
HAL Id: tel-01178514
https://pastel.hal.science/tel-01178514

Submitted on 20 Jul 2015

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

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

Dynamique des génomes et évolution du métabolisme
lipidique chez les levures du clade Yarrowia

Stéphanie Michely

To cite this version:
Stéphanie Michely. Dynamique des génomes et évolution du métabolisme lipidique chez les levures
du clade Yarrowia. Génomique, Transcriptomique et Protéomique [q-bio.GN]. AgroParisTech, 2014.
Français. �NNT : 2014AGPT0021�. �tel-01178514�

https://pastel.hal.science/tel-01178514
https://hal.archives-ouvertes.fr


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

AgroParisTech 
UMR 1319 MICALIS 

AgroParisTech 78850 Thiverval-Grignon 
$

$

 

 

 

 

 

 

 

 

 

 

 

 

 

!
!
!
!
!
!
!
!
!
!
!

présentée et soutenue publiquement par 

 
Stéphanie MICHELY 

 
le 19 mai 2014 

 

 
Dynamique des génomes et évolution du métabolisme lipidique 

chez les levures du clade Yarrowia$

Doctorat ParisTech 
 

T H È S E 
pour obtenir le grade de docteur délivré par 

 

L’Institut des Sciences et Industries  
du Vivant et de l’Environnement 

(AgroParisTech) 
Spécialité : Science de la vie et santé 

Directeur de thèse : Cécile Neuvéglise $

Jury  
Mme Brigitte THOMASSET, DR CNRS, UMR 6022, Univ. de Technologie de Compiègne   Rapporteur 
M. Olivier LESPINET, MC Paris XI, UMR 8621 Institut de Génétique et Microbiologie    Rapporteur 
M. Thierry CHARDOT, DR INRA, UMR 1318 Institut Jean-Pierre Bourgin      Examinateur 
M. Jean-Denis FAURE, Pr AgroParisTech, UMR 1318 Institut Jean-Pierre Bourgin    Examinateur 
M. Emmanuel TALLA, MC Université de la Méditerranée, UMR 7283 LCB     Examinateur 
Mme Cécile NEUVEGLISE, DR INRA, UMR1319 Institut Micalis      Directeur de thèse 

 
 
 
 





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

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

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

!"!$$$$$$$$%&$0.&'-.$',)0)&1*$ 2$

6&&&%!&(*&-,&+%0"+'"*!&$%(&%(7%/%(&7+-/8%(&9& :&
3"#$$$$$$$$*.$4*15.$!"##$%&"$6$+.%$.(%5).$-1)7$.&$+*.)&$.77',$ 8$

3"!$$$$$$$$+'%,9%')$7:)&(.,.77.,$1%;$0.&'-.7$5%$4*15.$!"##$%&"$<$ =$

/8"7*!+%&1;&78<(*-$-0*%&/-)7"+"!*2%&'.&/$"'%&<"++-=*"& 16&

1&&&$%(&-#>%/!*?(& 16&
5&&&(!+"!%0*%&'@","$<(%&'%(&'-,,%%(&'%&/8+-)"!-0+"78*%& 1A&
6&&&B&/-)7"+"!*2%&78<(*-$-0<&-?&-$%"0*,-.(&(7%/*%(&?+-)&!8%&<"++-=*"&/$"'%&C& 1D&
A&&&/-,/$.(*-,& 1D&
"+!*/$%&1&;&4'-+1,1()>.$+?@7)'*'0@$'A$'*.10)&'%7$7+.4).7$A,'-$(?.$@1,,'B)1$4*15.& &&&&1E&&

/8"7*!+%&5&;&$%&)%!"#-$*()%&$*7*'*4.%&'.&/$"'%&<"++-=*"& 6F&

*G&$%(&-#>%/!*?(& 6F&

**G&*,!+-'./!*-,& AH&

1&&&*)7-+!&'%(&$*7*'%(& A5&
#"#$$$$$$$$?@5,'*@7.$5.7$(,)0*@4.,)5.7$6$*.7$*)+17.7$ /!$

#"!$$$$$$$$-%*()+*.7$>').7$-.(1C'*)9%.7$+'%,$*.7$7%C7(,1(7$?@5,'+?'C.7$ //$

#"3$$$$$$$$(,1&7+',($.($14()>1()'&$5.7$14)5.7$0,17$51&7$*.$4@('7'*$ /2$

5&&&'%0+"'"!*-,&'%(&"/*'%(&0+"(&"/!*2%(&'",(&$%(&7%+-I<(-)%(& A:&
!"#$$$$$$$$14()>1()'&$.($(,1&7+',($5.7$14)5.7$0,17$51&7$*.7$+.,';@7'-.7$ /8$

!"!$$$$$$$$C.(1$';@51()'&$6$%&$4@4*.$5.$,.14()'&7$.($+*%7).%,7$4'-+1,()-.&(7$ /D$

6&&&$@"/%!<$J/-"& D6&
3"#$$$$$$$$*1$7@&(?.7.$5.$*:14.(@*E4'1$ 23$

3"!$$$$$$$$(,1&7+',($5.$*:14.(@*E4'1$ 22$

3"3$$$$$$$$*:%()*)71()'&$5.$*:14.(@*E4'1$ 2F$

A&&&$%(&)%!"#-$*()%(&'%(&/-?"/!%.+(&;&,"'7&%!&,"'78& :H&
/"#$$$$$$$$*1$&1>.((.$,.5';$ 8#$

/"!$$$$$$$$*1$&1>.((.$4)(,1(.E';'0*%(1,1(.$51&7$*1$-)('4?'&5,).$ 8!$

/"3$$$$$$$$*1$&1>.((.$-1*1(.G';1*'14.(1(.$ 8!$

D&&&(<,!8%(%&,-'.$/$&'%(&"/*'%(&0+"(& :6&
2"#$$$$$$$$*.$5.4*.&4?.-.&($5.$*:144%-%*1()'&$ 83$

2"!$$$$$$$$*.$4@4*.$5.$*1$&.'$7@&(?.7.$5.7$14)5.7$0,17$ 83$

:&&&"//.).$"!*-,&(-.(&?-+)%&'%&$*7*'%(&,%.!+%(& :A&
8"#$$$$$$$$7@&(?.7.$5.7$(,)0*@4.,)5.7$ 8/$

8"!$$$$$$$$7@&(?.7.$5H.7(.,7$5.$7(.,'*7$ 88$

8"3$$$$$$$$*.7$4',+7$*)+)5)9%.7$ 88$

***G&+%(.$!"!(& :E$
1&&&$%(&A&,-.2%".I&0%,-)%(&'.&/$"'%K%!&/%$.*&'%&-$8*& :E&
5&&&(!+"!%0*%(& L6&
!"#$$$$$$$$,.4'&7(,%4()'&$5%$-.(1C'*)7-.$*)+)5)9%.$ F3$

!"!$$$$$$$$5.A)&)()'&$5.7$A1-)**.7$5.$0.&.7$ F/$

6&&&+%/-,(!+./!*-,&'.&)%!"#-$*()%&$*7*'*4.%& L:&
A&&&'%&,-.2%".I&0%,%(&7-.+&$%&)%!"#-$*()%&$*7*'*4.%& LL&
/"#$$$$$$$$*:1*4''*$0,17$5.7?@5,'0.&17.$A1'$ FF$

/"!$$$$$$$$*.7$14@*E4'1$7@&(?.(17.$A11$ FD$

/"3$$$$$$$$*:14.(@*E4'1$7@&(?.(17.7$147!$51&7$*.7$+.,';@7'-.7$<$ F=$

/"/$$$$$$$$*:14@*E4'1$(?)'.7(.,17.$$(.7#$ F=$

/"2$$$$$$$$*.$(,1&7+',(.%,$5.$+@,%>1(.$-)('4?'&5,)1*$4'5.$+1,$-+4#$.($-+4!$ F=$



!"#$$$$$$$$%&'($&$)*$+,-.'/0/$1+23+$ 45$
!"6$$$$$$$$'&$78,0,&+(3$+,&89:&*;</:&;/$;29=$ 4=$
!"4$$$$$$$$)*/$;/+,*3/$9>'7$ 4?$
!"@$$$$$$$$'&$1/9&$,0%3&9(,*$-(9,+A,*3:(&'/$ 47$
!"=5$$$$$$$$'&$*/,8;%*9A/;/$-(9,+A,*3:(&'/$3/;$&>$ 4!$
!"==$$$$$$$$'/;$/*B%-/;$&)0('(&(:/;$ 4C$
!"=?$$$$$$$$+&;$3D/E,')9(,*$3/$'D/.(;;&>/$&'9/:*&9(<$ 46$

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

%-./!012$3$4$(52"&()0!&'$62*$72'&82*$20$6)$820.9&(!*82$ +:$

!#$(2*$&9;2%0!<*$ +:$

!!#$!'01&6)%0!&'$ +=$

,$$$2"&()0!&'$62*$72'2*$20$*2(2%0!&'$ +=$
="=$$$$$$$$'/;$;)1;9(9)9(,*;$&<</+9&*9$)*$>/*/$ @6$
="?$$$$$$$$'D/9)3/$3/$'&$;/'/+9(,*$ =55$
>$$$(.$%12.0!&'$65)'2$<.8!((2$62$72'2*$ ,?>$
?"=$$$$$$$$'/;$3).'(+&9(,*;$ =5?$
?"?$$$$$$$$'/;$-/+&*(;-/;$&$'D,:(>(*/$3/$'&$3).'(+&9(,*$>/*(F)/$ =54$
3$$$@)52*0$%2$@)5)'2$<.8!((2$62$72'2*$A$ ,,3$
7"=$$$$$$$$A,-,',>)/G$,:9A,',>)/G$.&:&',>)/$,)$,A*,',>)/;$H$ ==7$
7"?$$$$$$$$'/;$>:,)./;$3D,:9A,',>)/;$/9$3/$.&:&',>)/;$ ==!$
B$$$(52"&()0!&'$62*$<.8!((2*$62$72'2*$ ,,:$
!"=$$$$$$$$'/$.:,+/;;);$3/$<(0&9(,*$*/)9:/$ ==C$
!"?$$$$$$$$<(0&9(,*$.&:$'&$;/'/+9(,*$.,;(9(E/$ ==@$
!"7$$$$$$$$/E,')9(,*$3(E/:>/*9/G$+,*+/:9I/$/9$J$1(:9A8&*383/&9A$K$ =?=$
:$$$1201.%21$(5-!*0&!12$2"&()0!"2$62*$<.8!((2*$62$72'2*$ ,>3$
C"=$$$$$$$$(3/*9(<(+&9(,*$3/;$,:9A,',>)/;$.&:$A,-,',>(/$/9$;%*9/*(/$ =?7$
C"?$$$$$$$$'&$.A%',>/*(/$3D)*/$<&-(''/$3/$>/*/$ =?!$
C"7$$$$$$$$(*+,*>:)(9/$/*9:/$&:1:/$3/$>/*/;$/9$&:1:/$3D/;./+/;$,)$&:1:/;$+,*;/*;);$ =?C$

!!!#$*01.027!2$ ,>C$

,$$$(.$%&'*21".0!&'$62*$/1&02!'2*$ ,>C$
>$$$(2*$/12**!&'*$62$*2(2%0!&'$ ,>D$
3$$$12%&'*01)%0!&'$62*$*%2'.1!&*$2"&()0!<*$62*$<.8!((2*$62$72'2*$ ,>+$
B$$$*01.027!2$62*$*%1!/0*$ ,3>$
!"=$$$$$$$$;+:(.9$=$L$3*M3;$ =7?$
!"?$$$$$$$$;+:(.9$?$L$/E,')9(,*$3/;$<&-(''/;$3)$-/9&1,'(;-/$'(.(3(F)/$ =7!$
!"7$$$$$$$$;+:(.9$7$L$'&$;%*9/*(/$ =7C$

"!#$12*)(0.0*$ ,3C$

,$$$")2$652'*289(2$62$(52"&()0!&'$62$%2$820.9&(!*82$ ,3C$
="=$$$$$$$$/0(;9/*98(';$3/;$E,(/;$3)$-/9&1,'(;-/$'(.(3(F)/$F)($/E,')/*9$3(<</:/--/*9$H$ =76$
="?$$$$$$$$>/*/;$3)$-/9&1,'(;-/$'(.(3(F)/$E;"$>/*,-/;$+,-.'/9;$ =7@$
>$$$2"&()0!&'$62*$<.8!((2*$62$72'2*$ ,B>$
?"=$$$$$$$$3/;$<&-(''/;$3%*&-(F)/;$/*$/0.&*;(,*$3&*;$'/$+'&3/$ =!?$
?"?$$$$$$$$E/:;$)*/$+,*9:&+9(,*$3/;$<&-(''/;$H$ =!C$
?"7$$$$$$$$3/;$<&-(''/;$;,);$.:/;;(,*$ =!4$
3$$$20$/()*$/12%!*282'0$A$ ,B+$
7"=$$$$$$$$.,0G$)*$/0/-.'/$3/$<&-(''/$./)$3%*&-(F)/$ =!@$
7"?$$$$$$$$'/;$/;9G$)*$+&;$3D/+,'/$ =C!$
7"7$$$$$$$$'(.G$)*$/0/-.'/$3/$<&-(''/$9:/;$3%*&-(F)/$ =C#$
.10!%(2$>$4$/E,')9(,*&:%$>/*,-(+;L$&*$/<<(+(/*9$9,,'$9,$/0.',:/$/*B%-/$3(E/:;(9%$&*3$>)(3/$9A/(:$
/*>(*//:(*>$ $$$,:+$

"#$$$%&'%()*!&'$ >?C$

6!*%)**!&'$20$/21*/2%0!"2*$$$$ >,,$



! "!

Introduction Générale 

!

1  Les levures, des organismes modèles en 

génomique 
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#$%&! '(! ')%*(+*(! ,-)./('*01! 2(! 3)%! 45)/(*! 2(! *67&(! 8*$0*! 2(! ')345(%25(! ,-89),:*0)%! 2:!

38*$.),0&3(! ,04020;:(! $:! &(0%! 2:! ',$2(! !"##$%&"! (*! 2(! 28*(530%(5! ,(&! 38'$%0&3(&! 89),:*01&!

034,0;:8&<!(%!,0$%*!=8%)30;:(!')34$5$*09(!(*!=8%)30;:(!1)%'*0)%%(,,(!,)5&;:(!'(,$!(&*!4)&&0.,(>!!

?(!45)/(*!'):95(!$,)5&!2(:+!$&4('*&!@! ,A$%$,B&(!')34$58(!2:!38*$.),0&3(!,04020;:(!2(&!(&47'(&!

2:!',$2(!(*!,A$%$,B&(!')34$58(!2(&!=8%)3(&!2:!',$2(>!

C(&!.:*&!4):5&:090&!8*$0(%*!,(&!&:09$%*&!@!

- C-8*$.,0&&(3(%*!2(&!45)10,&!468%)*B40;:(&!2(&!(&47'(&!2:!',$2(!!"##$%&"!&:5!201185(%*&!

30,0(:+!2(!'5)0&&$%'(!$10%!2-8*:20(5!,A83(5=(%'(!2:!'$5$'*75(!),8$=0%(:+!2$%&!'(!',$2(>!

- C$! 5(')%&*5:'*0)%! 2:!38*$.),0&3(! ,04020;:(! '6(D!!'( )&*$)+,&-"! (*! ,(&! $:*5(&! (&47'(&! 2:!

',$2(!(%!:*0,0&$%*!,(&!2)%%8(&!20&4)%0.,(&!2(!=8%)30;:(!(*!2(!*5$%&'504*)30;:(!$10%!2(!

&$9)05!&0!,(:5!38*$.),0&3(!,04020;:(!$!,(&!3E3(&!&48'010'0*8&!;:(!'(,:0!2(!!'()&*$)+,&-"'!

- C$!45)4)&0*0)%!2(!%):9($:+!=7%(&! '$%202$*&!4):5! ,(&!8*$4(&!2:!38*$.),0&3(! ,04020;:(!

%)%!58&),:(&>!

- C-8*:2(! 2(&! 45)10,&! *5$%&'504*)30;:(&! 2(&! (&47'(&! &:5! 2(&! 30,0(:+! ,04020;:(&! F$'02(!

),80;:(<!*50=,B'8502(&G!(%!&-0%*85(&&$%*!$:!%09($:!2-(+45(&&0)%!2(&!=7%(&!034,0;:8&!2$%&!

,(!38*$.),0&3(!2(&!,0402(&>!

- C$! '$5$'*850&$*0)%! 2(! ,-89),:*0)%! 2(&! =7%(&! 2:! 38*$.),0&3(! ')34$58(! H! '(,,(! 2(&!

=8%)3(&!')34,(*&>!

- C$!5(')%&*5:'*0)%!2(&!&'8%$50)&!89),:*01&!2(&!1$30,,(&!2(!=7%(&!2:!',$2(<!$10%!2(!3(**5(!

(%!8902(%'(!2A89(%*:(,,(&!(+4$%&0)%&!):!')%*5$'*0)%&!2(!1$30,,(&>!
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Chapitre 1 :    

Physiologie comparative du clade Yarrowia 
!

!

1  Les objectifs 
!
!"##$%&"'(&)$(*+&,"!$%&!'()(*+$!,$!)-.%%$/!%./!,$!0-1*/$.2!%.*%&/(&%!34,/-)3-*$%!&$+%!5.$!+$%!

(+'(0$%!-.!('6,$%!7/(%8!9:$%&!.0$!+$;./$!-+<(760$.%$!(4(0&!,$!7/(0,$%!'()('6&<%!,$!%40&3=%$!$&!,$!

%&-'>(7$! ,$%! ('6,$%! 7/(%8! 9$%! '(/('&</6%&65.$%! ?-0&! ,$! '$&&$! +$;./$! .0!1-,=+$! )-./! +:<&.,$! ,.!

1<&(*-+6%1$!+6)6,65.$8!!

@;(0&! ,$! '-11$0'$/! A! %:60&</$%%$/! A! +:<;-+.&6-0! ,.! 1<&(*-+6%1$! +6)6,65.$! ,(0%! +$! '+(,$!

!"##$%&"B!0-.%!(;-0%!,<'6,<!,:<&.,6$/!+C<1$/7$0'$!,.!'(/('&=/$!-+<(760$.2!,(0%!'$!'+(,$8!9$&&$!

<&.,$!$%&!)/<%$0&<$!'6D,$%%-.%!%-.%!?-/1$!,:.0!(/&6'+$!).*+6<!,(0%!EFGH!GIJ!$0!KL"#B!M-+.1$!NB!

O%%.$!P8!

!

F:-*Q$'&6?!,$!'$&&$!)(/&6$!<&(6&!,$!/<)-0,/$!A!,6??</$0&$%!5.$%&6-0%!R!!

• H./!5.$+%!16+6$.2!)-.%%$0&!+$%!,6??</$0&$%!$%)='$%!,.!'+(,$!$&!GFSO!T!!

• G0&D$++$%!+$%!1U1$%!'(/('&</6%&65.$%!5.$!V@FO!T!!

• W.$++$%!%-0&!+$./%!'()('6&<%!,$!%&-'>(7$!$&!,$!%40&3=%$!,$%!('6,$%!7/(%!T!

• H-0&X$++$%!&-.&$%!-+<(760$.%$%!T!

!

F-/%5.$!'$&&$!<&.,$!(!<&<!/<(+6%<$!0-.%!,6%)-%6-0%!,$!%-.'3$%!%(.;(7$%!,$!N!$%)='$%!,.!'+(,$!R!

V@FOB! V@Y@B!V@V@B!V@ZJB!V@ESB!V@SGB!V@GHB!V@@F!$&!,$! +:$%)='$! $2&$/0$! (.! '+(,$!GFSO8! F$%!

,-00<$%! )34%6-+-765.$%! ,6%)-06*+$%! )-./! '$%! $%)='$%! %-0&! (.Q-./,:3.6! $0'-/$! +616&<$%B! $&!

)/-;6$00$0&!)/60'6)(+$1$0&!,$%!&$%&%!,C(%%616+(&6-0!$??$'&.<%!+-/%!,$!+$./!6,$0&6?6'(&6-08!O+!(;(6&!

,<QA! <&<! 1-0&/<! 5.$! &-.&$%! '$%! $%)='$%! )/<%$0&$0&! .0$! ,6;$/%6&<! )3<0-&4)65.$! [\./&]1(0B!

KL""^8!

!

I-.%!(;-0%!(+-/%!<&.,6<! +$%! '()('6&<%!,$!_!%-.'3$%!A!.&6+6%$/!,6;$/%! %.*%&/(&%!34,/-)3-*$%!-.!

0-0!34,/-)3-*$%!'-11$!)/60'6)(+$!%-./'$!,$!'(/*-0$8!9$%!%-.'3$%!<&.,6<$%!'-//$%)-0,$0&!(.2!

%-.'3$%!&4)$%!,$!'3('.0$!,$%!_!$%)='$%B!%(.?!)-./!V@FOB!)-./!+(5.$++$!0-.%!(;-0%!)/6%!+(!%-.'3$!

`K_B! '(/! +(! %-.'3$! &4)$! a"Kb! $%&! ,6)+-c,$8! I-.%! (;-0%! <7(+$1$0&! <&(*+6! +$%! '60<&65.$%! ,$!



!"#$%&'()*)+),"-.%/0/1%()2/3$#'#&%4()56)20#5()!"##$%&")

) *7)

2'/%..#82().6')1062/.()(&).6')#2%5()/09%:6(;),6%.)8/6.)#4/8.)59<%8%)0(6'.)$'/<%0.)0%$%5%:6(.=)#%8.%)
:6()0(6')2#$#2%&9)>)#226360(')(&)>).-8&"9&%.(')5(.)0%$%5(.;))
)

2  Stratégie d’analyse des données de 

chromatographie 
)
,/6') &(.&(') 0(.) 2#$#2%&9.) 5() .&/2?#1() (&) 5() .-8&"@.() 5(.) #2%5(.) 1'#.) 8/6.) #4/8.) 5/.9=) $#')
2"'/3#&/1'#$"%() (8) $"#.() 1#A(6.() BC!D=) 0#) :6#8&%&9) 5() 0%$%5(.) $'9.(8&.) 5#8.) 0(.) 2(0060(.) 5(.)
5%<<9'(8&(.) ./62"(.) #-#8&) $/6..9) ./%&) .6') 1062/.(=) ./%&) .6') #2%5() /09%:6() >) 5%<<9'(8&.) .&#5(.)
$"-.%/0/1%:6(.;) E<%8) 5F94%&(') 0F#8#0-.() 3#86(00() 5F68) 1'#85) 8/3G'() 5() 5/889(.) HF#%) 92'%&) 68)
.2'%$&)(8),-&"/8)(&)I)BJ%16'()*;*D;)

!"#$%&'()(' *)K&'#&91%()56).2'%$&)$('3(&&#8&)5F#8#0-.(') 0(.)'9.60&#&.)G'6&.)5()5/.#1()5(.) 0%$%5(.)
$#')2"'/3#&/1'#$"%()(8)$"#.()1#A(6.(;)



! "#!

$%!&'()*+!*(%,-!%,!%,+(.%!/%&!-0,,.%&!1(2+%&!&0(+)%&!-%!/3!4$!%+!*%2+!3''%*+%(!-)55.(%,+&!+6*%&!-%!

'0,-)+)0,&!7!'08*3(%(!+%//%&!92%!/%!&+3-%!*:6&)0/0;)92%<! /%!8)/)%2<! /=%&*>'%<! /3!&02':%!?82+3,+%!

02!,0,@A!B3,&!/%!'3&!-%!'%++%!.+2-%!,02&!3C0,&!'08*3(.!/%&!-0,,.%&!01+%,2%&!%,!50,'+)0,!-2!

8)/)%2<!%,!50,'+)0,!-%!/3!&02':%!%+!%,!50,'+)0,!-%!/3!*:3&%!-%!'(0)&&3,'%D!

!

E%!&'()*+!;.,>(%!3/0(&!-%&!+31/%32F!%+!-%&!;(3*:)92%&!*%(8%++3,+!-%!'08*3(%(!/%&!'0,+%,2&!%,!

/)*)-%&!&%/0,!/%&!'0,-)+)0,&!.+2-).%&D!B3,&!,0+(%!'3&!)/!;.,>(%!+(0)&!+6*%&!-%!;(3*:)92%&!G!

H! E3! 923,+)+.! -%! /)*)-%&! +0+32F! *02(! +02+%&! /%&! &02':%&! 32F! -)55.(%,+&! &+3-%&! *:6&)0/0;)92%&<!

-0,,.%!%,!8)'(0;(388%!02!%,!*02('%,+3;%!-2!*0)-&!&%'!-%!/3!'%//2/%!?I!$BJ@!/0(&92%!92%!/%!

*0)-&! %&+! (%,&%);,.D! $%&! ;(3*:)92%&! *%(8%++%,+! -%! '08*3(%(! /3! '3*3')+.! ;/013/%! -%! &6,+:>&%!

%+K02!-%!&+0'L3;%!-%&!&02':%&!%+!/%2(!*(05)/!%,!50,'+)0,!-2!+%8*&D!

H!E%!+6*%!%+!/3!923,+)+.!-%!':3'2,!-%&!'08*0&.&!&+0'L.&!%+K02!&6,+:.+)&.&!*02(!2,%!&02':%<!%,!

50,'+)0,!-2!&+3-%!*:6&)0/0;)92%D!$%/3!*%(8%+!-%!(%*.(%(<!*02(!':392%!&+3-%!*:6&)0/0;)92%<! /%&!

'08*0&.&!92)! &0,+! 3''282/.&! 7!*3(+)(!-2!8)/)%2<! '%2F!92)! &0,+!2+)/)&.&!*3(! /3! '%//2/%<! '%2F!92)!

&0,+!&+0'L.&!%+!'%2F!92)!&0,+!,.0!&6,+:.+)&.&D!M02&!*02C0,&!-0,'!%,!-.-2)(%!/%&!'),.+)92%&!-%!

&+0'L3;%!%+!-%!(%801)/)&3+)0,!-%!':392%!&02':%D!

H! E%! +(0)&)>8%! +6*%! -%! ;(3*:)92%! ;.,.(.! (%*(.&%,+%! *02(! 2,! '08*0&.! *(.&%,+! &3! 923,+)+.! %,!

50,'+)0,!-%!/3!&02':%!%+!-2!+%8*&D!$%&!;(3*:)92%&!&0,+!&2(+02+!2+)/%&!-3,&!/%!'3&!-%&!.+2-%&!-%!

-)55.(%,'%&!%,+(%!2,%!&02':%!&32C3;%!%+!2,!82+3,+!92%!/=0,!':%(':%!7!38./)0(%(!*02(!/%!&+0'L3;%!

%+K02!/3!&6,+:>&%!-=2,!'08*0&.!%,!*3(+)'2/)%(D!

!

3  « Comparative Physiology of Oleaginous 

Species from the Yarrowia Clade » 
!

$%++%!.+2-%!-%!*:6&)0/0;)%! '08*3(3+)C%!3!-0,,.%! /)%2!7! /3!*21/)'3+)0,!-=2,!3(+)'/%! &')%,+)5)92%!

*(.&%,+.!7! /3!5),!-%!'%!$:3*)+(%<!*3;%&!"N!7!O#D!P02(!.C)+%(!+02+%!'0,52&)0,<! )/!%&+! )8*0(+3,+!-%!

,0+%(! 92=32! 808%,+! -%! /3! (.-3'+)0,! -%! '%! *3*)%(! ,02&! '0,&)-.()0,&! QERS! '088%! %&*>'%!

3**3(+%,3,+! 32! '/3-%!!"##$%&"! %+! ,02&! /=3**%/)0,&! %,'0(%!!"##$%&"' (&)*"+&,+)&)<! -0,'! 31(.;.!

TURS!?C0)(!$:3*)+(%!O<!SSS<!"@D!!

!

4  Conclusion 
!

E%!*(%8)%(!3&*%'+!-%!'%!*(0V%+!-%!+:>&%!'0,&)&+3)+!7!-.+%(8),%(! /3!*:6&)0/0;)%!-%!W!%&*>'%&!-2!

'/3-%!!"##$%&"'35),!-%!(.*0,-(%!7!*/2&)%2(&!92%&+)0,&!G!&2(!92%/&!8)/)%2F!*02&&%,+!'%&!%&*>'%&!X!

Q,+H%//%&!/%&!8Y8%&!'3*3')+.&!-%!&+0'L3;%!%+!-%!&6,+:>&%!-%&!/)*)-%&!92%!TUES!X!Z+!0,+H%//%&!/%&!



!"#$%&'()*)+),"-.%/0/1%()2/3$#'#&%4()56)20#5()!"##$%&")

) *7)

383(.) 2#'#2&9'%.&%:6(.):6();<=>)?) ,/6') '9$/@5'() A) 2(.):6(.&%/@.)@/6.) #4/@.)6&%0%.9)5%4('.(.)

&(2"@%:6(.)5()3%2'/B%/0/1%()(&)5()B%/2"%3%()&(00(.):6()0(.)&(.&.)5()2'/%..#@2()(@)3%0%(6)0%:6%5()(&)

./0%5(C) 0D9&#B0%..(3(@&) 5() 2%@9&%:6() 5() 2'/%..#@2() (&) 0D(E&'#2&%/@) (&) 0() 5/.#1() 5(.) 0%$%5(.) $#')

2"'/3#&/1'#$"%()(@)$"#.()1#F(6.(G))

)

,/6')0(.)&(.&.)5()260&6'(.)@/6.)#4/@.)6&%0%.9)H)&-$(.)5().6B.&'#&.)+)5(.).6B.&'#&.)"-5'/$"/B(.)(&)

5(.) .62'(.G) =(.) .6B.&'#&.)"-5'/$"/B(.)3(&&(@&) (@) I(6) 2"(F);<=>) 0(.) 2#$#2%&9.)5() .&/2J#1(C) 5()

.-@&"K.() (&) 5() 591'#5#&%/@) 5(.) 0%$%5(.) &#@5%.) :6() 0(.) .62'(.) 3(&&(@&) (@) I(6) 0(.) 2#$#2%&9.) 5()

.-@&"K.() '() *$+$) 5(.) 0%$%5(.G) L/6.) #4/@.) #0/'.) M#%&) 5(.) &(.&.) (@) 1/6&&(.) .6') 2/3$/.9.)

"-5'/$"/B(.C) 5() &-$(.) 0%$%5(.) (&) #02#@(.C) #00#@&) 56) !N) #6) !HH) (&) @/6.) #4/@.) M#%&) 5(.) &(.&.) 5()

2'/%..#@2().6').62'(.)(@)6&%0%.#@&)5(.)1#0('%(.)<,>)(&)5(.)260&6'(.)(@)3%2'/$0#:6(.G)L/6.)#4/@.)

#0/'.) &(.&9) NN)3%0%(6E) 5%MM9'(@&.) 5() &-$() .62'(.C) .6B.&'#&.) "-5'/$"/B(.) (&) @/@) "-5'/$"/B(.G)

L/6.)#4/@.)$06.)$#'&%260%K'(3(@&)9&65%9)0(6')2'/%..#@2().6')1062/.()(&)#2%5()/09%:6(G)!(2%)@/6.)#)

$('3%.) 5() 59&('3%@(') 0(6') 2#$#2%&9) 5() .&/2J#1() (&) 5() .-@&"K.() 5(.) #2%5(.) 1'#.) A) O) 9&#$(.)

5%MM9'(@&(.)5()0#)$"#.()(E$/@(@&%(00()5()2'/%..#@2()#%@.%)0()&-$()5()2/3$/.9.)0%$%5%:6(.).&/2J9.)

(&).-@&"9&%.9.G),/6')&/6&(.)2(.)9&65(.)@/6.)#4/@.)'(@2/@&'9)6@)$'/B0K3()5()'($'/562&%B%0%&9)5(.)

3#@%$60#&%/@.)#4(2)0(.)(.$K2(.)#6&'(.):6();<=>C)$'/4(@#@&)$'/B#B0(3(@&)56)M#%&):6()2()./@&)5(.)

./62"(.) .#64#1(.) 2/@&'#%'(3(@&) A) ;<=>) :6%) (.&) $'/B#B0(3(@&) 3#%@&(@#@&) 6@() ./62"()

5/3(.&%:69(G)>0)#6'#%&)#0/'.)9&9)$06.)'%1/6'(6E)5D#613(@&(')0()@/3B'()5()'9$0%2#&.)B%/0/1%:6(.G)

PD#6&'()$#'&)@/6.)#4/@.)&(.&9)6@().(60()2/@2(@&'#&%/@)5().6B.&'#&)$/6')2"#:6()3%0%(6)5()260&6'()

#0/'.) :6() @/6.) .#4/@.) 3#%@&(@#@&) :6() 0(.) '9$/@.(.) 5(.) ./62"(.) 4#'%(@&) '#5%2#0(3(@&) (@)

M/@2&%/@) 5() 0#) :6#@&%&9) 5() .6B.&'#&.G) Q&) (@M%@) @/6.) @D#4/@.) &(.&9) :6D6@() ./62"() $#') (.$K2(G)

R#2"#@&) :6() 2"#:6() ./62"()5D6@()383()(.$K2()$(6&) 8&'() %./09()5()3%0%(6E) (&) 5() 19/1'#$"%(.)

&'K.) 4#'%#B0(.C) 2(&&() 9&65() @() @/6.) $('3(&) $#.) 5() 19@9'#0%.(') @/.) '9.60&#&.) A) 0D(@.(3B0() 5()

0D(.$K2(G),#')(E(3$0(C)@/6.)#4/@.)/B.('49)6@()%@2#$#2%&9)5()0#)./62"()M'#@S#%.()THU)5();<=>)A)

$/6..(').6')M'62&/.()A)0#)2/@2(@&'#&%/@)&(.&9()&#@5%.):6()5D#6&'(.)$('./@@(.)5()@/&'()9:6%$()/@&)

3/@&'9):6()0#)./62"()#00(3#@5()VHHH)5();<=>)$/6..()&'K.)B%(@).6')2().62'(G)

=(.)'9.60&#&.)/B&(@6.)5#@.)2(&&()9&65()5()$"-.%/0/1%()2/3$#'#&%4()@/6.)/@&)$('3%.)5()2/@206'()

:6()&/6&(.)0(.)./62"(.)&(.&9(.C)2/33();<=>C)./@&)2#$#B0(.)5()$/6..(').6')6@()0#'1()1#33()5()

3%0%(6E)#02#@(.)(&)#2%5(.)1'#.)#4(2)5(.)'9$/@.(.)091K'(3(@&)5%MM9'(@&(.)(@)M/@2&%/@)56)&-$()5()

2/3$/.9)(&)5()0#)0/@16(6')5(.)2"#%@(.)2#'B/@9(.)5(.).6B.&'#&.G),#')(E(3$0(C);<,V)(&)W=V>)/@&)

6@()3(%00(6'()2#$#2%&9)A)2'/%&'().6')#2%5()/09%:6(G),#')2/@&'(C)0(6')6&%0%.#&%/@)5(.).6B.&'#&.)@/@)

"-5'/$"/B(.)2/33().(60()./6'2()5()2#'B/@()(.&)&'K.) 0%3%&9()2#'C)$#'3%)&/6.) 0(.).62'(.)&(.&9.C)

(00(.)@()./@&)2#$#B0(.)5()2'/%&'():6().6')0(.)3%0%(6E)1062/.(C)M'62&/.()(&)10-29'/0G)>0)(.&)91#0(3(@&)

%@&9'(..#@&)5()'(3#':6('):6()0(6'.)2#$#2%&9.)A)$/6..(').6')0(.)5%MM9'(@&.).6B.&'#&.)@().(3B0(@&)

$#.) 8&'() 0%9.) A) 0(6') $"-0/19@%(G) !(2%) .611K'() :6D%0) -) #) 5(.) $('&(.) /6) 1#%@.) 5() M/@2&%/@) (.$K2()

.$92%M%:6(C)./%&)#6)@%4(#6)5()0(6')2/@&(@6)(@)1K@()./%&)#6)@%4(#6)5()0(6')'9160#&%/@)5(.)1K@(.G))



! "#!

$%!&'(!&')*!+,-%.(!/01')2(!&'!3'..'!4.)&'!'(.!560+.-.)&'!&'!789:;!56'(+<3'!,).=>2,)+!&)!350&';!?!

+,)(('2! ()2! )%! +5)(! 502>'! +0%'5! &'! ()@(.20.(! 0-%(-! A)'! (0! 30+03-.4! ?! (.,3B'2! 1)(A)6?! CDE! &'!

5-+-&'(! &'! +5)(! A)'! FG8:! &0%(! %,(! 3,%&-.-,%(H! I'..'! 4.)&'! +503'! 05,2(! 789:! 3,//'! )%!/,&'5!

+2,/'..')2! &0%(! 5'! /-5-')! &'(! @-,.'3J%,5,>-'(! /0-(! 0)((-! 3,//'! )%! 24('2K,-2! &'! ><%'(!
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Additional Figure S1: Growth curves of YAAL on YPD at different temperatures. The 
growth curves at 15°C, 21°C and 25°C are represented in blue with squares, in green 
with dots, and in red with triangles, respectively. 
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Additional Figure S2: Drop tests on YP (A) and MMB (B) media with alkanes 
and methyl-esters of different chain length. Only one spot is presented for strains 
YALI, YADE, YAGA, YAYA and YAOS. Strains are represented by an 
abbreviation of their species name as shown in Table 1. 
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Additional Figure S3: Growth curves established on oleic acid 2% (A) and glucose 2% (B) media for the strains 
of the Yarrowia clade during 50 h. Strain names are abbreviated as follows: YALI (Y. lipolytica W29), YAYA (C. 
yakushimensis CBS10253), YADE (C. deformans CBS2071), YAGA (C. galli CBS9722), YAOS (C. oslonensis 
CBS10146), YAHO (C. hollandica CBS4855), YAPH (C. phangngensis CBS10407), YAAL (C. alimentaria 
CBS10151), YAHI (C. hispaniensis CBS9996).  
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Additional Figure S4: Growth curve and time points used for YAGA cultivated on Glucose (2%). Experimental growth curve is in 
red. Horizontal dotted lines correspond to the maximum OD, to the 1/2 and to the 1/5 of OD max. Circles, triangles and diamonds 
indicate OD at the time points used for lipid accumulation tests at 4.6 h, 11.6 h and 23.7 h of culture, respectively.  
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Additional Table S2: Primers used for amplification of the protein-coding genes.

YALI gene Primer name Sequence
YALI0B18722g MS456_F TTACACYGTGACAAGTGTG

MS456_R ATACCAGCCTTGGARATGGA
YALI0B08756g MS277_2F AKGGTGTCAACTGGCGWGAT

MS277_2R CACCGCCTTGAACCAGTTG
YALI0A00264g MS444_F CAACATYAAGGAHGGCCGATT

MS444_R CRATGTCCTTCTTGAGCTTCT
YALI0B16434g MS561_F GATAACGAGGCAATTGCCAT

MS561_R GATTCGCACCATCCACAGG
YALI0A02695g FG598_F GTGTGGTACKSTCACAACGG

FG598_R ACATCCTTGGCWTCCTGSCC
YALI0D11220g FG610_1F TTCAAGCAGGGATAYCAGAC

FG610_R ACACCRTCATCAATGGCYCGC
YALI0C09141g EF1U1 CCACTGGTCACCTTATCTAC

EF1F1 AACGGTCTGTCGCATGTCTC

Degenerate primers were used to allow PCR amplification of the YALI 
homologues in each of the eight species of the Yarrowia clade

YN YP YN YP YN YP YN YP
YALI ++ + +++ - - ++ - -
YAYA - - - - - - - -
YADE +/- ++ - - - - - -
YAGA - - - - - ++ - -
YAOS ++ ++ - - - - - -
YAHO ++ + - - - + - -
YAPH + +++ +/- ++ - ++ - +
YAAL + - - - - - - +
YAHI - - +/- ++ - - - -

a) Strains are indicated as: YALI = Y. lipolytica W29, YAKU = C. yakushimensis CBS10253, YADE = C. deformans
CBS2071, YAGA = C. galli CBS9722, YAOS = C. oslonensis CBS10146, YAHO = C. hollandica CBS4855, YAPH = C. 
phangngensis CBS10407, YAAL = C. alimentaria CBS10151, YAHI = C. hispaniensis CBS9996

Strainsa

Additional Table S3: Presence of halo on solid hydrophobic media 

methyl decanoate (C10)tributyrin (C4) triolein (C18:1)oleic acid (C18:1)
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Time Mean Mean lipid 
content

Cell dry 
weight* Time

(hour) OD (% CDW) (mg) (hour)
1/5 8.2 8.4 (±0.1) 41.9 (±2.0) 5.3 (±0.4) 8.1
1/2 17.3 30.4 52.2 (±0.6) 4.5 (±0.1) 10.7
Max 25.3 34.3 (±1.9) 48.9 (±0.7) 5.0 (±0.2) 15.0
1/5 7.8 8.1 (±1.9) 34.4 (±3.0) 5.3 (±0.2) 9.8
1/2 14.6 19.1 (±0.4) 31.4 (±0.4) 5.1 (±0.1) 11.7
Max 25.1 29.5 (±0.1) 15.2 (±1.9) 4.4 15.0
1/5 10.2 5.7 (±0.4) 42.7 (±1.8) 6.3 (±0.1) 8.7
1/2 25.3 9.7 (±2.2) 44.5 (±2.9) 11.6 (±2.0) 11.4
Max 36 18.9 (±0.5) 37.9 9.0 (±0.4) 16.0
1/5 9.7 3.6 (±0.3) 45.3 (±1.6) 6.7 (±0.1) 8.8
1/2 17.1 15.6 (±0.6) 39.0 (±0.7) 5.1 (±0.1) 10.7
Max 26.4 24.5 (±0.8) 36.5 (±0.5) 3.5 (±0.3) 15.0
1/5 8.6 2.4 (±0.2) 21.0 (±1.6) 5.5 (±0.4) 9.5
1/2 16.3 14.9 (±0.1) 27.4 (±0.2) 5.2 (±0.2) 11.5
Max 28.7 15.2 (±1.3) 29.4 (±1.1) 4.4 (±0.3) 16.0
1/5 7.5 11.4 (±0.5) 38.4 (±0.6) 4.8 (±0.1) 7.5
1/2 15.5 26.9 (±2.3) 45.8 (±1.0) 3.6 (±0.3) 9.5
Max 21.1 21.4 (±0.5) 49.3 (±0.7) 7.1 14.1
1/5 15.9 12.2 (±0.3) 50.7 (±0.1) 9.4 (±0.5) 9.1
1/2 21.8 30.2 (±1.9) 36.1 (±1.6) 5.1 (±0.5) 11.5
Max 33.5 22.8 (±0.1) 35.0 (±4.6) 6.2 (±0.3) 15.1
1/5 11.0 2.8 (±0.5) 18.2 (±2.9) 9.9 (±0.6) 14.0
1/2 17.0 18.5 (±0.8) 42.8 (±0.8) 4.6 15.8
Max 25.7 23.2 (±1.0) 32.3 (±2.3) 4.7 (±0.3) 24.7
1/5 9.5 15.4 (±0.5) 57.0 (±1.8) 3.4 11.7
1/2 15.8 33.7 (±0.9) 67.1 (±1.2) 3.5 (±0.2) 13.8
Max 23.2 41.6 (±3.7) 64.6 (±3.5) 4.4 (±0.3) 16.0

  * Cell dry weight is given for an equivalent of 10 0D600.
The absolute deviation to the mean is given within brackets when different from ±0.0

YAHI

YAGA

YAYA

YAOS

YAPH

YAHO

YAAL

Additional Table S4: Characteristic of growth cultures over time in oleic acid and glucose media: time points, optical density, lipid 
content and cell dry weight.

Oleic acid Glucose

YADE

Strains
Physiolo- 

gical 
stages

YALI
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Additional Table S5: Profile of fatty acid accumulation (% of CDW) on glucose and oleic acid media.

Strain Stage C16:0 C16:1(n-7) C16:1(n-9) C18:1(n-9) C18:1(n-9)t C18:2(n-6)
Oleic acid
YALI 1/5 2.6 (±0.1) 5.4 (±0.2) 1.0 23.1 (±1.1) 1.0 6.6 (±0.1)

1/2 3.3 5.6 1.3 32.8 (±0.5) 1.6 5.3
max 2.8 (±0.2) 4.2 (±0.1) 1.6 32.5 (±0.4) 1.4 4.6

YADE 1/5 2.4 (±0.1) 7.7 (±0.4) 1.7 (±0.2) 12.9 (±1.4) 0.5 5.7 (±0.6)
1/2 2.5 6.9 1.5 14.2 (±0.2) 0.5 (±0.1) 3.5
max 0.8 (±0.2) 2.7 (±0.3) 1.0 (±0.1) 8.3 (±1.0) 0.3 1.8 (±0.2)

YAGA 1/5 3.0 4.0 1.1 26.4 (±1.2) 1.3 (±0.1) 3.3 (±0.1)
1/2 2.2 2.1 1.3 (±0.2) 30.5 (±2.3) 1.8 (±0.2) 2.9 (±0.3)
max 0.1 0.7 0.7 27.3 (±0.1) 0.9 2.3 (±0.1)

YAYA 1/5 3.7 (±0.1) 11 (±0.4) 1.6 (±0.1) 19.5 (±0.9) 0.8 (±0.1) 5.1 (±0.3)
1/2 2.9 8.4 2.7 (±0.1) 17.9 (±0.5) 0.5 4.4 (±0.1)
max 1.8 5.9 (±0.3) 4.0 19.8 (±0.1) 0.6 3.7

YAOS 1/5 1.5 (±0.1) 4.2 (±0.2) 1.2 9.5 (±1.3) 0.4 (±0.2) 2.7
1/2 1.8 (±0.1) 6.2 (±0.3) 1.5 (±0.1) 13.0 (±0.7) 0.5 3.0
max 1.7 (±0.2) 5.0 (±0.5) 1.7 (±0.2) 17.0 (±0.4) 0.5 2.8 (±0.1)

YAPH 1/5 2.8 7.9 (±0.1) 1.9 14.8 (±0.2) 0.6 5.5 (±0.3)
1/2 3.5 7.8 (±0.6) 2.5 (±0.2) 23.9 (±0.9) 1.0 (±0.3) 5.5
max 3.1 (±0.1) 4.1 (±0.2) 1.7 (±0.2) 31.1 (±0.4) 1.5 4.5

YAHO 1/5 3.3 (±0.1) 3.6 1.9 (±0.2) 33.0 1.9 (±0.1) 3.4
1/2 2.0 2.5 (±0.2) 2.3 (±0.1) 23.1 (±1.2) 1.2 (±0.1) 2.8 (±0.2)
max 1.8 (±0.1) 2.0 (±0.4) 2.3 (±0.5) 23.3 (±3.8) 1.0 (±0.3) 2.4 (±0.2)

YAAL 1/5 2.2 (±0.2) 3.3 (±0.5) 1.9 7.9 (±2.2) 0.0 2.2
1/2 3.1 (±0.1) 7.6 (±0.2) 4.5 19.4 (±0.2) 0.9 5.0
max 1.3 (±0.2) 4.5 (±0.4) 4.5 (±0.1) 17.3 (±1.4) 0.5 3.6 (±0.1)

YAHI 1/5 5.5 (±0.3) 11.8 (±0.4) 1.5 (±0.1) 25.1 (±0.6) 0.8 6.7 (±0.3)
1/2 6.6 (±0.1) 9.5 (±0.4) 1.7 35.8 (±0.1) 1.5 6.2 (±0.2)
max 5.8 (±0.1) 7.3 1.3 38.3 (±2.8) 1.7 (±0.1) 6.1 (±0.1)

Glucose
YALI 1/5 1.1 (±0.1) 0.7 0.1 1.6 0.0 2.3

1/2 0.8 0.6 0.1 2.6 (±0.1) 0.0 1.4 (±0.1)
max 0.7 0.7 (±0.1) 0.0 3.2 (±0.1) 0.0 1.3 (±0.1)

YADE 1/5 0.7 (±0.1) 0.4 0.0 1.6 (±0.3) 0.1 1.6 (±0.1)
1/2 0.7 (±0.1) 0.4 0.0 2.1 (±0.4) 0.1 1.3 (±0.1)
max 0.6 (±0.1) 1.1 (±0.2) 0.0 2.4 (±0.1) 0.0 1.3

YAGA 1/5 0.8 0.6 0.0 0.7 0.0 1.8 (±0.1)
1/2 0.6 (±0.1) 0.5 (±0.1) 0.0 1.3 (±0.1) 0.0 1.4
max 0.7 1.0 0.0 2.8 (±0.1) 0.0 1.2

YAYA 1/5 1.3 (±0.1) 1.4 1.7 0.7 0.0 2.3 (±0.1)
1/2 1.1 1.4 (±0.1) 0.0 1.0 (±0.2) 0.0 1.7 (±0.1)
max 0.6 1.2 0.1 1.3 (±0.1) 0.0 1.5

YAOS 1/5 0.5 (±0.1) 0.4 (±0.1) 0.0 1.3 (±0.4) 0.0 1.5 (±0.1)
1/2 0.5 0.4 0.0 1.8 (±0.2) 0.0 1.3 (±0.2)
max 0.9 0.9 (±0.1) 0.0 2.9 (±0.1) 0.0 0.8 (±0.1)

YAPH 1/5 1.1 0.4 0.0 1.5 0.2 (±0.1) 1.9
1/2 0.9 0.4 0.0 2.4 (±0.2) 0.2 1.5 (±0.1)
max 1.1 1.1 (±0.1) 0.0 3.3 (±0.3) 0.0 1.5 (±0.1)

YAHO 1/5 0.7 0.4 (±0.2) 0.0 1.2 (±0.4) 0.2 1.2 (±0.4)
1/2 0.6 0.6 0.0 2.0 (±0.1) 0.0 1.3 (±0.1)
max 0.6 1.0 0.0 3.2 (±0.1) 0.0 1.1 (±0.2)

YAAL 1/5 0.4 0.4 (±0.1) 0.1 0.7 0.0 2.3 (±0.1)
1/2 0.4 (±0.1) 0.3 (±0.1) 0.1 1.0 0.0 2.4 (±0.1)
max 0.4 (±0.1) 0.8 0.3 1.6 (±0.1) 0.0 2.0 (±0.2)

YAHI 1/5 1.4 0.7 0.0 0.9 (±0.2) 0.0 2.0 (±0.1)
1/2 2.0 0.7 (±0.1) 0.0 1.9 (±0.1) 0.0 1.8 (±0.1)
max 2.1 (±0.1) 0.0 1.1 (±0.1) 2.1 (±0.1) 0.1 1.8
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! "#!

Chapitre 2   :  

Le métabolisme lipidique du clade Yarrowia 
!

!

I. Les objectifs 
!
!
$%&'()*+,-!./)0,)/!1)!*)++)!.2/+,)!1)!02!+345)!6+2,+!1)!/)+/2*)/7!1%89!.&,9+!1)!:8)!;69&0,<8)7!=)!

06+2'&=,50)!=,.,1,<8)!*&0.=)+!1)!>?$@A!B9!)--)+7!=&/5!1)!02!./)0,4/)!2996)!1)!+345)!(%2,!&'5)/:6!

89! 029<8)! 1)! .8'=,*2+,&95! 2==,29+! C! =2! -&,5! 1)5! 1&996)5! ./&+6,<8)5! )+! 1)5! =,5+)5! 1)! ;49)5!

8+,=,52'=)5! .2/! 89! ;69&0,5+)A! D%2,! 2=&/5! )8! *&00)! '8+! 1)! -&8/9,/! C! =2! -&,5! 89! 5*3602! 1)5!

1,--6/)9+)5! :&,)5! 1)! *)!06+2'&=,50)! )+! 89! +2'=)28! *&0.=)+! 1)5! ;49)5! 2:)*! =)8/! 9&0)9*=2+8/)7!

=)8/! 299&+2+,&9! )+! =2! /6-6/)9*)! ','=,&;/2.3,<8)! .&8/! =)5! )9EF0)5! 16(C! 16*/,+)5A! G2*329+! <8)!

*)/+2,9)5! 6+2.)5! 1)! *)! 06+2'&=,50)! 9%2:2,)9+! (202,5! 6+6! *2/2*+6/,56)5! *3)E! >?$@! ,=! 2! -2==8!

./&.&5)/! .=85,)8/5! ;49)5! *291,12+5! <8,! *&1)/2,)9+! 1)5! )9EF0)5! 2558/29+! =)5! /62*+,&95!

029<829+)5A! H&9+/2,/)0)9+! C! G?HB7! .)8! 1%)9EF0)5! &9+! 6+6! *2/2*+6/,56)5! 1)! 029,4/)!

)I.6/,0)9+2=)! *3)E! >?$@A! J295! *)! *&9+)I+)7! =2! ;69&0,<8)! *&0.2/2+,:)! 9&85! &--/)! 89! &8+,=!

.8,5529+!.&8/!*2/2*+6/,5)/! -&9*+,&99)==)0)9+!1)5!;49)5!.&8/! =)5<8)=5!28*89)!)I.6/,0)9+2+,&9!

9%2!6+6!/62=,56)A!K9)! -&,5!*)!06+2'&=,50)!/)*&95+,+867! =)!5)*&91!&'()*+,-!6+2,+!1)!/)+/&8:)/!+&85!

=)5! ;49)5!&/+3&=&;8)5!1295! =)5! ;69&0)5!1,5.&9,'=)5!18! *=21)!!"##$%&"! )+! 1)!L$M@A!N&8/! *)++)!

.2/+,)! ()! 0)! 58,5! 2=&/5! ,9:)5+,)! 1295! =%299&+2+,&9! 1)5! O! 9&8:)28I! ;69&0)5! 56<8)9*65! 1295!

=%6<8,.)7!./,9*,.2=)0)9+!.&8/!=)5!;49)5!,0.=,<865!1295!=)!06+2'&=,50)!1)5!=,.,1)5A!

$2!/)*&95+,+8+,&9!18!06+2'&=,50)!=,.,1,<8)!*3)E!>?$@7!1295!=)!*=21)!)+!*3)E!L$M@!.)/0)+!2=&/5!

1)!/6.&91/)!C!1)8I!<8)5+,&95!02()8/)5!P!

!

• $)5! )5.4*)5!18! *=21)!!"##$%&"! )+!L$M@!.&5541)9+Q)==)5! =)5!0R0)5!:&,)5! *&95+,+829+! =)!

06+2'&=,50)!=,.,1,<8)!<8)!=%)5.4*)!1)!/6-6/)9*)!>?$@!S!

• T&8+)5!=)5!-&9*+,&95!1)!*)!06+2'&=,50)!5&9+!)==)5!2558/6)5!.2/!1)5!)9EF0)5!3&0&=&;8)5!

1295!*32*89)!1)!*)5!)5.4*)5!S!
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II. Introduction 
!

!

!() 6"#$%&'() $'.2(9&() 1(2) $'%96%$#1(2) :0%(2) -.&#/01%45(2) (&) 1(2) 60-$#'&%-(9&2) 6(1151#%'(2)

%-$1%45.2) 3#92) 1#) 3.;'#3#&%09<) 1#) 2=9&">2() (&) 1() 2&06?#;() 3(2) 25/2&'#&2) "=3'0$"0/(2) 6"(@) 1(2)

1(:5'(2A) B1)$'(93)$05')(C(-$1()DE,B<)45#93)3(2)3099.(2)209&)$5/1%.(2<)05)F)3.G#5&)HE!I)45%)#)

59()/%/1%0;'#$"%()&'>2)'(92(%;9.()-#%2)45%)-#1"(5'(52(-(9&)9J(2&)$#2)01.#;%9(52(A)K()$152<)1(2)

:0%(2)35)-.&#/01%2-()1%$%3%45()2$.6%G%45(2)#5C)1(:5'(2)01.#;%9(52(2)209&)$'.2(9&.(2A)

,#)'(6092&'56&%09)35)-.&#/01%2-()1%$%3%45()$'.2(9&.()(2&)59()60-/%9#%209)3(2)3099.(2)%225(2)

3()1#)/%/1%0;'#$"%(<)3()LIMM<)3JN9%O'0&)(&)3(2)#990&#&%092)G096&%099(11(2)3(2);>9(2)3()DE,B)(&)3()

HE!IA)

)

,(2)25/2&'#&2)"=3'0$"0/(2) PHQR) &(12)45() 1(2)#16#9(2<) 1(2)#6%3(2);'#2)(&) 1(2) &'%#6=;1=6.'%3(2)09&)

/(20%9) 3S(9&'(') 3#92) 1(2) 6(1151(2) $#') 1S%9&('-.3%#%'() 3() &'#92$0'&(5'2) 45%) 9() 209&) $#2) (960'()

609952)6"(@)DE,B)PT1>6"(2)90%'(2)25')1#)T%;5'(RA)O05')1J%-$0'&)3#92)1#)6(1151()1(2)&'%#6=;1=6.'%3(2)

209&) $'.G.'(9&%(11(-(9&) "=3'01=2.2) #5) $'.#1#/1() $#') 3(2) 1%$#2(2A) ,0'245() 1() 25/2&'#&) (2&) 59)

#16#9() %1) (2&) 3S#/0'3) 0C=3.)$#') 1(2) 2=2&>-(2) 3S#16#9()-0900C=;.9#2() O7U8)3#92) 1() '.&%6515-)

(930$1#2-%45() (&) 609:('&%) (9) #16001) ;'#2) (9) 3(5C) .&#$(2) 3#92) 1(2) $('0C=20-(2) 05) 3#92) 1()

'.&%6515-)(930$1#2-%45()PG1>6"(2)'05;(2)25')1#)T%;5'()*AV<)$05')$152)3()3.&#%12):0%')$#'#;'#$"()

VA*RA) H%) 1() 25/2&'#&) (2&) 59) #6%3() ;'#2) %1) (2&) #6&%:.<) $#') 1J#6.&=1W!0E) 2=9&".&#2() 05) 1J#6%3() ;'#2)

#6&%:#2(<))20%&)3#92)1()'.&%6515-)(930$1#2-%45()20%&)3#92)1(2)$('0C=20-(2))PG1>6"(2)/0'3(#5C)25')

1#) T%;5'() *)AV<) $05') $152) 3() 3.&#%12) :0%') $#'#;'#$"() *AVR) #:#9&) 3S(9&'(') 3#92) 1#) :0%() 3() XW

0C=3#&%09)PG1>6"(2):%01(&&()25')1#)T%;5'()*AV<)$05')$152)3()3.&#%12):0%')$#'#;'#$"()*A*RA),J#6.&=1W

!0E)G0'-.)$#')1#)XW0C=3#&%09)$(5&)Y&'()&'#92$0'&.)3#92)1(2)-%&06"093'%(2)2052)G0'-()3J#6.&=1W

6#'9%&%9()F)1J#%3()3()1J#6.&=1W6#'9%&%9()#6=1W&'#92G.'#2(A),J#6.&=1W!0E)$(5&).;#1(-(9&)(9&'(')3#92)

1() 6=61() 35) ;1=0C=1#&(<) 2%&5.) 3#92) 1(2) $('0C=20-(2) (&) %9&('#;%') #:(6) 1() 6=61() 3(2) #6%3(2)

&'%6#'/0C=1%45(2) (&) 1() 6=61() 35)-.&"=16%&'#&() 3#92) 1(2)-%&06"093'%(2) PG1>6"(2) 0'#9;() (&) Z#59(2)

25')1#)T%;5'()*AV<)$05')$152)3()3.&#%12):0%')$#'#;'#$"()[A[A*RA),(2)#6%3(2);'#2)$(5:(9&)#522%)Y&'()

2&06?.2) 3#92) 3(2) 60'$2) 1%$%3%45(2) 2052) G0'-() 3() &'%#6=;1=6.'%3(2) 05) 3J(2&('2) 3() 2&.'01)

P60-$#'&%-(9&)0'#9;()25')1#)T%;5'()*AV<)$05')$152)3()3.&#%12):0%')$#'#;'#$"()\RA)
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!"#$%&' ()*' +* -(./01* &23* 4$)"()41523* 6%)23* 0/#17%5)8'23* )045)8'/23* &1"3* 59133)0)51#)%"* 2#* 51*

&/:$1&1#)%"*&23*3'73#$1#3*.;&$%4.%723<*=23*4$)"()41'>*?5'>*0/#17%5)8'23*4%'$*51*3;"#.@32*&23*

5)4)&23* 3%"#* $24$/32"#/3* 2"* 752'A* 4%'$* 59%>;&1#)%"* 4$)01)$2* &23* 15(1"23* 2"* $%':2A* 4%'$* 59BC

%>;&1#)%"*2"*62$#A*4%'$*591(#)61#)%"*&23*1()&23*:$13*2"*7%$&21'>A*4%'$*51*DC%>;&1#)%"*2"*6)%52#*2#*

4%'$*52*(;(52*&'*:5;%>;51#2*2"*%$1":2<*=9)04%$#*&23*3'73#$1#3*.;&$%4.%723*23#*3;07%5)3/*41$*523*

?5@(.23*"%)$23*E0%&)?)/*4%'$*FG=!*H*41$#)$*&2*I)(J2$3*2#*15<A*KLLM1N<**

*
'

,$&-.$&/'012"3"4"53/'6"578"9".$&/':'

;-018<0&/' #%=/'+* 1()&23* :$13* &%"#* 52* :$%'4202"#* (1$7%>;52* COPPQ* 1* /#/* 3'73#)#'/* 41$* '"*

:$%'4202"#*15&/.;&2*COQRP<*

;-7=3&/'+*.;&$%(1$7'$23*31#'$/3<*

;7"0&/'#%=/'+*1()&23*(1$7%>;5)8'23*(1$1(#/$)3/3*41$*'"2*$/4/#)#)%"*&2*:$%'4202"#3*0/#.;523*C

OQKC*?%$01"#*'"2*5%":'2*(.1S"2*(1$7%"/2*:/"/$15202"#*(%"3#)#'/2*&T'"*"%07$2*41)$*&T1#%023*

&2*(1$7%"2<*

;-755-/' #%=/'+* 1()&23* :$13* &%"#* 52* :$%'4202"#* (1$7%>;52* COPPQ* 1* /#/* 3'73#)#'/* 41$* '"*

:$%'4202"#*.;&$%>;52*UPQ<*

>$7%&/'+* 0%5/('523* (%"#2"1"#* '"* :$%'4202"#* (1$7%";52* E15&/.;&2* %'* (/#%"2N* 2#* 45'3)2'$3*

:$%'4202"#3*.;&$%>;52*UPQ<*

*

*

n-ALKANES! FATTY ACIDS! TRIACYLGLYCEROL!
Lipases LIP!

n-ALKANES!
R-(CH2)n-CH3!

Fatty Alcohol!
R-(CH2)n-CH2OH!

CPR!
ALK!

Fatty Acid!
R-(CH2)n-COOH!

Fatty Acyl-CoA (N)!
R-(CH2)n-CO-SCoA!

Fatty Aldehyde!
R-(CH2)n-CHO!

HFD / ADH!

ADH!
ACS2!

Lipid Body!

TAG / Steryl ester!

Mitochondrie!

Citrate 
Cycle!

Methylcitrate!
cycle!

Endoplasmic Reticulum!

Peroxisome!

CPR!
ALK!

HFD!
ADH!

Primary alkane oxidation!
Lipid synthesis!

ω-oxidation!

ω-Hydroxy-fatty acid!

Dicarboxylic acid (DCA)!

Fatty Alcohol!
R-(CH2)n-CH2OH!

Glycoxylate Cycle!

Fatty-acyl-CoA(n-2)!

+  Acetyl-CoA!
Fatty Acid! Fatty Acyl-CoA (n)!

R-(CH2)n-CO-SCoA!

ß-oxidation!

DCA! DCA-CoA (N)!

Acetylcarnitine!

Carnitine!CoA!

HSCoA!

ASC2!

HSCoA!

Malate!

Oxaloacetate! Citrate!

Glyoxylate! Isocitrate!

CoA!

CoA!

Acetyl-CoA!
CoA!

NAD!
NADH, H+! CoA, H+!H2O!

Succinate!

Activation!

Phospholipids!
Triglycerides!

DGA!
TGL!
LRO!

ASC2!

ICL1!

CIT2!MDH2!

CAT2!

CPR!
ALK!
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1  Import des lipides  

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

)
,(2) 1%$#2(28) 2052961#22()3(2)(2&.'#2(28) 20:&)3(2)(:;<-(2)6#$#/1(2)3()6#&#1<2(') 1(2) '.#6&%0:2)3()

2<:&"=2()(&)3>"<3'01<2()3(2)(2&('2)3()2&.'012)(&)3(2) &'%?1<6.'%3(2@)A05&(2) 1(2) 1%$#2(2)$022=3(:&)

5:()&'%#3()6#&#1<&%45()#B(6)1#)2.'%:(8)1>#6%3()#2$#'&%45()(&)1>"%2&%3%:()60:2('B.2)6#'#6&.'%2&%45(2)

3()1#)&'%#3()"<3'01#2()C)D)E)(&)1():561.0$"%1()6#&#1<&%45()2%&5.)3#:2)1()$(:&#$($&%3()"#5&(-(:&)

60:2('B.)FGHIF)JH6"'#?)(&)#1@8)KLLMN@)O:)'#%20:)3()1(5')$01<B#1(:6()1(2) 1%$#2(2)20:&)1#'?(-(:&)

5&%1%2.(2) 3#:2) 3%B('2(2) #$$1%6#&%0:2) %:352&'%(11(2@) ,#) 1(B5'() -03=1() HP!O) :() $022=3() $#2) 3()

1%$#2()(&)(2&)%:6#$#/1()3Q5&%1%2(')1(2)APF)R)$#'&%')35)-%1%(5)(S&(':(@)A05&(T0%28)3#:2)1()?.:0-()3()

HP!O)0:)&'05B()$#')/1#2&$)5:()U)$5&#&%B()1%$#2()V8)WXYKZM[),\GK)45%)$022=3()5:)-0&%T)FGH,F)(&)

1#)&'%#3()6#&#1<&%45()J]%?5'()*@*N@),(2).&53(2)25')1(2)1%$#2(2)2Q%:&.'(22(:&)30:6)R)3(2)1(B5'(2):0:)

60:B(:&%0::(11(2) &(11(2) 45() '() #*+$,") 45%) $022=3() 5:() T#-%11() 3() ^) 1%$#2(2) J_(:`#-%:) #:3)

a#:3(<8)KLLbN8)'()-./$#0"1,)$022.3#:&)#5)-0%:2)&'0%2)1%$#2(2)30:&)5:()(S&'#6(1151#%'()J_%?(<)(&)

#1@8) *ZZcN8) '() "23&4"1,) #B(6) 5:() ?'#:3() T#-%11() 60-$'(:#:&) #5) -%:%-5-) KZ) 1%$#2(2) $05B#:&)

60:&'%/5(')R) 1#)B%'51(:6()3()6(&&() 1(B5'()3#:2) 1(2)6(1151(2)"5-#%:(2) JG5/()(&)#1@8)*ZZZN)(&)$152)

'.6(--(:&)'()5&,%"1"67&&)$022.3#:&)5:()1%$#2()(TT%6#6()$05')1>"<3'01<2()3>5:()1#'?()?#--()3()

&'%?1<6.'%3(2):#&5'(12)J3()P1-(%3#)(&)#1@8)*ZKcN@)

4-.5&*+6"6+1)P1%?:(-(:&)3(2)$'0&.%:(2)W1,\a*8)W3,\aK)(&)H6,\GK@),()-0&%T)FGHIF)(2&)(:&05'.)(:)

`#5:()(&)1#)&'%#3()6#&#1<&%45()H9d9G)(2&)-#'45.()$#')3(2).&0%1(2)'05?(2@)
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-.)/*0.*10'1.$#*&2/*3#'&2/*/'$*02/*0)1./2/*&2*024'$2/*/%"#*52"32/*(627*89:!;*:.*1.$#)('0.$)#3*&2*
89:!* 2/#* &2* 1%//3&2$* <=* >?"2/* 1.$.0%>'2/* (%&."#* &2/* 0)1./2/* )"(0'."#* &2/* 2"7@52/*
)"#$.(200'0.)$2/A*0)32/*B*0.*525C$."2*2#*2D#$.E(200'0.)$2/;*F002/*1%//?&2"#*.'*5)")5'5*,<A+G*&2*
/)5)0.$)#3*.42(*H(:!I<*1%'$*0.*80:!J<<*2#*.'*5.D)5'5*+,AKG*1%'$*80:!JL*MN)>'$2*L;LO;**942(*(2/*
<=* 0)1./2/* 2002* 2/#* (.1.C02* &P'#)0)/2$* &2* "%5C$2'D* /'C/#$.#/* 6@&$%16%C2/;* J)>"?&2* !"# $%&* %"#*
5%"#$3*Q'2* 0P.(#)4)#3* 0)1./)Q'2*2D#$.(200'0.)$2* $3/'0#2*&2* 0P2D1$2//)%"*&2*80:!JL*MJ)>"?&2*2#*.0;A*
LRRRO;*80:!JL*.*&%"(*3#3*$2(%""'2*(%552*#$?/*1$%52##2'/2*.'*")42.'* )"&'/#$)20*2#* /'/()#2*&2*
"%5C$2'/2/*3#'&2/;*F"*LR<<A*S%$&2/*!"#$%&*%"#*&3($)#* 0.*#62$5%/2"/)C)0)#3*&P'"*4.$)."#*&2*:!JL*
MS%$&2/*2#*.0;OA*T.$4)/6)*!"#$%&*%"#*$3'//)*B*1$%&')$2*'"2*>$."&2*Q'."#)#3*&2*:!JL*1.$*5'#.#)%"*
)"&')#2* MT.$4)/6)*2#*.0;A*LR<<O*2#*H6%(U2@*!"#$%&* %"#* (0%"3*80:!JL*&."/*H9VF*/%'/* 02*1$%5%#2'$*
JFW<<*&2*H9VF*12$52##."#*.)"/)*B*0.*/%'(62*&2*/3($3#2$*0P2"7@52*&."/*02*5)0)2'*2"*$31%"/2*B*0.*
1$3/2"(2*&2*0)1)&2/*MH6%(U2@*2#*.0;A*LR<<O;*F"*LR<LA*02*>?"2*:!JL*".#)X*2#*'"*5'#."#*&2*:!JL*/%"*
3#3*2D1$)53/*&."/*H9VF*MT.$4)/6)A*LR<LOA*(2##2*/%'(62*2/#*.0%$/*(.1.C02*&P'#)0)/2$*&2/*0)1)&2/*2#*
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.'((-..):-.* &-* 29* <929#-* ./"#09.-F* (%&1-* =9$* B(W8BE* K`8EENa* (0-J* B4?P* -#* K2W8BG*

K48!MCE+NMR@* (0-J*K48!* S\9L$9"F*GMEET*-#*&-* 29*<929#-*&1.0/&$%@1"9.-F* (%&1-*=9$*B(WCDH*

KC8MNR?*-#*=9$*29*;%$<-*=-$%>/.%<92-*&-*K2WCDG*S:%)$*=9$9@$9=0-*H7G7GT7**

*

*

!

!

!

!

!

!
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) 78)

!"#$%&'()*'+),()6961()35):190;91#&()6"(<)=>!?)@)$#'&%')3()A0%B%2&0%C(C)'()"*+)DA0%B%2&0%C(C)(&)#1EF)

*8GHIE) ,(2) (C<9-(2) -%&06"0C3'%#1(2) 20C&) (C) 0'#C:(F) 1(2) $('0;920-#1(2) (C) B('&) (&) 1(2)

69&0201%45(2)(C)/1(5E)!JK*)+)6%&'#&()29C&"#2()L)>!MG)+)#60C%&#2()L)J!,G)+)1N%206%&'#&()19#2()L)O,=G)+)

-#1#&()29C&"#2()L)OPQH)+)-#1#&()3.2"93'0:.C#2()$('0;920-#1(E)

)

!"!"! #$%&'()*+&,%-,&%$./-,&%01$&%

,N#6(&91R!0>)(2&).:#1(-(C&)(22(C&%(1)$05') 1#)/%029C&"S2()3(2)#6%3(2):'#2)6#')6(&&()B0%()$'035%&)

3(2)#6%3(2):'#2)$#')60C3(C2#&%0C2)2566(22%B(2)3()-#10C91R!0>)(&)3N#6.&91R!0>)'.#1%2.(2)$#') 1#)

T#&&9)#691R29C&"(&#2()U>=E)!()6961()(2&)3.6'%&)3#C2)1()$#'#:'#$"()VE*)+),()6961()3N.10C:#&%0C)3(2)

#6%3(2):'#2E)

)

4  Les métabolismes des cofacteurs : NADP et 

NADPH 
)
,() W>PQ) (&) 1() W>PXQ) 20C&) 3(2) 60(C<9-(2) 45%) #%3(C&) 1(2) (C<9-(2) @) &'#C2T.'(') 1(2) .1(6&'0C2)

$(C3#C&) 1(2) '.#6&%0C2) 3Y0;930R'.356&%0C2E) !() 20C&) 1(2) 205'6(2) $'%C6%$#1(2) 3Y.1(6&'0C2) 3(2)

6(1151(2E) !0C6('C#C&) 1() -.&#/01%2-() 1%$%3%45(F) 1N0;93#&%0C) 35) W>PXQ) (2&) (22(C&%(11() $05') 1#)

'.356&%0C)3(2)>Z)$#')1#)[R0;93#&%0CF)$05')1(2)(C<9-(2)#5;%1%#%'(2)(&)$05')1#)C.0)29C&"S2()3(2)>Z)

$#') 1#) U>=E) ,() W>PX\) (2&) '.35%&) (C) W>PXQ) $#') 1(2) JPX) 35'#C&) 1() 6961() 35) K!>) (&) 10'2) 3() 1#)

60CB('2%0C) 3() 1#) -#1#&() (C) $9'5B#&() $#') 1N(C<9-() -#1%45() ]1O>?G) D^"#C:) (&) #1EIE) P_#$'S2)

`#&1(3:() '() "*+) 1N(C<9-()-#1%45() $('-(&&'#%&) #%C2%) 3() 60C&'a1(') 1() C%B(#5) 3N#665-51#&%0C) 3(2)

1%$%3(2) 6"(<) 1(2) 1(B5'(2) 01.#:%C(52(2) $#') 1N%-$0'&#C6() 3() 20C) 'a1() $05') 1() $001) 3() W>PXQ)

D`#&1(3:()#C3)b9CCF)*88*IE),()W>P\)(2&)%-$1%45.)3#C2)1(2)0;93#&%0C2)10'2)3()1#)[R0;93#&%0CF)3()



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

*

* +,*

-.*&/0$.&.#)%"*&1*-.*-1'()"12*&'*(3(-1*&'*4562*&'*(3(-1*&'*0-3%73-.#12*&1*-8%73&.#)%"*9$):.)$1*&1;*

.-(."1;*1#*&1*-8!<%73&.#)%"=*>1*?6@A*1;#*'#)-);/*9%'$*-.*9$%&'(#)%"*&1*BCD*E*9.$#)$*&1*@A6D=*

!

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

*

5F1G* H65I* -1* ?6@J* )"#1$K)1"#* -%$;* &1* -8%73&.#)%"* &1;* .-(%%-;* 0$.;* L.()&1;* 0$.;* &%"#* -1*

0$%'91:1"#*(.$M%73-1*<5NNA*.*/#/*;'M;#)#'/*9.$*'"*0$%'91:1"#*F3&$%73-1*ONAP2*1"*.-&/F3&1;*

0$.;* L.()&1;* 0$.;* &%"#* -1* 0$%'91:1"#* (.$M%73-1* <5NNA* .* /#/* ;'M;#)#'/* 9.$* '"* 0$%'91:1"#*

.-&/F3&1* <5AQNP=* >1* ?6@J* 1;#* /0.-1:1"#* '#)-);/* -%$;* &1* -.* R%$:.#)%"* &'* C<(/#%.(3-<5%6* 9.$*

-8.(#)K)#/*C<F3&$%73.(3-<5%6*&/;F3&$%0/".;1*&1*H(STIU9=*@.";*-1;*&1'7*(.;*-1*?6@J*1;#*$/&')#*

9%'$*&%""1$*&'*?6@A=*@1*:V:12*(F1G*H65I2*.'*(%'$;*&1* -.*W<%73&.#)%"2* -1*(%<R.(#1'$*?6@DA*

1;#*'#)-);/*E*&1'7*/#.91;=*>.*9$1:)X$1*1;#*-.*$/&'(#)%"*9.$*-.*H(H9;,Y9*&1;*&)1"%3-<5%6*.K1(*&1;*

&%'M-1;* -).);%";*1"*9%;)#)%"* ):9.)$1=*>.* ;1(%"&1*/#.91*1;#* -.* R%$:.#)%"*&'*C<(/#%.(3-<5%6*9.$*

-8.(#)%"* C<F3&$%73.(3-<5%6* &/;F3&$%0/".;1* &1* -.* H(STIU9=* >.* ".K1##1* $1&%7* 91$:1#* .-%$;* &1*

R%'$")$* &'* ?6@DA* 1#* &'* ?6@J* &.";* -1;* 91$%73;%:1;=* I--1* 1;#* (%:9%;/1* &1* &1'7* K%)1;* (F1G*

H65I=* @8'"1* 9.$#2* -1* ?6@J* 1;#* $/0/"/$/* &.";* -1;* 91$%73;%:1;* 0$Z(1* E* -8/(F."01*

:.-.#1[%7.-%.(/#.#1=* >8%7.-%.(/#.#1* 1"#$1* &.";* -1* 91$%73;%:1* %\2* 1"* 9$/;1"(1* &1* ?6@A2* )-*

&%""1*&'*:.-.#1*1#*-)MX$1*&'*?6@J=*>1*:.-.#1*;%$#*&'*91$%73;%:1*1#*$/0/"X$1*&1*-8%7.-%.(/#.#1*

1"* 9$/;1"(1* &'*?6@J* (3#%;%-)]'1=* >8%7.-%.(/#.#1* 1#[%'* -1*:.-.#1* ;%"#* R%'$");* 9.$* -1* (3(-1* &'*

0-3%73-.#1=*5F1G*H65I*(1##1*K%)1*1;#*$/.-);/1*&.";*-1*(3#%;%-*9.$*H(S@AU*1#*&.";*-1*91$%73;%:1*

9.$* H(S@AC=* @8.'#$1* 9.$#2* (F1G* H65I* ;1'-1:1"#2* -1* ?6@DA* 1;#* R%'$")* &.";* -1;* 91$%73;%:1;*

0$Z(1* E* -8/(F."01* (/#%<0-'#.$.#1[);%()#$.#1=* >1* U<%7%<0-'#.$.#1* 1;#* $/&')#* &.";* -1* (3#%;%-* 1"*

);%()#$.#1* 9.$* H(!&9,9* 1"* '#)-);."#* &'* ?6@DA=* >8);%()#$.#1* 1;#* .-%$;* ):9%$#/* &.";* -1;*

91$%73;%:1;* %\* )-* 1;#* %73&/* 9.$* H(!&9C9* 9%'$* $1&1K1")$* &'* U<%7%<0-'#.$.#1* 1"* -)M/$."#* &'*

?6@DA*LA1"^1*1#*.-=2*,YY_P=*

5F1G*`6>!* -.*9$1:)X$1*K%)1*9%'$$.)#*V#$1* $/.-);/1*0$Z(1*.'7*&1'7* R%$:1;*&1*`-S@AU*0/"/$/1;*

9.$* -8/9);;.01*.-#1$".#)R=*D.$*(%"#$1* )-*"83*.*9.;*&8!@D*91$%73;%:.-1*(F1G*`6>!*&%"(* -.*;1(%"&1*

K%)1*"81;#*9.;*$/.-);.M-1=*a.M$."*!"#$%&*%"#*&8.)--1'$;*%M;1$K/*]'1*-.*;%'(F1*179$):."#*;1'-1:1"#*

-.*S@A*(3#%;%-)]'1*.* -1*:V:1*9F/"%#391*]'1*-.*;%'(F1*;.'K.01*La.M$."*1#*.-=2*Ub,UP=*6)";)* -.*

S@A*91$%73;%:.-1*"81;#*9.;*1;;1"#)1--1*9%'$*-.*$/%73&.#)%"*&'*?6@A*&.";*-1;*91$%73;%:1;=*!-;*

;'00X$1"#*&%"(*]'8)-*17);#1*'"1*K%)1*.-#1$".#)K1*E*(1##1*".K1##1*$1&%7*&.";*-1;*91$%73;%:1;*]')*

9%'$$.)#*'#)-);1$*-.*-.(#.#1*&/;F3&$%0/".;1*%'*-.*0-3(1$%-<C<9F%;9F.#1*&/;F3&$%0/".;12*9$/;1"#;*

&.";*-1;*:.::)RX$1;*"8.3."#*9.;*&1*S@A=*

*

*

*

*
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) 7*)

!"# $%&'%()**)&+,*-%*)./0/123*%-%*)&4%'5&2%&6,*/+7/'4-,)&

)

89) *:;:<) !#2&(=9#) '() "*+) 09&) 3.605>('&) 59() 905>(11() 9#>(&&() 3#92) 1#) -%&06"093'%() 3() ?@!8)

AB%=5'()*C;:D)A!#2&(=9#)(&)#1CDC)E#92) 1#)-%&06"093'%(<) 1F0G0=15&#'#&()#>(6)35)H@EIJ)(&)35)!K*)

3099() 35) 6%&'#&() (9) 1%/.'#9&) 35) H@EILC) ,() 6%&'#&() $(5&) #10'2) 20'&%') 3#92) 1() 6M&0201) ='N6() #5)

&'#92$0'&(5') -%&06"093'%#1) OJP*$) OPQ*R;SC) ,() 6%&'#&() '(3099() #10'2) 3() 1F0G0=15&#'#&() (9)

5&%1%2#9&)35)H@EIL)(&)(9)1%/.'#9&)35)H@EIJ)L)!K*C),()H@EIL)1%/.'.)3#92)1#)-%&06"093'%()$(5&)

#10'2)T&'()5&%1%2.)10'2)35)6M61()3()U'(/2)3%'(6&(-(9&)'(1%.)#5)6M61()35)=1M0GM1#&(C))

)

8,13-)&#"9:& ;) Q.#6&%092) %-$1%45.(2)

3#92) 1#)9#>(&&() 6%&'#&(V0G0=15&#'#&()

3() 1#) -%&06"093'%() #5) 6M&0201) 6"(W)

?@!8) A!#2&(=9#) (&) #1C<) *:;:DC)

?6OJP*) (2&) 25') 1#)-(-/'#9() 3() 1#)

-%&06"093'%(C) ?6@!K;) (2&)

-%&06"093'%#1() (&) 6M&0201%45(C)

?6XEI;) (2&) -%&06"093'%#1() (&)

?6XEI*)6M&0201%45(C)

)

!"< $%&'%()**)&6%2%*)=/0%2/%+>*%*)&

)
,#)-#1#&()(&)1F0G#10#6.&#&()$(5>(9&)(9&'(')(&)20'&%')3()1#)-%&06"093'%()>('2)1()6M&0201C),()$#22#=()

3()1#)-#1#&()Y)1F0G#10#6.&#&()$#')1#)-#1#&()3.2"M3'0=.9#2()PEJ)3099()59)H@EJ)(&)1()$#22#=()

3() 1F0G#10#6.&#&() Y) 1#) -#1#&() =.9Z'() 35) H@ELC) ,#) 3.2"M3'0=.9#&%09) 3() 1#) -#1#&() 3#92) 1#)

-%&06"093'%() (2&) 59() '.#6&%09) 45%) [#%&) $#'&%() 35) 6M61() 35) \!@C) ,F0G#10#6.&#&() 3#92) 1() 6M&0201)

$05''#)(9&'(')3#92)1#)9#>(&&()'(30G)05)1#)=15609.0=(9Z2()05)1()6M61()35)=1M0GM1#&(C)P#%2)%1)$(5&)

#522%) T&'() 609>('&%) 3() [#]09) '.>('2%/1() (9) $M'5>#&() $#') 1#) $M'5>#&() 3.6#'/0GM1#2() IE!;<) 1#)

'.#6&%09)%9>('2().&#9&)'.#1%2.()$#')1#)$M'5>#&()6#'/0GM1#2()IO!;C),()$M'5>#&()$('-(&)Y)1#)6(1151()

3() $'035%'() 3() 1F#6.&M1V!0@C) !"(W) ?@!8) (&) O@,X<) 1(2) PEJ) %-$1%45.(2) 209&) 1#) PEJ*) 3#92) 1()

6M&0201)(&)1#)PEJ;)3#92)1#)-%&06"093'%(C)

)

)

)

)

)

)
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5  Synthèse de novo des acides gras 

!"# $%&'()*%+),%-%+.&'%&*/0))1-1*0.23+&&

*
-./0* 1/2* 1/3'$/2* %1456)"/'2/27* 15* 8$42/"(/* &9'"/* :'5"#)#4* 2';;)25"#/* &950%#/* &5"2* 1/* <)1)/'*

&)<)"'/* 195(#)3)#4*&/* 19=>?*&425<)"52/*/#*&%"(*5'6</"#/* 15*8$42/"(/*&9=>?@*A9=>?*5(#)3/* 1/2*

)2%()#$5#/2*&42.B&$%64"52/2* !CDE*/#* !CDF*:')*%GB&/"#* 19)2%()#$5#/*/"*HI(4#%61'#5$5#/*5'* (%'$2*

&'*(B(1/*&'*J-=*KL5#1/&6/*5"&*MB""7*FNNFO@*

!"3/$2/</"#7*'"*;5)P1/*#5'G*&950%#/*&5"2*1/*<)1)/'*&)<)"'/*15*8$42/"(/*&9=>?*85$*195(#)35#)%"*&/*

19=>?*&425<)"52/*/#*&%"(*(/11/*&/2*!CD@*A9)2%()#$5#/*8$%&')#*1%$2*&'*(B(1/*&'*J-=*"/*8%'$$5*852*

Q#$/* %GB&4* 8%'$* (%"#)"'/$* 1/* (B(1/* /#* 2/$5* 51%$2* )<8%$#4* &5"2* 15*<)#%(.%"&$)/* 85$* 15* "53/##/*

<515#/R()#$5#/*K3%)$*85$56$58./*,@F@FO@*A95(4#B1I-%=*8$%&')#*85$*(/##/*"53/##/*2/$5*5)"2)*'#)1)24*

8%'$*15*2B"#.S2/*!"#$%&%*&/2*5()&/2*6$52@*

*

!"4 $%&)5)*%&'%&*0&+(3&65+.,76%&'%6&0)2'%6&8906&

*
A5*2B"#.S2/*&/2*5()&/2*6$52*8/$</#*19%P#/"#)%"*&95()&/2*6$52*25#'$42*T*1%"6'/*(.5)"/*(5$P%"4/*T*

85$#)$* &/* 195(4#B1I-%=7* &'* <51%"B1* -%=* /#* &'* U=C?D* K3%)$* KJ/.1)3/#2* /#* 51@7* FNNVO@* A/* (B(1/*

8/$</##5"#*(/##/*2B"#.S2/*/2#*$451)24*&5"2*15*<)#%(.%"&$)/*/#*1/*(B#%2%1@*A5*8$/<)S$/*4#58/*/2#*1/*

852256/* &/* 195(/#B1I-%=* 5'* <51%"B1I-%=@* !1* /2#* #%'W%'$2* 522'$4* 85$* 195(4#B1I-%=* (5$P%GB152/*

(%&4/* 85$* X(=--E* YULNE+-* (./0* X=-Z* /#* Y1=--E* Y=A!N-EE[NV6* (./0* Y=A!@* Y1=--E* /2#* '"/*

/"0B</* (14* &/* 15* 2B"#.S2/* &/2* 1)8)&/2* (5$* /11/* &4#%'$"/* 1/2* ;1'G* 3/$2* (/##/* 2B"#.S2/* /#* 25*

2'$/G8$/22)%"*5'6</"#/*;%$#/</"#*15*8$%&'(#)%"*&/*1)8)&/2*(./0*Y=A!*KJ5)*5"&*X#/8.5"%8%'1%27*

FNE,O@*

A/*(B(1/*&/*2B"#.S2/*/2#*$451)24*85$*1/*(%<81/G/*/"0B<5#):'/*&/*15*2B"#.52/*&95()&/2*6$52*\=X@*!1*

/G)2#/*&/'G*#B8/2*&/*(%<81/G/*\=X*]*15*\=X*!*(B#%2%1):'/*/#*15*\=X*!!*<)#%(.%"&$)51/@**

A5*\=X*!*/2#*'"*.%<%&)<S$/*<'1#);%"(#)%""/1*(%&4*85$*&/'G*6S"/2*X(\=XE*/#*X(\=XF@*-./0* 1/2*

1/3'$/2*15*\=X*!*/2#*(585P1/*&/*2B"#.4#)2/$*&/2*5()&/2*6$52*T*FN*(5$P%"/2*'$#&'()%*<5)2*/11/*"9/2#*

5(#)34/*:'9/"*5P2/"(/*&95()&/2*6$52*/G%6S"/2@*A5*\=X*!!*/2#*(%"2#)#'4/*&9/"0B</2*(.5('"/*4#5"#*

<%"%;%"(#)%""/11/* (%&4/2* (./0* X=-Z* 85$* X(>-JE7* X(-Z>E7* X(^=LE7* X(DJCF* /#* X(ZJLE@* A/2*

5()&/2* 6$52* 2%"#* 2B"#.4#)242* 2%'2* ;%$</* &95(B1I-%=* 85$* 15* $484#)#)%"* &/2* $45(#)%"2*2')35"#/2*]*

(%"&/"25#)%"7*$4&'(#)%"7*&42.B&$5#5#)%"*/#*$4&'(#)%"*:')*2%"#*#%'#/2*522'$4/2*85$*15*\=X*!!*&5"2*

15*<)#%(.%"&$)/@*

Z"* FNE,7* _'$2'* "(# *+,* %"#* <%"#$4* :'/* \=X* !!* /2#* 4651/</"#* )<81):'4/* &5"2* 1/2* <4(5")2</2*

&948)2256/* &/* 1`=LU<7* &/* 15* #$5&'(#)%"* <)#%(.%"&$)51/* /#* &/* 1`522/<P156/* &/2* (%<81/G/2*

$/28)$5#%)$/2@*!12*8$%8%2/"#*51%$2*'"*<%&S1/*%a*15*\=X*!!*2/$5)#*(%<</*'"*(58#/'$*<)#%(.%"&$)51*

8%'$* 15* &)28%")P)1)#4* /"* 5(4#B1I-%=*/#* '"* (%%$&)"5#/'$*&/* 1`/G8$/22)%"*&/2* 6S"/2*"'(145)$/2* /#*
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) 78)

-%&06"093'%#5:) (9) #3#$&#9&) 1() 60-$#'&%-(9&) -%&06"093'%#1) #5:) 6"#9;(-(9&2) 3<.&#&)

-.&#/01%45() 3() 1#) 6(1151() =>5'25) (&) #1?@) *ABCD?) !"(E) FG,H) 1() 2I2&J-() KGLHH)-%&06"093'%#1() 9<#)

M#-#%2).&.)3.6'%&?)

N#92)1()6I&0201)1#)KGLH)$('-(&)1#)6093(92#&%09)(&)1#)$'(-%J'()'.356&%09)#O(6)1<(9EI-()KGL*)(&)1#)

3.2"I3'#&#&%09)$5%2) 1#) '.356&%09)#O(6)KGLB?)!"#45() 6I61() #M05&()*) 6#'/09(2) P) 1<#6I1Q!0G)-#%2)

1<.109;#&%09)2<#''R&()(9);.9.'#1)#5)/05&)3()S)6I61(2?),(2);'05$(2)#6I1)45%)09&)#10'2)B7)6#'/09(2)

$(5O(9&) 25/%') 3%TT.'(9&(2) -03%T%6#&%092) 90&#--(9&) 2052) 1<#6&%09) 3(2) .109;#2(2) (&) 3(2)

3.2#&5'#2(2?) !(2)-03%T%6#&%092) 09&) 1%(5) 3#92) 1(2) $('0:I20-(2) (&) $('-(&&(9&) 1#) T0'-#&%09) 3(2)
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III. Résultats 
)
)

1  Les 4 nouveaux génomes du clade…Et celui de 

OLHI 
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4,$0'3'&.#OA,H( %19'#.#( 4,+#&1&$.+&( $+( 93,$7.( 0,+,7EN%"&1;$.( "%,19+"( 5.#( QHR( .&( 5.#( HAG=(

W,$#(.#&10,+#(5,+4(;$.(%.#(4,$0'3'&.#OA,H(%19'#.#(4,+#&1&$.+&($+.(/'01%%.(51//"3.+&.=(?.#(HAG(

#,+&( &3<#("%,19+".#(5.#(QHR(.&(5.#( 4,$0'3'&.#OA,H( %19'#.#:(+,$#('-,+#(5,+4(5"415"(5.( 3.&13.3(

L%HAGC( 5.#( /'01%%.#( .&( 5P.+( /'13.( $+( #1+9%.&,+=( ?.#( QHR( +.( 4,+#&1&$.+&( 7'#( $+( 93,$7.(

0,+,7EN%"&1;$.(0'1#(#,+&(73,4E.#(.+&3.(.%%.#(.&(,+&($+.(/,+4&1,+(#101%'13.:(+,$#(%.#('-,+#(5,+4(

93,$7".#(5'+#($+.(0[0.(/'01%%.=((

(

!"#$%&'()*+' ,( H323.( 7EN%,9"+1;$.( 5.#(

4,$0'3'&.#OA,H(%19'#.#(5.(GHAI(.&(LH?M(5.(

%'( /'01%%.( 6"+,%.-$3.#( 6?@ABB)C:( D@J(

3"#15$#=(

(

(

(

(

(

(

(

(

(

(

(

(

(
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3  Reconstruction du métabolisme lipidique 
)
,#)'(6092&'56&%09)35)-.&#/01%2-()1%$%3%45()3():;,<)#)3099.)1%(5)=)59)26".-#)$'.2(9&#9&)&05&(2)

1(2)>0%(2)-.&#/01%45(2)%-$1%45.(2?)3099.)(9);99(@(AB),(2)CD9(2)603#9&)1(2)(9EF-(2)9.6(22#%'(2)

=)6()-.&#/01%2-()209&)'.$('&0'%.2)3#92)1()&#/1(#5)(9);99(@()*B))

!"(E):;,<)9052)'(6(92092)*GH)CD9(2)%-$1%45.2)3#92)1()-.&#/01%2-()3(2) 1%$%3(2)IJ#/1(#5)*BHKB)

L#'-%) 6(2) *GH) CD9(2) AM8) 209&) '.$#'&%2) (9) M7) N#-%11(2) 3() CD9(2B) !(2) N#-%11(2) 3() CD9(2) 209&)

6092&%&5.(2)3()$#'#10C5(2)(&)3O0'&"010C5(2)3(26(93#9&)3O59)-P-()#96P&'()60--59B)Q%)#5)-0%92)

59() 3(2) (2$D6(2) 35) 61#3() #) $152%(5'2) 60$%(2) 3O59) -P-() CD9(?) &052) 1(2) 0'&"010C5(2) (&) 1(I2K)

$#'#10C5(I2K)3()6()CD9()6092&%&5(9&)59()N#-%11()3()CD9(2B)Q(109)6()61#22(-(9&?)&05&(2)1(2)(2$D6(2)

35)61#3()09&)#10'2)1()-P-()90-/'()3()N#-%11(2)3()CD9(2B)R11(2)$022D3(9&)59)90-/'()2%-%1#%'()3()

CD9(2)%-$1%45.2)3#92)6()-.&#/01%2-()(&)3()CD9(2)(9)N#-%11(B)!(2)90-/'(2)209&)'.25-.2)3#92)1()

&#/1(#5)*BHB))

)

!"#$%"&'()*' +) S.$#'&%&%09) 3(2) CD9(2) 35)-.&#/01%2-() 1%$%3%45() (9) 2%9C1(&092) 05) (9) N#-%11() 3()

CD9(2)3#92) 1(2) C.90-(2) 35) 61#3() !"##$%&"' (&) T,U<) +) 90-/'() 3() CD9(2) 3#92) 1() C.90-(?) 35)

90-/'()3()CD9(2)(9)N#-%11(2)3()CD9(2)(&)35)90-/'()3()N#-%11(2)%-$1%45.(2)3#92)1()-.&#/01%2-()

1%$%3%45(B)

' ,-./' ,-0-' ,-,-' ,-12' ,--.' 3.2/'

4'056%7' 88H*) 8VM8) 8*W*) XVA8) 8*GV) XMMW)

4'056%7'

$898:8;&%7'

*GH)

IMYK)

*GA)

I*?VYK)

AWW)

IMYK)

A78)

IMYK)

AVV)

IM?*YK)

A8G)

IMYK)

4'<"=8$$%7'

$898:8;&%7'
M7) M7) M7) M7) M7) M7)

4'056%7'%6'

>"=8$$%'
AM8) AMM) A*A) AGV) AMA) VM)

4'?86@$%AB67' 8W) 8W) 87) 87) 8W) 87)

)
:;,<)$022D3()1()$152)C'#93)90-/'()3()CD9(2)1%$%3%45(2)/%(9)45O(11()9()$022D3()$#2)1()$152)C'#93)

C.90-(B)Q(512)1(2)CD9(2)!ZJ*?)!ZJH?),Q!*?)L[!A)(&)Q,!A)209&)35$1%45.2)3#92)59)#5&'()C.90-()

#10'2)45O%12)209&)(9)60$%()59%45()6"(E):;,<B))!ZJ*)(&)!ZJH)209&)%-$1%45.2)3#92)1#)2F9&"D2()3()1#)

6#'9%&%9()\) ,Q!*) (2&) 1#) 2052) 59%&.) /(&#) 35) 60-$1(@() $('-(&&#9&) 1() $#22#C() 35) 2566%9#&() #5)

2566%9F1]!0;)\) L[!A) $('-(&) 1#) N0'-#&%09) 3() $F'5>#&() =) $#'&%') 3O0@#10#6.&#&() (&) Q,!A) (2&)

%-$1%45.) 3#92) 1#) 2F9&"D2() 3() [;^B) ,(2) CD9(2) $'.2(9&2) (9) 59() 2(51() 60$%() 6"(E) :;,<) 209&)

.C#1(-(9&)&052)$'.2(9&2)(9)#5)-0%92)59()60$%()3#92)1(2)#5&'(2)C.90-(2B)L05')6"#45()(2$D6(?)#5)

-0%92) 59() 60$%() (2&) $'.2(9&() $#') N#-%11() -51&%C.9%45(B) Q%) 1O09) 6092%3D'() 45O%1) F) #)



!"#$%&'&#(

( ))(

*+,-%",./&'&0+/( 1+/*&0+//.%%.( -'2( %.#( 34/.#( 56$/.(,7,.( 1',0%%.( '$( #.0/( 56$/.(,7,.( .#-4*.(

'%+2#(&+$&.#(%.#(1+/*&0+/#(2.%'&08.#('$(,"&'9+%0#,.(%0-050:$.(.;0#&'/&(*<.=(>?@A(#+/&("3'%.,./&(

'##$2".#(5'/#(%.#('$&2.#(.#-4*.#(5$(*%'5.(.&(,7,.(B@CAD((

(

4  De nouveaux gènes pour le métabolisme 

lipidique 
(

@.#(34/.#(5.(>?@A(&2+$8"#(5'/#( %'(909%0+32'-<0.(+$(-'2(<+,+%+30.(E(F?GH(#+/&(1+$2/0#(5'/#( %.(

&'9%.'$(./(?//.;.(ID(@.#('//+&'&0+/#(-2"#./&".#(5'/#(*.(&'9%.'$;(#+/&(*.%%.#(50#-+/09%.#(5'/#(

J"/+%.8$2.#( %+2#:$K.%%.#( #+/&( *+22.*&.#L( 5'/#( %.( *'#( *+/&2'02.( M.( 1+$2/0#( 5'/#( *.( &'9%.'$( $/.(

-2+-+#0&0+/( -+$2( %.#( /+$8.%%.#( '//+&'&0+/#D( N+$2( %.#( -'2&0.#( 5$( ,"&'9+%0#,.( %0-050:$.( -+$2(

%.#:$.%%.#('$*$/.(5+//".(/6"&'0&(50#-+/09%.L(M.(-2+-+#.(*0O5.##+$#(5.#(34/.#(*'/505'&#(:$0(#+/&(

"3'%.,./&(-2"#./&"#(5'/#(%.(&'9%.'$(./(?//.;.(ID(

(

!"# $%&'())'*+,&-*./-01.,)+/2&-3*456*

(

@.#('%*++%#(32'#(5"#<P52+3"/'#.#(Q?B(*'&'%P#./&(%6+;P5'&0+/(5.#('%*++%#(32'#(./('%5"<P5.#(32'#(

5'/#(%.#(-.2+;P#+,.#D(G.&&.(2"'*&0+/(.#&($&0%0#".('$(*+$2#(5$(-'##'3.(5.#('%*'/.#('$;('*05.#(32'#(

R8+02(G<'-0&2.(IL(AL(SDIDSTD(G<.=(-%$#0.$2#(%.8$2.#(*+,,.(-'2(.;.,-%.(!"#$%$"&'()*%+",%-L(!"#$%$"&

+,)"+".& .&& /.0"(1)21+.-& 3"#-.#%%&-%$#0.$2#( Q?B( +/&( "&"( 0#+%".#( .&( *'2'*&"20#".#& RH020*<( .&( '%DL(

IUUVW(X'/<'/./(.&('%DL(IUUUT(,'0#('$*$/.(Q?B(/6'("&"(,0#.(./("805./*.(*<.=(>?@AD(N+$2(&2+$8.2(

$/.( -+&./&0.%%.( Q?B( 5'/#( %.( *%'5.( 4"(()5%"( /+$#( '8+/#( .11.*&$"( 5.#( 9%'#&#( 5.( #":$./*.#(

-2+&"0:$.#( 2"-.2&+20".#( '$( YGZA( 50#-.2#".#( 5'/#( &+$&( %6'292.( -<P%+3"/"&0:$.( 5.#( .$*'2P+&.#D(

['%32"(*.&&.(2.*<.2*<.(&24#("&./5$.L('$*$/.(Q?B(-+&./&0.%%.(/6'("&"(&2+$8".(*<.=(>?@AL(/0(5'/#(

%.#('$&2.#(.#-4*.#(5$(*%'5.L(/0(*<.=(B@CAD(G.*0(-.$&(#6.;-%0:$.2(5.(-%$#0.$2#(1'\+/#D(F+0&(0%(.;0#&.(

*<.=( *.#( +23'/0#,.#( $/.( /+$8.%%.( ./=P,.( *'-'9%.( 56.11.*&$.2( *.&&.( +;P5'&0+/( ,'0#( /+$#( /.(

50#-+#+/#(-'#(56<+,+%+3$.(/+$#(-.2,.&&'/&(5.(%'(&2+$8.2D(F+0&(*.&&.(2"'*&0+/(.#&(*'&'%P#".(-'2(

$/.( ./=P,.( -2+*<.( -+##"5'/&( 5.#( 5+,'0/.#( #0,0%'02.#( &.%( :$.( %.#( +;P5'#.#( H!J( *+5".#( -'2(

>?@AUHS)]V)3( .&( >?@AUQSSI^)3L( <+,+%+3$.#( E( F*H!JI_L( .&( >?@AU`IUa)a3L( <+,+%+3$.( E(

H!J]D(['0#('$*$/(5.(*.#(&2+0#(34/.#(/.(-+##45.(5.(#03/'%(56'52.##'3.('$(-.2+;P#+,.D(b/.('$&2.(

-+##090%0&"( #.2'0&( :$.( %.( -'##'3.( 5.( %6'%*++%( 32'#( ./( '%5"<P5.( 32'#( #+0&( .11.*&$"( .;*%$#08.,./&(

5'/#( %.( 2"&0*$%$,(./5+-%'#,0:$.(-'2( %6'*&0+/(5.#( '%*++%#(5"#<P52+3"/'#.#(?`CD(?*&$.%%.,./&(

/+$#(/6'8+/#(-'#(#$110#',,./&(56"805./*.#(.;-"20,./&'%.#(-+$2(-2+-+#.2($/(34/.(*'/505'&D(

(

(

(



!"#$%&'()*)+),()-.&#/01%2-()1%$%3%45()35)61#3()!"##$%&")

) 78)

)

!"# $%&'()*+,-./'&*01231(&%'4//'

)
!"(9) :;!<) %1) (=%2&() 3(2) #6>1?!0;) 2>@&".&#2(2) A;;BC) A;;*C) A;;D) (&) A;;E) 45%) %@&('#F%22(@&)

3%'(6&(-(@&) #G(6) 1() &'#@2$0'&(5') A;HB) IJ/('-(>(') (&) #1KC) *LL7MK) :6A;HB) $('-(&) 1N(@&'.() 3(2)

#6%3(2)F'#2)3#@2) 1#)6(1151()05) 1(2)$('0=>20-(2)(&) 1(2)A;;)$('-(&&(@&) 1N#6&%G#&%0@)3()6(2)#6%3(2)

F'#2)3#@2) 1#) 6(1151()#G(6):6A;;BC):6A;;EC):6A;;D)(&)3#@2) 1(2)$('0=>20-(2)#G(6):6A;;*)IG0%'))

!"#$%&'()*C)OC)BKDMK),(2)&'#@2$0'&(5'2)A;HB)20@&)-(-/'#@#%'(2)(&)1(2)A;;)20@&)106#1%2.2)3#@2)1()

60-$#'&%-(@&) 60@6('@.C) 6>&0201) 05) $('0=>20-(C) (&) @() 20@&) $#2) -(-/'#@#%'(2K) J@) $(5&)

(PP(6&%G(-(@&)0/2('G(')1#)$'.2(@6()3N5@)QH:B)25')1(2)2.45(@6(2)603#@&):6A;;*)(&):6A;HB)-#%2)

$#2)$05'):6A;;BC):6A;;D)(&):6A;;EK)))

!"(9) 1(2) (2$R6(2) 35) 61#3() (&) J,SO) %1) (=%2&() 5@) 2(51) "0-010F5() #5=) A;;) 3() :;!<)+) T1A;;B)

T;,OLUB78VEFK)T1A;;B)(2&)#@@0&.)60--()2%-%1#%'()W)A;;B)3():;!<K)!(2)3(5=)FR@(2)$#'&#F(@&)

(@)(PP(&)V8KBX)3()2%-%1#'%&.K)Q#')60@&'(C)%1)@N(=%2&()$#2)3N#5&'()A;;)6"(9)1(2)(2$R6(2)35)61#3()(&)

J,SOK) ,(2) #5&'(2) "%&2) 45%) 20'&(@&) 10'245() 1N0@) '.#1%2() 5@) /1#2&) 20@&) 1(2) 605-#'#&(?!0;) 1%F#2(2))

!JYB)W)!JYBLK),(2)2.45(@6(2)3()A;;B)35)61#3()(&)3()J,SO)@N0@&)$#2)3()-0&%P)3N#3'(22#F()#5=)

$('0=>20-(2C) @%) QH:B)@%) QH:*K) !0@6('@#@&) 1() &'#@2$0'&(5') A;HBC) %1) (=%2&() 45#&'() "0-010F5(2)

6"(9)6"#45()(2$R6()35)61#3()(&)6"(9)J,SOK)!"(9)T;,O)1(2)FR@(2)T1A;HB)T;,OL<BVLBVFC)T1A;H*)

T;,OL<B*8Z[FC) T1A;HD) T;,OL\LZEZVF) (&) T1A;HE) T;,OL!L[*8EF) $#'&#F(@&) '(2$(6&%G(-(@&)

VLCVXC)DLCBXC)D*CEX)(&)D*CDX)3()2%-%1#'%&.)#G(6):6A;HBK)T1A;HB)(2&)#@@0&.)60--()2%-%1#%'()W)

:6A;HB)(&)T1A;H*C)T1A;HD)(&)T1A;HE)20@&)#@@0&.(2)60--()2%-%1#%'(2)W):6A;H*C)5@()0=#1>1?!0;)

2>@&".&#2()6#$#/1()3()60@G('&%')1N0=#1#&()(@)0=#1>1?!0;C)'(45%2()3#@2)1#)G0%()3()3.F'#3#&%0@)3()

1N0=#1#&(K) ,(2) 2.45(@6(2) 3(2) A;HB) 35) 61#3() (&) 3() J,SO) $022R3(@&C) 60--() :6A;HBC) 5@) -0&%P)

3N#3'(22#F()#5=)$('0=>20-(2)3()&>$()QH:BK)!(6%)25FFR'()45()6(2)A;HB)$05''#%(@&)]&'()'(45%2(2C)

60--()6"(9):;!<C)$05') 1N(@&'.()3(2);^)3#@2)1()6>&0201)(&)3#@2)1(2)$('0=>20-(2K)U()-]-()1(2)

A;;B) 35) 61#3() $(5G(@&) '.#1%2(') 1N#6&%G#&%0@) 3(2) ;^) 3#@2) 1() 6>&0201) -#%2) %1) @N>) #) $#2) 3() A;;)

$('0=>20-#1)3#@2)1()61#3(K)O1)(=%2&()(@)'(G#@6"()3#@2)1()61#3()1#)P#-%11()!JYC)60-$02.()3()FR@(2)

#@@0&.2)60--()605-#'#&(?!0;)1%F#2()6"(9)T;,OK)!(2)(@9>-(2)2('#%(@&)6#$#/1(2)3()1%(')5@)!0;)W)

5@) #6%3() (&) &05&(2) 1(2) 605-#'#&(?!0;) 1%F#2(2) 35) 61#3() 0@&) 5@() 2.45(@6() 3N#3'(22#F() #5=)

$('0=>20-(2K)_052)$'0$020@2)#10'2)45()1N#$$0'&)3(2)#6%3(2)F'#2)#6&%G.2)3#@2)1(2)$('0=>20-(2)

$05''#%&)2()P#%'()3()3(5=)-#@%R'(2)+)20%&)1(2)#6%3(2)F'#2)20@&)3N#/0'32)#6&%G.2)3#@2)1()6>&0201)$5%2)

20@&) %-$0'&.2) 3#@2) 1() $('0=>20-() 20%&) 1(2) #6%3(2) F'#2) (@&'(@&) 3#@2) 1() $('0=>20-() (&) >) 20@&)

#6&%G.2)$#')1(2)605-#'#&(?!0;)1%F#2(2K)

)

)

)

)



!"#$%&'&#(

( )*(

(

!"# $%&'()*+,-./01*2)3()&1410/-5607&210+410849.:*1.;410<0

(

+,-.(/0+1(2%(-32#&-(4-$3('5"&6%7+80(#69&,"&'#-#:(/50+/;(<-=$2#-(-9(58942&289('"<8>2-(-&(/50+/?(

-9( 58942&289( '9'"<8>2-@( 1%%-#( 5'&'%6#-9&( %'( <"'5&289( #$2A'9&-(B( 0CD( E( '5"&'&-( E( +80( F( 0GD( E(

42H,8#H,'&-(E('5"&6%7+80(IA82<(+,'H2&<-(?:(J:(K@;@?L@(+,-.(M0NJ(2%(9O6('(=$O$9(#-$%(PQ9-(,8R8%8P$-(

M%0+/?(M0NJSTSU*V?P('A-5(VW:?X(4-(#2R2%'<2&"('A-5(0+/;(-&(V?:*X('A-5(0+/?@(+-&&-(H<8&"29-(

-#&(4"YZ(5899$-(5,-.(M0NJ(R'2#('$5$9-(-3H"<2R-9&'&289('A-5(M%0+/?(9O'("&"(H$>%2"-@(J%(-#&(H<"42&(

=$O0/+?( #-<A2<'2&( Z( %O'5&2A'&289( 4-#( '524-#( P<'#:( 4-#( '%4",64-#( P<'#( -&( 4-#( [+0( 4'9#( %-#(

H-<836#8R-#( R'2#( 5-%%-( 52( 9O'( H'#( 4O'4<-##'P-( '$( H-<836#8R-@( +8RR-( 4'9#( %-( H'<'P<'H,-(

H<"5"4'9&:( 98$#( H<8H8#89#( %-#( 4-$3( ,6H8&,Q#-#( #$2A'9&-#(B( #82&( %-#( '524-#( P<'#( #89&(

#6#&"R'&2=$-R-9&( '5&2A"#( '$H'<'A'9&( 4'9#( %-( 56&8#8%( #82&( 2%#( H-$A-9&( \&<-( '5&2A"#( 4'9#( %-#(

H-<836#8R-#(H'<( %-#(58$R'<'&-7+80( %2P'#-#(+]^@(0/+?(H-<R-&&<'2&(4895(58RR-(5,-.(/0+1( %'(

_8<R'&289(4O'5"&6%7+80(Z(H'<&2<(4O'5"&'&-(4'9#(%-(56&8#8%@(

(

!"! $%&'*+,-./0)3=.41)49&1400>?5@0

(
+,-.(/0+1( 2%(-32#&-($9-('56%7+80(&,28-#&-<'#-(/5C1/;(H-<836#8R'%-(=$2(H-<R-&(4-(<"P$%-<( %-#(

=$'9&2&"#(4O'56%7+80:(4O0`(%2><-(-&(4-(+80/a(-9(,64<8%6#'9&(%O'56%7+80(-9(0`(%2><-#(-&(+80(IA82<(

+,'H2&<-(?:( J:( ?@?@*L@( +-&&-(H<8&"29-( Z( "&"( 5'<'5&"<2#"-( 5,-.( /0+1(-9(?SSV( IG'-4'(-&( '%@:( ?SSVL(

R'2#( 9O-#&( H'#( 5899$-( 5,-.( M0NJ@( /89( ,8R8%8P$-:( M0NJST;W)?*P:( =$-( 98$#( 'HH-%89#( M%C1/;(

5,-.( M0NJ( -32#&-( 4'9#( &8$#( %-#( P"98R-#( 4$( 5%'4-( -&( 5,-.( ]NaJ@( /5C1/;( -&( M%C1/;( H'<&'P-9&(

WS:VX( 4-( #2R2%'<2&"( -&( M%C1/;( H8##Q4-( $9( R8&2_( DC/;@( +-&&-( H<8&"29-( "&'2&( '998&"-( 58RR-(

#2R2%'2<-(Z(%O'56%7+80(&,28-#&-<'#-(H-<836#8R'%-(4O$9(5,'RH2P989(H'&,8PQ9-(4-(H%'9&-#('HH-%"(
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Chapitre 3 :  !

L’évolution des génomes et du métabolisme 
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II. Introduction 
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3  Qu’est ce qu’une famille de gènes ? 
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4  L’évolution des familles de gènes 
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-.'/* &0'"1* &%'23)"1* &1* 4%&5.1/* 6%'$* .078%.'#)%"* 1#* .1* 43)"#)1"* &1/* 95"1/* &'6.):'7/* %"#* 7#7*
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!"# $%&'()*%++,+&-%&./012/)3&3%,2(%&
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/%'/*/7.1(#)%"*6'$)D)3"#1*3.%$/*:'1*.03'#$1>* .)J$1*&078%.'1$>*1/#*/%'/*/7.1(#)%"*"1'#$1B*C161"&3"#*
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III. Stratégie 
)

)

1  La conservation des protéines 
)
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2  Les pressions de sélection 
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IV. Résultats 
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1  Vue d’ensemble de l’évolution de ce 

métabolisme 
(

!"! #$%&'()'*%+&,-(&,./%(&,-0,12'34/+%&1(,+%5%-%60(,60%,

2./+0()',-%7728(11()',9,

(
,-( .$&( -#&( /-( 0-12-012-0( #3( 1-0&'34#( 564-#( 7$( 1-0&'34-#( 873-#( 9'0&31$%360-#( /$( :"&'.7%3#:-(

%393/3;$-( #74&(/-( <'=74(5%7.'%-(9%$#( 174&0'34&-#(;$-( %-( 0-#&-(/$(:"&'.7%3#:-( %393/3;$-(/'4#( %-(

1%'/->( ?34#3@( 97$0( &7$&-#( %-#( -#961-#( 174<74/$-#@( 47$#( 1'%1$%74#( %'( :7A-44-( /-#( /BC/D( /-#(

564-#( /-#1-4/'4&( /E$4( :F:-( 564-( '41-#&0'%( /$( :"&'.7%3#:-( %393/3;$-( -&( 47$#( -4%-874#( %-#(

564-#( 0-90"#-4&"#(9'0(:734#(/-(*(9'30-#(/E-#961-#( 1'0( %'(:7A-44-(4-( #-0'3&( 9'#( #3543<31'&38->(

B7$#( 7.&-474#( /741( $4( #-&( /-( )GH( 564-#( /74&( IH( '99'0&3-44-4&( J( /-#( <':3%%-#>( K-( <'=74(

#$090-4'4&-(%-#(/BC/D(#74&(&06#(<'3.%-#>(L-13(#$5560-(;$-(#73&(&7$#(1-#(564-#(#74&(#7$:3#(J($4-(

90-##374(/-(#"%-1&374(9$03<3'4&-@(#73&(%-#(:"&27/-#(/-(1'%1$%(/$(/BC/D(4-(#74&(9'#('/'9&"-#(J(1-(

1%'/-(/-(%-8$0-#>(

(
M'0:3(%-#()N(564-#(/74&(%'(:7A-44-(/-#(0'&37#(/BC/D(-#&(%'(9%$#(<'3.%-@('%%'4&(/-(N@N)H(J(N@N*N@(

/-$O(564-#(17/-4&(97$0(/-#(907&"34-#( 3:9%3;$"-#(/'4#( %'(#A4&26#-(/E-#&-0(/-(#&"07%@(PLQ)I(-&(

PMK)@( /-$O( 564-#( 17/-4&( %'( 0"'1&374( 0"8-0#3.%-( ;$3( 8'( /$( 9A0$8'&-( J( %E7O'%7'1"&'&-@( MKL)( -&(

MQL)>( ,-#( '$&0-#( 564-#( #74&( L!L)( 3:9%3;$"( /'4#( %'( 4'8-&&-( 1'043&34-@( ?L,)( /'4#( %'( 4'8-&&-(

:'%'&-C13&0'&-@( R?D)( /'4#( %E"%745'&374( /-#( '13/-#( 50'#@( ,DL)( /'4#( %-( 1A1%-( /$( SL?@( ?LDG( ;$3(

9-0:-&(%E'1&38'&374(/-#('13/-#(50'#(-&(T!P)N(97$0(%'(#A4&26#-(/-(%E'1"&A%UL7?>((,-(564-('A'4&(%-(

9%$#(<'3.%-(/BC/D@(/BC/D(V(N@N)I@(-#&(L!L)(;$3(17/-($4(&0'4#970&-$0(/-(1'043&34->((

M'0:3( 1-#( /3O( 564-#@( #-$%#( L!L)( -&( PLQ)I( <74&( 9'0&3-( /E$4-( <':3%%-( :$%&35"43;$->( PLQ)I( <'3&(

9'0&3-(/E$4-(<':3%%-(J()N(:-:.0-#(12-W(Q?,X(-&(L!L)('99'0&3-4&(J(%'(<':3%%-(QYL(;$3(17:9&-(Z(

:-:.0-#(12-W(Q?,X>(((

,-( 564-( 'A'4&( %-( /BC/D( %-( 9%$#( "%-8"@( /BC/D( V( N@GZ@( -#&( DK[*( ;$3( 17/-( $4-( /-#( ;$'&0-( #7$#U

$43&"#( 174#&3&$'4&( %-( &"&0':60-( /-( %'( #$1134'&-( /-2A/075-4'#-( 0-;$3#-( /'4#( %-( 1A1%-( /$( SL?>(

M'0:3( %-#( /3O( 564-#( 'A'4&( %-#( /BC/D( %-#( 9%$#( "%-8"@( &073#( 9'0&3139-4&( '$( 1A1%-( /$( SL?(\( DK[*@(

DK[Z(-&(]PKG@(/-$O(564-#(#74&(/-#(?,]@(0-;$3#-#(97$0(%E'##3:3%'&374(/-#('%1'4-#@(3%(A('(%-(564-(
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Abstract  
To promote the industrial use of enzymes, it is essential to engineer enzymes that meet 

industrial specifications, particularly in terms of selectivity. Success means identifying the 

most promising enzyme as a target for evolution. Here, we propose an original way to 

discover new successful enzymes. The idea is to use evolutionary biology to search for 

homologues of an identified enzyme of interest in closely related sequenced species.  

Lipases are currently the subject of intensive studies due to their large range of industrial 

applications. The Lip2p lipase from the yeast Yarrowia lipolytica (YlLIP2) was recently 

shown to be a good candidate for different biotechnological applications. We showed it to be 

an efficient catalyst for the resolution of 2-bromo-arylacetic acid esters, an important class of 

chemical intermediates in the pharmaceutical industry. Using a combination of comparative 

genomics approaches based on sequence similarity, synteny conservation, and phylogeny, we 

constructed the evolutionary scenario of the lipase family for six species of the Yarrowia 

clade. RNA-seq based transcriptome analysis revealed the primary role of LIP2 homologues 

in the assimilation of different substrates. Once identified, these YlLIP2 homologues were 

expressed in Y. lipolytica. The lipase Lip2a from Candida phangngensis was shown to 

naturally present better activity and enantioselectivity than YlLip2. Enantioselectivity was 

further improved by site-directed mutagenesis targeted to the substrate binding site. The 

mono-substituted variant V232S displayed enantioselectivity greater than 200 and a 2.5 fold 

increase in velocity. A double-substituted variant 97A-V232F presented reversed 

enantioselectivity, with a total preference for the R-enantiomer.  
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Introduction 

Lipases are serine hydrolases defined as triacylglycerol acylhydrolases (E.C. 3.1.1.3). They 

are ubiquitous enzymes of high physiological significance and their industrial potential is on 

the increase. Their physiological role is to catalyse the hydrolysis of the ester bond of tri-, di- 

and monoglycerides of long-chain fatty acids into fatty acids and glycerol (Schrag and Cygler 

1997). Lipases are widely used as additives in industrial laundry and household detergents 

(Cardenas et al. 2001), in the food industry for, for instance, the development of flavours, the 

production of structured lipids or the production of oil enriched in polyunsaturated acids, 

paper manufacture, degradation of fatty waste (Masse et al. 2001), and in the synthesis of fine 

chemicals, cosmetics and pharmaceuticals.  

Fungi are known to secrete lipases to assimilate lipid substrates from their natural 

environment. Being ubiquitous, lipases have developed substrate specificities and stability 

under a range of chemical and physical conditions, which increases their interest for industrial 

applications. In addition, some fungal lipases are extracellular, thus reducing the cost of 

production and making this source preferable over bacteria. Among fungal lipases (Gopinath 

et al. 2013), those of ascomycetous yeasts from various species such as Candida rugosa 

(Benjamin and Pandey 1998), Yarrowia (Candida) deformans (Bigey et al. 2003), Candida 

albicans (Hube et al. 2000), Candida viswanathii (de Almeida et al. 2013), Pseudozyma 

(Candida) antarctica (Tan et al. 2010) or Yarrowia lipolytica (Fickers et al. 2011) have been 

widely studied. The lipases in most of these species belong to multigenic families. Up to 16 

members have been reported in Y. lipolytica, but only the extracellular YlLip2 lipase has been 

extensively studied (Pignede et al. 2000), and was reported to be an efficient enzyme in a 

number of applications (Fickers et al. 2005). For instance, it was demonstrated to be the most 

effective lipase for the purification of cis-4,7,10,13,16,19-docosahexaenoic acid (DHA) by 

hydrolysis of a mixture of ethyl esters from tuna oil (Casas-Godoy et al. 2014) and to be an 

efficient stereo-selective enzyme for the resolution of 2-halogeno-arylacetic acid esters, an 

important class of chemical intermediates in the pharmaceutical industry (Guieysse et al. 

2004).  

Studies have been conducted to improve YlLip2 properties, e.g. lipase activity, 

enantioselectivity, and thermostability. The strategies used were mainly based on site-directed 

mutagenesis targeted to the substrate binding site (Bordes et al. 2009) or on random 

mutagenesis of the whole gene sequence (Bordes et al. 2011). For instance, the mono-

substituted variant with the valine 232 changed into serine in YlLip2, represents a tremendous 

increase in enantioselective activity compared to the parental enzyme for the resolution of 2-

bromo-phenylacetic acid ethyl ester (58-fold) and 2-bromo-o-tolylacetic acid ethyl ester (16-
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fold) (Bordes et al. 2009). This type of experimental approach requires the screening of a 

large set of mutants and is thus laborious and, in addition, the outcome is uncertain. 

In this paper, we propose an original approach to improve enzymes and their evolution. The 

approach used takes advantage of the decreasing cost of genome sequencing, thereby enabling 

a huge number of closely related organisms to be sequenced. Y. lipolytica is an interesting 

reservoir of lipases of which only few members have been exploited to date. These paralogue 

lipases, which derived from gene duplications, are already too divergent to deduce 

relationships between activities and amino-acid sequences. An alternative approach is to 

identify more conserved lipases derived from a common ancestor, which could have acquired 

improved specificities. Combining comparative genomics and phenotypic characterisation 

may provide clues to interesting mutations to improve lipase specificities of high interest for 

industry. From this perspective, we investigated the genomes of six members of the Yarrowia 

clade and detected 61 lipase genes belonging to different LIP families. The study of the 

evolution of the lipases made it possible to identify the orthologous relationships between 

homologues and to retrace their evolutionary history. With 11 members closely related to 

YlLip2, the Lip2 family is the largest and the most dynamic one. We consequently 

investigated this family and tried to infer the specificities of each member by over-expressing 

them in Y. lipolytica under the control of the strong constitutive TEF promoter and to identify 

the best lipase for resolution of 2-halogeno-arylacetic acid esters. 
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Material and Methods 
Strains 

The strains of the Yarrowia clade investigated in this study are listed in Table 1. In addition, 

Candida hispaniensis was used as the nearest out-group species for the Yarrowia clade 

(Michely et al., in prep). All were wild-type prototroph strains. Strain names are abbreviated 

as follows: YALI (Y. lipolytica W29=CBS 7504), YAYA (Y. yakushimensis CBS 10253), 

YADE (Y. deformans CBS 2071), YAGA (Y. galli CBS 9722), YAOS (Y. oslonensis CBS 

10146), YAHO (Y. hollandica CBS 4855), YAPH (Y. phangngensis CBS 10407), YAAL (Y. 

alimentaria CBS 10151), CAHI (C. hispaniensis CBS 9996). 

 

Identification of lipases in species of the Yarrowia clade 

The genomes of YAGA, YAYA, YAPH, YAAL, and CAHI were sequenced and annotated at 

INRA Thiverval-Grignon. Genome annotations were performed by a combination of in silico 

annotation transfer tool based on Amadea BioPack (ISoft, France) and manual curation based 

on RNA-Seq data. Genes encoding lipases (LIP genes) were found by homology using the 

LIP genes of YALI (Edgar 2004). Orthologues in each species were identified based on a 

two-step reciprocal approach using BLASTP. In the first step, YALI LIP genes were used as 

queries for BLASTP on the 5 other species, with a cutoff E-value of 1.e-10 (Altschul et al. 

1990). Then a reciprocal BLASTP search considering only the best hit allowed genes 

corresponding to other YALI genes to be discarded. The sequence of all LIP genes have been 

deposited at ENA-EMBL under accession numbers XX to XX. Their protein sequences are 

provided in File S1. 

 

RNA-Seq analysis 

YALI, YAGA and YAPH were used for transcriptome analysis in three different media, i.e. 

glucose (GL), oleic acid (OA) and tributyrin (TB). The strains were cultured at 28 °C on YPD 

medium (1% (wt/vol) yeast extract, 1% (wt/vol) peptone, 1% (wt/vol) glucose) for 

precultures. Then, minimal medium base (MMB) was used, containing 0.17% (wt/vol) yeast 

nitrogen base without amino acids and ammonium sulfate (Difco, Paris, France), 0.5% 

(wt/vol) NH4Cl, 50 mM phosphate buffer pH 6.8 and 0.15% (wt/vol). The three carbon 

sources (GL, AO, TB) were added at a final concentration of 1%. Both lipid substrates were 

previously emulsified by sonication of a 20% mixture in the presence of 0.625% Tween 40. 

Cells grown in the presence of OA or TB were washed twice with 0.5% bovine serum 

albumin and then once with 0.9% NaCl before OD600 determination. Cells were harvested in 

the exponential phase. Two replicates were performed for each species/media pair. Total 



Chapitre 3 : L’évolution des génomes et du métabolisme 

 164 

RNA was prepared using the Qiagen RNeasy kit (Qiagen, Courtaboeuf, France). mRNA was 

purified by selection of poly(A)+ transcripts, which were then sequenced by the Illumina 

Solexa technology with a HiSeq 2000 sequencing system with chemistry v3.0. Twelve to 29 

million single-end reads of 100 bp were generated per sample. Sequences were cleaned and 

trimmed using Trimmomatic version 0.20 

(http://www.usadellab.org/cms/index.php?page=trimmomatic) with arguments -threads 20 

and -phred33. Only reads with a minimum length of 40 bp, which corresponded to about 98% 

of the raw data, were further analysed. Tophat2 v2.0.10 with Bowtie2 v2.1.0 were used to 

map the reads on the nuclear genome of the three strains (Kim et al. 2013). The options used 

were the following: --micro-exon-search --min-intron-length 30 --min-coverage-intron 30 

--min-segment-intron 30 --max-intron-length 4000 --max-multihits 1 with the transcriptome 

being provided. Reads were counted using a custom BioPerl script based on samtools utilities 

v0.1.18 (Li et al. 2009). In a preliminary step, low expression features were filtered as they 

generally cause serious biases in differential expression studies. To this end, we followed the 

procedure described in the egdeR user guide (Robinson et al. 2010). Thus, only features with 

at least one count per million (cpm) in at least two conditions/replicates were kept. 

Differential expression was performed with DEseq2 v1.2.8 (Anders and Huber 2010). The 

default normalization proposed by the DEseq2 package was used and the “parametric” 

estimation of data dispersion was chosen. All the pairwise comparisons of the three different 

conditions for the three species were investigated. The resulting p-values were corrected using 

the Benjamini-Hochberg procedure (Benjamini and Hochberg 1995). Assuming that the 

variability between replicates was lower in YALI than in YAGA and YAPH (data not 

shown), the adjusted P-value cut-off for the differential expression was fixed at 1.e-3 in YALI 

and 5.e-3 in YAGA and YAPH. Fastq files of the RNA-Seq reads have been deposited at the 

European Nucleotide Archive (ENA-EMBL) under the project number PRJEB6632 

(http://www.ebi.ac.uk/ena/data/view/ERP006181). 

 

Reconstruction of the evolutionary scenario 

To reconstruct the evolutionary scenario of the lipase family in the Yarrowia clade using 

CAHI as out-group, the species tree and the LIP tree were reconciled with synteny data. A 

parsimonious approach was used to minimise the number of duplications and loss of LIP 

genes. For the phylogeny of the LIP genes, protein sequences were aligned with MAFFT 

(Katoh et al. 2002). The pairwise comparisons of both amino acid identity and similarity were 

calculated using aligncopypair (EMBOSS) (Rice et al. 2000).  
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The phylogenetic tree deduced from the LIP protein alignment was constructed with PhyML 

v3.0 with a JTT substitution model corrected for heterogeneity among sites by a !-law 

distribution using 4 different categories of evolution rates (Guindon and Gascuel 2003). The 

proportion of invariable sites and the "-parameter of the !-law distribution were optimised 

according to the data. A bootstrap value was calculated with 100 replicates. The species tree 

was deduced from the alignment of 912 single copy protein-coding genes (398959 residues). 

Individual gene alignments for the 912 orthologues was performed with MUSCLE (Edgar 

2004) edited using Gblocks (Castresana 2000), concatenated, and the phylogenetic tree was 

estimated by maximum likelihood using PhyML v3.0 assuming a JTT substitution model with 

! distributed rate variation and a proportion of invariant sites estimated from the data. 

Synteny conservation between LIP genes was determined by pair-wise comparison between 

50 kbp regions upstream and downstream from each LIP gene, using Promer and 

mummerplot from MUMmer v3.23 (Kurtz et al. 2004). 

 

Lip2 protein sequence analysis 

Lip2 proteins were aligned with Multalin (Corpet 1988). Pairwise identity and similarity 

between Lip2 proteins were deduced from this alignment using aligncopypair (EMBOSS) 

(Rice et al. 2000). The secondary structure of the Lip2 proteins was predicted with PSIPRED 

v3.3 (Buchan et al. 2013). #-sheets were numbered according to the nomenclature of (Ollis et 

al. 1992) and the "/# hydrolase fold according to (Bordes et al. 2010).  

 

Selection and dN/dS ratio 

Pairwise nucleotide alignment was deduced from MAFFT protein alignment using tranalign 

in the EMBOSS package (Rice et al. 2000). The dN/dS ratios were calculated from this 

alignment using Codeml model from PAML4 package version 4.4b with a run mode equal to 

-2 (Yang 2007). dS values higher than 2.5 were removed from the analysis to avoid dS 

saturation, which notably removed all pairwise comparisons involving CAHI. Box plots were 

constructed with R (R Development Core Team 2011). 

 
Chemical reagents  

Yeast extract, tryptone, and peptone were purchased from Difco (Paris, France). All reagents 

used for enzymatic reactions were of commercial quality and were purchased from Sigma-

Aldrich (St. Louis, MO, US). n-Decane was dried over molecular sieve (3 Å) before use. The 

preparation procedure for (±) 2-bromo-phenylacetic acid octyl ester is described in a previous 

paper (Guieysse et al. 2003). 
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Construction of mutants for production of recombinant enzymes  

Plasmid JMP62-URA3ex-pTEF was used for the production of recombinant enzymes, wild-

type and variants (Piamtongkam et al. 2011). This plasmid carries the wild-type/mutated LIP2 

genes under the control of the constitutive TEF promoter (pTEF). The mature sequence of 

wild type Lip2 from species of the Yarrowia clade and CAHI were integrated downstream 

either the PrePro-Lip2 secretion signal of Y. lipolytica or their own PrePro secretion signal.  

For constructions using the PrePro-Lip2 secretion signal of Y. lipolytica, forward and reverse 

primers were designed to amplify the mature sequence of each Lip2 gene from species of the 

Yarrowia clade and CAHI, and to introduce BsrgI and AvrII restriction sites. The PCR 

product obtained from genomic DNA was digested with these restriction enzymes and ligated 

to the plasmid JMP62-URA3ex-pTEF digested with the same restriction enzymes and gel 

purified. For constructions using their own PrePro signal secretion, the In-Fusion HD Cloning 

Plus kit from Clontech (Mountain View, CA, US) was used. Primers were designed to 

amplify the complete sequence of each Lip2 gene, including the PrePro secretion signal, and 

at each extremity, to introduce 15 bases homologous to those of the vector linearized by PCR 

amplification using both primers aJMP62TEFPPf and aJMP62TEFLip2YLr.  

Variants V232S and D97A-V232F of YpLip2a were constructed using site directed 

mutagenesis. PCR amplification was performed using plasmid JMP62-YpLip2a as template 

and overlapping primers containing the desired mutation. PCR reaction was subsequently 

digested by DpnI and directly transformed in E. coli DH5! strain.  

All primers were purchased from Eurogentec (Angers, France) and the sequences are listed in 

Table S3. For all constructions, sequences were checked by DNA sequencing (GATC-

Biotech, Konstanz, Germany) to ensure that no mutation was introduced during the PCR. E. 

coli DH5! (Life Technologies, Carlsbad, CA, US) was used for vector construction and 

amplification. The plasmids were digested with NotI and used for transformation of strain 

JMY1212 (MATA ura3–302 leu2–270-LEU2-zeta xpr2–322 !lip2 !lip7 !lip8) (Bordes et al. 

2007) by the lithium acetate method as described previously (Barth and Gaillardin 1996). The 

strains constructed in this study were deposited at the International Center for Microbial 

Resources, CIRM-Levures (http://www7.inra.fr/cirmlevures/). 

 

Production of recombinant enzymes in Y. lipolytica 

Erlenmeyer flasks (500 mL) containing medium Y1T2O3 (50 mL total) made of yeast extract 

(10 g/L), bactotryptone (20 g/L), and oleic acid (30 g/L), buffered with phosphate buffer (100 

mM, pH 6.8) were inoculated with cells pre-grown in YPD containing yeast extract (10 g/L), 

bactopeptone (10 g/L), and glucose (10 g/L) at an initial cell density of OD600=0.2. Stock 
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solution containing oleic acid (200 g/L) and Tween40 (5 g/L) was subjected to sonication 

three times for 1 min each on ice for emulsification purposes. Cells were incubated at 28°C 

for 24 h until complete consumption of oleic acid. The cells were centrifuged at 10,000 rpm 

for 10 min, and supernatants were directly used in reactions. 

 

SDS-PAGE analysis 

Samples were loaded on 10% NuPAGE Tris-acetate sodium dodecyl sulphate-polyacrylamide 

electrophoresis gel (Invitrogen, Cergy Pontoise, France). After migration, the gel was 

subjected to silver staining. 

 

Hydrolysis of p-nitrophenyl butyrate 

Lipase activity in the culture supernatant was determined by monitoring the hydrolysis of p-

nitrophenyl butyrate (pNPB) into butyric acid and p-nitrophenol (p-NP) (Quinn et al. 1982). 

The method was optimised using 2-methyl-butan-2-ol (2M2B) as solvent to solubilize p-NPB 

(Bordes et al. 2007). Lipase activity was measured in 96-well microplates with 20 !L of the 

supernatant containing properly diluted lipases, 175 !L of a 100 mM phosphate buffer pH 7.2 

containing 100 mM NaCl and 5 !L of 40 mM pNPB in 2M2B. Activity was measured by 

monitoring absorbance at 405 nm at 25°C for 10 min using the VersaMax tunable microplate 

reader apparatus (Molecular Devices, Rennes, France). One unit of lipase activity was defined 

as the amount of enzyme releasing 1 !mol of pNP per min at 25°C and pH 7.2.  

 

Resolution of (R, S) 2-bromo phenylacetic acid octyl esters 

Hydrolysis was carried out in 2 mL Eppendorf tubes containing a biphasic medium composed 

of 0.75 mL dried decane containing the ester (50 mM) and 0.75 mL of the aqueous enzymatic 

solution. The mixture was shaken in a Vortex Genie 2 (Dutscher, Brumath, France). 

Reactions were performed at 25°C. After phase separation by centrifugation (50 !L diluted in 

500 !L hexane), the progress of the reaction was monitored by taking samples at regular 

intervals. 

 

HPLC analysis 

The HPLC device was equipped with a chiral column: Chiralpack OJ (25 cm x 4.6 mm) 

(Daicel Chemical Industries Ltd, Japan) connected to a UV detector (at 254 nm). A flow rate 

of 1.0 mL/min and a 40°C column temperature were used. The mobile phase was composed 

of a mixture of n-hexane/isopropanol (80:20 v/v). 
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Determination of the enantiomeric excess (ee), conversion and enantioselectivity (E-value) 

The enantioselectivity (E-value) was the ratio of the initial rate: 

E = (viS / viR) for a S enantioselectivity 

E = (viR / viS) for a R enantioselectivity. 

ViS and viR are the initial rates of the S and R enantiomer consumption, respectively. The 

initial rate was determined by linear regression with a maximum conversion of substrate of 

less than 15%. 
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Results 

A large family of lipases in the Yarrowia clade 

Y. lipolytica is known to have undergone a lipase family expansion in a different way from 

most Saccharomycotina species. Indeed, 16 genes were recovered from the complete genome 

sequence (Dujon et al. 2004). We searched for homologues in the other sequenced species and 

found similar expansion in YAGA with 14 genes. Expansion was more limited in the other 

species, with 9 genes in YAYA (7 + 2 pseudogenes) and YAPH (8 + 1 pseudogene), 10 genes 

in YAAL (9 + 1 pseudogene), and only three genes in the out-group species CAHI. Thus, the 

set of LIP genes, the so called LIP family, is composed of 61 members of which 4 are 

pseudogenes (sequences are listed in Table S1). The two YAYA pseudogenes were shown to 

be full-length copies inactivated by a frameshift (YAYA0S2-34200g) or a stop in frame 

(YAYA0S4-04016g). The YAPH and YAAL pseudogenes corresponded to truncated copies 

(YAPH0S3-02454g and YAAL0S2-06656g). Full-length proteins ranged from 299 to 429 

amino acids, the longest being YALI0D09064g (=YlLip11) with a putative N-terminal 

extension of 85 amino acids. Overall, the N-ter of the proteins was poorly conserved whereas 

the rest of the alignment was rather well conserved covering about two thirds of the proteins. 

All the proteins in this region harbored the conserved serine, aspartic acid, and histidine 

catalytic triad characteristic of the !/" hydrolase with the catalytic nucleophile serine located 

in the highly conserved pentapeptide GHS[LFM]G (Schrag and Cygler 1997). This finding 

confirms that all of these genes encode lipases. The most closely related lipases already 

published in other species are three lipases of Candida deformans, which also belongs to the 

Yarrowia clade (Bigey et al. 2003). The set of LIP genes, including those reported in C. 

deformans, but with the exception of C. hispaniensis LIP9, forms a monophyletic group 

sharing 32 to 97% identity. Outside this group, the proteins which share the highest level of 

identity correspond to putative lipases of Wickerhamomyces ciferii and Kuraishia capsulata 

with 31-33% identity and 51-52% similarity, respectively. Filamentous ascomycetes such as 

Thermomyces lanuginosa, Penicillium, Blumeria, or Aspergillus species as well as early-

diverging fungus such as Mucor miehei or Rhizopus niveus contain LIP2 homologues which 

share about 25-30% identity and 40-50% similarity. A putative lipase was also identified in 

Sacharomycetaceae. This putative lipase in Saccharomyces cerevisiae, called Lih1 and 

encoded by YJR107W, shares 26% identity and 44% similarity with YlLip2, its closest 

relative in Y. lipolytica. Lih1 and its counterparts in other Hemiascomycetes may derive from 

a common LIP ancestor. 
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Reconstruction of an evolutionary scenario of the lipase family 

To reconstruct the evolution of the lipase family, CAHI was used as an out-group and the 

common ancestor of the clade was placed after the divergence of CAHI, just before the 

branching of YAAL (Fig. 1a). To determine the phylogenetic relationships between the 

different lipases of the 6 species, an amino acid alignment was performed for the 59 full-

length genes. The phylogeny based on this alignment made it possible to separate the proteins 

into 9 monophyletic groups with at least 4 members (Fig. 1b). In each group, we compared 

the phylogeny of the genes and the species, and we used synteny conservation to reconstruct 

the evolutionary scenario and thus to determine the number and the relative location of the 

ancestral lipases. This strategy showed that 15 duplications, 11 losses and 4 

pseudogenizations may have occurred during the evolution of 10 ancestral genes (LIP2, LIP4, 

LIP5, LIP8, LIP9, LIP10, LIP13, LIP16, LIP18 and LIP18b). With on average more than 3 

events per ancestral gene, the lipase family is thus highly dynamic in this clade with more 

duplications than losses. Assuming that CAHI has only three lipases, the family expansion 

may predate the divergence of the clade and is still underway in the most closely related 

species of YALI. Two duplications occurred before the divergence of YAYA/YAGA/YALI 

and three before the divergence of YAGA/YALI. All the other duplication events are species-

specific (Fig. 1a). Finally in YALI, which has the highest number of lipases in the clade, 

LIP15 derived from the duplication of LIP4, LIP7 and LIP14 from LIP8, LIP11 and LIP12 

from LIP10, LIP17 from LIP16 and LIP19 from LIP18, but only two duplications are species-

specific (LIP12 and LIP19). The fact that 10 out of 11 losses are species-specific also 

contributed to the lipase family expansion. The 11th loss occurred before the divergence of 

YAPH and allowed the definition of a tenth ancestral lipase (LIP18b), absent from YALI and 

restricted to YAAL (Fig. 1b). We did not find any evidence for a putative PrePro domain in 

YaLIP18b, suggesting that the protein is not secreted. However, it would be interesting to 

investigate its intracellular activity and substrate specificity, if any. 

The number of evolutionary events was not uniformly distributed among the phylogenetic 

groups of lipases. For instance, no event occurred in the LIP13 group and all the LIP13 genes 

are still conserved in synteny. On the contrary, the LIP2 gene has undergone multiple 

evolutionary events. Six independent duplications occurred, five in YAPH and one in YAAL. 

In both species, one non-ancestral copy is pseudogenized. However, in the 5 species which 

make up the Yarrowia clade, the ancestral copy of LIP2 is still conserved in synteny (Fig. 2).  
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Expression patterns are conserved only in the LIP2 family  

YALI, YAGA and YAPH have at least 9 different genes, however only half of them (19 out 

of 39) were transcribed in the culture conditions of our study. No reads were obtained in the 

RNA-Seq data for 7 lipases of YALI and 7 of YAGA. In YAPH, none of the LIP2-like lipases 

except LIP2a which is the syntenic orthologue of YlLIP2 and thus the ancestral copy, were 

transcribed, neither the YpLIP18 lipase. Thus, only 9 lipases in YALI, 7 in YAGA and 3 in 

YAPH were considered to be transcriptionally active (Table S2). Their relative expression 

differed with the growth media. In the three strains, YlLIP2, YgLIP2 and YpLIP2 were the 

lipases most frequently expressed in oleic acid with more than 95% of the lipase transcripts in 

YALI and YAGA, and about 80% in YAPH (Fig. 3a). Surprisingly, in YALI the major lipase 

in glucose was YlLIP8 whereas it was still YgLIP2 in YAGA. In YAPH, the expression of 

YpLIP13 prevailed in both glucose and tributyrin. In these media, there was no predominant 

lipase in YALI. Among the 19 expressed lipases, at least 11 lipases appeared to be regulated, 

i.e. they showed statistically significant difference in levels of expression in at least one 

media comparison (see the adjusted P-value in Table S2 and Fig. 3b). The three expressed 

LIP2 lipases showed the same pattern of expression regulation. These lipases were expressed 

in the three media and were mainly induced on oleic acid and slightly less on glucose than on 

tributyrin. Conservation of the pattern of regulation between orthologous lipases is not a 

general rule. Indeed, YlLIP4 was not expressed in any condition; YpLIP4 was mainly induced 

on tributyrin and YgLIP4 on oleic acid. Similarly, YpLIP13 was expressed in all three 

conditions; YlLIP13 was induced on glucose and YgLIP13 on oleic acid. In YALI, four 

additional lipases were shown to be regulated by growth conditions (LIP8, LIP9, LIP10 and 

LIP17); none of these lipases was found in YAPH but were present in YAGA. LIP10 and 

LIP17 were induced by tributyrin in YALI and not expressed in YAGA. LIP9 was induced by 

tributyrin in YALI and was always expressed in YAGA.  

 

A promising strong promoter inducible by glucose 

The most remarkable regulation was that of YlLIP8 which was highly induced by glucose 

with fold change values of 360 and 562 for glucose versus oleic acid and tributyrin, 

respectively. A comparison of the level of expression between YlLIP8 and all other protein-

coding genes of Y. lipolytica showed that YlLIP8 is one of the 25 most frequently expressed 

genes on glucose (read counts per kb in both glucose replicates). This gene is almost never 

expressed on oleic acid or tributyrin. Its expression pattern in our conditions resembled that of 

the XPR2 promoter (pXPR2) from YALI0F31889g (Madzak et al. 1999). pXPR2 is a strong 

inducible promoter with a complex induction (Ogrydziak et al. 1977), which has encouraged 



Chapitre 3 : L’évolution des génomes et du métabolisme 

 172 

people to use hybrid chimera promoters based on the XPR2 upstream activation sequences 

(Blazeck et al. 2011; Madzak et al. 2000). Assuming that pLIP8 has the same expression and 

specificity as pXPR2, it may be an interesting alternative promoter with less complex 

requirements for induction, and deserves further investigation. 

 

Structural characteristics of the LIP2 subfamily 

The LIP2 gene is the only lipase gene present in all species of the clade and in CAHI. This 

gene has undergone the highest number of duplications and the ancestral copy is the most 

frequently expressed lipase in oleic acid in YALI, YAGA and YAPH. All these findings 

mean this subfamily, the so- called LIP2 family, would be an interesting group of genes in 

which to investigate their respective activity and enantioselectivity in relation with their 

sequence features.  

The sequence alignment of the 10 newly identified Lip2 lipases with YlLIP2 and the Lip2 

homologue previously identified in Y. deformans (Bigey et al. 2003) is shown in Fig. 4a. 

Compared to YlLip2, the YgLip2, YdLip2 and YyLip2a lipases present the highest level of 

conservation with 87.7 to 92.5% pairwise identity and 92.8 to 97.3% similarity, which is 

congruent with the species phylogeny. In contrast, the higher conservation of YlLip2 with 

YaLip2 (87.7% identity and 93.1% similarity) rather than with YpLip2a, which is the 

ancestral copy in YAPH, is surprising (Fig. 4b). As both genes are still conserved in synteny 

(Fig. 2), the high level of sequence conservation of YaLip2 may be due to a horizontal gene 

transfer followed by a conversion event. A possible alternative explanation is that YpLip2a 

diverged more rapidly due to the presence of 5 duplicated copies in YAPH, even though, 

among the YAPH LIP2 lipases, YpLip2a, which is the ancestral copy, remains the most 

conserved. To test this alternative hypothesis, we quantified the selective constraints on the 

LIP2 genes by estimating the ratio of per site non-synonymous (dN) to synonymous (dS) 

substitution rates (dN/dS). As shown in Fig. 5, all LIP2 genes were shown to be under 

purifying selection, i.e. the dN/dS ratio was less than 1. The pressure acting on non-ancestral 

LIP2 genes was much lower than on ancestral LIP2 pairs, which might be due to a relaxation 

of the purifying selection on duplicated copies. Although multiple copies exist in YAPH, the 

ancestral YpLIP2a gene was seen to be under the same purifying selection pressure as 

ancestral copies in the other genomes where no LIP2 duplications occurred. This finding 

supports the first hypothesis of a horizontal transfer at the locus in YAAL. 

Also noteworthy is the fact that YpLIP2b and YpLip2c are almost identical with only 11 

amino acid differences, suggesting that one is a duplicated copy of the other. In contrast, the 

two LIP2 copies in CAHI shared only 55.9 % identity and 69.3% similarity, probably 
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resulting from a long evolution. Sequencing the LIP2 locus of additional species of the 

Yarrowia clade, especially those which have been described very recently, will provide clues 

to decipher the strange phylogeny of the LIP2 gene (Chang et al. 2013; Nagy et al. 2014; 

Nagy et al. 2013).  

The secondary structure pattern appeared to be highly conserved among all 12 enzymes, with 

a perfect alignment of !-helices and "-strands. The classical signature GHSLG of lipases from 

the filamentous fungi superfamily, which includes the catalytic serine, was seen to be almost 

conserved. The only exception was YpLip2d from Y. phangngensis in which the leucine next 

to the catalytic serine was replaced by a phenylalanine. The two other amino acids of the 

catalytic triad, namely Asp230 and His289 in YlLip2, were perfectly aligned located after 

strand "7 and "9, respectively. The two residues forming the oxyanion hole, which stabilize 

the tetrahedral intermediate formed during the reaction mechanism, were aligned and 

identical. The first residue belongs to the “GX” type lipase according to the classification 

proposed by Pleiss et al., which bears specificities for medium and long chain fatty acids, X 

being a threonine in all these lipases (Pleiss et al. 2000). The second residue, located next to 

the catalytic serine, was a leucine, except for the previously mentioned YpLip2d with a 

phenylalanine.  

Disulphide bonds play an essential structural role in proteins by stabilizing their tertiary 

structure. YlLip2 is stabilised by four disulphide bonds (Cys30-Cys299, Cys43-Cys47, 

Cys120-Cys123, Cys265-Cys273), and contains one free cysteine (Cys244) (Bordes et al. 

2010). All the lipases from the LIP2 family appeared to be stabilised by the same four 

disulphide bonds. The extra cysteine, Cys244 reported in YlLip2, was present in all ancestral 

LIP2 lipases of the clade, i.e. in YpLip2a, YgLip2, YyLip2 and YaLip2, but not in 

YhLip2a,b. This extra cysteine has been shown to be detrimental to enzyme thermostability in 

YlLip2, leading to intramolecular disulphide bonds during denaturation and protein 

aggregation (Bordes et al. 2011).  

One specificity of lipases is the fact that catalytic activity is strongly dependent on the 

structural rearrangement of a mobile sub-domain, called the lid. The lid was seen to block the 

active site in the closed form of the enzyme and to move away in presence of a hydrophobic 

interface, and had an open conformation when the active site became accessible to the 

substrate. Generally, the sequence of the lid (from L91 to I100 in YlLip2) of the different 

lipases was similar. YhLip2a and YhLip2b had the most dissimilar lid sequence. 

The substrate binding site of YlLip2 appeared as a hydrophobic crevice located at the 

protein surface, with a catalytic triad exposed to the solvent, like in all mucorales lipases. The 

hydrophobic crevice consisted of T88, V94, I98, I100, F129, L163, P190, V232, V235, P236, 
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Y241 in YlLip2. The scissile fatty acid of a triglyceride is assumed to bind to this 

hydrophobic crevice. The sn-2 substituent is thought to bind to the hydrophobic dent formed 

by I231, V283, V285 and L290. Table 2 lists the amino acids located at these positions for the 

12 Lip2 lipases. Amino acids 129, 190, 232, 236 and 241 were conserved in the 15 positions. 

The first amino acid of the oxyanion hole in position 88 was a threonine, except in YhLip2b, 

where it was a serine like in other mucorales lipases such as Mucor miehei and Thermomyces 

lanuginosa (Bordes et al. 2011). The second amino acid of the oxyanion hole was a leucine 

except for YpLip2d where it was a phenylalanine. Amino acids in positions 98 and 100, 

located in the lid, and in 231, 235, 285 and 290, were all hydrophobic amino acids (V, L, I, A 

or F). Positions 94 and 283 presented the highest variability. In position 94, hydrophobic 

amino acids are generally encountered, with a tryptophan in YhLip2b, but a threonine was 

found in YpLip2e. The amino acid in position 283 was a hydrophobic residue except for 

YhLip2a and YhLip2b, where it was a lysine, a positively charged amino acid. 

Finally, YlLip2, as an excreted protein, was expressed in the form of a PrePro enzyme 

precursor (Fig. 4a, Fig. S1). The pre region is composed of 22 amino acids with four X-Ala or 

X-Pro dipeptides, substrates of a diamino peptidase which cleaves after Ile22 (Pignede et al. 

2000). It is followed by a short pro region of 12 aa finished by a Lys-Arg dipeptide, substrate 

of the KEX2-like endopeptidase encoded by the XPR6 gene in Y. lipolytica (Pignede et al. 

2000). YpLip2d had no clear PrePro region. YhLip2a and b PrePro regions diverged from the 

YlLip2 PrePro region. As shown on the alignment of the 9 most closely related PrePro 

regions to that of YlLip2, two X-Arg dipeptides were present at the end of most of these 

PrePro regions, except in YaLip2, YdLip2, YgLip2 and YpLip2a, where only the Arg-Arg 

dipeptide was observed (Fig. S1). Two X-Pro were also present in the PrePro of these 9 

lipases except in YyLip2 where the second dipeptide, Ser-Pro, was replaced by a Thr-Ala.  

 

Expression of LIP2 genes in Y. lipolytica 

All LIP2 genes except YdLIP2 were cloned in Y. lipolytica strain JMY1212 (Bordes et al. 

2007) under the control of the constitutive TEF promoter from Y. lipolytica. Two strategies 

were used: either the entire genes were cloned in the presence of their own PrePro sequences 

or the part of the genes coding for the mature proteins were cloned behind the PrePro region 

of YlLip2. Hydrolytic activities of pNitro Phenyl Butyrate (pNPB) were measured and are 

presented in table 3.  

Seven lipases, YlLip2, YaLip2, YpLip2a, YpLip2b, YpLip2c, YgLip2 and YyLip2, presented 

significant activities whatever the strategy used, suggesting that the origin of the PrePro 

region has no clear influence on the result. The other lipases, YpLip2d, YpLip2e, YhLip2a 
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and YhLip2b, showed no or very low activity when expressed in their own PrePro region. 

Except YpLip2e, all had a different N-terminal region from the PrePro of other LIP2 

members, but even when the latter were replaced by the PrePro region of YlLip2, no or very 

little activity was detected. This suggests that either the protein was not correctly secreted in 

the medium, or degraded rapidly, or that the secreted protein no longer showed lipase activity. 

The presence of a secreted protein was checked on a protein gel. This experiment showed that 

all 7 active enzymes presented similar expression, whereas in the case of no or low activity, 

no protein expression was detected whatever the PrePro system used (Fig. S2). This absence 

of protein is surprising and may reflect a problem in the coding sequence, as in each case two 

different proteins were produced, one with YlLip2 PrePro and one with the native PrePro. For 

YpLip2d, we additionally constructed the F165L variant with YlLip2 PrePro. Indeed, 

YpLip2d presented extra specificity, as it had a bulky atom in the oxyanion hole, a 

phenylalanine, instead of a leucine. This F165L variant was constructed but the activity was 

not restored, suggesting that the absence of activity is not solely due to this amino acid 

substitution.  

Interestingly, in YAPH, three Lip2 lipases showed significant enzymatic activity under the 

TEF promoter, but only YpLip2a was expressed in the wild type strain under its own 

promoter in the conditions used for the RNA-Seq analysis. Indeed, the genes coding for 

YpLip2b and YpLip2c were not transcribed in the wild type strain but were well expressed 

when controlled by the TEF promoter.  

 

Enantioselectivity of the LIP2 subfamily 

The enantioselectivity of 11 lipases from the LIP2 family was tested during the resolution by 

hydrolysis of 2-bromo-arylacetic acid esters (Table 4). YpLip2a was clearly the most efficient 

lipase from both kinetic and selectivity points of view. It displayed 2–fold enhanced activity 

toward the S-enantiomer whereas its activity toward the R-enantiomer was about 5 times 

lower than that obtained with the YlLip2. As a consequence, enantioselectivity increased 

remarkably, by almost one order of magnitude, from an E-value of 3 to 30, compared to other 

lipases.  

Position 97 and mainly position 232 were identified as crucial for distinguishing between 

enantiomers. However, these two positions are perfectly conserved with a valine and an 

aspartic acid in positions 232 and 97, respectively. This means that the higher observed 

enantioselectivity is due to a more subtle change in the 3D structure of this lipase.  

In a previous work, screening of a library of saturation of position 232 led to the identification 

of the V232S variant, with an E-value tremendously increased compared to the parental 
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enzyme (E-value=230) (Bordes et al. 2009). Valine at position 232 was changed by a serine 

inYpLip2a. After 12 hours of reaction, the preferred S-enantiomer was completely consumed 

whereas the concentration of the R-enantiomer remained unchanged (Fig. 6). In addition to 

the gain in enantioselectivity, a 2.5 increase in velocity was observed (Table 4). With this 

variant, both enantiomers can be recovered with 100% purity and 100% yield. Finally, based 

on a previous work on YlLip2 (Cambon et al. 2010), a double-substituted variant was 

constructed in YpLip2a by site-directed mutagenesis, the variant D97A-V232F. This latter 

presented reverse enantioselectivity with a total preference for the R-enantiomer (Table 4). 
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Discussion 

The objective of this work was to test an original idea to maximize the success of the design 

of an optimal enzyme. The chances of success are considerably increased when the selected 

enzyme naturally performs well in terms of activity and selectivity.  

Lip2p lipase from Yarrowia lipolytica (Yllip2) was shown to be an efficient catalyst for the 

resolution of 2-bromo-arylacetic acid esters, an important class of chemical intermediates in 

the pharmaceutical industry (Guieysse et al. 2004). However, although its activity is 

satisfactory, its enantioselectivity needs to be improved. Our strategy, before starting enzyme 

engineering, was to look for a better enzyme which could be produced by a member of the 

Yarrowia clade. The strength of our analysis was to successfully reconstruct the scenario for 

the evolution of the LIP family which gave rise to 16 lipases in YALI. The number of 

evolutionary events was not uniformly distributed among the different groups of lipases. The 

LIP2 family has undergone the highest number of evolutionary events, leading to identifying 

11 lipases homologous to YlLip2 among the 59 putative lipases found in this study. In Y. 

phangngensis, five duplications of LIP2 took place, which constitutes a reservoir for the 

detection of promising enzymes. One surprising finding of the high-throughput transcriptome 

analysis was the fact that none of the duplicated copies of LIP2 was expressed in the 

conditions tested. From a fundamental point of view, this result deserves to be investigated at 

a larger scale, i.e. in all expanded protein families of these genomes. 

Ten out of the 11 Lip2 lipases were cloned and expressed in Y. lipolytica, but only six were 

active using the classical pNPB hydrolysis test, whatever the target PrePro-peptide used for 

secretion. Three of the active lipases belong to Y. phangngensis, whereas only YpLip2a was 

found to be expressed in the wild type strain under the conditions tested. The fact that the 

enzymatic activity of the two non ancestral YpLip2b and YpLip2c has been conserved across 

evolution implies a selective pressure acting on these genes, otherwise this activity would 

have been lost, as in the case of YpLIP2d and YpLIP2e. The evolutionary scenario revealed 

that YpLIP2b and YpLIP2c derived one from the other due to a recent duplication. The 

alignment of the flanking regions of these two genes showed that the duplication event 

included both the promoter and terminator. From an evolutionary point of view, it is 

interesting to note that the duplicated region exceeds the transcribed part of the gene, 

suggesting that the mechanism responsible for the duplication did not involve an RNA 

intermediate, but rather a segmental DNA duplication  (Fig. S3). From this evolutionary 

analysis, we can deduce that YpLIP2b and YpLIP2c probably have the same expression 

regulation but the conditions of induction remain to be determined.  
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The Lip2 lipase from Y. lipolytica has been reported to be an efficient stereoselective enzyme 

for the resolution of 2-halogeno-arylacetic acid esters. In our study, the screening for 

enantioselectivity and activity led to the identification of the Yarrowia phangngensis lipase, 

Yplip2a, which has a tremendously increased E-value compared to the first identified YlLip2 

for the resolution of 2-bromo-phenylacetic acid ethyl ester (9-fold, E-value 30). In addition to 

the gain in enantioselectivity, a 2-fold increase in velocity was observed. Finally, the best 

candidate was subjected to enzyme engineering by site-directed mutagenesis targeted to the 

active site. The mono-substituted variant V232S showed significantly enhanced selectivity 

(E-value > 200) compared to wild-type enzyme. The improved E-value was the consequence 

of an increase in the reaction rate of the fast-reacting enantiomer, leading to a 2.5 increase in 

velocity. This variant performed better than the corresponding variant of YlLip2 in terms of 

enantioselectivity due to complete non-recognition of the non-preferred enantiomer (Bordes et 

al. 2009). A second double-substituted variant D97A-V232F of YpLip2a presented reversed 

enantioselectivity, with a total preference for the R-enantiomer, as already observed with 

YlLip2 (Cambon et al. 2010). The two YpLip2a variants are now compatible with industrial 

applications in the pharmaceutical industry.  

This study is a clear example of the power of using natural biodiversity exploited by 

comparative genomics for enzyme property optimization to fulfil industrial requirements. 

Facilitated by the advances in high-throughput sequencing technologies, this strategy should 

become widespread in the next few years. 
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Figure legend 
 
Figure 1: Phylogeny and evolutionary scenario of the lipase genes in the Yarrowia clade.  
A. Evolutionary events are placed on the species tree constructed from the concatenation of 
912 proteins (398959 residues). Duplications, losses and pseudogenizations are depicted as 
vertical green, red and blue lines, respectively. The number of ancestral genes at each 
ancestral node is given within yellow circles.  
B. Phylogeny of the lipases from the Yarrowia clade and C. hispaniensis. The tree is based on 
the alignment of 59 lipases, further cleaned with Gblocks (133 amino acid residues). The two 
full-length pseudogenes YyLIP9p and YyLIP5p are included in the tree, whereas the 
truncated pseudogenes are not. Groups of lipases derived from the 10 ancestral copies are 
depicted as teardrops of different colours. The tenth ancestral lipase, called LIP18b, is present 
only in YAAL (YaLIP18b in bold, included in the LIP18 group). Bootstrap values are 
represented at the most ancestral nodes.  
 
Figure 2: Synteny conservation between LIP2 genes. Orthologous genes are represented by 
arrows of the same colour. The name of the Y. lipolytica ortholog is abbreviated above the 
first line of genes or under the non-orthologous genes that are depicted in grey. The inversion 
event that occurred between YAYA S6 and YAAL S10 is represented with two pink inverted 
triangles. Chromosome or scaffold abbreviations on the left correspond to Y. lipolytica 
chromosome A (YALI A), C. galli chromosome E (YAGA E), Y. yakushimensis scaffold 6 
(YAYA S6), C. alimentaria scaffold 10 (YAAL S10), C. phangngensis scaffold 6 (YAPH S6) 
and C. hispaniensis chromosome B (CAHI B).  
 
Figure 3: Relative expression of lipases according to growth media in YALI, YAGA and 
YAPH.  
A. The number of reads has been normalized by the length of the CDS for each gene and 
expressed as RPK (reads per kb). LIP name correspond to orthologous genes. In the case of C. 
phangngensis, the LIP2 corresponds to LIP2a which is the syntenic ortholog.  
B. The fold change (FC) between each couple of conditions is provided for each expressed 
lipase of YALI, YAGA and YAPH with a significant adjusted P-value in at least one couple 
of conditions. Stars indicate fold change with a significant adjusted P-value (cut-off of adjP-
value is 1.e-3 for YALI and 5.e-3 for YAGA and YAPH). GL: glucose, AO: oleic acid, TB: 
tributyrin.  
 
Figure 4: Amino acids sequence comparison of lipases from the LIP2 family.  
A. Amino acids sequence alignment. Residues forming part of ! helices and " strands are 
coloured in magenta and cyan, respectively. The three catalytic residues are coloured in red, 
the two catalytic residues of the oxyanion hole in dark blue, the cysteines are yellow-coloured 
and the lid is in grey above the alignment. The !/" hydrolase fold of YlLip2 is from Figure 3 
of Bordes et al. (Bordes et al. 2010). "-sheet are numbered according to the current 
nomenclature (Ollis et al. 1992). The YdLip2 corresponds to YdLIP1 (AJ428393.1; Bigey et 
al. 2003).  
B. Pairwise sequence comparison. Similarity and identity are calculated along the whole 
pariwise alignment and provided as percentage. Colours are according to the level of 
conservation: below 50% (blue), 50-60% (cyan), 60-70% (green), 70-80% (yellow), 80-90% 
(orange) and 90-100% (red).  
 
Figure 5: Box-plot of the dN/dS ratio estimated for the LIP2 genes based on pairwise 
alignments. Different sets of genes were compared: pairs of ancestral LIP2 genes (A), pairs of 
YpLIP2 genes (B) and ancestral versus non-ancestral LIP2 genes (C). Red dots represent the 
dN/dS values involvingYpLIP2a.  
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Figure 6: Hydrolysis kinetics of R,S-2-bromo-phenylacetic acid ethyl ester in a biphasic 
medium (water/decane v/v) at 25 °C. Activities of YlLip2 (green triangle) and YpLip2a (red 
diamond), over-expressed in Y. lipolytica YJM1212, towards S- (filled symbol) and R- (open 
symbol) enantiomers.  
A. Activities of the wild-type YlLip2 and YpLip2a.  
B. Activities of V232S variant of YlLip2 and YpLip2a.  
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Table 1 Strains used in this study 

CBS: Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands 
CLIB numbers refer to the International Center for Microbial Resources, CIRM-Levures 
(http://www7.inra.fr/cirmlevures/) 
*YlPrePro-YxLIP2 corresponds to the fusion of the Y. lipolytica LIP2 PrePro region with the region of 
the expressed lipase corresponding to the mature coding region. 
 

 

 

 

 

Strains used for evolutionary analysis 

Species Strain number  Reference 
Yarrowia lipolytica CBS 7504=W29  (Barth and Gaillardin 1996) 

Candida galli CBS 9722  (Péter, et al. 2004) 

Yarrowia yakushimensis CBS 10253  (Groenewald and Smith 2013) 

Candida phangngensis CBS 10407  (Limtong, et al. 2008) 

Candida alimentaria CBS 10151  (Knutsen, et al. 2007) 

Candida hispaniensis CBS 9996  (Kurtzman 2005) 

Strains used for lipase expression in Y. lipolytica 

Host species   
(lipase expressed) 

CLIB  n° Genotype  Reference 

Y. lipolytica JMY1212 CLIB 1677 MATA ura3-302 leu2-270-LEU2-zeta xpr2-322 
Leu+, Ura－ 

(Bordes, et al. 2007) 

Y. lipolytica (YlLIP2) CLIB 1678 JMY1212 + pTEF-YlLIP2-URA3ex (Bordes, et al. 2011) 
Y. lipolytica (YlLIP2-V232S) CLIB 1679 JMY1212 + pTEF-YlLIP2-URA3ex  (Bordes, et al. 2009) 
Y. lipolytica (YlLIP2-D97A-V232F) CLIB 1680 JMY1212 + pTEF-YlLIP2-URA3ex  (Cambon, et al. 2010) 
Y. lipolytica (YpLIP2a) CLIB 1681 JMY1212 + pTEF-YpLIP2a-URA3ex This study 
 CLIB 1682 JMY1212 + pTEF-YlPrePro-YpLIP2a-URA3ex* This study 
Y. lipolytica (YpLIP2a-V232S) CLIB 1683 JMY1212 + pTEF-YpLIP2a-URA3ex  This study 
Y. lipolytica (YpLIP2a-D97A-V232S) CLIB 1684 JMY1212 + pTEF-YpLIP2-URA3ex  This study 
Y. lipolytica (YpLIP2b) CLIB 1685 JMY1212 + pTEF-YpLIP2b-URA3ex This study 
 CLIB 1686 JMY1212 + pTEF-YlPrePro-YpLIP2b-URA3ex* This study 
Y. lipolytica (YpLIP2c) CLIB 1687 JMY1212 + pTEF-YpLIP2c-URA3ex This study 
 CLIB 1688 JMY1212 + pTEF-YlPrePro-YpLIP2c-URA3ex* This study 
Y. lipolytica (YpLIP2d) CLIB 1689 JMY1212 + pTEF-YpLIP2d-URA3ex This study 
 CLIB 1690 JMY1212 + pTEF-YlPrePro-YpLIP2d-URA3ex* This study 
Y. lipolytica (YpLIP2e) CLIB 1691 JMY1212 + pTEF-YpLIP2e-URA3ex This study 
 CLIB 1692 JMY1212 + pTEF-YlPrePro-YpLIP2e-URA3ex* This study 
Y. lipolytica (YgLIP2) CLIB 1693 JMY1212 + pTEF-YgLIP2-URA3ex This study 
 CLIB 1694 JMY1212 + pTEF-YlPrePro-YgLIP2-URA3ex* This study 
Y. lipolytica (YyLIP2) CLIB 1695 JMY1212 + pTEF-YyLIP2-URA3ex This study 
 CLIB 1696 JMY1212 + pTEF-YlPrePro-YyLIP2-URA3ex* This study 
Y. lipolytica (YaLIP2) CLIB 1697 JMY1212 + pTEF-YaLIP2-URA3ex This study 
 CLIB 1698 JMY1212 + pTEF-YlPrePro-YaLIP2-URA3ex* This study 
Y. lipolytica (YhLIP2a) CLIB 1699 JMY1212 + pTEF-YhLIP2a-URA3ex This study 
 CLIB 1700 JMY1212 + pTEF-YlPrePro-YhLIP2a-URA3ex* This study 
Y. lipolytica (YhLIP2b) CLIB 1701 JMY1212 + pTEF-YyLIP2b-URA3ex This study 
 CLIB 1702 JMY1212 + pTEF-YlPrePro-YhLIP2b-URA3ex* This study 
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Table S3: Primers used for lipase cloning 

Enzyme PrePro region Primer sequence 
YlLip2a PrePro YlLip2 GACGAGTGTACACCTCCACGGAGACTTCCCAGATCAG 

CCAAGGCATTTGCGGCATCTAACCATCCTAGGATGTAA 
YlLip2a PrePro YxLip2 CCGAAGGATCCCACAATGAAGTTTCTAAGTCTCGCTG 

ACCCTAGGTACCTTAGATGCCGCAAATGCCTT 
YlLip2b PrePro YlLip2 AACGAGTGTACACCTCTACTGAAACCGCTGAAGTCAGTG 

GTGCTCATGGGCATCTGTGGTATCTAACTTTCCTAGGATTGAT 
YlLip2b PrePro YxLip2 CCGAAGGATCCCACAATGAAGCTCTTCACACTCGCTCTTG 

ACCCTAGGTACCTTAGATACCACAGATGCCCATGAGCACAAAG 
YlLip2c PrePro YlLip2 AACGAGTGTACACCTCTACTGAAACCGCTGAAATCAGTG 

GTTCTCATGGGCATCTGTGGTATCTAACTTTCCTAGGATTGAT 
YlLip2c PrePro YxLip2 CCGAAGGATCCCACAATGAAGCTCTTCACGCTCGCTCTTG 

ACCCTAGGTACCTTAGATACCACAGATGCCCATGAGAACAAAG 
YlLip2d PrePro YlLip2 TCCGCCTGTACAAATCCACAGAAACCTATCACATTGATCAG 

GTTCTTCAGGGTATCTGCGGCTTGTAGTAGGCCTAGGAGATCT 
YlLip2d PrePro YxLip2 CCGAAGGATCCCACAATGAATTTCTTCAAGATCTTTCTACTTTCAGC 

ACCCTAGGTACCTTACAAGCCGCAGATACCC 
YlLip2e PrePro YlLip2 AGCGAGTGTACACATCCACAGAGACTGATCCTGTGACC 

GTAAGTGCAACGCTTTCAACACTTTTAGTGATTAGTTAACCTAGGATGAAT 
YlLip2e PrePro YxLip2 CCGAAGGATCCCACAATGAAATTGACTAACCTTCTTGCTG 

ACCCTAGGTACCTTAATCACTAAAAGTGTTGAAAGCGTTG 
YgLip2 PrePro YlLip2 CCAGAAGCGAGTGTACACCTCTACCGAGACTTCC 

GATAAATACCCTAGGTTAGATACCACAGACACCCTC 
YgLip2 PrePro YxLip2 CCGAAGGATCCCACAATGAAGCTTTCTACCATCCTTCTTACAGC 

ACCCTAGGTACCTTAGATACCACAGACACCCTCG 
YyLip2 PrePro YlLip2 GAAGAGAGTGTACACTTCTACCGTGACCACTCCC 

GAAGAAGTGATACCTAGGTTAGATACCACAGATACC 
YyLip2 PrePro YxLip2 CCGAAGGATCCCACAATGAAGATCCAAAACATCCTCCT 

ACCCTAGGTACCTTAGATACCACAGATACCCTGG 
YaLip2 PrePro YlLip2 CAGGAGCGAATGTACACCTCTACCGAGACC 

GAAAGAGAAGCCTAGGGTAACTAAATACCACAAACACCTC 
YaLip2 PrePro YxLip2 CCGAAGGATCCCACAATGAAGCTTTCCACCCTCGTCCTCAC 

ACCCTAGGTACCTTAAATACCACAAACACCTTCAGTGACAAAGTACTGGAG 
YhLip2 PrePro YlLip2 AAGCTCGAGTGTACATTAGTGTAGAGACTGCTCAAG 

GGCACTATCCTAGGATGTCTTACAAAGCTAGGCAAT 
YhLip2 PrePro YxLip2 ACCCTAGGTACCTTACAAAGCTAGGCAATTAGCCT 

CCGAAGGATCCCACAATGAAGTTCCTCACTGTTC 
YlLip2d F163L CACTCTCTGGGAGGAGCAACTGCCCTTTTG 

TCCTCCCAGAGAGTGCCCTGCAACAACCAT 
YlLip2a D97A ATCACTGCTCTTCGAATTAAGCAGGCTCCT 

TCGAAGAGCAGTGATGACATCTTCCAAGGA 
YlLip2a V232F GATATTTTCCCTCAGATTCCTTTCTGGGAT 

CTGAGGGAAAATATCTCCTCGGTGAGTAAC 
YlLip2a V232S GATATTTCCCCTCAGATTCCTTTCTGGGAT 

CTGAGGGGAAATATCTCCTCGGTGAGTAAC 
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Supplementary File S1: Amino acid sequences of the 59 full-length lipases of the Yarrowia clade and C. 
hispaniensis

>YAYA0S1-32616g LIP10
MIFQTLLVFSALLGLSIADPNAVLLGDAPPQRTYSDRVIQATQQTWDWMNYALHLSGLAS
CVGWQGIEYPFSCDSYCGDYPGMELIAEFGPKDIIDFSVSGFFSVDHTRKEIWHVFRGTV
SLTDAVSDVRLDTQPFDAWGPNHPNCSDCQAHAGFLKSYDLAYQQFEKNMTDAFQKYPDY
SLKVTGHSMGGAAAYVHGISMKTRGYDPYVVASGQPLVGNQALADYNDKLFFGDKPDFLR
QDEDRRYWRLTHKGDLVPQIPFWSPFHQPGGEIYIDYALADPPLDSLKVCDGQDNPNCNY
SSSMVYAALGGTLLWAHFQYFVIFTLCGVNYWSTHIHDG
>YAGA0F31230g LIP10
MKLPTLLLITTFLGLSTADPNAVLWGSAPAQKTYSDRVVQATQETWDWMNYALHLSGLAS
CVGFQGIQYPFTCDSYCADYPGMELIAEFGPKDIVDFSVSGFFAVDHHRKEIWHVFRGTV
SLTDGISDVRLDSLPFDAWGPNHPNCTDCKAHAGFLQSYKLAYAQFEKNMTEAFQKYPDY
SLKVTGHSMGGAASFIHGINMKTSGYDPYVVASGQPLVGNQALANYNDMLFFGDKPDFLR
QDKDRRYWRLTHKGDLVPQIPFWSPFHQPGGEIFIDYALADPPLDALKVCDGQDNPNCNY
SSNMINSAITGTVMWAHFQYFVVFTLCGVNFWSTHIHS
>YALI0F11429g LIP10
MKLSTLLLYTTLLLVGFSAADPNAVLLGSAPPQKKYSDRVVQATQATWDWMNYALHLSGL
ASCVGFQGIQTPFTCESFCADYPGMELIAEFGPRDVVDFSVSGFFAVDHSRKEIWHIFRG
TVSLTDGISDVRLDTLPFDAWGPNHANCSDCQAHAGFLQSYNLAYAQFEKNMTDTFKKYP
DYSLKVTGHSMGGAASFIHGINMKTRGYDPYVVASGQPLVGNQALADYNDRLFFGDKPDF
LRQDSGRRYWRLTHKGDLVPQIPFWSPFQQPGGEIYIDYVLSDPPLDSLKVCDGQDNPNC
NYSSNMVNSAITGTLLWAHFQYFVVFTLCGVNYWSTHIHG
>YAYA0S1-12420g LIP11
MKLLSVFSTLTSLLSLTTAQNAVLPADQATWDLLNRVMYVSGNAVCVGQQGIQYPFTCDA
FCSSFPDFELITSWDNLQPLEFDVSGFLAVDHKRKEFWHVFRGTNTLKEQITNLQVQQQP
MAKWYSPELAQCDNCTAHQGFQIVYHNAYELFGDKMKETWAKYPDYKNVVTGHSLGAAAA
YLHGLNLKTSGKDPLVITSGQPLVGNRALAEFNDRLFFGDKPDFTALGPSRQFYRLTHRE
DIIPRLPFWDPYYHSGGEIFIDYPWSQPPLEDLKVCDGAENPNCVFSTSILEDGTVGIVE
LAHLIYFINFSLQCAIPLSPAYTGN
>YALI0D09064g LIP11
MKASSMCSNQINQLAGFILDLHLSIFVLLMLQYSSETFLNRVVEGWSGAKGPENPTCKVI
KRSTRSRRNSPESWTVSFSFFFASSFCSFSCFAMLLSSLVLSALSLVSVTAQNVVQATQD
TWDLINYAEHLSSLAICGEPYGVIYKPFQCAGRCSDFPDMELITQFTPQDPLDFSVSGFL
AVDHKRKVFWHVFRGTATLNNGLTDLRIKRQPLTSWNTAKMDCPDCQVHVGFLQAYNLAY
SEAKGAMDDTFAKYPDYQVIVTGHSLGGAATFLHGINLKTSGYDPLVITSGQPLTGNKAL
ADYNDKLFFGDNPDFTHQGPDRRFYRVTHKEDIVPRIPFWTPYHQSGGEVYIDFPGINPP
VNTLKVCDGQQNPLCSFSTSLASTATQGIVEAAHLIYFTFFFLCSTLLYPPLNSDLPVGV
WGKPLNGTI
>YALI0D15906g LIP12
MRPSITIVGFLIASAVALGITQASKDTYNLLNYAENLNGVAVCVEQIGGIQKPFKCLGHC
DDFPDMELITTFHPKKLFDFSTTGFLAIDHKRKQFWHVFRGTASLTDGISNLRLERQPLV
FWDNPEFDCPGCEAHEGFLTAYNDAYDQIRDVLNQTLAQYPDYQIIVTGHSFGGASSFLH
GINLKSQGMDPLVITSGQPLTGNKALADFNDKLFFGDNPDFTYQGPDRRFYRVTHKDDLV
PRLPFWNPFHHSGGEVYIDYPLTNPPLRTLKICDGQQNPRCSFSTSLITAALLGTLQQAH
FMYFTFFSLVCGVNIAGHLGPPLQ
>YAYA0S2-00584g LIP13
MRLLTAIGFLLLLITQTQAISRATYELLQFHSQLSDIAYCVQTVRGPTQLRRPFKCGVQC
RKAQLEGVEVVHTFVHSPASPALTGYMAVDHTNQTKYVVFRGTNSLEDSMLDLSFGHEPT
ASPSFLKSTCPECKVQGAIMQAYDAFWAENSIQLSDFLYENFSQYSLSVTGHSLGGVAAA
LLATDLKLQGLDPLLINFGQPQYANLAYAQLVDSLFFPPADKEVIDPLYDSPQRRLYRVT
HWNDVFVTLPGQRGFFHSLGEVYISYPTVNPPRRTIRYCEGPESEYCHSGDYNPFERANF
LKNHLAYFGWVGYCPYL
>YAPH0S2-22078g LIP13
MILASTTIFLWIFQLILAQTVSQQTYDLLKFHARLSDIAYCVQPVNSPTQLRQPFECGVK
CTNIEGVELFHSFVHKPGNTGFTGYFAFDHVNKTKYIVFRGTNSFEDTLVDFSMSHELPC
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ETPFFLENLCPECKVQSSLLEVYGLFLEQHVTPLWDFVYTFYPDYSISVTGHSLGGVAAA
FLATHLRVQGLEPVLVTFGQPRYGNLAHAEFIEKIFLTSQRRLYRVTHWNDVFVSLPSSE
QFSHFSGEIYISHPWVDPPLETVRYCEGRESETCHAGDYNPVERVTFLKNHLAYFIWVGY
CPYR
>YAAL0S01-08218g LIP13
MWITVLPILFFLPALVLAISAPTYDLLAWHSQLSDVAYCVQTVRGPTQLRTPFKCGKQCR
EPQMQDMQLIHAFVHSPARPALTGYLAVDHASHTKYVVFRGTNSIEDTVLDLSFGQQPSV
SPGFLQGACPECQVQGGILAAYETLWEENSGPLSDFLHSQYPNYTLSVTGHSLGGVAAAL
LATHAKLEGLDPTLVTFGQPRYANLAYAQLVDSLFFPLNGSDGGSNLGPLDESPRRRMFR
VTHWNDVFVSQPELGGFHHSLGEVYISYPWVSPPRRTVRYCDGAQSEYCHRGDYNPLERA
NFLKNHLAYFGWIGYCPYL
>YAGA0E34992g LIP13
MLLRILPTTLVLLFFLVTQTHAISEATYELLAFHSQLSDIAYCVQTVRSPTQLRHPFKCG
VQCRKTQFEGLEVIHTFVHKPASPALTGYMAVDHTNQTKYVVFRGTNSLEDSMLDLSFGY
EPTASPSFLKDACPECKVQGAILEAYEAFWAENCDQLSEFLYEDYPHYSLSLTGHSLGGV
AAALLATDIKVQGLDPLLINFGQPQYANLAYAQLVDSLFFPQTDKEVIDPLYDSPQRRLY
RVTHWNDLFVSLPGQRGFFHSLGEVYISYPWVKPPRRTIRYCEGPQSEYCHGGDYNPLER
ANFLKNHLAYFGWIGYCPYL
>YALI0E00286g LIP13
MRPFTTLVLLLLLITQTCAISEATYELLQFHSQLSDIAYCVQTMRGPTQLRHPFKCGVQC
RKTQFEGLEVVHTFVHKPARPALTGYMAVDHTNQTKYVVFRGTNSLEDSMLDLSFGYEPT
ASPSFLNDTCPECKVQRAILEAYDAFWAENCDQLSDFLYEDYPHYSLSLTGHSLGGVAAA
LLATDIKLQGLDPLLINFGQPQYANLAYAQLVDSLFFPQTDKEVIDPLYDSPQRRLYRVT
HWNDLFVSLPGQRGFFHSLGEVYISYPWVKPPRRTIRYCEGPQSEYCHGGDYNPLERANF
LKNHLAYFGWIGYCPYL
>YAGA0F20142g LIP14
MVLASSTVFAEWFFRVLLGTVAPSPQTATAPVTQEFYDTALTYSHLSNIAYCINAPFESL
KTDFSCGVACSHFPNMELVEAFGGEFFETSITGYLAIDHVKKEKYVVYRGTFDIGDVYTD
IQLAQSPYLVTASMFDSPDNLCEGCTIHDGFNKAYKETMVNIGDKLEQHLTNNSDYKLVV
AGHSLGAAIAVLSATSIKAKGFDPYLFTYGQPRIGNANFAQFVSKMWFGDGDGLSMGPDR
RLFRISHWNDLFVGFPAFKDYVHSVGEIYIDYYTVNPPLNTLYSCAGPESMSCYRKDFNA
IERANILKNHLAYIDWLSLCTLNVGRRELQERGRRFEGKFLYGGIANGTIIF
>YALI0B11858g LIP14
MVLSTVIGEWFSRVLFGTVAPSPLTATAPISQDFYDTALTFSHLSNVAYCINTPLESLKS
DFSCGVACSHFPNMELVEVFGGEFFETSITGFLSIDHVKKEKYVVYRGTYDIGDVYTDIQ
LSQSPFLVTPSALGSTANLCEGCTIHDGWNKAYNETMGIIGDKLADHVNSNPDYRLVVTG
HSLGAAIAVLSATSLKVNGQDPYLYTYGQPRIGNANFANFVSKQWFGEGDGLSMDSDRRY
FRLTHWNDLFVGFPAFKDYVHSVGEIYIDYFTVQPPLNKVFSCAGPESMSCYRKDFNALA
RLDIVKNHLAYFDWISLCTLNIGRRDLERGRKFEGTWLYGGLANGSTIF
>YAPH0S3-09582g LIP15
MVSWYTQFKAAILSLLGMTASTPSTTIASISQGMYNEISYFSRMVNTAYCANAPITPLRT
DFSCGDSCQYFANLKLDSIFGGNFYSTSATGLLAHDHKRKEKYVLFRGTFSIPDAYTDIQ
FQKSPWLAKLPNGVVPKIQSAGGQPLTCEGCAVHDGFAKAFNETLKNSGHQFDKFLANHT
DYKLYVVGHSLGGAMAQMFAVRLKLMGYDPTLITYGQPRVGNKEYAEFVSRLFFNDESGL
LVDENRRLYRVTHWNDIVVGLPNFADYTHSVGEVFIASEDLNPPVESVTLCEGAENEACH
RGHFSLWERVKILHNHLAYINYIGYCALNIGRRSILNMPNYRGKNTYAHKSETTKDE
>YAAL0S01-09208g LIP15
MQFTFGQVMALLYSTLFGRPPASKETTRVYVDQSMYDFTAKFSRLCNVAYCVDAPITPLR
TDFSCGESCRYFPNMTLDAVFGGDFYSTSITGYTGTDHHLKEKYIVFRGTFSIPDIVTDI
QFQRSPWLVQLPPIVTTKYNDFKPAARANCTDCQIHDGFAKAFNETLQNAGPQINDFLSN
NTDYKLYVAGHSLGAAQAQLFATSFKLQGYDPILVSYGQPRIGNKEFADFVSELFFDGDD
GLSMNDTRRMYRFTHWNDIFVGLPDWGNYTHSVGEIYIDQRDVYPPLNAVTACAGPENPD
CHRGTFNLWEQINLFQNHLAYIYYIGYCALNIGKRDVFNMPKYTGNYTYGHRSEYQTNLP
>YAGA0E29558g LIP15
MNLTLGQVVAYLYASLFGEPPATLSKTKVQASQDLYNFTAKFSRLANIAYCVNAPVTPLR
TDFTCGESCRYFPNMTLDSVFGGDFYSTSITGYIAYNHAEKEKYVVIRGTFSIPDAVTDI
QFQNAPWLVQLPEHLIPTQTDMQQKWAVRPDLEVENKGLDSLKERTPLTEDPRLIPIKTK
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ECKGCMIHDGFAKSFNETMANAGPQFEKFLTNHTDYKMFITGHSLGAAQALLFGTHFKLL
GHDPTMINFGQPRVGNSEFANFINQLWFNDTGLIVDDKRRNYRITHWNDIVVGVPDWMNY
THSIGEVYIDYEDVNPPLNKVAVCEGGENEACHRGTFNLWSRINLLQNHLAYIYYIGYCA
LNIGRRDVMAMPKYHGNFSYRYGSDPGYSGNGRTELPTTN
>YALI0E11561g LIP15
MTFTIGIMNLTLGQVVAYLYASLFGEPPATLSKTRVQASQELYNFTAKFSRIANIAYCVN
APVTPLRTDFTCGESCRYFPNMTLDSVFGGDFYSTSITGYIAYDHLNKEKYVVIRGTFSI
PDAVTDIQFQQSPWLVELPKHLIPTQDDMKQRWAVRPDLEVENKGLDNLKERALVVEDPR
LIPIKTSECKGCMIHDGFAKAFNETMVNAAPQFEKFLTNHTDYKMYVTGHSLGAAQALLF
ATHFKLLGHDPTMINFGQPRVGNSEFANYINQLWFNDTGLEVNDKRRNYRLTHWNDIFVG
LPDWSNYTHAIGEVYIDQESVYPALDKVSVCEGGENEACHRGTFNLWSRIDLLQNHLAYI
YYIGYCALNIGRRNVLAMPKYHGNNSYKYATEPGYTGPGRTLVPTN
>YAAL0S06-02102g LIP16
MKLIAFILVLAGMLSAVHAQTKAITQDTYDLILKYGQLCNVAYCVRAPGPFGLQDNFTCG
KACSHFPDTELVYKFGGNFFSTSITGFLAVNHEKKEKYIVFRGTFSIADAITDIQFLQKP
YLADLPPLNTTNINSTHPLARPECPGCEVFDGFQKAYRETMVNMGDNLINHINSNPDYKL
IVTGHSLGAATGLLMAINLKNLGLDPVVVLYGQPRVGNKAFADYANSLFFDKGSNGVDIT
NSTRLYRVTHWNDVVVGLPFWSGYTHTIGEVYISYPNVASPIRYVHSCAGASNRACHSGN
FNLFARFNILKNHCSYLSWIFYCAINVGKRDLIHDPPRVSSGMKHWSEGQFSDQSEQQIY
DAVFPN
>YAGA0D12134g LIP16 [intron]
MLSLITLFLFIAQAYAQIANITQPTYDFILKYGQLSNVAYCVRALGPFDLTDQFTCGKSC
AHFPNMTLDYQFGGSFFSTSITGFLAHDHTKKEKYIVFRGTFSLADAYTDALFFQEPYMA
DLPPLNTTNINSTSTEARADCPGCEIHDGFQVAYRETMENMQDHLVDFLKNNTDYKLIVT
GHSLGAATSLLMAINLKNLGFDPMVITFGQPRVGNKAFADYANSLFFKEGDNGMDINPER
RLYRVTHWNDIVVGVPFWSGYTHTLGEVYISYPDVGSPIEYVNACAGPDNSQCHYGTFDL
LARVNILKNHCSYLNWIFYCAFNVDKRDMMIDPPRIDKRVQHWSGKFADVEVGERMMYEA
SYPM
>YALI0D18480g LIP16 [intron]
MLSLIAIFLLVTTALAQTANITQSTYDFVLKYGRLSNVAYCVKAPGPYELETDFTCGRSC
GHFPNVTLEHQFGGDFFSTSITGFLAHDHTKKEKYIVFRGTFSLADAITDALFLQEPYLA
DLPPLNTTNINSTSNSARVDCPDCEIHDGFQKAYRETMVNMQGHLVAFLRNNTDYKLIVT
GHSLGAATALLMGINLKNLGFDPMVITFGQPRVGNKAFADYADSLFFKQGDNGLNINPER
RLYRVTHWNDIVVGVPFWSGYTHTLGEVYISYPDGVNAPIEYVNACAGPDNDQCHYGSFD
LLARVNILKNHCAYLNWIFYCAFNVDKRQMMIDPPRIHKRVEHWSGKFADVEFSERMIYE
ATYPM
>YAGA0F44122g LIP17 [intron]
MLSFITIFLLATQALAQTAAISQSTYDFVLKYGWLSNVAYCVRAPGPFALQDNFTCGKSC
AHFPNVTLDYQFGGNFFSTSVTGFLAHDHTKKEKYIVFRGTFSLADAITDIQTVQQPYMS
TPPPLNTTNINSTDPSANIDCPGCEVHDGFQKAYRETMTNVQDHLVEFLGKNKDYKLIVT
GHSLGAVTALFMGINLKNLGYDPTMINYGQPRLGNKAFADYVDALFFKKGDDGLAITPER
RMYRVTHWNDFFVGWPAGYTHTIGEVYISDPTGINAPLQDVYACAGPENDKCHHGSFNIL
ERLNILKNHCAYLNWIFYCAINVDKRQMMIDPPRWTAGNSDGVELTERMMYEATYPM
>YALI0F32131g LIP17 [intron]
MLSFIALFLLVAQALAQTAPITQETYDFVLKYGWLSNVAYCVRAPGPFALQSDFTCGNSC
AHFPDVTLDYQFGGNFFSTSVTGFLAHDHTKKEKYIVFRGTFSIADAITDIQTIQQPYMT
SIPPLNTTDINSTNPSASINCPGCQVHDGFQKAYRETMVNVQDRLVDFLGNNTDYKLIVT
GHSLGAVTALFMGINLKNLGYDPTLINYGQPRLGNKAFADYVDALFFKQGDDGLTINPER
RMYRVTHWNDFFVGWPAGYSHTLGEVYISDPTGINAPIEDVYSCAGPENNQCHHGSFNLL
ERLNILKNHCGYLNWIFYCAINVDKREMMIDPPRVGKRVEHWSGKFSDVESTEGLMYEAI
YPM
>YALI0B20350g LIP18
MIVLLLLLSVALSSPIMLDRFGDSVNRMIRGNSEAYESGETRGVSQEFEQRLVRYMWFNN
VAPCVPKKLQHPFKCIARGCKELGKHTELVDIFTHSDNLFDRTISGFVALDHKHKEIVLA
LRGTQDAHDWVTDLHLRLVGLHPEHLGVSNFNCRNCQVDLGFLKGYLHSFHVVDSIVQRL
TEKYPDYQLVITGHSLGGTAATLFGLNYRLNGYSPLVFSAGAPALGNKQFANFADRVFWG
SQNPNTLKVKERDIKFCRMTHLGDFVPRFPFWNGYQQMSGEVFINDVRGIYPPRETLQRC
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NGQQNRQCSFGDQYRKLEMNFKPHSAYLVPGSECSLSGRRELTFGQVHAANDTNKDSDTN
IEPDIEPILIPVVQID
>YAYA0S7-05842g LIP19
MILLFLFLCFALSSPIGMDRFSDGVNRMIRGNAGAFESSETLGVSREFEQRLIRYMWFNN
VAPCVPKKLQHPFKCIARGCKELGRQTELVDIFTHSRNLFDRTISGFVALDHKHKEILLV
LRGTQDINDWVTDLHLRLVDLQPEHLGLTNLNCRNCQVDQGFLKGYLHSFHAVDSIVRRL
IEKYPKYQLVITGHSLGGTAATLFGLHYQLHGSSPQVFSAGAPVLGNKQFANFADRVFWG
SQNPNTLIVKENDIRFCRITHLGDFVPRFPFWKGYQQMSGEIFINDVRGIEPPRDALKRC
NGQQNDKCSSGDQYRHLEMNFKPHSAYLVPGSECSFSGKGELTLGQIQAAKNTYQDTDTD
TDIEAVLIPVVQLD
>YAPH0S5-11738g LIP19
MLIIFLLTLIASASPFIRLALGEKLNQLLVGSHEAFESEETQLISPEFQECLIRYMWFNN
VAPCVPKQLEHPFVCAARGCKMLGKYTELVDIFTHSESRMDMLTDRTITGFVALDHLHKE
IVLVLRGTQDVNDWLTNLQVSLVGLNPADLGVKSLNCPNCRVGLGVLSGYISSQRVADPI
IRRLKEKFPQYQLVVTGHSLGGTAATLFGLNYQLNGLSPKVFSVGAPALGNKEFTNFVDE
VFWGSEHPDTLSVPEKNINFTRVTHLGDFIPRFPFWKGYQQMSGELFIHDVKGIDPPLDK
LRRCNGQQNRKCSFGDKFRQLTLNIRSHSAYLVPRNRCSGERRKIMGDIGAYGNDTVLIP
VVDLDSLE
>YAAL0S01-04962g LIP19
MILFFFLLICVGLSSPLLNRVGTGVNRMIGGSDEAYQSHETVAVSSGLEKRMTRYMWYNT
VAPCVPKRLQHPFKCEAQGCTKVGTQTELVDVFTHSGDVLDVFTDRTISGFLALDHKNKE
ILLVLRGTQDANDWVTDLRLRLVPLEASHLDAPSIGCHGCQVNVGFLEAYQHTWRVVDST
IRDLKKRYPNYQLVLTGHSLGGTAAILFGLNYKLNGLHPTVFTAGAPAIGNKQFANFADQ
VFWGSSNPDTLSVPENRLCFLRLTHRGDLIPRFPFWGGYQQMSGEIFINDIRGIYPPLSS
LRRCNGQQNNRCSFGDQNRQLEMNFRPHSAYLVPGSECSFSNREGHIGRGGAGDMVNAMD
TANTTEDTTDTTEMDPGLLAVEIPVVAGPV
>YAGA0F28348g LIP19
MIVLFLFLCVALSSPIVLDRFGDGVNRMIRGNSEAFESGETRGVSRYFEQRLIRYMWFNN
VAPCVPKKLEHPFKCIARGCKELGKHTELVDIFTHSDTLFDRTISGFVALDHKHKELVLV
LRGTQDANDWVTDLHLRLVELRPEHLGVSSFSCRNCQVDLGFLKGYLHSFHAVDSMVRRL
TELYPKYRLVITGHSLGGTAATLFGLNYQLHGFSPLVFTAGAPALGNRHFSNFADRVFWG
SQNPNTLKVKEGDIKFCRMTHLGDFVPRFPFWSGYQQMSGEVFINDVRGIDPPRESLQRC
NGQQNKKCSFGDQYRQLEMNFKPHSAYLVPGSECSLSGRRELTVGQAESEVQAAAATNNT
DTYADTDFEPVLISVLQID
>YALI0A10439g LIP19
MIILLLFLSVALSSPIMLDRFGDSMNSMIRGNNEAYESGETCGVSQEFEQRLVRYMWFNN
VAPCVPEKLQHPFKCIARGCKELGKHTELVDIFTHSDNLFDRTISGFVALDHKHKEIILA
LRGTQDVNDWVTDLHLRLVELHPEHLGVSNFNCRNCQIDLGFLKGYLHSFPAVDSIVQRL
TEKYPNYQLVITGHSLGGTAATLFGLNYRLNGYSPLVFSTGAPALGNKQFANFADRVFWG
SQNPNTLKVKERDIKFCRMTHLGDFVPRFPFWNGYQQMSGEVFINDVRGIYPPRETLQRC
NGQQNRQCSFGDQYRKLEMNFKPHSAYLVPGSKCSLSGGRELTFGEVHSAANDTNKDSDT
DIEPDIEPILIPVVQID
>OLHI0B09560g LIP2a
MKFLTVLSLMACTAFAAPIDEVTTTPESLSFAVLSLFGSPSVGYESIDTAPVSQDTYNKL
LKYSRLAGISYCVGFETTIDKPFRCGLQCKEFPNTEVLYVYQDIQFDPTLPSYIAVDHNS
KEIYTVFRGTRSVGDAITDLEINQKSLTNFAWGKNITASQTCENCKVHEGFLRAYNLTYN
RISKNLDDVILKYPDYSQTIVGHSLGGAVALLFGISMKVNGHDPLVVTYGQPLVGNKEFA
DWADQLFFGQTKPNVLSDFPSRKFYRVTHLGDIVPTVPFWSGYTHTSGEIFLDQKNGVLP
SLKNVKFCQGQVNKKCAAGTPFNKKLILLEHLEYFILLGLCRI
>OLHI0C13190g LIP2b
MKFSALLASLAIGTTLARPLQEVEATNESGKNSQLLEARGYASVETAQVSQDTYNKLLKY
SRLTAISYCVGHITEVLKPFKCISYCSFFPHTELIKSYRDEFNDLSLTSYLAVDHDSKEI
YTVLRGSHSVEDWMVDFTVRQESIDNMVWGKNATASQSCQKCKVHKGFLTAYTLTYEKMH
NDIEATIAEYPEYSLTITGHSLGAAVALLLGVSMKVNGHNPLVVTYGQPLVGNQEFANWV
DTLFFGQTEPNALIDSPERKLYRVTHRGDVVTNVPSWGDYTHASGEVFLDTPVIMPKTSQ
VKFCQGQNNKKCSDGNLISQKLVMANHAHYFVSQANCLAL
>YAYA0S6-01420g LIP2
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MKIQNILLTAWATLAAALPTAISPSEAAVLQKRVFTSTVTTPIDQDDYNFFQKYARLANI
GYCVGPLTQIFPPFTCGLQCAYFPNVELIQEFDDPLLLFDVSGYLAVDHNSQQIYLVIRG
THSLEDVITDLRVTQAPLTNFDLAANISATATCEDCLVHSGFMQSYNDTFNLIGPKLDSV
IAQYPNYQIAVTGHSLGGAAALLFGINLKVNGHDPLVVTLGQPIVGNAGFANWVDTLFFG
QENPDVSKVTPDRKLYRITHQGDIVPQIPFWAGYQHCSGEVFIDWPLILPPLSTVVMCEG
QSNSQCSAGNTLLQQANVLGNHLQYFVTQGICGI
>YAPH0S1-03994g LIP2c
MKLFTLALATLATLAAAVPSPITPSEAAVLEKRVYTSTETAEISEDSYHFLEKYSRLANI
GYCVGPLANIYKPFKCGLQCGKFPNAELIQEFHDPSYVFDVSGYLAVDHGSKEIYLVFRG
THSLEDAITDLRVQQAALTHFDNAANISSHATCDNCLVHNGFIETYNNTHKQVQAQLDAV
IKKYPDYKIAVTGHSLGGAAALLFGISLKLNGLDPLVITYGQPIVGNKAFANWVDKLFFG
KENPDVSKITPERKLYRVTHRGDIVTQIPFWDGYQHNSGEVYIGWPLISPPFSKVVTCQG
QSNKNCSAGNSLLSQLNVLANHLQYFVLMGICGI
>YAPH0S1-31032g LIP2d
MNFFKIFLLSAFAAALSIRQFKSTETYHIDQNAYDFFLKFARLTNIAYCVGPLTAIFKPF
TCGLQCAHFPNMELIRTFRDPAIVFDASGYLAVDHGAKEIYLVTRGTHSIEDVLTDFQVI
QAPLTNMDLAVNITAGDTCKDCRVHSGFLRAYNYTYNQISDTLNSVIKKYPDYKMVVAGH
SFGGATALLFAVNLKVNGHDPLLVTLAQPIVGNRAFANWVDRLFFGQENPDVSKFSPDRN
LYRVTHKGDLVAQVPFWAGYQHSSGEVFIDWPLVHPPLSKVVMCQGQSNSKCSAGNRLRD
QIHLVSSHLQYFVLQGICGL
>YAPH0S5-13278g LIP2e
MKLTNLLAVANLFSAAMALPSPFTSRETEVLEKRVYTSTETDPVTQNTYNLLEKFSRIAS
ISYCVRPPLKIMKPFKCGIPCEYFPDVELLQQFHEPEPFVFDVSGYVAVDHGSKQIYVVA
RGTKGLEDTITDLRVMQAPFDHFDLGTNNASVTADCKDCLVHKGFIQAYNNTMKQIQPVL
DSAVNKYPDYKVAVTGHSLGGATALLLGINLKVNGYDPLVITYGQPLVGNAGFANWVDKL
FFGQENPDTTQITADRKFFRVTHKGDIVTQVPFWDGYTHNSGEVFIDWHTLNPPLHKVVA
CKGQSNKNCSAGNKLVQQVYLKNHVLYFIYQGKCNAFNTFSD
>YAPH0S6-00584g LIP2a
MKFLSLAVLAAATLTAALPSPISSSEAAVLERRVYTSTETSQISQDSYNFFEKYSRLANI
AYCVGPLSNINKPFTCGLQCAKFPDVELIQEFRDPALIFDVSGYLAVDHGSKQIYLVVRG
THSLEDVITDLRIKQAPFTPFDMAANISSTDTCDNCLVHNGFIESYNNTYKQIGSKVDAV
IKQYPDYEIVVSGHSLGGAAALLFGINLKVNGHDPLVVTYGQPIVGNAGFANWVDRLFFG
QENPDVSQVTPERRLYRVTHRGDIVPQIPFWDGYQHCSGEVFIDWPLVNPPLSKVVTCQG
QSNKKCSAGNTLLQQLNVLANHLQYFVLQGICGI
>YAPH0S6-03488g LIP2b
MKLFTLALATLATLAAAVPSPITPSEAAVLEKRVYTSTETAEVSEDSYYFLEKYSRLANI
GYCVGPLANIYKPFKCGLQCGKFPSAELIQEFHDPDYVFDVSGYLAVDHGSKEIYLVFRG
THSLEDVITDLRISQAPLTHFDNAANISSHATCDNCLVHNGFIETYNNTHKQVRAQLDAV
VKKYPDYKIAVTGHSLGGAAALLFGISLKLNGLDPLVITYGQPIVGNKAFANWVDKLFFG
QENPDVSKITPERKLYRVTHRGDIVTQIPFWDGYQHNSGEVYIGWPLISPPFSKVVTCQG
QSNKNCSAGNSLLSQLNVLANHLQYFVLMGICGI
>YAAL0S04-06656g LIP18b
MKTFALLGLLASSVATAAATNASYADHYADVHFSNALGEVRPAPPPAAIIDYARGPQDTA
PITADFYNELEYYMNFSQVAACVGYAGIKKPFNCKVEGCKILQGHVELVSMLSPPELQQF
NVSGYIALDHLKKNIVLVTRGTLDIRDILTDVNILYRKMSPVDFAPNLQSENLKCDGCKI
HDGFLHSYLTTKEFVDPIVAQLKSQHPEYGMVVTGHSLGGATALLFGLDYKINGYDPLVI
TSGQPYVGNQAFADYHDTVWFGKPNPDTVTVGGDRKFYRLTHLHDIVPRVPYWGGYMQVS
GEIFIDYHKTHPPVDKVLACAGQLNNHCTHGSPWWTLFNLLDHFWYIEPFVPCF
>YAAL0S10-01222g LIP2
MKLSTLVLTACAALTAAIPSPLSPPEAAALQERIYTSTETSHIDQNAYNFFEKYARLANI
AYCVGPGTKIFKPFKCGLQCAHFPNVELIQEFHDPAFIFDVSGYLAVDHTSKQIYLVIRG
THSLEDVITDIRIFQQPLTNFDLAANISATATCSDCLVHKGFISSYNNTYNQIGERLDTV
IKQYPDYQIAVTGHSLGGAAALLFGINLKVNGHDPLVVTLGQPIVGNTGFANWVDRLFFG
QENPDVSKVTTDRKLYRITHRGDIVPQVPFWDGYQHCSGEIFIDWPLIHPPLSNVVACEG
QRNKQCSAGNLLIQQANVIGNHLQYFVTEGVCGI
>YAGA0E38754g LIP2
MKLSTILLTACATLVAALPSPVAPSEAAALQKRVYTSTETSHIDQDSYNFFEKYARLANI
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GYCVGPGTRIFKPFNCGLQCAYFPNVELIQEFHDPLLVFDVSGYLAVDHASKQIYLVIRG
THSIEDIITDIRIMQAPLTNFDVAANISSTATCDDCLVHNGFIQAYNNTFNQIGPKLDSV
MTQYPDYQVAVTGHSLGGAAALLFGINLKLNGHDPLVVTLGQPIVGNEGFANWVDKLFFG
QENPDVSKVSKDRKLYRITHRGDIVPQIPFWDGYQHCSGEVFIDWPLIHPPLSSVVMCQG
QSNKQCSAGNTLLQQANVIGGHLQYFVTEGVCGI
>YALI0A20350g LIP2
MKLSTILFTACATLAAALPSPITPSEAAVLQKRVYTSTETSHIDQESYNFFEKYARLANI
GYCVGPGTKIFKPFNCGLQCAHFPNVELIEEFHDPRLIFDVSGYLAVDHASKQIYLVIRG
THSLEDVITDIRIMQAPLTNFDLAANISSTATCDDCLVHNGFIQSYNNTYNQIGPKLDSV
IEQYPDYQIAVTGHSLGGAAALLFGINLKVNGHDPLVVTLGQPIVGNAGFANWVDKLFFG
QENPDVSKVSKDRKLYRITHRGDIVPQVPFWDGYQHCSGEVFIDWPLIHPPLSNVVMCQG
QSNKQCSAGNTLLQQVNVIGNHLQYFVTEGVCGI
>YAYA0S2-08614g LIP4
MPAYDLTLGQVLAYLASMFSGQVDATSSSTRIQATQELYNFTAKFSRLANIAYCVDAPLT
PLRTDFTCGESCRYFPNITLDSVIGGDFYSTSITGYIAYDHAKKEKYLVFRGTFSIPDAV
TDIQFQNAPWLTSLPTNLIPNQNDKQTIGKEYVAENKGLGGLEERQAIVHEDPSLVPNKT
ATCDNCQIHSGFADAFNETLRNAGSNFDRFLRNNTDYTMYVLGHSLGAAQAQLFATRFKL
LGYDPHLINLGQPRVGNAEFAAYINQLWFNDTGLIVNDARRLYRLTHWNDVVVGVPDWLN
YTHSIGEVYIDVENVYPTLDKMVVCEGGENPACHRGTFNLWARIDLLQNHLAYIYYIGYC
ALNIGRRDILNLPKYHGNVSYQHGSDPNYNYDTKAPTKLK
>YAGA0E25950g LIP4
MAGFNFTFGQVMSYLLSMFYGQVDATSSSTRIQATQDLYDFTAKFSRLANIAYCINTPFV
PLRTDFTCGESCRYFPDLQLDSVFGGNFSSASTTGYIAYDHKKKEKYIVFRGTFSIPDIV
TDIQFQTAPWLASLPNHLIPTKEDFEHKQAIMKHYAAENKGLGNLEERQDVVHEDPSLIP
KKMDKCENCAIHDGFAKGFNETMEHAGPQIEKYLGNNTDYKMFVIGHSLGAAQAQLFATQ
FKLLGYDPYMINFGQPRLGNPEFAAYINQLWFNDTGLTVNEARRFYRVTHWNDIVVGVPD
WLNYTHSIGEVFIDEESVYPKLDKVVVCEGGENPLCHRGTFNLWQRINFLQNHLAYIFYI
GLCAFNIGRRDVLNMPTYHGNFSYRNSTDPNYDYNTKAPTRITYPN
>YALI0E08492g LIP4
MAGFNFTFGQVISYLASMLYGQVDATSSSTRIQATQDLYDFTAKFSRLSNIAYCINAPFT
PLRTDFTCGESCRYFPDLQLDSVFGGNFSSASTTGYIAYDHKKKEKYIVFRGTFSIPDII
TDIQFQTAPWLTSLPTHLIPTKEDFEHKQAILKHYAAENKGLSNLEERQDVVHEDPSLVP
KKMDKCENCQIHDGFAKGFNETIEHAGPQIEKFLGNNTDYKMFVVGHSLGAAQAQLFATQ
FKLLGFDPYMINFGQPRLGNPEFAAYINQLWFNDTGLVVNDARRFYRVTHWNDIVVGVPD
WLNYTHSIGEVFIDEESVYPKLDKVVVCEGGENPLCHRGTFNLWSRINFLQNHLAYIFYI
GLCAFNIGRRDVLNMPQYQGNFSYQHNIDPNYNYDTKVPTRISKSN
>YAYA0S2-02982g LIP5
MKFSATLLLCAGTFASAAAIGPLLRRDNQTQIINGFEITDFFNDGEEFLYIKDLTNSSSL
GDNNDLNSRDILGAWESSDTAAVSPADFDYLERQAKLANIAYCGGSSLLTIPFSCAYQCK
EFPNMTLVTTWGDSDTVSPLVAGYLSIDHNAKEIVVGFRGSHTLKDWIVDLIVIREAVDT
AYPGCDDCRVHMGFYDSYQATLAEFETDLKTLAAENPGYRLNVVGHSLGGAVALLAATEF
KRQGYNTYLTTFGQPVVGNTAFAKHVNNHWFGSETPNTLEGNSSRQYYRVTHDSDIVPRV
PFWPGYTPNAGEVYIDVPQIGPVVSDLQFCDGEINYQCVYGNSLLSLISLTAHHNYFVYI
GGDC
>YAYA0S4-04016g LIP5p [pseudogene]
MKF*TTILLCTGTLVASAAIDPVVALDNQTEIFHDYEILDNQTEIINGFEITDFFNEEGE
EFIFIKDLTNSSLLEDNFEDILSSRKLGAWKSSTTGAVSQTSFDYLQKQAKLANIAYCGG
ASLMSAPFICAYQCKEFPNMTLASTWGNSDNHSPLVAGYLAVDDSEKSIVVGFRGSHTLK
DWILDLLVIRRAVDHAYPGCSGCRVHQGFYSAYVATLAYFDADLKKLVAENPGYRVNVVG
HSLGGAVAVLMAATFQNRGYDTYLATFGQPVVGNTAFANYLDRLWFGSENPKTLGDDPSR
RYYRVTHKSDIVPRVPFWPGYTPSSGEVYINVPQTDPSVSDLKTCDGQLNYKCIYGNSLL
SLISMTAHSNYFVQMGGDC
>YAAL0S02-16094g LIP5
MKLSTALLSLCLLGGVSAAPTLGDATKISVVNGFQVAEFIGEDGTEKIVFTDLLNSTWAA
PDLSGLTRSLLGYPEDSGDAEDSDLEERAPVAKALTQETYNYLEKQVKLANIAYCGGTSQ
LISPFVCAYQCKEFPTVELVTTWDTDGLNVSPAVAGYLAIDHESKEFILGFRGSKTLKDW
LVNLNTIRVPVNKKYAPCKGCEVHLGFYNAYKATLGIFESTLTYLRSKHPEYRLNVVGHS
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LGGAVALLVATDFKQRGYDTQLTTFGQPIVGNTKFANHIDNLWFGTQAESSTGQFHRVTH
RNDIVPLVPFWLGYSQTAGEIFIGAPNLAPPLDSLRVCEGRNSRECLNGNSILGLLELSA
HTEYFVALGGDC
>YAGA0E32462g LIP5a
MKFSATFLLCTVSLVAAATIAPLAPRDNQTKVINGFQISDLVNDDGDEFLLFKDLTNSSW
PGDTEEDNLYSGVIKAWESTEVAAVSQTSYSYLDKQAKLANIAYCGGSSLLTSPFTCAYQ
CKEFPNMKLVTTWGDSATLSALVAGYLSIDHTDKEIVVGFRGSHTLKDWIVDLMVLRKAV
DDSYPGCDDCRVHHGFYNAYKATLPKFDNDLKKLVAENPGYRVNVVGHSLGGSVALLAAT
EFKNRGYDTYLTTFGQPVTGNTAFANYVDNLWFGSETPKTLSGDSSRRYYRVTHKSDVVP
RVPFWAGYTQNAGEVYIGVAQIDPPVSSLHYCEGEVNHQCVYGNSLLSLISLTAHHNYFV
YIGGDC
>YAGA0F11166g LIP5b
MKLLTTTLIITLASAATLPLISTNSTTIINGFQISNLINDDGDELLLFEDLTKDNVFANS
SLKSDSTLSIRQSSTSPISQTTYNHLVRQSKLANIAYCSGPPSLIAPFTCSYQCKEFPNM
NLVSTWGEDPLSPSVSVAGYLSVDHTEKTIVVGFRGSQTFKNWIVNFMVLRNPVENSYQG
CEGCTVHQGFYNAYKDTKKEYDTELIKLVEENPGYIVNVVGHSLGGSVALLAATDFKNRG
YKTSLTTFGQPVTGNTAFANYIDNLWLTNDTKNTTRSYYRVTHKGDVVPRVPFWHGYSPT
AGEVYIGAAELNPPVSSLLDCEGQENEQCIQGNSLLSLVNLTAHNLYFVYLGGECEVTSL
>YALI0E02640g LIP5
MKFSATLLFCASTLIAAATIAPLAPRGNQTKIINGFQVTDLVNDAGDELLLFKDLTNSSW
PGDTSTSTNGVTLYSGAIKAWTSSDVAAVSQTSYNYLEKQAKLANIAYCGGSSLLTAPFT
CAYQCKEFPNMKLVSTWGDSRTLSALVAGYLSIDHTDKEIVVGFRGSHTLKDWIVDLMVL
RKAVDDSYPGCDNCRVHHGFYSAYKATLARFDNDLKKLVAENPGYRVSVVGHSLGGAVAL
LAATDFKNRGYDTYLTTFGQPVVGNTGFANYVDDLWFGSETPNTLSGDSSRRYYRVTHKS
DVVPRVPFWPGYTPNAGEVYISVAEINPPVSALRYCDGEVNDQCLHGNSLLSLINLTAHH
NYFIYIGGDC
>YAAL0S04-02696g LIP7
MVQIGKFTEWLSVTLWGAAATTSSTATSSITQNTYDFVRTFSHLSNVAYCVKAPIKSLDD
NFQCGNACKNFPNMELVTTFGGDFFQTSITGFLALDHVKKEKYVVYRGTFSIADVITDLQ
FQQSGFLVDAPALNSLKANDTSESAKIDCKDCKIHDGFKKANTETMTNIGDDLKKHLDSY
PDYKLYVTGHSLGAAQALLSAISIKLQGYDPTLINFGQPRVGNAAFANYVDRLFFGEDAG
LSVTSDRKLYRLTHWNDVFVGLPNWDGYQHNVGEVFIDWRFTNPPLQYVKSCEGGENPKC
YRKDFNLLAQINLLQNHLAYIDYIGYCTLNIGRRAQMNLPRYTGPNTYAHKTEDDVELAL
Y
>YAGA0D10484g LIP7
MVNFGARVKDFFSVLLFGAASTTSSTKTALVSQGFYDAALDFSHLSNIAYCVNAPITPLK
DDFSCGQSCVHFPDIELVHTFGGDFFSTSITGYLALDHVKKEKYVVFRGTFSIADAITDI
QFQQSSFLVNVPALNTFTANDTSAEAQIDCKHCKIHDGFSKAFTETLHNIGPQLKQHLDS
YPDYQLYVTGHSLGAAMALLAGTSIKLKGYDPILINYGQPRVGNKAFADYISTLWFGKGD
GLEINKDRRLYRMTHWNDVFVGLPNWDGYTHSNGEVYIKGKYVNPPLKDLMSCAGGENSK
CYRSTFNLLAQINLLQNHLCYIDYIGFCALNVGRRQLNDMPHYTGPYTYGHKTEEDFVAE
GLELSN
>YALI0D19184g LIP7
MVSFGARIKDFFSVLLFGAASTSSSTKTALVSQGFYDAALDFSHLSNIAYCVNAPITPLK
SDFSCGQSCVHFPDIELVHIFGGDFFSTSITGYLALDHVKKEKYVVFRGTFSIADAITDI
QFQQSSFLVNVPALNTFIANDTAPEAQIDCKQCKIHDGFSKAFTETWHNIGDLLEQHLDS
YPDYQLYVTGHSLGAAMALLGATSIKLRGYDPILINYGQPRVGNKAFADYISALWFGNGD
GLEINQQRRLYRMTHWNDVFVGLPNWDGYTHSNGEVYIKGKYVNPPLKDVFSCAGGENSK
CYRSEFNLLAQINLLQNHLCYIDYIGFCALNVGRRELNDLPHYNGPYKYGHKTEEQFIAE
GLELSN
>YAGA0F22892g LIP8
MVSLSARIKDFFSVLLLGAAEITPSTQTAGVSQGFYDFARDFAHLSNVAYCVDAPITPLK
ADFTCGNACKHFPDIELVKTFGGDFFDTSITGFLAVDHVKKEKYVVFRGTFSLADAITDM
QFQQSPFLVDVPAMNTFSANDTAAEAQTQCEGCKIHDGFSKAFTETWGEIGEDLHKHLDS
NPDYQLFVTGHSLGAAMALLGATSIKLKGYDPILINYGQPRVGNKPFSEFINKLWFGDDN
GLEIKPERRLYRMTHWNDIFVGLPNWEGYTHSNGEVYINNRFINPPLKDVISCAGGENSQ
CYRSSFNLLSQINLLQNHLAYIDYIGYCALNIGRRELADQPHYKGNYFYAHRTEEDFKKL
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GLELSTRTKQ
>YALI0B09361g LIP8
MVSLSARIKDFFSVLLLGAATITPSTQTAGVSQGFYDFARDFAHLSNIAYCVNAPITPLN
PDFTCGNSCKHFPEIELVKTFGGNFFKTSITGYLAVDHVKKEKYVVFRGTFSLADAITDM
QFQLSPFLVDVPALNTFSANDTTAEAQTHCEGCKIHDGFSKAFTETWGNIGEDLQKHLDA
NPDYQLYVTGHSLGAAMALLGATSIKLKGYDPILINYGQPRVGNKPFAEFINKLWFGEGN
GLEITPERKLYRMTHWNDIFVGLPNWEGYTHSNGEVYINNRFINPPLKDVISCAGGENSK
CYRSSFSLLSQINLLQNHLAYIDYIGYCALNIGRRELADQEHYTGPYYYGHRSEEDFKKL
GLELSTPQVEN
>OLHI0E00452g LIP9
MLIWLPLVLCVSQKLLAELTRYMRFAEVAGCVGSGSRGQKLPGITRPFQCPLCDLPVFGS
AELLGTFSSAYFEKQPTGYIAVDTYHGELLVVFRGTTSFGDKIADFSIFKKRVCEVEALQ
EHLDMIDDNAQIFGGVVDVFNGGFEPLIWQIKRALMKYPGYRLVVLGHSLGGAIATLCAV
TLKLRGFNPYLITFAEHLTGNWEWAQTVNWLFPGKTSYRVTRVGDIVPRLPPTELGYYPR
GSEYYISSYEMPLHHEELFYCDESNHCSQRAPLWSYLLNYQETQKSHFNYFFELRKCTA
>YAYA0S2-34200g LIP9p [pseudogene]
MRLATIASFVGLVTASPIGWIPPALLNPFGPRKPDGTVVNATLATVNEMEHYWKFCSVSY
CVGIGNNNQLYSQIKTPFVCNNILCADEEFSETELLYSFYGVNEHQTANGYIAVDHKAKQ
LVLVFRGTQDEADTAADLNTWQVSNVDFSGITNASDTNAQSSCPGCSLHAGFVGIFNYSF
KQINGRLNLYKATYPDYKLVVTGHSLGGAIALLYGVSLKINGRDPLVVTFGQPRVGNAAF
ATYVDSLFLPTAGDQLTTSPSRNMYRVTRYEDPVTQVPFWAGYTQQSGEVYINQFSVPTN
AENVMLCQGQNNGFCANGIPWYQYANLDSDKQLHSSYFFRSPSCGGSQSYVPYGSNNTEP
TSAITIPPGSLQNQLSLPYDIPN
>YAAL0S08-03510g LIP9
MRIAIFASLLALVQASPIGIVPPVFLPLLGGKGADGTIAKAPVSIVDEMEHYWKFCSVSY
CVGMGKNDQLYSQVRQPFVCNNVLCADQEFSQTEVLYSFYGINEHQTANGYIAVDHKRKQ
LVLVFRGTQSEADSAADLNTWQVPNVNFDGLKNTTGTNAESDCQGCSIHAGFVGIFNNSF
KAIDSRLNLYKAQYPDYKLVVTGHSLGGAVALLYGISLRVNGRDPLVVTFGQPRVGNEAF
ANYVDSLFFPSLNDMLSYSPYRKMYRVTRYEDPVTQVPFWDGYTQQSGEVFINQFKVPTD
PENVLFCQGQNNRNCANGIPWYQYANIASDKSVHSSYFFRSPSCSNAQAYTPYGGNTTAA
PGAVSLDPSELKTRLNLPYDF
>YAGA0E00738g LIP9
MKLAAIASFVGLVAASPIGLLPPALLNPFGPKKPDGTVAPAPLDVVTEMEHYWKFCSVSY
CVGMGKNNQLYSQVKTPFVCNNILCADKEFSETELLYSFYGINEHQTANGYLAADHKRKQ
LVLVFRGTQSEADSAADLNTWQVSNVDFDGLKNSTSTNAESECQGCSIHAGFVGIFNNSF
KQIDSRLNLYKGMYPDYKLVVTGHSLGGAVALLYGVSLKINGRDPLVVTFGQPRVGNAAF
ASYVDSLFFPTASDQLSSSPYRKMYRVTRYEDPVTQVPFWDGYTQQSGEVFINQFKVPTD
PKNVVFCQGQNNGYCANGIPWYQYANIDSDKQVHSSYFFRSPGCAGTQSFTPYGGNTSEP
SAVSLTPGDLKARLNLPYDTNY
>YALI0E34507g LIP9
MYNGIAWEGYIYILGPFLKTRQHQKPQDTIMRLATIASFVGLVTASPIGLLPPALLNPFG
PKKPDGTVATAPLDVVHEMEHYWKYCSVSYCVGMGKNNQLYSQVKSPFVCNNILCADQEF
SQTELLYSFYGINEHQTANGYLAADHKRKQLILVFRGTQSEADSAADLNTWQVSNVDFDG
LKNSTDTNAESDCHGCSIHAGFVGIFNNSFKQIDSRLNLYKSMYPDYKLVVTGHSLGGAV
ALLYGVSLRINGRDPLVVTFGQPRVGNAAFASYVDSLFFPTAGDQLSSSPYRKMYRVTRY
EDPVTQVPFWDGYTQQSGEVFINQFNVPTKPENVVFCQGQNNGFCANGIPWYQYANIDSD
KQVHSSYFFRSPGCGGSQSFTPYGGNQTEPSAVSIPPGDLKARLNLPYDTNY
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ADP + Pi
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Acetyl-CoA
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Acetylcarnitine

NADPH

NADP+

NADH

Malate

Oxaloacetate

NAD+NAD+

NADH
Malate
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Citrate

Malate

Glyoxylate

Glyoxylate Cycle

Redox Shuttle

Citrate

Isocitrate

Succinate

Acetylcarnitine

Acetyl-CoA

Carnitine

Acetylcarnitine

Carnitine Shuttle

H2O
Isocitrate

Alfa-ketoglutarate

Succinyl-CoA

Succinate

Fumarate

Malate

Oxaloacetate NADPH+H+
NADP+

NADH
NAD+

CO2

NADH+H+
NAD

CO2
CoA

GTP, CoA
GDP, P

NADH+H+

NAD

H2O

ubiquinol
ubiquinone

Krebs Cycle

Gluconeogenesis
Redox Shuttle

Glycolyse

Acetate

Citrate

CYTOSOL

Glyoxylate Cycle

Oxalosuccinate

CO2

Isocitrate

CoA

Acetyladenylate

Acetaldehyde

Citrate

2-methyl-citrate

2-methyl-cis-aconitate

2-methylisocitrate

Pyruvate

Carnitine

3-hydroxy-trimethyl-lysine

Trimethyl-lysine

4-Trimethylaminobutyraldehyde

4-trimethylaminobutyrate

Carnitine synthesis

Glyoxylate

Glycine

Malonyl-CoA

C16:0C18:0

C18:2(n-9,12)

C18:1(n-9)

Fatty acid

NADPH
NADP++H+

CO2
Transhydrogenase Cycle

OxaloacetatePyruvate

Malate

NAD+
NADH

CO2 + ATP
ADP + Pi

Oxaloacetate
Citrate

Malate

Citrate

Malate

Oxaloacetate

Citrate / Malate Cycle

MITOCHONDRION

TRIACYLGLYCEROL

C16:1

C20:0

C20:1

C20:2

C22:0

C22:1

C22:2

C24:0

C24:1

C24:2

ENDOPLASMIC RETICULUM

LCFA VLCFA

VLCFA

PASSIVE TRANSPORT ?

3-ceto-acyl-CoA

3-hydroxy
-acyl-CoA

Acyl-CoA
(N+2)

Last cycle
CO2

NADP+
NADPH + H+

H2O

NADP+

NADPH + H+

trans-!-enoyl-CoA

NADP+

NADPH + H+

Cytosolic Fatty Acid Synthesis

Malonyl-ACP Acetyl-CoA
MCT1

3-ceto-acyl-ACP

3-hydroxy
-acyl-ACP
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Last cycle

CO2

NADP+
NADPH+H+

H2O

NADP+

NADPH+H+

trans-!-enoyl-ACP

NADP+NADPH+H+

Mitochondrial Fatty Acid Synthesis

Malonyl-CoA
ACC1

CoA ACP CO2ATP

ATP

Acyl-ACP

Octanoyl-ACP

MCFA / LCFA

Lipoic acid

MITOCHONDRION

Activation

Activation

Activation

LCFA-CoA (N)

Acetyl-CoA

Acetyl-CoA

Acetyl-CoAAcetyl-CoA

Acetyl-CoA

Pyruvate

2-Hydroxy-
ethyl-ThPP

S-Acetyl-
dihydrolipoamide-E

Dihydrolipoamide-E

Lipoamide-E

From Pyruvate to Acetyl-CoA

Acetyl-CoA
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FFA FFA
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?
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HFD1-4 HFD1-4
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ATP
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+PPi
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NADH

O2

H2O2H2O+1/2O2

ATP
AMP
+PPi
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ATP AMP
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FAT2?ATP
ADP
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ABC2-3
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FADH2

FAD
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Acyl-CoA (N-2)Acyl-CoA (N)
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CoA-SH
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NADPH
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From Pyruvate to Acetyl-CoA

Lactate
Transhydrogenase Cycle

ATP
ADP + Pi

FADH2

FAD
NAD+

NADH

5-enoyl-CoA

4-enoyl-CoA

ISO1

Gluconeogenesis

Fumarate

NADH+H+

NAD+

ALK1,2,4 
ALK3,5,7-12 ?
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ALK3,5,7-12 ?

?

MPC1
MPC2

ERG13

LPD1

PDX1

MDH2
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Acetyl-CoA
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HBD1

ACD2 ISO1
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POX1
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n-ALKANE
C10 C12

n-ALKANE

Fatty Alcohol

Primary alkane
oxidation

Fatty Acid

FATTY ACID
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Fatty
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NAD+

NADH
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H2O 
+

1/2O2

MCFA

MCFA

Fatty Aldehyde

n-ALKANE
C14 C16

n-ALKANE

Fatty Alcohol

Fatty
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Fatty
Aldehyde

LCFA

Fatty Aldehyde

Activation

!-hydroxy
fatty acid

 !"Keto fatty acid

Dicarboxylic acid
DCA

 !-oxidation

ATP
AMP
+PPi

CoA

Activation

Dicarboxylic acid
DCA

Fatty
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Fatty
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n-ALKANE
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ATP ADP
+Pi

MCFA LCFA-CoA (N)

MCFA

MCFA-CoA(N)
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Fatty Acyl-CoA Dicarboxylic acid-CoA

PEROXISOME
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H2O+1/2 O2
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3-hydroxyacyl-CoA
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CoA-SH

2,4-dienoyl CoA 3-enoyl CoA

3,5-dienoyl CoA

2,5-dienoyl CoA

NADPH+H+
NADP+
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Double bonds at 
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3-Hydroxy-butanoyl-CoA

Acetoacetyl-CoA
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H2O+1/2 O2
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ATP
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Acyl-CoA
HS-CoA

Glyceraldhehyde-3P 
GAD3P
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Acyl-CoA

Sterol Ester
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Sterol

CYTOSOL

LIPID BODY

Free Fatty Acyl-CoAFFAFree Fatty Acid
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ATP
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Acetyl-CoA
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3-Hydroxy-3-methylglutaryl-CoA

H2O

Acetoacetyl-CoA

Dihydrolipoamide-E
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Acetyl-CoA

Carnitine
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NADPH

NADP+

NADH
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Oxaloacetate
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NADH
Malate
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Malate
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Redox Shuttle
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Isocitrate
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Acetyl-CoA
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Carnitine Shuttle
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Alfa-ketoglutarate
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Fumarate

Malate

Oxaloacetate NADPH+H+
NADP+
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NAD+
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NADH+H+
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CO2
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GTP, CoA
GDP, P

NADH+H+

NAD

H2O

ubiquinol
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Krebs Cycle

Gluconeogenesis
Redox Shuttle
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Acetate

Citrate

CYTOSOL

Glyoxylate Cycle
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Isocitrate
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Acetyladenylate

Acetaldehyde

Citrate

2-methyl-citrate

2-methyl-cis-aconitate
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Pyruvate

Carnitine

3-hydroxy-trimethyl-lysine

Trimethyl-lysine

4-Trimethylaminobutyraldehyde

4-trimethylaminobutyrate

Carnitine synthesis

Glyoxylate

Glycine

Malonyl-CoA

C16:0C18:0

C18:2(n-9,12)

C18:1(n-9)

Fatty acid

NADPH
NADP++H+

CO2
Transhydrogenase Cycle

OxaloacetatePyruvate

Malate

NAD+
NADH

CO2 + ATP
ADP + Pi

Oxaloacetate
Citrate

Malate

Citrate

Malate

Oxaloacetate

Citrate / Malate Cycle

MITOCHONDRION
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3-ceto-acyl-CoA

3-hydroxy
-acyl-CoA

Acyl-CoA
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NADP+
NADPH+H+
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NADP+

NADPH+H+

trans-!-enoyl-ACP

NADP+NADPH+H+

Mitochondrial Fatty Acid Synthesis

Malonyl-CoA
ACC1

CoA ACP CO2ATP

ATP

Acyl-ACP

Octanoyl-ACP

MCFA / LCFA
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MITOCHONDRION

Activation
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Acetyl-CoA
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From Pyruvate to Acetyl-CoA
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From Pyruvate to Acetyl-CoA

Lactate
Transhydrogenase Cycle

ATP
ADP + Pi

FADH2

FAD
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NADH

5-enoyl-CoA

4-enoyl-CoA

ISO1

Gluconeogenesis
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