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Figure 1 : Composition des ribosomes procaryotes et eucaryotes. 
L’ARNr 28S est remplacé par l’ARNr 25S chez les plantes. 
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Figure 2 : Structure secondaire de l’ARNr 5S chez l’homme. 
Les sites importants pour la liaison des protéines TFIIIA et L5 sont 

indiqués. 
(D’après Szymanski et al., 2002)  
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Figure 3 : Les différents complexes de l’ARNr 5S dans l’ovocyte de xénope. 
Les gènes d’ARNr 5S sont transcrits par l’ARN polymérase III. TFIIIA initie cette 

transcription. Une fois transcrit l’ARNr 5S se lie à TFIIIA et forme le complexe 7S 
RNP, permettant ainsi son transport et stockage dans le cytoplasme. Il peut 

également être stocké sous la forme 42S RNP. Lorsque l’ARNr 5S est lié à la 
protéine L5 (5S RNP), il est transporté dans le nucléole pour être incorporé à la sous-
unité ribosomale 60S.  
(D'après Szymanski et al., 2003)  
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Figure 4 : Localisation des loci d’ADNr 5S chez Arabidopsis thaliana, 
écotype Columbia. 

Les loci d’ADNr 5S sont situés en région péricentromérique des 
chromosomes 3, 4 et 5. Les loci d’ADNr 5S sont en violet, les loci d’ADNr 45S 

sont en vert. Les centromères sont symbolisés en gris. 
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Séquence transcrite Séquence intergénique 
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TATATA GC C 

-1 -12 -28 

+1 

+51        +71    +81                     +120 

380 pb 120 pb 

Figure 5 : Représentation schématique des gènes d’ARNr 5S chez Arabidopsis 

thaliana. 

Haut: Les gènes d’ARNr 5S sont répétés en tandem. Les séquences transcrites de 120 pb 
sont séparées par une séquence intergénique de 380 pb.  

Bas: Le promoteur interne est composé d’une boîte A, d’un élément intermédiaire (EI) et 
d’une boîte C. Les séquences en amont de la séquence transcrite sont indispensables à la 
transcription. Une séquence poly(T), terminatrice de la transcription, est située en aval de la 

séquence transcrite de 120 pb. 

Poly(T) 
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Figure 6 : Signatures des différents loci 5S chez Arabidopsis thaliana,  
écotype Columbia. 

Les séquences « signature » correspondent au stretch de T situé à l’extrémité 3’ 
de tous les gènes d’ARNr 5S, en +121. Ce stretch de T est constitué d’une 

répétition de résidus T dont la longueur et les motifs sont spécifiques à chaque 
locus. Les différences majeures entre ces différents stretch sont en rouge. 
(D’après Cloix et al., 2000) 
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TTTTATGTTTAACCTTTTTTTTTT-GGTT 

TTTTTTTTTAATTTGTTTTTTT---GGTT 
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Figure 7 : Formation du complexe de transcription pol III au niveau d’un 
gène d’ARNr 5S. 

La fixation de TFIIIA sur le promoteur interne d’une unité 5S, au niveau des 
boîtes A et C et de l’élément EI, permet le recrutement du complexe TFIIIC. 

Ainsi complexé, TFIIIC va pouvoir recruter TFIIIB. L’ARN polymérase III va 
alors pouvoir initier la transcription. 
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Figure 8 : Représentation schématique de l’expression des deux familles de gènes 
d’ARNr 5S chez Xenopus laevis, au cours du développement. 

Pendant l’ovogenèse, de fortes quantités d’ARNr 5S sont accumulées dans l’ovocyte. Les 
deux familles de gènes 5S, ovocytaire et somatique, sont exprimées. Après la 

fécondation, lorsque l’histone B4 est remplacé par l’histone H1, seuls les gènes 
somatiques sont exprimés, et les quantités d’ARNr 5S sont beaucoup moins importantes. 
L’accumulation du facteur de transcription TFIIIA suit celle des ARNr 5S.  
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29!0)88)/9C)!+1&/'`/)!YP4R?E#G!97(!RJPK;FLR">>EP;$!NccHZ!,1!)7&,/)! 2)!02*!)8! 2)!+)'=2)! YT"$!

4"?FJ$R;UG! 0+! $-;! NccbZ\! 4)! 5j5)! 8.6)! ()! 6,2.5,/6B'+5)! 9! *=92)5)78! *8*! /*C*2*! &B)I!

"/90'(,6+'+\!F9/!)-)562)_!29!2,7=1)1/!(]17)!17'8*!^P!C9/')!)78/)!<cb!60!+1/!2)!&B/,5,+,5)!

<!)8!^VS!60!+'!)22)!6/,C')78!(1!=/97(! 2,&1+!(1!&B/,5,+,5)!^_! 29! 2,7=1)1/!()! 29! +*31)7&)!

8/97+&/'8)!/)+8978_!)22)_! '()78'31)!)78/)! 2)+!('@@*/)78+! 2,&'\!#)!621+_!91!+)'7!(1! 2,&1+!5'7)1/!



!
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! )+!

(1!&B/,5,+,5)!^_! !()+!C9/'978+!()!O^N!60!('+6)/+*+!91!5'2')1!(]17'8*+!()!V_^!M0!,78!*8*!

9562'@'*+\!K9!89'22)!621+!&,1/8)!()+!C9/'978+!()!O^N!60!/*+128)!(]17)!(*2*8',7!91!7'C)91!()!29!

+*31)7&)! 8/97+&/'8)! )8! ()! 2])+69&)1/! '78)/=*7'31)\! #)+! *81()+! ()! 8/97+&/'68',7! &.! 2&+#(! )7!

&)2212)+!()!8909&_!,78!5,78/*!31)!2)+!17'8*+!(1!&B/,5,+,5)!H!9'7+'!31)!&)22)+!(1!6)8'8!2,&1+!

(1! &B/,5,+,5)! ^! 7)! 6,1C9')78! j8/)! )-6/'5*)+_! &)! 31'! 9! *8*! &,7@'/5*! 69/! 2]9792.+)! ()+!

8/97+&/'8+!6/*+)78+!&.!2&2(!Y4K;Ew!0+!$-;!OVVOn!?"GREJU!0+!$-;!OVVH9Z\!K]90+)7&)!()!8/97+&/'68',7!

()!&)+!=`7)+!(]">$/!^P!)+8! +97+!(,18)!(1)!h!17! 8/,6!=/97(!7,50/)!()!51898',7+!(97+! 29!

+*31)7&)!8/97+&/'8)!31'!&,78')78!2]E4>!()!&)+!=`7)+!,1!91!7'C)91!()+!+*31)7&)+!/*=1298/'&)+\!

J7!)@@)8_!621+!()!b^i!()+!=`7)+!(]">$/!^P!(1!&B/,5,+,5)!H!&,78')77)78!17!5,8'@!G":"!Y,1!

G"4"!(97+!31)231)+!&9+Z!h!29!629&)!(1!5,8'@!G"G"!()!29!0,k8)!f!G"G"L2'M)!g!'7('+6)7+902)!h!29!

8/97+&/'68',7!Y4K;Ew!0+!$-;!OVVOZ\!

K])7+)502)!()!&)+!/*+12898+!5,78/)!31)!+)12)+!()+!17'8*+!^P!6/,C)7978!()+!02,&+!2)+!

5,'7+!518*+!Y&B/,5,+,5)!<!)8!=/97(!2,&1+!(1!&B/,5,+,5)!^Z!+,78!8/97+&/'8)+\!o1'!621+!)+8_!

&)+! /*+12898+! &,7@'/5)78! 2]B.6,8B`+)! +)2,7! 2931)22)! 2)! 7,50/)! (]17'8*+! ^P! 8,892! )-&`()!

29/=)5)78! 2)!7,50/)!(]17'8*+! /)31'+!6,1/! 8/97+&/'/)!+1@@'+955)78!(]">$/!^P_!)8!(,7&!31)!

8,1+!2)+!=`7)+!(]">$/!^P!7)!+,78!69+!8/97+&/'8+\!

!

 :REGEFE& U-0$%#& /%#& 0."$+#& D3& '%#& /-;"& '0& ;5*-C-#-C%& L& %$& '0& 2*(.'& /-;0#& '0&

;5*-C-#-C%&D&.%&#-.$&8(#&%H8*"C+%#&

!

#)+!)-6*/')7&)+!()!>GLF4>!+1'C')+!(]17!+*31)7r9=)!,78!*8*! /*92'+*)+!+1/!('@@*/)78+!

8'++1+! )8! ,/=97)+_! 9@'7! (]*81(')/! 2])-6/)++',7! ()+! ('@@*/)78+! =`7)+! (]">$/! ^P! 91! &,1/+! (1!

(*C)2,66)5)78\!!4)88)!*81()!9!6)/5'+!()!/*C*2)/!2])-'+8)7&)!()!()1-!6,61298',7+!(]">$/!^P!

&B)I! "/90'(,6+'+\! K9! 6/)5'`/)_! 31978'898'C)5)78! 59d,/'89'/)_! )+8! &,7+8'81*)! (]">$/! ^P!

'()78'31)+! h! 29! +*31)7&)! 8/97+&/'8)! &,7+)7+1+_! '2+! +,78! ('8+! 59d,/'89'/)+\! K9! ()1-'`5)!

6,61298',7!31978!h!)22)_!)+8!&,7+8'81*)!(]17!)7+)502)!(]">$/!^P!B*8*/,=`7)+!6,/8978!N!h!O!

+10+8'818',7+\!E2+!/*+128)78!()+!=`7)+!(]">$/!^P!5'7,/'89'/)+!Y4K;Ew!0+!$-;!OVVOZ\!"2,/+!31)!2)+!

8/97+&/'8+!59d,/'89'/)+!+,78!/)8/,1C*+!(97+!2])7+)502)!()!29!62978)_!2)+!">$/!^P!5'7,/'89'/)+!

+,78!90+)78+!()+! 8'++1+!9*/')7+!(]17)!62978)!9(128)! +91C9=)!)8!7)! +,78!6/*+)78+!31)!(97+!

31)231)+! 8'++1+_! &,55)! 29! =/9'7)! ,1! 2)+! /9&'7)+! ,l! ()! @,/8)+! 31978'8*+! (]">$/! ^P! +,78!

9&&1512*)+!Y?"GREJU!0+!$-;!OVVH9Z\!G,18!&,55)!2)+!">$/!^P!59d,/'89'/)+_!2)+!f!5'7,/'89'/)+!g!

+,78! '78*=/*+!91!/'0,+,5)!61'+31]'2+!,78!*8*!/)8/,1C*+!(97+! 2)+!6,2.+,5)+_!+1==*/978!9'7+'!



!



47.+,8*0!%&%-&(9#$),&:10!

! )%!

2)1/!@,7&8',7792'8*!Y4K;Ew!0+!$-;!OVVOZ\!U7)!B*8*/,=*7*'8*!()+!8/97+&/'8+!^P!9!*=92)5)78!*8*!

/966,/8*)!(97+!()!7,50/)1-!,/=97'+5)+!8)2+!31)!2)+!09&8*/')+!Yq">>[!97(!>;PPJG!NcaNZ_! 2)+!

&B956'=7,7+!YWEK#J?"$!97(!$"p">!NcbOZ_!2)+!5955'@`/)+!Y>;L4R;E!0+!$-;!NcaNZ!)8!2)!-*7,6)!

YFJGJ>P;$!0+!$-;!NcbVZ\!4,55)!6/*&*()55)78!)-62'31*!)7! ET\O\_!&B)I!/0.()1*! -$02&*_!()1-!

@95'22)+!(]"#$/!^P!&,)-'+8)78_!2)+!=`7)+!+,598'31)+!)8!2)+!=`7)+!,C,&.89'/)+_!6/*+)78978!17)!

/*=1298',7! (*C)2,66)5)7892)! ()! 2)1/! )-6/)++',7! YW;KQQJ! 97(! A>;W$! NcbbZ\! $,8,7+! 31)_!

&B)I! 2)! -*7,6)_! &)88)! B*8*/,=*7*'8*! ()+! 8/97+&/'8+! ^P_! /*+128978! ()! 2])-6/)++',7! ()+! ()1-!

@95'22)+!()!=`7)+!^P_!)+8!/)8/,1C*)!(97+! 2],C,&.8)!,l!()!=/97()+!31978'8*+!(]">$/!^P!+,78!

=*7*/*)+\!!

4B)I! "/90'(,6+'+_! 2]9792.+)! ()+! ["4! 69/! 9562'@'&98',7! F4>! (1! 2,&1+! (]"#$/! ^P! (1!

&B/,5,+,5)!^!9!6)/5'+!()!5,78/)/!31]'2!)-'+89'8!17)!/*69/8'8',7!7,7!92*98,'/)!()+!17'8*+!^P!

59d,/'89'/)+! )8! 5'7,/'89'/)+! 91! +)'7! (]17! 2,&1+\! J7! )@@)8_! 17! =/9(')78! ()! 51898',7+! )+8!

,0+)/C*!2)!2,7=!(1!02,&!(]"#$/!^P\!"'7+'_!2)+!17'8*+!5'7,/'89'/)+!6)1C)78!6/*+)78)/!d1+31]h!a!

+10+8'818',7+_!2)+!17'8*+!2)+!621+!518*)+!*8978!+'81*)+!(1!&e8*!2)!621+!B*8*/,&B/,598'31)!(1!

02,&!Y#;UJG!OVVbZ\!

K]9792.+)!()+!8/97+&/'8+!^P!(97+!2)+!8'++1+!9*/')7+!(]17)!62978)!9(128)!+91C9=)!&.!2&2(!

7]9!5'+!)7!*C'()7&)!91&17!">$/!^P!5'7,/'89'/)\!4)6)7(978_!()+!">$/!^P!5'7,/'89'/)+!+,78!

/)8/,1C*+! (97+! 2)+! /9&'7)+! (]17)! 62978)! +91C9=)! )8! (97+! ()+! 518978+! (]B.6,5*8B.298',7!

YT"EKK"$G! 0+! $-;! OVVbZ\! 4)+! /*+12898+! 5,78/)78! (,7&! 31]h! 2]'78*/')1/! ()+! 2,&'! (]"#$/! ^P!

8/97+&/'8+! Y&B/,5,+,5)! <! )8! =/97(! 2,&1+! &B/,5,+,5)! ^Z! +)12)! 29! @/9&8',7!59d,/'89'/)! ()+!

=`7)+! ^P! )+8! 8/97+&/'8)! )8! 31)! 2)! /)+8)! ()+! =`7)+! Y5'7,/'89'/)+Z! )+8! /*6/'5*\! 4)+! /*+12898+!

+1==`/)78!17!/e2)!()!29!&B/,598'7)!(97+!29!/*=1298',7!()!29!8/97+&/'68',7!()+!17'8*+!^P\!

!

:RELE&A+20/($"-.&+8"2+.+$"90%&'%&/?%H8*%##"-.&'%#&26.%#&'?@AB*&D3&;5%P&"#$%&'()*&*!

+,$-&$.$&

!

4B)I!"#$%&'()*&*!+,$-&$.$_!2)+!=`7)+!(]">$/!^P!+,78!6/*+)78+!)7!)7C'/,7!NVVV!&,6')+!

69/! =*7,5)! B962,t()\! $*975,'7+_! +)12)! 17)! 69/8')! ()+! 17'8*+! ^P! )+8! 8/97+&/'8)\! J7! )@@)8_!

2]*81()! ()+! 8/97+&/'8+! ^P! (*&/'8)! 6/*&*()55)78! 9! 5,78/*! 31)! 2)+! ">$/! ^P! (]17)! 62978)!

9(128)! 6/,C)79')78! (1! 02,&! (1! &B/,5,+,5)! <! )8! (1! =/97(! 02,&! (1! &B/,5,+,5)! ^\! A')7!

31])@@)&8'C)5)78_! 2)+! 17'8*+! (1! &B/,5,+,5)! H! )8! &)22)+! (1! 6)8'8! 2,&1+! (1! &B/,5,+,5)! ^!

7]9')78!69+! 29!&969&'8*!(]j8/)!8/97+&/'8)+! &.!2&+#(!,1! &.!2&2(_! 2])7+)502)!()+!17'8*+!()+!()1-!



Gènes majoritaires Gènes minoritaires 

Plante sauvage 

Plante entière 20% des ARNr 5S de la 

graine et 13% dans les 

racines 

Gènes majoritaires Gènes minoritaires 

Mutant de méthylation 

Plante entière Environ 20% des 

ARNr 5S de la plante 

entière 

Figure 9 : Les gènes d’ARNr 5S minoritaires sont réprimés dans une plante 
sauvage. 

Représentation schématique des gènes d’ARNr 5S répétés en tandem dans le bloc 
d’ADNr 5S du chromosome 5. Les étoiles symbolisent les substitutions de 

nucléotides au sein de la séquence transcrite des gènes d’ARNr 5S, représentée par 
la flèche. Le nombre de mutations est croissant le long du locus. Les gènes 
minoritaires sont situés dans la partie hétérochromatique du locus. 

Dans une plante sauvage, seuls les ARNr 5S majoritaires sont retrouvés dans les 
tissus aériens. La graine et les racines accumulent 20% et 13% d’ARNr 5S 

minoritaires, respectivement. Dans des mutants de méthylation, certaines unités 5S 
minoritaires sont déréprimées. La plante accumule alors environ 20% d’ARNr 5S 
minoritaires.  

Euchromatine Hétérochromatine 

Euchromatine Hétérochromatine 
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! )&!

918/)+!2,&'!)+8!8B*,/'31)5)78!8/97+&/'68',77)22)5)78!&,56*8)78\!;/_!()+!)-6*/')7&)+!()!>GL

F4>! ,78! /*C*2*! 31)! +)12+! 2)+! =`7)+! 59d,/'89'/)+! *89')78! )-6/'5*+! (97+! 2)+! 8'++1+! 9*/')7+!

(]17)! 62978)! +91C9=)! 9(128)\! J7! )@@)8_! 2)+! =`7)+! ^P! 5'7,/'89'/)+! Y6/*+)78978! ()+!

+10+8'818',7+!91!+)'7!()!2)1/!+*31)7&)!8/97+&/'8)Z!7)!+)502)78!69+!)7!5)+1/)!()!+])-6/'5)/\!

"1!C1!(])-6*/')7&)+!5)7*)+! &.!2&+#(_! 2)+!8/97+&/'8+!'++1+!()!&)+!=`7)+!+,78!6,1/8978!+8902)+!

)8!'2+!+,78!/)8/,1C*+! &.!2&2(!(97+!&)/89'7+!8'++1+!Y=/9'7)+!)8!/9&'7)+Z_!&,78)-8)+!,1!+89()+!()!

(*C)2,66)5)78! Y6297812)+!()!O! d,1/+Z! YQ'=1/)!cZ\! K]90+)7&)!(]">$/!^P!5'7,/'89'/)+!(97+! 29!

62978)!9(128)!+91C9=)!)+8!(,7&!(1)!h!17)!/*6/)++',7!()+!=`7)+!^P!5'7,/'89'/)+\!#1!@9'8!(1!

6,+'8',77)5)78!B*8*/,&B/,598'31)!()+!=`7)+!^P!)8!()!2)1/!,/=97'+98',7!+,1+!@,/5)!(]17'8*+!

/*6*8*)+!)7! 897()5_! 2]B.6,8B`+)!(]17)! /*=1298',7!*6'=*7*8'31)!()! 2])-6/)++',7!()+! =`7)+!

(]">$/!^P!9!*8*!(*C)2,66*)!)8!*81('*)!(97+!2]*31'6)\!

!

 :RELE=E&!(&C+$54/($"-.&'%#&26.%#&'?@AB*&D3&

!

K9!5*8B.298',7!()!2]"#$!)+8!2]17!()+!*C*7)5)78+!59d)1/+!h!2],/'='7)!()!29!/*6/)++',7!

()+!=`7)+\!4B)I!2)+!62978)+_!^!h!O^i!()+!&.8,+'7)+!+,78!5*8B.2*)+!Y>"$:W"K"!97(!>E4R">#P!

OVV<Z\! K9! @,/8)!5*8B.298',7! ()+! =`7)+! (]">$/! ^P! 9! *8*!5,78/*)! (97+! ('@@*/)78)+! )+6`&)+!

8)22)+! 31)! 2)! 59t+! Y?"P4E"! 0+! $-;! NcbNZ_! 2)! +,d9! Y:;GGK;AL?4RU:R! 0+! $-;! NccVZ_! 2)! 8909&!

YQUK$J4Jm!0+!$-;!NccbZ_!2)!2'7!Y:;K#PA>;U:R!0+!$-;!NcbOZ!)8!"#$%&'()*&*!+,$-&$.$!YQE$$J:"$!0+!$-;!

NccSn!T;$:P!0+!$-;!NccHZ\!4B)I!/0.()1*!-$02&*_!17)!@,/8)!5*8B.298',7!9!*8*!5'+)!)7!*C'()7&)!

91++'!0')7!6,1/!2)+!=`7)+!+,598'31)+!31)!6,1/!2)+!=`7)+!,C,&.89'/)+!YPE?P!0+!$-;!NcbHZ\!

"6/`+!9C,'/! &9/9&8*/'+*! 2)+!=`7)+!(]">$/!^P!(]17!6,'78!()!C1)!,/=97'+98',77)2! &B)I!

"/90'(,6+'+_! 7,8/)! *31'6)! +])+8! '78*/)++*)! h! 29! 5*8B.298',7! ()! &)+! ()/7')/+\! F9/! ()+!

)-6*/')7&)+!()!0'+12@'8)!()!+,('15_!?98B')1!0+!$-;!,78!(,7&!5,78/*!31)!aci!()+!&.8,+'7)+!

()+!=`7)+!(]">$/!^P!+,78!5*8B.2*)+!31])22)+!+,')78!)7!&,78)-8)!+.5*8/'31)!,1!9+.5*8/'31)!

Y4:_! 4$:! ,1! 4$$Z! 92,/+! 31)! 2)! /)+8)! (1! =*7,5)! 7)! 6/*+)78)! 31)! Si! ()! 5*8B.298',7!

Y?"GREJU!0+!$-;!OVVOn!W":$J>!97(!4"FJPEUP!NcbNZ\!A')7!31)!&)!891-!()!5*8B.298',7!+,'8!*2)C*!

)8! 31)! 8,18)+! 2)+! 17'8*+! ^P! +,78! 5*8B.2*)+! 31])22)+! +,')78! ,1! 7,7! 8/97+&/'8)+_! &)/89'7)+!

17'8*+! ^P!6/*+)78)78! 17! 891-!()!5*8B.298',7!0)91&,16!621+! @9'02)! 31)! 2)+! 918/)+\! E2! 9! *8*!

(*5,78/*!31]'2!)-'+89'8!17!=/9(')78!()!&.8,+'7)+!)7!&,78)-8)!9+.5*8/'31)!2)!2,7=!(1!2,&1+!(1!

&B/,5,+,5)!^\!K)+!17'8*+!^P!2)+!621+!6/,&B)+!(1!&)78/,5`/)_!31'!7)!+,78! d959'+!)-6/'5*+!

(97+! 2)+!8'++1+!9*/')7+!(]17)!62978)!+91C9=)_!6,++`()78! 2)!621+!=/97(!7,50/)!()!&.8,+'7)+!
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! *(!

)7! &,78)-8)! 4RR\! E2! 6,1//9'8! (,7&! )-'+8)/! 17! =/9(')78! ()! 5*8B.298',7! ()! &.8,+'7)+!

9+.5*8/'31)+!)7!&,//*298',7!9C)&!2])-6/)++',7!()+!=`7)+!(]">$/!^P!YT"EKK"$G!0+!$-;!OVVbZ\!

K)! +.+8`5)! 5*8B.298',7X(*5*8B.298',7! )+8! &,771! 6,1/! 9++1/)/! 17! &,78/e2)!

(.795'31)!()! 2])-6/)++',7!(]17!=/97(!7,50/)!()!=`7)+\!K]'569&8!('/)&8!()! 29!5*8B.298',7!

"#$!+1/! 2])-6/)++',7!()+!=`7)+!(]">$/!^P!(]"#$%&'()*&*! +,$-&$.$!9!(,7&!*8*! 8)+8*! &.!2&+#(_!

(97+! ()+! )-8/9'8+! 71&2*9'/)+! ()! 8909&\! K9! 5*8B.298',7! ()+! +'8)+! 4:_! ,08)71)! 69/! 2]9&8',7!

(]17)!5*8B.29+)!4:L+6*&'@'31)!7])78/9k7)!69+!(]'7B'0'8',7!()!29!8/97+&/'68',7!()!&)+!=`7)+!&.!

2&+#(\! F.! 2&2(_! 17)! (*5*8B.298',7! =2,092)! ()! 2]"#$! (]"/90'(,6+'+! ,08)71)! )7! &128'C978! 2)+!

62978)+! +1/! 17! 5'2')1! &,78)7978! ()! 29! ^L9I9L&.8'('7)! Y'7B'0'8)1/! ()! 29! 5*8B.298',7! ()+!

&.8,+'7)+Z!7]'7(1'8!69+!(]91=5)7898',7!(1!891-!=2,092!(]">$/!^P!(97+!29!62978)!Y?"GREJU!0+!

$-;! OVVOZ\! K)+! =`7)+! (*5*8B.2*+! +,78! 7,/592)5)78! 621+! 9&&)++'02)+! h! 29! 8/97+&/'68',7\! E2!

)-'+8)!(,7&!&)/89'7)5)78!17!@9&8)1/!2'5'8978_!&,55)!GQEEE"_!'7'8'98)1/!()!29!8/97+&/'68',7!(1!

^P_! 31'! 7)! 6)/5)8! 69+! 2]91=5)7898',7! ()! 2])-6/)++',7! ()! &)+! =`7)+! )7! &,78)-8)!

B.6,5*8B.2*\! #)+! )-6*/')7&)+! +'5'29'/)+_! /*92'+*)+! &B)I! /;! -$02&*_! ,l! ()+! =`7)+! ^P!

9/8'@'&')22)5)78! 5*8B.2*+! ,78! *8*! '7d)&8*+! (97+! ()+! ,C,&.8)+_! ,78! 5,78/*! 31)! 2)! 891-! ()!

8/97+&/'68',7!()!&)+!=`7)+!^P!7]*89'8!69+!928*/*!69/!&)88)!5*8B.298',7!YAJPPJ>!0+!$-;!NccVZ\!K9!

5*8B.298',7!()+!=`7)+!^P!7)!(*8)/5'7)!(,7&!69+_!h!)22)!+)12)_!2])-6/)++',7!,1!29!/*6/)++',7!

()+!=`7)+!(]">$/!^P\!!

!

4B)I! "/90'(,6+'+_! 2]*81()! ()! 29! 5*8B.298',7! ()+! =`7)+! ^P! 5'7,/'89'/)+! )8! ()! 2)1/!

)-6/)++',7! 9! *8*! 5)7*)! &.! 2&2(\! J7! &,78)-8)! +91C9=)_! NHi! (]">$/! ^P! 5'7,/'89'/)+! +,78!
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A. B. 

Figure 10 : Des boucles d’ADNr 5S émanent des chromocentres dans un noyau 
de feuille d’une plante de 3 semaines. 

A.  Cette image montre un grossissement d’un noyau d’une feuille de plante sauvage 
coloré au DAPI. Des boucles d’ADNr 5S en vert (ligne en pointillés) émanent d’un 

chromocentre (entouré). La petite flèche montre la partie de l’ADNr 5S qui colocalise 
avec l’hétérochromatine. 

B.  Des noyaux de feuilles de plante sauvage montrent un fort marquage H3K9me2 

(noté H3mK9) en rouge. Le grossissement montre que les boucles euchromatiques 
d’ADNr 5S sont faiblement associée à la diméthylation H3K9 (petites flèches). Alors 

que l’ADNr 5S hétérochromatique est fortement marqué (grosse flèche). Il apparaît 
en jaune sur l’image (superposition des signaux verts et rouges).  
 échelle = 5 um. 

      (D’après Mathieu et al., 2003a) 
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Figure 11 : Représentation schématique de la voie RdDM. 
L’ADN cible est transcrit par l’ARN polymérase IV. Ce transcrit est converti par 

RDR2 en ARN double brin, qui sera clivé en siRNA par DCL3. AGO4 prend en 
charge ces siRNA et interagit avec l’ARN polymérase V afin de guider DRM2 qui 

va méthyler les cytosines asymétriques de l’ADN cible.  
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Figure 12 : Représentation schématique de la voie de régulation TOR. 
La protéine Maf1 se lie à l’ADNr 5S et empêche son expression. Lorsque la 

protéine TOR se fixe au niveau de l’ADNr 5S, elle phosphoryle Maf1 permettant 
ainsi  l’expression des gènes d’ARNr 5S. 
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Figure 13 : Organisation de la chromatine d’ADNr 5S dans les premiers jours du 
développement chez Arabidopsis. 

A.  Des noyaux de cotylédons de 2 à 5 jours post-germination (2d-5d) ont été colorés 
au DAPI (colonne de gauche) puis hybridés avec une sonde 5S (colonne du milieu). 

La flèche bleue montre un pré-chromocentre. Fortement compacté à 2 jours, l’ADNr 
5S est décompacté à 3 jours et se réorganise à 4 jours. 

B.  Dès 5 jours, l’ADNr 5S acquiert une organisation mature. Une partie de la 

chromatine d’ADNr 5S est hétérochromatique et une autre partie, sous forme de 
boucle, est euchromatique. La flèche blanche montre une boucle d’ADNr 5S. 

      (D’après Douet et al., 2008) 
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Figure 14 : Alignement des séquences primaires de TFIIIA de différentes 
espèces. 

Les doigts de zinc sont encadrés en noir. Les doigts de zinc d’Arabidopsis sont écrits 
en rouge, ceux des autres espèces en bleu. Les séquences d’Arabidopsis non alignées 

sont soulignées. Les résidus conservés dans 50% des séquences sont surlignés en 
gris ou en jaune dans les doigts de zinc. Le motif NLS est écrit en vert, le motif TAS en 
gras. Le motif MGEK/R et NES sont surlignés en vert et bleu, respectivement. Le 

nombre de résidus total est écrit à droite. Les astérisques indiquent la fin de la 
séquence. (Daprès Mathieu et al., 2003) 
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Figure 15 : Représentation schématique du gène TFIIIA et de ses séquences 
régulatrices chez Xenopus laevis. 

Le gène TFIIIA chez le xénope est sous le contrôle de quatre éléments: les éléments 
E1, E2, E3 et une boîte TATA. Ces quatre séquences sont reconnues respectivement 

par B1 (USF), B2 (Sp1), B3 (Vg1 RBP/VERA) et une TBP. 
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Figure 16 : Rôles des doigts de zinc de la protéine TFIIIA chez Xenopus 
laevis et Saccharomyces cerevisiae. 

Les doigts de zinc sont numérotés et représentés par les carrés. Les fonctions 
les plus importantes des doigts de zinc ainsi que leurs liaisons principales sont 

indiquées en face de leur numéro mais chaque doigt de zinc de TFIIIA est 
impliqué dans l’ensemble des interactions. ICR = Internal Control Region. La 
partie N-terminale de la protéine se lie sur la partie 3’ de l’ICR. Les protéines ne 

sont pas à l’échelle. 
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Figure 17 : L’ARN pré-messager AtTFIIIA contient un exon alternatif. 
Les exons sont représentés par les rectangles bleus, les introns par les traits noirs. 

L’exon alternatif en bleu foncé va être ou non épissé. S’il est exclu du transcrit, le 
transcrit obtenu est nommé ES (Exon Skipping). Le transcrit ES, une fois traduit, 

donne la protéine TFIIIA. Le transcrit EI (Exon Inclusion) est obtenu lorsque l’exon 
alternatif est maintenu. L’exon alternatif possède un codon stop prémature ou PTC, 
suivi d’un deuxième codon initiateur de la traduction. Le transcrit EI contient deux 

ORF putatives. Les tailles des transcrits sont indiquées à leur droite. (ORF= Open 
Reading Frame) 
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ARNr 5S d’Arabidopsis thaliana Exon « 5S-like » du gène TFIIIA 

Figure 18 : Comparaison de la structure secondaire de l’ARNr 5S et de l’exon 
alternatif « 5S-like » du gène TFIIIA chez Arabidopsis thaliana. 

L’exon alternatif « 5S-like » du gène TFIIIA présente de fortes homologies de 
séquences et de structure secondaire avec l’ARNr 5S. Les régions conservées entre 

l’ARNr 5S et l’exon « 5S-like » sont surlignés en gris, les résidus identiques sont en 
gras. Les boucles C, D et E ainsi que les hélices III et IV de l’ARNr 5S sont conservés 
dans l’exon « 5S-like ».  
(D’après Hammond et al., 2009) 

ガ

&

ガ

ガ

&

ガ



47.+,8*0!%&%-&(9#$),&:10!

! "%!

 :REFEFE&A+20/($"-.&'%&/?+8"##(2%&(/$%*.($"N&&

!

A')7!31]'2!7)!+,'8!69+!8/9(1'8_!2)!8/97+&/'8!JE!d,1)!17!/e2)!'56,/8978!(97+!29!/*=1298',7!

()!2])-6/)++',7!(1!=`7)!GQEEE"\!E2!+]9C`/)!31)!2])-,7!928)/798'@!6/*+)78)!()!@,/8)+!B,5,2,=')+!

()! +*31)7&)! )8! 69/! &,7+*31)78! ()! +8/1&81/)! +)&,7(9'/)! 9C)&! 2]">$/! ^P! YQ'=1/)! NbZ\! E2!

6/,C')7(/9'8! ()! 2])-,7'+98',7!(]17)!5,2*&12)! (]">$/! ^P!(97+!17! '78/,7!(1! =`7)! GQEEE"\! J7!

)@@)8_!)7!621+!()!29!+8/1&81/)!)7![!&9/9&8*/'+8'31)!()!&)8!">$_!2])-,7!928)/798'@!&,78')78!()+!

+8/1&81/)+!f!+'=7981/)+!g!()!2]">$/!^P_!8)22)+!31)!%!2)+!B*2'&)+!EEE!)8!ET!)8!2)+!0,1&2)+!4_!#!)8!J!

YQU!0+!$-;!OVVcn!R"??;$#!0+!$-;!OVVcZ\!GB*,/'31)5)78_!&)8!)-,7!f!^PL2'M)!g!)+8!(,7&!&96902)!

()!2')/!29!6/,8*'7)!/'0,+,592)!K^!91!7'C)91!()!2]B*2'&)!EEE!)8!()!29!0,1&2)!#\!K9!2'9'+,7!9C)&!29!

6/,8*'7)!GQEEE"_!0')7!31)!+1==*/*)!69/!Q1!0+!$-;!YOVVcZ_!)+8!31978!h!)22)!5,'7+!6/,0902)\!J7!

)@@)8_!5j5)! +'! 2)+! B*2'&)+! EEE_! ET! )8! 29! 0,1&2)! J! '78)/9='++)78! 9C)&! GQEEE"_! 2)+! 0,1&2)+! )8! 2)+!

B*2'&)+! ()! 2]">$/! ^P! 2)+! 621+! '56,/8978)+! 6,1/! &)88)! 2'9'+,7! +,78! 90+)78)+! YB*2'&)+! EE! )8! T_!

0,1&2)+! "! )8! AZ\! K9! +1/)-6/)++',7! ()! 2]"#$&! ()! GQEEE"! &B)I! "/90'(,6+'+_! )78/9k7978!

6/,0902)5)78!17)!91=5)7898',7!()+!31978'8*+!(]">$/!^P_!/*+128)!)7!17)!91=5)7898',7!()+!

6/,6,/8',7+! ()! 29! @,/5)! JE! YQU! 0+! $-;! OVVcZ\! 4)&'! 29'++)! +166,+)/! 31]17)! 91=5)7898',7! ()!

GQEEE"! @9C,/'+)/9'8! 2]*6'++9=)! 928)/798'@! C)/+! 2)! 8/97+&/'8! 7,7L6/,(1&8'@! 31'! +)/9! )7+1'8)!

(*=/9(*!'562'31978!92,/+!17)!('5'718',7!()+!891-!6/,8*'31)+!()!GQEEE"\!

!

Q1! )8! $-;! 6/,6,+)78! (,7&! 17! 5,(`2)! +'562)! +)2,7! 2)31)2! 29! 6/,8*'7)! GQEEE"!

/)&,779k8/9'8!)8! @'-)/9'8! 2])-,7!f!^PL2'M)!g! &)!31'!9@@)&8)/9'8! 2]*6'++9=)!928)/798'@!)7!)78/978_!

69/!)-)562)_!)7!&,56*8'8',7!9C)&!17!@9&8)1/!(]*6'++9=)!)7!,&&16978!2)+!+'8)+!(]*6'++9=)!YQU!

0+!$-;! OVVcZ\!4)!5,(`2)! '7(1'8! 2]B.6,8B`+)! +1'C978)!%!3197(! 2)+! 891-!()!GQEEE"! +,78! @9'02)+_!

2])-,7!f!^PL2'M)!g!)+8!*6'++*!)8! 29! @,/5)!JP!)+8!6/,(1'8)_!&)!31'!)78/9k7)/9'8! 2]91=5)7898',7!

()+!891-!()!6/,8*'7)!GQEEE"!(97+!29!&)2212)!)8!(,7&!&)22)+!()+!31978'8*+!(]">$/!^P!n!h!2]'7C)/+)_!

2,/+31)!2)+!891-!()!GQEEE"!+,78!*2)C*+!)8!69/!&,7+*31)78!2)+!891-!(]">$/!^P!*=92)5)78_!GQEEE"!

6,1//9'8!+)!@'-)/!+1/!2])-,7!f!^PL2'M)!g!)56j&B978!9'7+'!+,7!*6'++9=)_!29!@,/5)!JE!+)/9'8!92,/+!

6/,(1'8)!61'+!(*=/9(*)!69/! 29!C,')!$?#! YQU! 0+!$-;! OVVcZ\!4)6)7(978_!R955,7(!0+!$-;!,78!

5,78/*!31)!29!6/,8*'7)!GQEEE"!7)!+)!@'-9'8!69+!91!7'C)91!()!2])-,7!f!^PL2'M)!g!YR"??;$#!0+!$-;!

OVVcZ\! #)! 621+_! '2+! ,78! 5'+! )7! *C'()7&)! 31)! 29! 6/,8*'7)! /'0,+,592)! K^_! &,771)! 6,1/! 2')/!

2]">$/!^P!&B)I!"/90'(,6+'+! Y?"GREJU!0+!$-;!OVVH0Z!)8! 2)!8/97+6,/8)/! d1+31]91!71&2*,2)_!*89'8!

&96902)!()! 2')/! 2])-,7!f!^PL2'M)!g! 91!7'C)91!()! +,7!(,59'7)!B*2'&)! EEE\! F9/!()+!)-6*/')7&)+!



NMD 

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

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

ES 

EI 

ARNr 5S 

L5 

L5 

TFIIIA 

Figure 19 : Régulation de l’épissage alternatif du pré-messager TFIIIA chez 
Arabidopsis thaliana. 

L’exon « 5S-like » est en noir. Les facteurs d’épissage sont représentés par le 
losange vert. Lorsque les quantités d’ARNr 5S sont faibles dans la cellule, L5 est libre 

et peut se fixer sur l’exon « 5S-like ». Sa fixation déplace des facteurs empêchant 
l’épissage, la forme ES est produite puis traduite en protéine TFIIIA. Lorsque les 
quantités d’ARNr 5S sont élevées, L5 est complexée à l’ARNr 5S, les facteurs 

empêchant l’épissage restent au niveau de l’exon « 5S-like », le transcrit EI est 
produit, puis dégradé par la voie NMD. 
(D’après Hammond et al., 2009) 
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Figure 20 : Localisation des sites de reconnaissance des anticorps anti-TFIIIA 
chez Arabidopsis thaliana. 

La position des trois anticorps anti-TFIIIA dont nous disposons est symbolisée par 
un astérisque. Les anticorps 18, 16 et 17 reconnaissent un peptide en région N-

terminale, centrale et C-terminale, respectivement. Les neuf doigts de zinc de la 
protéine TFIIIA sont symbolisés par les carrés bleus foncés. 
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Figure 21 : Les anticorps Ac16 et Ac17 révèlent la protéine TFIIIA et une 
protéine plus courte. 

Un western blot a été réalisé à partir d’un même extrait total d’une plantule de 10 
jours d’Arabidopsis, d’écotype Columbia et hybridé avec l’anticorps Ac16 pour la 

partie gauche de la piste et avec l’anticorps Ac17 pour la partie droite de la piste. La 
protéine TFIIIA pleine longueur ainsi qu’une deuxième bande plus petite sont 
détectées. L’actine sert de contrôle de dépôt. 
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Figure 22 : Certaines lignées « RNAi-EI » présentent des quantités variables de 
TFIIIA et de l’isoforme courte. 

Des western blots hybridés avec l’Ac 17 ont été réalisés à partir d’extraits totaux de 
plantules de 10 jours de différentes lignées monolocus « RNAi-EI » à la génération T3. 

L’actine sert de contrôle interne.  
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Figure 23 : La lignée RNAi-EI 9 présente un retard de floraison par rapport à une 
plante sauvage. 

A.  Des graines d’Arabidopsis thaliana, écotype Columbia (Col), et de la lignée RNAi-EI 
9, en génération T3, ont été semées sur milieu ATG. Les photos ont été prises 10 

jours après la germination. 
B.  Des graines d’Arabidopsis thaliana, écotype Columbia (Col), et de la lignée RNAi-EI 

9, en génération T4, ont été semées sur du terreau. Les photos ont été prises environ 

4 semaines après la germination. 
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GQEEE"!18'2'+*!6,1/!&)+!)-6*/')7&)+!()!&,562*5)7898',7!)+8!17!518978!(]'7+)/8',7_!('+6,7'02)!

h! 2]*898! B*8*/,I.=,8)! YGQEEE"! xXL! n! GL#$"XLZ\! 4)88)! )-6*/')7&)! 9C9'8! 6,1/! 018! ()! +91C)/! 2)!

=*7,8.6)!2*892!YGQEEE"!LXL!n!GL#$"XGL#$"Z\!F,1/!&)29_!8/,'+!&,7+8/1&8',7+!,78!*8*!/*92'+*)+!%!

!

9\ 17)! &,7+8/1&8',7! )-6/'5978! 17'31)5)78! 2)! 8/97+&/'8! JP_! =*7*/978! 17)! 2'=7*)!

7,55*)!JPL62978+_!

0\ 17)! &,7+8/1&8',7! )-6/'5978! 17'31)5)78! 2)! 8/97+&/'8! JE_! =*7*/978! 17)! 2'=7*)!

7,55*)!JEL62978+_!

&\ 17)!&,7+8/1&8',7!=*7,5'31)!6)/5)88978!(])-6/'5)/!2)+!()1-!8/97+&/'8+_!=*7*/978!

17)!2'=7*)!7,55*)!=)7,L62978+\!

!

!4)+! &,7+8/1&8',7+! +,78! +,1+! 2)! &,78/e2)! (1! 6/,5,8)1/! )7(,=`7)! (1! =`7)! GQEEE"! )8! +,78!

6/*+)78*)+! )7! (*89'2! (97+! 2]9/8'&2)! 31'! @9'8! +1'8)! h! &)+! /*+12898+! Y4@\! "/8'&2)Z\! P'! 7,1+!

/)8/,1C,7+!()+!62978)+!518978)+!YGQEEE"!LXL!!n!GL#$"XGL#$"Z!C'902)+!(97+!29!()+&)7(97&)!()+!

62978)+! 8/97+@,/5*)+_! 92,/+! 29! 6/*+)7&)! (1! ,1! ()+! 8/97+&/'8+! )-6/'5*+! 69/! 29! &,7+8/1&8',7!

6)/5)8! 29!&,562*5)7898',7!()! 29!51898',7\!K)!518978!GQEEE"!9!61!9'7+'!j8/)!&,562*5)78*!

69/! 2)+! &,7+8/1&8',7+! 6,/8978! 2)! =`7)! GQEEE"! )78')/! Y&Z! )8! 69/! 29! &,7+8/1&8',7! JP! Y9Z\! J7!

/)C97&B)_!91&17)!62978)!B,5,I.=,8)!6,1/!29!51898',7!()!GQEEE"!)7(,=`7)!7]9!*8*!/)8/,1C*)!

(97+!29!()+&)7(97&)!()!2'=7*)+!JEL62978+!Y0Z\!$,1+!6,1C,7+!(,7&!&,7&21/)!31)!2)!8/97+&/'8!JP!

+)12_!)+8!&96902)!()!/)+891/)/! 2]9&8'C'8*!GQEEE"!(97+!()+!518978+!92,/+!31)! 2)!8/97+&/'8!JE!)7!

)+8!'7&96902)\!!

!
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:ELE&!%&$*(.#;*"$&S:&.?%#$&8(#&X&/?-*"2".%&'%&/?"#-N-*C%&;-0*$%&

!

K9! 2'=7*)!518978)! GQEEE"! &,562*5)78*)! 69/! 2)! 8/97+&/'8! JP! 9! 6)/5'+! ()!5)88/)! )7!

*C'()7&)! 31)! 2)! 8/97+&/'8! JE! 7]*89'8! 69+! h! 2],/'='7)! ()! 2]'+,@,/5)! &,1/8)! (*8)&8*)! 9C)&! 7,+!

978'&,/6+!+6*&'@'31)+!()!GQEEE"\!J7!)@@)8_!()+!D)+8)/7!02,8+! /*92'+*+!+1/!&)+!6297812)+!()!NV!

d,1/+_!,78!/*C*2*!29!6/*+)7&)!()!29!6/,8*'7)!GQEEE"!62)'7)!2,7=1)1/!59'+!*=92)5)78!&)22)!()!29!

6/,8*'7)! 621+! &,1/8)! Y4@\! +1662)5)789/.! (989! N! "/8'&2)Z! )7! 90+)7&)! (1! 8/97+&/'8! JE! 62)'7)!

2,7=1)1/\! P'! &)88)!6/,8*'7)!6/,C)79'8! ()! 29! 8/9(1&8',7!()! &)! 8/97+&/'8! JE_! )22)!7)! +)/9'8! 69+!

6/*+)78)! (97+! &)+! 2'=7*)+! &,562*5)78*)+! ,l! +)12! 2)! 8/97+&/'8! JP! )+8! 6/*+)78\! 4)+!

)-6*/')7&)+!&,7@'/5)78!31)! 2)! 8/97+&/'8!JE!7])+8!69+!h! 2],/'='7)!()!&)88)! '+,@,/5)!&,1/8)!)8!

31]'2! 7)! +)502)! 69+! 8/9(1'8_! &,//,0,/978! 2)+! &,7&21+',7+! ()! Q1! 0+! $-;! )8! R955,7(! 0+! $-;!

YOVVcZ\! 4)88)! 6/,8*'7)! *8978! /*C*2*)! +6*&'@'31)5)78! 69/! ()1-! 978'&,/6+! ()! GQEEE"_! )22)! 7)!

6)18!6/,C)7'/!31)!(]17!&2'C9=)!6/,8*,2.8'31)!()!GQEEE"\!4)+!/*+12898+!(*5,78/)78!*=92)5)78!

31)! 2]90+)7&)!(1!8/97+&/'8!JE!7])56j&B)!69+! 2)!(*C)2,66)5)78!()! 29!62978)!)8!31)!&)22)L&'!

6)18! +)! 69++)/! ()! 2]*6'++9=)! 928)/798'@! (1! =`7)! GQEEE"! (97+! ()+! &,7('8',7+! 7,/592)+! ()!

&/,'++97&)!)7!290,/98,'/)\!
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::E& !%& $(0H& '%& /(& 8*-$+".%& U1:::@& '(.#& /(& ;%//0/%& %#$& X& /(& N-"#& ;-.$*M/+& 8(*&

/?+8"##(2%&(/$%*.($"N&'0&26.%&U1:::@&%$&8(*&/%&;/",(2%&8*-$+-/4$"90%&'%&U1:::@&

!

! K)+!/*+12898+!31'!C')77)78!(]j8/)!6/*+)78*+_!7,1+!,78!6)/5'+!()!&,7&21/)!31)!+)12!2)!

8/97+&/'8!JP!)+8!&96902)!()!/)+891/)/!2]9&8'C'8*!()!8/97+&/'68',7!()+!=`7)+!(]">$/!^P!(97+!17!

518978!GQEEE"\!K9!6/,8*'7)!GQEEE"_!8/9(1'8)!h!69/8'/!(1!8/97+&/'8!JP_!!)+8!(,7&!29!+)12)!6/,8*'7)!

8/9(1'8)!h!69/8'/!(1!=`7)!GQEEE"\!;/_!2]9792.+)!6/,8*'31)!()!GQEEE"!(97+!()+!62978)+!+91C9=)+_!

/*92'+*)! 9C)&! 2)+! ()1-! 978'&,/6+! +6*&'@'31)+! ()! GQEEE"_! 9! 6)/5'+! ()!5)88/)! )7! *C'()7&)! 29!

6/,8*'7)! GQEEE"! 62)'7)! 2,7=1)1/! )8! 17)! 918/)! 6/,8*'7)! 621+! 6)8'8)_! 31)! 7,1+! 7,55)/,7+!

GQEEE"L4_!61'+31])22)!&,//)+6,7(!h!29!69/8')!4L8)/5'792)!()!29!6/,8*'7)!GQEEE"\!K9!@,/5)!GQEEE"L

4! )+8! *=92)5)78! 6/*+)78)! (97+! ()+! 62978)+! &,562*5)78*)+! 69/! JP! (97+! 2)+31)22)+! 2)!

8/97+&/'8! JE! )+8! 90+)78\! 4)88)! 6/,8*'7)! 7)! 6,1C978! /*+128)/! ()! 29! 8/9(1&8',7! ()! JE_! GQEEE"L4!

6/,C')7(/9'8!(,7&!(1!&2'C9=)!6/,8*,2.8'31)!()!GQEEE"\!!

!

K)+!8/9C91-!&,7&)/7978!2])-6/)++',7!()!GQEEE"!6)7(978!2)!(*C)2,66)5)78!()!29!62978)!

+,78!/966,/8*+!(97+!2]9/8'&2)!31'!+1'8!)8!/*+15*+!&'L()++,1+!%!!

K]*81()! ()+! 2'=7*)+! &,562*5)78*)+! 69/! 29! @,/5)! JP! 9! 6)/5'+! ()! 5,78/)/! 31])7!

&,7('8',7+! ()! &/,'++97&)! 7,/592)! )7! 290,/98,'/)_! 2])-,7! 928)/798'@! f!^PL2'M)!g! )8! (,7&! 2)!

5*&97'+5)!(]*6'++9=)!928)/798'@!(1!=`7)!GQEEE"!7]*89'8!69+!'7('+6)7+902)!h!29!C')!()!29!62978)\!

#)!621+_!(97+!&)+!62978)+!&,562*5)78*)+!31'!+1/)-6/'5)78!29!@,/5)!JP_!29!31978'8*!(]">$/!

^P! )8! ()! 6/,8*'7)+! GQEEE"! )+8! '()78'31)! 91-! 62978)+! +91C9=)+\! E2! +)502)! (,7&! 31)! 8,1+! 2)+!

8/97+&/'8+!JP!7)!+,')78!69+!8/9(1'8+_!)8!31]17!7'C)91!+1662*5)789'/)!()!/*=1298',7!+)!5)88)!

)7!629&)\!

K]9792.+)! ()+! 8/97+&/'8+! JP! )8! JE_! ()! 2]9&&151298',7! ()! GQEEE"! )8! ()! +9! @,/5)! &2'C*)!

GQEEE"L4_!9'7+'!31)!(1!891-!()+!8/97+&/'8+!^P!9!*8*!/*92'+*)!6)7(978!()1-!6B9+)+!'56,/8978)+!

(1! (*C)2,66)5)78! ()! 29! 62978)! %! 29! 6B9+)! ()! 5981/98',7! ()! 29! =/9'7)! 31'! 9&&1512)! ()+!

/*+)/C)+_! 7,8955)78! ()+! ">$/! ^P! Y?"GREJU! 0+! $-;! OVVH0Z! )8! 2)+! 6/)5')/+! d,1/+! 96/`+! 29!

=)/5'798',7!,l!29!&B/,598'7)!(]"#$/!^P!+)!/*,/=97'+)!Y#;UJG!0+!$-;!OVVbZ\!K,/+!()!29!6B9+)!

/)6/,(1&8'C)_!29!@,/8)!9&&151298',7!()!29!6/,8*'7)!GQEEE"!)8!(,7&_!69/!&,7+*31)78!(]">$/!^P_!

)+8!h!29!@,'+!6,++'02)!=/v&)!h!2]91=5)7898',7!()!29!31978'8*!()!29!@,/5)!JP!)8!h!29!('5'718',7!

(1!&2'C9=)!6/,8*,2.8'31)\!K,/+31)!29!f!&B/,598'7)!^P!g!+)!/*,/=97'+)_!2)!&2'C9=)!6/,8*,2.8'31)!
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2,/+31)! 29! &B/,598'7)! (]"#$/! ^P! )+8! 5981/)! )8! 968)! h! 29! 8/97+&/'68',7_! '2! .! 9! /)6/'+)! ()!

2]9&&151298',7! ()+! ">$/! ^P! )8! ()! 29! 6/,8*'7)! GQEEE"_! 2)! &2'C9=)! 6/,8*,2.8'31)! *8978!5,'7+!

'56,/8978\! 4)88)! 9792.+)! 9! 6)/5'+! ()!5,78/)/! 31)! 2])-6/)++',7! ()+! 8/97+&/'8+! JP! )8! JE_! 29!

('/)&8',7!()! 2]*6'++9=)!928)/798'@!)8! 2)!&2'C9=)!6/,8*,2.8'31)!()!GQEEE"!+,78!()+!5*&97'+5)+!

&2*+!6)/5)88978! 2)!&,78/e2)!(1!891-!()!GQEEE"!)8!69/!&,7+*31)78!(1!891-!(]">$/!^P!(97+! 29!

62978)!91!&,1/+!(1!(*C)2,66)5)78!()!&)88)!()/7'`/)\!

!

! !

!
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!

!

!

!
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!"#$%&"'()'*$+,-.-,%/+#,)-"$#)'.-+%(,'&'$0+#$1+("*)-*,2)'&+&,-#.#0-+*3+!45556+

&*$)"*,+78+"9:6+#&&;<;,#)'*$+1;"'$0+!"#$%&'()%)*+,#-%#.#+1-.-,*(<-$)+

!

"#$#%!&'(!)*%%+,+--!.'(!/#0--#1%!2'(!345#6#!3'(!74%*08!.'!#19!7*4,:+1%+!.'!

!
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"#$%&%'(! $#%)(*(&#&! #&! +,#-#+./! 0%,! (12.,3%-#+! +(//&! .*4! ,(51#,(&! +%%,4#*.-(4!

&3*-6(&#&! %0! -6(! 7,%-(#*! .*4! ,"89! '%#(-#(&! %0! -6(! ,#$%&%'(:! ;6#+6! .,(! -6(,(0%,(!

6#)6/3!,()1/.-(4<!=>!,#$%&%'./!"89:!.*!(&&(*-#./!+%'7%*(*-!%0!-6(!/.,)(!,#$%&%'./!

&1$1*#-:!#&!-,.*&+,#$(4!$3!"89!7%/3'(,.&(!???!.*4!&7(+#0#+.//3!,(51#,(&!@,.*&+,#7-#%*!

A.+-%,!???9!B@A???9C<!

@%!).#*!#*&#)6-!#*-%!-6(!,()1/.-#%*!%0!=>!,"89!-,.*&+,#7-#%*:!;(!6.D(!#*D(&-#).-(4!-6(!

(E7,(&&#%*! %0! =>! ,"89:! -6(! (E%*F&2#77(4! BG>C! .*4! (E%*F#*+/14#*)! BG?C! @A???9!

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

!"###$! )(*(:! .*4! @A???9! 7,%-(#*! .'%1*-&! #*! ,(&7(+-! -%! 4#&-#*+-! ,(51#,('(*-&! %0! =>!

,"89!41,#*)!4(D(/%7'(*-<!

H(!&6%;!-6.-!=>!,"89!51.*-#-#(&!.,(!,()1/.-(4!-6,%1)6!4#&-#*+-:!$1-!+%'7/('(*-.,3!

'(+6.*#&'&!%7(,.-#*)!$%-6!-6,%1)6!.!-,.*&+,#7-#%*./!.*4!7%&-F-,.*&+,#7-#%*./!+%*-,%/!

%0! @A???9! -,.*&+,#7-&! .&! ;(//! .&! .-! -6(! 7%&-F-,.*&/.-#%*./! /(D(/! -6,%1)6! 7,%-(%/3-#+!

+/(.D.)(!%0!-6(!@A???9!7,%-(#*<!!

I1,#*)!-6(!,(7,%41+-#D(!76.&(:!6#)6!(E7,(&&#%*!%0!-6(!!"###$!)(*(!-%)(-6(,!;#-6!/%;!

7,%-(%/3-#+! +/(.D.)(! +%*-,#$1-(&! -%! -6(! .++1'1/.-#%*! %0! 01*+-#%*./:! 01//F/(*)-6!@A???9!

7,%-(#*:! .*4! ,(&1/-&! #*! =>! ,"89! .++1'1/.-#%*! #*! -6(! &((4<! ?*! +%*-,.&-:! J1&-! .0-(,!

)(,'#*.-#%*:!.'%1*-&!%0!@A???9F+%4#*)!-,.*&+,#7-&!.,(! /%;!.*4!&-.$/(<!8(D(,-6(/(&&:!

01//F/(*)-6! @A???9! 7,%-(#*! #&! 1*4(-(+-.$/(:! .*4! =>! ,"89! &-%,(4! #*! -6(! ('$,3%!

7,%),(&&#D(/3!4(+,(.&(&<!90-(,!4.3!K:!#*!+%,,(/.-#%*!;#-6!-6(!4(&+,#$(4!,(%,).*#L.-#%*!

%0! =>! ,I89! +6,%'.-#*! -%! .! '.-1,(! &-.-(:! 01//F/(*)-6! @A???9! 7,%-(#*! -6.-! 7%&&(&&(&!

-,.*&+,#7-#%*./! .+-#D#-3! .++1'1/.-(&! .*4! +%*&(51(*-/3! 7(,'#-&!%&' ()*)! -,.*&+,#7-#%*!

%0!=>!,"89<!!!
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!"#$%$&'(#"$)'*'%"%("*('+,-./$0"1(1'22%(.'3+".'%(04'(%/*04'%"%($5(!67%(#/(-22(04.''(

*+12'-.(!67(8$2/&'.-%'%9(!67(8$2/&'.-%'(::(;<$2(::=(8.$>+1'%(&!67%(04-0('*1$>'(

."#$%$&-2(8.$0'"*%9(?4'(@9ABC(DAB(-*>(EAB( ."#$%$&-2(!67%(-.'( 0.-*%1."#'>( "*( 04'(

*+12'$2+%( #/( !67( 8$2/&'.-%'( :( ;<$2( :=C( F4"2'( @B( ."#$%$&-2( !67( ;.!67=( "%(

0.-*%1."#'>( #/( !67( 8$2/&'.-%'( :::( ;<$2( :::=9( ?.-*%1."80"$*( 5-10$.( :::7( ;?G:::7=C(

%8'1"5"1-22/(.'3+".'>( 5$.( 0.-*%1."80"$*($5(@B(!67()'*'%C(#"*>%( 0$(04'( "*0'.*-2(1$*0.$2(

.')"$*($5( 04'%'( )'*'%( -%( 04'( 5".%0( %0'8( "*( 04'(-%%'&#2/( $5( -( 0.-*%1."80"$*( 1$&82'HC(

-22$F"*)( 5$.( 04'( .'1.+"0&'*0($5(?G:::IC(?G:::J(-*>(<$2( :::( ;J"','.!"#!$%&'(DKA@L(B'0M'.(

-*>( J.$F*( DKA@=9( ?4'( ?G:::7( 8.$0'"*C( 8.'%'*0( "*( 'N'./( $.)-*"%&C( 4-%( #''*(

14-.-10'."M'>("*(%'N'.-2(%8'1"'%("*12+>"*)(()$*+,-./+/!#0$%+$1$&!:0(%4$F%(.'&-.,-#2/(

8$$.(1$*%'.N-0"$*($5(%'3+'*1'!;O-04"'+!"#!$%&'(EPPQ#(-*>(.'5'.'*1'%(04'.'"*=(#+0(-22(

8.$0'"*%( -*-2/M'>( 1-../( *"*'( IERESM"*1( 5"*)'.%( "*N$2N'>( "*( T67( #"*>"*)C( 'H1'80(

?G:::7(5.$&(2&!.-3*"(F4"14(1$*0-"*%(-(0'*04(5"*)'.9(?G:::7(#"*>%(#$04(@B(."#$%$&-2(

T67( ;.T67=( -*>( @B( .!67( -*>( >".'10%( 'H8.'%%"$*( $5( 04'( @B( .!67( ;I-&"'.! "#! $%&'(

DKK@=(04-0("%(.'3+".'>(5$.(04'(-%%'&#2/($5(04'(2-.)'(."#$%$&-2(%+#+*"09((

!')+2-0"$*($5(."#$%$&'(#"$)'*'%"%( "%(1."0"1-2( 5$.( 04'(1'22C(-*>(%/*04'%"%($5( 04'(.!67(

;#/(<$2( :( -*>(<$2( :::=( -*>( 8.$0'"*( ;#/(<$2( ::=(&$"'0"'%( $5( 04'( ."#$%$&'(*''>%( 0$( #'(

4")42/( .')+2-0'>(;U-5'.0'!"#!$%&'(EPPV=9(7(*'0F$.,($5(*+12'"1(-1">S8.$0'"*( "*0'.-10"$*%(

"*N$2N"*)( @B( .!67C( 04'( @B( !67( )'*'C( ?G:::7( -*>( 04'( ."#$%$&-2( 8.$0'"*( U@( F-%(

8.$8$%'>(0$(1$*0."#+0'(0$(04'(4$&'$%0-0"1(1$*0.$2($5(."#$%$&'(-%%'&#2/("*(W'*$8+%(

'&#./$(;<"00&-*!"#!$%&'(DKKK=9(

?4'(7.-#">$8%"%(45666(()'*'(1$*%"%0%($5(%'N'*('H$*%C(04'(04".>($5(F4"14(.'%+20%(5.$&(

-(@B(!67('H$*"M-0"$*("*(04'()'*'9(?4"%('H$*C(F4"14(#'-.%(1$*%">'.-#2'(%"&"2-."0/("*(
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9%(*+9%+'".,*+)/*!!*:%9);<)")=#%>(*+9%+'".,*+).*)/,+"!!<)".)0)9"<')*#$"+,-%),+)")!**?)

'.#8(.8#%) "') *;'%#@%9) ,+) 6".8#%) !%"/) +8(!%,) A2*8%.! "#! $%&') BCCDE) F".5,%8! "#! $%&')

BCCG"H7!I5,') #%*#$"+,-".,*+) */) 01) #234) (5#*6".,+) ,') "((*6?"+,%9) ;<) ") #"?,9) "+9)

"(.,@%) 9%6%.5<!".,*+) */) 01) #234) 6%9,".%9) ;<) .5%) JK1L) AJMNJM11KJ) KO)

1PQM3RP3S)LH)9%6%.5<!"'%T):5%#%"').5%)?!"+.&'?%(,/,()J34)?*!<6%#"'%')PU)"+9)U)

"#%)%''%+.,"!)/*#)01)#234)(5#*6".,+)=#%>(*+9%+'".,*+)A2*8%.!"#!$%&')BCCDH7)V*:%@%#T)

5*:) .5%) ?!"+.) "((*66*9".%') 01) #J34) .#"+'(#,?.,*+) 98#,+$) (5#*6".,+) #%6*9%!,+$)

#%6",+') "+) ,+.#,$8,+$) W8%'.,*+7) I*) $",+) ,+',$5.) ,+.*) .5%) #%$8!".,*+) */) 01) #J34)

.#"+'(#,?.,*+),+)#%'?%(.).*)9,'.,+(.)#%W8,#%6%+.')*/)01)#J34)98#,+$)9%@%!*?6%+.T!:%)

5"@%) ,+@%'.,$".%9) .5%)(*##%!".,*+);%.:%%+) .5%) !%@%!')*/)01)#J34T)M1)"+9)MP)IOPPP4)

.#"+'(#,?.') "+9) IOPPP4) ?#*.%,+) "6*8+.') 98#,+$) .5%) .:*) 9%@%!*?6%+."!) ?5"'%') "+9)

.%'.%9) .5%) #%W8,#%6%+.) /*#) "+) "!.%#+".,@%) %X*+) ,+) IOPPP4) /*#) ?#*?%#) 01) #J34)

%X?#%'',*+7)

Y%)'5*:).5".)01)#J34)W8"+.,.,%')"#%)#%$8!".%9)98#,+$)9%@%!*?6%+.).5#*8$5)9,'.,+(.)

(*6?!%6%+."#<) 6%(5"+,'6') *?%#".,+$) ;*.5) ".) .5%) !%@%!) */) .5%) .#"+'(#,?.,*+"!) "+9)

?*'.&.#"+'(#,?.,*+"!) (*+.#*!) */) IOPPP4) .#"+'(#,?.') "') :%!!) "') ".) .5%) ?*'.&.#"+'!".,*+"!)

!%@%!) .5#*8$5) ?#*.%*!<.,() (!%"@"$%) */) .5%) IOPPP4) ?#*.%,+7) 28#,+$) .5%) #%?#*98(.,@%)

?5"'%T) 5,$5) %X?#%'',*+) */) .5%) ()***+) $%+%) .*$%.5%#) :,.5) !*:) ?#*.%*!<.,() (!%"@"$%)

(*+.#,;8.%').*).5%)"((868!".,*+)*/)/8+(.,*+"!T)/8!!&!%+$.5)IOPPP4)?#*.%,+T)"+9)#%'8!.'),+)

01)#J34)"((868!".,*+) ,+) .5%)'%%97)P+)(*+.#"'.T) Z8'.)"/.%#)$%#6,+".,*+T)M1).#"+'(#,?.)

"6*8+.') "#%) '.";!%T) ;8.) /8!!&!%+$.5) IOPPP4) ?#*.%,+) ,') 8+9%.%(.";!%T) "+9) 01) #J34)

'.*#%9) ,+) .5%) %6;#<*) ?#*$#%'',@%!<) 9%(#%"'%7) 4/.%#) 9"<) [T) ,+) (*##%!".,*+) :,.5) .5%)

#%6*9%!,+$) */) 01) #234) (5#*6".,+) .*) ")6".8#%) '.".%T) /8!!&!%+$.5) IOPPP4) ?#*.%,+) .5".)
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"#$! %$&$! '()*&%! +(,! -#$! -,.&/',*0-*(&! +.'-(,! "12223! 0,()4'$/! .5-$,&.-*6$57! /05*'$)!

-,.&/',*0-/! 89(*&$! "#! $%&'! :;;<=>! "#$! $?(&@/A*00*&%! 8BC=!DEF3! */(+(,D! */! GH:I! J0!

5(&%! .&)! 0,$)*'-$)! -(! '()$! +(,! "12223>! "#$! $?(&@*&'54/*(&! 8B2=! -,.&/',*0-! */(+(,DK!

G<LL!J0!5(&%K!M#*'#!'(&-.*&/!-M(!NE1/!8(0$&!,$.)*&%!+,.D$/=!*/!)$%,.)$)!-#,(4%#!

-#$!FOP!0.-#M.7K! -#$,$J7!$?0$'-$)! -(!'(&-,(5!"12223!0,(-$*&!.&)!'(&/$Q4$&-57!HC!

,EF3! .D(4&-/! 81*%4,$! G3=>' "(! %.*&! *&/*%#-! *&-(! -#$! D$'#.&*/D/! -#.-! '(&-,(5! HC!

,EF3! ,$%45.-*(&! )4,*&%!)$6$5(0D$&-K!M$! '#(/$! -(! *&6$/-*%.-$!BC!.&)!B2! -,.&/',*0-!

5$6$5/! *&! ,$5.-*(&! -(! "12223! 0,(-$*&! .D(4&-/! .&)! HC! ,EF3! 5$6$5/! )4,*&%! -M(!

)$6$5(0D$&-.5!0#./$/!'#.,.'-$,*R$)!J7!)*/-*&'-! ,$Q4*,$D$&-/! +(,!HC! ,EF3S! -#$! +*,/-!

).7/!(+!0(/-@%$,D*&.-*(&!)$6$5(0D$&-!(+!-#$!/$$)5*&%!.&)!-#$!,$0,()4'-*6$!0#./$>!!

'

()*+,+-./*0-12+1)/.3'-4563.+1)/')7'&8999:';6-1/5';4<43)2=4/+'

!

"(!4&)$,/-.&)!#(M!HC!,EF3!-,.&/',*0-*(&!*/!'(&-,(55$)!)4,*&%!05.&-!)$6$5(0D$&-K!M$!

+*,/-! *&6$/-*%.-$)! -#$! ,$%45.-*(&! (+! -#$! +4&'-*(&.5! 8BC=! /05*'$)! +(,D! (+! -#$! "12223!

-,.&/',*0-!)4,*&%!)$6$5(0D$&->!T$!$?-,.'-$)!-(-.5!EF3!+,(D!'(-75$)(&/!(+!05.&-5$-/!.-!

:K! UK! IK! H! .&)! G;! ).7/! 0(/-@%$,D*&.-*(&! .&)! 0$,+(,D$)!E"@VWE!M*-#! -M(! 0,*D$,/!

80,*D$,/! .! .&)! JK! 1*%4,$! G3=! /0.&&*&%! -#$! /*-$! (+! .5-$,&.-*6$! /05*'*&%>! X/*&%! -#$/$!

0,*D$,/!M$!'.&!.D05*+7!J(-#!+(,D/!(+!-#$!"12223!-,.&/',*0-/!*&!.!/*&%5$!VWE!,$.'-*(&!

81*%4,$! G=>! "#$! ,$/45-*&%! +,.%D$&-/! M$,$! <IL! J0! .&)! IYI! J0! 5(&%! +(,! B2! 8FOP@

)$%,.)$)=!.&)!BC!8"12223@'()*&%=!-,.&/',*0-/K!,$/0$'-*6$57>!"#,(4%#!-#*/!,$%45.-*(&!.!

/-.J5$! .D(4&-! (+! -#$! +4&'-*(&.5! BC! -,.&/',*0-! 8.,(4&)! ;>:;=! ,$5.-*6$! -(! .'-*&! */!

.'#*$6$)!)4,*&%!0(/-@%$,D*&.-*(&!)$6$5(0D$&->!"#$!,$/45-*&%!BCZB2!,.-*(! */! 5(M!.&)!
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!"#$%&' ()*+),' $&"-&&.' /' #.0' 1' 0#2!' 34!"56&789.#"94.:' $;"' "<&.' 9.=7&#!&!'

37467&!!9>&%2'?748'1'"4'@)'0#2!'()*A+,'34!"56&789.#"94.'(B96;7&'@C,*''

D&'#%!4'0&"&789.&0' "<&'#84;."' 4?' ?;.="94.#%'EF' "7#.!=793"!' #.0' "<&'EFGEH' 7#"94' 9.'

09??&7&."' "9!!;&!' 4?' "<&' 7&3740;="9>&' 3<#!&' !"#"' ?%4-&7!:' ?7&!<' #.0' 4%0' !9%9I;&!:' #.0'

8#";7&'!&&0!'$2'JK5LMJ*'N;79.6' "<&'7&3740;="9>&'3<#!&:'$4"<' "<&' "4"#%'#84;."'4?'

EF' "7#.!=793"!:' #!'-&%%' #!' "<&' EFGEH' 7#"94' !96.9?9=#."%2' 9.=7&#!&' ?748' ?%4-&7!' "4' 4%0'

!9%9I;&!' (B96;7&' @M,*' H."&7&!"9.6%2:' "<&7&' 9!' #' !-9"=<' 9.' "<&' !3%9=9.6' "4-#70!' "<&' EH'

"7#.!=793"' 9.' "<&' %#"&' 7&3740;="9>&' 3<#!&:' !9.=&' 4.%2' "<&' EH' "7#.!=793"' =4;%0' $&'

#83%9?9&0'9.'8#";7&'!&&0!'(B96;7&'@N,*''

K#O&.' "46&"<&7:' 0;79.6' 34!"56&789.#"94.' 0&>&%438&."' 4?' "<&' !&&0%9.6' #.0' 9.'

3#7"9=;%#7' 0;79.6' 7&3740;="9>&'0&>&%438&.":'#84;."!'4?' "<&' ?;.="94.#%'EF' "7#.!=793"'

#7&'=4."74%%&0'$4"<'#"'"<&'%&>&%'4?'"7#.!=793"94.'#.0'$2'#%"&7.#"9>&'!3%9=9.6*!

!

"#$%!&'(!)*!&+,#-.+/0&!/-!,1$(!&2!+(-&2+(!0+20(+!345556!(70+(--/2#!

!

K4'?;7"<&7'6#9.'9.!96<"'9."4'"<&'7&!3&="9>&'?#"&!'4?'"<&'EF'#.0'EH'"7#.!=793"!:'-9"<'"<&'

EF'"7#.!=793"'&.=409.6'"<&'KBHHHP'374"&9.'#.0'EH'$&9.6'#'"#76&"'4?'"<&'QRN'3#"<-#2:'

-&' "&!"&0' -<&"<&7' 3%#."!' =#7729.6' #' 8;"#"94.' 9.' "<&' $%&&&'' 6&.&' =#.' $&'

=483%&8&."&0' $2' =<98&79=' 6&.489=G=NQP' =4.!"7;="!' 079>&.' $2' "<&' &.046&.4;!'

37484"&7' (B96;7&' F@' #.0' 8#"&79#%' #.0' 8&"<40!,:' "<#"' &S37&!!' 4.%2' 4.&' "7#.!=793"'

9!4?478*' P'KBHHHP' <484T264;!'8;"#."' 7&!;%"9.6' ?748' #' K5NQP' 9.!&7"94.' 9.' "<&' ?9?"<'

&S4.'(B96;7&'/P,'4?'"<&'6&.&'9!'%&"<#%*'D&'?97!"'=4.?978&0'"<#"'%&"<#%9"2'7&!;%"&0'?748'

"<&'KBHHHP'8;"#"94.*'K4'"<9!'#98'-&'"7#.!?478&0'KBHHHP(<&"&74T264;!'8;"#."!'-9"<'#'

6&.489=' =4.!"7;="' =4."#9.9.6' "<&'$%&&&'' 6&.&' -9"<' 9"!' &.046&.4;!' 37484"&7*' P?"&7'

6&.4"239.6:' -&' =4;%0' 7&=4>&7' 3%#."!' <484T264;!' ?47' "<&' KBHHHP' 8;"#"94.' #.0'
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!"#$%&#&'(&)!*+(,-(,&-./0001-(23'45&'&-(,3(-4,"*-3-6.-$,&'"(7$&-4855&4(+'5-(,3(-

%&(,3%+(7- *34- !384&)- 97- (,&- %3!:- ";- 3- ;8'!(+"'3%- "#$$$%- 5&'&- 3')- '"(- 3- 4&!"')327-

#8(3(+"'<--

6&-(,&'-(23'4;"2#&)-./0001-,&(&2"=75"84-#8(3'(4-*+(,-"82-!,+#&2+!-5&'"#+!>!?@1-

!"'4(28!(4-A/+582&-BCD<-6,&'-./0001!,&(&2"=75"84-#8(3'(4-*&2&-(23'4;"2#&)!*+(,-3'-

EB-!"'4(28!(F-G+39%&-$%3'(4-,"#"=75"(&4-;"2-(,&-./0001-#8(3(+"'-3')-!"#$%&#&'(&)-

*+(,- (,&- EB- +4";"2#- *&2&- "9(3+'&)<- 0'- !"'(234(F- *,&'- (23'4;"2#&)- *+(,- (,&- E0-

!"'4(28!(F- )&4$+(&- (,&- %325&- '8#9&2- ";- 5&'"(7$&)- $%3'(4F- *&- !"8%)- '&G&2- 2&!"G&2-

$%3'(4-,"#"=75"84-;"2-(,&-./0001-#8(3(+"'<--

.,&4&-2&48%(4-4,"*-(,3(-(,&-8'+H8&-$2&4&'!&-";-(,&-E0- +4";"2#-)"&4-'"(-3%%"*-$%3'(-

)&G&%"$#&'(<-I'-(,&-!"'(2327F-$%3'(4-&J$2&44+'5-4"%&%7-(,&-EB-(23'4!2+$(-(,3(-!")&4-

;"2-./0001-32&-G+39%&<-

-

!"#$%&'&()'&**+$,#-$&*#,$.#+,/'&0*&#1"#'234#5&%&5*#

#

./0001-#8(3'(- $%3'(4- !"#$%&#&'(&)- *+(,- (,&- EB- !"'4(28!(- A%3(&2- !3%%&)- EBK$%3'(4D-

4,"*-CL-(+#&4-#"2&-EB-(23'4!2+$(4- (,3'-6.-$%3'(4-3(-CL-)374-$"4(K5&2#+'3(+"'-34-

2&G&3%&)- 97- M.KNOM- A/+582&- PQD<- B82$2+4+'5%7F- 3- %"*- 3#"8'(- ";- &')"5&'"84- E0-

#M@1- +4- )&(&!(&)- A/+582&- PQD<- R"*&G&2F- M.KNOM- 3'3%74+4- *+(,- $2+#&24- %"!3(&)-

8$4(2&3#-3')-)"*'4(2&3#-";-(,&-.K?@1-A$2+#&24-!-3')-)D-!"';+2#&)-(,&-394&'!&-";-

(,&-;8%%-%&'5(,-E0-&')"5&'"84-(23'4!2+$(-+'-,"#"=75"84-#8(3'(4-A/+582&-POD<-.,&-E0-

(23'4!2+$(- 3#$%+;+&)- *+(,- $2+#&24- ;%3':+'5- (,&- 3%(&2'3(+G&- &J"'- #84(- 9&- (,&2&;"2&-

$32(+3%- A8$4(2&3#- ";- .K?@1DF- 3')- +4- $2"939%7- 8'4(39%&<- B+'!&- EBK$%3'(4- 4,"*- EB-

+4";"2#-"G&2&J$2&44+"'-3(-CL-)374-";-)&G&%"$#&'(F-*&-*&2&-*"')&2+'5-*,&(,&2-(,&-

4(2"'5- 3!!8#8%3(+"'- ";- (,&- EB- +4";"2#- A&'!")+'5- (,&- ./0001- $2"(&+'D- 2&48%(4- +'-
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-0$25%$") ;<02) !") =<&"2<%2') &2) >?) (&:') =0'2@A%$/!"&2!0") !") BC) &"() D+@=<&"2'3)

+1$=$!'!"A<:6)%91!8&<%"2)&/01"2')0E)*+)$,-.)7%$%)0;'%$8%() !") 25%'%)=<&"2')F4!A1$%)

GHI3)

C&J%") 20A%25%$6) C4KKK.) /12&"2) =<&"2') #&") ;%) #0/=<%/%"2%() ;:) &) #0"'2$1#2)

%L=$%''!"A)'0<%<:) 25%)D+) !'0E0$/3)D8%") 2501A5) 25%'%)=<&"2') =$0(1#%)8%$:)(!EE%$%"2)

&/01"2')0E)D+)/,-.6)%91!8&<%"2) &/01"2')0E)*+) $,-.)&##1/1<&2%) !")D+)&"()BC)

=<&"2'6) 75!#5) !') !") &A$%%/%"2) 7!25) 25%) BC) =5%"02:=%) 0;'%$8%() !") 25%'%) =<&"2'3)

C5%'%) $%'1<2') '1AA%'2) 507%8%$6) 25&2) %8%") 2501A5) 25%) !"#<1'!0") 0E) 25%) &<2%$"&2!8%)

%L0")&"() 25%)$%'1<2!"A)(%A$&(&2!0")0E) 25%)2$&"'#$!=2);:) 25%)-MH)=&257&:)FN0!"%!"#!

$%&')G??OI)$%=$%'%"2)&)7&:)20)$%A1<&2%)25%)&/01"2)0E)C4KKK.)=$02%!")&"()#0"'%91%"2<:)

*+)$,-.6)&((!2!0"&<)/%#5&"!'/')0E)$%A1<&2!0")%!25%$)&2)25%)<%8%<)0E)/,-.)2$&"'<&2!0")

0$)&2)25%)<%8%<)0E)25%)C4KKK.)=$02%!")!2'%<E)/1'2)%L!'23)!

)

"#$$$%!&'()*+,!-,.*'/(*0!&'()*(12)+3!31*454/*!

!

C0) %L=<0$%) 25%) 5:=025%'!') 0E) &) =02%"2!&<) $%A1<&2!0") 0E) *+) $,-.) &/01"2') ;:) E!"%@

21"!"A) 25%)&/01"2)0E)C4KKK.)=$02%!"6)7%)=$0(1#%()270)=0<:#<0"&<)&"2!;0(!%')&A&!"'2)

C4KKK.3) C5%) &"2!;0(!%') 7%$%) $%'=%#2!8%<:) $&!'%() &A&!"'2) &) =%=2!(%) =$%'%"2) !") 25%)

#%"2$&<) $%A!0") 0E) 25%) =$02%!") F&"2!;0(:) >OI) &"() &) =%=2!(%) =$%'%"2) !") 25%)P@2%$/!"&<)

$%A!0")0E)25%)=$02%!")F&"2!;0(:)>QI)F4!A1$%)R.I3)K"2%$%'2!"A<:6)7%)0;'%$8%()270);&"('S)

0"%)#0$$%'=0"(!"A)20)25%)E1<<@<%"A25)FTT)U(&I)C4KKK.)=$02%!")&"()&"025%$)<07%$);&"()

0E) RTU(&) F4!A1$%) RVI3) C5%) =$%#!'%) '!W%) 0E) 25%) 270) =$02%!"') 7&') (%2%$/!"%() 0")
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Figure 24 : L’anticorps 18 révèle une protéine qui suit le profil 

d’accumulation de TFIIIA-C. 

A.  Le western blot a été réalisé sur différents extraits protéiques et révélé avec 
l’anticorps Ac 17; l’anticorps Ac 16 révèle le même profil. 

B.  L’anticorps Ac 18 met en évidence une bande en dessous de 15 kDa qui suit 
le profil d’accumulation de TFIIIA-C, elle peut donc correspondre à la partie 
N-terminale du clivage protéolytique de TFIIIA. Cette bande est nommé 

TFIIIA-N. Cependant cette bande est toujours absente dans les siliques et les 
graines. 

A. 

B. 
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Figure 25 : La protéine TFIIIA accumulée dans la graine est dégradée dès la 
germination. 

L’accumulation des formes TFIIIA et TFIIIA-C est indiquée depuis le stade graine 
jusqu’à 10 jours post-germination. La quantité de ces protéines après avoir été 

normalisée par les quantités d’actine, est donnée en unités arbitraires. (n=5, n=1 pour 
la germination, n=2 pour 1 jour) 

Figure 26 : Les cotylédons proviennent d’un lignage cellulaire différent de 
celui des feuilles. 
(D’après Fransz PF et de Jong JH., 2002) 
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1ère paire de feuilles 

Cotylédons 

Figure 27 : L’accumulation des protéines TFIIIA et TFIIIA-C présente un 
profil similaire dans la 1ère paire de feuilles et les cotylédons. 

A.  Graphique représentant l’accumulation des formes TFIIIA et TFIIIA-C dans 
la première paire de feuilles. (n=3-5) 

B.  Graphique représentant l’accumulation des formes TFIIIA et TFIIIA-C dans 
les cotylédons. (n=5) 

     La quantité de ces protéines après avoir été normalisée par les quantités 

     d’actine, est donnée en unités arbitraires 
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Figure 28 : La voie du protéasome 26S n’intervient pas dans la dégradation 
des formes TFIIIA et TFIIIA-C  5 jours après la germination. 

Des plantules de 5 jours d’écotype Columbia ont été incubées en milieu liquide 
avec différentes concentrations de DMSO+MG132 (10 ou 50 !M) ou en 

présence de DMSO seul (contrôle), pendant 4 ou 8 heures. Les extraits 
protéiques réalisées à partir de ces plantules sont utilisés pour des western blots 
révélés avec l’anticorps Ac17. La coloration au ponceau de la membrane sert de 

contrôle de dépôt. 
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Figure 29 : Les plantes n’exprimant que le transcrit ES sont moins 
résistantes que des plantes sauvages. 

Des graines d’Arabidopsis sauvage (Col), de la lignée complémentée ES-plants 
et de la lignée complémentée geno-plants ont été semées sur un milieu sans 

(contrôle) ou avec différents traitements (NaCl 50 mM ou 100 mM et mannitol 
200 mM). Sur milieu NaCl 100 mM, certaines graines de la lignée ES-plants ne 
germent pas. Les plantes de la lignée geno-plants ne présentent pas de 

différences phénotypiques par rapport aux plantes sauvages. 
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.4+$*&+"!(&"'# @AI$*)!('# "(# '0%# *"'# $*)!("'# ')02)3"':# '4!(# ).(0"**"+"!(# "!# .40%'# 1"#

%&)*-')(-4!#)0#*)C4%)(4-%";#PD&$-'')3"#)*("%!)(-=#10#35!"#678889:#*D)..0+0*)(-4!#10#(%)!'.%-(#@A#

)-!'-#/0"#."**"#1"#*)#$%4(&-!"#678889#'"%4!(#&(01-&'#1)!'#."'#$*)!("'#'(%"''&"';#

##

!!"#$%#&'()*+%#,-./0.'1/(23%#-0+3'%#'%4#/*35#6%#'*#,-./0(7%#89!!!:#6*74#'*#,'*7/%#

*3#&.3-4#63#60)%'.,,%;%7/#

#

!!"<"#=%76*7/#'*#,>*4%#-%,-.63&/()%#

#

# Q40'#)24!':#1)!'#0!#$%"+-"%#("+$':#&(01-&#*)#$%4(&-!"#678889#"(#*"'#9LQ%#HA#10%)!(#*)#

$N)'"# 1D)..0+0*)(-4!# 1"# %&'"%2"'# $"!1)!(# *"# 1&2"*4$$"+"!(# 1"# *)# 3%)-!";# 8*# 'D)25%"# /0"#

*D)..0+0*)(-4!# 1"# *)# $%4(&-!"# 678889# 1)!'# *"'# '-*-/0"'# "(# *)# 3%)-!"# "'(# E# *)# =4-'# 0!"#

.4!'&/0"!."# 1"# *D)03+"!()(-4!# $%43%"''-2"# 1"# *)# /0)!(-(&# 10# (%)!'.%-(# @A# "(# 1D0!"#

1-+-!0(-4!#1"#*D).(-2-(&#1"#.*-2)3"#$%4(&4*R(-/0"#1"#."(("#$%4(&-!";#<)!'#."'#(-''0':#*D&$-'')3"#

)*("%!)(-=#"'(#"!#=)2"0%#1"#*)#=4%+"#@A:#'4!#"?$%"''-4!#&()!(#$*0'#-+$4%()!("#/0"#."**"#1"#*)#

=4%+"#@8#1)!'#1"'#2-"-**"'#'-*-/0"';#FD"'(#1D)-**"0%'# *"#'"0*# (-''0# ("'(&#$%&'"!()!(#0!#%)$$4%(#

@AB@8# '0$&%-"0%# E# S;# <"# $*0':# *"# .*-2)3":# (%5'# -+$4%()!(# 1)!'# *"'# '-*-/0"'# T"0!"':# 1-+-!0"#

=4%("+"!(# T0'/0DE# *)# =-!# 1"# *)# $N)'"# %"$%410.(-2"# $0-'/0"# '"0*"# *)# =4%+"# 678889# $*"-!"#

*4!30"0%#"'(#$%&'"!("#1)!'#*)#3%)-!";##
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! ""#!

!"#$%&#''()*+,#'+-&.*'/&(-'+01+#-+02+.(*'(+34#+/#55#+,#+5.+%&)-6(*#+782229+,.*'+4*+-(''4+

-#5+34#+ 5.+:5#4&+.+6-6+-#'-6+/.&+ (5+%&6/;,#+ 5#'+'(5(34#'+#-+,)*/+ 5.+<.-4&.-()*+,#+ 5.+=&.(*#>+!.+

,(::6&#*/#+ (<%)&-.*-#+ ,".//4<45.-()*+ ,#+ 782229+ ,.*'+ 5#'+ :5#4&'+ %.&+ &.%%)&-+ .4$+ '(5(34#'+

?#4*#'@+)A+-&;'+%#4+,#+%&)-6(*#+782229+#'-+,6-#/-6#@+%#4-+'"#$%5(34#&+%.&+5#+:.(-+34#+/#'+,#4$+

-(''4'+)*-+,#'+:)*/-()*'+,(::6&#*-#'+#-+*#+%&6'#*-#*-+,)*/+%.'+5#+<B<#+%&):(5+,"#$%&#''()*>+

0*+#::#-@+5.+:5#4&+/)*-(#*-+5#'+)&=.*#'+&#%&),4/-#4&'@+/"#'-+4*+-(''4+<.-4&#+/)*-&.(&#<#*-+.4$+

'(5(34#'+?#4*#'+34(+/)*-(#**#*-+,#'+=&.(*#'+.4+,6C4-+,#+5#4&+<.-4&.-()*>+!".//4<45.-()*+,#'+

%&)-6(*#'+34#+*)4'+6-4,()*'+,.*'+ 5#'+ '(5(34#'@+ ?#4*#'+#-+D(#(55#'@+ &#D(#*-+#*+ :.(-+E+)C'#&D#&+

5".//4<45.-()*+,#+782229+#-+72229FG+,.*'+,#'+=&.(*#'+#*+/)4&'+,#+<.-4&.-()*>++

+ H4+ 5#'+ -.4$+ (<%)&-.*-'+ ,#+ 782229+ .//4<456'+ ,.*'+ 5.+ =&.(*#@+ 5.+ %&6'#*/#+ ,#+ 02+ #-+

5".C'#*/#+,#+01+,.*'+/#+-(''4+%#4D#*-+%.&.I-&#+'4&%&#*.*-#'>+G#%#*,.*-@+5#'+%&)-6(*#'+#-+5#'+

9JK<+)C'#&D6'+E+/#+'-.,#+*#+%&)D(#**#*-+%.'+,"4*#+-&.*'/&(%-()*+#-+,"4*#+-&.,4/-()*+,.*'+

5.+ =&.(*#+ <.-4&#@+ ,6%)4&D4#+ ,"./-(D(-6+ -&.*'/&(%-()**#55#@+ <.('+ ,#+ 5".//4<45.-()*+ ,#+ /#'+

%&)-6(*#'+#-+9JK<+.4+/)4&'+,#+ 5.+<.-4&.-()*+,#+5.+=&.(*#>+!.+%&6'#*/#+,4+'#45+-&.*'/&(-+02+

%#4-+'"#$%5(34#&+%.&+4*+/L.*=#<#*-+,4+%&):(5+,"6%(''.=#+.5-#&*.-(:+,4+=;*#+782229+5)&'34#+5#'+

34.*-(-6'+,#+782229@+#-+,)*/+,"9JK&+M1@+')*-+-#55#'+34#+5#'+%&)-6(*#'+!M+%)4&&.(#*-+B-&#+,.*'+

5#4&+ -)-.5(-6+ /)<%5#$6#'+ .4$+ 9JK&+ M1>+ 9(*'(@+ '#5)*+ 5#+ <),;5#+ 6-.C5(+ %.&+ N.<<)*,+ )*( /01+

OPQQRS@+ 5#'+ %&)-6(*#'+ !M+ /)<%5#$6#'+ *#+ %)4&&.(#*-+ %54'+ 5(#&+ 5"#$)*+ .5-#&*.-(:+ T+M1F5(U#+V+ ,#+

5"9JK+%&6F<#''.=#&+782229+:.D)&('.*-+5#+<.(*-(#*+,#+/#-+#$)*+#-+5.+%&),4/-()*+,#+-&.*'/&(-+02@+

#*+%L.'#+-.&,(D#+,#+<.-4&.-()*+,#+5.+=&.(*#>+

+

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

++

W;'+ 5.+ =#&<(*.-()*@+ 5#'+ 34.*-(-6'+ (<%)&-.*-#'+ ,#+ 782229+ .//4<456#'+ ,.*'+ 5.+ =&.(*#+

,(<(*4#*-+ :)&-#<#*-+ #-+ 5#+ /5(D.=#+ %&)-6)5X-(34#+ &#%&#*,+ %4('34#+ 5.+ :)&<#+ 782229FG+ #'-+ ,#+

*)4D#.4+ ,6-#/-6#>+ G#%#*,.*-@+ 5#+ /5(D.=#@+ '#45@+ *#+ %#4-+ #$%5(34#&+ 5.+ :)&-#+ ,(<(*4-()*+ ,#+

782229+#*-&#+ 5#+'-.,#+=&.(*#+#-+ 5.+=#&<(*.-()*>+!#'+%&)-6(*#'+782229+'#&.(#*-+,)*/+,6=&.,6#'+

,;'+5.+=#&<(*.-()*>+0*+#::#-@+ 5.+=&.(*#+(<C(C6#+%&6'#*-#+4*#+.4=<#*-.-()*+,"9JK<+/),.*-+

%)4&+ ,#'+ %&)-6(*#'+ (<%5(346#'+ ,.*'+ %54'(#4&'+ %&)/#''4'+ ,)*-+ 5.+ ,6=&.,.-()*+ %&)-6(34#+

ONY!W1ZYJ7N()*(/01+PQQ[S>+!#'+%&)-6(*#'+782229+.//4<456#'+,.*'+5.+=&.(*#+*#+'#<C5#*-+,)*/+

%.'+B-&#+5E+%)4&+-&.*'/&(&#+,#'+=;*#'+,"9JK&+M1+.%&;'+5.+=#&<(*.-()*+<.('+*#+'#&.(#*-+%#4-F

B-&#+ 34#+ 5#+ &#:5#-+ ,#+ 5.+ -&.*'/&(%-()*+ (<%)&-.*-#+ ,"9JK&+ M1+ 34(+ D(#*-+ ,".D)(&+ 5(#4>+ K)4'+
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! ""#!

!"#$"%&'()*+,-,%.'&#!!"&,/'0#,' +,&'!/".(1%,&'234445'!*/.161!,%.'*#'&."67*),'8,&'59:/';<'

8*%&'+*')/*1%,='>%',??,.@'%"./,'(0#1!,'*'8(-"%./('0#,'234445' +1,' +A59:/';<'6B,C'5/*D18"!&1&'

EF52G4>H()*(/01'IJJKDL='M,'-N-,@'8*%&'+A"$"6O.,'8,'P(%"!,@'"Q'8,')/*%8,&'0#*%.1.(&'8A59:/'

;<' &"%.' *66#-#+(,&' ,%' !/($1&1"%' 8#' 8($,+"!!,-,%.' ?#.#/' 8,' +A,-D/O"%@' 6,&' 59:' &."67(&'

8*%&' +,' 6O."!+*&-,' &"%.' 6"-!+,P(&' R' +*' !/".(1%,' 234445' ES4:<T>9S( )*( /01' UVWXL=' M*%&' +,&'

!/,-1,/&'Y"#/&'8#'8($,+"!!,-,%.@'6B,C'5/*D18"!&1&@'+A#.1+1&*.1"%'8,&'59:/';<'!*/'+*'!+*%.#+,'

!"#/' &"%' 8($,+"!!,-,%.' *!/Z&' +*' ),/-1%*.1"%' !"#//*1.' ,P!+10#,/' +*' 8()/*8*.1"%' 8,&'

!/".(1%,&'234445'0#1'+,#/'(.*1,%.'6"-!+,P(,&=''

'

[*' 8()/*8*.1"%' 1-!"/.*%.,' ,.' /*!18,' 8,&' !/".(1%,&' 234445' 8,' +*' )/*1%,' !"#//*1.'

1-!+10#,/' +*' $"1,' #D10#1.1%,\!/".(*&"-,' I]<=' >%' ,??,.@' +*' $"1,' 8,' 8()/*8*.1"%' !/".(10#,'

^'#D10#1.1%,\!/".(*&"-,'I]<'_',&.'6"%%#,'!"#/'!*/.161!,/'R'+*'/()#+*.1"%'8,'+A,P!/,&&1"%'8,&'

)Z%,&'%".*--,%.',%'6"%./`+*%.'+,&'.*#P'8,'+,#/&'?*6.,#/&'8,'./*%&6/1!.1"%'ETG52'*%8'S9>>9'

IJUUL='T1,%'0#,'+A*6.1"%'8A#%'1%B1D1.,#/'8,'6,..,'$"1,'8,'8()/*8*.1"%@'6"--,'+,'FSKUI@'%A*1.'

!*&',#'8A,??,.'&#/'+A*66#-#+*.1"%'8,&'8,#P'?"/-,&'234445',.'234445ab'8*%&'8,&'!+*%.#+,&'8,';'

Y"#/&@'1+',&.'!"&&1D+,'0#,'6,..,'$"1,'Y"#,'#%'/`+,'+"/&'8,'+A1-!"/.*%.,'8()/*8*.1"%'8,'234445'*#'

-"-,%.' 8,' +*' ),/-1%*.1"%=' 4+' &,/*1.' 8"%6' 1%.(/,&&*%.' 8,' /,%"#$,+,/' +A,P!(/1,%6,' 8,'

+A1%B1D1.1"%'8,'+*'$"1,'8#'!/".(*&"-,'I]<'R'6,&'&.*8,&'8,'8($,+"!!,-,%.=''

b,!,%8*%.@'!"#/'0#,'+,&'!/".(1%,&'&"1,%.'/,6"%%#,&',.'8()/*8(,&'!*/'+,'!/".(*&"-,'

I]<@',++,&'8"1$,%.'N./,'!"+O#D10#1.1%(,&'E*#'-"1%&'X'#D10#1.1%,&L',.'1+'*'(.('8(-"%./('0#,'+*'

-"%"#D10#1.1%*.1"%'!,/-,..*1.@',%./,'*#./,&@' +A*6.1$*.1"%'8,'?*6.,#/&'8,'./*%&6/1!.1"%'ETG52'

*%8'S9>>9' IJUUL='c/@' +A(.#8,'-,%(,'!*/'F*"/')*(/01' *'(.(' /(*+1&(,' &#/'8,&' &#&!,%&1"%&'8,'

6,++#+,&' 8A5/*D18"!&1&' ,.' +,' %1$,*#' 8A#D10#1.1%*.1"%' 8,' +*' !/".(1%,' 234445' %A,&.' !*&' 6"%%#'

EF5c9( )*(/01' IJJdL=':"#&'!"#$"%&'8"%6'()*+,-,%.' &#!!"&,/'0#,' +A#D10#1.1%*.1"%'8,'234445'

%A,%./*e%,' !*&' #%,' /,6"%%*1&&*%6,' !*/' +,' !/".(*&"-,' I]<' -*1&' 0#A,++,' !"#//*1.@' !*/'

,P,-!+,@'!*/.161!,/'R'&"%'*6.1$*.1"%'./*%&6/1!.1"%%,++,=''

'

!!"#"$%&$'$($)*$+,-./$0,/123&.456715,6$

'

:"./,' 6B"1P' &A,&.' !"/.(' &#/' 6,&' 0#,+0#,&' Y"#/&' 8#' 8($,+"!!,-,%.' 8,' +*' !+*%.,' "Q'

%"./,'(0#1!,'*'8(-"%./('0#A1+',P1&.,'#%,' ?"/.,'/("/)*%1&*.1"%'8,' +*'6B/"-*.1%,'8A5M:/';<'

EMcH>2()*(/01'IJJWL='>%',??,.@'+*'6B/"-*.1%,';<'!*&&,'!*/'8,&'&.*8,&'8,'?"/.,'6"-!*6.1"%'!#1&'
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! ""#!

!"#$%&'#()$*+ ',)*+ !-'#./"0)0+ 1'+ 1(0/#(/02+ %'(/023+ 42+ #$%&$0(2%2*(+ !/+ ,'#(2/0+ !2+

(0'*1#0)&()$*+!2+#21+56*21+7+/*+%$%2*(+$8+)91+1/:)112*(+/*2+)%&$0('*(2+0"$05'*)1'()$*+*$/1+

'+!$*#+&'0/+)*("0211'*(3+

+;+ &'0()0+ !/+ <
6%2

+ =$/0>+ 9'+ &"0)$!2+ !2+ &$1(?520%)*'()$*+ &2/(+ @(02+ !)A)1"2+ 2*+ !2/B+

&C'121+D+'A'*(+2(+'&061+92+=$/0+E3++

F2+ <+ 7+ E+ =$/01+ &$1(?520%)*'()$*>+ 9'+ &0$(")*2+ GHIII;+ &92)*2+ 9$*5/2/0>+ &$11"!'*(+

9-'#()A)("+(0'*1#0)&()$**2992>+*-21(+&'1+!"(2#("23+4'+,$0%2+#9)A"2+!2+GHIII;>+GHIII;?J>+21(>+./'*(+

7+ 2992>+ ':$*!'*(23+ K)2*+ ./-'/#/*2+ &0$(")*2+ GHIII;+ &92)*2+ 9$*5/2/0+ *2+ 1$)(+ !"(2#("2+ 7+ #21+

1('!21>+921+'*'9L121+MG?NJM+$*(+%$*(0"+./2+92+(0'*1#0)(+OP+"(')(+&0"12*(3+J29'+1)5*),)2+./2+1)+

921+(0'*1#0)(1+OP+1$*(+(0'!/)(1+7+#21+1('!21>+921+&0$(")*21+GHIII;+1$*(+#9)A"21+!'*1+92/0+($('9)(">+

=/1(),)'*(+')*1)+921+,$0(1+('/B+!2+9'+,$0%2+#9)A"2+GHIII;?J3+421+;MQ0+RP+"('*(+2112*()291+7+9'+A)2+

!2+9'+&9'*(2>+9'+&0"12*#2+&20%'*2*(2+!2+92/0+,'#(2/0+!2+(0'*1#0)&()$*+"(')(+'((2*!/23+S')1+9'+

50')*2+ '##/%/92+ !21+ ./'*()("1+ )%&$0('*(21+ !-;MQ0+ RP+ 2(+ 921+ #$(L9"!$*1>+ !"=7+ &0"?,$0%"1+

!'*1+ 9'+ 50')*2>+ $*(+ 1'*1+ !$/(2+!21+ 0"120A21+ !-;MQ0+ RP3+ J21+ 0"120A21+ &$/00')2*(+ !$*#+ @(02+

/()9)1"21+&'0+9'+&9'*(2+!'*1+921+&02%)201+=$/01+2B&9)./'*(+')*1)+9-':12*#2+!2+GHIII;3+O*+2,,2(>+)9+

'+"("+%$*(0"+&'0+*$(02+"./)&2+./2+<T+U+!21+;MQ0+RP+'##/%/9"1+!'*1+9'+50')*2+&0$A)2**2*(+

!2+56*21+!-;MQ0+RP+%)*$0)(')021+V7+W+$/+<+%/('()$*1X3+;+<+=$/01+&$1(?520%)*'()$*>+92+%@%2+

&$/0#2*('52+!-;MQ0+RP+%)*$0)(')021+21(+02(0$/A"+'9$01+./-7+&'0()0+!2+E+=$/01>+12/91+!21+;MQ0+

RP+%'=$0)(')021+1$*(+&0"12*(1+VS;GYIOZ()*(/01+<TT['X3+F2+&9/1>+*$1+0"1/9('(1+!2+*$0(C20*+:9$(1+

%$*(02*(+./2+921+./'*()("1+!-;MQ0+RP+!)%)*/2*(+!2+<+7+E+=$/01>+'&&/L'*(+')*1)+9-CL&$(C612+

./2>+ =/1./-'/+ E
6%2

+ =$/0+ '&061+ 9'+ 520%)*'()$*>+ 9'+ &9'*(2+ /()9)12+ 921+ 0"120A21+ !-;MQ0+ RP+

'##/%/9"21+!'*1+9'+50')*23+F2+9'+%@%2+%'*)602>+9-$A$#L(2+!2+B"*$&2+'##/%/92+!2+50'*!21+

./'*()("1+!-;MQ0+RP+2*+&0"A)1)$*+!21+*$%:02/121+!)A)1)$*1+#299/9')021+0'&)!21+./)+'/0$*(+9)2/+

'&061+9'+,"#$*!'()$*+1'*1+./-)9+L+')(+(0'*1#0)&()$*+!21+56*21+!-;MQ0+RP>+*)+%@%2+!21+56*21+

!-;MQ0+ ERP+ V\]4HHO+ '*!+KM]\Q+ W^__X3+ 4'+ (0'*1#0)&()$*+ !21+ 56*21+ !-;MQ0+ 02&02*!+ 9$01./2+

92/0+#C0$%'()*2+21(+0"$05'*)1"2+VPMI`;PG;`;+'*!+N]44;MF+W^^^a+b;Qc+'*!+Y;bOP+<TT[X3++

+

4-':12*#2+ !2+ GHIII;+ !'*1+ 921+ ($/1+ &02%)201+ =$/01+ !/+ !"A29$&&2%2*(+ &2/(+ 'A$)0+

&9/1)2/01+0')1$*13+;+#21+1('!21>+9'+d+#C0$%'()*2+RP+e+12+0"$05'*)12+2*+&'11'*(+&'0+/*2+"('&2+

$8+9-;FQ0+RP+21(+,$0(2%2*(+!"#$%&'#("3+J2((2+,$0(2+!"#$%&'#()$*+&2/(+02*!02+'##211):921+

921+ 56*21+ !-;MQ0+ RP+%)*$0)(')021+ 921+ &9/1+%/("1+ ./)+ *2+ 1$*(+ ='%')1+ (0'*1#0)(1+ 2*+ #$*(2B(2+

1'/A'52+$/+%@%2+!'*1+!21+%/('*(1+ !2+%"(CL9'()$*+ VS;GYIOZ( )*( /01+ <TT['a+`;I44;QG( )*( /01+



!
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! "#$!

!""#$%& '()& *+& ,-.& /0(.& 1(0232+,& 45,& 6,-& 789(& :;& 10(.3<.& 1+5-& 6,& =5+.*1+,-& =5.3.*0<-& <,&

1,(=,..,<.&13-&+3&/0(=3.*0<&6,&(*20-0=,-&>*32+,-&?0<.(3*(,=,<.&35@&789(&:;&=*<0(*.3*(,-&A&

B& 05& !&=5.3.*0<-& (,.(05>C,-& 63<-& 6,-& 10+D-0=,-& EFG'HI( )*( /01& !""!$%& GJ32-,<?,& 6,& KLHHH7&

1+,*<,&+0<M5,5(&,=1N?O,(3*.&+3&-D<.OP-,&6J789(&:;&/0(.,=,<.&=5.C-&,.&60<?&+3&/0(=3.*0<&6,&

(*20-0=,-&6C+C.P(,-&105(&+3&?,++5+,%&QJ35.(,&13(.)&+3&/*@3.*0<&6,&KLHHH7&,.&60<?&6,&+J,<-,=2+,&

65&?0=1+,@,&6,&.(3<-?(*1.*0<&35&<*>,35&6,-&MP<,-&6J789(&:;&105((3*.&CM3+,=,<.&1,(.5(2,(&

+3&(C0(M3<*-3.*0<&?0((,?.,&6,&+3&?O(0=3.*<,&:;%&Q,&1+5-)&+,-&453<.*.C-&*=10(.3<.,-&6J789(&:;&

3??5=5+C,-&63<-&+3&M(3*<,&-0<.&-5//*-3<.,-&105(&45,&+,&6C>,+011,=,<.&6,&+3&1+3<.,&3*.&+*,5&

-3<-&45J*+& D&3*.&2,-0*<&6,& .(3<-?(*(,&6,-&789(&:;&,.&1,(=,..(,&3*<-*& +3& (C0(M3<*-3.*0<&6,& +3&

?O(0=3.*<,&6J7Q9(&:;1(

&

G3& 1(0.C*<,& KLHHH7& ,-.& 6C.,?.C,& A& 13(.*(& 65& R
P=,

& S05(& 10-.TM,(=*<3.*0<)& +0(-45,& +3&

?O(0=3.*<,& 6J7Q9(& :;& 3?45*,(.& -3& -.(5?.5(,& =3.5(,& ,.& 45,& +,-& 789(& :;& -J3??5=5+,<.& 6,&

<05>,35&63<-&+,-&?0.D+C60<-&EQ'UVK()*(/01&!""W$%&H+&-,=2+,&60<?&45,&+0(-45,&+3&?O(0=3.*<,&

:;&,-.&=3.5(,)&?J,-.TAT6*(,&45J5<,&13(.*,&6,-&MP<,-&6J789(&:;&,-.&0(M3<*-C,&-05-&/0(=,&6,&

205?+,-& ,5?O(0=3.*45,-& ?0==,& 63<-& 6,-& ?,++5+,-& 6,& /,5*++,-& 6J5<,& 1+3<.,& 365+.,)& *+& D& 3&
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Figure 30 : Le couple d’amorces TFIIIA17/TFIIIA18 permet d’amplifier les deux 
transcrits du gène TFIIIA, ES et EI. 

A. Les amorces TFIIIA17 et TFIIIA18 sont situées de part et d’autre de l’exon alternatif 
« 5S-like » représenté, ici, par le rectangle bleu foncé. L’amorce TFIIIA17 est 

située dans l’exon 2 et l’amorce TFIIIA18, dans l’exon 3. Les exons sont 
représentés par les rectangles bleus et les introns par les traits noirs. 

B. Lors d’une même réaction de RT-PCR, les deux transcrits, ES et EI, vont être 

amplifiés par le couple d’amorces TFIIIA17/TFIIIA18, et sont distincts en taille. 

A. 

B. 

TFIIIA17 TFIIIA18 

Gène TFIIIA 

!"#

!$#

10 j 
RT-PCR TFIIIA17/TFIIIA18 
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ABSTRACT 

The ribosomal RNAs 18S, 5.8S and 25S, which result from the 45S precursor, together with 

5S rRNAs, are central components of the ribosome. The integration of one molecule of each 

ribosomal RNA per ribosome necessitates an elaborate coordination between transcriptions of 

the two ribosomal DNA (rDNA) families. Even though 5S rDNA is transcribed by RNA 

polymerase III and 45S rDNA by RNA polymerase I, the two ribosomal DNA families 

present certain similarities in their transcriptional regulation. This review aims to compare 5S 

and 45S ribosomal RNA genes in the plant model Arabidopsis thaliana in terms of 

organization, transcription and regulation, and draws parallels between the two rDNA 

families.  

 

Keywords: Arabidopsis, 5S ribosomal DNA, 45S ribosomal DNA, Transcriptional 

Regulation 
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Introduction 

Biosynthesis of ribosomes monopolizes up to 80% of the cellular transcription activity. 

Ribosome biogenesis in eukaryotic cells requires the concerted synthesis of RNAs by three 

nuclear RNA polymerases. RNA polymerase II (Pol II) produces mRNAs that encode 

ribosomal proteins. The genes encoding the 5.8S, 18S and 25S ribosomal RNAs, known as 

45S ribosomal DNA (rDNA) in plants are transcribed in the nucleolus by RNA polymerase I 

(Pol I), while 5S ribosomal RNAs are transcribed by RNA polymerase III (Pol III). 

Ribosomal RNAs (rRNA) associate with around 80 proteins to form the 40S and 60S 

ribosomal subunits (Figure 1A) (Korostelev and Noller 2007). Since one molecule of each 

ribosomal RNA is integrated in a ribosome, stoechiometric amounts of rRNA need to be 

produced which requires a tight coordination between synthesis of the RNA and protein 

moieties of the ribosome (Laferte et al. 2006). 

This review aims to compare 5S and 45S ribosomal RNA genes (named 5S and 45S genes in 

this review) in the plant model Arabidopsis thaliana in terms of organization, transcription 

and regulation, and illustrates the similarities between the two rDNA families. 

 

Structure and localization of 5S and 45S ribosomal RNA genes  

The Arabidopsis thaliana genome contains approximately 1000 copies of 5S genes per 

haploid genome, which are arranged in tandem arrays located within the pericentromeric 

heterochromatin of chromosomes 3, 4 and 5 in the Columbia accession (Figures 1B and 2) 

(Campell et al. 1992). A typical 5S rDNA unit is 500 bp-long and consists of a 120 bp 

transcribed sequence, with an internal promoter and an approximately 380 bp intergenic 

spacer. Transcription by Pol III gives rise to a 120 nt 5S rRNA (Cloix et al. 2002) which is 

integrated into the large subunit of the ribosome. Its transcription requires the 5S rDNA-

specific transcription factor IIIA (TFIIIA) which binds to the internal promoter composed of 

three conserved elements Box A, Intermediate Element and Box C (Bogenhagen et al. 1980; 
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Cloix et al. 2000). The Arabidopsis internal promoter shows high sequence similarity with the 

one in Xenopus 5S RNA genes (Bogenhagen et al. 1980; Cloix et al. 2000).  

 The 45S genes are tandemly repeated at nucleolar organizer regions (NORs), termed as such 

because the nucleolus, the site of ribosome synthesis, is organized around rRNA genes during 

interphase (Lam et al. 2005; Shaw and Doonan 2005). Around 570-750 copies of 45S genes 

per haploid genome are arranged in head to tail tandem arrays located at the tips of the short 

arms of chromosomes 2 and 4 (NOR 2 and 4) in Arabidopsis (Figure 1B) (Copenhaver et al. 

1995; Copenhaver and Pikaard 1996). Each rRNA gene transcription unit is ~10 kb-long and 

consists of sequences encoding a precursor transcript that includes the structural rRNAs (18S, 

5.8S, 25S), the Internal Transcribed Spacers (ITS) and the External Transcribed Spacers 

(ETS) (Figure 2). The rRNA gene units are separated from the adjacent gene in the array by 

an Inter Genic Spacer (IGS) (Sáez-Vásquez and Echeverria 2006). Transcription by Pol I 

gives rise to a precursor or pre-rRNA, which is then processed into the 18S, 5.8S and 25S 

rRNA mature forms (Gruendler et al. 1991; Gruendler et al. 1989; Unfried et al. 1989), 

integrated in the ribosome (Figure 1A). Transcription starts from the promoter localized in the 

IGS. The sequences extending from –55 upstream to +6 downstream from the transcription 

start site (+1) are sufficient to program minimal and accurate Pol I transcription initiation in 

A. thaliana (Doelling et al. 1993; Doelling and Pikaard 1995). Nucleolin, a nucleolar protein, 

plays a role in Pol I transcription and processing of 45S pre-rRNA (Gaume et al. 2011; 

Mongelard and Bouvet 2007).  

In Arabidopsis, 5S and 45S arrays are physically separated. Wicke et al. (2011) recently 

reported that the physical linkage of all rRNA genes observed in streptophyte algae, mosses 

and lycophytes may be regarded as the ancestral state of rDNA organization within land 

plants. 
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Only some of the ribosomal DNA loci are active 

Eukaryotes contain thousands of rRNA genes, and it has been believed that the number of 

these genes far exceeds the number expected to be required to supply ample cytoplasmic 

rRNA (Rogers and Bendich 1987) and excess copies are transcriptionally repressed. Indeed, 

heterochromatic chromocenters (CC), that can easily be observed as bright DAPI-positive 

domains with fluorescence microscopy (Figure 2), and which are sites where heterochromatin 

coalesces (Fransz et al. 2002), include centromeric repeats, other heterochromatic repeats and 

silent rRNA genes (Costa-Nunes et al. 2010). From these observations, the following 

questions arose: what distinguishes active and silent rRNA genes, do they differ in primary 

sequence and how is their differential regulation achieved? 

In the A. thaliana Columbia accession, only two 5S rDNA arrays are transcribed. In vivo and 

in vitro results failed to show expression of the 5S genes from chromosome 3 and from the 

small locus of chromosome 5. Only 5S genes from chromosome 4 and from the large locus on 

chromosome 5 are expressed (Figure 1B) (Cloix et al. 2002; Cloix et al. 2003).  

 

Selective activation of ribosomal DNA variants 

In addition to the presence of silent rDNA loci, the active loci themselves contain transcribed 

and repressed rRNA genes. Indeed, variants of both 5S and 45S genes have been identified in 

the genome of A. thaliana. These gene variants show length or sequence heterogeneity.  

Both active 5S-repeat clusters, on chromosome 4 and the left arm of chromosome 5 in the 

Columbia accession, contain transcribed and repressed 5S genes. In most of the tissues from 

adult wild-type plants, only major 5S genes are expressed whereas minor/heterogenous genes, 

which diverge from major ones from one up to several nucleotides, are repressed (Mathieu et 

al. 2003a). The terms major and minor/heterogenous refer to the transcriptional activity. 

While major 5S genes contribute majorly to the 5S rRNA pool as opposed to the minor ones, 
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they only represent 20% of the 5S genes in both active 5S-repeat clusters. This illustrates that 

only a fraction of the 5S genes is actually expressed. However, in the seed, a tissue in which 

large quantities of 5S rRNA accumulate, 5S rRNA heterogeneity is observed. Therefore, 

expression of the minor genes varies, depending on tissues and/or developmental stages, 

suggesting the existence of mechanisms which dictate the « on » and « off » state of the 

corresponding minor/heterogenous 5S genes. 

Interestingly, 5S genes whose organization has been analyzed for the pericentromeric 5S 

locus on chromosome 5 are not randomly positioned along the 5S array. This analysis 

revealed an increasing number of mutations along the 5S locus (AGI 2000; Cloix et al. 2002; 

Vaillant et al. 2008). This suggests that 5S major genes, constitutively transcribed, reside at 

the euchromatic side of the 5S array. The most mutated 5S genes (containing 3 to 10 

mutations in their coding sequence) at the centromere-proximal side of the 5S locus are 

repressed. Indeed, we never recovered 5S cDNA with more than 2 nucleotide substitutions 

among the thousands of 5S cDNA sequences we have analyzed (Tourmente, personal 

communication). 

At least four 45S rDNA variants also exist in the Columbia accession. Sequencing analysis of 

3'ETS sequences (Figure 2) indicates that A. thaliana contains three major 45S gene variants, 

VAR1, VAR2 and VAR3 representing respectively 48, 30 and 22% of total 45S genes, and the 

very low copy number VAR4 (Pontvianne et al. 2010). Remarkably, VAR2, 3 and 4 are 

expressed in WT plants, however we do not know whether all copies are transcribed, whereas 

the most highly represented VAR1 is inactive. However, VAR1 is transcribed in germinating 

seeds or chromatin mutants (Pontvianne et al. 2010) demonstrating its transcription ability. 

This illustrates that only part of the 45S genes is expressed. Whether these variants localize to 

NOR2 and/or NOR4 is currently unknown.  
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Taken together, for both rDNA families, some DNA variants are selectively activated while 

others are repressed. This raises the question of the biological relevance of these gene variants 

in the Arabidopsis genome. 

In yeast, inactive ribosomal RNA genes are required as a landing platform for cohesion 

complexes and in this way they help to ensure genetic stability of the ribosomal locus (Ide et 

al. 2010). We also observed that a large fraction of 5S and 45S genes is never transcribed. 

Therefore, a similar role for the rDNA loci in genome stability can also be envisaged in 

Arabidopsis. 

 

Loops of active, euchromatic, 5S and 45S genes 

The work of Fransz et al. (2002) revealed a relatively simple organization of chromosomes 

within Arabidopsis nuclei with chromosome territories consisting of a single repeat-rich, 

heterochromatic CC, from which gene-rich, euchromatic loops emanate. The presence of 

transcribed and repressed rRNA genes inside a locus implies differential regulation acting at 

these two genes fractions. Fluorescence in situ hybridization (FISH) revealed that a large 

fraction of 5S rDNA colocalizes with heterochromatin whereas another fraction forms loops 

that emanate from the heterochromatic CC in leaf nuclei (Figure 2) (Mathieu et al. 2003a). 

Since only major 5S rRNA was recovered in this tissue, the transcribed major 5S genes 

presumably reside in the 5S loops whereas the fraction residing in the heterochromatic CC is 

considered silent. Coherently, immunosignals obtained with antibodies directed against 

dimethylated lysine 9 of histone H3 (H3K9me2), a repressive mark, are clustered at the CC. 

5S rDNA loops are less labeled with H3K9me2, and enriched for histone H3 acetylated at 

lysine 9 and methylated at lysine 4 suggesting a euchromatic structure permissive for 

transcription (Mathieu et al. 2003a). 
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The nucleolus is a substructure that results from expression of 45S genes. It is formed around 

the NORs during transcription by Pol I (Figure 2) (Saez-Vasquez and Medina 2008). Indeed, 

a loop of decondensed 45S rDNA repeats that originates from the NOR has been observed in 

the nucleolus (Probst et al. 2004). Excess, inactive 45S genes are highly condensed and 

sequestered in heterochromatin at the external periphery of the nucleolus (Raska et al. 2004; 

Saez-Vasquez and Medina 2008; Shaw and Jordan 1995).  

These results provide evidence that for both rDNA families, a fraction of the genes "escapes" 

from heterochromatin to be transcribed. 

Transcription by Pol I but also maturation steps of the precursor are performed in the 

nucleolus. There is now extensive evidence of 5S gene clusters at chromosomal locations 

distant from the 45S rDNA that preferentially associate with the nucleolus or nucleolar 

periphery (Haeusler and Engelke 2006; Montijn et al. 1999). Whether this is the case in 

Arabidopsis merits investigation. 

 

Nucleolar dominance and repression of ribosomal RNA genes are mediated by 

epigenetic mechanisms 

As reported above, the repression of rRNA genes is mediated by a heterochromatic structure 

in Arabidopsis. DNA in heterochromatin is heavily methylated and contains repressive 

histones marks. 

One of the earliest recognized epigenetic phenomena, nucleolar dominance describes the 

transcription of 45S genes inherited from only one parent in genetic hybrids. The 

phenomenon is widespread, occuring in insects, amphibians, mammals and plants (reviewed 

in McStay 2006; Tucker et al. 2010). Therefore, nucleolus forms around rRNA genes 

inherited from only one progenitor, whereas the other progenitor's rRNA genes are silent 

(Chen and Pikaard 1997). Nucleolar dominance has been well described in Arabidopsis 
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suecica, the allotetraploid hybrid of A. thaliana and A. arenosa (Chen et al. 1998). In this 

hybrid, the entire A. thaliana-derived NORs are selectively silenced, enriched for the 

heterochromatic mark H3K9me2 and depleted for the euchromatic mark H3K4me3. However, 

only a subset of the dominant A. arenosa 45S genes is active, decondensed and associated 

with H3K4me3 whereas the remaining excess, inactive fraction is heterochromatic and 

associated with H3K9me2 (Lawrence et al. 2004). HDT1 and HDA6, two histone 

deacetylases and DRM2 (DOMAINS REARRANGED METHYLTRANSFERASE 2) a de 

novo methyltransferase, are required to maintain DNA hypermethylation at the promoters of 

silenced genes, whereas acetylated histones H3K9, H3K14 and tetra-acetylated histone H4 

(K5, K8, K12 and K16) are associated with active promoters whose cytosines are 

hypomethylated (Earley et al. 2006; Lawrence et al. 2004). RNAi-mediated knockdown of 

RDR2 (RNA-DEPENDENT RNA POLYMERASE 2), DCL3 (DICER like protein) or 

DRM2, components of the RdDM (RNA-directed DNA methylation) pathway (Matzke et al. 

2009), disrupts the silencing of the A. thaliana-derived rRNA genes in A. suecica. RNAi 

mediated knockdown of MBD (Methylcytosine Biding Domain) protein genes revealed that 

MBD6 and MBD10 are also required for A. thaliana-derived rRNA gene silencing in A. 

suecica. In agreement with these results, small RNAs corresponding to the rRNA gene 

promoter and intergenic regions are eliminated in DCL3-RNAi lines and are depleted in 

RDR2-RNAi plants, suggesting a role for the siRNAs in the selective silencing of A. thaliana-

derived rRNA genes (Costa-Nunes et al. 2010; Preuss et al. 2008; Tucker et al. 2010). 

Interestingly, when silent A. thaliana-derived rRNA genes subjected to nucleolar dominance 

are derepressed with aza-dC (an inhibitor of DNA methylation) or TSA (histone deacetylase 

inhibitor), or by knockdown of required chromatin modifying activities, transcription of the 

dominant set of A. arenosa rRNA genes also increases (Chen et al. 1998; Lawrence et al. 

2004; Preuss et al. 2008). This suggests that the mechanisms responsible for the silencing of 
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the underdominant genes are also silencing the subset of the dominant rRNA genes and that 

nucleolar dominance is a manifestation of dosage control. However, there are probably 

additional regulatory mechanisms. Indeed, knockdown of DDM1, which affects rDNA 

methylation, does not release silencing of both A. thaliana-derived and A. arenosa-derived 

rRNA genes in A. suecica (Preuss et al. 2008). 

Such a dominance mechanism might also apply to 5S rDNA loci. However, the sequence of 

the transcribed region of 5S rDNA units is highly conserved between accessions and 

subspecies, preventing the analysis of a "potential 5S dominance" (Tutois et al. 2002). 

In nonhybrid Arabidopsis thaliana, the RdDM silencing pathway (Herr et al. 2005; Kanno et 

al. 2005; Onodera et al. 2005; Pontier et al. 2005; Zhang et al. 2007) which mediates de novo 

DNA methylation at asymmetrical CHH sites (Huettel et al. 2007; Wassenegger 2000, 2005) 

participates to 5S and 45S genes repression involved in dosage control (Blevins et al. 2009; 

Douet et al. 2008; Douet et al. 2009; Earley et al. 2006; Preuss et al. 2008). The following 

section presents the common principles in transcriptional repression between 5S and 45S 

rDNA. 

Earley et al. (2010) analysed the molecular basis for 45S rDNA repression in A. thaliana. In 

hda6 mutants, symmetric methylation at CG/CNG motifs is reduced (Earley et al. 2010). 

Surprisingly, spurious Pol II transcription occurs throughout the intergenic spacers. The 

resulting sense and antisense spacer transcripts facilitate a massive overproduction of siRNA 

diced by two DICER proteins (DCL3 and DCL4) of the RdDM pathway that, in turn, direct 

de novo asymmetric cytosine methylation to the corresponding gene sequences. However, the 

resulting de novo DNA methylation fails to suppress Pol I or Pol II transcription in the 

absence of HDA6 activity, and euchromatic histone modifications typical of active genes, 

such as histone H3 acetylation and K4 methylation, accumulate. As a result, 45S rDNA is 

decompacted and the 45S gene variant (VAR1), normally inactivated, becomes transcribed. 
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The results obtained for 5S rDNA allow to propose an analogous model of repression, 

coherent with the stoichiometric needs of 5S and 45S rRNA.  

 In mutants for the maintenance METHYLTRANSFERASE1 (met1-1) and 

CHROMOMETHYLASE3 (cmt3-7), but also in seedlings treated with 5-aza C or in the 

mutant of the chromatin remodeling factor DDM1, symmetric methylation at CG/CNG motifs 

is reduced, and a silencing release of minor 5S genes is observed (Mathieu et al. 2003a; 

Vaillant et al. 2007). In addition, a particular set of transcripts, termed 5S-210, that extend 

into the intergenic spacer (IGS) downstream of 5S RNA genes overaccumulate in met1 and 

ddm1 mutants (Vaillant et al. 2006). These transcripts are the precursors of 5S siRNA and 

consequently 5S siRNA which match to the IGS overaccumulate (Blevins et al. 2009), 

leading to enhanced RdDM and increased de novo methylation (Blevins et al. 2009) mediated 

by DRM2 (Mathieu et al. 2007) in these mutants. However, despite the 5S rDNA 

asymmetrical hypermethylation in these mutants, 5S rDNA is hypomethylated at symmetrical 

cytosines leading to derepression of minor 5S genes. In absence of HDA6, symmetrical CNG 

methylation is decreased at 5S rDNA and a silencing release of minor 5S genes is observed 

(Vaillant et al. 2007). 

All the results obtained for 5S and 45S rDNA show that a combination of maintenance 

symmetrical methylation patterns and de novo asymmetrical methylation patterns, mediated 

by the RdDM pathway, together with histone modifications, as for instance deacetylation 

performed by HDA6, help to ensure the correct 5S and 45S genes repression and therefore the 

correct gene dosage. In addition, in all the mentioned mutants, the total amount of mature 

rRNA was not significantly affected, at least in nonhybrid Arabidopsis thaliana. This agrees 

with idea that the 5S rDNA-specific TFIIIA is the limiting factor in 5S rDNA transcription 
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(Mathieu et al. 2003a) and suggests a redistribution of the Pol III complexes on the 5S genes 

(and eventually the Pol I complexes on 45S genes) in chromatin mutants. 

 

A Pol V activity, RdDM- independent, drives compaction of both 5S and 45S rDNA 

Each of the two 5S arrays from chromosome 4 and 5 is a target of RdDM, which contributes 

to the selective repression of genes. In mutants of the RdDM pathway, such as nrpd1 (Pol IV 

subunit), rdr2, drm2, ago4 or dcl3, a reduction of asymmetric methylation at each 5S array is 

associated with the derepression of minor/heterogenous 5S genes at chromosomes 4 and 5; 

however without 5S rDNA decompaction (Douet et al. 2009). 

Interestingly, the 5S array from chromosome 4 (but not those from chromosomes 3 and 5) as 

well as NOR loci (45S rDNA) are decompacted in cotyledons of nrpe1 and nrpe5a, mutants 

of two Pol V-specific subunits, illustrating another common regulation process of 5S and 45S 

rDNA. This decompaction is restricted to the Pol V–loss of function (Douet et al. 2009), 

specific to the 5S array from chromosome 4 and is not associated with changes of 5S rDNA 

asymmetric methylation. Indeed, this additional role of Pol V is Pol IV- and RdDM- 

independent and therefore adds an additional level of regulation. This suggests that an 

alternative pathway i.e. without Pol IV and RdDM partners exists to regulate organization and 

expression of 5S (at chromosome 4) and 45S rDNA loci. It also suggests that the Pol V 

complex might recruit other repressive epigenetic marks in addition to DNA methylation and 

H3K9me2 which is dependent on DNA methylation at CG sites (Mathieu et al. 2005).  

Since there is a need in the plant kingdom for rapid, reversible changes in gene expression to 

respond to growth demands or environmental changes, some of the rDNA repeats may be 

specifically targeted for silencing as a mechanism to modulate or fine-tune total cellular 

rDNA activity. 
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Nucleolin controls 45S RNA gene transcription 

The transcription of 45S rDNA by Pol I involves the transcription factor nucleolin which 

represents an additional layer of regulation (Figure 2).   

In eukaryotes, nucleolin is one of the most abundant non-ribosomal proteins in the nucleus. 

Nucleolin plays a role in different steps of ribosome biogenesis, including Pol I transcription 

and processing of 45S pre-rRNA (Gaume et al. 2011; Mongelard and Bouvet 2007). In 

Arabidopsis, AtNUC-L1 (a nucleolin-like protein) localizes in the nucleolus and plays a role 

in 45S rDNA chromatin condensation and in controlling homeostatic rRNA gene expression 

(Pontvianne et al. 2007). For that, AtNUC-L1 specifically binds rRNA gene promoter 

sequences and directs rRNA transcription from the transcription initiation site (Pontvianne et 

al. 2007). To demonstrate that AtNUC-L1 interacts with transcriptionally active 45S genes, 

hda6 mutants have been used (Pontvianne et al. 2010). In hda6 plants, 45S rDNA chromatin 

decondensation induces expression of VAR1 (normally repressed in WT plants). ChIP assays 

revealed a specific and direct interaction of AtNUC-L1 with 5' and 3' ETS sequences of VAR1 

in the hda6 mutant only. However, AtNUC-L1 does not co-precipitate with Pol I subunits. 

Interestingly, AtNUC-L1 seems to be required for rDNA symmetric methylation of 

transcribed but not promoter sequences. Indeed, in Atnuc-L1 plants methylation at CG (and in 

some extent at CHG) decreases specifically in the 5'ETS sequences (Pontvianne et al. 2010). 

Considering the nucleosome remodeling activity of nucleolin proteins in mammals (Angelov 

et al. 2006; Erard et al. 1988; Kharrat et al. 1991), it is rational to propose that binding of 

AtNUC-L1 to rRNA genes may be required to position nucleosomes in specific 

transcriptional frames that determine the "on" or "off" state of  rRNA genes. Many questions 

remain, including mutual dependency and complex crosstalk among nucleolin proteins and 

other functionally related protein factors, such as RdDM partners and HDA6. 
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Finally, in animals nucleolin localizes also in the nucleoplasm and might control Pol II 

transcription (Mongelard and Bouvet 2007). In Arabidopsis plants, the transcriptomal analysis 

of Atnuc-L1 mutant revealed accumulation and/or reduction of the level of different 

transcripts transcribed by Pol II, including AtNUC-L2 (a second nucleolin-like protein) and 

other small RNA (Pontvianne et al. 2007). The Atnuc-L1 mutant also showed a significantly 

reduced sugar-induced expression of ribosomal protein genes (Kojima et al. 2007). Therefore 

we can expect that nucleolin protein from plants might also control expression of Pol III 

genes. However to date whether or not Pol III transcription of 5S rRNA is affected in Atnuc-

L1 has not been established. Consequently, it will be interesting to determine whether the 

expression of major or minor/heterogenous 5S gene variants is modified in Atnuc-L1.  

 

Transcriptional regulation of 5S RNA genes by TFIIIA   

Transcription factor IIIA (TFIIIA) which was first isolated from Xenopus oocytes, contains 

nine zinc finger domains and is required for transcription of the 5S RNA gene by Pol III 

(Ginsberg et al. 1984). The protein binds specifically within the internal control region (ICR) 

of the 5S RNA gene and to the 5S RNA product. Zinc fingers 4 to 7 are responsible for the 

binding to 5S rRNA (Clemens et al. 1993) whereas fingers 1 to 3 are critical for the binding to 

the 3'-portion of the internal promoter (C-box element) of the Xenopus 5S gene (Clemens et 

al. 1992). In yeast, a second species where TFIIIA has been extensively studied, the ICR is a 

surprisingly short control region relative to the ICRs of Xenopus and Arabidopsis which are  

highly similar (Challice and Segall 1989; Cloix et al. 2000). Later, the TFIIIA protein, present 

in every organism, has been characterized in several other species including Arabidopsis 

thaliana where it binds both 5S rDNA and 5S rRNA. It shows remarkably poor conservation 

of sequence (Mathieu et al. 2003b) and references therein) but except TFIIIA from S. pombe, 

which contains a tenth finger, all proteins analyzed carry nine C2H2-zinc fingers. 
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The Arabidopsis TFIIIA gene consists of seven exons, the third of which results from a 5S 

RNA exonization in the gene that occured early in evolution of angiosperms. This exon, 

which bears considerable similarity in its secondary structure to plant 5S rRNA (Fu et al. 

2009; Hammond et al. 2009), is alternatively skipped or included to produce either of the two 

transcript isoforms (Yoine et al. 2006). The ES (Exon-skipped) isoform encodes the fully 

functional TFIIIA protein. Instead, the EI (Exon-inclusion) isoform is eliminated by the NMD 

(nonsense mediated decay) pathway. Two groups (Fu et al. 2009; Hammond et al. 2009) 

proposed a post-transcriptional negative feedback auto-regulation model specific to plant 

TFIIIA genes. The model stipulates that when TFIIIA protein levels are low, the alternative 

exon is skipped, which results in an increase in the ES isoform and a consequent increase in 

production of new TFIIIA protein. When in abundance, a greater fraction of the TFIIIA 

transcripts is spliced into the unproductive isoform and then degraded through NMD, thereby 

downregulating TFIIIA production. Hammond et al. (2009) demonstrated that ribosomal 

protein L5 directly binds the 5S rRNA-like structure of the alternative exon, which parallels a 

known binding interaction between L5 and 5S rRNA (Szymanski et al. 2002). This binding 

promotes exon skipping and is expected to promote production of the TFIIIA protein.  

This model stipulates a quantitative regulation of the 5S rRNA transcription by TFIIIA and 

illustrates the importance to control functional TFIIIA amounts in the cell. Given that during 

development the needs for 5S rRNAs vary considerably, e.g. they strongly accumulate in the 

seed, it will be interesting to test this model during plant development.  

 

Post-germination chromatin remodeling of both 5S and 45S rDNA    

The observation that the heterochromatin fraction in nuclei of cotyledons is much smaller at 2 

day post-germination compared to 3 week-leaves provided evidence that chromatin is 

reorganized during development to obtain mature heterochromatin (Mathieu et al. 2003a). 
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Investigation of the chromatin structure by FISH, revealed a large-scale reorganization of 5S 

rDNA chromatin during the first days of development, to obtain almost mature nuclei 5 days 

post-germination (Douet et al. 2008). 

Similarly, FISH experiments revealed that 45S rDNA is decompacted in nuclei of 2 day-

germinating seeds (Pontvianne et al. 2010), illustrating that 45S rDNA chromatin also 

reorganizes during post-germination. Interestingly, the progressive chromatin reorganization 

during the post-germination period leads to the mature rRNA transcription i.e. transcription 

and repression of major and minor 5S genes respectively, as well as transcription of 45S 

variants 2, 3, and 4 and repression of VAR1.   

 

TOR controls rRNA expression 

The eukaryotic TOR (Target Of Rapamycin) pathway controls translation, growth and the cell 

cycle in response to environmental signals such as nutrients or growth stimulating factors 

(Hay and Sonenberg 2004; Menand et al. 2002; Schmelzle and Hall 2000). Studies in yeast 

and animal cells have shown that TOR acts positively on the activity of the eIF4F translation 

initiation complex and on the transcription of ribosomal protein and RNA genes therefore 

promoting growth in nutrient sufficient conditions (Beretta et al. 1996; Berset et al. 1998; 

Martin et al. 2004). In starvation conditions, TOR regulates the utilization of alternative 

energy resources, allows autophagy and generally drives the cell towards survival pathways 

(Beck and Hall 1999; Kamada et al. 2004). The antibiotic rapamycin was found to mimic 

starvation responses in yeast through TOR inactivation and cell cycle arrest (Barbet et al. 

1996). Rapamycin leads to the formation of a ternary complex by binding simultaneously to 

TOR and to the FKBP12 protein (Choi et al. 1996).  

However, Arabidopsis thaliana, and more generally land plants were found to be resistant to 

rapamycin due to mutations in the FKBP12 protein, suggesting TOR specificities in plants in 
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addition to conserved activities (Sormani et al. 2007). Indeed, TOR controls embryogenesis, 

post-embryonic development and 45S rRNA production by phosphorylation of various 

downstream targets in Arabidopsis. ChIP experiments have shown that TOR activates the 

expression of 45S rRNA through binding to its promoter and mainly to its 5'ETS region (Ren 

et al. 2011). Binding of TOR to the 5'ETS suggests a functional link between TOR and 

AtNUC-L1. The kinase domain of TOR is essential for 45S rDNA transcription and AtNUC-

L1 might be a potential target. Although its phosphorylation by TOR has not been 

demonstrated, nucleolin is a phosphoprotein that can be targeted by multiple kinases (Tuteia 

and Tuteia 1998). Thus it is tempting to speculate that phosphorylation of AtNUC-L1 by TOR 

might be required for 5'ETS binding and activation of rRNA gene expression in Arabidopsis.  

Binding of TOR to 5S rDNA has been reported in yeast and animals (Li et al. 2006; Wei et al. 

2009) but not yet in Arabidopsis, even though the conservation of TOR suggests that TOR 

regulates also Pol III transcription in plants, to coordinate the transcription of the different 

rRNA species.  

Although postulated, there is no clear evidence indicating whether the maintenance of an 

equimolar supply of ribosomal components reflects communication between the nuclear 

transcriptional machineries such as Pol I and Pol III in Arabidopsis. This interesting question 

deserves further investigation.  

 

In conclusion, although 45S and 5S RNA genes are transcribed by two different RNA 

polymerases, Pol I and Pol III respectively, and involve different transcription factors, 

parallels concerning their organization, function and transcription regulation can be drawn. 

The following model is proposed: in the Columbia accession, 5S major genes and 45S rDNA 

variants 2, 3, and 4 are transcribed. Inversely, 5S minor/heterogenous genes and 45S rDNA 

variant 1 are repressed. In addition, depending on the tissues, the total 5S and 45S rRNA 
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quantities vary. This illustrates a level of qualitative regulation, with the selective 

transcription or repression of a subset of genes, and a level of quantitative regulation 

depending on the need of ribosomes for protein synthesis. 

The qualitative regulation is achieved by a combination of symmetrical methylation 

maintenance and de novo deposition of asymmetrical methylation, mediated by the RdDM 

pathway. Together with specific histone modifications this leads to repression of certain 5S 

and 45S genes, i.e. the correct choice of the gene variants for transcription. 

Tightly regulated amounts of the specific transcription factor TFIIIA control the quantitative 

regulation of 5S rRNA transcription. Similarly, phosphorylation or other post-traductional 

modifications of the nucleolin protein are supposed to be required for activation of 45S RNA 

gene expression, suggesting that the level of 45S rRNA transcription might be regulated by 

the amount of this modified/activated nucleolin protein.  

Furthermore, TOR might emerge as a central player in the coordination of 5S and 45S rRNA 

expression. Indeed, TOR directly interacts with 45S rDNA in vivo to regulate rRNA 

expression and phosphorylation of AtNUC-L1 by TOR might be a way to link rRNA 

transcription with nutrient availability. Coordination of 5S rRNA transcription with 45S 

rRNA transcription might result from binding of TOR proteins to 5S RNA genes, but the 

nucleolin protein might also control expression of Pol III-transcribed genes. This highly 

coordinated regulation of 5S and 45S is very likely motivated by the requirement for 

stoechiometric amounts of the different ribosomal RNA families. 
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Legends: 

 

Figure 1: Localisation and function of rRNA genes in Arabidopsis thaliana. 

 

A. The plant 80S ribosome is a large ribonucleoprotein complex. It consists of one molecule 

of each rRNA and around 80 ribosomal proteins. The small 40S subunit contains the 18S 

rRNA together with 33 proteins. The large 60S subunit consists of 50 proteins and 25S, 5,8S 

and 5S rRNA. Transcription by RNA polymerase III gives rise to a 120 nt 5S rRNA.  

Transcription by RNA polymerase I gives rise to a 45S rRNA, which is then processed into 

the 1806 nt 18S rRNA, 163 nt 5.8S rRNA, and 3384 nt 25S rRNA mature forms.  

 

B. Localization of 5S and 45S rDNA arrays, in Arabidopsis thaliana Columbia accession. 

The 5S arrays are in red and the NOR (nucleolus organizer region) containing the 45S arrays 

in green. NOR 2 and 4 are similar in size, each spanning 3,5-4,0 Mbp. The grey boxes 

symbolize the centromeric 180 bp repeats. Transcriptionally active 5S arrays on chromosome 

4 and left arm of chromosome 5 are surrounded in blue. These two 5S blocks are around 150-

250 kb-long, each containing about 300-400 tandemly repeated 5S rDNA units. 

5S arrays on chromosome 3 and right arm of chromosome 5 are not transcribed. The presence 

of numerous mutations in the internal promoter of these genes probably prevents their 

transcription (Cloix et al. 2003). 5S genes from chromosome 3 are dispensable since some 

accessions lack these loci (Cloix et al. 2000; Fransz et al. 1998; Tutois et al. 2002). 

Chromosomes and rDNA loci are drawn approximately to scale. 
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Figure 2: Schematic representation of Arabidopsis thaliana chromosome 4. 

 

Chromosome 4 contains clustered tandemly repeated 5S (red) and 45S (green) ribosomal 

RNA genes at centromere (grey) and Nucleolar Organizer Region (NOR) respectively.  

Top: Enlarged 5S rDNA unit showing the 5' and 3' flanking sequences containing TATA-like 

sequence, GC sequence, C residue at -1, necessary for transcription, and a simple cluster of T 

residues downstream the transcribed region, used as Pol III terminator signal and specific for 

each 5S locus (Cloix et al. 2000; Cloix et al. 2002; Cloix et al. 2003) and 5S transcribed 

region containing the promoter region (Box A, Intermediate element (IE) and Box C). 5S 

rDNA is transcribed by Pol III and requires Transcription Factor IIIA activity (TFIIIA). 

Disruption of Histone Deacetylase 6 (HDA6) gene induces expression of silent minor 5S 

genes. 

Down: Enlarged 45S rDNA unit showing Intergenic Spacer (IGS) Region containing Sal I 

repeats, Spacer (SP1 and SP2) and Gene (GP) Promoter sequences. The transcribed region 

contains External (5'ETS and 3'ETS) and Internal (ITS1 and ITS2) Transcribed Spacer and 

structural rRNA (18S, 5.8S and 25S) sequences. 45S rDNA is transcribed by Pol I from GP, 

and requires Nucleolin-Like1 (AtNUC-L1). Disruption of Histone Deacetylase 6 (HDA6) 

gene induces expression of silent 45S rDNA VAR1.  

The 5S (in chr3, 4 and 5) and the 45S (in chr2 and chr4) arrays can be visualized by FISH 

(red and green signals respectively). Heterochromatic chromocenters are observed as DAPI 

stained structures (arrowhead). 45S loops are too thin to be visualized in the nucleolus (N). A 

5S loop extending from a chromocenter is shown (arrow).  
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