\ %'036/'# + )#. B*#62/\3"*H> )../#" 4 ('03J*% '\ %'036/'# + )#. B*#62/\3
_*2* %3%A*#.*. /# TVV _*2* %3%A*#.*. ooGG '\ J/00/iJ/00/i

KI/"J)L )#. fKI/"J)L )#. f ooG '\ D2'6*)%* '6*)
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2*).% 2*J)/#*. K4S+ HA )(*2)"* J*./)# 0*#"6@L )#. 6@*/2 B03%6*2/#" 0*. 6' 6@* /.*#6/\/B)6/'# '\ 375 

+ fUQ -]N% K/#B03./#" S44 %/#"0*6'#%L .*\/#*. )6 UQe '\ /.*#6/6> K])H0* 4LZ P)2*\)B6/'# 376 

B32(*% 6*#. 6' 2*)B@ )# )%>JA6'6* \'2 J'%6 '\ 6@* %)JA0*% K;/"32* +L, %3""*%6/#" 6@)6 6@* 377 

J)a'2/6> '\ 6@* H)B6*2/)0 A@>0'6>A*% A2*%*#6 /# *)B@ %)JA0* _*2* /.*#6/\/*.Z ]@/% _)% 378 

B'#\/2J*. H> 6@* @/"@ X''.�% B'(*2)"* '\ )00 .3A0/B)6*% K2)#"/#" \2'J U4 6' UUe, ])H0* 4L, 379 

_@/B@ A2'(/.*% )# *%6/J)6* '\ %)JA0/#" B'JA0*6*#*%% 3%/#" ) A2'H)H/0/6> B)0B30)6/'# _/6@ 380 

2)#.'J0> %*0*B6*. )JA0/B'# %*83*#B*%Z ]@* #'#CA)2)J*62/B *%6/J)6'2 5@)'+ ()2/*. )0'#" 6@* 381 

P*/"'3%, 6@* 0'_*%6 -]N% 2/B@#*%% _*2* \'3#. /# I+ KTU 6' +QRL )#. 6@* @/"@*%6 _*2* 382 

2*B'2.*. /# 5-O; Kf<U 6' T4VL K])H0* 4LZ ]@* %)J* 62*#. _)% 'H%*2(*. _/6@ 6@* I@)##'# 383 

/#.*^, _@/B@ %@'_*. 6@* 0'_*%6 ()03* '\ ./(*2%/6> /# I+ K\2'J +ZVT 6' 4ZUfL )#. 6@* @/"@*%6 384 

()03*% /# 5-O; KfZQ4 6' SZfVL K])H0* 4LZ  385 

!6 ) B'#\/.*#B* 6@2*%@'0. '\ RVe, <fU )#. 4<f %*83*#B*%, 2*%A*B6/(*0> \'2 6@* \/2%6 386 

)#. %*B'#. .3A0/B)6* K#+ )#. #4L, H*0'#"*. 6' -]N% _@/B@ B'30. H* )%%/"#*. 6' 6@* 387 

Thiomonas "*#3%, 2*A2*%*#6/#" VZf4e '\ 6@* 6'6)0 '\ %*83*#B*% \'2 #+ )#. #4 K.)6) #'6 388 

%@'_#LZ &'_*(*2, 6' ")/# J'2* /#%/"@6 /#%/.* 6@/% "*#3%, 6)^'#'J/B B0)%%/\/B)6/'# _)% 389 

A*2\'2J*. ./2*B60> '# 6@* %*83*#B*% K])H0* <LZ 1> 6@/% _)>, +VVR )#. RQ< %*83*#B*% 390 

K2*%A*B6/(*0> \'2 #+ )#. #4L B'30. H* )%%/"#*. 6' 6@* Thiomonas "*#3%, 2*A2*%*#6/#" VZQ )#. 391 

VZTe '\ 6@* 6'6)0 '\ %*83*#B*%Z ]@*%* %*83*#B*% B'30. H* )%%/"#*. 6' ./\\*2*#6 %62)/#% 392 

H*0'#"/#" 6' 6@* A@>0'"*#*6/B X2'3A M KThiomonas l#>%< )#. Thiomonas intermediaL )#. 393 

X2'3A MM KThiomonas Dcff, Thiomonas arsenivorans, Thiomonas cuprina )#. Thiomonas %AZ 394 

9=C5.fL )BB'2./#" 6' K12>)# *6 )0Z, 4VVUL '2 6' 3#B0)%%/\/*. Thiomonas %A*B/*% K])H0* <LZ 395 

!06'"*6@*2, 6@* @/"@C6@2'3"@A36 %*83*#B/#" 3%*. /# 6@/% %63.> *#)H0*. 6@* .*6*B6/'# '\ 396 

%*83*#B*% 2*0)6*. 6' 6@* Thiomonas "*#3% )#. B'#\/2J*. 6@* A*2%/%6*#B* '\ 6@/% "*#3% /# 6@* 397 

P*/"'3% B2**` %/#B* /6% \/2%6 /%'0)6/'# /# 4VV+ K123#**0 *6 )0Z, 4VV<LZ I*83*#B*% )\\/0/)6*. _/6@ 398 

6@* Thiomonas "*#3% )BB'3#6*. \'2 ) %J)00 A2'A'26/'# '\ 6@* 6'6)0 H)B6*2/)0 B'JJ3#/6> K0*%% 399 

6@)# +e '\ 6@* 6'6)0 %*83*#B*%LZ &'_*(*2, .3* 6' 6*B@#/B)0 H/)% /#@*2*#6 6' 6@/% 6*B@#/83* )#. 400 

6@* %/E* '\ 6@* "*#*2)6*. \2)"J*#6%, A>2'%*83*#B/#" B'30. '#0> H* B'#%/.*2*., )% ) %*J/ 401 

83)#6/6)6/(* J*6@'.Z  402 

]' ")/# J'2* /#%/"@6 /#6' 6@* )B63)0 )H3#.)#B* '\ Thiomonas '\ *)B@ A@>0'"*#*6/B 403 

"2'3A, ) J/B2'%B'A/B )#)0>%/% '\ %)JA0*% 0)H*0*. _/6@ ;MI& A2'H*% _)% A*2\'2J*., 3%/#" 6_' 404 

A2'H*% 6)2"*6/#" Thiomonas X2'3A M '2 Thiomonas X2'3A MM K12>)# *6 )0Z, 4VVUb &)00H*2" *6 405 

)0Z, 4VVTL K%** J)6*2/)0 )#. J*6@'.%LZ M# A)2)00*0, 6@* #3JH*2 '\ 6'6)0 H)B6*2/) _)% )0%' 406 

*%6/J)6*.Z ]@/% )AA2')B@ 2*(*)0*. 6@)6 QUZTe 6' UVZ+e '\ 9!DMC%6)/#*. B*00% _*2* %6)/#*. 407 

_/6@ 6@* H)B6*2/)C%A*B/\/B A2'H*% WN1<<R, 6@* 9!DMC%6)/#*. B*00% /#B03.*. %'J* \3#")0 )#. 408 

J/#'2 "2'3A '\ H)B6*2/) 6@)6 ./. #'6 @>H2/./E* )")/#%6 WN1<<R K;/"32* 4LZ Thiomonas %A*B/\/B 409 

A2'H*% /#./B)6*. 6@)6 6@* A@>0'"*#*6/B X2'3A% M )#. MM )2* A2*%*#6 /# :3#* 4V++ )#. :)#3)2> 410 

4V+4 /# )00 6@* %)JA0*. %/6*% )0'#" 6@* P*/"'3% B2**` KI+, 5-kX )#. 5-O;L K;/"32*% 4 )#. 411 

<LZ ]@* )H3#.)#B*% ()2/*. \2'J 4ZT+e | VZf<e 6' SZSSe | +Z+e \'2 6@* X2'3A MM )#. +Z+Ue 412 

| VZ<Qe 6' SZ+Se | VZT+e \'2 6@* X2'3A M )#. fZUUe 6' RZQ<e \'2 6@* X2'3A M )#. MM 413 

In re
view

, ])H0
/0/6> B)0B30)6/'# _'# _

6/J)6'2 5@)'+ ()22/*./*. )0'#" )0'#"
# I+ KKTUTU 6' +QRQRL )#. 6@* @/"@*%6 _*L )#. 6@* @/"@*%6 _

]@* %)J* 62*#. #. _)%_ 'H%*2(*. _/6@ 6@* I@)##''H%*2(*. _/6@ 6@* I@)#
()03* '\ ./(*2%/6> /# I+ K\2'J /6> /# I+ K\2'J +ZVT+ZVT 6' 6' 4ZUf4ZUfL )#. 6@* @/"@)#. 6@* @/"

SZfVL K])H0* 4LZ
B'#\/.*#B* 6@2*%@'0. '\ RVe, '0. '\ RVe, <fU )#. 4<f<fU )#. 4<f %*83*#B*%%*83*#B 2*

B'#. .3A0/B)6* K#+ )#. #4L,B'#. .3A0/B)6* K#+ )#. #4L H*0'#"H*0'#"*.*. 6' -]N% _6' -]N%
nasnas "*#3%, 2*A2*%*#6"*#3%, 2*A2*% /#" VZfVZf4e '\ 6@* 6'64e '\ 6@* 6

&'_*(*2, 6' ")/# J'2* /#%/"@&'_*(*2, 6' ")/# J'2* /#
. ./2*B60> '# 6@* %*. ./2*B60> '# 6@

0> \'2 #+ 0> \'2 #+
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6'"*6@*2 K;/"32* <LZ ]@/% )H3#.)#B* /% %0/"@60> @/"@*2 6@)# 6@* '#* 'H6)/#*. H)%*. '# 414 

A>2'%*83*#B/#" H36 ;MI& /% B'#%/.*2*. 6' H* ) J'2* %3/6)H0* 83)#6/6)6/(* J*6@'. 6@)# 415 

J'0*B30)2 J*6@'.% H)%*. '# D5P )JA0/\/B)6/'#Z 1'6@ )AA2')B@*% .*J'#%62)6*. 6@* A2*%*#B* 416 

'\ 6@* Thiomonas X2'3A M )#. X2'3A MM /# %3JJ*2 4V++ )#. _/#6*2 4V+4 )0'#" 6@* P*/"'3% 417 

H36 )% ) J/#'2/6> '\ 6@* 6'6)0 H)B6*2/)0 B'JJ3#/6> K0*%% 6@)# UeLZ I3B@ 2*%306% B'22'H'2)6* 6@* 418 

'H%*2()6/'#% J).* /# A2*(/'3% %63./*% A*2\'2J*. H'6@ /# 5)2#'30$% _)6*2 )#. %*./J*#6% 419 

K])H0* fL, 2*(*)0/#" 6@)6 Thiomonas _*2* A2*%*#6 /# ) %3%6)/#)H0* _)> )6 6@/% %/6*Z 420 

!../6/'##)00>, '32 %63.> .*J'#%62)6*% 6@)6 %*(*2)0 A@>0'"*#*6/B "2'3A% '\ Thiomonas )2* 421 

A2*%*#6 )% ) J/#'2 A'A30)6/'# )#. %6)H0* %/#B* J'2* 6@)# ) .*B).*, )6 ./\\*2*#6 %)JA0/#" 422 

A'/#6% )0'#" 6@* P*/"'3% B2**`Z M#6*2*%6/#"0>, .*%A/6* 6@*/2 0'_ )H3#.)#B*, 6@/% "*#3% _)% 423 

A2'A'%*. 6' A0)> ) B23B/)0 2'0* /# 6@* *\\/B/*#6 2*J*./)6/'# A2'B*%% 'H%*2(*. )0'#" 6@/% B2**` 424 

H> \)('2/#" 6@* '^/.)6/'# '\ !%KMMML /#6' 6@* 0*%% J'H/0* )#. 0*%% 6'^/B \'2J !%K?L, )#. /6% B'C425 

A2*B/A/6)6/'# _/6@ ;*KMMML K1*26/# *6 )0Z, 4V++b 5)%/'6 *6 )0Z, 4VV<b ='2/# *6 )0Z, 4VV<LZ 426 

]@*2*\'2*, 6' 6*%6 /\ 6@*%* Thiomonas %AAZ )2* )B63)00> )B6/(* )#. *^A2*%% `*> *#E>J*%, ) 427 

6)2"*6*. A2'6*'J/B )AA2')B@ _)% .*(*0'A*. 6' .*6*B6 6@* A2*%*#B* '\ Thiomonas )2%*#/6* 428 

'^/.)%*%Z 429 

 430 

SC D!%&'"X&-@!",%$ )-&-+&'"( "G &0- Thiomonas %,*-('&- ".')%*- #*'(6 % &%,6-&-) 431 

!,"&-"@'+* %!!,"%+0 ;%*-) "( $'F#') +0,"@%&"6,%!0= *-$-+&-) ,-%+&'"( 432 

@"('&",'(6 @%** *!-+&,"@-&,= MQ1XD84O 433 

]@* )B6/(/6> '\ Thiomonas %AAZ /# 5)2#'30$% *B'%>%6*J _)% @/"@0/"@6*. /# 6_' 434 

A2*(/'3% "0'H)0 J*6)A2'6*'J/B %63./*% K1*26/# *6 )0Z, 4V++b 123#**0 *6 )0Z, 4V++LZ M# 6@* \/2%6 435 

%63.> K123#**0 *6 )0Z, 4V++L, 6@* )B6/(/6> '\ Thiomonas _)% %3""*%6*. )6 6@* 5-kX %)JA0/#" 436 

A'/#6, )% 6@*/2 X2'WG )#. SVI 2/H'%'J)0 G+ A2'6*/#% _*2* /.*#6/\/*. /# ) 49C"*0 H)%*. 437 

J*6)A2'6*'J/B )AA2')B@ K])H0* fLZ M# ) %*B'#. I9ICD!XWCH)%*. "0'H)0 J*6)A2'6*'J/B 438 

%63.> K1*26/# *6 )0Z, 4V++L, RU A2'6*/#% )J'#" _@/B@ < )2%*#/6* '^/.)%*% K!/'!d1L '\ 6@* 439 

ThiomonasC0/`* 5)2#4 B*00% _*2* /.*#6/\/*. )6 6@* 5-kX %)JA0/#" A'/#6 2*(*)0/#" \'2 6@* 440 

\/2%6 6/J* 6@)6 %3B@ H)B6*2/) /#.**. *^A2*%%*. 6@*%* B23B/)0 *#E>J*% \'2 6@* 2*J*./)6/'# 441 

A2'B*%% in situ K])H0* fLZ M# 6@/% %63.>, 6' 6*%6 /\ 6@* J/#'2 A'A30)6/'# .*6*B6*. )6 %*(*2)0 442 

%)JA0/#" )#. ./\\*2*#6 6/J* A'/#6% )0_)>% *^A2*%%*. 6@* !/'!d1 A2'6*/#%, _* .*(*0'A*. ) 443 

6)2"*6*. J*6@'. 3%/#" )# G5CIP= )AA2')B@Z ]@/% )AA2')B@ '\\*2% 6@* H*%6 %*#%/6/(/6> )#. 444 

%A*B/\/B/6> )J'#" A2'6*'J/B% )AA2')B@*% )#. _* 6@*2*\'2* )66*JA6*. 6' /.*#6/\> 6@* 445 

Thiomonas )2%*#/6* '^/.)%* A2'6*/#% _/6@/# 6@* B'JA0*^ A2'6*/# J/^632* *^62)B6*. \2'J 6@* 446 

P*/"'3% B2**` %*./J*#6�s community, without any sample fractionation K!2%*#*CD0'*6E* *6 447 

)0Z, 4V+4b !2%$#*CD0'*6E* *6 )0Z, 4V+fLZ 448 

k* %*0*B6*. 6@2** A2'6*/#% '\ /#6*2*%6 6' 6)2"*6Y !/'! )#. !/'1, )% 6@*> )2* 6@* 6_' 449 

%3H3#/6% '\ 6@* )2%*#/6* '^>.)%* )#. PA'!, %*0*B6*. )% ) B'#62'0 3H/83/6'3%0> *^A2*%%*. 450 

A2'6*/#Z PA'! )0%' A2*%*#6% 6@* /#6*2*%6 '\ /#B03./#" A*A6/.*% )00'_/#" 6@* ./%B2/J/#)6/'# 451 

H*6_**# Thiomonas X2'3A% M )#. MMZ ]@* %3BB*%% '\ ) IP=CH)%*. 6)2"*6*. )%%)> 2*%/.*% /# 452 

6@* )AA2'A2/)6* B@'/B* '\ A*A6/.*% 6@)6 _/00 H* 3%*. )% %A*B/\/B 62)B*2% \'2 *)B@ A2'6*/# '\ 453 

/#6*2*%6, #)J*. A2'6*'6>A/B A*A6/.*% K!2%*#*CD0'*6E* *6 )0Z, 4V+4b !2%$#*CD0'*6E* *6 )0Z, 4V+fb 454 

X)00/*# *6 )0Z, 4V++LZ ]@*2*\'2*, *^6*#%/(* in silico )#. *^A*2/J*#6)0 )#)0>%*% @)(* H**# 455 

A*2\'2J*. 6' B@''%* H*%6 %3/6*. A2'6*'6>A/B A*A6/.*% K3#/83* \'2 6@* A2'6*/# )#. (/%/H0* /# 456 

=IL 6' H* )H0* 6' ./%B2/J/#)6* _/6@ @/"@*%6 %*#%/6/(/6> A2'6*/#% \2'J Thiomonas X2'3A M )#. 457 

X2'3A MM KI3AA0*J*#6)2> ])H0* 4LZ In silico %B2**# \'2 3#/B/6> _)% A*2\'2J*. /# )00 "*#'J*% 458 

)()/0)H0* '# 6@* =/B2'IB'A* K=/B2'H/)0 X*#'J* !##'6)6/'# x !#)0>%/%L D0)6\'2JZ -#0> 459 

A*A6/.*% 6@)6 _*2* %A*B/\/B 6' 6@* A2'6*/#% \2'J Thiomonas X2'3A% M )#.d'2 MM _*2* J)#3)00> 460 

()0/.)6*.Z ]@*#, /%'6'A/B)00> @*)(> 0)H*0*. A*A6/.*% _*2* %>#6@*6/E*. \'2 6@* %*0*B6*. A*A6/.*% 461 

)#. 3%*. 6' .*6*2J/#* 6@* H*%6 62)#%/6/'#%, /Z*Z #3JH*2 )#. \2)"J*#6 6>A*% 6' H* \'00'_*. \'2 462 

*)B@ '\ 6@* %*0*B6*. A*A6/.*%, )#. 6' 'A6/J/E* 6@* =I /#%623J*#6 A)2)J*6*2%Z I/^6**# A*A6/.*% 463 

In re
view

- ".')%*- #*'(6 % &%,6-&#*'(6 % &%,6-

+0,"@%&"6,%!0= *-$-+&-) ,-%+&'""@%&"6,%!0= *-$-+&-) ,-%+

D84O

s %AAZ /# 5)2#'30$% *B'%>%6*J _)% @/"@0/"@6*. /# 2#'30$% *B'%>%6*J _)% @/"@0/"@6*. /# 
2'6*'J/B %63./*%./* K1*26/# *6 )0Z, 4V++b 123#**0 *6 )0Z, 4V++K1*26/# *6 )0Z, 4V++b 123#**0 *6 )0Z, 

0 *6 )0Z, 4V++L, 6@* )B6/(/6> '\ * )B6/(/6> '\ ThiomonasThiomonas _)% %3""*%6*. )_)% %3""*
)%)% 6@*/2 X2'WG6@*/2 X2'WG )#. SVI 2/H'%'J)0 G+I 2/H'%'J)0 G+ A2'6*/#% _*A2'6*/#% _
6*'J/B )AA2')B@6*'J/B )AA2')B@ K])H0* ffLLZ M# ) %*B'#.Z M# ) %*B'#
*26/# *6 )0Z, 4V++L*26/# *6 )0Z, 4V++ , RU A2'6*/#% 2'6*
ssCC0/`* 5)2#4 B*00% _0/`* 5)2#4 B*0
6@)6 %3B@ 6@)6 %3B@
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%@'_*. "''. =IC%/"#)0% )#. )00'_*. 'A6/J/E)6/'# '\ +<T %A*B/\/B 0/"@6d@*)(> 62)#%/6/'#% 464 

KI3AA0*J*#6)2> ])H0*% + )#. 4LZ ! B'#B*#62)6/'#CH)0)#B*. J/^632* '\ 6@* @*)(> 0)H*0*. 465 

A*A6/.*% _)% J).* /# '2.*2 6' 'H6)/# @'J'"*#*'3% %/"#)0% \'2 )00 A*A6/.*% )#. 6@/% J/^632* 466 

_)% %A/`*. /#6' 6@* %)JA0*% /# '2.*2 6' H* )H0* 6' 83)#6/\> 6@* *#.'"*#'3% A*A6/.*% '\ /#6*2*%6 467 

H> B)0B30)6/#" @*)(>d0/"@6 2)6/'%Z 468 

;/2%6, ) 6*%6 *^A*2/J*#6 _)% %*6 3A 6' .*6*B6 6@* %*0*B6*. A*A6/.*% /# 6'6)0 B*00 0>%)6*% 469 

'H6)/#*. \2'J \'32 Thiomonas %62)/#% 51+, 514, 51< )#. 51T KX2'3A M ThiomonasL 470 

B306/()6*. /# 0)H'2)6'2> B'#./6/'#% /# 6@* A2*%*#B* '2 /# 6@* )H%*#B* '\ )2%*#/6*Z ]@/% 471 

*^A*2/J*#6 @)% H**# A*2\'2J*. H'6@ /# H/'0'"/B)0 )#. /#a*B6/'# 62/A0/B)6*%Z !J'#" 6@* +T 472 

A*A6/.*%, R A*A6/.*% B'30. H* .*6*B6*. )#. 83)#6/\/*., T A*A6/.*% %A*B/\/B 6' !/'! KA*A6/.*% +, 473 

S, T, U, +V )#. ++L, '#* %A*B/\/B 6' !/'1 KA*A6/.* +4L )#. '#* %A*B/\/B 6' PA'! KA*A6/.* +<L 474 

K])H0* S, ;/"32* f )#. I3AA0*J*#6)2> ])H0* <LZ ]@* B'JA)2/%'# '\ 0/"@6d@*)(> 2)6/'% )00'_*. 475 

.2)_/#" 6@* B'#B03%/'# 6@)6 6@* *^A2*%%/'# '\ !/'! _)% @/"@*2 _@*# 51+, 514, 51<, )#. 476 

51T _*2* B306/()6*. /# 6@* A2*%*#B* '\ !%KMMML, )% B'JA)2*. 6' 6@* )H%*#B* '\ !%KMMML K;/"32* 477 

f )#. I3AA0*J*#6)2> ])H0* <LZ ]@*%* 2*%306% _*2* /# )"2**J*#6 _/6@ A2*(/'3% 2*%306% %@'_/#" 478 

6@)6 *^A2*%%/'# '\ 6@/% A2'6*/# /% /#.3B*. /# Thiomonas B*00% /# 6@* A2*%*#B* '\ )2%*#/6* K;2**0 479 

*6 )0Z, 4V+SLZ !% )_)/6*., A*A6/.*% 4 )#. +S B'30. #'6 H* .*6*B6*. /# 6@/% *^A*2/J*#6 480 

A*2\'2J*. '# A2'6*/#% *^62)B6*. \2'J X2'3A M Thiomonas, )% 6@*> )2* %A*B/\/B '\ X2'3A MM 481 

Thiomonas K])H0* SLZ O*(*26@*0*%%, 6@*%* 4 A*A6/.*% @)(* H**# /.*#6/\/*. /# A2*(/'3% "0'H)0 482 

J*6)A2'6*'J/B% %63./*% )#. _*2* 6@*2*\'2* J)/#6)/#*. \'2 )#)0>%/#" %*./J*#6 %)JA0*% K1*26/# 483 

*6 )0Z, 4V++L K])H0* SLZ  484 

]@*#, 6@* 'A6/J/E*. G5CIP= )%%)> _)% 6*%6*. '# ) J*6)A2'6*'J/B %)JA0* *^62)B6*. 485 

/# 4VVQ )6 6@* 5-kX %/6* '# _@/B@ 6@* )2%*#/6* '^/.)%*% @). )02*).> H**# .*6*B6*. K1*26/# *6 486 

)0Z, 4V++LZ ]@/% *^A*2/J*#6 @)% H**# A*2\'2J*. _/6@ .3A0/B)6* H/'0'"/B)0 2*A0/B)6*% )#. 4 '2 < 487 
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Annexe 3 

Supplementary Table 1. List of the genes present in the urea island of CB2.           

            Compositionnal bias Correspondance in : 5 

Label Begin End Type Product Gene 

GC 

Region1 SIGI2 IVOM3 C.A.I4 3As K12 CB1 CB6 CB3 

THICB2_v3_misc_RNA_3 1538398 1538508 misc_RNA ykkC-yxkD _ - - + _ - - - - - 

THICB2_v3_360017 1538516 1539547 CDS putative ABC-type nitrate transport system, periplasmic component _ +1SD - + 0.551665 - - - - - 

THICB2_v3_360018 1539583 1540440 CDS putative Nitrate transport permease protein nrtB _ - - + 0.634238 - - - - - 

THICB2_v3_360019 1540437 1541297 CDS conserved protein of unknown function _ - - + 0.597967 + - + + + 

THICB2_v3_360020 1541366 1542103 CDS conserved protein of unknown function _ - - + 0.568542 - - - - - 

THICB2_v3_360021 1542100 1542834 CDS conserved protein of unknown function _ - - + 0.581185 - - - - - 

THICB2_v3_360022 1542909 1546538 CDS Urea carboxylase _ - - - 0.618229 + + + + + 

THICB2_v3_360023 1546539 1548329 CDS putative Allophanate hydrolase _ - - - 0.629366 + - + + - 

THICB2_v3_360024 1548368 1548811 CDS Cyanate hydratase cynS - - - 0.804462 - - - - - 

THICB2_v3_360025 1548821 1549552 CDS conserved protein of unknown function _ - - - 0.502841 - - - - - 

THICB2_v3_360026 1549549 1550331 CDS putative AHL-lactonase _ +1SD - - 0.543508 - - - - - 

THICB2_v3_360027 1550328 1551113 CDS Creatinine amidohydrolase crnA - - - 0.55664 - - - - - 

THICB2_v3_360028 1551125 1552012 CDS 

putative Permease of the drug/metabolite transporter (DMT) 

superfamily _ - - - 0.451108 + - + + - 

THICB2_v3_360029 1552019 1552771 CDS 3-oxoacyl-[acyl-carrier-protein] reductase FabG fabG - - + 0.565649 + + + + + 

THICB2_v3_360030 1552783 1553568 CDS putative 3-oxoacyl-[acyl-carrier-protein] reductase _ - - + 0.579694 + + + + + 

THICB2_v3_360031 1553574 1554629 CDS putative fatty acid desaturase _ +1SD - + 0.552697 - - - - - 

THICB2_v3_360032 1554661 1555671 CDS 

putative ABC-type nitrate/sulfonate/bicarbonate transport system, 

periplasmic component _ +1SD - + 0.589331 - - - - - 

THICB2_v3_360033 1555821 1556003 CDS conserved protein of unknown function _ +1SD - + 0.348595 - - - - - 

THICB2_v3_360034 1556000 1556836 CDS putative alpha/beta-Hydrolases _ - - + 0.509167 + + + + + 

THICB2_v3_360035 1556833 1557681 CDS putative ABC-type transport system, ATPase component _ - - + 0.53665 + - + + + 

THICB2_v3_360036 1557678 1558424 CDS putative ABC-type transport system, permease component _ +1SD - + 0.567209 - - - - - 

THICB2_v3_360037 1558436 1559446 CDS putative ABC-type transport system, periplasmic component _ +1SD - + 0.53396 - - - - - 
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THICB2_v3_360038 1559666 1560415 CDS putative transcriptional regulator, GntR family _ - - + 0.589869 - - - - - 

THICB2_v3_360039 1560412 1560801 CDS conserved protein of unknown function _ - - - 0.592038 - - - - - 

THICB2_v3_360040 1560827 1562206 CDS Biuret hydrolase atzE - - - 0.555097 + + + + + 

THICB2_v3_360041 1562257 1562463 CDS conserved protein of unknown function _ - - - 0.534453 - - - - - 

THICB2_v3_360042 1562977 1563810 CDS putative 5-formyltetrahydrofolate cyclo-ligase _ - - - 0.511886 - - - - - 

THICB2_v3_360043 1563964 1565448 CDS 

putative Monosaccharide-transporting ATPase (ABC-type transport 

system) _ - - - 0.611755 + - + + - 

THICB2_v3_360044 1565445 1566491 CDS putative ABC-type transport system, permease component _ - - - 0.617693 - - - - - 

THICB2_v3_360045 1566488 1567171 CDS Putative glucose ABC transporter permease protein TsgC13 (fragment) _ - - - 0.535169 + - + + - 

THICB2_v3_370001 1568279 1568473 CDS Putative ABC-type transport system, permease component (fragment) _ - - - 0.549735 - - - - - 

THICB2_v3_370002 1568470 1569591 CDS putative ABC-type transport system, periplasmic component _ - - - 0.623661 + - + + - 

THICB2_v3_370003 1569648 1570670 CDS Formamidase amiF - - - 0.613995 - - - - - 

THICB2_v3_370004 1570670 1571353 CDS Putative Isochorismatase hydrolase _ - - - 0.650758 + - + + - 

THICB2_v3_370005 1571350 1572039 CDS Putative Isochorismatase hydrolase _ - - - 0.645811 + - + + + 

THICB2_v3_370006 1572047 1573579 CDS putative S-adenosylhomocysteine deaminase _ - - - 0.539489 + - + + - 

THICB2_v3_370007 1573965 1575335 CDS 

putative NAD-dependent dihydropyrimidine dehydrogenase sunbunit 

PreT _ -1SD - - 0.634196 + - + + - 

THICB2_v3_370008 1575328 1576644 CDS putative oxidoreductase subunit yeiA - - - 0.72048 - - - - - 

THICB2_v3_370009 1576691 1578136 CDS D-hydantoinase/dihydropyrimidinase dht - - - 0.754505 - - - - - 

THICB2_v3_370010 1578165 1579439 CDS Amidase, hydantoinase/carbamoylase family atcC - - - 0.736135 + + + + - 

THICB2_v3_370011 1579509 1580327 CDS conserved protein of unknown function _ - - - 0.757501 + + + + + 

THICB2_v3_370012 1580335 1581270 CDS putative ABC-type transport system, permease component _ -1SD - - 0.656745 + - + + - 

THICB2_v3_370013 1581267 1582460 CDS putative ABC-type transport system, permease component _ -1SD - - 0.644853 + - + + - 

THICB2_v3_370014 1582493 1583527 CDS putative ABC-type transport system, periplasmic component _ - - - 0.724908 - - - - - 

THICB2_v3_370015 1583547 1584242 CDS HTH-type transcriptional regulator RutR rutR - - - 0.649552 - - - - - 

THICB2_v3_370016 1584301 1584429 CDS protein of unknown function _ - - - 0.560174 + + + + - 

THICB2_v3_370017 1584459 1585205 fCDS fragment of cytosine deaminase (part 1) codA - - - 0.729664 - - - - - 

THICB2_v3_370018 1585215 1585556 fCDS fragment of cytosine deaminase (part 2) codA -1SD - - 0.686135 - - - - - 

THICB2_v3_370019 1585609 1585686 CDS protein of unknown function _ - - - 0.500334 - - - - - 

THICB2_v3_370020 1585683 1586210 CDS conserved protein of unknown function _ - - - 0.595289 - - - - - 

THICB2_v3_370021 1586217 1587674 CDS putative hydrolase protein _ -1SD - - 0.657582 - - - - - 
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THICB2_v3_370022 1587675 1588514 CDS putative transport protein (ABC superfamily, atp_bind) _ - - - 0.645022 + - + + + 

THICB2_v3_370023 1588529 1589590 CDS putative ring-hydroxylating dioxygenase with Rieske 2Fe-2S domain _ - - - 0.593176 - - - - - 

THICB2_v3_370024 1589529 1589792 CDS protein of unknown function _ +1SD - - 0.329535 - - - - - 

THICB2_v3_370025 1589946 1590953 CDS putative ABC-type transport system, periplasmic component _ - - - 0.682419 + - + + - 

THICB2_v3_370026 1590987 1591991 CDS putative ABC-type transport system, periplasmic component _ - - - 0.705269 + - + + - 

THICB2_v3_370027 1592010 1592840 CDS putative permease protein (ABC superfamily, membrane) _ - - - 0.632108 + - + + - 

THICB2_v3_370028 1592847 1593752 CDS putative Clavaminate synthase-like _ - - - 0.627482 - - - - - 

THICB2_v3_370029 1593882 1594748 CDS putative Nucleoside-binding outer membrane protein _ - - - 0.655602 - - - - - 

THICB2_v3_370030 1595061 1595456 CDS putative ribonuclease VapC _ +1SD - - 0.466013 + + + + + 

THICB2_v3_370031 1595501 1596487 CDS transposase _ - - - 0.686224 + - + + + 

THICB2_v3_370032 1596484 1596750 CDS conserved protein of unknown function _ +1SD - - 0.375754 - - - - - 

THICB2_v3_370033 1596749 1597159 CDS putative Sirohydrochlorin cobaltochelatase CbiX _ - - - 0.413282 - - - - - 

THICB2_v3_370034 1597236 1597871 CDS putative Response regulator antiterminator nasT _ - - - 0.597961 - - - - - 

THICB2_v3_370035 1598167 1599447 CDS Nitrate transporter component nasF - - - 0.7448 - - - - - 

THICB2_v3_370036 1599479 1600393 CDS Nitrate transporter component nrtB - - - 0.694609 - - - - - 

THICB2_v3_370037 1600429 1601229 CDS Nitrate transport protein NasD nasD - - - 0.722438 + - + + + 

THICB2_v3_370038 1601262 1603721 CDS Nitrite reductase [NAD(P)H] nasD - - - 0.738606 - - - - - 

THICB2_v3_370039 1603718 1604107 CDS Assimilatory nitrite reductase [NAD(P)H] small subunit nasE -1SD - - 0.702986 - - - - - 

THICB2_v3_370040 1604107 1606962 CDS putative Nitrate reductase _ -1SD - - 0.703052 - - - - - 

THICB2_v3_370041 1606996 1608066 CDS putative anthranilate phosphoribosyltransferase _ - - + 0.554895 + - + + + 

THICB2_v3_370042 1608050 1608874 CDS Uroporphyrinogen-III C-methyltransferase cobA - - + 0.44202 + - + + + 

THICB2_v3_370043 1609150 1609497 CDS putative transposase (fragment) _ - - + 0.52767 + - + + - 

THICB2_v3_370044 1609364 1609867 CDS putative transposase _ - - + 0.602139 + - + + - 

THICB2_v3_370045 1609912 1610286 CDS putative Permeases of the major facilitator superfamily _ - - + 0.439381 + - + + - 

THICB2_v3_370046 1610520 1611623 CDS Conserved protein of unknown function _ - - + 0.601528 + - + + - 

THICB2_v3_370047 1612175 1612516 CDS putative Toxin-antitoxin system, RelE/ParE toxin family _ +1SD - + 0.511663 + - + + - 

THICB2_v3_370048 1612522 1612791 CDS putative type II toxin-antitoxin system, antitoxin Phd/YefM _ +1SD - - 0.497572 + - + + + 

THICB2_v3_370049 1612989 1613825 CDS Urease accessory protein UreD ureD -1SD - - 0.627108 + - + + - 

THICB2_v3_370050 1614132 1614824 CDS 

branched-chain amino acid transport protein (ABC superfamily, 

ATP_bind) UrtE - - - 0.718682 + + + + + 
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THICB2_v3_370051 1614852 1615700 CDS 

branched-chain amino acid transport protein (ABC superfamily, 

atp_bind) urtD - - - 0.737107 + + + + + 

THICB2_v3_370052 1615693 1616826 CDS 

branched-chain amino acid permease protein (ABC superfamily, 

membrane) urtC - - - 0.727396 + + + + + 

THICB2_v3_370053 1616833 1618473 CDS 

branched-chain amino acid permease protein (ABC superfamily, 

membrane) urtB - - - 0.738714 + + + + + 

THICB2_v3_370054 1618615 1619856 CDS 

branched-chain amino acid transport protein (ABC superfamily, 

peri_bind) urtA - - - 0.767728 + - + + + 

THICB2_v3_370055 1619939 1620133 CDS conserved protein of unknown function _ - - - 0.465632 + - - - - 

THICB2_v3_370056 1620201 1620503 CDS urease gamma subunit ureA - - - 0.829737 + - + + - 

THICB2_v3_370057 1620527 1620832 CDS urease beta subunit ureB - - - 0.635517 + - + + - 

THICB2_v3_370058 1620832 1622571 CDS urease alpha subunit ureC - - - 0.780676 + - + + - 

THICB2_v3_370059 1622595 1623227 CDS Lysine exporter protein (LYSE/YGGA) lysE - - - 0.529893 + + + + + 

THICB2_v3_370060 1623322 1623705 CDS death-on-curing protein Doc doc - - - 0.549416 + + + + + 

THICB2_v3_370061 1623702 1623926 CDS conserved protein of unknown function _ - - - 0.68384 + + + + + 

THICB2_v3_370062 1624028 1624552 CDS Urease accessory protein UreE ureE - - - 0.654117 + + + + + 

THICB2_v3_370063 1624491 1625246 CDS Urease accessory protein UreF ureF - - - 0.629131 + - + + + 

THICB2_v3_370064 1625243 1625920 CDS urease accessory protein ureG - - - 0.767491 - - + + - 

THICB2_v3_370065 1625924 1626574 CDS High-affinity nickel transport protein (fragment) _ -1SD - - 0.618839 - - + + + 
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Résumé  

Les liens entre la diversité et l'adaptation des populations bactériennes à leur environnement constituent une 

problématique importante en écologie microbienne. L'accès à de nombreux génomes permet aujourd'hui des 

avancées intéressantes dans ce domaine. Plusieurs souches du genre Thiomonas et appartenant à la même espèce, 

Tm. arsenitoxydans 3As et Tm. spp. CB1, CB2, CB3 et CB6, ont été isolées d'un drainage minier acide (DMA) à 

Carnoulès (Gard). La comparaison de leur génome a permis d'affiner leur phylogénie et de mettre au jour des 

différences de contenu génétique liées à des îlots génomiques. Certaines de ces différences ont été corrélées 

expérimentalement avec des différences fonctionnelles concernant l'oxydation de l'arsénite (As(III)), la dégradation 

de l'urée et la biosynthèse de biofilm, et confèrent potentiellement un avantage sur le site (meilleure résistance à 

l'As(III), précipitation des métaux et augmentation du pH, protection des cellules). La comparaison de la synténie 

des génomes de Tm. arsenitoxydans 3As  avec Tm. sp CB2 et Tm. intermedia K12 (non isolée de ce DMA) a montré 

que le génome de Tm. sp. CB2 a subi plusieurs remaniements importants. Ces types de réarrangements  pourraient 

être en partie à l'origine de l'apparition de variants "super-résistants" à l'As(III) dans la population. En particulier, 

plusieurs copies d'un élément intégratif et conjugatif portant l'opéron aioBA codant l'arsénite oxydase ont été 

détectées chez deux variants, ce qui pourrait en partie expliquer leur résistance accrue à l'As(III). La proportion de 

variants est plus importante en présence d'As(III) au sein des biofilms, et des données de transcriptomique ont en 

effet montré que ces remaniements seraient en partie causés par des systèmes de réparation de l'ADN suite à des 

dommages liés au stress oxydant induit par l'As(III). Le développement en biofilm et la présence d'As(III) modulerait 

donc la flexibilité génomique et le potentiel adaptatif de Tm. sp. CB2. Ces données suggèrent que cette souche, 

avec  Tm. sp. CB3, possèdent un génome visiblement plus flexible que les autres. Les souches Tm. arsenitoxydans 

3As et Tm. spp. CB1 et CB6, contrairement à Tm. spp. CB2 et CB3, forment un groupe distinct d'un point de vue 

phylogénétique et fonctionnel ("groupe 3As"), suggérant qu'elles occupent une niche écologique spécifique et 

pourraient constituer un écotype. La population de Thiomonas de ce DMA serait donc composée d'au moins un 

écotype stable et de souches au génome plus instable, dont le potentiel adaptatif plus important serait influencé 

par l'As(III) et le développement en biofilm.  

 

Abstract 

Understanding the link between diversity and adaptation in natural bacterial populations represents an important 

issue in microbial ecology. The amount of whole genome sequencing data currently available has allowed for 

interesting advances in this field. Several strains from the genus Thiomonas belonging to the species, 

Tm. arsenitoxydans (3As) and Tm. spp. (CB1, CB2, CB3 and CB6), were isolated from the acid mine drainage (AMD) 

at Carnoulès (Gard, France). Comparison among genomes allowed for a better definition of their phylogenetic 

relationships and highlighted differences in genetic content, which is essentially due to the presence of genomic 

islands. Some of these differences were experimentally correlated with functional traits concerning arsenite 

oxidation, urea degradation, and biofilm biosynthesis, and are potentially beneficial in situ (leading to an enhanced 

resistance to arsenite (As(III)), metal precipitation, and an increase in pH, ultimately protecting cells). The 

comparison of genome synteny of Tm. arsenitoxydans 3As, Tm. sp CB2, and Tm. intermedia K12 (not isolated from 

this AMD) show several important genomic rearrangements exist in Tm. sp CB2. This type of rearrangements could 

be involved in the emergence of arsenite "super-resistant" variants in the Tm. sp CB2 population. In particular, 

several copies of an integrative and conjugative element (ICE) containing the aioBA operon coding arsenite oxidase 

were detected in the genomes of two variants, which could explain their higher levels of resistance to As(III). The 

percentage of variants in biofilm culture is higher when grown in the presence of As(III), and transcriptomic data 

suggests that genomic rearrangements probably occurred through DNA repair systems following damage caused 

by As(III) induced oxidative stress. Therefore, biofilm development and As(III) appear to allow for the adaptation of 

Tm. sp. CB2 genome flexibility and evolutionary potential. These data suggest that CB2 and Tm. sp. CB3 have more 

flexible genomes than the other strains. Tm. arsenitoxydans 3As and Tm. spp. CB1 and CB6 form both a phylogenetic 

and functional cluster ("3As group") suggesting that they occupy a specific ecological niche and therefore could 

represent an ecotype of the genus Thiomonas. The Thiomonas population from the Carnoulès AMD might therefore 

consist of at least one stable ecotype as well as other strains with more instable genomes, whose higher adaptive 

potential could be affected by As(III) and biofilm development. 


