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Figure I.1. Relationships among the Lactuca genus and descendants of the different typology groups. Within the 

Lactuca genus, it is admitted that there are four main species: three wild ones (L. saligna, L. serriola and L. virosa) and 

one domesticated (L. sativa). When there is documented evidence, relationships between species/cultivar are in full 

lines, when relationships are hypothetical they are represented in dotted lines. L. serriola is certainly one of the direct 

ancestors of L. sativa. However, there is evidence for the introgression of genes from other wild species during 

domestication. It is not clear if the stalk lettuce derives from the cos type or even earlier. Latin lettuce is not shown 

because of the lack of evidence regarding its origins. Adapted from de Vries, 1997. 
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Figure I.2: Production of lettuce and chicory between 1994 and 2017. Data from FAOSTAT (www.fao.org) and 

UN Comtrade (www.comtrade.un.org). (A) Worldwide total production and yield quantities of lettuce and chicory. 

Between 1994 and 2017 the production of lettuce and chicory increased as well as the difference between 

production and surface harvested, suggesting that lettuce and chicory cultures have a better yield. (B) Mean 

repartition of the lettuce and chicory production by continent, between 1994 and 2017. The production in this 

period was led by Asia and North America, followed by Europe. (C) Mean production per year for the top 10 

producers of lettuce and chicory, between 1994 and 2017. The world production is largely dominated by China, 

followed by the USA. Together, they produce half of the world’s yearly production. (D) Lettuce production and 

exchanges in the European Union. The shades of green represent the strength of the excess of the lettuce balance 

trade while the shades of red stand for the strength of its deficit. * rank within the EU.
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"B!

V&75#*2! 3,! +1&! ('@7+1! 07'9@)&7c! $@+! #%,'! +1&! (37,+! 350'7+&7c! 5#3*%2! Q)&$&74! +20&,! (7'5! L0#3*c!

Z@++&71&#9!#*9!Z#+#B3#!(7'5!R7#*)&!#*9!Z&%43@5.!I&,03+&!3+,!%#74&!%&++@)&!07'9@)+3'*c!+1&!V&75#*!

�lettuce!balance!of!trade�!is!very!unprofitable!__381.7!+4;4K`.!"1&!J&+1&7%#*9,!3,!+1&!(3(+1!07'9@)&7c!

&=0'7+3*4!HU!j!'(!+1&37!%&++@)&!07'9@)+3'*.!O',+!'(!3+!4'&,c!#4#3*c!+'!V&75#*2!_EC!j`!#*9!+'!+1&!\]!

_H!j`.!

-.>. ?@77&*+!#)#9&53)!7&,&#7)1!1'+,0'+,!

I@&!+'!+1&!350'7+#*+!&)'*'53)!7'%&!'(!!"#$%&'(%c!,+@93&,!'*!%&++@)&!5#3*%2!(')@,&9!'*!+1#+!

9'5&,+3)#+&9!,0&)3&,.!"1',&!,+@93&,!3*)%@9&!,+7&,,!+'%&7#*)&d!#,!+'!)#953@5!_Z#@+3,+#!&+!#%.c!-U/8d!
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@4 '67!<3-/26/,0.3=!!

!O3+')1'*973#!#7&!'74#*&%%&,!'(!#$'@+! U.-�/.C!$m! 07&,&*+! 3*! +1&!)2+','%!'(!#%5',+!&B&72!

&@:#72'+3)! )&%%! _M'4&7! &+! #%.c! /KKHd! ]#7*:'<,:#! &+! #%.c! -U/E`.! "1&37!5#3*! )&%%@%#7! (@*)+3'*! 3,! +1&!

07'9@)+3'*!'(!#9&*',3*&! +7301',01#+&! _A"N`!$2!'=39#+3B&!01',01'72%#+3'*c!@,&9!$2! +1&!)&%%! #,!#!

,'@7)&!'(!&*&742c!$@+!53+')1'*973#!#7&!#%,'!3*B'%B&9!3*!,34*#%3*4c!)&%%@%#7!93((&7&*+3#+3'*!#*9!)&%%!

9&#+1.!Q*!0%#*+,!#*9!5'7&!%#74&%2!3*!&@:#72'+&,c!5#+&7*#%!3*1&73+#*)&!3,!+1&!07&9'53*#*+!0#++&7*!'(!

53+')1'*973#! +7#*,53,,3'*! _Z37:2c! -UU/`.! Y'<&B&7c! 3*! ,&B&7#%! 0%#*+! ,0&)3&,! 3*1&73+#*)&! )#*! $&!

0#+&7*#%c! %3:&! 3*! $#*#*#,! _R#@7g! &+! #%.c! /KK>`c! )@)@5$&7! _Y#B&2! &+! #%.c! -UU>`! #*9! +1&! 47&&*! #%4#!

.67%@A?)@)3%$#_A'2#5#!&+!#%.c!-UUE`c!'7!$30#7&*+#%!%3:&!3*!C;4%3'9@!_V@'!#*9!Y@c!/KKC`!#*9!+1&!

?13*&,&!03*&!_V@'!&+!#%.c!-UUC`.!

8./. A!$73&(!13,+'72!'(!53+')1'*973#!93,)'B&72!

"1&!(37,+!'$,&7B#+3'*!'(!<1#+!)'@%9!$&!53+')1'*973#!4'&,!$#):!+'!+1&!/H>U,c!$&('7&!+1&2!

were! identified! by! Richard! Altmann! in! 1890.! Altmann! named! them! �bioblast�,! an! elementary!

'74#*3,5!+1#+!%3B&,!<3+13*!+1&!)&%%!#*9!)#773&,!B3+#%!(@*)+3'*.!Q*9&&9c!1&!93,)'B&7&9!+1#+!13,!$3'$%#,+,!

display!the!same!staining!as!bacteria.!The!name!�mitochondria�!was!coined!by!Carl!Benda!in!1898!

and!comes! from! the!Greek! �@'&)$�! _+17&#9`!and!�86)3?4)$�! _47#*@%&`.!\*+3%! +1&!9&B&%'05&*+!'(!

1341P7&,'%@+3'*! &%&)+7'*!53)7',)'02c!53+')1'*973#!<&7&! ,+@93&9! $2! ,+#3*3*4!<3+1! +1&! 7&9'=P92&!

k#*@,!V7&&*!Zc!+1#*:,!+'!+1&!<'7:,!'(!X&'*'7!O3)1#&%3,!3*!/KUU.!SB&*!3(!53+')1'*973#!<&7&!:*'<*!

3*!#*35#%,!,3*)&!/HKUc!+1&2!<&7&!(37,+!9&,)73$&9!3*!0%#*+,!3*!/KU>!$2!O&B&,!3*!DA@:6%;%#%7*%#_<13+&!

*&*@01#7`.!O3+')1'*973#!3,'%#+3'*!,+#7+&9!3*!/K8>!<3+1!+1&!<'7:,!'(!Z&*,%&2!#*9!Y'&77!_Z&*,%&2!#*9!

Y'&77c! /K8>`c! 3507'B&9! 3*! /K>E! $2! A%$&7+! ?%#@9&! _?%#@9&c! /K>E`! #*9! 3*! /K>H! $2! Y'4&$''5c!

L)1*&39&7c!#*9!N#%#9&!<3+1!+1&!@,&!'(!#*!3,'+'*3)!,@)7',&!5&93@5.!

N@73(3&9!53+')1'*973#!,&+!+1&!,+#7+!'(!$3')1&53)#%!#007'#)1&,!+'!&%@)39#+&!3+,!(@*)+3'*,.!Q*!

/K>Ec! +1&!&=)%@,3B&!53+')1'*973#%! %')#%3G#+3'*!'(!)2+')17'5&!'=39#,&!#)+3B3+2!<#,!9&5'*,+7#+&9!

_Y'4&$''5!&+!#%.c!/K>E`.!"1&!#&7'$3)!'=39#+3'*!'(!)3+73)!#)39!)2)%&!5&+#$'%3+&,!#*9!'(!(#++2!#)39,!

#))'50#*23*4!+1&!('75#+3'*!'(!A"N!(7'5!3*'74#*3)!01',01#+&!#*9!#9&*',3*&!9301',01#+&! _AIN`!

<#,!&%@)39#+&9!$2!S@4&*&!]&**&92!#*9!A%$&7+! X&1*3*4&7! _]&**&92!#*9!X&1*3*4&7c! /K>K`.! Q*!+1&!

,#5&!2&#7c!+1&!)'@0%3*4!$&+<&&*!+1&!'=39#+3'*!'(!*3)'+3*#539&!#9&*3*&!93*@)%&'+39&! _JAIY`!#*9!

+1&!01',01'72%#+3'*!'(!AIN!<#,!,1'<*!_R73&9:3*!#*9!X&1*3*4&7c!/K>K`.!"1&!)'*+7'%!'(!7&,037#+3'*!

$2!+1&!#B#3%#$3%3+2!'(!3*'74#*3)!01',01#+&!#*9!AIN!<#,!9&5'*,+7#+&9!$2!,&B&7#%!%#$'7#+'73&,!'*!
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Figure I.3. Schematic view of the mitochondrial internal structure. The mitochondria is surrounded by two 

lipid bilayers: the Outer membrane (OM) and the Inner membrane (IM), delimiting the intermembrane space and 

the matrix. The import of proteins from the cell cytosol into the mitochondrial matrix is assured by the TOM 

(translocase of the outer membrane) and TIM (translocase of the inner membrane) translocases. The folds of the 

IM in the matrix are called cristae and are separated from the intermembrane space by junctions (not on the 

scheme). The cristae are the seat of the electron transport chain, which is why the pH is acid there, because of the 

proton pumps of complexes I, II and IV of the electron transport chain. The mitochondrial genome “swims” in the 

matrix but is probably attached to the inner surface of the IM and it is associated with proteins involved in its 

structuring and expression, together forming the nucleoids.
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+1&! 0&73'9! /KC/P/KC-! _M#$3*'B3+G! &+! #%.c! /KC/d! X#792! #*9! b&%%5#*c! /KC-`.! "1&! 93,)'B&72! '(! +1&!

53+')1'*973#%! %')#%3G#+3'*! '(! +1&! 7&,037#+'72! )1#3*! #*9! A"N! 07'9@)+3'*! %&9! N13%30! L3&:&B3+G! +'!

nickname!it!�the!powerhouse!of!the!cell�!in!1957!_S7*,+&7!#*9!L)1#+Gc!/KH/`.!

8.-. D7343*!#*9!&B'%@+3'*;!+1&!&*9',25$3'+3)!+1&'72!

"1&! &*9',25$3'+3)! +1&'72!<#,! (37,+! 07'0',&9! $2!O&7&,)1:'<,:2! 3*! /KUC! +'! &=0%#3*! +1&!

'7343*!'(! )1%'7'0%#,+,.!Y'<&B&7c!1&! (375%2! 7&6&)+&9! +1&!0',,3$3%3+2! +1#+!53+')1'*973#!5341+!1#B&!

&B'%B&9! (7'5! #*! &*9',25$3',3,! &B&*+.! O3+')1'*973#! <&7&! %3*:&9! H/! 2&#7,! %#+&7! +'! +1#+!

&*9',25$3'+3)!+1&'72!$2!X2**!O#74@%3,!_$'7*!L#4#*c!L#4#*c!/KHE`.!"1&!+1&'72!07'0',&9!+1#+!#!(7&&P

%3B3*4! '74#*3,5c! '7! 07'+'P53+')1'*973#c! ,@7B3B&9! &*9')2+',3,! #*9! <#,! 3*)'70'7#+&9! 3*+'! +1&!

)2+'0%#,5.!"1&*!+1&!#$3%3+2!'(!+1&!07'+'P53+')1'*973#!+'!0&7('75!7&,037#+3'*!<3+13*!+1&!)2+'0%#,5!

4#B&!#!)'*,39&7#$%&!&B'%@+3'*#72!#9B#*+#4&!+'!+1&!1',+!)&%%.!J'<#9#2,! 3+! 3,!)'55'*%2!#))&0+&9!

+1#+! 53+')1'*973#! 1#B&! '7343*#+&9! +17'@41! &*9',25$3',3,! #*9! $&%3&B&9! +1#+! +1&! 07'+'P

53+')1'*973#%!#*)&,+'7!<#,!#*!#&7'$3)!57:6%:4)&;)*%8&;4'%!7&%#+&9!+'!+1&!'$%34#+'72!0#7#,3+&,!'(!

+1&!E'8F;&&$'%7;!$7#*)1!_A*9&7,,'*!&+!#%.c!/KKH`.!Y'<&B&7c!+1&!39&*+3(3)#+3'*!'(!+1&!)%',&,+!7&%#+3B&!+'!

+1&! 07'+'P53+')1'*973#%! #*)&,+'7! 7&5#3*,! )'*+7'B&7,3#%! _"17#,1! &+! #%.c! -U//`c! #,! &B39&*)&9! $2! #!

7&)&*+! ,+@92! ,@44&,+3*4! +1#+!53+')1'*973#! &B'%B&9! (7'5! #! %3*&#4&! +1#+! $7#*)1&9! '((! $&('7&! +1&!

93B&74&*)&!'(!57:6%:4)&;)*%8&;4'%!_O#7+36*!&+!#%.c!-U/H`.!!

8.8. "1&!3*+&7*#%!,+7@)+@7&!'(!+1&!53+')1'*973#!

Z&)#@,&! '(! 3+,! &*9',25$3'+3)! '7343*! 53+')1'*973#! 93,0%#2,! +<'! 5&5$7#*&,;! +1&! '@+&7!

53+')1'*973#%!5&5$7#*&! _DOO`!#*9!+1&! 3**&7!53+')1'*973#%!5&5$7#*&! _QOO`! __381.7!+4@`.!"1&!

DOO!3,!0'7'@,!#*9!#%%'<,!&=)1#*4&,!$&+<&&*!+1&!)2+','%!#*9!+1&! 3**&7!5&5$7#*&.!"'!9'!,'! 3+!

)'*+#3*,!+17&&!5&5$7#*&!07'+&3*!(#53%3&,!+1#+!('75!)1#**&%,!#,!0#7+!'(!%#74&7!07'+&3*!)'50%&=&,.!

"<'!'(! +1&,&! +17&&!)'50%&=&,c! +1&!"DO! _+7#*,%')#,&!'(! +1&!'@+&7!5&5$7#*&`!0'7&!#*9! +1&!LAO!

_,'7+3*4! #*9! #,,&5$%2!5#)13*&72`! 3*,&7+#,&! #%%'<! +1&! +7#*,%')#+3'*! #*9! 3*,&7+3'*! '(! #%5',+! #%%!

07'+&3*,!+#74&+&9!+'!+1&!53+')1'*973#.!"1&!+1379!)'50%&=!3,!+1&!53+')1'*973#%!0'73*! _'7![IA?c!('7!

B'%+#4&P9&0&*9&*+!#*3'*!)1#**&%`!+1#+!#%%'<,!3'*,!#*9!,5#%%!@*)1#74&9!5'%&)@%&,!+'!4'!+17'@41!

+1&!5&5$7#*&.!"1&!QOO!<'7:,!,%341+%2!93((&7&*+%2c!3+!3,!#!+341+!93((@,3'*!$#773&7!+'!3'*,!#*9!5'%&)@%&,!

+1#+!)#**'+!)7',,!+13,!5&5$7#*&!<3+1'@+!1&%0!(7'5!,0&)3(3)!+7#*,0'7+&7,.!A!5&5$7#*&!0'+&*+3#%!'(!

#$'@+!/HU!5[! 7&,@%+,! (7'5! 3+,! ,&%&)+3B3+2! ('7! 3'*,.!"1&! 3**&7!5&5$7#*&! 3,! +1&!1'5&!'(!'=39#+3B&!

01',01'72%#+3'*.!
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Figure I.4. Schematic view of the mitochondrial electron transport chain (mtETC). The proton pumps from 

complexes I, III and IV set a proton gradient through the inner membrane. The ATP synthase uses this gradient to 

produce ATP from ADP and inorganic phosphate. The journey of the electron through the mtETC is represented by 

purple dotted lines. IMS: Intermembrane space; IM: Inner membrane; Q: ubiquinone; Qh2: ubiquinol. Adapted 

from Sousa et al., 2018.
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"1&,&! +<'!5&5$7#*&,! 9&(3*&! +17&&! )'50#7+5&*+,c! &#)1! '*&! <3+1! 3+,! 93,+3*)+! 7'%&;! +1&!

3*+&75&5$7#*&! ,0#)&! $&+<&&*! +1&! DOO! #*9! +1&! 0#7+! '(! +1&! QOO! +1#+! 3,! :*'<*! #,! +1&! 3**&7!

$'@*9#72!5&5$7#*&c!+1&!53+')1'*973#%!5#+73=!,@77'@*9&9!$2!+1&!QOO!#*9!+1&!)73,+#&!<13)1!#7&!

3*B#43*#+3'*,!'(!+1&!QOO!3*+'!+1&!5#+73=.!"1&!3*+&75&5$7#*&!,0#)&!3,!#!0%#)&!<1&7&!5'%&)@%&,!#7&!

0#,,3*4!+1#+!3,!<12!)#773&7,!)#*!$&!('@*9!#,!<&%%!#,!+1&!A"NeAIN!'*&,.!"1&!53+')1'*973#%!5#+73=!1#,!

#!0Y!'(!#$'@+!H!_X%'03,!&+!#%.c!/KKH !̀+1#+!973B&,!+1&!+7#*,5&5$7#*&!&%&)+7')1&53)#%!47#93&*+!*&&9&9!

('7!A"N!,2*+1&,3,.!"1&!5#+73=!)'*+#3*,!+1&!)3+73)!#)39!)2)%&c!'7!]7&$,!)2)%&c!#5'*4!'+1&7!&*G25&,c!#,!

<&%%!#,!+1&!5+IJA!#*9!73$','5&,c!#*9!3,!+1&!,3+&!'(!5+IJA!7&0%3)#+3'*c!+7#*,)730+3'*!#*9!'(!07'+&3*!

+7#*,%#+3'*.!R3*#%%2c!+1&!)73,+#&!)'*+#3*!+1&!)'50%&=&,!'(!+1&!53+')1'*973#%!&%&)+7'*!+7#*,0'7+!)1#3*!

_5+S"?`c!+1&!(@%%!A"N!,2*+1#,&!#*9!#!%#74&!#5'@*+!'(!)2+')17'5&!8.!

8.>. "1&!&%&)+7'*!+7#*,0'7+!)1#3*!

Q*! +1&! 0%#*+! )&%%c! &*&742! 07'9@)+3'*! '))@7,! 3*! +<'! '74#*&%%&,;! +1&! )1%'7'0%#,+! #*9! +1&!

53+')1'*973#.!Z'+1! 7&%2!'*!#*!&%&)+7'*! +7#*,0'7+! )1#3*!<13)1! ,&+,!#!07'+'*!47#93&*+!#)7',,! +1&!

5&5$7#*&!@,&9!('7!+1&!01',01'72%#+3'*!'(!AIN!3*+'!A"N!_L'@,#!&+!#%.c!-U/H`.!Q*!)1%'7'0%#,+,c!+1&!

&*&742!07'9@)+3'*!07')&,,!3,!01'+',2*+1&,3,c!<13)1!3*B'%B&,!+1&!)'*B&7,3'*!'(!<#+&7!#*9!?D-!3*+'!

)'50%&=!'74#*3)!5'%&)@%&,.!Q+!)#*!$&!,0%3+!'*!+<'!7&#)+3'*,;!+1&!'*&!+1#+!+#:&,!0%#)&!3*!+1&!%341+!#*9!

+1&!'*&!+1#+!+#:&,!0%#)&! 3*!+1&!9#7:! _k'1*,'*c!-U/E`.!"1&! %341+P9&0&*9&*+!7&#)+3'*!'))@7,! 3*!+1&!

+12%#:'39!5&5$7#*&,!#*9!@,3*4!+1&!&*&742!'(!%341+!,0%3+,!+1&!<#+&7!3*+'!'=24&*c!#*9!+1&!&%&)+7'*,!
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Table I.1. Plant mitochondrial nucleoid factors. * Data from Fuchs et al., 2020. For proteins known or assumed 

to be present in homo- or hetero-oligomers the inferred number of complexes is shown in bracket. ** Functional 

homologues, not evolutionary linked.
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Figure I.5. Gene content in mitochondrial genomes. (A) In Homo sapiens (human) the 13 protein-coding genes 

(■▶), the 2 rRNA genes (➤) and the 22 tRNA genes (➤) carried by the mtDNA represent the major part of the 16.5 

kb mtDNA. The red structure is the D-loop of the human mtDNA which is the start of its replication (Anderson et 

al., 1981). That is the opposite of the large mtDNA of Arabidopsis thaliana (B) and its 367 kb where the 32 protein-

coding genes (▶), 22 tRNA genes (➤) and 3 rRNA genes (➤) represent only 26 % of the genome. The trans-spliced 

transcripts are show in dashed lines (Unseld et al., 1997; Sloan et al., 2018).
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Figure I.6. Arabidopsis mtDNA composition. The origin of almost half of the sequences of the A. thaliana mtDNA 

could not be determined. Repeated sequences can be separated between 2.9 % of large repeated sequences (>500 

bp) involved in frequent reciprocal recombination, responsible for the dynamic structure of the mtDNA, and 3.9 % 

of smaller repeated sequences. Homologies between nuclear (nuc) and mitochondrial (mt) genomes (■) are 

probably the result of the transfer of sequences from the nucleus into the mtDNA. Adapted from Marienfeld et al., 

1999.
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Figure I.7. Plant mtDNA structure. (A) The mtDNA of A. thaliana ecotype Col-0 carries two large repeated regions 

(L-1 and L-2) that are involved in frequent homologous recombination (in blue when L-1 involved or in pink when 

it is L-2). These recombination events lead to four different possible configurations of the mtDNA, two of them (2 

and 4) subdivided in subgenomes (a and b). The different mtDNA molecules are represented in circular form, for 

convenience. (B) The plant mtDNA can exist in alternative linear structures that can produce circular genome 

maps through repeated regions. (C) Electron microscopy observations of mtDNA led to consider it as constituted 

by a mixture of branched, linear or circular molecules. Branched molecules might be the consequence of 

homologous recombination events. Adapted from Sloan et al., 2013 and Gualberto et al., 2014.
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Figure I.8. Models for the replication of the animal mtDNA. Blue and orange represent the two original strands, 

in yellow are the strands newly synthesized and green show the replication initiation region . (A) Rolling circle 

replication. First, a nick is induced in one strand of DNA, then replication starts unidirectionally along the circular 

molecule while the nicked strand moves. Once the replication initiation site is reached, the displaced strand may 

be nicked again and ligated to form a new single-stranded circular molecule, or the synthesis proceeds and create 

a concatemeric molecule that is later converted into multiple single-stranded circular copies and later turned into 

a double-stranded DNA by the DNA polymerase. (B) Strand-displacement replication model. It involves an RNA 

primer that displaces one strand. Once two-thirds of the genome are synthesized, replication starts at the second 

origin of replication. When replication reaches the initiation site, the parent strand is displaced   as a single-

stranded circular molecule that is later converted  into double-stranded DNA by the DNA polymerase. (C) Theta-

like replication. Replication is initiated bi-directionally forming two replication forks leading to two double-strand 

circular copies of the genome. (D) The RITOLS replication model involves free pre-synthesized RNA molecules (in 

cyan) that hybridize to the lagging strand, starting from the 3’ end. Then gaps are filled and the RNA primers 

removed. Adapted from Ciesielski et al., 2016 and Morley et al., 2019.
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Figure I.9. Replication models for the mtDNA of the yeast Candida parapsilosis. The Green circle indicates the 

switching point of the two major transcription units. (A) This model relies on the unidirectional replication of the 

mtDNA that   is initiated from the le"  telomeric repeat (TR) and exposed ssDNA of the upper strand. (B) In this 

model, the recombination-dependent replication is facilitated by transcription (RNA represented in cyan). Strand 

invasion initiates unidirectional  and/or bidirectional replication. (C) The strand invasions may provide primers for 

replication initiation at random locations across the mtDNA, or from the TR toward the respective opposite ends. 

As soon as the replisome reaches the coding regions, replication proceeds in a strand-coupled mode. Adapted 

from Gerhold et al., 2014.
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Figure I.10. Major steps of bacterial homologous recombination. In bacteria, the mechanism of repair of a DSB 

by HR starts with the resection of the DNA. (A) The recBCD pathway (blue) involves RecBCD that is composed of 

three factors and has exonuclease and helicase activities. The nuclease activity of RecB digests the DNA until a 

crossover hotspot instigator sequence (Chi). The joint action of these three factors led to the loading of RecA on 

ssDNA. (B) The loading of RecA on ssDNA can be also mediated by the RecFOR pathway. This pathway involves the  

3'-5' helicase RecQ and the 5'-3' nuclease RecJ, that degrade and unwind the DNA, which is then coated with SSB 

proteins. The RecFOR pathway also involves the RecFOR complex, which manages the substitution of the SSBs by 

RecA. In both cases (A & B), the RecA-ssDNA nucleofilament scans the dsDNA to find a homologous sequence. (C) 

When a homologous sequence is found, the nucleofilament invades the dsDNA to form a D-loop. (C & D) The 

extension of the homology region is promoted by branch migration, mediated early by RadA and later by RecG and 

RuvAB, forming a four-strand structure named Holliday junction (HJ). (E) The HJ is resolved by the RuvC nuclease 

recruited by RuvAB and (F) the missing DNA is synthesized by a DNA polymerase. Courtesy of Nicolas Chevigny and 

adapted from Chevigny et al., 2020. 
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Table I.2. Comparison between bacterial and plant mitochondrial factors involved in homologous 

recombination. Mt: Mitochondria; Cp: Chloroplast. Adapted from Gualberto and Newton, 2017.
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Figure I.11. Lettuce male gametophyte development. The germline development starts with the 

microsporogenesis where the diploid pollen mother cells undergo meiotic divisions (meiosis I and II) 

leading to four haploid spores grouped into tetrads. Microsporogenesis is then followed by 

microgametogenesis. During microgametogenesis the tetrad releases the four haploid microspores that 

undergo an asymmetric division, called Pollen Mitosis I, to produce a bicellular pollen grain with a small 

germ cell containing the vegetative nucleus engulfed within the cytoplasm of a large vegetative cell. The 

germ cell undergoes a further mitotic division at pollen mitosis II, to produce twin sperm cells in the mature 

pollen. 
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Figure I.12. A general model for CMS and fertility restoration. The mitochondrial-targeted proteins (MTP) are 

encoded by the nuclear genome and are involved in the mitochondrial electron transport chain (mtETC), 

mitochondrial genome recombination (not shown) and restoration of fertility (RF). Fertility (on the le! ) requires a 

large production of energy by mitochondria (Turquoise) and normal programmed cell death (PCD) in certain 

tissues mediated by the release of cytochrome c (cyt c) into the cytosol (Blue). Fertility can be lost through four 

models (starting from ORFX on the right): 1) The cytotoxicity model which directly induces the death of the cell; 2) 

The energy deficiency model by which the cell fails to reach the energy level required for male reproductive 

development; 3) The aberrant programmed cell death model; 4) The retrograde regulation model, by which a 

chimeric protein influences the expression of nuclear homeotic genes. However, plants developed strategies to 

counteract it, through nuclear restorer of fertility genes (RF) acting at the genomic level (G), at the transcript level 

(R), at the translation (T), at the post-translational level (P), or at the metabolic levels (M). Adapted from Chen and 

Liu, 2014.
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Figure I.13. Examples of CMS-associated chimeric genes. Orfs are listed by the convention of the number of 

codons, with a historical exception (urf13 encodes a 13-kD protein and orf522 encodes 522 nucleotides rather than 

522 codons). Coding sequences are represented by boxes and flanking regions by horizontal lines. Black boxes (U) 

represent DNA sequences of unknown origin; cp: chloroplast; UTR: Untranslated region. Adapted from Chen and 

Liu, 2014.
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Figure I.14. Evolution of gender dimorphism in flowering plants. There are two main pathways from 

hermaphroditism to dioecism. The first pathway requires male sterility genes in a hermaphrodite population that 

allows female plants to appear, resulting in a gynodioecious population. Female fertility is then genetically 

reduced in hermaphrodites, which gradually become male plants, resulting in dioecy. The second pathway 

involves sterility mutations that produce unisexual flowers. This pathway is less known and characterized, but it 

appears that monoecy has evolved numerous times from hermaphroditism. The dashed line represents a 

hypothetical gynodioecious intermediate stage from monoecy. Finally, in rare cases like in Datiscaceae, female 

plants showed a conversion to hermaphrodite through mutation. Adapted from Barret, 2002.
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Figure I.15. General combination of flower types in crops related to their reproduction systems. Within 

vegetable crops, breeding systems are adjusted to plant specificities. Hermaphrodite plants, which represent 75 % 

of crops, can be autogamous or allogamous, while monoecious, dioecious and the other types reproduce only 

through allogamy. Allogamous plants are suitable for a hybrid selection system, while autogamous plants only in 

rare cases. The breeding of autogamous plants mainly goes through the lines selection system.
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Figure I.16. Strategies to obtain CMS lines. Three main strategies can be used to obtain cytoplasmic male sterile 

lines (CMS). The first one (in light blue) relies on the cross with another CMS system and requires several 

backcrosses to obtain alloplasmic lines. However, if interactions with the chloroplast genome induces a severe 

development phenotype, protoplast fusion might be required to revert it (not shown). The second strategy (in 

light yellow) aims to break the relationship between the cytoplasm and the nucleus. To do so, two methods are 

possible: the cross with another cytoplasm, which also requires several backcrosses to obtain alloplasmic lines, or 

the use of a haploid inducer line. The third strategy (in light brown) relies on mtDNA recombination. One possible 

approach involves recombination between different mtDNA genomes that co-exist in the cell a"er interspecific 

protoplast fusion. Another possibility is to increase ectopic mtDNA recombination. Either directly, by using genetic 

tools to specifically induce cuts in the mtDNA (restriction enzymes, TALEN endonucleases) or by using genotoxic 

agents that unspecifically induce breaks in the mtDNA. Or indirectly, by using mutants of genes involved in mtDNA 

maintenance and segregation (GIMMS) obtained through random or targeted mutagenesis. Red arrows represent 

strategies and methods that might be considered as GMO; Orange arrows represent strategies and methods that 

might take a long time due to multiple backcrosses; Dotted lines stand for methods that increase mtDNA 

recombination but no resulting CMS was observed yet.
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company!was!founded!in!1938!by!Jacob!Mazereeuw!as!�De!Enkhuizer!Zaadwinkel�!_"1&!,&&9!,1'0!
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Table II.1. Quantification of extracted mtDNA from two different mitochondrial purifications (Mito prep).

Figure II.1. Relative enrichment of the organellar genomes on two mtDNA extraction experiments. DNA 

extracted from two independent mitochondrial purification (Mito prep) were analyzed for the enrichment on 

mtDNA and cpDNA, by qPCR. The cpDNA-encoded rbcL gene and the mtDNA-encoded 18S rRNA and nad3 genes 

were tested. Results were normalized to the nuclear 18S gene sequence and are represented in a log10 scale. The 

chloroplastic gene level is shown in green and the mitochondrial gene levels are shown in oranges. Error bars are 

the SD values from three technical replicates.
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Figure II.2. Graphical output from FastQ Screen a!er mapping reads from mito preps against several 

reference genomes. Mapped reads are shown in pale turquoise on the corresponding genome, and unmapped 

ones are shown in orange in the column “no hits”. 

Table II.2. Assembly statistics of L. sativa mtDNA contigs with Novoplasty.
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Table II.3. Mitochondrial contigs built from Illumina reads
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Figure II.3. Identification of large repeated sequences. The overlapping regions allowing the connection 

between four contigs were identified by BLAST alignment. Doing so, the region R-01 (light blue) is a node between 

contigs C10/C17-C01/C19, the region R-02 (light red) is a node between contigs C07/C12-C21/C01 and R-03 (cyan) 

is a node between contigs C16/C01-C01/C18.

Table II.4. Assembly statistics of L. sativa mtDNA contigs with Canu
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Figure II.4. mtDNA assembly through homologous recombination-like events. (A) Subgenomic chromosomes 

that share repeated sequences. PBc01 (171 852 bp) shares repeat R01 (34’696 bp) with PBc02 (112 968 bp) and 

repeat R02 (10 430 bp) with PBc03 (78 504 bp). (B) The circular chromosomes were then assembled through 

recombination-like events involving repeats R01 and R02 into (C) a single circular chromosome (363 324 bp).
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Figure II.5. Alternative configurations of the L. sativa mtDNA. Eight hypothetical alternative conformations (C1 

to C8) are possible for the L. sativa mtDNA as the result of homologous recombination between one of the three 

large direct repeat pairs, and assuming that subgenomes are circular for convenience of representation. 

Recombination between direct repeats causes genomic fission or fusion events (brown arrows). The repeats 

involved in a particular recombination event are labeled above each arrow. The six single-copy genomic regions 

are shown in unique colors, which were used in all conformations. Subgenomic molecules present in several 

conformations were named according to a different path (X, Y, and Z). 



Table II.5. List of transcribed protein-encoding genes and open reading frames (orf) carried by the mtDNA of 

L. sativa. The trans-spliced genes are shown in the same highlighting color.
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Figure II.6. Annotated mtDNA of L. sativa. The mtDNA is shown represented as a single linear molecule. The 

protein-coding genes are represented by dark blue arrows and the ORFs in light purple. The rRNA genes and the 

tRNA genes are shown in pale green and dark yellow, respectively. The large repeated sequences (> 500 bp) are 

highlighted in light blue, light red, cyan, and light yellow. The other repeated sequences larger than 50 bp are 

shown in orange.



Table II.6. List of tRNA genes carried by the mtDNA of L. sativa. The tRNA genes with a chloroplastic origins are 

highlighted in green. The repeated regions (R) bearing the tRNA gene are shown in the last column according to 

their color in Figure II.6.
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Figure II.7. Evidence for methylation of base A961 of rRNA 18S. The coverage from RNA-sequencing of the 18S 

rRNA (1 947 bases) is represented by grey bars. Color bars show the proportion of the different nucleotides if a 

SNP is found. Among the 6 SNP focused bellow, the position A961 shows an A-to-T mismatch in both RNA-seq 

libraries that corresponds to the misincorporation by reverse transcriptase of a T in front of a methylated A. The 

other SNPs shown can be explained by the mapping of reads corresponding to the plastidial 16S rRNA. The 

genomic sequence is displayed at the bottom. 
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Table II.7. List of the repeated sequences in the mtDNA of L. sativa. The largest repeated sequence are shown 

according to their annotation in Figure II.6.



Figure II.8. Coverage of repeated sequences R01 and R04. (A) The coverage of the repeated sequence R01 from 

Illumina paired-end and PacBio SMRT reads are represented by grey barres. The structures of repeat R01 from 

butterhead lettuce and LR-M/LR-N from crisphead lettuce are shown at the bottom. The yellow box highlights the 

repeat R04/X-01, which is present in three copies in the genome. (B) The coverages from PacBio data of the 

parental forms are represented in blue (R04a) and yellow (R04b) and the coverages of the recombined forms from 

crossover are in green (R04c) and red (R04d). The number in brackets refers to the number of PacBio reads that 

spanned the different environments of the repeat.
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Figure II.9. L. sativa mitochondrial genome rearrangements. Alignment made with progressive MAUVE 

between L. sativa mtDNA NC_042756 (from Kozik et al., 2019) and the mtDNA of L. sativa Wendel. Regions of 

significant synteny are shown as colored blocks in the mauve alignment. Colored lines connect syntenic blocks of 

sequence between the strains. Sequences are represented with the large repeated sequences-structure.
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Figure II.10. Coverage of the L. sativa cpDNA by the Illumina data. (A) The Illumina paired-end reads were 

aligned on the cpDNA to determine its coverage. (B) The region on the repeated sequence R01 from the 

coordinates 102 000 to 107 000 shows a lower coverage than the rest of the genome, despite being duplicated.
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Figure III.1. Mitochondrial genome rearrangements in A. thaliana between ecotypes Columbia-0, C24, and 

Landsberg erecta. Alignment made with progressive MAUVE. Regions of significant synteny between the 

accessions are shown as colored blocks in the mauve alignment. A. thaliana accession Columbia-0: BK010421.1, 

C24: JF729200.1, Landsberg erecta: JF729202.1.
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Figure III.2. Rearrangements between Lactuca spp. mitochondrial genomes. Alignment made with progressive 

MAUVE. Regions of significant synteny between the mtDNA from different species are shown as colored blocks in 

the mauve alignment. Accession numbers in GenBank: L. saligna, MK759657; L. sativa, MK642355; L.  serriola, 

MK820672.
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Figure III.3. Geographical origins of selected wild lettuce accessions. The 9 accessions selected for the work 

described in this chapter have been collected in wild environments. L. saligna (in red), L. sativa (in yellow), L. 

virosa (in green) and L. serriola (in blue). NDL: The Netherlands; ESP: Spain; ITA: Italy; GRC: Greece; ARM: Armenia; 

AZE: Azerbaijan; IRQ: Iraq; NZL: New-Zealand.
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Figure III.4. Phenotypes of selected Lactuca spp. L. saligna (in red), L. sativa (in yellow), L. virosa (in green) and 

L. serriola (in blue) have distinguishable leaf phenotypes. 
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Table III.1. Quantification of purified mtDNA from wild accessions of lettuce. L. saligna (in red), L. sativa (in 

yellow), L. virosa (in green) and L. serriola (in blue).

Figure III.5. Enrichment of the mtDNA extracted from Lactuca spp. Relative amplification of organellar 

genomes in DNA extracted from purified mitochondria, as compared to total plant DNA. Results are in log10 and 

normalized to the nuclear 18S rRNA gene sequence. The chloroplast RBCL gene level is shown in green and the 

mitochondrial 18S rRNA gene level is shown in orange. Error bars are the SD values from three technical replicates.
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Figure III.6. Graphical output from FastQ Screen a!er mapping reads from DNA extracted from mito preps 

against several reference genomes. Mapped reads are shown in pale turquoise on the corresponding genome, 

and unmapped ones are shown in orange in the column “no hits”. L. saligna (in red), L. sativa (in yellow), L. virosa 

(in green) and L. serriola (in blue).
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Figure III.7. Chloroplastic evolutionary relationship within Lactuca spp.. Neighbor-Joining tree based on the sequences of 

ndhF and trnL-F. Bootstrap values (1100 replicates) are shown next to the branches. The tree is drawn to scale, with branch 

lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. L. saligna (in red), L. sativa 

(in yellow), L. virosa (in green) and L. serriola (in blue). 
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Figure III.8. Nuclear evolutionary relationship within Lactuca spp.. Neighbor-Joining tree based on the 

sequences of the ribosomal internal transcribed spacers (ITS), ITS-1 and ITS-2, and on the 5.8 rRNA gene. 

Bootstrap values (1100 replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths 

in the same units as those of the evolutionary distances used to infer the phylogenetic tree. L. saligna (in red), L. 

sativa (in yellow), L. virosa (in green) and L. serriola (in blue).
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Figure III.9. The pipeline used for mtDNA scaffold assembly. The names of the different programs 

used are shown at the top-le"  of the boxes. 
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Table III.2. Assembly statistics of wild lettuces assembly. *: Illumina data from Wendel has been used to 

validated the pipeline of mtDNA assembly.
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Figure III.10. Manual assembly of scaffolds. (A) Two overlapping scaffolds involve a single possibility of 

resolution. (B) Three overlapping scaffolds involve two possibilities of resolution but suggest the presence of a 

repeated sequence. (C) OR: Overlapping region. S: Scaffold. Poss.: Possibility.
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Figure III.11. Alignment of the regions containing the chloroplast DNA insertions. Neighbor-Joining tree 

based on the sequences of the chloroplastic insertions found in the mtDNA of lettuces. The region containing the 

rpoC1 insertion is shown above, the one containing the psaB insertion is shown below. Bootstrap values (1100 

replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as 

those of the evolutionary distances used to infer the phylogenetic tree. *: accessions from Kozik et al., 2019.
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Figure III.12. Neighbor-joining phylogeny tree of mitochondrial concatenated sequences. Neighbor-Joining 

tree based on the catenated sequences of the ccmFN, cob, ccmFN, cox2 (+ intronic sequence), nad6 and rps4 genes. 

Bootstrap values (1100 replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths 

in the same units as those of the evolutionary distances used to infer the phylogenetic tree. *: accessions from 

Kozik et al., 2019.



Table III.3. List of the repeated sequences of the different mtDNA built in this chapter.
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Figure III.13. Conservation of the mtDNA structure among the Lactuca spp. Alignment made with progressive 

MAUVE. Regions of significant synteny between the strains are shown as colored blocks in the mauve alignment. 

(A) L. sativa. (B) L. serriola, the recombination event of interested discussed in the main text is marked by green 

arrows, (C) L. saligna and (D) L. virosa, R: small repeat of 177 bp involved in the recombination event discussed in 

the main text. *: accessions from Kozik et al., 2019. 
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Figure IV.1. DNA gyrase activity and inhibition by ciprofloxacin. (A) Binding of ATP molecules causes the 

dimerization of the ATPase domains of the GyrB subunits. (B) Capture of DNA in a cavity between the GyrA and 

GyrB subunits. (C) On the next step, the enzyme cleaves the DNA, making a double-strand break. (D) The DNA is 

then transferred through the break. (D-A) Finally, the DNA-gyrase ligates the break and the DNA is released. These 

last actions are inhibited by ciprofloxacin which binds to the subunit GyrA of the gyrase, repressing the ligase 

activity. The blocked complex will be further removed by DNA polymerase during replication, leaving a double-

strand break in the DNA.
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Table IV.1. Tools used by Enza Zaden to determine pollen viability

Table IV.2. Candidate genes involved in mtDNA maintenance and segregation and gene localization in the 

L. sativa nuclear genome. *: Because of the absence of OSB4 in L. sativa we used mutant for OSB2
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Figure IV.2. Phylogenetic tree of the OSB protein family. This tree supports the identification of the 

OSB1 and OSB2 from lettuce, which branch together with A. thaliana OSB1 and A. thaliana OSB2 and 

OSB4, respectively. The numbers attached to the species names are the number of PDF motifs in the 

protein, at the very exception of (*) Arabidopsis thaliana 4 which carries only two PDF motifs. Bootstrap 

values are indicated. 
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Figure IV.3. Phylogenetic tree of the higher plants RECA protein family. This tree supports the identification of 

RECA1, RECA2 and RECA3 from lettuce. The annotation of RECA2 and RECA3 was switched regarding what can be 

found in NCBI, to fit with the A. thaliana annotation. Bootstrap values are indicated.
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Table IV.3. Subcellular localization of L. sativa factors orthologous to the selected A. thaliana proteins 

involved in mtDNA maintenance and segregation. Cp: Chloroplast; Mt: Mitochondria.



Figure IV.4. Subcellular localization of the selected  genes involved in mtDNA maintenance and segregation 

in L. sativa. Transient expression of fusion proteins between the N-terminal part of different GIMMS (OSB1, OSB2, 

RADA and RECA3) and GFP, in N. benthamiana leaf epidermal cells transfected by biolistc. Chloroplasts are 

identified by the autofluorescence of chlorophyll.

OSB1-GFP

OSB2-GFP

RADA-GFP

RECA3-GFP

Visible GFP Fusion Chlorophyll Merged



Table IV.4. L. sativa mutant lines obtained by EMS mutagenesis. The conservation of the amino acids have 

been evaluated according the alignment picture available in Figures 5 to 10. 
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Figure IV.5. Selected L.sativa mutants for MSH1. (A) Structure of the L. sativa MSH1 gene and localization of the 

selected mutations. Amino acid changes are represented by black lines and the nonsense mutation is represented 

by a red circle. (B) Sequence alignment (ClustalW) between representative MSH1 plant sequences and bacterial 

MutS. The localization of the selected mutations are indicated.
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Figure IV.6. Selected L.sativa mutants for OSB1. (A) Structure of the L. sativa OSB1 gene and localization of the 

selected mutations. Nonsense mutations are represented by red circles and the splicing deficiency is shown by a 

blue arrow. (B) Sequence alignment (ClustalW) between representative land plant OSB1 sequences. The 

localization of the selected mutations are indicated and the amino acids added by the splicing deficiency in osb1-1 

are shown.
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Figure IV.7. Selected L.sativa mutants for OSB2. (A) Structure of the L. sativa OSB2 gene and localization of the 

selected mutations. Nonsense mutations are represented by red circles. (B) Sequence alignment (ClustalW) 

between representative land plant OSB2 sequences. The localization of the selected mutations are indicated.



!"#$%&'

("#)*+,'&')

-./0$1%$.),')#)2"

-"#3%0&&0/4%5 ''

6"#27,0/)

8"#)7,'97

:"#,17&'7/7

;"#)7,'97

! "

! "

! "

! #$

! %$

! &&

! &&

! '(

) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) *+,- . . . . / 0 1 23040 5 . . 04. . 6 783.0 78 / / 9. 2 7,0 : : : : : 0 6 / 008. 6 7 0;-,-

) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) *08 / 1 5 78- /4. /,7 . / 2 < + 6 . . 0 - 7;<;=0 5 7 < / 092+2.3. =8-,> 6 . 6 =,-;.9+ 7 0 6 090 5 . - =09 / . .

*=4= . - - -*/ = . = . . / / 0 / / 00=4=0 / / ===== / /< 0 6 / . . . . =89- -83- . 1 9= /<9. / - = =- - - - - - .9. > - =- >8 : > -387 6 9- 7 <80 5 7*+ >4== 1

) */ .;++< > 0;. 0 7 2 > 5 88 6 0 < . > / 0 < / < .,.8> 0 6 / . / / /*/ 5 -9*02 6 02 6 1 < 0 -4. / / / / 0 . .,= 7 < 7 = 5 . = 7 0 6 0 / 0 / 00 / . . . = 7 - . 7 6 9 /4. .,

) ) ) ) ) ) ) ) ) ) ) ) * 5 - >*0- 6;*/ 1 . 0 7 0 . 7, : : : : / 5 . 5 + 1 =; 5 4+ / : : 1 0 < 64. <,40 6 6,9. . < -97 . < 5 1 9=*<8. / 7 < +0 - =+ . +4+ > 7 > .,+9= 1

!"#$%&'

("#)*+,'&')

-./0$1%$.),')#)2"

-"#3%0&&0/4%5 ''

6"#27,0/)

8"#)7,'97

:"#,17&'7/7

;"#)7,'97

! #$

! %"

! #'

#? !(&

%? !%!

!"" !'&

!"" !&&

'$ !%"

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : *- +- =!0 - 6 "#,> #$-9 1 =0%;$;# . -#4-3,& 5 < ' 7 0 / - - . =*7 - 0 : : : : : : ,> 0 / (8

: : : : : : : : : : : : : : : : : : : : : : *1 - . / . 1;> 5 >;808 /< / 1*- + < : !. + 6 5 #;. #$ 1 > . =+%*$+#=8#8-3,&*7 ' >* 5 ++- =-,0 : : : : : : : 0 - - 6 (4

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : *- +- : 0 < + 6 "# . - #$-94-)%6$0#=+#4> 1 8. /;' > 5 7,- 7 . .8<,40. /8-;+. 0( .

8 : : : : : : : : 6 .30 : : : 9,;- 6 - > 00 - 1 - < . : : : : : : : : : : : : : -! 5 !48 6 "# >,#$< 5 4-+%4$ 6 #,;#0;-,. / +' 6 <,7 7 . .8. .888$8-8- 0 - 7 >8

;0 / < .8,/ / 6 . 0;. 2 5 9 6 0 6 7 -+0+ 5 6 - 28. 09 6 <8 5 80++ - 7 -!<!<43"# >9#$> . 1 <)%3$;#0,#+-*,.*+' 6 + : : >4<8,-8+0$8-8- 0 - 7 >,

.;====8=9> > : 0 . + 78000 . -87 +9> -03. . 7 - - 78+- 08+-8!> 0 - . 1 "#8,#$>8 6 .)%3$<#04# > -*8& / < + 1 7 =8.9 : : : : : : =$- . 78 : : : (4

;9-,.,0 >9+9<+ 5 8 6 .99+. 0+.8.,==03,=8> 7 7*,+.++8!.!< 73"# > . #$4. >8)%3$.#0 -#4+ 78&*+0 6 . >8. > . . - .888$,8<8 /8 6 < >

+ / . . . > 1 -9 : : : : : - / +990 . 1 8. 7 7 +-,48.8.8 68-,+ : ++ .!.! . <3"# .9#$ 1 <98)%3$ 1 #0 >#,,78&*+' 6 < > <9, : : : : : : 8$+ < .8 6;7 ( >

!"#$%&'

("#)*+,'&')

-./0$1%$.),')#)2"

-"#3%0&&0/4%5 ''

6"#27,0/)

8"#)7,'97

:"#,17&'7/7

;"#)7,'97

#? !(?

%! !?"

#& !$"

!$" ("&

!%( (@@

!&" (%@

("" ('#

!%! (#%

1 -8. -8 : : : : : : : : : : : : : : : : : : : : : : 7 - + 7;+ / .9 5 . / > > / =* 6 . <8 : : : 6 +' 6 9*" +$$$7 ",$( - - + - $$,,$-$!(& + + +)< / 2+ / .;;*+ : : : :

. 7;< 7; : : : : : : : : : : : : : : : : : : : : : : + = . = 5 < . 5 > < . > > = : : * 7 + <; : : : / 8' 6,*" +$$$7 "+$( + 7 + - $$/,$ 5 $!(& + + +)7 . -; / .8. .,. : : :

+ 7 + <8; : : : : : : : : : : : : : : : : : : : : : : ,;- - /< 6 .; 5 0;>,;8* 6 = .8 : : : 1 8' / 9*" +$$$ 5 ",$- + - + - $$/,$ 5 $!(& + + +)7 - 6;/ . < 0 / = 0 : : :

78 / -90 : : : : : : : : : : - < +- > / + : : : : : ,;0 + - > 5 < - . +,4/4%* / . + =$+<$. ' 5 -*" +$$$ / ",$( + - + 7 .$/,$7$!(& + + +)7 68 : : .9> - - = : : :

/ 7 / .;-,8< 7 ++ . =0 -880-3/ > . 7888,;0 + .9 7 - -84.;/4%* / = +;$9<$;' 5 8*" +$$$ / ",$( + - + 7$$/,$7$!(& + + +)8<9 : : >;8=8= : : :

4- 6 0 .3 5 =; : : : : : : : : : : : : : + . + >*7,;. +;;7 < +879;. >%* 5 = + .$,6$*' 5 -*" +$$$7 ",$( + - + 7$$/,$7$!( . + 5 +)/ - . 5 *. >, 5 8-8> .

8+8 / .3/ = : : : : : : : : : : : : : : >;-< 7;,40 + <97 5 48 5 <;;;%* 5 . + =$ / 6$,' 7 -*" +$$$ / -,$( + - + - $$/,$ 5 $!(& + + +) 5 - . 5 5 . >8. > / - > =

+ 5 7 0 .3/ =+ : : : : : : : : : : : : : 8 .8> - / ,*0 + <97,08 5 ,4/,%* 6 = + =$ / 6$4' 7 .*" +$$$ / ",$( + - + - $$/,$7$!(& +*+) 5 - - 5 5 . >80 > 5 2+=

!"#$%&'

("#)*+,'&')

-./0$1%$.),')#)2"

-"#3%0&&0/4%5 ''

6"#27,0/)

8"#)7,'97

:"#,17&'7/7

;"#)7,'97

!(# ("?

!?! (("

!$! ((%

(!" ('&

(@% $?%

(%% $#'

('@ $@%

(#' $$&

: : < + 0 " <$' ' ( /;)7 -**.4*+8 / =<9, : : : : : : : : : : : : : : : : : +,*/ ( > & . 5 '; - 2 / 5 - > > >;,+ /*7 - /( - )7*4*-97;. (=$( 7 - : )"*' < - - 1 +

: : " + 0 5 ($' ' ( "+)< + /*./*+8 - ,. =. : : : : : : : : : : : : : : : : : +47 / ( > &/*' 1 - . . - 5 ;>*,,- 6 7 7 7/( - )& " 0;.9 5 < . - =$( 7 . : )"*'#& - > +

: : 5 + 0 " ( - ' ' (8') - + /*. <*+8 - <;< 7 >;. > -+98 5 ,, / 7498,+ 6 7 / = > &,/ '9 - + 0 > / > - /;,;7 - - - /( - ),/ 0 6 =- / . . - =$( 7 . : )"*'#&8 / +

: : " + 0 5 ($' ' ( " ') - 8,*. >*+ + - > .,> : : : : : : : : : : : : : : : : : 5 6 5 / ( - &/ / 97 7 + <3 5 ;> 5 7,*. 7 7 //( - )& " 0 + =9- .$(.$( 5 . : )"*'#& . - +

: : " + 0 " ($' ' ( " ') - .,*./*+, - < -4> : : : : : : : : : : : : : : : : : + 6 / 1 ( - &/ / ' / 7 5 8. 5 < > 5 ;,*. 7 - 7/( - )& " 0 + - > -,$(.$( 7 .;)"*'# - < - +

. - 5 7 0 " ($' ' ( 5 ') - 8,*./**. - +. 0, : : : : : : : : : : : : : : : : : + 1 / 1 ( . &/ 5 '9 - +9+ 5 ;= / .,*. / - - /( - )& " 0 + 08 6 -$(.$,*< : )"+'#& . - +

- =" + 0 5 ($' ' ( " ') - 8.*./**0 - ;< > > : : : : : : : : : : : : : : : : : + 1 / 6 ( . ./ /;9 - +,+-40 / .,*. / - - /( - )& " 0 + +97 <$(.$8 / < : )"+'#& . < +

- =" + 0 " ($' ' ( " ') - 8,*./**> - ,< > > : : : : : : : : : : : : : : : : : + 6 / 1 ( . &/ 5 '9 - +8+-;- / .,*. / - - /( - )& ";+*87 <$(.$8 5 1 : )"+'#& - - +

!"#$%&'

("#)*+,'&')

-./0$1%$.),')#)2"

-"#3%0&&0/4%5 ''

6"#27,0/)

8"#)7,'97

:"#,17&'7/7

;"#)7,'97

("# $"!

((! $!%

((' $(?

(&" $''

$?' ??%

$#& ?#'

$@' ?@%

$?" ?$&

<* 6 .!< 087 - 5 7*"$1"&!9$. / .$,+ 7 + '12 5 /2. 7 / / 9$9-9. 0 6*< +*(4!2*3$- 7,' /$" 3 -4< >;$+ 0 > " .2,( - 5 3 + (089> 7 < .8 : : : . . "*

*+ 5 .!< +8 - , 5 3 5 "$1"&!>$. - .$,* / + '1*"/< " + 0 6 '$'*44< 6* 5 +*- "!2*3$(&,'*$ 5 3 '40 > >$+ < > " /2,( > 5 3 + > > 0 . -8. -8 : : : . . 5 <

*;/ .!094 - . / 3 5 "$1"&!>$- - .$,+ 7 + '1 / "/< " + 0 6;$9* 6 - (4*+ +*( "!2*3$- &;' 5 $ 5 3 '47;.$+ + > " /2,(;/ 3 +8. 0 > > 6*.8 : : : < . 5 <

+* 7 .!+<,< - 5 3 + 5 $1"&!.$> - .$,*< + '1*"/ 7 2 +4/ '$9* / / (;*+ +*( /!2*3$(&+' 7$" 3 '479,$+ 0 - " >2,( /*3 + (90 <8>9., : . . -< "8

+*-.!> < + - , 5 3 +"$1"&!8$9 - .$,+ 5 + '17 "/7 " + 0*'$'* /;(4*+ +* 7 "!2* 1$(&9' 7$" 3 '47;>$+ - - " - .,( > / 3 + ( - 0,>, /<,-. . - ." -

+* 6 .! / <, - , 7 5 + 5 $1"&!<$9 - .$,* / + '1 5 "/7 " + 0*'$'*2 / (4*+ +*( "!2*3$(&9' /$" 3 '4.8 1$+;=" /2, < >*3 + < >49 / 9. > 5 / .8 / ." -

+* 6 .!+., - , 7 3 +"$1"&!-$9 - .$,* 7 + '1 5 "/7 " + 0 / '$' > . . < 1*+ +*( "!2*3$(&9' /$" 3 '4-,.$+ > 7 " .2,(8 5 1 + (;;,=9.97 / .8 / ." -

+* 6 .!+<9 - , 7 3 + 5 $1"&!.$9 - .$,* 7 + '1 5 "/- " + 0*'$';1 . (4*+ +*- 6!2*3$(&9' /$" 3 '4. =2$+ +- " <2,( > 5 3 + ( > >4.9. > 6 / .8 / . 5 -

!"#$%&'

("#)*+,'&')

-./0$1%$.),')#)2"

-"#3%0&&0/4%5 ''

6"#27,0/)

8"#)7,'97

:"#,17&'7/7

;"#)7,'97

$"( ?"!

$!' ?!%

$(# ?(?

$'& ?''

??' #?%

?#& ##@

?@' #@#

??" #$%

" 73'$<*, / + 7 ' 5 ). + 794.**-,=0* 7 - 7$ / >;,* / - 5 / / ." +4048$+;*-9;/7 3 72" "$$7 + 7 < ' < . -/+ . / / / .*7 (( / 090, / ,;9 / 7 7 6$' 7$

- .*'$<*, 5 + 7 ' 5 ). + 5 ( = < . 68,=0**-<$ 5 94,* 7 . / /*." + >!0 7$+ / +;,;/- 1 + +" -$$7 + +9' =. 5 /+ . 5 7 5 . - - (( 3 09<,=,=-92 3 - $' 7$

" -2 '$<*, / 7 7 ' /). + 7 ( = < . 1 - . =0* . < <$"9 1,* / /;7 / ." + >!0 /$7 = + . + //- 1 + . " -$$ / > 7 > ' =. 7/+ .*. 5 . / 7 - ( 3 090 7 79= >* 5 5 /$' 5 $

" - / '$(*, / + 7 ' 5 ). + 2( = - < . / = . +*< 6 <$"9= .* 6, / 5 7 ." + / !).0 + 0 + - 0;/ 5 3 72" "$$ 6 0 + > ' =. </ 5 . 7 . 7 . - - (( 1 5 '0, 7,09< 7 3 7$' /$

" <*'$(*, 5 + / ' 7). + < ( . 78;;=80* < -,$"9-;* / . / / / ." + 7!). . + 0 + .,;/7 3 5 2" "$$ /;+ 0 ' =. -/7 . 5 . 7 . - 2 (( 1 6 '+- 790 >*- 3 - $' 5 $

" 7 / 9$(*< 6 - 5 ' 7). + 2 7 .8. =0, : : 8 > 7 7$ 5 = 0,*-9 5 5 5 . " +*!).$+ + +;9,- 7 3 +2" " .$ 6*+ < ' < .8/+ . 5 . - . - 2 (( 3 / ' 1 , 5 ,,9 5 - 3 - $' 7$

" 7*9$(*. 6 + 5 ' 7). + 2(=8. < 7 . : : *47,$";- .*-9* 5 5 ." +*!).$+ 0 5 ;>,8 5 3 +2" -,$*- + . ' < .8/+ . 5 . -. - 2 (( 3 / ' 6 , 5 ,487 - 3 - $' 5 $

" 5 *9$(*< 6 7 5 ' 5 ). + 2 - -8,. / . : : *;7,$";-8*-9* 5 5 . " +*!).$+ + +;.,- 5 3 +2" " .$-< + < ' < .8/+ . 7 . -. - 2 (( 3 / ' 6 , 5 ,,,7 - 3 - $' 5 $

!"#$%&'

("#)*+,'&')

-./0$1%$.),')#)2"

-"#3%0&&0/4%5 ''

6"#27,0/)

8"#)7,'97

:"#,17&'7/7

;"#)7,'97

?"( ?@"

?!' ?%%

?(# ?&"

?'& #'$

#?' @!"

##% @!&

#@@ @(%

#$' @"!

+ -$' 5 *=" = .8;>* 5 . '..!4$3 00 - 5 ",- -,7 = : : : ++ - = >8*; 5 6 87 ++ + .9- / . 7 6 99 / ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

+ <$' 7*0" . 0 5 ';* 7 +'..! +$3!0* 5 5 ,- -,/ 98 : :3<+=+8 5 ' 7 - 87 -,7 - ' - / 0 < . /88 ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

+$$; 5 *=" .;/ ' 5 * / +'..! +$3!!- 5 ",+8;<8 : : : : < > . -8 5 + / - = 78+ 7 6 - - - - 7 - / =-+ >9 5 - .,8 ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

+$$' /* 6 " <;/ '0* / 6 '. .! +$3!!# 5 ",;8- : : : : +87 + 798*' / - / # . . +!97 / > + 7 3,1 + . / =;;0+.8 -< 74/ 9- 6 = > >987 28> 7;78;9- / 99

+$$' /*. "8;*'0* / / '..! +$3!!# 7 ",0 . - - +< / +8 / -8- - 6 7 < - =# -9 5 !' 7 - > + / 3 / 0, ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

+$$' /*< "=0*9+* 7 / - 5 .! +$ 1!!# 7 ",+ < . > + / / 0= /, / : > / ' 5 / =# .,+!' 7 - ,< 7 3 0=;8 ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

+$$' 7*< "=0*'+* 7 . < 7 .! +$3,!# 7 ",+. 7 > > . / +- / . / + > 5 ' 5 - 8#+,+!' / - ,- 7 3 +8 ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

+$$' /**"=+*'+* 7 . < 7 .! +$ 1!!# 7 ",+ / - > + . / >8 / 9 68> 5 ' 5 / -#+,+!' 7 - ,< 7 3 7 -98 ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

574:<=)A3!$&BCD

.5

65

574:<>)A2!('B1D

#"" !""" !#"" (""" (#"" $""" $#""

574:<=

574:<>)A2):B)1D

Figure IV.8. Selected L.sativa mutants for RADA. (A) RADA gene structure and localization of the selected 

mutations. The amino acid change is represented by a black line and the nonsense mutation is represented by a 

red circle. (B) Sequence alignment (ClustalW) between representative land plant RADA sequences and RadA from 

proteobacteria and cyanobacteria. The localization of the selected mutations are indicated.
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Figure IV.9. Selected L.sativa mutants for RECA3. (A) Structure of the L. sativa RECA3 gene and localization of 

the selected mutations. Amino acid changes are represented by black lines. (B) Sequence alignment (ClustalW) 

between representative land plant RECA3 sequences and RecA from proteobacteria and cyanobacteria. The 

localization of the selected mutations are indicated.
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Figure IV.10. Selected L.sativa mutants for RECG1. (A) Structure of the L. sativa RECG1 gene and localization of 

the selected mutations. Amino acid changes are represented by black lines. (B) Sequence alignment (ClustalW) 

between representative land plant RECG1 sequences and RecG from proteobacteria and cyanobacteria. The 

localization of the selected mutations are indicated.



Table IV.5. The global phenotyping data are reported in this table according to the different phenotypes 

tested.

1 446

1 272

1 225

1 021

1 231
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Figure IV.11. General appearance of the L. sativa mutant lines obtained by EMS mutagenesis. Only a few 

mutant lines showed a uniform phenotype. The Msh1-1 homozygous mutant (-/-) shows a growth retarded 

phenotype and was not able to produce flowers, and the radA-2 homozygous mutant (-/-) shows a severe 

phenotype which makes them unable to develop a!er the rosette stage. 
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Figure IV.12. Phenotypes of flowers in L. sativa mutant lines obtained by EMS mutagenesis. In our mutant 

population, individual plants showed flower phenotypes. An msh1-4 mutant shows distorted petals. The same 

phenotype in observed in a heterozygous recA3-1 mutant. A few osb1-2 mutants show a reduced number of open 

petals and a homozygous recA3-3 mutant displays a mix of small and WT-like petals. 
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Figure IV.13. Pollen production and viability in L. sativa mutant lines obtained by EMS mutagenesis. Coloration 

with Alexander staining (Alexander, 1969). The Alexander staining colors viable cytoplasms in purple and the the 

pollen wall in green. Consequently, viable pollen is colored in purple while non-viable one remains blue. The majority 

of the mutants had a WT-like production of pollen. But within the different mutant populations, individual plants 

produced non-viable pollen, less viable pollen, less pollen or no pollen at all. 



Table IV.6. Male sterility proportion among L. sativa mutant populations. 
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Figure IV.14. mtDNA stoichiometry in different parts of WT lettuce plants. The mtDNA from leaves and 

seedlings of WT plants were scanned for changes in the stoichiometry of different mtDNA regions. Sequences 

spaced 5-8 kb apart on the mtDNA were quantified by qPCR. Results were normalized against the nuclear 18S 

rRNA sequence and are the mean and SD values from three biological replicates. Coordinates correspond to the 

mtDNA of L. sativa var. capitata L. nidus tenerrima, determined in CHAPTER 1. 
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Figure IV.15. mtDNA stoichiometry in selected lettuce mutants. (A-H) The mtDNAs of different individual 

mutants were scanned for changes in their stoichiometry, as compared to the WT reference. Sequences spaced 5-8 

kb apart on the mtDNA were quantified by qPCR as described in Figure IV.14. (A) Two regions with a reduced 

relative copy number in the mtDNA of the msh1-2 mutant, corresponding to the large repeated sequence R01 are 

blue shaded. (E) The radA-2 mutant shows two regions (yellow shaded) with a strong reduction in relative copy 

numbers (H) The recG1-1 mutant shows a small region (orange shaded) with a lower mtDNA stoichiometry. On 

both sides of the sequence, a direct microhomology can be found (the sequences are shown). Results are on a 

logarithmic scale. Coordinates correspond to the mtDNA of L. sativa var. capitata L. nidus tenerrima determined in 

CHAPTER 1.  



!

!

55!

-U/Cd!X&!M&+!&+!#%.c!-U/Hd!?1&B34*2!&+!#%.c!-U-U`.!"1&!5+IJA!'(!!"#$%&'(%!3,!8E>!8->!$0!%'*4c!$@+!9@&!+'!

7&0&#+&9! ,&W@&*)&,! '*%2! 8/8! HFC! $0! #7&! @*3W@&.! ?'*,&W@&*+%2c! +'! ,)#*! $2! WN?M! +1&!5+IJA! '(!

!"#$%&'(%=# ('7! 0',,3$%&! )1#*4&,! 3*! +1&! 7&%#+3B&! ,+'3)13'5&+72! '(! +1&! 93((&7&*+!5+IJA! 7&43'*,c! <&!

9&,34*&9!EU!0#37,!'(!0735&7,c!#!0#37!'(!0735&7,!,0#)&9!&B&72!iC.-!:$!'*!+1&!4&*'5&.!

Q*!#!b"!)'*+&=+!#*9!3*!#!,#5&!+3,,@&c!+1&!,+'3)13'5&+72!'(!+1&!93((&7&*+!0#7+,!'(!+1&!5+IJA!

9'&,!*'+!,1'<!,34*3(3)#*+!)1#*4&,c!$&+<&&*!+<'!0%#*+,.!Y'<&B&7c!+13,!3,!*'+!*&)&,,#73%2!+1&!)#,&!

<1&*!93((&7&*+!+3,,@&,!#7&!)'50#7&9.!Q*9&&9c!+13,!5&+1'9!7&%3&,!'*!+1&!*'75#%3G#+3'*!+'!+1&!*@)%&#7!

4&*'5&.! "1&! *@)%&#7! )'*+&*+! 9'&,! *'+! B#72! <3+1! 7&,0&)+! +'! +1&! )&%%! +3,,@&c! &=)&0+! 3*! 0%#*+,!

@*9&74'3*4!&*9'7&0%3)#+3'*!_$986#%$#5"#&6%7'%3%`c!$@+!+1&!5+IJA!9'&,.!?'*,&W@&*+%2c!+1&!5+IJA!

)'02! *@5$&7! )#*! B#72! $&+<&&*! 93((&7&*+! +3,,@&,.! Z2! WN?Mc! @,3*4! IJA! &=+7#)+&9! (7'5! 93((&7&*+!

+3,,@&,!'(!b"!0%#*+,c!!<&!)'@%9!)'*(375!+1#+!3*#!"#$%&'(%!+1&!7&%#+3B&!,+'3)13'5&+72!'(!93((&7&*+!5+IJA!

7&43'*,!7&5#3*,!)'*,+#*+!#)7',,!+1&!4&*'5&c!3*!%&#B&,!#*9!,&&9%3*4,c!#%+1'@41!+1&!4&*'5&!)'02!

*@5$&7!)1#*4&,c!<3+1!/./>! %&,,!)'03&,!'(! +1&!5+IJA! 3*! %&#B&,!+1#*! 3*!,&&9%3*4,c! 3*! 7&%#+3'*!+'!#!

1#0%'39!*@)%&#7!4&*'5&!__381.7!+Y4!"B`.!

b&!*&=+!&B#%@#+&9!+1&!5+IJA!,+'3)13'5&+72!3*!5@+#*+,!@$6-,+#_PeP`c!)$*-,+#_PeP`c!)$*+,-#_leP

`c!)$*+,+#_PeP`c!4%?5,+#_PeP`c!4;85S,-#_leP`c!4;85S,+#_PeP`!#*9!4;8C-,-#_PeP`#__381.7!+Y4!"A`.!R'7!#%%!5@+#*+!

0%#*+,!#*#%2G&9!<&!('@*9!#!1341&7!5+IJA!)'02!*@5$&7!_8!+'!/UP('%9`!#,!)'50#7&9!+'!+1&!b".!L@)1!

#!93((&7&*)&!)#*!$&!&=0%#3*&9!$2!+1&!5+IJA!)'*+&*+!<13)1!B#73&,!#))'793*4!+'!+1&!+3,,@&,!#*9!#4&.!

Q*9&&9c!+1&!b"!IJA!@,&9!#,!7&(&7&*)&!<&7&!&=+7#)+&9!(7'5!,&&9%3*4,c!<13%&!IJA!'(!@$6-,#+c!)$*-,+c!

)$*+,-c!)$*+,+c!4;85S,-c!4;85S,+!#*9!4;8C-,-!<&7&!(7'5!(%'7#%!$@9,!#*9!IJA!(7'5!4%?5,+!<#,!(7'5!#!

,&&9%3*4.!I&,03+&!+1&!1341&7!5+IJA!)'02!*@5$&7,c!)$*-,+c!)$*+,-c!)$*+,+=#4;85S,-!#*9!4;85S,+!939!

*'+!,1'<!#*2!,34*3(3)#*+!)1#*4&,! 3*!+1&!,+'3)13'5&+72!'(! +1&!93((&7&*+!7&43'*,!'(! +1&!5+IJA.!R'7!

4;8C-,-! <&! ('@*9! #! 7&43'*!<3+1! #! %'<&7! ,+'3)13'5&+72c! %')#+&9! $&+<&&*! -8C! #*9! ->C! :$! '*! +1&!

4&*'5&.!"13,!7&43'*!)#773&,!+1&!+<'!)'03&,!'(!#*!350&7(&)+%2!7&0&#+&9!53)7'1'5'%'42!'(!8-P>U!$0c!

3*!937&)+!'73&*+#+3'*!__381.7!+Y4!"A4$`.!"13,!53)7'1'5'%'42!5341+!7&)'5$3*&!#*9!%&#9!+'!#!,5#%%!

,@$%35'*!<3+1!#!%'<&7!7&0%3)#+3'*!7#+&c!&=0%#3*3*4!3+,!%'<&7!,+'3)13'5&+72.!Z@+!+13,!120'+1&,3,!<#,!

*'+!+&,+&9!#*9!%#):,!&=0&735&*+#%!&B39&*)&.!!

O'7&! 350'7+#*+! )1#*4&,! 3*! 5+IJA! ,&W@&*)&,! ,+'3)13'5&+72! <#,! '$,&7B&9! 3*! @$6-,+!

5@+#*+!0%#*+,.!Q*9&&9c!+13,!5@+#*+!,1'<,!#!,@7073,3*4!-P('%9!7&9@)+3'*!'(!+1&!%#74&!7&0&#+&9!7&43'*!

MU/c!#,!)'50#7&9!+'!*&341$'73*4!,&W@&*)&,!__381.7!+Y4!"A4%`.!L@)1!#!)1#*4&!)'@%9!'7343*#+&!(7'5!

#!93((&7&*+!5+IJA!'74#*3G#+3'*!3*9@)&9!$2!+1&!@$6-,+!5@+#+3'*.!Q*#5"#&6%7'%3%c!5@+#*+,!('7!OLY/!



 

Figure IV.16. Growth of lettuce and Arabidopsis in the presence of ciprofloxacin. Plants of L. sativa and of A. 

thaliana (upper panels) were germinated and grown for 14 days in ciprofloxacin-containing agar plates. A. thaliana 

seedlings were observed with a x20 by  stereomicroscope (bottom panels). 
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Figure IV.17. Lettuce survival to ciprofloxacin-induced genotoxic stress. (A-C) Lettuce plants were germinated 

and grown in ciprofloxacin-containing agar plates for 7 days (A), 14 days (B) or 21 days (C), and transplanted to 

soil. The number of dead plants was then followed every day (J0 to J28). (D) Lettuce plants were germinated and 

grown in ciprofloxacin-containing agar and the number of plant able to germinate and to develop first and second 

leaves were determined a!er 14 days.
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Figure IV.18. Lettuce phenotypes associated with ciprofloxacin treatments. The lettuce seedlings treated with 

ciprofloxacin showed a chlorosis halo around the cotyledons and a larger first leaf area (top panel). This 

phenotype was not conserved in young plants, but the young plants showed retarded growth and sectors of 

distorted leaves (middle panel). All the ciprofloxacin treated plants showed WT-like fertile pollen (bottom panel), 

with one exception which showed a reduction in pollen viability and in the production of seeds by selfing.
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Figure IV.19. Impact of ciprofloxacin treatments on lettuce organellar genomes stoichiometry. (A and B) The 

mtDNA from ciprofloxacin treated seedlings (A) or leaves (B) were scanned for changes in the stoichiometry of 

their different regions as compared to the mtDNA of an untreated plant (UP). Sequences spaced 5-8 kb apart on 

the mtDNA were quantified by qPCR as described in Figure IV.14. Coordinates correspond to the mtDNA of 

L. sativa var. capitata L. nidus tenerrima determined in CHAPTER 1. (C and D) The same as in A and B, but for the 

cpDNA. Coordinates correspond to the published L. sativa cpDNA. Results are represented in a logarithmic scale 

and are the mean and SD of three technical replicates.
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Figure V.1. Structure and function of bacterial RadA. (A) Schematic representation of the bacterial protein 

RadA. The three functional domains are shown with colored boxes and their function annotated. The 4 cysteines 

of the zinc-finger motive are shown by the turquoise boxes. The Walker A and B and the KRNXG motives are shown 

in cyan in the ATPase RecA-like domain. (B) Strand invasion is managed by the RecA-ssDNA nucleoprotein filament 

and forms a D-loop. RecA recruit RadA hexamers on each strand of the receiving DNA. RadA moves on ssDNA, 

opens the receiving molecule (black) and promotes the pairing of one of its strands with the donor DNA (grey). The 

region of homology enlarges with the translocation of RadA along the molecule and the fourth strand is recruited, 

to form a Holliday junction. Finally, RadA destabilizes RecA and guide the recombination mechanism for the 

resolution steps by recruiting RecG and RuvABC. Adapted from Cooper and Lovett, 2016 and Marie et al., 2017.
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Figure V.2. Evolutionary relationships of RADA. (A) Genes coding for RadA-proteins can be found in all 

bacteria and all plants. Neighbor-Joining tree based on the sequences of RADA. Bootstrap values are 

indicated next to the branches (1100 replicates). The tree is drawn to scale, with branch lengths in the 

same units as those of the evolutionary distances used to infer the phylogenetic tree. Adapted from 

Chevigny et al., 2019. 
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Figure V.3. Schematic representation of the plant protein RADA. The RADA modular structure is similar to the 

bacterial one. They are composed of the same three domains that are the zinc-finger, the helicase ATPase RecA-

like domain (H domain) and the Lon protease-like domain (P domain). Plant RADA sequences show an N-terminal 

extension containing an organellar targeting sequence (OTS). Adapted from Chevigny et al., 2019. 
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Figure V.4. The phenotype associated to the radA-2 mutation. The homozygous radA-2 mutants share the same 

severe development phenotype. The plants show important growth retardation (as compared to WT plants in the 

background) and distorted leaves. Moreover, the plants are not able to overtake that stage and bolt. 

Consequently, the effect of the radA-2 mutation on plant fertility could not be evaluated.
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Figure V.5. Confirmation of the RADA mitochondrial subcellular localization. (A) RADA gene structure and 

localization of the selected mutations. The amino acid change is represented by a black line and the nonsense 

mutation is represented by a red circle. The blue bar below represents the sequence fused to eGFP for subcellular 

localization. (B) Transient expression of RADA N-terminus fused to GFP in leaf epidermal cells of N. tabaccum 

constitutively expressing a mitochondria-targeted eqFP red-fluorescent protein. Mitochondria are identified by 

the eqFP611 and the chloroplasts by the autofluorescence of chlorophyll. Examples of co-localization are 
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Figure V.6. Genealogy of the radA-2 mutant line. This genealogy only takes in account the selfings (grey bars) 

within the mutant lines. Six radA-2 heterozygous segregated from the EMS-treated plants by selfings. Among these 

five M1 mutants, two have been selected and their progeny studied: #1 and #6. In their M2 selfing-progeny, 13 and 

12 plants have been selected, for #1 and #6 respectively. In both progenies, the homozygous mutants showed 

severe growth retardation and distorted leaves and were not able to develop further (the radA-2 phenotype, 

indicated as R2-P). From the M2 progeny, five heterozygous plants were selected. In the different M3 progenies we 

did not segregate homozygous mutants. But in the selfing progeny of M4 there were homozygous mutants, with 

their characteristic phenotype.
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Figure V.7. Impact of the radA-2 mutation on lettuce plant development. (A) The cotyledons of the radA-2 

mutants are not in size, but they are thicker. True leaves of the mutant are short and thin, with a rough and grainy 

appearance. (B) Besides its strong effect on the leaves’ shape and length, the radA-2 mutation induces a strong 

reduction in the development of the root.
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Figure V.8. Lettuce radA-2 phenotype under different daylight conditions. Seeds from WT and a same radA-2 

heterozygous seed lot were grown under a 16 hour of light and 8 hours of dark photoperiod or under a 12 hours of 

light and 12 hours of dark photoperiod. The reduction in daylight time affects the development of WT plants, 

which display reduced leaves length and thickness. However, the radA-2 homozygous mutants do not show this 

difference of phenotype.
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Figure V.9. Changes in mtDNA stoichiometry and gene expression in lettuce radA-2. (A) Changes in radA-2 

mtDNA stoichiometry. Results are shown in logarithmic scale. The mtDNAs of seedlings from radA-2 mutants were 

scanned for changes in their stoichiometry, as compared to WT. Sequences spaced 5-8 kb apart on the mtDNA 

were quantified by qPCR as described for WT stoichiometries in Figure IV.14. Results were normalized against the 

nuclear 18S rRNA gene sequence (B) Accumulation of mitochondrial transcripts in radA-2 mutant seedlings. 

Mitochondrial transcripts were quantified by RT-qPCR and normalized against the housekeeping gene TIP41. 
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Figure V.10. Changes in lettuce radA-2 mutant cpDNA stoichiometry. The cpDNA from the radA-2 plants tested 

in Figure V.9.A and relative WT were scanned for changes in copy number and stoichiometry. Results are 

represented in logarithmic scale. Sequences spaced 5-8 kb apart on the cpDNA were quantified by qPCR as 

described for mtDNA stoichiometries in Figure IV.14. Coordinates correspond to the published L. sativa cpDNA. 
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Figure VI.1. Schematic representation of the A. thaliana OSB proteins. The four A. thaliana OSBs proteins share 

an OB-fold ssDNA binding-like domain (SSB-like) followed by up to three highly conserved PDF domains. The 

OSBs are differentially targeted according to their organellar targeting sequence (OTS). Their experimentally 

determined subcellular localizations are specified below each OTS.  Cp: Chloroplast; Mt: Mitochondria. 
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Figure VI.2. Segregations of the male-sterile phenotype. (A) Segregations of the male-sterile phenotype in a 

CMS system. The sterile cytoplasm is called cyto - while the fertile is named CYTO +. The restorer of fertility allele is 

annotated RF, unlinked to its dominance/recessivity, and the non-restorer allele rf. (B) Segregations of the male-

sterile phenotype in a GMS system. The sterilizing allele is annotated MS, unlinked to its dominance/recessivity, 

and the non-sterilizing allele ms. The pink lines (-) link the two parents of a cross. The progeny of the cross is 

linked to one of the parents by a black arrow. The green arrows (I->) represent the progeny resulting from selfing. 

The blue and green colors of the plants represent the fertility and sterility of pollen as tested by Alexander 

staining, respectively. 
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Figure VI.3. Confirmation of the OSB2 mitochondrial subcellular localization. (A) Lettuce OSB2 gene structure 

and localization of the selected mutations. The amino acid change is represented by a black line and the nonsense 

mutation is represented by a red circle. The yellow bar below represents the sequence fused to eGFP that was 

tested for subcellular localization. (B) Transient expression of OSB2 N-terminus fused to GFP in leaf epidermal cells 

of N. tabaccum constitutively expressing a mitochondria-targeted eqFP red-fluorescent protein. Mitochondria are 

identified by the eqFP611 and the Chloroplasts by the fluorescence of chlorophyll. Examples of co-localization are 

indicated by the arrows.
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Figure VI.4. osb2-1 +/- seeds production by selfing. (A) The pistils and seeds produced by 29 flowers coming 

from 5 WT plants and by 17 flowers from 3 different osb2-1 plants were counted. (B) The Student's t-test on 

different populations shows no significant differences between WT and mutant in pistil production, but a 

significant difference in seeds production.
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Figure VI.5. Accumulation of lettuce OSB2 transcripts. (A) Structure of the OSB2 transcript and of the 

hypothetical osb2-1 cDNA retaining the intron 1 sequence. The colored bar represents the different exon-borders 

tested by qRT-PCR amplification in B. In osb2-1 cDNA, the amplification of the border between exons 1 and 2 is 

represented by a dashed line because it should not be possible to efficiently amplify it in the qPCR run. (B) 

Quantifications obtained for two  osb1-2 heterozygous plants. Total RNA was from sterile flowers, and results were  

normalized to the nuclear TIP41 transcript that is constitutively expressed. The level of transcripts showing 

amplifiable exon borders is represented. Error bars are the SD values from three technical replicates.



!

!

"";!

+7@*)#+&9! 07'+&3*! )'@%9! $&! ,2*+1&,3G&9c! $2! 7&P3*3+3#+3'*! '(! +7#*,)730+3'*! 9'<*,+7&#5! (7'5! +1&!

5@+#+3'*.!

"1&!,0%3)3*4!9&(&)+!,1'@%9!7&,@%+!3*!#!%'*4&7!/JB+#5MJAc!7&+#3*3*4!+1&!(37,+!&='*.!"'!)'*(375!

3+!<&!+73&9!+'!#50%3(2!,@)1!)$*+,-!+7#*,)730+!$2!M"PN?M.!Z&)#@,&!<&!#7&!3*!#!1&+&7'G24'@,!,2,+&5!

<&!<&7&!#%<#2,!#$%&!+'!9&+&)+!+1&!5MJA!)'77&,0'*93*4!+'!+1&!b"!#%%&%&.!Z@+!@,3*4!,&B&7#%!93((&7&*+!

0#37,!'(!0735&7,!<&!('@*9!*'!&B39&*)&!('7!+1&!07&,&*)&!'(!%#74&7!5#+@7&!5MJA!+7#*,)730+,!7&+#3*3*4!

3*+7'*!/!#*9!<3+1!,0%3)&9! 3*+7'*!-.!b&!#%,'!+73&9!#!WM"PN?M!#007'#)1! __381.74Y+4A`.!b&!9&,34*&9!

0#37,!'(!0735&7,!+'!,0&)3(3)#%%2!#50%3(2!+17'@41!+1&!&='*!$'79&7,c!<13)1!5&#*+!+1#+!3(!+1&7&!3,!*'!

,0%3)3*4!+1&!#50%3)'*!<'@%9!$&!+''!$34!+'!$&!&((3)3&*+%2!9&+&)+&9!__381.74Y+4A4%`.!b&!+&,+&9!+<'!

3*9&0&*9&*+!)$*+,-#5@+#*+,c!('7!(3B&!'(!+1&!,0%3)3*4!,3+&,!'(!+1&!4&*&.!"1&2!$'+1!,1'<&9!+1&!,#5&!

07'(3%&,c!<3+1!#!4%'$#%!7&9@)+3'*!'(!+1&!/JB+!+7#*,)730+,.!"13,!7&9@)+3'*!3,!1341&7!('7!+1&!(37,+!+<'!

,0%3)3*4!,3+&,c!<3+1!#!7#+3'!+'!+1&!b"!7&9@)&9!+'!CU!j.!"13,!)'@%9!5&#*!+1#+!3*!+1&,&!,#50%&,!1#%(!'(!

+1&!+7#*,)730+,!#7&!*'+!,0%3)&9c!#,!,@44&,+&9!$2!'@7!120'+1&,3,.!Y'<&B&7c!+1&!4%'$#%!7&9@)+3'*!#%,'!

,@44&,+&9! +1#+! +1&! <1'%&! )$*+,-# +7#*,)730+! 3,! 9&47#9&9.! "1#+! )'@%9! $&! $&)#@,&! '(! *'*,&*,&P

5&93#+&9!9&)#2!_JOI`!'(!+1&!+7#*,)730+!)'*+#3*3*4!#*!3*+&7*#%!,+'0!)'9'*.!

"'!(@7+1&7!,@00'7+!+13,!120'+1&,3,!<&!,&W@&*)&9!+1&!MJA!(7'5!)$*+,-!(%'<&7,.!"1&!%3$7#72!

07&0#7#+3'*!#*9!,&W@&*)3*4!<&7&!5#*#4&9!$2!ZVQ!VSJDOQ?L! _L1&*G1&*c!V@#*49'*4c!?13*#`!$2!

0#37&9P&*9!_-!=!/UU!$#,&,`!IJA!*#*'$#%%,!,&W@&*)3*4!_IJZ,&W`.!b&!'$+#3*&9!FU!UUU!UUU!7&#9,c!#*9!

#5'*4!+1&5!E/U!5#00&9!+'!+1&!4&*'53)!,&W@&*)&!'(!/JB+#__381.74Y+4E`"!"1&!)'B&7#4&!'(!+1&!4&*&!

,&W@&*)&,!7&B&#%&9!*'!&B39&*)&!('7!#!+7#*,)730+! 7&+#3*3*4!+1&!*'*P,0%3)&9!3*+7'*!/.!"1&,&!7&,@%+,!

,@44&,+&9!+1#+!3*9&&9!+1&!)$*+,-!+7#*,)730+!3,!9&47#9&9.!Y'<&B&7c!+1&!'+1&7!&='*,!,1'<!#!)'B&7#4&!

,353%#7!+'!+1&!(37,+!&='*c!#+!+1&!B&72!&=)&0+3'*!'(!+1&!+1379!&='*c!,@44&,+3*4!+1#+!+1&!+7#*,)730+3'*,!

'(! +1&,&! &='*,! #7&! *'+! #((&)+&9.! "1&7&('7&c! <&! )#**'+! &=)%@9&! #! 7&P3*3+3#+3'*! '(! +7#*,)730+3'*!

,'5&<1&7&!$&+<&&*!+1&!(37,+!3*+7'*!#*9!+1&!+1379!&='*.!"1&!+1379!&='*!07&,&*+,!#!1341&7!)'B&7#4&!

+1#*!+1&!'+1&7,!#,!<&%%!#,!+1&! (37,+!0#7+!'(! +1&!+1379! 3*+7'*c!$@+!+13,!7&,@%+!*&&9!+'!$&!,+#+3,+3)#%%2!

)'*(375&9!<3+1!+1&!,@00'7+!'(!'+1&7!MJA,&W!7@*,.!Q*+&7&,+3*4%2c!<&!'$,&7B&9!+1#+!+1&!5@+#+3'*!,3+&!

3,!)'B&7&9!$2!/U!7&#9,!__381.74Y+4E4X`.!A5'*4!+1&,&!/U!7&#9,!E!)#772!+1&!b"P#%%&%&!#*9!>!+1&!)$*+,-!

#,,')3#+&9!LJN.!Y'<&B&7c!#%%!>!7&#9,!)#7723*4!+1&!LJN!#7&!,&)'*9!7&#9,c!meaning!they!are!at!the!3�!

&*9!'(!+1&!3*,&7+.!"13,!,@44&,+,!+1#+!+1&!5@+#*+!+7#*,)730+!9'&,!*'+!4'!(@7+1&7!+1#*!$#,&!>8>!'(!+1&!

4&*&.!!



!
"

#
"
"

#
!
"

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

!"#$(

,""%-./&0$1

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

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

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

$*%&+

$*%++'!%"#

#&%!'

$*%(

$ # " " # " # " $ # # ! " # " " " # " !! " $ # " $ # " $ " " # # # " # $ # " " !

$

$

$

&"" &$" &&"

$ $

!"" #""" #!"" $"""

%&'$(#
65

45

!"#$(,""%-./&0$1

Figure VI.6. RNAseq OSB2 coverage. (A) Coverage of the OSB2 genomic sequence by reads from a RNAseq run . 

The gene structure of OSB2 is represented on the x-axis. The means coverage of the different exons and introns is 

specified. (B) Zoom on the osb2-1 mutation site. The reads are represented by a colored box: the first read (5’ to 3’) 

of a pair is colored in pale blue and the second read (3’ to 5’) of a pair is colored in orange. The SNPs are 

represented by the letter on the reads and by a different color on the coverage. The position of the SNP (position 

420) is covered by 10 reads,  4 of which carried the “A” SNP of osb1-2.



Figure VI.7. Phenotype of A. thaliana flowers transformed with L. sativa OSB2 genes. The flowers of A. 

thaliana transformed either with L. sativa OSB2 or with   osb2-1 show WT-like phenotype for the production of 

pollen.
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Figure VI.8. Structure of the osb2-1 male-sterile mtDNA. Alignment made with progressive MAUVE. The osb2-1 

male-sterile mtDNA has the same structure as the WT (Wendel) mtDNA. The genomes are represented with the 

large repeated regions as well as the Illumina scaffolds (S-#) used to build the L. sativa osb2-1 mtDNA.
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Figure VI.9. Segregation of the male-sterile phenotype within the progeny of osb2-1. The different plants from 

the osb2-1 family used as parents are represented according to their OSB2 genotype (Homozygous WT: +/+; 

heterozygous: +/-) and male-fertility phenotype (Sterile: pale turquoise; fertile: pale purple, half purple and 

turquoise: reduced male-fertility) for the six generations studied (M1 to M6). The crosses are represented by 

different colors regarding the type of cross: selfing is shown in grey, crosses with a sister plant are shown in orange 

and the crosses with a cousin plant are shown in turquoise.   The black bars link a plant to the progeny where it 

comes from. For each cross, the segregation of the phenotype is shown in the blue box. For the ease of the reader, 

the plant names have been simplified starting from M4 (*: 1-1-1; **: 1-2-1). The segregation of the male-sterile 

phenotype has been evaluated in M6 and is shown under the different progenies.
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Figure VI.10 Bulked segregant RNA-seq strategy. A particular progeny has been studied to determine the origin 

of the phenotype of male-sterility, by bulked segregant RNA-seq (BSR-seq). The plants are represented according 

to their OSB2 genotype ( WT: +/+; heterozygous: +/-) and male-fertility phenotype (Sterile: pale turquoise; fertile: 

pale purple, half purple and turquoise: reduced male-fertility). The generations are as in Figure VI.9. The 

experimental segregation of the male-sterile phenotype within the progenies is shown. The bulks used for BSR-

seq are underlined by a blue bar. (** = 1-2-1-)



!

!

""A!

'$,&7B&!+1&!93,,')3#+3'*!'(!)$*+,-!(7'5!+1&!5#%&P,+&73%&!01&*'+20&.!"1&7&('7&c!+1&!5@+#+3'*!%&#93*4!

+'!+1&!5#%&P,+&73%&!01&*'+20&!*&&9&9!+'!$&!39&*+3(3&9.!

"'! 9'! ,'c! <&! ,+@93&9! ('@7! 07'4&*3&,! 3*! +1&! ,3=+1! 4&*&7#+3'*! __381.7! Y+4:`.! "1&!

07'4&*3&,!A!_NPA`!#*9!I!_NPI`!)'5&!(7'5!+1&!,&%(3*4!'(!#!1&+&7'G24'@,!)$*+,-!5@+#*+!_/P-��`!'7!(7'5!

#!,3,+&7!0%#*+!b"!('7!/JB+#_/P8��`c!7&,0&)+3B&%2.!"1&!%#,+!+<'!07'4&*3&,c!NPZ!#*9!NP?!7&,@%+!(7'5!+1&!

)7',,!'(!+1&,&!+<'!0%#*+,c!/P-��!#*9!/P8c!#*9!#!,3,+&7!5#%&P,+&73%&!0%#*+!b"!('7!/JB+!_/P/��`.!"1&!('@7!

07'4&*3&,!,1'<&9!#!,&47&4#+3'*!'(!+1&!5#%&P,+&73%&!01&*'+20&!_NPA!a!/>!jd!NPZ!a!CH!jd!NP?!a!CF!jd!

NPI!a!-8!j`!<13)1!)'@%9!)'77&,0'*9!+'!+1&!,&47&4#+3'*!'(!#!7&)&,,3B&!VOL!#%%&%&!_�!5#%&!,+&73%&!3*!

$#):!)7',,&,!B,!�!5#%&!,+&73%&!3*!,&%(3*4,`!__381.7!Y+4;`.!Q*!,@)1!#!)#,&c!/P-��!#*9!/P8��!<'@%9!$&!

1&+&7'G24'@,! ('7! +1&!5#%&P,+&73%&! #%%&%&! _OL`! #*9! /P/��! 1'5'G24'@,.! "1&! +1&'7&+3)#%! 07'4&*3&,!

,1'@%9! ,&47&4#+&! +1&!5#%&P,+&73%&!01&*'+20&!#+!-C!j!('7!NPA!#*9!NPI!#*9!CU!j! ('7!NPZ!#*9!NP?c!

<13)1! 3,!)'*,3,+&*+!<3+1!'@7!&=0&735&*+#%!9#+#.!b&!)'*(375&9!+13,!120'+1&,3,!$2!7&#%3G3*4!#!)13P

,W@#7&!+&,+!'*!+1&!('@7!07'4&*3&,!_NPA:!-2!_/c!J!a!--` a /.C-c!: a U.UCd!NPZ:!-2!_/c!J!a!>>`!a U.KUc!: a U.UCd!

NP?;!-2!_/c!J!a!>-` a U.HEc!: a U.UCd!NPI:!-2!_/c!J!a!-8` a!U.UEc!: a U.UC`.!"1&!)13P,W@#7&!+&,+!)'*(375&9!

'@7!120'+1&,3,!#$'@+!+1&!7&)&,,3B&!5'*'4&*3)!'7343*!'(!+1&!5#%&P,+&73%&!01&*'+20&c!$@+!<&!)'@%9!

*'+!&=)%@9&!1&7&c!<3+1!,@)1!#!,&47&4#+3'*c!+1#+!#!?OL!,2,+&5!<3+1!#!9'53*#*+!5'*'4&*3)!7&,+'7&7!

(&7+3%3+2!4&*&!<'@%9!$&!7&,0'*,3$%&!('7!'@7!+7#3+!'(!3*+&7&,+.!

-./. "7#*,)730+'53)!#007'#)1;!$@%:&9!,&47&4#*+!#*#%2,3,!

b&!07'0',&9!+1#+!+1&!5#%&P,+&73%&!01&*'+20&!+1#+!<&!'$,&7B&9!3*!+1&!)$*+,-#(#53%2!3,!9@&!

+'!#!7&)&,,3B&!VOL.!"'!39&*+3(2!+1&!*@)%&#7!4&*&!3*B'%B&9!<&!7&#%3G&9!#!$@%:&9!,&47&4#*+!#*#%2,3,!

_ZLA`.!Y'<&B&7c!+1&!%#74&!*@)%&#7!4&*'5&!'(!%&++@)&!_-.K!V$`!7&W@37&,!(3*93*4!#*!#%+&7*#+3B&!#*#%2,3,.!

?'*,&W@&*+%2c!<&!$#,&9!'@7!ZLA!'*!MJA!,&W@&*)3*4.!L@)1!#!,+7#+&42! 3,!)#%%&9!$@%:&9!,&47&4#*+!

MJAP,&W!_ZLMP,&W`.!"'!9'!,'c!<&!$#,&9!'@7!ZLMP,&W!'*!#!$7#*)1!'(!+1&!(#53%2!+1#+!3,!*'+!7&07&,&*+&9!

3*!_381.7!Y+4:.!"13,!$7#*)1!,+#7+,!<3+1!+1&!)7',,!'(!+1&!5#%&P,+&73%&!�8��c!(7'5!O>c!<3+1!#!b"!0%#*+!

(#+1&7!__381.7!Y+4"?`.!"13,!)7',,!%&#9,!+'!#!07'4&*2!/UU!j!(&7+3%&!3*!OCc!<3+1!1#%(!'(!+1&!0%#*+,!)#7723*4#

)$*+,-!#+!+1&!1&+&7'G24'@,!%&B&%c!$&)#@,&!'(!+1&!4&*'+20&!'(!+1&!5'+1&7.!"1&!,&%(3*4P07'4&*2!'(!+<'!

OCP0%#*+,c!'*&!1&+&7'G24'@,!#*9!'*&!b"! ('7!)$*+,-!<#,! ,&%&)+&9.!"1&*c! ('7!$'+1!07'4&*3&,c! +1&!

0%#*+,!<&7&! 3*93B39@#%%2!&B#%@#+&9!#*9! (%'<&7,! (7'5!93((&7&*+!0%#*+,! _$@+!$&%'*43*4! +'! +1&! ,#5&!

07'4&*2`!<&7&!$@%:&9!#))'793*4!+'!+1&37!01&*'+20&!5#%&!(&7+3%&!'7!5#%&!,+&73%&.!"1&!$@%:,!(7'5!+1&!

07'4&*2!'(!+1&!1&+&7'G24'@,!)$*+,-!5'+1&7!<&7&!)'50',&9!'(!H!(%'<&7,!&#)1!_APL!#*9!APR`!#*9!+1&!

$@%:,!('7!+1&!/JB+!b"!5'+1&7!<&7&!)'50',&9!'(!K!(%'<&7,!&#)1! _ZPL!#*9!ZPR`.!S#)1!(%'<&7!)#5&!



!

!

""E!

(7'5!3*93B39@#%!0%#*+,c!5&#*3*4!+1#+!+1&!MJA!&=+7#)+&9!(7'5!+1&,&!$@%:,!<#,!)'50',&9!'(!+1&!MJA!

0''%&9! (7'5! H! '7! K! 93((&7&*+! ,&47&4#*+,.! "1&! ,#50%3*4!<#,!5#9&! 3*P(3&%9! #*9! +1@,! +1&! ,#50%&,!

*&&9&9!+'!$&!07'+&)+&9!(7'5!MJA!9&47#9#+3'*!<3+1!ED5!%&;4!_L345#PA%973)1`.!"1&!,&W@&*)3*4!'(!

+1&,&!('@7!MJA!$@%:,!<#,!5#*#4&9!$2!ZVQ!VSJDOQ?L!+17'@41!0#37&9P&*9!_-!=!/UU!$#,&,`!IJZ,&W.!

b&!'$+#3*&9!5#*2!1341PW@#%3+2!7&#9,!('7!&#)1!$@%:!_'=G>7!Y+4;`.!b&!#*#%2G&9!+1&!9#+#!$2!

5#003*4!+1&!7&#9,!'*!+1&!!"#$%&'(%!4&*'5&,!_*@)%&#7c!)0IJA!#*9!5+IJA`!#*9!&=+7#)+&9!+1&!LJN,.!

"1&*!<&!#00%3&9!93((&7&*+!(3%+&7,!+'!+1&!LJN!%3,+,!_'=G>7!Y+4;`.!"1&!LJN!7&,0'*,3$%&!('7!5#%&!,+&73%3+2!

,1'@%9!$&!07&,&*+!3*!$'+1!,+&73%&!#*9!(&7+3%&!$@%:,.!Z&)#@,&!<&!<&7&!%'':3*4!('7!#!7&)&,,3B&!#%%&%&c!

+1&! (&7+3%&!)#*!$&!1'5'G24'@,!b"!('7!+13,!LJNc!$@+!#%,'!1&+&7'G24'@,!<3+1!#!5&#*!(7&W@&*)2!'(!

88.88!j!_CUj!'(!+'+#%!5#%&!(&7+3%&!plants!will!segregate!/!WT!against!+!heterozygous,!so!504!of!+!

%&#9,!+'!88.88j`c!<13%&!+1&!,+&73%&!$@%:!5@,+!$&!/UUj!1'5'G24'@,!5@+#*+.!?'*,&W@&*+%2c!<&!,&+!

+1&!(7&W@&*)2!'(!+1&!#,,')3#+&9!LJN!3*!+1&!(&7+3%&!$@%:,!%'<&7!+1#*!C/!j!#*9!,@0&73'7!+'!KK!j!3*!+1&!

,+&73%&! $@%:,.! A(+&7! (3%+&73*4!<&! 7&+#3*&9! >H! LJN,! ('7! $@%:! A! #*9! >>! ('7! $@%:! Z.! Z@+! $&)#@,&! +1&!

5@+#4&*&,3,!<#,!5&93#+&9!$2!SOLc!<&!(3%+&7&9!'@+!#%%!+1&!*'*P?!P�!"!'7!V!P�!A!5@+#+3'*,.!"13,!%&9!

@,!+'!/C!#*9!/>!7&5#3*3*4!LJN,c!3*!$@%:,!A!#*9!Z!7&,0&)+3B&%2c!$@+!'*%2!'*&!<#,!)'55'*!+'!$'+1.!

O'7&'B&7c! #! )13P,W@#7&! +&,+! ,1'<&9! +1#+! +1&7&! <&7&! *'! ,34*3(3)#*+! 93((&7&*)&,! $&+<&&*! +1&!

(7&W@&*)3&,!'$,&7B&9!#*9!+1&!'*&,!&=0&)+&9!_'=G>7!Y+4;`.!

"13,! LJN! 3,! %')#+&9! '*! )17'5','5&! 8c! #+! 0',3+3'*! 8F>! #(+&7! +1&! A"V! '(! +1&!

8%>>;)A7#.)5#/,@;&6A7&4%3$>;4%$;-!_..)5/L^-`#4&*&.!"13,!5@+#+3'*!3,!3*!+1&!,&)'*9!&='*!'(!+1&!4&*&!

#*9! 3*9@)&,! +1&! ,@$,+3+@+3'*! '(! +1&! ,&73*&! #+! +1&! 0',3+3'*! KF! +'! #! 01&*2%#%#*3*&! _LKF�R`!

__381.7!Y+4""`.! "13,! 07'+&3*! 3,! &=+7&5&%2! )'*,&7B&9! 3*! 0%#*+,! #*9! ,1#7&,! (&<! 5'+3(,! <3+1! 3+,!

(@*)+3'*#%! 1'5'%'4,! 3*! (@*43! '7! +1&! '*&! +1#+! )#*! $&! ('@*9! 3*! +1&! #7+17'0'9! Q)7$)@'%# 8%3?'?%!

__381.7!Y+4""`.!"1&!,&73*&!,@$,+3+@+&9!3*!'@7!VOL!3,!)'*,&7B&9!$2!#%%!??'ADO",!#*9!,&&5,!+'!1#B&!

#!7'%&!3*!+1&!J,%?;3)$A7,!,@;&6')3'3;!$3*93*4!_N#:@,)1!&+!#%.c!/KHK`.!"13,!07'+&3*!3,!9&,)73$&9!#,!+1&!

:&2!5&+12%#+3'*!&*G25&!('7!)#((&'2%P?'A!9@73*4!%34*3*!$3',2*+1&,3,!3*!5"#&6%7'%3%!_I'!&+!#%.c!-UUF`.!

??'ADO"/!1#,!#%,'!$&!('@*9!+'!$&!&=07&,,&9!3*!+1&!+#0&+@5!'(!2'@*4!,+#5&*,c!#*9!%3*:&9!+'!+1&!

0'%%&*!47#3*!)'50',3+3'*!3*!,0&75393*&!01&*2%07'0#*'39!)'*6@4#+&,!_R&%%&*$&74!&+!#%.c!-UUHc!-U/-`.!

Q+,!0',,3$%&!7'%&!3*!VOL!3,!93,)@,,&9!$&%'<.!

"'! )'*(375! +1#+! +13,! LJN! 3,! 7&,0'*,3$%&! ('7! +1&!5#%&P,+&73%&! 01&*'+20&c!<&! 3*3+3#+&9! +1&!

4&*'+203*4!'(!'+1&7!5@+#*+,!(7'5!+1&!)$*+,-!(#53%2.!"1&!39&#%!<'@%9!1#B&!$&&*!+'!4&*'+20&!+1&!

LJN!$2!YMO.!Y'<&B&7c!<&!<&7&!*'+!#$%&!+'!,&+!+1&!'0+35#%!)'*93+3'*!+'!9'!3+.!"1&7&('7&c!<&!939!



Table VI.2. Bulked segregant RNA-seq results
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Figure VI.11. Alignment of CCOAOMT1 protein sequences. (A) CCOAOMT1 gene structure and localization of the 

SNP detected by BSR-seq (S97>F). (B) Sequence alignment (ClustalW) between representative CCOAOMT1 

sequences. The localization of the amino acid change presumed to induce the male-sterile phenotype is shown.
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Figure VI.12. Genotyping of CCoAOMT1 mutants. Snapshot from MacVector showing examples of sequence 

profiles on +/- and -/- plants (the phenotype of the related plant is shown on the le!  with the same color code as 

previously described). The localization of the mutation is indicated by the pink bar and highlighted in grey on the 

sequences.
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9&(&)+!<#,!*'+!'$,&7B&9!3*!3+,!07'4&*2.!"13,!0#7+!'(!+1&!07'6&)+!<#,!5#*#4&9!#+!+1&!QZONc!#+!#!%'<!
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"1&! ,&)'*9! ,+7#+&42! <#,! #*! 3*937&)+! '*&! #*9! 7&%3&9! '*! 5@+#*+,! ('7! 4&*&,! 3*B'%B&9! 3*!

53+')1'*973#%!4&*'5&!5#3*+&*#*)&!#*9!,&47&4#+3'*!_#%,'!93,)@,,&9!3*!?YAN"SM!>`.!"'!9'!,'!<&!

,&%&)+&9!H!4&*&,!#*9!4'+!/8! 3*+&7&,+3*4!5@+#*+,!('7!E!'(! +1&5c! *#5&%2!4&*&,!LJK-c#/JB-c#/JB+c#

E5V5c# EG.5S=! #*9# EG.C-.! b&! 939! (3*9! 5#%&! ,+&73%3+2! #*9! 5+IJA! 3*9@)&9! 93B&7,3+2! <3+13*! '@7!
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*'+! #$%&! +'! 07'9@)&! (%'<&7,! #*9! 3+! <#,! +1&7&('7&! 350',,3$%&! +'! 01&*'+20&! +1&! 0%#*+,! ('7!5#%&!

,+&73%3+2.!D+1&7!5@+#*+,!<&7&!)'50%&+&%2!,+&73%&c!,@)1!#,!@$6-,+!+1#+!<#,!*'+!#$%&!+'!07'9@)&!,&&9,c!

&B&*! 3(! '@+)7',,&9!<3+1! 0'%%&*! (7'5! #!5#%&P(&7+3%&! 0%#*+.! ?'*,&W@&*+%2c!<&! 9&)39&9! +'! (')@,! '*!

5@+#*+,!)$*+,-##*9!4%?5,+.!Z2!9'3*4!,'!<&!5341+!1#B&!53,,&9!'+1&7!3*+&7&,+3*4!5@+#*+,c!$@+!+1&!

,&&9,!'(!+1',&!5@+#*+,!_5'*'4&*&!1'5'G24'@,c!9'@$%&!1'5'G24'@,!5@+#*+,!#*9!1&+&7'G24'@,!
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b&!(')@,&9!+1&!,+@92!3*!+1&!4%?5,+!5@+#*+c!+1#+!#00#7&*+%2!3,!#!:*'):'@+!5@+#*+!$&)#@,&!
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#*9!&43Zc..5\!)'5073,&9!3*!+1#+!5+IJA!7&43'*,!7&5#3*!+'!$&!+&,+&9.!Z@+!3+! 3,!#%7&#92!0',,3$%&!+'!

)'*)%@9&!+1#+!3+!3,!+1&!7&9@)&9!&=07&,,3'*!'(!&,,&*+3#%!53+')1'*973#%!4&*&,!&*)'9&9!$2!+1&!7&43'*!

9&%&+&9!$2!7&)'5$3*#+3'*!+1#+!3,!7&,0'*,3$%&!('7!+1&!,&B&7!47'<+1!9&(&)+,!'(!+1&!4%?5,+!5@+#*+,. 



!

!

";;!

"1&!#35!'(!+1&!,+@92!'(! +1&!)$*+,-!5@+#*+! %3*&!<#,!+'!9&+&753*&!+1&!9&+&753*#*+!'(! +1&!

5#%&P,+&73%&! 01&*'+20&! ,&47&4#+3*4! 3*! +1#+! %3*&.! b&! #%,'! <#*+&9! +'! @*9&7,+#*9! <12! +1&!

1'5'G24'@,!5@+#*+!<#,! #00#7&*+%2! *'+! B3#$%&! _93,)@,,&9! 3*! ?YAN"SM! E`.! "1&!)$*+,-!5@+#+3'*!
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$&!+1&!&=07&,,3'*!'(!#*!#$&77#*+!+7#*,)730+!)'93*4!('7!#!+'=3)!+7@*)#+&9!07'+&3*.!Z@+!M"PWN?M!#*9!

MJA,&W!9#+#!&=)%@9&9! +1&!#))@5@%#+3'*!'(!+1&!+7#*,)730+,!7&+#3*3*4!+1&! (37,+! 3*+7'*!,&W@&*)&.! Q*!
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Z%'()+%FV!

"4 X=2-7.3=>!9-.=3,9!

/./. A47'$#)+&73@5!+@5&(#)3&*,!V[8/U/!0ONKU!

"13,!*'0#%3*&P+20&!012+'0#+1'4&*3)!,+7#3*!'(!5"#&9@;>%8';3$!9&73B&,!(7'5!+1&!?CH?/!,+7#3*!

#*9!1#9!$&&*!@,&9! ('7! +1&! ,+#$%&! +7#*,('75#+3'*!'(! 54%*'?):$'$# &6%7'%3%.!"13,!$#)+&73#%! ,+7#3*! 3,!

7&,3,+#*+!+'!73(#503)3*!#*9!)#772!+1&!93,#75&9!"3!0%#,539!0ONKU!43B3*4!7&,3,+#*)&!+'!4&*+#53)3*.!

"13,!0%#,539!)#773&,!+1&!B37@%&*)&!4&*&,!*&&9&9!+'!+7#*,(&7!+1&!"PIJA!7&43'*!(7'5!#!$3*#72!B&)+'7!

3*+'!+1&!0%#*+!)&%%.!

/.-. S,)1&73)13#!)'%3!"DN/U!

"13,! G"# 8)7'# ,+7#3*! 1#,! $&&*! @,&9! ('7! )%'*3*4! #*9! 0%#,539! #50%3(3)#+3'*.! Q+! #%%'<,! ,+#$%&!

7&0%3)#+3'*!'(!1341P)'02!*@5$&7!0%#,539,!$&)#@,&!+1&!,+7#3*!3,!9&(3)3&*+!('7!7&)A/c!#B'393*4!*'*P

,0&)3(3)!7&)'5$3*#+3'*!'(!)%'*&9!IJA.!Q*!#993+3'*c!+13,!,+7#3*!#%%'<,!#%01#P)'50%&5&*+#+3'*!#*9!

<13+&P$%@&!)'%'*2!,&%&)+3'*!'(!7&)'5$3*#*+!)%'*&,!'*!5&93#!)'*+#3*3*4!QN"V!#*9!nP4#%.!

\7,/-CD7*! RP@845!<_@44P6$?MOLP@84Z?`!=807%8Z<M15!<7%8nF>4;85-!%4%D139! <_%4%# 7;9`!

FEKF#<%7[#<%7d#4:$!!_L+7M`!;3?A/!39:V!

;4 &>=,-!>3,79!

-./. X#)+@)#!,00.!

-././. !%8&98%#$%&'(%!Enza!Zaden!old!commercial!variety!�Wendel�!

I'5&,+3)#+&9! %&++@)&c!!"#$%&'(%!<#,!+1&!5#3*!,@$6&)+!'(! +13,!<'7:!+'!,+@92!+1&! 350#)+!'(!

OLY/c!DLZ/c!DLZ-c!MAIAc!MS?A8!#*9!MS?V/!'*!3+,!53+')1'*973#%!4&*'5&!_5+IJA`.!L&&9,!(7'5!+1&!

old! commercial! variety! �Wendel�! were! provided! by! Enza! Zaden.! Plants! were! cultivated! in! the!

47&&*1'@,&,!'(!+1&!QZON!@*9&7!#!9#2e*341+!)2)%&!'(!/E!1'@7,!'(!%341+!#+!-/!h?!#*9!H!1'@7,!3*!+1&!9#7:!

#+!/H!h?.!N%#*+,!47'<*!'3#('&4)#M;4;#%7$)#@*9&7!+1&!,#5&!%'*4!9#2!%341+!)2)%&c!$@+!0'<&7&9!$2!*&'*!

%341+,!_DLMAOc!$3'%@=!"C`.!



!"#$%#& '#()*+",%$+-.)*(/" '0.1(2 3(4.1(2 5+*%#46.1+7# !/""-%#* 8(/14*6.(9.(*%)%1

!"#$%&'()% !"#$"%& '(!)**+*,*-*. ,*/01' '(!)*+*,* !233&$4&5 (67

!"#$%*'+% 8&59):"%;< '(!)**=>**-*,?*. ,**@1'?,**+1' '(!)*=>** !233&$4&5 AB!

!"#$%*'+% 12C4D)(E&C;$" '(!)*//=+/-*, ,*/01' F!)/,/** F!(' FG(

!"#$,--'.&% H$&"<;" '(!)**>I+*-*. ,*/*1' '(!)*>I+* !233&$4&5 16'

!"#$,--'.&% !&<4C"3)(%;" '(!)**>=/+-*, ,**I1' !A1)**=I@@ !A1 JBK

!"#$,--'.&% !"#$"%& '(!)**@*=,-*. ,*/>1' !A1)/.*,/@ !A1 (B8

!"#+'-.$% 7#C2L& '(!)**0@=/-*, ,*/*1' JMN,+*)O)!A1/0,I. 1'P

!"#+'-.$% 8&59):"%;< '(!)**=*/>-*> ,**I1' !A1)*/..>I !A1 7GQ

!"#+'-.$% 8&59):"%;< '(!)**=*.*-*= ,**I1' !A1)*/@*=> !A1 JN(

Table MM.1. Origins of the selected wild accessions of lettuce.
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-./.-. !%8&98%#$%&'(%#SOL!5@+#*+!%3*&,!

A!+'+#%!'(!-U!5@+#*+!%3*&,!_'=G>7!+Y4B`!('7!+1&!,3=!4&*&,!'(!3*+&7&,+!_LJK-c!/JB-c!/JB+c!E5V5c!

EG.5S!#*9!EG.C-`!<&7&!'$+#3*&9!#*9!07'B39&9!$2!S*G#!T#9&*.!O@+#*+!%3*&,!1#B&!$&&*!4&*&7#+&9!

$2!&+12%!5&+1#*&,@%('*#+&!_SOL`!5@+#4&*&,3,!'*!b&*9&%!#*9!39&*+3(3&9!$2!"QXXQJV.!

-./.8. b3%9!%&++@)&!,0&)3&,!

A! )'%%&)+3'*! '(! K! #))&,,3'*,! _'=G>7! ZZ4"`! $&%'*43*4! +'! 8! 93((&7&*+! <3%9! %&++@)&! ,0&)3&,!

_!%8&98%#$%7'<3%c!!%8&98%#$;44')7%!#*9!!%8&98%#('4)$%`!'7343*#+3*4!(7'5!93B&7,&!4&'47#013)#%!'7343*,!

_?#@)#,&c!?&*+7#%!A,3#c!+1&!O&93+&77#*&#*!$#,3*c!S@7'0&c!J'7+1!A5&73)#!#*9!D)&#*3#`!<&7&!@,&9!+'!

,+@92!+1&!*#+@7#%!93B&7,3+2!'(!+1&!5+IJA!<3+13*!+1&!!%8&98%#$:..!"1&!,&&9,!'(!+1&,&!K!#))&,,3'*,!<&7&!

07'B39&9!$2!S*G#!T#9&*.!

-.-. J3)'+3#*#!,00.!

-.-./. J3)'+3#*#!$&*+1#53#*#!

D"#*;3&6%@'%3%! 0%#*+,!<&7&!@,&9! ('7! ,@$)&%%@%#7! %')#%3G#+3'*!'(! &VRN! (@,3'*!07'+&3*,!$2!

$3'%3,+3)! +7#*,(&)+3'*! '7! #47'3*(3%+7#+3'*! '(! 5&,'012%%! )&%%,.! N%#*+,! <&7&! 07'B39&9! $2! +1&! 0%#*+P

47'<+1!0%#+('75!'(!+1&!QZON.!

-.-.-. J3)'+3#*#!+#$#))@5!

A! 5@+#*+! '(! D"# &%*%889@! )'*,+3+@+3B&%2! &=07&,,3*4! #! 53+')1'*973#P+#74&+&9! &WRN! 7&9P

(%@'7&,)&*+! 07'+&3*! _R'7*&7! #*9! Z3*9&7c! -UUF`! <#,! @,&9! ('7! )'*(375#+3'*! '(! +1&! 53+')1'*973#%!

+#74&+3*4! '(! &VRN! (@,3'*! 07'+&3*,! $2! $3'%3,+3)! +7#*,(&)+3'*! '(!5&,'012%%! )&%%,! _#! :3*9! 43(+! '(! I7.!

k'#)135!R'7*&7`.!

-.8. A7#$39'0,3,!+1#%3#*#!!

5"#&6%7'%3%!&)'+20&!?'%@5$3#!_?'%PU`!<#,!@,&9!+'!,+@92!+1&!0',,3$%&!9'53*#*+!&((&)+!'(!+1&#

!"#$%&'(%#)$*+,-!5@+#+3'*c!$2!+7#*,('75#+3'*!<3+1!5"#&9@;>%8';3$.!"1&!A7#$39'0,3,!/JB+!_A+/48/U/U`!

5@+#*+!$2!"PIJA!3*,&7+3'*!)$*+,-#_LAX]~U/H-E/`!9&73B&,!(7'5!+1&!?'%PU!#))&,,3'*.!"13,!5@+#*+!%3*&!

<#,!07'B39&9!$2!+1&!S@7'0&#*!A7#$39'0,3,!L+'):!?&*+&7!_JAL?`.!



Table MM.2. Antibiotics used in this project.
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Figure MM.1. Gateway cloning principles. (A) Principles of single-site Gateway cloning. Recombination events 

between attB sites (burgundy, ∎) and attP sites (light burgundy, ∎) are mediated by the BP clonase. This 

recombination leads to a vector carrying the toxic ccdB gene and the entry vector carrying the gene of interest 

between attL sites. Recombination events between attL sites (blue, ∎) and attR sites in a destination vector (light 

blue, ∎) are mediated by the LR clonase. This recombination leads to a vector carrying the toxic gene and the 

expression vector carrying the gene of interest. (B) Principles of a multiSite Gateway cloning. Recombination 

events between attL1 sites (blue, ∎) and attR1  sites (light blue, ∎); attL2 sites (blue, ∎) and attR2  sites (light blue, 

∎); attL4 sites (blue, ∎) and attR4 sites (light blue, ∎) are mediated by the LR clonase. This recombination leads to 

the expression vector carrying the gene of interest with the 5’ sequence of interest.
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@4 \./[-6!<703=!

8./. XZ!5&93@5!

X2,'4&*2!$7'+1!5&93@5!<#,!@,&9!('7!$#)+&73#%!47'<+1!_+720+'*&!/!j!_0eB`d!2&#,+!&=+7#)+!U.C!

j!_0eB`d!J#?%!U.C!j!_0eB`d!0Y!F.>`.!"13,!5&93@5!)#*!$&!)'50%&5&*+&9!<3+1!#*+3$3'+3),!('7!$#)+&73#%!

,&%&)+3'*!_'=G>7!ZZ4;`!#*9!,'%393(3&9!$2!#993*4!/.C!j!_0eB`!#4#7.!

8.-. OL!5&93#!

O@7#,134&!#*9!L:''4!5&93#! _OL-CC`!<&7&!@,&9! ('7! '3#('&4)#47'<+1!'(!0%#*+,.! Q+! )'*+#3*,!

53)7'!#*9!5#)7'!&%&5&*+,!OU-CC!_I\?YSRA!ZQD?YSOQS!Z.[.c!Y##7%&5c!"1&!J&+1&7%#*9,`c!,@)7',&!

/!j!_0eB`!#*9!0Y!#96@,+&9!+'!C.H!#*9!)#*!$&!)'50%&5&*+&9!<3+1!#*+3$3'+3),!('7!+7#*,4&*&!,&%&)+3'*.!

Q+!)#*!$&!@,&9!#,!%3W@39!5&93@5!$@+!3+!<#,!5#3*%2!@,&9!#,!#!,'%39!5&93@5!$2!#993*4!/!j!#4#7!_0eB`!

_'=G>7!ZZ4;`.!

B4 &>=9<30!W72-/.9!

>./. V#+&<#2!B&)+'7,!

"13,!+&)1*3W@&c!$#,&9!'*!,3+&P,0&)3(3)!7&)'5$3*#+3'*!07'0&7+3&,!'(!7%@*?%#:6%<;c!7&W@37&,!

V#+&<#2!%&&! 7&)'5$3*#+3'*!,3+&,!#*9!#!7&)'5$3*#+3'*!&*G25&!53=! _ZN!#*9!XM!)%'*#,&,`! __381.7!

ZZ4"`.! "1&! 7&)'5$3*#+3'*! $&+<&&*! ,3+&,! %&&B! #*9! %&&I! <3%%! 4&*&7#+&! #*! &*+72! B&)+'7! <3+1! +1&!

9&,37&9!,&W@&*)&.!"1&*c!+13,!,&W@&*)&!)#*!$&!+7#*,(&77&9!+'!5@%+30%&!9&,+3*#+3'*!B&)+'7,!$2!#!*&<!

7&)'5$3*#+3'*!7&#)+3'*!$&+<&&*!,3+&,!%&&!!#*9!%&&E.!A%%!V#+&<#2!0%#,539,!)#772!#!)1%'7#501&*3)'%!

7&,3,+#*)&!4&*&!#*9!+1&!88?B!4&*&c!&*)'93*4!('7!#!+'=3)!07'+&3*c!('7!*&4#+3B&!,&%&)+3'*.!

>././. 0IDJM-UF!

"1&!0%#,539!0IDJM-UF!3,!#*!&*+72!B&)+'7!)#7723*4!+1&!%&&I-!#*9!%&&I+!7&)'5$3*#+3'*!,3+&,!

#*9!#!4&*+#53)3*!7&,3,+#*)&!4&*&.!

>./.-. 0ZFRbV-!

"1&!0%#,539!0ZFRbV-!3,!#!9&,+3*#+3'*!$3*#72!B&)+'7!__381.7!ZZ4"4%`!)#7723*4!+1&!%&&E-!#*9!

%&&E+!7&)'5$3*#+3'*!,3+&,c!+1&!8CL!07'5'+&7!,&W@&*)&!'(!+1&!.%97'>7)M;4#5',#3)!B37@,!_?#O[`!#*9!

+1&!;CQI!4&*&.!"1&,&!%#,+!+<'!3+&5,c!(7'5!&3+1&7!,39&!'(!+1&!)%'*3*4!,3+&c!#%%'<!+'!?P+&753*#%!(@,&!#!



!

!

";H!

,&W@&*)&!'(!3*+&7&,+!+'!;CQI=#+'!9&+&753*&!3+,!,@$)&%%@%#7!%')#%3G#+3'*!#(+&7!$3'%3,+3)!+7#*,(&)+3'*!'7!

#47'P3*(3%+7#+3'*.! Z#)+&73#%! +7#*,('75#*+,! )#*! $&! ,&%&)+&9! +1#*:,! +'! 3+,! ,+7&0+'52)3*! 7&,3,+#*)&!

4&*&.!

>./.8. 0]F5->Vb!

"1&!0%#,539!0]F5->Vb!3,!#!O@%+3L3+&!9&,+3*#+3'*!$3*#72!B&)+'7! __381.7!ZZ4"4X`!)#7723*4!

+1&!7&)'5$3*#+3'*!,3+&,!%&&E+!#*9!%&&E1c!#*9!+1&!8CL!+&753*#+'7.!"13,!)'*(34@7#+3'*!#%%'<,!+'!+&,+!

3*!+13,!B&)+'7!5@%+30%&!07'5'+3*4!,&W@&*)&,!('7!#!4&*&.!"1&!B&)+'7!3,!)#7723*4!+<'!7&,3,+#*)&!4&*&,!

('7! +7#*,('75#*+! ,&%&)+3'*! 0@70',&;! +1&! ,+7&0+'52)3*! 7&,3,+#*)&! 4&*&! #%%'<,! +'! ,&%&)+! $#)+&73#%!

+7#*,('75#*+,!#*9!+1&!:#*#52)3*!'*&!#%%'<,!+'!,&%&)+!+7#*,('75&9!0%#*+,.!

>./.>. 0\Z?PI&,+!

"13,!$3*#72!B&)+'7!9&73B&,!(7'5!+1&!0ZFbVM-!B&)+'7!_V7&(&*!&+!#%.c!-U/U`!#*9!3,!@,&9!+'!)%'*&!

#!4&*&!@*9&7! +1&!)'*+7'%!'(! #!@$3W@3+3*! _[B]-Y! 4&*&`!07'5'+&7! ,&W@&*)&!#*9! (@,&9! +'! +1&!CQI!

,&W@&*)&! #+! 13,! ?P+&753*#%! 0#7+.! "1&! 4&*&! ,&W@&*)&! 3,! 3*,&7+&9! +17'@41! +1&! %&&E-! #*9! %&&E+!

7&)'5$3*#+3'*!,3+&,.!X3:&!0]F5->Vbc!0ZFbVM-!3,!)#7723*4!+<'!7&,3,+#*)&!4&*&,!('7!,&%&)+3'*;!+1&!

,+7&0+'52)3*! 7&,3,+#*)&! 4&*&! ('7! +1&! ,&%&)+3'*! '(! $#)+&73#%! +7#*,('75#*+,! #*9! +1&! *%4! 4&*&!

)'*(&773*4!7&,3,+#*)&!+'!+1&!1&7$3)39&!Z#,+##_)'*+#3*3*4!4%@(',3*#+&!('7!+1&!,&%&)+3'*!'(!+7#*,('75&9!

0%#*+,`.!

!

>./.C. 0VSOP"!S#,2!

"1&!0VSOP"!S#,2!B&)+'7! _N7'5&4#�c!O#93,'*c!b3,)'*,3*c!\LA`! 3,!5#7:&+&9! %3*&#73G&9!('7!

)%'*3*4! '(! N?M! 07'9@)+,.! Its! 3�P+&753*#%! +125393*&P'B&71#*4,! #%%'<,! +1&! 3*,&7+3'*! '(! +1&! N?M!

07'9@)+!)'*+#3*3*4!#9&*',3*&!'B&71#*4,c!#99&9!$2!)%#,,3)!^%_!0'%25&7#,&.!"13,!B&)+'7!)#773&,!#*!

#503)3%%3*!7&,3,+#*)&!4&*&!#*9!+1&!07'5'+&7!,&W@&*)&,!'(!+1&!01#43)!MJA!0'%25&7#,&,!"F!#*9!LN-!

flanking!the!cloning!region,!in!the!>P4#%#)+',39#,&!4&*&c!#%%'<3*4!39&*+3(3)#+3'*!'(!7&)'5$3*#*+,!$2!

$%@&e<13+&!,)7&&*3*4!'*!0%#+&,!)'*+#3*3*4!nP4#%!#*9!QN"V.!

>.-. 0\?CF!

"1&! 0%#,539! 0\?CF! 3,! +1&! B&)+'7! )'*+#3*3*4! +1&! ,&W@&*)&,! '79&7&9! #+! V&*,)730+!

_N3,)#+#<#2c!J&<Pk&7,&2c!\LA`!#*9!)#7723*4!#*!#503)3%%3*!7&,3,+#*)&!4&*&.!



!

!

";5!

>.8. 0\?AN8CL!

"13,!0%#,539!<#,!$@3%+!<3+13*!+1&!3*,+3+@+&!$#,&9!'*!0\?AN!#*9!3,!@,&9!('7!)%'*3*4!4&*&,!

(@,&9! $2! +1&! ?P+&753*#%! 0#7+! +'! ;CQI=# #*9! @*9&7! +1&! )'*+7'%! '(! #! 9'@$%&! 8CL! 07'5'+&7.! "1&!

)'*,+7@)+,!#7&!+7#*,(&)+&9!3*+'!0%#*+!)&%%,!$2!$3'%3,+3)!+7#*,('75#+3'*c!+'!9&+&753*&!+1&!,@$)&%%@%#7!

%')#%3G#+3'*! '(! +1&! &=07&,,&9! (@,3'*! 07'+&3*,.! "7#*,('75#*+,! )#*! $&! ,&%&)+&9! +1#*:,! +'! +1&!

#503)3%%3*!7&,3,+#*)&!4&*&!)#773&9!$2!0\?AN8CL.!

>.>. 0?]P./01PVRN8!

"1&! 0%#,539! 0?]P./01PVRN8!<#,! @,&9! #,! 0',3+3B&! )'*+7'%! ('7! ,@$)&%%@%#7! %')#%3G#+3'*.! Q+!

)'9&,!VRN!(@,&9!#+!3+,!JP+&753*@,!+'!+1&!07&,&W@&*)&!'(!+1&!2&#,+!?Dn>#07'+&3*c!('7!+#74&+3*4!3*+'!

+1&!53+')1'*973#!_O&*#*9!&+!#%.c!/KKH`.!A,!3*!0\?AN8CLc!+1&!)'*,+7@)+3'*!3,!@*9&7!+1&!)'*+7'%!'(!

+<'!)'03&,!'(!+1&!?#O[!8CL!07'5'+&7c!#%%'<3*4!'B&7&=07&,,3'*!'(!+1&!07'+&3*!#*9!&#,2!B3,@#%3G#+3'*!

$2! (%@'7&,)&*+! 53)7',)'02.! Z#)+&73#! )#7723*4! 0?]P./01PVRN8! )#*! $&! ,&%&)+&9! +1#*:,! +'! +1&!

#503)3%%3*!7&,3,+#*)&!4&*&.!

A4 VC,-67-32!87,7!

R'@7!,2*+1&+3)!,&W@&*)&,!1#B&!$&&*!$@3%+!$2!V&*,)730+!#*9!)%'*&9!3*+'!0\?CF;!

● /JB+!07'5'+&7!,&W@&*)&!_/UUU!$0!@0,+7&#5!+1&!,+#7+!)'9'*!'(!DLZ-`!(%#*:&9!$2!V#+&<#2!

7&)'5$3*#+3'*!,3+&,!%&&!1!#*9!%&&E-.!

● /JB+!b"!)'50%&+&!,&W@&*)&!(%#*:&9!$2!V#+&<#2!7&)'5$3*#+3'*!,3+&,!%&&!-!#*9!%&&!+.!

● )$*+,-!5@+#*+!)'50%&+&!,&W@&*)&!(%#*:&9!$2!V#+&<#2!7&)'5$3*#+3'*!,3+&,!%&&!-!#*9!%&&!+.!

● )$*+,-! 5@+#*+! ,&W@&*)&! <3+1'@+! L"DN! )'9'*! (%#*:&9! $2! V#+&<#2! 7&)'5$3*#+3'*! ,3+&,!

%&&!-!#*9!%&&!+.!

E4 I>38/,12>7/-307!

"1&!,&W@&*)&,!'(!#%%!0735&7,!@,&9!3*+'!+13,!,+@92!('7!N?Mc!WN?M!'7!YMO!#7&!9&+#3%&9!3*!+1&!

#**&=&,.!
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Figure MM.2. Construction of a de Bruijn graph for 24 nucleotides-long reads. To build a de Bruijn graph, reads 

are first hashed according to the k-mer setting(s) and put in the hash table. K-mers are then sorted and repeated 

ones are flagged. Finally the de Bruijn graph is built according to the hash table and all the pieces that overlap for 

k-1 (3 in this example) are linked. The final path needs to go through every piece only once, at the very exception 

of repeated ones (red, AGAA, GAAA and AAAG) where the path must go through them twice.
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!

";:!

H4 +,L/.<=-32!-//>9!

F./. L@$)&%%@%#7!%')#%3G#+3'*!07&93)+3'*!+''%,!

!N7&93)+3'*! '(! +1&! ,@$)&%%@%#7! %')#%3G#+3'*! '(! 07'+&3*,! 1#,! $&&*! 5#9&! +17'@41! I4;?)&%4#

_@743.B&7,#3%%&,.3*7#.(7e07&9'+#7e`!#*9!^%4<;&I+"Y!_<<<.)$,.9+@.9:e,&7B3)&,e"#74&+Ne`!_L5#%%!&+!#%.c!

-UU>d!A%5#47'!A75&*+&7',!&+!#%.c!-U/K`.!

F.-. I#+#$#,&,!!

J?ZQ! +''%,! #*9! 9#+#$#,&,! 1#B&! $&&*! @,&9! ('7! $3$%3'47#013)! 0@70',&,! _N@$O&9d!

<<<.*)$3.*%5.*31.4'Be05)`! #*9! 7&,&#7)1! '(! ,353%#73+2! $&+<&&*! $3'%'43)#%! ,&W@&*)&,! _ZXAL"d!

<<<.$%#,+.*)$3.*%5.*31.4'BeZ%#,+.)43`.!

R'7! 7&,&#7)1&,! ,0&)3(3)! +'! +1&! !%8&98%# $%&'(%! 4&*'5&! _[H`! +1&! 0%#*+! 4&*'53)! 7&,'@7)&!

N12+'G'5&!_<<<.012+'G'5&.643.9'&.4'B`!1#,!$&&*!@,&9.!

"1&!MJA,&W!9#+#!@,&9!('7!53+')1'*973#%!#**'+#+3'*!#7&!#B#3%#$%&!'*!+1&!9#+#$#,&!'(!+1&!

S@7'0&#*!J@)%&'+39&! A7)13B&! _<<<.&$3.#).@:e&*#`! @*9&7! +1&! #))&,,3'*! *@5$&7! LMMUHUF-C! #*9!

LMMUHC/UF.!

F.8. ?'55#*9!%3*&!+''%,!

F.8./. "7355'5#+3)!_BU.8K !̀

"7355'5#+3)! _Z'%4&7! &+! #%.c! -U/>`! 0&7('75,! #! B#73&+2! '(! @,&(@%! +73553*4! +#,:,! ('7! $'+1!

Q%%@53*#!0#37&9P&*9!#*9!,3*4%&!&*9&9!9#+#.! Q*!+13,!<'7:! 3+!1#,!$&&*!@,&9!'*!0#37&9P&*9!7&#9,!+'!

7&5'B&!Q%%@53*#!#9#0+&7,!#*9!%'<!W@#%3+2!*@)%&'+39&,.!D*!0#37&9P&*9!7&#9,c!"7355'5#+3)!43B&,!#,!

'@+0@+!(3%&,!+1&!0#37&9!7&#9,!3*!+<'!,&0#7#+&9!(3%&,! _M/!#*9!M-`!$@+!#%,'!+1&!@*0#37&9!7&#9,!3*!+<'!

,&0#7#+&9!(3%&,!_M/\!('7!('7<#79!@*0#37&9!#*9!M-\!('7!7&B&7,&!@*0#37&9`.!

F.8.-. R#,+WP6'3*!_B/.8./ !̀

R#,+WP6'3*!6'3*,!+<'!0#37&9!7&#9,!+1#+!'B&7%#0.!

F.8.8. [&%B&+!_B/.-./U !̀

[&%B&+!_T&7$3*'!#*9!Z37*&2c!-UUH`!3,!#!?;#3)()!,&W@&*)&!#,,&5$%&7!('7!,1'7+!7&#9,!@,3*4!+1&!

9&!Z7@36*!47#01.!"'!$@3%9!+1&!9&!Z7@36*!47#01!__381.7!ZZ4;`c!B&%B&+!7&W@37&,!+1&!,&++3*4!'(!+1&!:P5&7!



!

!

"@?!

%&*4+1!_:`.!"1&!:P5&7,!#7&!#!,@$93B3,3'*!'(!#!7&#9!'(!%&*4+1!:.!"1&!9&!Z7@36*!47#01!3,!#!937&)+&9!47#01!

7&07&,&*+3*4!#%%!'B&7%#0,!'(!+1&!:P5&7,!('7!:P/.!"'!9'!+1&!)'*+34,!#,,&5$%2![&%B&+!<'7:,!3*!+<'!,+&0,;!

(37,+![&%B&+1!('7!1#,13*4!+1&!7&#9,c!#*9!+1&*!+1&!)'55#*9![&%B&+4!$@3%9,!+1&!9&!Z7@36*!47#01c!7@*,!

,350%3(3)#+3'*!#*9!&77'7!)'77&)+3'*,!#*9!(3*#%%2!&=+7#)+,!+1&!)'*+34,.!

F.8.>. Z@77'<,Pb1&&%&7!A%34*&7!_ZbA`!_BU.F./FP7//HH`!

ZbA! _X3! #*9! I@7$3*c! -UUK`! 3,! #! ,'(+<#7&! 0#):#4&! ('7! +1&! 5#003*4! '(! 7&#9,! '*! #! %#74&!

7&(&7&*)&!4&*'5&.!Q+,!#%4'73+15!ZbAPOSOc!,0&)3#%3G&9!3*!+1&!5#003*4!'(!7&#9,!(7'5!FU!$0!+'!/!O$0c!

<#,!@,&9! 3*! +13,! ,+@92! +'!0&7('75!#%34*5&*+,.!"1&!#%4'73+15!<'7:,!$2! ,&&93*4!#%34*5&*+,!<3+1!

5#=35#%!&=#)+!5#+)1&,!_OSO,`!#*9!+1&*!&=+&*93*4!,&&9,.!

F.8.C. Y3,#+-!_B-./.U !̀

Y3,#+-! _]35!&+! #%.c!-U/C`! 3,! #! (#,+! #*9! ,&*,3+3B&!#%34*&7! ,'(+<#7&! +1#+! )#*!$&!@,&9!'*! %'<!

)'*(34@7#+3'*.! Q+! <#,! @,&9! ('7! +1&! 5#003*4! '(! 7&#9,! (7'5! +7#*,)730+'53)! 9#+#! $&)#@,&! 3+,!

0#7#5&+&7,!)#*!$&!&#,3%2!#96@,+&9!+'!3*)7&#,&!+1&!*@5$&7!'(!53,5#+)1&,.!

F.8.E. LNA9&,!_B8./8./ !̀

LNA9&,!_Z#*:&B3)1!&+!#%.c!-U/-`!3,c!#,!<&%%!#,![&%B&+c!#!9&!Z7@36*!47#01P$#,&9!#,,&5$%&7.!"1&!

93((&7&*)&! $&+<&&*! $'+1! #,,&5$%&7,! 3,! +1#+!LNA9&,! #%%'<,!5@%+30%&!:P5&7! ,&++3*4,! #*9! $@3%9! #,!

5#*2!9&!Z7@36*!47#01!#,!:P5&7,!,&+!#*9!&=+7#)+,!)'*+34,!$#,&9!'*!+1&!3*('75#+3'*!'(!#%%!47#01,.!

F.8.F. L#5+''%,!_B/.K !̀

L#5+''%,!3,!#!,&+!'(!@+3%3+3&,!+'!5#*30@%#+&!#%34*5&*+,!3*!+1&!L&W@&*)&!A%34*5&*+!O#0!_LAO`!

('75#+c!)'*B&7+!3+!3*+'!+1&!Z3*#72!A%34*5&*+!O#0!_ZAO`!('75#+!#*9!&B&*!&=+7#)+!#%34*&9!,&W@&*)&,!

3*!RAL"A!'7!RAL"^!('75#+.!

F.8.H. LLNA?S!_B/./-`!

LLNA?S!_Z'&+G&7!&+!#%.c!-U/U`!3,!#!,)#(('%9&7!#$%&!+'!&=+&*9!07&P#,,&5$%&9!)'*+34,!@,3*4!'*&!

'7!5'7&!,&+!'(!7&#9,.!"13,!,)#(('%9!@,&,!Z'<+3&!+'!5#0!+1&!7&#9,!'*!+1&!&*9,!'(!+1&!)'*+34,!#*9!+1&*!

&=+&*9!+1&5.!

F.8.K. QIZAP\I!_B/./.8 !̀

QIZAP\I! _N&*4! &+! #%.c! -U/U`! 3,c! #,! <&%%! #,! [&%B&+! #*9! LNA9&,c! #! 9&! Z7@36*! 47#01P$#,&9!

#,,&5$%&7.!Q+,!0#7+3)@%#73+2!%3&,!3*!+1&!(#)+!+1#+!3+!)#*!#,,&5$%&!9#+#!(7'5!,1'7+!7&#9,!,&W@&*)3*4!

with!highly!uneven!sequencing!depth.!That�s!why!it!is!mostly!used!in!metagenomic.!
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Figure MM.3 Library construction for DNB sequencing. Fragmented double-stranded cDNAq (dscDNA, blue, ∎) 

are repaired and A-tailed to be linked with adapter sequences (red, ∎) and index sequence (yellow, ∎). The dscDNA-

adapters-index complex is then purified, amplified by PCR using primers specific to the adapters sequences and 

heat-denatured into a single-stranded cDNA (sscDNA). A splint oligo, homologous to adapter sequences, is next 

used to circularize the sscDNA into a single-stranded circular DNA (ssCirDNA). Finally, this ssCirDNA is used as a 

base for rolling-circle replication leading to the DNA nanoballs (DNB) that will be loaded on the BGISEQ-500 

platform.
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F.8./U. JD[D0%#,+2!_B-.>`!

JD[D0%#,+2!_I3&7):=,&*,!&+!#%.c!-U/E`!3,!#*!#,,&5$%&7!('7!,1'7+!)37)@%#7!4&*'5&,.!"'!9'!,'c!

3+!7&W@37&,!#!)%',&!4&*'5&!#,!#!7&(&7&*)&!#*9!#!,&&9!,&W@&*)&.!"1&*!7&#9,!#7&!1#,1&9!#))'793*4!+'!

+1&!:P5&7!0#7#5&+&7!#*9!+1&!,&&9!,&W@&*)&!3,!@,&9!+'!,&#7)1!('7!#!7&43'*!+1#+!5#+)1&,!+1&!,+#7+!'(!

#!7&#9.!D*)&!+13,!5#+)1!3,!('@*9c!&=+&*,3'*!('%%'<,!+1&!,#5&!07')&,,.!"1&!0',3+3'*,!'(!+1&!0#37&9!

7&#9,!#7&!*&=+!B&73(3&9!$2!#%34*3*4!&#)1!0#37&9!7&#9!+'!+1&!#,,&5$%&9!,&W@&*)&.!R3*#%%2c!#!)'*,&*,@,!

,&W@&*)&!3,!&=+7#)+&9.!

F.8.//. ?#*@!_B/.>`!

?#*@! 3,!#*!#,,&5$%&7!,0&)3#%3G&9! 3*! %'*4!7&#9,!,&W@&*)&,! _N#)Z3'!L3*4%&!O'%&)@%&c!M&#%P

"35&! _LOM"`!'7!D=('79!J#*'0'7&!"&)1*'%'42!_DJ"`!'0&7#+3*4! 3*!+17&&!,+&0,;!R37,+!)'77&)+3'*c! +'!

3507'B&!+1&!#))@7#)2!'(!$#,&,!#*9!,'!+1&!7&#9,!W@#%3+2.!"1&*!+1&!7&#9,!#7&!+7355&9!+'!+1&!0'7+3'*!

+1#+!#00&#7,!+'!$&!1341PW@#%3+2!,&W@&*)&c!#*9!#9#0+&7,!#7&!7&5'B&9.!R3*#%%2c! +7355&9!7&#9,!#7&!

'79&7&9!3*+'!)'*+34,.!

F.8./-. R7&&$#2&,!_B/.8./P937+2 !̀

R7&&$#2&,! _V#773,'*! #*9! V#$'7c! -U/-`! 3,! #! 4&*&+3)! B#73#*+! 9&+&)+'7! $#,&9! '*! Z#2&,3#*!

,+#+3,+3),.! Q+! <#,! @,&9! 3*! +13,! ,+@92! +'! 9&+&)+! ,3*4%&! *@)%&'+39&! 0'%25'7013,5,! _LJN`! (7'5! MJA!

,&W@&*)3*4!7&#9,!5#00&9!+'!53+')1'*973#%!4&*'5&,.!

F.8./8. [#7L)#*!_B-.8`!

[#7L)#*!_]'$'%9+!&+!#%.c!-U/-`3,!#!5@+#+3'*!)#%%&7!('7!7&,&W@&*)3*4!9#+#!@,&9!+'!9&+&)+!LJN,!

(7'5!MJAP,&W!7&#9,!5#00&9!(7'5!0''%,!'(!,#50%&,.!

F.8./>. I#+#.+#$%&!_B././-.E`!

I#+#.+#$%&!3,!#*!M!0#):#4&!,0&)3#%3G&9!3*+'!+1&!5#*30@%#+3'*!'(!9#+#!,+'7&9!3*!+#$%&!(3%&,!#*9!

<#,!@,&9!('7!+1&!07')&,,3*4!'(!9#+#!'@+0@++&9!(7'5![#7L)#*.!

F.>. [3,@#%3G#+3'*!+''%,!

?'50#73,'*,c! ,&W@&*)&! #%34*5&*+,c# '3# $'7'8)! '(! )%'*3*4! 1#B&! $&&*! 5#9&! '*! L%8W;8&)4!

_O#)[&)'7!QJ?.c!A0&=c!J'7+1!?#7'%3*#c!\LA`.!

A%34*5&*+,!$&+<&&*!%&++@)&!53+')1'*973#%!4&*'5&,!1#B&!$&&*!5#9&!<3+1!L5[WG!_I#7%3*4!

&+!#%.c!-U/U`!!
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Q*+7#! #*9! 3*+&7,0&)3(3)! 012%'4&*&+3)! +7&&,! 7&4#793*4! %&++@)&! 53+')1'*973#%c! 0%#,+39! '7!

07'+&3*!,&W@&*)&,!#,!<&%%!#!07'+&3*!1#,!$&&*!5#9&!<3+1!LGC50#_]@5#7!&+!#%.c!-U/Hd!L+&)1&7!&+!#%.c!

-U-U`.!

A%34*&9! 7&#9,! (7'5! $'+1! IJA! #*9! MJA! ,&W@&*)3*4! 1#9! $&&*! B3,@#%3G&9! '*! Q*+&47#+3B&!

V&*'53),![3&<&7!'7!QV[!_M'$3*,'*!;&#%7"c!-U//`_M'$3*,'*!&+!#%.c!-U//`.!

Z('$IKV!

"4 M12>732!=2309!<7-6/09!

^@#*+3(3)#+3'*!

/././. L0&)+7'01'+'5&+73)!W@#*+3(3)#+3'*!

J@)%&3)!#)39,!#7&!W@#*+3(3&9!$2!5&#,@73*4! +1&!#$,'7$#*)&!#+! -EU!*5! _A-EU`! +17'@41! +1&!

,0&)+7'01'+'5&+&7! D%3)V4):# +YYY! _"1&75'! R3,1&7! L)3&*+3(3)c! b#%+1#5c! O#,,#)1@,&++,c! \LA`.!

M#+3',! A-EUeA-HU! #*9! A-EUeA-8U! W@#*+3(2! +1&! )'*+#53*#+3'*! $2! 07'+&3*c! 01&*'%! '7! '+1&7!

)'*+#53*#*+,!+1#+!#$,'7$!,+7'*4%2!#+!'7!*&#7!-HU!*5!'7!-8U!*5.!A!*@)%&3)!#)39!,'%@+3'*!3,!#))&0+&9!

#,!0@7&!3(!+1&!7#+3'!A-EUeA-HUc!('7!IJA!i/.Hd!('7!MJA!i-.Ud!#*9!+1&!7#+3'!A-EUeA-8U!3,!3*!+1&!7#*4&!'(!

-.UP-.-.!

/./.-. R%@'7'5&+73)!W@#*+3+#+3'*!

R'7!,&W@&*)3*4!0@70',&,c!5',+!'(! +1&!0%#+('75,!7&W@37&!#!,+73)+!W@#*+3(3)#+3'*!$2!]9*'&#1#

Q79)4)@;&;4!_"1&75'!R3,1&7!L)3&*+3(3)`.!"13,!+&)1*3W@&!3,!5'7&!,&*,3+3B&!+1#*!\[!#$,'7$#*)&!+1#*:,!

+'! +1&!@,&!'(! (%@'7'5&+&7!92&,! ,0&)3(3)! +'!IJA!'7!MJA! +1#+! &53+!'*%2!<1&*!$'@*9! +'! +1&!+#74&+!

5'%&)@%&,.!!

/.-. A4#7',&!4&%!&%&)+7'01'7&,3,!

!

A4#7',&! 4&%! &%&)+7'01'7&,3,! #%%'<,! +'! ,&0#7#+&! *@)%&3)! #)39,! +17'@41! #!5#+73=!5#9&! '(!

#4#7',&!#))'793*4!+'!+1&37!,3G&!'7!,+7@)+@7&.!"1&!4&%!3,!5#9&!'(!U.F!j!+'!/.F!j!#4#7',&! _0eB`!3*!"73,P

#)&+#+&PSI"A!$@((&7!_"AS!U.C!n;!-U!5O!"73,P#)&+#+&!0Y!H.Ud!U.C!5O!SI"A`.!J@)%&3)!#)39!,#50%&,!#7&!

%'#9&9!#(+&7!#993*4!'*&P,3=+1!'(!+1&!B'%@5&!'(!%'#93*4!$@((&7!_%'#93*4!$@((&7!En;!/U!5O!"73,PY?%!0Y!
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F.Ed! $7'5'01&*'%! $%@&! U.U8!j! _0eB`d! 4%2)&7'%! EU!jd! EU!5O!SI"A`! #*9! 7&B&#%&9c! #(+&7! 8U!53*! '(!

5347#+3'*!#+!/UU![c!+1#*:,!+'!+1&!&+1393@5!$7'539&!_S+Z7`!07&,&*+!3*!+1&!4&%!_U.C!�4e5X!S+Z7`.!S+Z7!

3,!#*!3*+&7)#%#+3*4!#4&*+!'(!*@)%&3)!#)39!'$,&7B#$%&!@*9&7!\[!%341+.!R3*#%%2c!+1&!,3G&!'(!*@)%&3)!#)39,!

3,! )'50#7&9! +'!#! ,3G&!5#7:&7c!L%$$E97;4#VD5#!%??;4# _"1&75'!R3,1&7!L)3&*+3(3)`! +1#+! )'*+#3*,!-U!

(7#45&*+,!'(!:*'<*!,3G&,!_HU!$0!+'!/UUUU!$0`.!

;4 )M%!<7-6/09!

-./. N7&,&7B#+3'*!'(!,#50%&,!@*+3%!&=+7#)+3'*!

"'!+7#*,0'7+!,#50%&,!('7!MJA!&=+7#)+3'*!(7'5!+1&!)'50#*2!+'!+1&!%#$'7#+'72c!#!,'%@+3'*!+'!

$%'):!MJ#,&,!(7'5!9&47#93*4!+1&!MJA!3,!*&&9&9.!"'!9'!,'c!+1&!ED5!%&;4!_L345#PA%973)1c!L+.!X'@3,c!

O3,,'@73c! \LA`! ,+'7#4&! 7&#4&*+! <#,! @,&9.! Z73&(%2c! #%%! +1&! *'*P47&&*! 0#7+,! _0&+#%,c! )#70&%,! #*9!

,+#5&*,`!'(!/U!%&++@)&!(%'<&7,!#7&!)'50%&+&%2!355&7,&9!3*!/!5%!'(!ED57%&;4#3*!#!-.-!5%!+@$&c!$&('7&!

)'50%&+3*4!+1&!+@$&!B'%@5&!<3+1!ED5!%&;4.!

Z#):!3*!+1&!%#$c!$&('7&!&=+7#)+3*4!+1&!MJA!3+!3,!*&)&,,#72!+'!)'50%&+&%2!7&5'B&!+1&!ED5!%&;4!

,'%@+3'*.!"'!9'!,'c!+1&!$'++'5!'(!+1&!+@$&!3,!03&7)&9!<3+1!#!*&&9%&!#*9!+1&!+@$&!)&*+73(@4&9!/!53*!

#+!8--U!4.!R3*#%%2c! +1&!,#50%&,!#7&!+7#*,(&77&9!+'!#!*&<!+@$c! (7'G&*! 3*! %3W@39!*3+7'4&*!#*9!,+'7&9!

#+!PHU!h?!@*+3%!@,&.!

-.-. N%#*+!+'+#%!MJA!&=+7#)+3'*!

MJA! #7&! &=+7#)+&9! ,+#7+3*4! (7'5! ,#50%&,! (7'G&*! 3*! %3W@39! *3+7'4&*! _7&07'9@)+3B&! ,2,+&5c!

%&#B&,!'7!,&&9%3*4,`c!+1&*!473*9&9!<3+1!5&+#%!$&#9,!_8!55`!@,3*4!+1&!^'$$9;!A$;422!_^3#4&*c![&*%'c!

"1&!J&+1&7%#*9,`c!('7!/!53*@+&!#+!-C!YG.!

-.-./. "MQTDX!+'+#%!MJA!3,'%#+3'*!

"1&!473*9&9!+3,,@&!3,!7&,@,0&*9&9!3*!HUU!�X!'(!^4'H)7!_X3(&!"&)1*'%'43&,c!?#7%,$#9c!?#%3('7*3#c!

\LA`!#*9!53=&9!@*+3%!9&(7',+3*4.!"1&*!-UU!�X!'(!)1%'7'('75!#7&!#99&9!#*9!+1&!53=!3,!3*)@$#+&9!C!

53*!'*!3)&!$&('7&!$&3*4!)&*+73(@4&9!('7!H!53*!#+!/EUUU!4.!A(+&7<#79,!+1&!#W@&'@,!01#,&c!)'*+#3*3*4!

+1&!MJAc!3,!)'%%&)+&9!#*9!+1&!MJA!07&)303+#+&9!<3+1!U.H!B'%@5&,!'(!Q,'07'02%!#%)'1'%!#*9!8UU!5O!

,'93@5!#)&+#+&.!A(+&7! )&*+73(@4#+3'*!#+! /EUUU!4! ('7!C!53*! +1&!0&%%&+!'(!MJA! 3,!<#,1&9!<3+1!FUj!

&+1#*'%! #*9! 7&,@,0&*9&9! 3*! -UU! �X!'(! *@)%&#,&! (7&&!<#+&7.! L@$,&W@&*+%2c! /UU! �X! '(! 01&*'%! #7&!
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"@B!

#99&9!#*9c!#(+&7!C!53*!3*)@$#+3'*!<3+1!#43+#+3'*!#+!7''5!+&50&7#+@7&c!/UU!�X!'(!)1%'7'('75!#7&!

#99&9.!A(+&7!H!53*!)&*+73(@4#+3'*!#+!/EUUU!4!+1&!#W@&'@,!01#,&! 3,!)'%%&)+&9!#*9!+1&!01&*'%!#*9!

)1%'7'('75!,+&0!3,!7&0&#+&9.!R3*#%%2c!+1&7&!3,!#!%#,+!&=+7#)+3'*!<3+1!-UU!�X!'(!)1%'7'('75!#*9!+1&!MJA!

)'*+#3*&9! 3*!+1&!#W@&'@,!01#,&! 3,!07&)303+#+&9!<3+1!8!B'%@5&,!'(!#$,'%@+&!&+1#*'%!#*9!8UU!5O!

,'93@5!#)&+#+&.!A(+&7!)&*+73(@4#+3'*!#+!>!h?!('7!8U!53*!+1&!MJA!0&%%&+!3,!'(!<#,1&9!<3+1!FUj!&+1#*'%!

#*9! 7&,@,0&*9&9! 3*! CU! �X! '(! *@)%&#,&! (7&&!<#+&7.!"1&! MJA! 3*+&473+2! #*9! W@#*+3+2! #7&! +&,+&9! $2!

#4#7',&!4&%!&%&)+7'01'7&,3,!#*9!,0&)+7'01'+'5&+72!_D%3)?4):#+YYYc!"1&75'!R3,1&7!L)3&*+3(3)`.!

-.-.-. MJA!3,'%#+3'*!('7!Q%%@53*#!MJA!,&W@&*)3*4.!

R'7!,&W@&*)3*4!0@70',&,c!+'+#%!MJA!<#,!&=+7#)+&9!@,3*4!+1&!D987;)J:'3f#ED5#I7%3&#'$)7%&')3#

F'&!_O#)1&7&2PJ#4&%c!Io7&*c!VSMOAJm`.!/UU!54!'(!07&B3'@,%2!473*9&9!0%#*+!+3,,@&!<&7&!7&,@,0&*9&9!

3*!#!%2,3,!$@((&7!)'*+#3*3*4!4@#*393*3@5!+13')2#*#+&!#*9!)'50%emented!with!>P5&7)#0+'&+1#*'%.!

"1&*c! +1&! %2,#+&! 3,! )%#73(3&9! $2! )&*+73(@4#+3'*! +17'@41! #! (3%+&7! +'! 7&9@)&! 3+,! B3,)',3+2.! J&=+c! FUj!

&+1#*'%!3,!#99&9!+'!#96@,+!+1&!MJA!$3*93*4!)'*93+3'*!#*9!+1&!,#50%&!3,!%'#9&9!'*!#!J@)%&'L03*�!

MJA!N%#*+!?'%@5*.!A(+&7!)&*+73(@4#+3'*!/!53*!#+!//UUU!4!+1&!,3%3)#!5&5$7#*&!)'*+#3*3*4!+1&!$'@*9!

*@)%&3)!#)39,!3,!<#,1&9!<3+1!#!$@((&7!)'*+#3*3*4!&+1#*'%!#*9!4@#*393*3@5!+13')2#*#+&.!A(+&7<#79,c!

+1&!IJA!3,!934&,+&9!'*!+1&!)'%@5*!<3+1!MJ#,&P(7&&!IJ#,&!_54!'(!7IJ#,&!3*!KU!�X!'(!7IJ#,&!$@((&7`.!

R3*#%%2c! #(+&7!<#,13*4!<3+1! +<'!93((&7&*+!$@((&7,!#*9!9723*4!'(! +1&! ,3%3)#!5&5$7#*&c! +1&!MJA!#7&!

&%@+&9!+<3)&!<3+1!EU!�X!'(!MJ#,&P(7&&!<#+&7.!

-.8. IJ#,&!M^Q!+7&#+5&*+!

R'7!(@7+1&7!#00%3)#+3'*,c!7&,39@#%!IJA!)'*+#53*#+3'*!*&&9,!+'!$&!934&,+&9.!"'!9'!,'c!C!�4!

'(!MJA!,'%@+3'*!#7&!3*)@$#+&9!3*!/UU!�X!'(!*@)%&#,&!(7&&!<#+&7!)'*+#3*3*4!-0#VD%$;#E]-#*9>>;4!_>UU!

5O!"73,PY?%! 0YH! d! /UU!5O!O4LD>d! /U!5O!?#?%-`! #*9! /U!\! '(!ED%$;,>4;;!VD%$;#E]-! _N7'5&4#c!

O#93,'*c!b3,)'*,3*c!\LA`c! ('7!>C!53*!#+!8F!h?.!A(+&7<#79,!+1&!B'%@5&!3,!#96@,+&9!+'!8UU!�X!<3+1!

<#+&7! #*9! +1&! MJA! 0@73(3&9! $2! 01&*'%;)1%'7'('75! &=+7#)+3'*! _/;/! BeB !̀ ('%%'<&9! $2! &+1#*'%!

07&)303+#+3'*c!#,!9&,)73$&9!#$'B&.!

-.>. I&+&753*#+3'*!'(!+1&!MJA!Q*+&473+2!J@5$&7!_MQJ`!

R'7!JVL!0@70',&c!+1&!3*+&473+2!'(!&=+7#)+&9!MJA!5@,+!$&!9&+&753*&9.!"'!9'!,'c!MJA!,#50%&,!

#(+&7!IJA!Q!+7&#+5&*+!#7&!+&,+&9!$2!53)7'(%@393)!&%&)+7'01'7&,3,!'*!+1&!+-YY#B')%3%7AH;4!_A43%&*+c!

L#*+#P?%#7#c! ?#%3('7*3#c! \LA`.! "1&! +-YY# B')%3%7AH;4! 3,! #*! #@+'5#+&9! +''%! ('7! &%&)+7'01'7&,3,! '(!

$3'5'%&)@%&,!+7#*,(&77&9!+'!#!)130!('75#+.!L#50%&,!#7&!973B&*c!9@&!+'!+1&!&%&)+7'9&!#77#2c!+17'@41!



Table MM.3. Retrotranscription protocol.

2 µg of RNA (DNase I treatment)

primers
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!

"@A!

+1&!53)7')#03%%#73&,!'*!+1&!)130!<1&7&!+1&!&%&)+7'01'7&,3,!'))@7,.!J@)%&3)!#)39,!#7&!9&+&)+&9!$2!#*!

'0+3)#%! 9&+&)+'7! +1#*:,! +'! #*! 3*+&7)#%#+3*4! (%@'7&,)&*+! 92&.! R3*#%%2c! +1&! ,3G&! '(! *@)%&3)! #)39,! 3,!

)'50#7&9!+'!#!%#99&7!,3G&!5#7:&7.!"1&!MQJc!(7'5!/!+'!/U!_/!$&3*4!)'50%&+&%2!9&47#9&9!MJA`c!'(!&#)1!

,#50%&! 3,! +1&*! )#%)@%#+&9! #*9! 43B&*! $2! +1&! +-YY# GR:;4&# J)>&M%4;! _A43%&*+`! $#,&9! '*! +1&! 7#+3'!

$&+<&&*!+1&!7MJA!-EL!#*9!/HL!0&#:,!#*9!+1&!(%#+*&,,!'(!+1&!7&43'*!$&+<&&*!+1&!CL!#*9!+1&!/HLc!

)#%%&9!(#,+!7&43'*.!A!MQJ!,@0&73'7!+'!F!3,!7&W@37&9!('7!JVL!0@70',&,.!

-.C. MJA!L&W@&*)3*4!

"1&! 93((&7&*+! ,+&0,! '(! MJA! ,&W@&*)3*4! _)IJA! ,2*+1&,3,c! %3$7#72! )'*,+7@)+3'*! #*9! IJZ!

,&W@&*)3*4`! <&7&! 0&7('75&9! $2! ZVQ! VSJDOQ?L! _L1&*G1&*c! V@#*49'*4c! ?YQJA`.! "'! 9'! ,'c! ZVQ!

GENOMICS!requires!a!minimum!of!200!ng!of!RNA!diluted!not!more!than!20!ng?µL,!with!a!RIN'6.0,!

ratios!28S?18S'1.0,!OD260?280'1.8!and!OD260?220'1.8!to!qualify!a!sample.!

R'7!%3$7#72!07&0#7#+3'*!__381.7!ZZ4@`c!0'%2_A`!5MJA!#7&!&*73)1&9!<3+1!'%34'_9"`P#++#)1&9!

5#4*&+3)!$&#9,!#*9!(7#45&*+&9!3*+'!,5#%%!03&)&,!@,3*4!93B#%&*+!)#+3'*,!#+!1341!+&50&7#+@7&.!R37,+!

)IJA!,+7#*9,!#7&!,2*+1&,3G&9!@,3*4!7&B&7,&!+7#*,)730+#,&!#*9!7#*9'5!0735&7,.!L&)'*9!,+7#*9,!#7&!

,2*+1&,3G&9! @,3*4! IJA! N'%25&7#,&! Q! #*9! MJ#,&! Y.! "1&! 9'@$%&! ,+7#*9&9! )IJA,! _9,)IJA`! #7&!

repaired!by!phosphorylation!of!the!5@!ends!and!3@!adenylation,!allowing!the!dscDNA!to!be!ligated!to!

#9#0+'7,.!"1&,&!07'9@)+,!#7&!+1&*!0@73(3&9!#*9!&*73)1&9!$2!N?M!#50%3(3)#+3'*.!N?M!07'9@)+,!#7&!

1&#+!9&*#+@7&9!#*9!+1&!,3*4%&P,+7#*9&9!IJA! _,,IJA`!)37)@%#73G&9!$2!,0%3*+!'%34'!#*9!IJA! %34#,&.!

?37)@%#73G&9!,,IJA!_,,?37IJA`!#7&!+1&*!@,&9!('7!+1&!4&*&7#+3'*!'(!IJA!*#*'$#%%,!_IJZ,`!$2!7'%%3*4!

)37)%&! 7&0%3)#+3'*.! R3*#%%2c!IJZ,!#7&!@,&9! ('7!/UU!$0!0#37&9P7&#9,! ,&W@&*)3*4!'*! +1&!ZVQLS^PCUU!

0%#+('75.!A(+&7<#79,c!7&#9,!#7&!07&P07')&,,&9!$2!ZVQ!+'!93,)#79!+1&!#9#0+'7,!#*9!%'<PW@#%3+2!7&#9,.!

-.E. M&B&7,&P+7#*,)730+3'*!

?'50%&5&*+#72! IJA! _)IJA`! +'! MJA! #7&! ,2*+1&,3G&9! @,3*4! +1&! &*G25&! 7&B&7,&!

+7#*,)730+#,&c!#*!MJAP9&0&*9&*+!IJA!0'%25&7#,&c!#))'793*4!+'!+1&!07'+')'%!9&,)73$&9!3*!+1&!'=G>7!

ZZ4@.!"1&!)IJA!)#*!$&!,+'7&9!'7!@,&9!#,!5#+73=!('7!M"PN?M!'7!M"PWN?M!&=0&735&*+,.!



Table MM.4. PCR conditions



!

!

"@E!

@4 KM%!<7-6/09!

8./. N%#*+!+'+#%!IJA!&=+7#)+3'*!

IJA!3,!&=+7#)+&9!(7'5!,&&9%3*4,!'7!%&#B&,!(7'G&*!3*!%3W@39!*3+7'4&*c!+1&*!473*9&9!<3+1!5&+#%!

$&#9,!3*!+1&!^'$$9;!A$;422!_^3#4&*`c!('7!/!53*@+&!#+!8U!YG.!"1&!473*9&9!+3,,@&!3,!7&,@,0&*9&9!3*!>UU!

�X!'(!)&+2%+735&+12%#55'*3@5!$7'539&!_?"AZ`!$@((&7!_?"AZ!$@((&7;!-!j!)&+2%+735&+12%#55'*3@5!

$7'539&! _0eB`d! /.>! O! J#?%d! -U! 5O! SI"Ad! /UU! 5O! "73,PY?%! 0Y! H.U`! 07&1&#+&9! #+! EC! h?! #*9!

supplemented!of!0.2!4!>P5&7)#0+'&+1#*'%!_BeB !̀#*9!CU!54e5X!'(!MJ#,&!A.!A(+&7!3*)@$#+3'*!('7!/!

1'@7!#+!EC!h?c!>UU!�X!'(!)1%'7'('75!#7&!#99&9!#*9!+1&!53=!3,!)&*+73(@4&9!('7!H!53*!#+!/8-UU!4.!R3*#%%2c!

+1&!#W@&'@,!01#,&!)'*+#3*3*4!+1&!IJA!3,!)'%%&)+&9!#*9!+1&!IJA!07&)303+#+&9!<3+1!-.C!B'%@5&,!'(!

#$,'%@+&!&+1#*'%.!"1&!IJA!W@#%3+2!#*9!W@#*+3+2!)#*!$&!+&,+&9!$2!#4#7',&!4&%!&%&)+7'01'7&,3,!#*9!

,0&)+7'01'+'5&+72!_D%3)?4):#+YYYc!"1&75'!R3,1&7!L)3&*+3(3)`.!

!

8.-. N'%25&7#,&!)1#3*!7&#)+3'*!_N?M`!

"1&!N?M!#%%'<,!+'!#50%3(2!'3#('&4)##!,0&)3(3)!,&W@&*)&!'(!IJA.!"'!9'!,'c!#!1&#+P7&,3,+#*+!IJA!

0'%25&7#,&!<3%%!&=0'*&*+3#%%2!,2*+1&,3G&!#!*&<!IJA!,+7#*9!)'50%&5&*+#72!+'!+1&!IJA!+&50%#+&c!

0735&9!$2!,0&)3(3)!'%34'*@)%&'+39&,! (%#*:3*4!+1&!IJA!+#74&+!,&W@&*)&.!"1&!7&#)+3'*!,+#7+,!<3+1!#!

9&*#+@7#+3'*!,+&0!#+!1341!+&50&7#+@7&! _+13,!,+&0!)#*!$&!&=+&*9&9!('7!N?M!,+#7+3*4!(7'5!$#)+&73#%!

)&%%,c!+'!$7&#:!+1&!$#)+&73#%!)&%%!<#%%!#*9!%3$&7#+&!+1&!IJA!+&50%#+&`.!Q*!#!,&)'*9!,+&0!'(!#**&#%3*4c!

+1&!'%34'*@)%&'+39&!0735&7,!#**&#%!+'!&#)1!'(!+1&!,3*4%&P,+7#*9&9!IJA!+&50%#+&,!#+!#!+&50&7#+@7&!

)'77&,0'*93*4! +'! +1&37!5&%+3*4! +&50&7#+@7&! _"5`.! R3*#%%2c! 3*! #! +1379! ,+&0! '(! &%'*4#+3'*! +1&!IJA!

0'%25&7#,&!,2*+1&,3G&,!+1&!)'50%&5&*+#72!,+7#*9,.!"1&,&!+17&&!,+&0,! _9&*#+@7#+3'*c!#**&#%3*4!

#*9!&%'*4#+3'*`! ('75!#!N?M!)2)%&c!<13)1! 3,! 7&0&#+&9!-H!+'!8C!+35&,!+'!&=0'*&*+3#%%2!#50%3(2!+1&!

+#74&+!IJA!+'!53%%3'*,!'(!)'03&,.!

Q*!+13,!<'7:c! +<'!1&#+P7&,3,+#*+!IJA!0'%25&7#,&,!1#B&!$&&*!@,&9! _,0&)3(3)!)'*93+3'*,! 3*!

'=G>7!ZZ4B`.! "1&!I69$')3#K'<6# Q'?;7'&A#VD5#I)7A@;4%$;! _"1&75'! R3,1&7!L)3&*+3(3)`!<#,! @,&9! ('7!

)%'*3*4!+&)1*3W@&,c!$&)#@,&!'(!3+,!1341!(39&%3+2c!#*9!+1&!I6'4;#K)&#J&%4&#22#VD5#I)7A@;4%$;!_"1&75'!

R3,1&7!L)3&*+3(3)`!<#,!@,&9! ('7!'+1&7!0@70',&,!$&)#@,&!'(! 3+,!1341!07')&,,3B3+2!#*9! ,+#$3%3+2c! #*9!

<1&*!#!1341!(39&%3+2!<#,!*'+!*&&9&9.!



Table MM.6 High resolution melt condition.

Table MM.5. qPCR conditions



!

!

"@H!

8.8. ^@#*+3+#+3B&!0'%25&7#,&!)1#3*!7&#)+3'*!_WN?M`!

"1&!073*)30%&!'(!WN?M!3,!+1&!,#5&!#,!('7!N?Mc!$@+!+13,!+&)1*3W@&!#%%'<,!+1&!W@#*+3(3)#+3'*!'(!

#!IJA!,&W@&*)&!<3+13*!#!,#50%&!$2!5&#,@73*4!+1&!7&%&#,&!'(!(%@'7&,)&*)&!#+!&#)1!N?M!)2)%&.!"1&!

*@5$&7!'(!)2)%&,!7&W@37&9!+'!&=)&&9!+1&!(%@'7&,)&*)&!9&+&)+3'*!+17&,1'%9! _?0;!)7',,3*4!0'3*+`! 3,!

07'0'7+3'*#%!+'!+1&!*@5$&7!'(!5'%&)@%&,!3*3+3#%%2!07&,&*+!3*!+1&!,#50%&.!

Q*! +13,! <'7:c! WN?M! 7&#)+3'*,! _)'*93+3'*,! 3*! '=G>7! ZZ4A`! 1#B&! $&&*! 5#9&! 3*! 8H>! <&%%!

53)7'0%#+&,! 3*! +1&! !'<6&.A87;4># 1OY# 22! _MD?YSc! Z#,&%c! L<3+G&7%#*9`.! S#)1!<&%%! )'*+#3*,! _7&#)+3'*!

B'%@5&!E!�X`!U.C!B'%@5&!'(!JaBE#C4;;3#2#L%$&;4!_MD?YS`c!/.C!5O!'(!0735&7,!#*9!-!*4!'(!IJA.!S#)1!

7&#)+3'*!3,!)#773&9!'@+!3*!+730%3)#+&c!#*9!#))'793*4!+'!+1&!('%%'<3*4!)'*93+3'*,;!#!07&1&#+3*4!01#,&!

'(!/U!53*!#+!KC!h?c!7&W@37&9!+'!#)+3B#+&!+1&!0'%25&7#,&c!+1&*!>U!)2)%&,!'(!/C!,&)!#+!KC!h?c!/C!,&)!#+!CH!

h?!#*9!/C! ,&)!#+! F-! h?.!A+! +1&!&*9!'(! +1&,&!#50%3(3)#+3'*!)2)%&,c! #!5&%+3*4!)@7B&! 3,!07'9@)&9!$2!

1&#+3*4!+1&!07'9@)+,!(7'5!CC!h?!+'!KC!h?c!+1&7&$2!B&73(23*4!+1&!@*3W@&!*#+@7&!'(!+1&!#50%3)'*,!#*9!

+1&!,0&)3(3)3+2!'(!+1&!0735&7,.!M&,@%+,!#7&!*'75#%3G&9!#4#3*,+!&*9'4&*'@,!7&(&7&*)&!4&*&,.!"1&!N?M!

&((3)3&*)2! ('7!&#)1!0#37!'(!0735&7,!)#*!$&!)#%)@%#+&9!@,3*4!#!IJA!93%@+3'*!)@7B&c!@,3*4!+1&!M')1&!

9&B3)&! 07'47#5.! "13,! &((3)3&*)2! 3,! +1&*! @,&9! +'! &,+#$%3,1! +1&! W@#*+3+2! '(! IJA! 7&%#+3B&! +'! +1&!

7&(&7&*)&.!

8.>. Y341!7&,'%@+3'*!5&%+!_YMO`!4&*'+203*4!

YMO! 4&*'+203*4! #%%'<,! +'! 9&+&)+! ,3*4%&! *@)%&'+39&! 0'%25'7013,5,! _LJN`! <13)1! 3,! *'+!

0',,3$%&!$2!)'*B&*+3'*#%!4&*'+203*4!$2!N?M.!"'!9'! ,'c! ,#50%&,!<&7&! 7@*!'*!#!X341+?2)%&7�!>HU!

,2,+&5!_8H>P<&%%!('75#+`!('7!N?M!('%%'<&9c!$2!+1&!YMO!07')&9@7&!_)'*93+3'*,!3*!'=G>7!ZZ4E`.!S#)1!

<&%%!)'*+#3*,!-!*4!'(! +&50%#+&!IJA,!0.01&$L!of!each!primer!at!100&$M,!5! &$L!of! the!Precision!Melt!

L@0&753=!('7!Y341!M&,'%@+3'*!O&%+!A*#%2,3,!_ZQDMAIc!Y&7)@%&,c!?#%3('7*3#c!\LAd!-=!7&#%P+35&!N?M!53=!

containing!dNTPs,!iTaq�!DNA!polymerase,!MgCl-c!SB#V7&&*!92&c!,+#$3%3G&7,`!#*9!<#+&7!+'!/U!�X.!O&%+!

+&50&7#+@7&,! _"5`! #7&! &=#53*&9! $2! @,3*4! +1&! "5! ?#%%3*4! ,'(+<#7&! 5'9@%&! '(! +1&! MD?YS!

X341+?2)%&7�! >HU! 0#):#4&! #*9! +1&! 4&*'+20&! 9&+&753*&! $2! @,3*4! +1&! YMO! 4&*'+203*4! ,'(+<#7&!

5'9@%&!$#,&9!'*!+1&!07'(3%&!'(!#!:*'<*!,#50%&.!



!

!

"@5!

8.C. ?%'*3*4!5&+1'9,!

8.C./. N@73(3)#+3'*!'(!N?M!07'9@)+,!

A! N?M! 07'9@)+! *&&9,! +'! $&! 0@73(3&9! #(+&7! 3+,! #50%3(3)#+3'*c! $&('7&! $&3*4! 3*,&7+&9! 3*+'! #!

B&)+'7.!"'!9'!,'c!+1&!07'9@)+!3,!0@73(3&9!<3+1!+1&!:3+!D987;)$:'3#C;7#%3?#I.E#.7;%3,9:#_O#)1&7&2P

J#4&%`c!#%%'<3*4!+<'!0',,3$%&!0@73(3)#+3'*!07'+')'%,.!Q(!+1&7&!3,!5'7&!+1#*!'*&!N?M!07'9@)+!+1&*!+1&!

9&,37&9!07'9@)+!*&&9,!+'!$&!3,'%#+&9!(7'5!4&%!('%%'<3*4!&%&)+7'01'7&,3,.!"1&!IJA!$#*9!3,!)@+!@*9&7!

\[!%341+!#*9!+1&!#4#7',&!03&)&!3,!5&%+&9!3*!#!$@((&7!)'*+#3*3*4!,'93@5!0&7)1%'7#+&!#*9!%'#9&9!'*+'!

#! ,3%3)#P$#,&9! )'%@5*.! Q(! +1&7&! 3,! #! ,3*4%&! N?M!07'9@)+c! +1&! N?M!53=! 3,! 937&)+%2! %'#9&9! '*+'! +1&!

)'%@5*.!"1&!IJA!3,!(3=&9!'*!+1&!,3%3)#!5&5$7#*&!#*9!+1&!)1#'+7'03)!#4&*+,!07&,&*+!3*!+1&!%'#93*4!

$@((&7!#7&!<#,1&9!<3+1!#*!&+1#*'%!#*9!,#%+!,'%@+3'*!#*9!+1&!IJA!&%@+&9!<3+1!#!%'<!3'*3)!,+7&*4+1!

$@((&7!_C!5O!"73,PY?%!0Y!H.Cd!U./!5O!SI"A`.!

8.C.-. M&,+73)+3'*!&*G25&,!

A! 7&,+73)+3'*! &*G25&! 3,! #*! &*G25&! '(! $#)+&73#%! '7343*! ,0&)3#%3G&9! 3*! +1&! 7&)'4*3+3'*! #*9!

)%&#B#4&!'(!9'@$%&!,+7#*9&9!IJA.!O',+!7&,+73)+3'*!&*G25&,!@,&9!#7&!'(!+20&!QQc!#*9!7&)'4*3G&!#*9!

)@+!,0&)3(3)!0#%3*97'53)!,&W@&*)&,.!"1&!)%&#B#4&!)#*!%&#B&!IJA!<3+1!,+3):2!&*9,! _5�!or!3�`!'7!<3+1!

$%@*+!&*9,.!

Q*!+13,!<'7:c!+1&!7&,+73)+3'*!&*G25&,!<&7&!07'B39&9!$2!&3+1&7!N7'5&4#!'7!$2!"1&75'!R3,)1&7!

L)3&*+3(3)c! #*9! +1&! 7&#)+3'*! )'*9@)+&9! #))'793*4! +'! +1&! ,@00%3&7! 3*,+7@)+3'*,.! A(+&7! 934&,+3'*c! 3*!

'79&7!+'!3*#)+3B#+&!+1&!&*G25&!#*9!7&5'B&!+1&!7&#)+3'*!$@((&7!+1&!B'%@5&!3,!#96@,+&9!+'!8UU!�X!<3+1!

Y-D!#*9!+1&!IJA!3,!+1&*!0@73(3&9!$2!01&*'%;)1%'7'('75!&=+7#)+3'*!('%%'<&9!$2!&+1#*'%!07&)303+#+3'*.!

8.C.8. IJA!X34#+3'*!

8.C.8./. Q*!#!%3*&#73G&9!B&)+'7!

"1&!%34#+3'*!'(!#!IJA!(7#45&*+!_N?M!07'9@)+,!#*9!7&,+73)+3'*!(7#45&*+,`!3*+'!#!%3*&#73G&9!

B&)+'7! 3,! 5&93#+&9! $2! +1&! &*G25&.! "1&! 7&#)+3'*! 3*! 0&7('75&9! _N7'5&4#`! 3*! #! /U!�X! B'%@5&!

)'*+#3*3*4!/UU!*4!'(!+1&!0%#,539!B&)+'7c!+1&!IJA!(7#45&*+!_&W@35'%#7!7#+3'!+'!+1&!B&)+'7!'(!/PC!('%9`c!

+1&!7#039!%34#+3'*!$@((&7!_N7'5&4#c!8U!5O!"73,PY?%!0Y!F.H!d!/U!5O!O4?%-d!/U!5O!I""d!/!5O!A"Nd!C!j!

NSVP8UUU!_0eB`!#*9!8!\!">!IJA!%34#,&c!#+!>!h?!'B&7*341+.!"1&*!+1&!%34#+3'*!53=!)#*!$&!937&)+%2!@,&9!

+'!+7#*,('75!)'50&+&*+!$#)+&73#.!



!

!

"@:!

8.C.8.-. 3@!adenylation!and!ligation!in!the!pGEMP"!S#,2!B&)+'7!

R'7!)%'*3*4!0@70',&,!+1&!N?M!(7#45&*+,!<&7&!#50%3(3&9!<3+1!+1&!N1@,3'*!Y341!R39&%3+2!IJA!

0'%25&7#,&!+1#+!4&*&7#+&,!07'9@)+,!<3+1!$%@*+!&*9,.!"'!3*,&7+!+1&,&!(7#45&*+!3*+'!+1&!0VSOP"!S#,2!

B&)+'7!_N7'5&4#`!an!adenosine!needs!to!be!added!to!each!3�OH!end.!This!AP+#3%3*4!3,!5&93#+&9!$2!#!

)%#,,3)!^%_!IJA!0'%25&7#,&!'*!#!0@73(3&9!N?M!07'9@)+c! 3*!#!/U!�X!B'%@5&!)'*+#3*3*4!CUU!*4!'(!

0@73(3&9!IJAc!U.-!5O!9A"Nc!/!\!'(!^%_!IJA!0'%25&7#,&!#*9!3+,!$@((&7!_/U!5O!"73,PY?%!0Y!H.8d!/.C!

5O!O4?%-d!CU!5O!]?%`!9@73*4!8U!53*!#+!F-!h?.!A(+&7!3*)@$#+3'*!+1&!IJA!(7#45&*+!)#*!$&!%34#+&9!3*+'!

+1&!0VSOP"!S#,2!B&)+'7.!"1&! %34#+3'*! 3*+'! +13,!B&)+'7! 3,! 3*!/U!�X!B'%@5&!)'*+#3*3*4!CU!*4!'(! +1&!

vector,!Q!_/UU!*4`!'(!+1&!AP+#3%3*4!7&#)+3'*c!+1&!7#039!%34#+3'*!$@((&7!_N7'5&4#c!8U!5O!"73,PY?%!0Y!

F.Hd!/U!5O!O4?%-d!/U!5O!I""d!/!5O!A"Nd!C!j!NSVP8UUU!_0eB`!#*9!3*)@$#+&9!#+!>!h?!'B&7*341+.!"1&*!

+1&!%34#+3'*!53=!)#*!$&!937&)+%2!@,&9!+'!+7#*,('75!)'50&+&*+!$#)+&73#.!

8.C.>. V#+&<#2!)%'*3*4!

"1&!V#+&<#2!)%'*3*4!,2,+&5!7&%3&,!'*!+1&!7&)'5$3*#+3'*!$&+<&&*!#++!,3+&,!'*!+1&!IJA!'(!

3*+&7&,+!<3+1!+1',&!'*!#!B&)+'7c!#,!&=0%#3*&9!3*!_381.7!ZZ4".!

Q*!#! (37,+! ,+&0c!#++Z! ,&W@&*)&,! (%#*:3*4! +1&!IJA!'(! 3*+&7&,+!*&&9! +'! 7&)'5$3*&!<3+1!#++N!

,&W@&*)&,! '*! +1&! 9'*'7! B&)+'7.! "13,! 7&#)+3'*! 3,! 5&93#+&9! $2! +1&! ZN! )%'*#,&! QQ! 53=!

_Q*B3+7'4&*e"1&75'!R3,)1&7!L)3&*+3(3)`!3*!#!C!�X!B'%@5&!)'*+#3*3*4!-U!(5'%!'(!B&)+'7c!/U!(5'%!'(!+1&!

IJA!'(!3*+&7&,+c!/!�X!'(!ZN!)%'*#,&!QQ!7&#)+3'*!53=!#*9!3*)@$#+&9!'B&7*341+!#+!-C!h?.!"1&!7&#)+3'*!3,!

,+'00&9!$2!#993*4!-!�X!'(!-U!54e5%!07'+&3*#,&!]!_"1&75'!R3,)1&7!L)3&*+3(3)`!#*9!3*)@$#+3'*!('7!/U!

53*!#+!8F!h?.!R3*#%%2c!-PC!�X!'(!+1&!7&#)+3'*!53=!#7&!@,&9!+'!+7#*,('75!G"#8)7'#"DN/U!)&%%,c!#!,+7#3*!+1#+!

3,!,&*,3+3B&!+'!+1&!07'9@)+!'(!+1&!88?B!4&*&!&*)'9&9!$2!+1&!*'*P7&)'5$3*#*+!9'*'7!0%#,539.!

Q*!#! ,&)'*9!,+&0c!#++X! ,&W@&*)&,!'*! +1&!&*+72! B&)+'7! (7'5! +1&! (37,+! )%'*3*4! ,+&0!*&&9! +'!

7&)'5$3*&! <3+1! #++M! ,&W@&*)&,! '*! +1&! 9&,+3*#+3'*! B&)+'7.! "13,! 7&#)+3'*! 3,!5&93#+&9! $2! +1&! XM!

)%'*#,&!QQ!53=!_Q*B3+7'4&*e"1&75'!R3,)1&7!L)3&*+3(3)`c!3*!#!C!�X!B'%@5&!)'*+#3*3*4!-U!(5'%!'(!&#)1!

B&)+'7c!/!�X!'(!XM!)%'*#,&! QQ! 7&#)+3'*!53=!#*9! 3*)@$#+&9!'B&7*341+!#+!-C!h?.!"1&*c!+1&!7&#)+3'*! 3,!

,+'00&9!$2!#993*4!-!�X!'(!-U!54e5%!07'+&3*#,&!]!_"1&75'!R3,)1&7!L)3&*+3(3)`!#*9!3*)@$#+3'*!('7!/U!

53*!#+!8F!h?.!R3*#%%2c!-!�X!'(!+13,!7&#)+3'*!#7&!@,&9!+'!+7#*,('75!G"#8)7'#"DN/U!)&%%,!,&*,3+3B&!+'!))9Z!

&*)'9&9!$2!+1&!*'*P7&)'5$3*#*+!9&,+3*#+3'*!B&)+'7.!
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8.E. Z#)+&73#%!+7#*,('75#+3'*!$2!1&#+!,1'):!

Y&#+!,1'):!+7#*,('75#+3'*!7&%3&,!'*!53)7'0'7&,!'*!+1&!$#)+&73#%!5&5$7#*&!3*9@)&9!$2!#!

W@3):!1&#+!,1'):c!#%%'<3*4!IJA!+'!0#,,!+1'@41+!+1#*:,!+'!#!)#%)3@5!73)1!&*B37'*5&*+.!A(+&7<#79,c!

$#)+&73#!#7&!0@+!$#):!'*!3)&!+'!7&)'B&7.!R'7!+13,!0@70',&c!CU!�X!'(!)'50&+&*+!$#)+&73#!,+'7&9!#+!PHU!

h?!_G"#8)7'#'7!5"#&9@;>%8';3$`!#7&!+1#<&9!'*!3)&c!+1&*!53=&9!<3+1!U./P/UU!*4!'(!IJA!_B'%@5&!'(!#99&9!

IJA!5@,+!*'+!&=)&&9!C!�X`!#*9!%&(+!('7!8U!53*!'*!3)&.!"1&!53=!3,!+1&*!0@+!3*+'!#!1&#+&9!<#+&7!$#+1!

('7!>C!,&)!#+!>-!h?!_C!53*!#+!8F!h?!('7!5"#&9@;>%8';3$`!#*9!0@+!$#):!'*!3)&!('7!-!53*.!R3*#%%2c!CUU!�X!'(!

XZ!5&93#!3,!#99&9!+'!+1&!)&%%,!<13)1!#7&!3*)@$#+&9!/!1'@7!#+!8F!h?!_-H!h?!('7!5"#&9@;>%8';3$`c!#%%'<3*4!

7&,3,+#*)&! 4&*&,! +'! $&! &=07&,,&9c! $&('7&! $&3*4! 0%#+&9! '*! Ng+73! 93,1! )'*+#3*3*4! XZ! #4#7! 5&93#!

,@00%&5&*+&9!<3+1!+1&!#007'073#+&!#*+3$3'+3)_,`.!

8.F. N%#,539!IJA!&=+7#)+3'*!

N%#,539! IJA! <#,! 0@73(3&9! @,3*4! +1&! :3+,! D987;)$:'3# I7%$@'?# ]9'8FI94;# )4! D987;)$:'3#

I7%$@'?# G%$AI94;! _O#)1&7&2PJ#4&%`.! A! -!5%! B'%@5&! '(! XZ! 5&93#! <3+1! #007'073#+&! #*+3$3'+3)! 3,!

,&&9&9!<3+1!,&%&)+&9!$#)+&73#!#*9!3*)@$#+&9!'B&7*341+!#+!8F!h?c!('7!G"#8)7'=##*9!>H!1!#+!-H!h?c!('7!5"#

&9@;>%8';3$.!Z#)+&73#!#7&!*&=+!,&935&*+&9!$2!)&*+73(@4#+3'*!#*9!%2,&9!3*!#!$@((&7!)'*+#3*3*4!LIL!

#*9!,'93@5!1297'=39&.!?&%%@%#7!9&$73,!#*9!4&*'53)!IJA!#7&!7&5'B&9!$2!)&*+73(@4#+3'*!#*9!+1&!

,@0&7*#+#*+!%'#9&9!3*+'!#!,3%3)#!5&5$7#*&!)'%@5*.!"13,!5&5$7#*&!3,!+1&*!<#,1&9!<3+1!#*!&+1#*'%!

#*9!,#%+!,'%@+3'*!#*9!+1&!$'@*9!IJA!&%@+&9!<3+1!#!%'<!3'*3)!,+7&*4+1!$@((&7!_C!5O!"73,PY?%!0Y!H.Cd!

U./!5O!SI"A`.!

b1&*!#!1341!W@#*+3+2!'(!0%#,539!IJA!3,!7&W@37&9!_('7!$3'%3,+3)!&=0&735&*+,c!('7!3*,+#*)&`!+1&!

0%#,539! (7'5! CUP/UU! 5X! $#)+&73#%! )&%%! )@%+@7&,! 3,! 0@73(3&9! @,3*4! +1&! D987;)B)3?# 0&4%# L'?'# :3+!

_O#)1&7&2PJ#4&%`c!+1#+!3,!$#,&9!'*!+1&!$3*93*4!'(!IJA!3*+'!#*!#*3'*3)!&=)1#*4&!)'%@5*!#*9!&%@+3'*!

<3+1!#!1341!,#%+!$@((&7c!('%%'<&9!$2!&+1#*'%!07&)303+#+3'*.!!

8.H. L&W@&*)3*4!

8.H./. L#*4&7!,&W@&*)3*4!

L#*4&7!,&W@&*)3*4!7&#)+3'*,!<&7&!0&7('75&9!$2!O7.!A.!A%3'@#!#*9!O,.!L.!]'&)1%&7!(7'5!+1&!

IBMP!platform!�gene!expression!analysis�.!This!method!relies!on!the!chainP+&753*#+3'*!,&W@&*)3*4!

'(! #! IJA! $2! +1&! #993+3'*! '(! 939&'=2*@)%&'+39&,.! J@)%&3)! #)39,! #7&! +1&*! ,&0#7#+&9! $2! )#03%%#72!

&%&)+7'01'7&,3,!'*!+1&!AZQ!NMQLO!8/UU!V&*&+3)!A*#%2G&7!_A00%3&9!Z3',2,+&5c!R',+&7!?3+2c!?#%3('7*3#`.!
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8.H.-. Q%%@53*#!O3,&W!,&W@&*)3*4!

X3$7#72!07&0#7#+3'*!#*9!,&W@&*)3*4!7&#)+3'*,!<&7&!0&7('75&9!$2!O7.!A.!A%3'@#!#*9!O,.!L.!

Koechler! from! the! IBMP! platform! �gene! expression! analysis�.! Libraries! were! prepared! with! the!

J&=+&7#! n"! IJA! X3$7#72! N7&0! :3+! _Q%%@53*#c! L#*! I3&4'c! ?#%3('7*3#c! \LA`.! R37,+c! /! �4! '(! 5+IJA! 3,!

+#45&*+&9c!5&#*3*4! +1#+! 3+! 3,! (7#45&*+&9! #*9! +#44&9!<3+1! #9#0+&7! ,&W@&*)&,! 3*! #! ,3*4%&! ,+&0.!

"#45&*+&9!IJA!3,!+1&*!#50%3(3&9!$2!N?M!@,3*4!0735&7,!)'50%&5&*+#72!+'!+1&!#9#0+&7!,&W@&*)&,c!

#*9! )%&#*&9! (7'5! 7&#)+3'*#%!5&93#.! A(+&7<#79,c! +1&! ,3G&! '(! +1&! %3$7#73&,! 3,! )1&):&9! '*! +1&! -/UU!

Z3'#*#%2G&7!_A43%&*+`.!R3*#%%2c!%3$7#73&,!#7&!,&W@&*)&9!<3+1!0#37&9P&*9!-!=!/CU!7&#9,!'*!+1&!O3L&W!

L2,+&5!_Q%%@53*#`.!

8.H.8. N#)Z3'!,&W@&*)3*4!

A))&,,!+'!+1&!]&24&*&!_b#4&*3*4&*c!"1&!J&+1&7%#*9,`!N#)Z3'!0%#+('75!<#,!07'B39&9!#*9!

(3*#*)&9!$2!S*G#!T#9&*.!"'!9'!,'c!/!54!'(!5+IJA!3,!(7#45&*+&9!_0',,3$%&!,3G&,!7#*4&!(7'5!-CU!$0!

+'! 47&#+&7! +1#*! -UcUUU! $0`! #*9! +1&! IJA! &*9,! 7&0#37&9.! "1&*c! #9#0+&7,! #7&! %34#+&9! +'! +1&! IJA!

(7#45&*+,! +'!4&+!#! )37)@%#7!5'%&)@%&! )%',&9!$2! +<'!1#3703*,! )#%%&9!LOMTbell�!Template! _N#)3(3)!

$3',)3&*)&,c!O&*%'!N#7:c!?#%3('7*3#c!\LA`.!?37)@%#7!5'%&)@%&,!#7&!*&=+!0@73(3&9!#*9!+1&!,3G&,!'(!+1&!

%3$7#73&,! )1&):&9! '*! +1&! -/UU! Z3'#*#%2G&7! _A43%&*+`.! J&=+c! 0735&7,! #7&! #**&#%&9! +'! +1&! 1#3703*!

structures!and!DNA!polymerase!bound!to!these!primers.!Finally,!SMRTbell�!Template!are!loaded!

3*+'! +1&! N#)Z3'! L&W@&%! L2,+&5,! _N#)3(3)! $3',)3&*)&,`! ('7! ,3*4%&! 5'%&)@%&c! 7&#%P+35&! _LOM"`!

,&W@&*)3*4.!

B4 !X3/3,L/.<=-32!<7-6/09!

>./. A,,&5$%2!'(!!"#$%&'(%!5+IJA!)'*+34,!(7'5!Q%%@53*#!7&#9,!

!!"# $%&'(%! Q%%@53*#! 7&#9,! <&7&! #*#%2G&9! $2! O,.! L.! V7#3*9'74&! (7'5! +1&! QZON! 0%#+('75!

�Bioimage!and!Bioinformatics�.!Assembly!of!these!reads!was!made!with!NOVOplasty!_:P5&7!--`!#*9!

>H!)'*+34,!<&7&!'$+#3*&9c!#5'*4!+1&5!--!<&7&!)'*(375&9!#,!5+IJA!)'*+34,!$2!ZXAL".!

>.-. A,,&5$%2!'(!!"#$%&'(%!5+IJA!)'*+34,!(7'5!N#)Z3'!7&#9,!

M#<!N#)Z3'!9#+#!9&%3B&7&9!$2!]&24&*&!<&7&!5#00&9!'*!+1&!-/!5+IJA!)'*+34,!(7'5!Q%%@53*#!

<3+1!ZbAP5&5!+'!7&5'B&!)'*+#53*#+3'*,!_]&24&*&!+73&9!+'!$@3%9!)'*+34,!$@+!&*9&9!@0!'*%2!<3+1!
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$#)+&73#%!)'*+34,`.!O#00&9!7&#9,!<&7&!+1&*!#,,&5$%&9!@,3*4!?#*@!+'!4&+!>!)'*+34,!#5'*4!+1&5!8!

<&7&!39&*+3(3&9!#,!53+')1'*973#%!$2!ZXAL"!_/FF!:$c!K/!:$!#*9!F8!:$`!#*9!/!'(!$#)+&73#%!'7343*!_/U!:$`.!

>.8. A,,&5$%2!'(!<3%9!%&++@)&!5+IJA!(7'5!Q%%@53*#!7&#9,!

Q%%@53*#! 7&#9,! (7'5! <3%9! %&++@)&! ,0&)3&,! <&7&! +7355&9! <3+1! "7355'5#+3)! +'! 7&5'B&!

#9#0+&7!,&W@&*)&,!#*9!%'<!W@#%3+2!&*9,!#*9!6'3*&9!<3+1!R#,+WP6'3*!<1&*!0#37&9!7&#9,!5#00&9!+'!

&#)1!'+1&7,.!"1&*!+1',&!7&#9,!<&7&!#,,&5$%&d,!first!with!Velvet.!�Velvet!contigs�!were!mapped!on!

+1&!!"#$%&'(%#mtDNA!and!mapped!�Velvet!contigs�!were!used!as!�trusted!contigs�!for!a!second!round!

of!assembly!with!SPAdes.!�SPAdes�!contigs!were!identified!by!BLAST!and!filtered!according!to!their!

)'B&7age.! Filtered! �SPAdes! contigs�! were! extended! by! SSPACE! into! long! scaffolds! _@0! /FU! :$`.!

R3*#%%2c!)'*+34,!<&7&!#,,&5$%&9!#*9!4#0,!(3%%&9!@,3*4!)'*+34,!(7'5!#!5&+#4&*'53)!#,,&5$%&7!QIZAP

\I.!

>.>. I&+&753*#+3'*!'(!MJA!&93+3*4!,3+&,!'*!!"#$%&'(%!5+IJA!

!"# $%&'(%! MJA! 7&#9,! _#))&,,3'*,! LMMUHUF-C! #*9! LMMUHC/UF`! <&7&! 5#00&9! '*! !"# $%&'(%!

5+IJA! @,3*4! Y3,#+-! <3+1! 7&9@)&9!53,5#+)1! 0&*#%+3&,! _PPmp! parameters! to! �2,0�`c! #%%'<3*4! +1&!

5#003*4!'(!5'7&!7&#9,.!LAO!('75#+!(3%&,!<&7&!+1&*!)'*B&7+&9!+'!ZAO!('75#+!<3+1!L#5+''%,.!ZAO!

(3%&,!<&7&!,'7+&9!<3+1!L#5+''%,! ('7!B3,@#%3G#+3'*!'*! QV[.!LJN,!)#%%3*4!<#,!5#9&!<3+1!R7&&$#2&,c!

@,3*4!9&(#@%+!0#7#5&+&7,.!LJN,!<&7&!(3%+&7&9!+'!7&5'B&!*'*!?!+'!\! _'7!V!+'!A`!'*&,.!R3*#%%2c!'*%2!

LJN,!3*!)'93*4!7&43'*,!<&7&!)'*,&7B&9.!

>.C. Q9&*+3(3)#+3'*!'(!LJN,!#,,')3#+&9!<3+1!#!W@#%3+#+3B&!01&*'+20&!

IJA!*#*'$#%%,!,&W@&*)3*4!9#+#!<&7&!07&07')&,,&9!$2!ZVQ!+'!7&5'B&!%'<!W@#%3+2!7&#9,!#*9!

#9#0+&7,.!N7&07')&,,&9!7&#9,!<&7&!+1&*!5#00&9!'*!+1&!!"#$%&'(%!*@)%&#7!_[H`c!0%#,+393#%!_J?UUFCFH`!

#*9!53+')1'*973#%!4&*'5&,.!LAO!('75#+!(3%&,!<&7&!)'*B&7+&9!+'!ZAO!('75#+!<3+1!L#5+''%,.!LJN,!

)#%%3*4! <#,! 5#9&! <3+1! [#7L)#*! <3+1! 9&(#@%+! 0#7#5&+&7,! #*9! +#$%&,! 5#*30@%#+&9! '*! M! <3+1!

I#+#.+#$%&.!
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A4 &>=,-9!<7-6/09!!

C./. 23#('&4)!5&+1'9,!

C././. L&&9,!,+&73%3G#+3'*!!

"'!7&5'B&!$#)+&73#%!#*9!(@*43!)'*+#53*#+3'*!#,,')3#+&9!+'!+1&!,&&9,!,@7(#)&c!,&&9,!*&&9!

+'!$&!,+&73%3G&9!073'7!+'!47'<+1.!"'!9'!,'c!%&++@)&!,&&9,!#7&!<#,1&9!8U!,&)!<3+1!FU!j!&+1#*'%!('%%'<&9!

$2!/U!53*!<#,1!<3+1!/!j!J#DY.!R3*#%%2c!,&&9,!#7&!<#,1&9! 3*!,+&73%&!<#+&7!#*9!973&9!'*!$%'++3*4!

0#0&7.!

C./.-. 23#('&4)#47'<+1!'*!,'%39!5&93@5!

I&0&*93*4! '*! +1&! @0)'53*4! &=0&735&*+,c! ,&&9,! <&7&! 47'<*! '*! #4#7',&! 0%#+&,! _&3+1&7!

OL-CC!'7!#4#7',&!'*%2!5&93#`!3*!47'<+1!)1#5$&7,c!&3+1&7!3*!+1&!9#7:!#+!-8!h!?! _('7!0@73(3)#+3'*!'(!

53+')1'*973#!(7'5!&+3'%#+&9!,&&9%3*4,`!'7!@*9&7!#!01'+'0&73'9!'(!/E!1'@7,!'(!%341+!#+!-/!h?!#*9!H!

1'@7,!'(!9#7:!#+!/H!h?.!

C./.8. 23#('&4)#47'<+1!3*!%3W@39!5&93@5!

R'7!47'<+1! 3*! %3W@39!5&93@5c! ,+&73%3G&9! ,&&9,!<&7&! (37,+! 47'<*!'*!#4#7',&!0%#+&,! _&3+1&7!

OL-CC!'7!#4#7',&!'*%2!5&93#`!3*!#!47'<+1!)1#5$&7!@*9&7!#!9#2e*341+!01'+'0&73'9!'(!/E!1'@7,!%341+!

#+!-/!h?!#*9!H!1'@7,!3*!+1&!9#7:!#+!/H!h?!('7!,&B&*!9#2,.!A(+&7<#79,c!,&&9%3*4,!<&7&!+7#*,(&77&9!+'!

%3W@39!OL-CC!5&93@5!$2!355&743*4!+1&!7''+,.!

C./.>. 23#('&4)#47'<+1!'*!$%'++3*4!0#0&7!

L&&9,! <&7&! 93,0',&9! '*! "P8UU! $%'++3*4! 0#0&7! _�! HU! 55d! A%%! N#0&7! $.B.! I39#5c! +1&!

J&+1&7%#*9,`!3*!Ng+73!93,1!#*9!<&+!<3+1!C!5X!'(!<#+&7!_'7!<#+&7!)'*+#3*3*4!4&*'+'=3)!#4&*+`.!"1&!

0&+73! 93,1!<#,! *&=+! ,&#%&9!<3+1! 0#7#(3%5! +'! :&&0! 1@5393+2.! "1&*! +1&! $'=&,! #7&! 0@+! 3*! #! 47'<+1!

)1#5$&7!@*9&7!#!9#2e*341+!)2)%&!'(!/E!1'@7,!'(!%341+!#+!-/!h?!#*9!H!1'@7,!3*!+1&!9#7:!#+!/H!h?!@0!+'!

-/!9#2,.!

C.-. L+#$%&!+7#*,('75#+3'*!'(!5"#&6%7'%3%!$2!(%'7#%P930!

"'! '0+353G&! +1&! *@5$&7! '(! +7#*,('75#*+,c! +1&! (37,+! (%'7#%! ,+&5! 3,! )@+! #! <&&:! $&('7&!

+7#*,('75#+3'*c!+'!(#B'7!+1&!47'<+1!'(!*@5&7'@,!(%'<&7!,+&5,.!N%#*+,!#7&!7&#92!+'!$&!+7#*,('75&9!

<1&*!,3%3W@&,!,+#7+!+'!('75.!"1&!+7#*,('75#+3'*!3,!5&93#+&9!$2!#!5"#&9@;>%8';3$!,+7#3*!)#7723*4!+1&!

)'*,+7@)+3'*!'(! 3*+&7&,+!'*!#!$3*#72!0%#,539.!A!-C!5%!07&)@%+@7&!'(! +13,! ,+7#3*! 3,! 47'<*c!#+! -H! h?!
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"BB!

'B&7*341+! 3*!XZ!5&93#!)'*+#3*3*4!#007'073#+&!#*+3$3'+3),c!#*9!+1&*!@,&9!+'! 3*,&53*#+&!#!-CU!5%!

)@%+@7&! 3*! XZ! 5&93#.! b1&*! +1&! -CU! 5%! )@%+@7&! 7&#)1&,! DIEUUa! U.Hc! $#)+&73#! #7&! ,&935&*+&9! $2!

)&*+73(@4#+3'*!-U!53*!#+!>UUU!4!#*9!7&,@,0&*9&9!3*!C!j!,#))1#7',&!#*9!U.U-!j!L3%<&+!XPFF!+'!DIEUUa!

U.H.! "1&! #&73#%! 0#7+,! '(! +1&! 0%#*+! )#*! *'<! $&! 0%@*4&9! 3*+'! +1&! $#)+&73#%! ,@,0&*,3'*! ('7! 8U! ,&).!

A(+&7<#79,c!0%#*+,!#7&!0@+!3*!+1&!9#7:!@*9&7!#!9'5&!+'!5#3*+#3*!1@5393+2!('7!-!9#2,.!R3*#%%2c!0%#*+,!

#7&!47'<*!#+!*'75#%!)'*93+3'*,!@*+3%!,&&9,!#7&!'$+#3*&9.!

"7#*,('75#*+,!#7&!*&=+!,&%&)+&9!'*!#4#7',&!0%#+&,!_OL-CC!5&93#c!I@)1&(#`!)'*+#3*3*4!/j!

,@)7',&!#*9!+1&!#007'073#+&!#*+3$3'+3),.!"'!9'!,'c!/CU!�X!'(!,+&73%3G&9!,&&9,!#7&!,@,0&*9&9!3*!H!5%!

'(!U./!#4#7',&!_0eB`!#*9!0%#+&9!'*!/C!)5!0%#+&,!+1&!,'%39!5&93#.!"1&!,&&9,!#7&!+1&*!,+7#+3(3&9!3*!+1&!

9#7:!>H!1!#+! >!h?!$&('7&!*'75#%!47'<+1!'*!#!47'<+1!)1#5$&7.! R3*#%%2c! ,&&9%3*4,! 7&,3,+#*+! +'! +1&!

,&%&)+3'*!#*+3$3'+3)!#7&!+7#*,0%#*+&9!3*+'!,'3%!('7!+1&!07'9@)+3'*!'(!,&&9,.!

C.8. "7#*,(&)+3'*!'(!+'$#))'!%&#B&,!('7!,@$)&%%@%#7!%')#%3G#+3'*!'(!(%@'7&,)&*+!07'+&3*,!

"7#*,(&)+3'*!'(!D'8)&'%3%#*;3&6%@'%3%!'7!D'8)&'%3%#&%*%889@#<#,!5#9&!'*!>!<&&:,!'%9!

%&#B&,.!

C.8./. Z2!#47'3*(3%+7#+3'*!!

"13,!+7#*,(&)+3'*!3,!5&93#+&9!$2!##5"#&9@;>%8';3$!,+7#3*!)#7723*4!+1&!)'*,+7@)+3'*!'(!3*+&7&,+!

)%'*&9!3*!#!$3*#72!B&)+'7.!A!-!5%!07&)@%+@7&!'(!+13,!,+7#3*!3,!47'<*c!#+!-H!h?!'B&7*341+!3*!XZ!5&93#!

)'*+#3*3*4!#007'073#+&!#*+3$3'+3),c!#*9!+1&*!@,&9!+'!3*,&53*#+&!#!C!5%!)@%+@7&!3*!+1&!,#5&!5&93#.!

b1&*!+1&!C!5%!)@%+@7&!7&#)1&,!DIEUUa!/c!$#)+&73#!#7&!,&935&*+&9!$2!)&*+73(@4#+3'*!('7!/U!53*!#+!>UUU!

4!#*9!7&,@,0&*9&9!3*!/U!5O!O4?%-!#*9!/UU!�O!#)&+',273*4'*&!+'!DIEUUa!/.!A!+3*2!%&,3'*!3,!5#9&!'*!

+1&!@*9&7,39&!'(! +1&!D"#*;3&6%@'%3%! %&#(!#*9!+1&!$#)+&73#%!,@,0&*,3'*! 3,! 3*(3%+7#+&9! 3*+'!+1&! %&#(!

@,3*4!#!/!5%!,273*4&!<3+1'@+!#!*&&9%&.!N%#*+,!#7&!0@+!$#):!+'!47'<+1!('7!F-!1c!$&('7&!'$,&7B#+3'*!'(!

+1&!&=07&,,3'*!'(!(%@'7&,)&*+!07'+&3*,!#+!+1&!)'*(')#%!53)7',)'0&.!

C.8.-. Z2!$3'%3,+3),!!

Z3'%3,+3)!+7#*,(&)+3'*!3,!5&93#+&9!$2!+1&!NILP/UUUeY&!Z3'%3,+3)!N#7+3)%&!"7#*,(&)+3'*!L2,+&5!

_ZQDMAI`.!V'%9!'7!+@*4,+&*!0#7+3)%&,!_0.6!$m`!#7&!)'#+&9!<3+1!IJA.!R'7!+1#+c!-U!�X!'(!#!8U!54e5X!

0#7+3)%&,!,@,0&*,3'*!3*!/U!j!4%2)&7'%!3,!#99&9!'(!F!�4!'(!0%#,539!IJAc!8U!�X!'(!-.C!O!?#?%-c!/E!�X!'(!

U./!O!,0&75393*&!#*9!B'7+&=&9!B34'7'@,%2!('7!/C!53*.!"1&!0#7+3)%&,!#7&!+1&*!<#,1&9!('@7!+35&,!<3+1!

-UU!�X!'(!/UU!j!S+1#*'%c!#*9!(3*#%%2!7&,@,0&*9&9!3*!8C!�X!'(!/UU!j!S+1#*'%.!!
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"BA!

R'7!+1&!$3'%3,+3)!+7#*,(&)+3'*c!+1&!D"#*;3&6%@'%3%!'7!D"#&%*%889@! %&#B&,!#7&!0%#)&9!'*!#*!

#4#7!0%#+&c!#$#=3#%!%&#(!(#)&!@0c!0@+!3*!+1&!)1#5$&7!'(!+1&!NILP/UUUeY&!_ZQDMAI`!#*9!+7#*,(&)+&9!

<3+1!/U!�X!'(!0#7+3)%&,!,@,0&*,3'*!07&B3'@,%2!,07&#9!'*!#!5#)7')#773&7c!@,3*4!/8CU!0,3!7@0+@7&!93,:,.!

R3*#%%2c!+1&!%&#B&,!#7&!0@+!3*!+1&!9#7:!'B&7*341+!$&('7&!'$,&7B#+3'*!#+!+1&!)'*(')#%!53)7',)'0&.!

C.8.8. D$,&7B#+3'*!'(!+7#*,(&)+&9!)&%%,!

"7#*,(&)+&9! )&%%,! #7&! '$,&7B&9! @*9&7! #*! 3*B&7+&9! %#,&7! ,)#**3*4! )'*(')#%! 53)7',)'0&!

_XLOFUUc!?#7%!T&3,,c!D$&7:')1&*c!V&75#*2`.!"'!9'!,'c!#!03&)&!'(!%&#(!3,!0%#)&9!'*!#!53)7',)'0&!,%39&c!

#$#=3#%!(#)&!@0c!#!97'0%&+!'(!<#+&7!3,!#99&9!#*9!+1&!%&#(!03&)&!$&+<&&*!,%39&!#*9!)'B&7!,%30!3,!,&#%&9!

<3+1!+#0&c!#*9!7&#92!+'!$&!'$,&7B&9.!

C.>. ?7',,&,!$&+<&&*!+<'!!"#$%&'(%!0%#*+,!

"'!)7',,!!"#$%&'(%!0%#*+,!+<'!935&*,3'*,!5@,+!$&!)'*,39&7&9.!"1&!(37,+!'*&! 3,! +1&!,0#+3#%!

935&*,3'*.! Q*9&&9c! (%'<&7,!'(!!"#$%&'(%!#7&!1&75#017'93+&c!1#B3*4!$'+1!5#%&!#*9!(&5#%&!'74#*,.!

"1#+!3,!<12!+'!)7',,!+<'!0%#*+,c!+1&!(%'<&7,!'(!+1&!(&5#%&!0%#*+!*&&9!+'!$&!&5#,)@%#+&9c!$2!7&5'B3*4!

3+,!#*+1&7,.!Y'<&B&7c!&5#,)@%#+3'*!5@,+!$&!9'*&!$&('7&!+1&!,+345#!47'<,!+17'@41!+1&!#*+1&7,c!#*9!

+1#+!3,!<1&7&!#!+&50'7#%!935&*,3'*!)'5&,!3*.!Q*9&&9c!%&++@)&!(%'<&7,!'0&*!'*%2!'*)&c!#*9!('7!#!(&<!

1'@7,c! #*9! +'!#B'39! ,&%(P0'%%3*#+3'*! +1&!&5#,)@%#+3'*! 1#,! +'!$&! 9'*&!$&('7&! +1&!'0&*3*4!'(! +1&!

(%'<&7.! Q*!07#)+3)&c!<&!&5#,)@%#+&!C! (%'<&7,!0&7!)7',,.!A(+&7<#79,c!<39&%2!'0&*&9!(%'<&7,!'(! +1&!

5#%&!0%#*+!#7&!1#7B&,+&9!#*9!@,&9!+'!0'%%3*#+&!&5#,)@%#+&9! _'7!5#%&! ,+&73%&`! (%'<&7,! _/! +'!/`!$2!

$7@,13*4.!

C.C. SB#%@#+3'*!'(!0'%%&*!B3#$3%3+2!$2!A%&=#*9&7!,+#3*3*4!

"1&!B3#$3%3+2!'(!+1&!0'%%&*!'(!!"#$%&'(%!0%#*+,!<#,!&B#%@#+&9!$2!A%&=#*9&7!,+#3*3*4!_A%&=#*9&7c!

/KEK`.!"1&!,+#3*!,'%@+3'*!3,!)'50',&9!'(!/U!j!S+1#*'%!_BeB`c!-C!j!'(!4%2)&7'%!_BeB`c!>!j!4%#)3#%!#)&+3)!

#)39c!>!�O!(@)1,3*!#)39c!/!�O!5#%#)13+&!47&&*!#*9!CUU!*O!'7#*4&!V! 3*!<#+&7.! Q*!07#)+3)&c!#%%! +1&!

,&=@#%!'74#*,!'(!#!<39&%2!'0&*&9!(%'<&7!#7&!7&5'B&9!#*9!0%#)&9!'*!#!53)7',)'0&!,%39&.!"1&!,&=@#%!

'74#*,! #7&! *&=+! )'B&7&9! <3+1! /CU! �%! '(! A%&=#*9&7! ,+#3*3*4! ,'%@+3'*! 93%@+&9! +'! +1&! +&*+1! #*9!

3*)@$#+&9!('7!-!1'@7,!$&('7&!'$,&7B#+3'*!@*9&7!'0+3)#%!53)7',)'0&.!"1&!0'%%&*!)&%%!<#%%!3,!)'%'7&9!

$%@&P47&&*!_9@&!+'!5#%#)13+&!47&&*`c!<13%&!+1&!0'%2,#))1#739&,!#*9!)&%%@%',&!07&,&*+!3*!+1&!B3#$%&!

07'+'0%#,5! #7&! )'%'7&9! 7&9P03*:! _9@&! +'! '7#*4&! V! #*9! (@)1,3*! #)39`.! "13,! 5#:&,! 3+! &#,2! +'!

93,+3*4@3,1!$&+<&&*!B3#$%&!0'%%&*!<3+1!#!7&9P03*:!07'+'0%#,5!(7'5!*'*PB3#$%&!'*&!+1#+!3,!,+#3*&9!

'*%2!47&&*.!!
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"BE!

C.E. ?307'(%'=#)3*!_?QN`!4&*'+'=3)!,+7&,,!

"'!+&,+!+1&!7&,3,+#*)&!'(!!"#$%&'(%!+'!?QNc!+<'!)'*93+3'*,!<&7&!9&+&753*&9.!L+&73%3G&9!,&&9,!

<&7&!93,+73$@+&9!&3+1&7!'*!#4#7',&!0%#+&,!_OL-CC!'7!#4#7',&!'*%2!5&93#`!)'*+#3*3*4!?QN!_(7'5!-CU!

*O!+'!-!5O`!('7!/!<&&:!'7!'*!$%'++3*4!0#0&7!1@5393(3&9!<3+1!<#+&7!)'*+#3*3*4!?QN! _(7'5!-!�O!+'!-!

5O`! ('7! /! +'! 8!<&&:,.! "1&! ,@7B3B3*4! 0%#*+,!<&7&! +1&*! +7#*,0%#*+&9! 3*+'! ,'3%! @*+3%! +1&2! 07'9@)&!

(%'<&7,c!+'!&B#%@#+&!+1&37!(&7+3%3+2.!

E4 &>=,-!<3-/26/,0.3=!<7-6/09!

E./. O3+')1'*973#%!0@73(3)#+3'*!(7'5!&+3'%#+&9!,&&9%3*4,!

SB&72!,+&0!%&#93*4!+'!3*+#)+!#*9!0@73(3&9!53+')1'*973#!<#,!9'*&!#+!>!h?!3*!#!)'%9!7''5c!+'!

#B'39! +1&37! 9&47#9#+3'*!<13%&!53*353G3*4!<#3+3*4! +35&,.! L&B&*! 9#2,! '%9! &+3'%#+&9! ,&&9%3*4,! #7&!

47'@*9! <3+1! #! 5'7+#7! #*9! 0&,+%&! 3*! 473*93*4! $@((&7! _U.E! O! ,@)7',&c! CU! 5O! +&+7#,'93@5!

027'01',01#+&c! >!5O! SI"Ac! -U!5O! ]Y-ND>c! -! j! N[NP>Uc! -!j! ZLAc! 0Y! #96@,+&9! +'! F.Cc! >U!5O!

#,)'7$#+&c!/U!5O!)2,+&3*&c!-!5O!I""d!/U!5%!('7!/UU!,&&9%3*4,`.!"1&!,@,0&*,3'*!3,!(3%+&7&9!+17'@41!

+<'!%#2&7,!'(!*2%'*!)%'+1!_KE!�5`!#*9!+1&!,'%39!5#+&73#%!3,!47'@*9!#!,&)'*9!+35&!3*!/U!5%!473*93*4!

$@((&7!#*9! (3%+&7&9.!J&=+c! +1&! (3%+7#+&!@*9&74'&,!93((&7&*+3#%! )&*+73(@4#+3'*.!"1&! (37,+! ,+&0!#35,! +'!

7&5'B&! )&%%! 9&$73,! $2! +<'! )'*,&)@+3B&! )&*+73(@4#+3'*,! #+! 8CUU! 4! ('7! C!53*.! "1&! ,@0&7*#+#*+! 3,!

+7#*,(&77&9! +'! #! *&<! +@$&! #*9! )&*+73(@4&9! #+! EUUU! 4! ('7! /U! 53*.! R3*#%%2c! +1&! ,@0&7*#+#*+! 3,!

+7#*,(&77&9!3*+'!#!*&<!+@$&!#*9!53+')1'*973#!3,!,&935&*+&9!$2!)&*+73(@4#+3'*!#+!/FUUU!4!('7!-U!53*.!

"1&!0&%%&+!3,!+1&*!7&,@,0&*9&9!3*+'!>UU!�X!'(!<#,13*4!$@((&7!_Uc8!O!,@)7',&c!/U!5O!ODNLc!Uc/j!ZLAc!

0Y! #96@,+&9! +'! F.C`.! O3+')1'*973#! #7&! +1&*! 0@73(3&9! '*! #! 93,)'*+3*@'@,! 0&7)'%%! 47#93&*+! $2!

)&*+73(@4#+3'*!#+!-CUUU!4!('7!-C!53*c!<3+1!$7&#:!'((.!"1&!0&7)'%%!47#93&*+!3,!)'50',&9!'(!8!%#2&7,!'(!

93((&7&*+!0&7)'%%!,'%@+3'*,c!CUjc!-Cj!#*9!/Hj!_BeB`!3*!<#,13*4!$@((&7.!O3+')1'*973#!#7&!)#7&(@%%2!

7&)'B&7&9!(7'5!+1&!CUP-Cj!3*+&701#,&.!"'!7&5'B&!+1&!7&5#3*3*4!0&7)'%%c!53+')1'*973#!#7&!93%@+&9!

3*!8U!5%!'(!/!n!<#,13*4!$@((&7!#*9!)&*+73(@4&9!/C!53*!#+!/FUUU!4.!"1&!<#,13*4!,+&0!3,!7&0&#+&9!+<3)&.!

R3*#%%2c!+1&!53+')1'*973#%!0&%%&+!3,!+7#*,(&77&9!3*+'!#!/.C!5%!S00&*9'7(!+@$&!@*+3%!@,&.!

E.-. IJ#,&!Q!+7&#+5&*+!'(!53+')1'*973#!

A(+&7! 53+')1'*973#! 0@73(3)#+3'*c! )'*+#53*#*+! *@)%&#7! '7! 0%#,+39! IJA! $'@*9! +'! +1&!

53+')1'*973#!,@7(#)&!3,!7&5'B&9!$2!IJ#,&!+7&#+5&*+.!R'7!+1#+!53+')1'*973#!#7&!7&,@,0&*9&9!3*+'!
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"BH!

/UU!�X!'(!/!n!<#,13*4!$@((&7!<3+1!CU!�4!IJ#,&!Q!#*9!U.CC!�O!O4-l!#*9!3*)@$#+&9!-U!53*!#+!-C!h?.!

I@73*4! +1&! 3*)@$#+3'*c! +1&! 5+IJA! 3,! 07'+&)+&9! $2! +1&! 3*+#)+! 53+')1'*973#%! 5&5$7#*&c! <13%&!

&=+&7*#%!IJA! 3,!934&,+&9.!A(+&7! 3*)@$#+3'*c!/!5%!'(!<#,13*4!5&93@5!)'*+#3*3*4!SI"A!#*9!SV"A!

_$'+1!#+!/U!5O`!3,!#99&9!#*9!53+')1'*973#!)'%%&)+&9!$2!)&*+73(@4#+3'*!#+!/HUUU!4!('7!/C!53*.!R3*#%%2c!

+1&!53+')1'*973#!0&%%&+!)#*!$&!@,&9!937&)+%2!'7!(%#,1!(7'G&*!'*!%3W@39!*3+7'4&*!#*9!,+'7&9!#+! PHU!h?!

('7!(@7+1&7!#00%3)#+3'*,.!

E.8. O3+')1'*973#%!IJA!&=+7#)+3'*!

IJA!&=+7#)+3'*!(7'5!0@73(3&9!53+')1'*973#!<#,!0&7('75&9!@,3*4!+1&!]25%@:f#VD5#L'84)!:3+!

_^3#4&*`!following!the!protocol!�Isolation!of!Genomic!DNA!from!tissues�.!Mitochondria!pellet!is!first!

7&,@,0&*9&9!3*!#!%2,3,!$@((&7!)'*+#3*3*4!LIL!#*9!%2,&9!<3+1!07'+&3*#,&!]! _^3#4&*`!'B&7*341+!#+!CE!

h?.!A(+&7!+13,!3*)@$#+3'*c!+1&!%2,#+&!3,!+7#*,(&77&9!+'!#!,3%3)#!)'%@5*!07'B39&9!$2!+1&!:3+!#*9!IJA!3,!

$'@*9!+'!3+.!"1&!)'%@5*!3,!+1&*!<#,1&9!<3+1!#*!&+1#*'%!#*9!,#%+!,'%@+3'*!#*9!+1&!IJA!&%@+&9!<3+1!

93,+3%%&9!<#+&7.!
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Z3$%3'47#012!
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"B:!

%G=0T!%4)4T!Z76.-7,9T!X4a4T!=,0!Z=2S7,R37T!V4%4!_/KKC`.!L0&)3(3)!&=07&,,3'*!3*!7&07'9@)+3B&!+3,,@&,!
#*9!(#+&!'(!#!53+')1'*973#%!,+&73%3+2P#,,')3#+&9!07'+&3*!3*!)2+'0%#,53)!5#%&P,+&73%&!$&#*.!N%#*+!
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1'5'P+&+7#5&73)!IJA!$3*93*4!9'5#3*!'(!G$86;4'86'%#8)7'!,3*4%&P,+7#*9&9!IJAP$3*93*4!07'+&3*!
9&+&753*&9! $2! 5@%+3<#B&%&*4+1! =P7#2! 93((7#)+3'*! '*! +1&! ,&%&*'5&+13'*2%! 07'+&3*! #+! -.KPA!
7&,'%@+3'*.!N7').!J#+%.!A)#9.!L)3.!\LA!:B;!EEC-�EECF.!
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)=81,=-6=,T! Q4T! F31T! #4T! =,0!$=T! '4! _-U/-`.! M&)A! (3%#5&*+! ,%393*4! '*!IJA! (#)3%3+#+&,! 1'5'%'42!
,&#7)1.!&X3(&!";!&UUUEF.!

Raja,!M.R.,!Waterman,!S.R.,!Qiu,!J.,!Bleher,!R.,!Williamson,!P.R.,!and!O�Halloran,!T.V.!_-U/8`.!A!
)'00&7! 120&7#))@5@%#+3'*! 01&*'+20&! )'77&%#+&,! <3+1! 0#+1'4&*&,3,! 3*! .4A:&)8)889$#
3;)>)4@%3$.!O&+#%%'53),!A;!8E8�8F/.!

)=-!\7,/<7!V7k17,23,8!&./J72-!#/,9/.-31<!_-UU>`.!V&*'5&!,&W@&*)&!'(!+1&!Z7'<*!J'7<#2!7#+!
23&%9,!3*,341+,!3*+'!5#55#%3#*!&B'%@+3'*.!J#+@7&!B;5;!>K8�C-/.!

)7=D7T!'4a4!=,0!Z2#=G7T!&4_4!_-U/U`.!A0'0+'+3)P%3:&!7&4@%#+3'*!'(!07'47#55&9!)&%%!9&#+1!3*!0%#*+,.!
A0'0+',3,!"A;!->K�-CE.!

)7DT!Z4!=,0!\.3W7>>T! F4%4! _/KKE`.!"1&! 7'%&!'(!07'+&3*!9&47#9#+3'*! 3*!53+')1'*973#%! (@*)+3'*!#*9!
$3'4&*&,3,.!?@77.!V&*&+.!@?;!8EF�8HU.!

)7C79]#63,]`/T! V4T! `=,8T! d4T! b=,8T! c4T! Q/R3ST! %4T! %.3S3-T! V4T! V/,8T! #4T! c3=T! F4T! _./7,32S7T! F4T!
F=W7>>7T!K4I4T!'.12/T!Z4a4T!c3=T!)4T!d61T!V4T!c1T!#4T!c1T!$4T!c1T!c4T!#/OT!Q4T!Q/.LT!+4T!Z7C7.9T!X4#4T!
Z3267></.7T!)4`4! _-U/F`.!V&*'5&!#,,&5$%2!<3+1! 3*!B3+7'!07'=353+2! %34#+3'*!9#+#!#*9!<1'%&P
4&*'5&!+730%3)#+3'*!3*!%&++@)&.!J#+.!?'55@*.!H;!/>KC8.!

)/G3,9/,T! a4'4T! '6/.W=>090l--3.T! $4T!`3,2S>7.T!`4T! \1--<=,T! Z4T! F=,07.T! (4V4T! \7-RT! \4T! =,0!
Z793./WT!a4&4!_-U//`.!Q*+&47#+3B&!4&*'53),!B3&<&7.!J#+.!Z3'+&)1*'%.!-K;!->�-E.!

)/26=T!(4&4#4T!#/.,7-T!(4T!=,0!Z3267>T!X4! _-UUC`.!?'50#7#+3B&!#*9!&B'%@+3'*#72!#*#%2,3,!'(! +1&!
$#)+&73#%!1'5'%'4'@,!7&)'5$3*#+3'*!,2,+&5,.!NX'L!V&*&+.!";!&/C.!

)/87.T!%4a4T!VW=.0T!V4\4T!'/W=.T!a4T!#>=.ST!#4\4T!V<3-6T!Z4`4T!\3>>3,T!_4K4T!=,0!V/83,T!Z4F4!_/KKH`.!
A!53+')1'*973#%P%3:&!)1#0&7'*3*!EU!4&*&! 3*!V3#793#! %#5$%3#;!SB39&*)&!+1#+!930%'5'*#9,!'*)&!
1#7$'7&9!#*!&*9',25$3'*+!7&%#+&9!+'!+1&!07'4&*3+'7!'(!53+')1'*973#.!N7').!J#+%.!A)#9.!L)3.!\LA!
:A;!--K�-8>.!

)/1OT!_4T!Z=.C]$1=.0T!'4T!X=.3>>/-T!(4T!`7,79T!(4T!X/-.=,T!F4T!K1.=,0T!V4T!Y3>>/1-.73OT!)4T!Z=.-3,]
Z=8,37--7T!Z4]F4T!#=<3>>7.3T!#4T!=,0!X10=.T!_4!_-U/E`.!?2+'*@)%&#7!3*+&7#)+3'*,!#((&)+!#9#0+3B&!
+7#3+,!'(!+1&!#**@#%!0%#*+!54%*'?):$'$#&6%7'%3%!3*!+1&!(3&%9.!N7').!J#+%.!A)#9.!L)3.!\LA!//8;!8EHF�
8EK-.!

)/[=,T!X4%4T!I>07,G1.8T!K4a4T!=,0!X7,0326T!%4a4! _-UUK`.!A!5@%+30%&P5&+1'9!#007'#)1!7&B&#%,!#!
9&)%3*3*4!#5'@*+!'(!)1%'7'0%#,+!IJA!9@73*4!9&B&%'05&*+!3*!A7#$39'0,3,.!ZO?!N%#*+!Z3'%.!:;!8.!

)1G3/]#/93=>9T! %4T! VC0/[T! a4_4T! a3<e,7R]Z7,e,07RT! M4T! _7.,h,07R]Z3>>h,T! &4T! Z/,-/C=T! a4T!
a=2/G9T!$4'4T!#/>>T!Z4T!X7.,=0lT!&4T!=,0!V/>vT!Z4! _-U//`.!Y@5#*!53+')1'*973#%!+7#*,)730+3'*!
(#)+'7!A!3*9@)&,!#!\P+@7*!,+7@)+@7&!3*!+1&!%341+!,+7#*9!07'5'+&7.!J#+.!L+7@)+.!O'%.!Z3'%.!/H;!/-H/�
/-HK.!

)13RT! I4M4! =,0! K=,37>>T! $4! _-UUC`.! S*43*&&73*4! )2+'0%#,53)! 5#%&! ,+&73%3+2! B3#! +1&! )1%'7'0%#,+!
4&*'5&!$2!&=07&,,3'*!'(!�$&+#�P:&+'+13'%#,&.!N%#*+!N12,3'%.!"@5;!/-8-�/->E.!

)C07.T!(4a4!_/KKK`.!X&++@)&c!&*93B&!#*9!)13)'72!_?AZQ!N@$%3,13*`.!
V=G=.T!Z4T!\=8>3=.03T!K4T!X=>ST!a4T!=,0!F7=W7.T!#4a4!_-UU8`.!DMRZ!3,!#!,@$@*3+!'(!R!/!R!D!-A"N!,2*+1#,&;!
3*,341+!3*+'!+1&!$#,3,!'(!)2+'0%#,53)!5#%&!,+&73%3+2!3*!,@*(%'<&7.!SOZD!M&0.!B;!8H/�8HE.!

V=8=,T!F4!_/KHE`.!D*!+1&!D7343*!'(!O3+',3*4!?&%%,.!k.!"1&'7.!Z3'%.!"B;!--C�-F>.!
V=,07.9T!&4Z4T!X13T!%4t4T!̀ 7-7.3,89T!Q4T!Z2+,-3.7T!Q4M4T!$91T!b4]#4T!F77T!&4b4T!'.1/,8T!Z4'4T!X7=>9T!
'4&4T!=,0!\/>0G7.8T!)4X4! _/KKK`.!A*+1&7!9&B&%'05&*+#%!9&(&)+,! 3*!54%*'?):$'$#&6%7'%3%!5#%&P
,+&73%&!5@+#*+,.!L&=.!N%#*+!M&07'9.!//;!-KF�8--.!

V=,061T! %4&4V4T! %G07>,//.T! )4Y4T! =,0! Z=2S7,R37T! V4%4! _-UUF`.! "7#*,4&*3)! 3*9@)+3'*! '(!
53+')1'*973#%!7&#77#*4&5&*+,!('7!)2+'0%#,53)!5#%&!,+&73%3+2!3*!)7'0!0%#*+,.!N7').!J#+%.!A)#9.!L)3.!
\LA!"?B;!/FEE�/FFU.!

V=,0>7.T!V4a4!=,0!#>=.ST!%4a4!_/KK>`.!M&)DM!,@007&,,3'*!'(!7&)R!5@+#*+!01&*'+20&,!3*!S,)1&73)13#!
)'%3!]P/-.!k.!Z#)+&73'%.!"HE;!8EE/�8EF-.!

V=..3=T!)4T!FCR,3ST!%4T!Y=>>7J/9T!#4(4T!=,0!Z=2S7,R37T!V4%4! _/KKH`.!A! )2+'0%#,53)!5#%&! ,+&73%3+2�
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#,,')3#+&9!53+')1'*973#%!0&0+39&!3*!)'55'*!$&#*!3,!0',+P+7#*,%#+3'*#%%2!7&4@%#+&9.!N%#*+!?&%%!
"?;!/-/F�/--H.!

V=-/6T! Z4! =,0! Q1./3[=T! '4! _/KK/`.! D74#*3G#+3'*! '(! 5@%+30%&! *@)%&'39,! #*9! IJA! 5'%&)@%&,! 3*!
53+')1'*973#!'(!#!1@5#*!)&%%.!S=0.!?&%%!M&,.!":E;!/8F�/>U.!

V26<3-R]F3,,7[7G7.T!#4T!`3>>3=<9]#=..37.T!)4T!=,0!X=.S=,T!%4!_-UUC`.!MJA!355@*'07&)303+#+3'*!
#*9!53)7'#77#2!#*#%2,3,!,1'<!#!)1%'7'0%#,+!0&*+#+73)'0&0+39&!7&0&#+!07'+&3*!+'!$&!#,,')3#+&9!
with!the!5@!region!of!mRNAs!whose!translation!it!activates.!Plant!Cell!"H;!-FK/�-HU>.!

V26[=.R>f,07.T!Z4T!F/8=,T!K4#4T!a/6,9-/,T! +4\4T!a/,79T!M4V4T!Z7C7.T!%4a4T!_.32S7.T!Z4K4T!=,0!
V[77->/W7T! F4a4! _-U/-`.! N@%,3*4! '(!5&5$7#*&! 0'+&*+3#%! 3*! 3*93B39@#%!53+')1'*973#;! A! ,+7&,,P
3*9@)&9!5&)1#*3,5! +'! 7&4@%#+&! 7&,037#+'72!$3'&*&74&+3),! 3*!54%*'?):$'$.!N%#*+!?&%%!;B;! //HH�
/-U/.!

V2/--T!)4a4!_-UU>`.!L+#5&*!L+7@)+@7&!#*9!R@*)+3'*.!N%#*+!?&%%!"E;!L>E�LEU.!
V2/--3T!M4T!Z=.e26=>]K./1=.0T!F4T!=,0!#=.03T!'4!_-UU>`.!"1&!70%C!P!70,/>!53+')1'*973#%!7&43'*;!#!1'+!
,0'+!('7!IJA!7&#77#*4&5&*+,!3*!J)7%39@#$::.!,'5#+3)!12$739,.!?@77.!V&*&+.!BA;!8FH�8H-.!

V67=6=,T!Z4X4T!)/97T!)4a4T!=,0!Z2#1.0CT!K4`4!_-UU>`.!D74#*&%%&!3*1&73+#*)&!3*!0%#*+!)&%%!93B3,3'*;!
+1&!#)+3*!)2+',:&%&+'*!3,! 7&W@37&9!('7!@*$3#,&9! 3*1&73+#*)&!'(!)1%'7'0%#,+,c!53+')1'*973#!#*9!
&*9'0%#,53)!7&+3)@%@5!3*!93B393*4!07'+'0%#,+,;!/4<%3;77;#'36;4'&%38;#4;_9'4;$#%8&'3.!N%#*+!k.!@H;!
8FK�8KU.!

V67087T! Y4T! %..37-=]Z/,-37>T! Z4T! #6.39-7,97,T! %4#4T! =,0! Z=2S7,R37T! V4%4! _-UUF`.! N%#*+!
53+')1'*973#%!7&)'5$3*#+3'*!,@7B&3%%#*)&!7&W@37&,!@*@,@#%!E;85!#*9!L9&J!1'5'%'4,.!N%#*+!?&%%!
":;!/-C/�/-E>.!

V67,T!F4F4!=,0!&7.,7-T!%4\4!_/KHC`.!O&)1#*3,5!'(!3*13$3+3'*!'(!IJA!427#,&!$2!#*#%'4@&,!'(!*#%393=3)!
#)39;!+1&!+#74&+!'(!+1&!97@4,!3,!IJA.!N7').!J#+%.!A)#9.!L)3.!\LA!5;;!8UF�8//.!

V63S=,=3T! '4! _-UUE`.! MJA! &93+3*4! 3*! 0%#*+! '74#*&%%&,;! 5#)13*&72c! 012,3'%'43)#%! (@*)+3'*! #*9!
&B'%@+3'*.!?&%%.!O'%.!X3(&!L)3.!E@;!EKH�FUH.!

VS3DD3,8-/,T!(4T!X=.S<=,T!'4a4T!)327T!K4`4T!=,0!&=><7.T!a4K4!_-U/C`.!O3*3#+@73G&9!53+'4&*'5&!'(!
+1&!0#7#,3+3)!0%#*+!W'$89@#$894497)'?;9@!3,!&=+7&5&%2!93B&74&*+!#*9!92*#53)!#*9!1#,!%',+!#%%!3%?!
4&*&,.!N7').!J#+%.!A)#9.!L)3.!\LA!"";;!S8C/C�S8C->.!

V>/=,T!K4X4!_-U/8`.!D*&!73*4!+'!7@%&!+1&5!#%%�!V&*'5&!,&W@&*)3*4!07'B39&,!*&<!3*,341+,!3*+'!+1&!
�master!circle�!model!of!plant!mitochondrial!DNA!structure.!New!Phytol.!;??;!KFH�KHC.!

V>/=,T! K4X4T! %>W7.9/,T! %4a4T! #612S=>/W2=ST! a4&4T! `1T! Z4T! Z2#=1>7CT! K4(4T! &=><7.T! a4K4T! =,0!
'=C>/.T! K4)4! _-U/-`.! M#039! &B'%@+3'*! '(! &*'75'@,c!5@%+3)17'5','5#%! 4&*'5&,! 3*! (%'<&73*4!
0%#*+!53+')1'*973#!<3+1!&=)&0+3'*#%%2!1341!5@+#+3'*!7#+&,.!NX'L!Z3'%.!"?;!&/UU/->/.!

V>/=,T! K4X4T! `1T! d4T! =,0! V6=.G./186T! a4! _-U/H`.! )'77&)+3'*! '(! 0&7,3,+&*+! &77'7,! 3*! #7#$39'0,3,!
7&(&7&*)&!53+')1'*973#%!4&*'5&,.!N%#*+!?&%%!@?;!C-C�C-F.!

V<=>>T! +4T! &77-7.9T! M4T! F787=3T! _4T! =,0! F1.3,T! #4! _-UU>`.! N7&9'+#7;! A! +''%! ('7! 7#039%2! ,)7&&*3*4!
07'+&'5&,!('7!JP+&753*#%!+#74&+3*4!,&W@&*)&,.!N7'+&'53),!B;!/CH/�/CKU.!

V<=>>T! +4T! V1LL/>ST! )4T! =,0! F7=W7.T! #4a4! _/KHK`.! SB'%@+3'*! '(! 0%#*+! 53+')1'*973#%! 4&*'5&,! B3#!
,@$,+'3)13'5&+73)!3*+&75&93#+&,.!?&%%!A5;!EK�FE.!

V<=>>T!+4K4!=,0!&77-7.9T!M4!_-UUU`.!"1&!NNM!5'+3(!�!#!"NMP7&%#+&9!5'+3(!07&B#%&*+!3*!0%#*+!'74#*&%%#7!
07'+&3*,.!"7&*9,!Z3')1&5.!L)3.!;A;!>C�>F.!

V<3-6T!K4)4T!a=2S9/,T!#4a4T!=,0!)7C79]&.37-/T!%4!_-U/>`.!J@)%&'+39&!,@$,+3+@+3'*!#*#%2,&,!'(!+1&!
4%#@)'012+&!?2#*'01'7#!,@44&,+!#*!#*)&,+7#%%2!%'<&7!5@+#+3'*!7#+&!3*!0%#,+39!B,!53+')1'*973#%!
IJA!('7!+1&!A7)1#&0%#,+39#.!O'%.!N12%'4&*&+.!SB'%.!H:;!8HU�8H>.!

V/0<7.87,T!d6=,8T!t4T!d6=,8T!b4T!V=S=</-/T!`4T!=,0!Q1./3[=T!'4!_-UU-`.!M&9@)+3'*!3*!#5'@*+,!
'(!53+')1'*973#%!IJA!3*!+1&!,0&75!)&%%,!#,!#!5&)1#*3,5!('7!5#+&7*#%!3*1&73+#*)&!3*!K)4?;9@#
(97<%4;.!N%#*+#!;"E;!-8C�->>.!

Sousa,!J.S.,!D�Imprima,!E.,!and!Vonck,!J.! _-U/H`.!O3+')1'*973#%!7&,037#+'72!)1#3*!)'50%&=&,.!Q*!
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5&5$7#*&! 07'+&3*! )'50%&=&,;! ,+7@)+@7&! #*9! (@*)+3'*c! k.M.! Y#773,! #*9! S.k.! Z'&:&5#c! &9,!
_L073*4&7!L3*4#0'7&;!L3*4#0'7&`c!00.!/EF�--F.!

V-7267.T!\4T!'=<1.=T!Q4T!=,0!Q1<=.T!V4!_-U-U`.!O'%&)@%#7!SB'%@+3'*#72!V&*&+3),!A*#%2,3,!_OSVA`!
('7!5#)DL.!O'%.!Z3'%.!SB'%.;!5,G8/-.!

V-7[=.-T! a4X4! =,0! F=.99/,T!M4]\4! _-U/>`.! ]&&03*4!5+IJA! 3*!L1#0&! $&+<&&*!V&*&7#+3'*,.! NX'L!
V&*&+.!"?;!&/UU>EFU.!

V-/6>T!(4%4T!X./2S<=,T!a4&4T!X1.S>7T!Q4F4T!Z/.3<=-91T!Q4T!Q/[=>2RCS/[9S3T!V4#4T!=,0!V73L7.-T!
$4V4! _-UU8`.!G$86;4'86'%#8)7'!M&)n! 3*13$3+,!M&)A!7&)'5$3*#,&!#*9!)'07'+&#,&!#)+3B3+3&,! 3*!B3+7'!
#*9!3*!B3B'.!k.!Z3'%.!?1&5.!;H5;!--FH�--HC.!

V-1D=.T! )4Z4T! F3>>CT! a4`4T! '/[,T! #4K4T! #67,8T! d4T! Q=1>T! V4T! X17>>T! #4)4T! =,0! a3=,8T! a4! _-UU/`.!
?'50%&=! 5+IJA! )'*,+3+@+&,! #*! #007'=35#+&! E-UP:$! 3*,&7+3'*! '*! A7#$39'0,3,! +1#%3#*#!
)17'5','5&!-;!Q50%3)#+3'*!'(!0'+&*+3#%!,&W@&*)3*4!&77'7,!)#@,&9!$2!%#74&P@*3+!7&0&#+,.!N7').!
J#+%.!A)#9.!L)3.!\LA!:5;!CUKK�C/U8.!

V1T!#4a4!=,0!X=97<=,T!a4X4!_/KKU`.!V&*'5&!,3G&!'(!O2)'0%#,5#!4&*3+#%3@5.!k.!Z#)+&73'%.!"H;;!>FUC�
>FUF.!

V1<3-=,3T!Z4T! Q=9=963<=T!Q4T!I6-=T! (4T! Q=,8T!K4T! =,0! (,0/T!$4! _-UUK`.! A,,')3#+3'*! '(! #! *'B&%!
53+')1'*973#%!07'+&3*!O/K!<3+1!53+')1'*973#%!*@)%&'39,.!k.!Z3')1&5.!_"':2'`!"BE;!F-C�F8-.!

V[77->/W7T! F4a4T! $7=R>7[//0T! a4F4T! $7.=>0T! Y4T! $/>-R=DLL7>T! )4T! K=CT! K4%4T! F7=W7.T! #4a4T! =,0!
Z3>>=.T!%4$4!_-UU-`.!"1&!350#)+!'(!'=39#+3B&!,+7&,,!'*!A7#$39'0,3,!53+')1'*973#.!N%#*+!k.!8-;!HK/�
KU>.!

'=S=<3T! '4T! I6,3963T! M4T! Q1.3-=T! b4T! +[=<1.=T! V4T! I6,3963T! Z4T! Q19=G=T! Z4T! Z3<1.=T! '4T! =,0!
V=S=</-/T!`4!_-U/H`.!D74#*&%%&!IJA!9&47#9#+3'*!)'*+73$@+&,!+'!+1&!&((3)3&*+!@,&!'(!01',01#+&!
3*!,&&9!0%#*+,.!J#+.!N%#*+,!B;!/U>>�/UCC.!
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4&*'5&,PP+1'@4h!this!be!madness,!yet!there�s!method!in�t.!J.!Exp.!Bot.!E";!ECF�EF/.!
`/>/9RC,9S=T!Z4!=,0!'./J=,/[9S3T!K4! _-UUK`.!?'@*+3*4!5+IJA!5'%&)@%&,! 3*!I6%$;)79$#(97<%4'$;!
,@$%35'*,!#7&!)'*,+#*+%2!07'9@)&9!$2!7&)'5$3*#+3'*!B3#!,1'7+! 7&0&#+,!#*9!@*9&74'!734'7'@,!
,&%&)+3'*!9@73*4!,@$,+'3)13'5&+73)!,13(+3*4.!N%#*+!O'%.!Z3'%.!H?;!C//�C-/.!

`//09/,T! a4K4! =,0!#6/.CT! a4! _-UUH`.! ?''793*#+3'*! '(! 4&*&! &=07&,,3'*! $&+<&&*! '74#*&%%#7! #*9!
*@)%&#7!4&*'5&,.!J#+.!M&B.!V&*&+.!:;!8H8�8KC.!

`1T!d4T!#1-6G7.-T!a4Z4T!'=C>/.T!K4)4T!=,0!V>/=,T!K4X4!_-U/C`.!"1&!5#,,3B&!53+')1'*973#%!4&*'5&!
'(!+1&!#*43',0&75!J'7;3;#3)8&'>7)4%!3,!&B'%B3*4!$2!4#3*!'7!%',,!'(!&*+37&!)17'5','5&,.!N7').!J#+%.!
A)#9.!L)3.!\LA!"";;!/U/HC�/U/K/.!

`C,,T!(4F4!=,0!#6.39-7,97,T!%4#4!_-U/K`.!M&0&#+,!'(!@*@,@#%!,3G&!3*!0%#*+!53+')1'*973#%!4&*'5&,;!
39&*+3(3)#+3'*c!3*)39&*)&!#*9!&B'%@+3'*.!V8!:;!C>K�CCK.!

c1T!#4!=,0!Z/1T!X4!_-U/C`.!SB#%@#+3'*!'(!%&++@)&!4&*'+20&,!('7!,#%3*3+2!+'%&7#*)&.!Y'7+L)3&*)&!A?;!
/>>/�/>>E.!

c1T!F4T!#=..37T!#4T!F=[T!V4)4T!Z1.26=T!Z4`4T!=,0!`67>=,T!a4!_-U/8`.!A)W@3,3+3'*c!)'*,&7B#+3'*c!#*9!
%',,!'(!9@#%P+#74&+&9!07'+&3*,!3*!%#*9!0%#*+,.!N%#*+!N12,3'%.!"E";!E>>�EE-.!

c1T! b4]d4T! %..37-=]Z/,-37>T! Z4&4T! Y3.03T! Q4V4T! 07! &=1>=T! `4X4Z4T! `306=><T! a4)4T! X=997-T! \4a4T!
K=W3>=T! a4+4T! (>-6/,T! '4(4T! (>/[9SCT! #4\4T! V=-/T! V4a4T! #>7<7,-7T! '4(4T! =,0!Z=2S7,R37T! V4%4!
_-U//`.!O@+L!YDODXDV/!Q,!#!*@)%&'39!07'+&3*!+1#+!#%+&7,!53+')1'*973#%!#*9!0%#,+39!07'0&7+3&,!
#*9!0%#*+!7&,0'*,&!+'!1341!%341+.!N%#*+!?&%%!-8;!8>-H�8>>/.!

b=0=WT! %4Q4T! V=6//T! &4Q4T! \/9[=<3T! $4M4T! =,0! a=3,T! K4! _-U/K`.! "7#*,)730+3'*#%! +39&%3+2! '(!
53+')1'*973#%!MJA!0'%25&7#,&!M0'"5!(7'5!A7#$39'0,3,!+1#%3#*#.!k.!O'%.!Z3'%.!B@";!>FEF�>FH8.!

b=,8T! b4T! _=,,3,8T! F4T! =,0! a=2ST! '4! _-UU8`.! "1&! ]! 9'5#3*!5&93#+&,! 1&+&7'935&73G#+3'*! '(! +1&!
A7#$39'0,3,!(%'7#%!'74#*!39&*+3+2!07'+&3*,c!ANS"AXA8!#*9!NQL"QXXA"A.!N%#*+!k.!@@;!>F�CK.!

d=787>T!Y4T!\17.<=,,T!X4T!F7!)7-T!Z4T!%,0.e9T!#4T!Z7C7.T!K4T!(.6=.0-T!Z4T!#=,=0=CT!a4T!\1=>G7.-/T!
a4Z4T!=,0!+<G=1>-T!&4!_-UUE`.!"1&!0%#*+P,0&)3(3)!,,IJA!$3*93*4!07'+&3*!DLZ/!3,!3*B'%B&9!3*!+1&!
,+'3)13'5&+73)!+7#*,53,,3'*!'(!53+')1'*973#%!IJA!3*!54%*'?):$'$.!N%#*+!?&%%!"5;!8C>H�8CE8.!

d=<D3,3T!i4T!F7D=87T!i4T!'.7<G>=C]X7>R3>7T!V4T!'.1267T!V4T!=,0!X.399/,T!M4!_-U/C`.!D74#*&%%&!IJA!
7&#77#*4&5&*+!5#003*4!7&B&#%,!\P+@7*P%3:&!3*B&7,3'*,!#,!#!5#6'7!,'@7)&!'(!4&*'53)!3*,+#$3%3+2!
3*!54%*'?):$'$!#*9!1@5#*,.!V&*'5&!M&,.!;A;!E>C�EC>.!

d7.G3,/T!K4)4!=,0!X3.,7CT!(4!_-UUH`.![&%B&+;!#%4'73+15,!('7!9&!*'B'!,1'7+!7&#9!#,,&5$%2!@,3*4!9&!
Z7@36*!47#01,.!V&*'5&!M&,.!"5;!H-/�H-K.!

d6=,8T!\4T!F1T!b4T!X6=.=JT!'4V4T!Y3.<=,3T!V4V4T!=,0!$1=,8T!M4!_/KKF`.!O#003*4!'(!+1&!M(P8!*@)%&#7!
(&7+3%3+2P7&,+'73*4!4&*&!('7!bA!)2+'0%#,53)!5#%&!,+&73%3+2!3*!73)&!@,3*4!MANI!#*9!MRXN!5#7:&7,.!
"1&'7.!A00%.!V&*&+.!:B;!-F�88.!

 !



!

!

"H?!

!

!

!

!

!

!

!

!

!

A**&=&,!

!

!

!

!

!

!

!

!

!

!



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

!"##$%&%'( )*+,! !"#$%#"&'"$()"-./0'-#"*($"$"-1'-'"+(,"' 2"3#($4$&565 7/8! -.*/(0"#(++%'&1(+(,2,'('

9:$%6%#%'( ;<+,! -3"0(45*'('&$/"+(","-=)><?*=-1/@8AB=0C-=0=)</ ,"3D4%5E# 7/8! 6"#(++%'&",$/3"#('

9:$%6%##'( ;<+,! -3"0(45*'('&$/"+(","-=)>?<?*=-F%4 2"3##(4EDE55 7/8! 7'#/23(#/("&#5+(

GH#(#4%('( ;<+,! -3"0(45*'('&$/"+(","-=)>?<?*=-F>IJ;BK/L# 2"3#($%65%#E 7/8! 82.(,5#9'$('&/234.",((

,F3#(%6%#'( ;<+,! :5.5&'"*(2,' 2"3##%$4%&D5 7/8! ;(#35#9'$('&"23%<(,5'"

MH$E65E$'( ;<+,! !"#$%#"&'"+(<,"-/))=AAK>@-FN,E%$( 2"3##%%EDE%5 7/8! =2(''23("&.2,(,<($(4('

MH54%&EE'( ;<+,! !"#$%#"&'"$()"-./0'-#"*($"$"-1'-'"+(,"' 2"3##65&&4%6 7/8! >9,2#/5#9'$('&'*

MHD%#5$%'( ;<+,! !"#$%#"&'233(5+"&/))=AAK>@-OP65OF%& ,"3##(#E5D%D 7!+! ?39@"&'"$()"

HQ%46D#('( RQP(S-E'D-07,!S-RQP% !"#$%#"&'"$()" T"3##&#D445& 7!+! ?'$325#5##%'&$"%3(

U46466 FF>!UMQ( -3"0(45*'('&$/"+("," V:,E54DD 7!+! A/+532++"&)"3("0(+('

G!N$(D6( FF>!UMQ( A"3$/".%'&$(,#$53(%' ,"3(66D4E 7!+! -3"0(45*'('&$/"+(","

UT!5(D%4 FF>!UMQ( B5+'5.("&#",4(4" T"3##E54&(4( 7!+! A5##5.9C"&'%02++(*'5(42"

H1"(54$6'( FF>!UMQ( B%'"3(%.&D%1(E%35( T"3##EE&55&4 7!+! A9",(4(5'#/9@5,&.235+"2

T"3#%(66D6D4 FF>!UMQ( :2+(",$%'&",,%%' FG9%E6($ 7!+! 7#$5#"3*%'&'(+(#%+5'%'

T"3#%&$&$$%E FF>!UMQ( !"#$%#"&'"$()" T"3##E$#64#E 7!+! 8"+4(23("&'%+*/%3"3("

!!F%D6$& FF>!UMQ( ;24(<5&'"$()" T"3#%&$E5($E'( 7!+! !"#$%#"&'"$()"

,"3##(&(%&%6 FF>!UMQ( =(#5$(","&02,$/".("," T"3##%($D$(& 7!+! F/"254"#$9+%.&$3(#53,%$%.

T"3#(E54&%%4 FF>!UMQ( ?39@"&'"$()" T"3##($E$E$D 7!+! F/9'#5.($32++"&*"$2,'

T"3#%4&5%$55 FF>!UMQ( F/9'#5.($32++"&*"$2,' T"3##%6#4%%E 7!+! F/9$5*/$/53"&(,D2'$",'

7W2EE&$4 FF>!UMQ( G($('&)(,(D23" VVVD4EE( 7!+! F5*%+%'&$3(#/5#"3*"

!!"&$DD4 FF>!UMQ( H2"&."9' VXF&###( 7!+! >"*35+2<,("&4(#+(,"

,"3(D6#$E'% MPY( -3"0(45*'('&$/"+("," T"3##%6$5E5& 7!+!

"1Z$&$E$'( MPY( !"#$%#"&'"$()" V9HED$6D 7!+! I/"+"''(5'(3"&5#2",(#"

T"3#%4&5%DD&'( MPY( F/9'#5.($32++"&*"$2,' T"3##%%$$5&D 7!+! G($('&)(,(D23"

,"3#((6DD'( MPY( >"##/"35.9#2'&#232)('("2 ,"3##(($#$#D 7!+! H2"&."9'

V9H5%5E6'( MPY( I/"+"''(5'(3"&5#2",(#" 2"3#6E%E%ED&'( 7=)! 6"#(++%'&'%0$(+('

,"3##((#ED6D'( MPY( H2"&."9' !G9#%(%6'( 7=)! 7'#/23(#/("&#5+(

2"3#E%6#6D4#'( MJ<P 7'#/23(#/("&#5+( ,"3E5E(6D'( 7VF!( -3"0(45*'('&$/"+(","

2"3#(#D$%4E#'( MJ<P >9,2#/5#9'$('&'*J T"3#%&$&5D($'( 7VF!( !"#$%#"&'"$()"

T"3##5D&DD$4'( UPG( -.0532++"&$3(#/5*54" T"3#(E5%$$$5'( 7VF!( ?39@"&'"$()"

,"3($E%#&'% UPG( -3"0(45*'('&$/"+("," T"3##%%$($%$'( 7VF!( G($('&)(,(D23"

T"3#%&$%DE&&'( UPG( !"#$%#"&'"$()" "2[ED654'( 7VF!( H2"&."9'

T"3#(E5%D56&'( UPG( ?39@"&'"$()" ,"3($6E&6'% 7VF!% -3"0(45*'('&$/"+(","

T"3##%E(#%$D'( UPG( K(#(,%'&#5..%,(' T"3#%&$$(%4%'( 7VF!% !"#$%#"&'"$()"

T"3#(#5E(6&#'( UPG( G($('&)(,(D23"&- T"3#(E5(%(6E'( 7VF!% ?39@"&'"$()"

FGR(6ED#'& UPG( G($('&)(,(D23"&6 T"3##%%$6454'% 7VF!% G($('&)(,(D23"

!FN&D5%&'( UPG( H2"&."9' ,"3##(($#%(('( 7VF!% H2"&."9'

,"3E5D5&6'( UPG% -3"0(45*'('&$/"+("," ,"3(D$5%E'% 7VF!& -3"0(45*'('&$/"+(","

T"3##5&$#(DD'% UPG% F5*%+%'&$3(#/5#"3*" VVVEE6DD'( 7VF!& ?39@"&'"$()"

FGR($D5$'& UPG% G($('&)(,(D23" 2"3#(#D$4&&$'( 7VF!& >9,2#/5#9'$('&'*J

"2[(#5(#'( UPG% H2"&."9' T"3##%%$D6$5'% 7VF!& G($('&)(,(D23"

T"3#%&$5((E$'( UPG& -3"0(45*'('&$/"+("," ,"3##(&EDE#%'( 7VF!& H2"&."9'

T"3#(E5%%&6#'( UPG& ?39@"&'"$()" !HH(4E6('% 7=)N 7'#/23(#/("&#5+(

,"3E54&$#'( UPG4 -3"0(45*'('&$/"+("," 2"3#(#D$&4&4'( 7=)N >9,2#/5#9'$('&'*J

,"3($D%E&'& 7VFN( -3"0(45*'('&$/"+(","

T"3#%&$54#$5'( 7VFN( !"#$%#"&'"$()"

T"3#%4&E54E%'( 7VFN( F/9'#5.($32++"&*"$2,'

V:9((455'( 7VFN(

FGR%56#5'& 7VFN( G($('&)(,(D23"

T"3##D545(46'( 7VFN( H2"&."9'

4##"5"67'8-*/'09'!"#$%#&'%++"**-0#*':*";'-#'/<-*'=0,&



!"#$%&&"&'()&*$'&+,'-+*.)#/)01234"5+*.

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

.%/01* 234442355334255353355253453535 6$7+8,)+,-(9):-((,(;9-<9.%/0

.%/016 432443255323444433224352524553324 6$7+8,)+,-(9):-((,(;9-<9.%/0

.%/=1* 234442355535353535353525255 6$7+8,)+,-(9):-((,(;9-<9.%/=

.%/=16 4324432553322434333243234245544 6$7+8,)+,-(9):-((,(;9-<9.%/=

63>31* 23444235533355523335225242555 6$7+8,)+,-(9):-((,(;9-<963>3

63>316 4324432554343255525242233532554 6$7+8,)+,-(9):-((,(;9-<963>3

?@A=1* 234442355425525353544235353324 6$7+8,)+,-(9):-((,(;9-<9?@A=

?@A=16 432443255443343353444453353433 6$7+8,)+,-(9):-((,(;9-<9?@A=

6B53C14?1* 4444353342224235333333453445225324342253335322552225 4"+$D"E9):-(,(;9-<96B53C

6B53C14?16 444435535222423533433345244423225525224555323335525335 4"+$D"E9):-(,(;9-<96B53C

6"'.-+4+$'-+*.)*4)7-89:)%.(+$;7%.-

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

!0F%10* 352554524453552232434 &G569&'"(+,<,)"+,-(9-<9+H$9('):$"89;$(-#$

!0F%106 424424555225542533225 &G569&'"(+,<,)"+,-(9-<9+H$9('):$"89;$(-#$

#+0F%10* 543424545432532435334 &G569&'"(+,<,)"+,-(9-<9+H$9#+>!3

#+0F%106 545553425322554334335 &G569&'"(+,<,)"+,-(9-<9+H$9#+>!3

!3>C10* 2544242255222255322245 &G569&'"(+,<,)"+,-(9-<9+H$9#+>!3

!3>C106 3333543522524453253554 &G569&'"(+,<,)"+,-(9-<9+H$9#+>!3

8I)J10=1* 5342254424434433522234 &G569&'"(+,<,)"+,-(9-<9+H$9)K>!3

8I)J10=16 4533432545425552532235 &G569&'"(+,<,)"+,-(9-<9+H$9)K>!3

0%.*-/<+.=)*4)!!"#$%&'

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

55-3.L201* 5324355233222553434423434 4$(-+EK,(;9-<955-3.L20

55-3.L2016 3442523433534433424534435 4$(-+EK,(;9-<955-3.L20

55-3.L201% 455342222243355225225 %"(;$897$&'$(),(;9<-89;$(-+EK,(;9-<955-3.L20

2(+7%(5)5<%$+4+$)-*)$()*

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

.%/=1* 32354254345232535245 621G569-<9+H$9,(+8-(9M0

.%/=D16 225223424525535523255 621G569-<9+H$9,(+8-(9M0

.%/=#0162G8,#$816 2533424344433234234 6$N$87$9K8,#$89<-896$+8-1+8"(7)8,K+,-(

.%/=#=162G8,#$816 354543455332325332325 6$N$87$9K8,#$89<-896$+8-1+8"(7)8,K+,-(

.%/=D162G8,#$816 52333555555325552222254 6$N$87$9K8,#$89<-896$+8-1+8"(7)8,K+,-(

.%/=1K1LO2 52523554252225243235235 6$N$87$9K8,#$89<-896$+8-1+8"(7)8,K+,-(

.%/=1621$0P$=1* 53523253222525334324 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9M09-<9!"#$%&'()*+',-&

.%/=1621$0P$=16 55345235324235333325 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9M09-<9!"#$%&'()*+',-&

.%/=1621$=P$C1* 523522523535532353345 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9M=9-<9!"#$%&'()*+',-&

.%/=1621$=P$C16 4532532532533423453435 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9M=9-<9!"#$%&'()*+',-&

.%/=1621$CP$Q1* 5553342553233233525 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9MC9-<9!"#$%&'()*+',-&

.%/=1621$CP$Q16 544223253255532242424 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9MC9-<9!"#$%&'()*+',-&

.%/=1621$RP$S1* 52432442422552235335 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9MR9-<9!"#$%&'()*+',-&

.%/=1621$RP$S16 52232523425232242555355 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9MR9-<9!"#$%&'()*+',-&

.%/=1621$SP$F1* 442432252244334532224 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9MS9-<9!"#$%&'()*+',-&

.%/=1621$SP$F16 5232523355353353522255 &621G569<-89+H$9&'"(+,<,)"+,-(9-<9+H$97K:,),(;9-<9+H$9,(+8-(9MS9-<9!"#$%&'()*+',-&

.%/=P@6L1* 52433252552352252523554 @6L1;$(-+EK,(;

.%/=P@6L16 455332325332325334243444 @6L1;$(-+EK,(;

2(+7%(5)5<%$+4+$)-*)+,!#-

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

6B53C18<=PLR0 324342253335322552225 621G569-<9+H$9K-77,I:$9,#,+"+,-(9)-T-(

6B53C18<=PL0CU 324333342253433252534 621G569-<9+H$9K-77,I:$9,#,+"+,-(9)-T-(

6B53C18<CPLSC 324252255435543425235 621G569-<9+H$9K-77,I:$9,#,+"+,-(9)-T-(

6B53C18<CPL00R 324222252334523232224 621G569-<9+H$9K-77,I:$9,#,+"+,-(9)-T-(

6B53C18<CPLB(V" 324345532242232222253 621G569-<9+H$9K-77,I:$9,#,+"+,-(9)-T-(

6B53C1W(+8-(16 45225223232442322345 621G569-<9+H$9,(+8-(9M0

6B53C1W(+8-(1* 55345322422232324244 621G569-<9+H$9,(+8-(9M0

1

:..%>%?@)A+5-)*4)<(+7%(5)"5%B)+.)-;+5)C*(D



RECA3-Exon-R GATGTTAAAGCTGCAGAAAAGC RT-PCR of the exon #1

RECA3-Exon-F CTTTGGTAATCCTCCAATTCC RT-PCR of the exon #1

RECA3-Exon3-R GCTTGATCTTGCTCTTGGAATTGG RT-PCR from the exons #1 to #6

RECA3-Exon6-F CGAAGTGCCCGTGTCATTATTCG RT-PCR from the exons #1 to #6

RECA3-RTPrimer-R AGCTTATTCTTTACCACCTCC Reverse primer for Retro-transcription

Determination of the stoichiometry of the mtDNA of L. sativa

Name Sequence Function

mtDNA-1-F TACACCCTCATAATCACATAAC Quantification of the mtDNA region around the coordinate 3 kb by qPCR

mtDNA-1-R TCTAACTAACCTCTTCGATTTC Quantification of the mtDNA region around the coordinate 3 kb by qPCR

mtDNA-2-F AGGTTAGGTCTCTTTTATTCTG Quantification of the mtDNA region around the coordinate 361 kb by qPCR

mtDNA-2-R CATCTAAAACCAGACTCTCAG Quantification of the mtDNA region around the coordinate 361 kb by qPCR

mtDNA-4-F AGAGCAAGTCCCACCTACCA Quantification of the mtDNA region around the coordinate 351 kb by qPCR

mtDNA-4-R TTCCACGCCTAGCATCGTAC Quantification of the mtDNA region around the coordinate 351 kb by qPCR

mtDNA-5-F AACTAGTCAGAGCAACTAACTG Quantification of the mtDNA region around the coordinate 346 kb by qPCR

mtDNA-5-R TGAGCTTTCTCACTATACCTC Quantification of the mtDNA region around the coordinate 346 kb by qPCR

mtDNA-6-F GTCTTGAGGTAATTGTAGAAAG Quantification of the mtDNA region around the coordinate 342 kb by qPCR

mtDNA-6-R CTCTTCTTGGATGAAGACTATC Quantification of the mtDNA region around the coordinate 342 kb by qPCR

mtDNA-7-F CTAATACCTTCTCGACACTATC Quantification of the mtDNA region around the coordinate 337 kb by qPCR

mtDNA-7-R GTTATATGACCAAGCAAAGAC Quantification of the mtDNA region around the coordinate 337 kb by qPCR

mtDNA-8-F CACGACTCTAATAGAAAGAAAG Quantification of the mtDNA region around the coordinate 332 kb by qPCR

mtDNA-8-R AACGAGTCTAAGGTTACAGAAG Quantification of the mtDNA region around the coordinate 332 kb by qPCR

mtDNA-9-F AAGTCAGCCTATAAGATGAAAC Quantification of the mtDNA region around the coordinate 326 kb by qPCR

mtDNA-9-R GGACCTCTATCAAGTCATTATC Quantification of the mtDNA region around the coordinate 326 kb by qPCR

mtDNA-10-F CTATATATGGAATAGCGGTAAG Quantification of the mtDNA region around the coordinate 301 kb by qPCR

mtDNA-10-R ATCTTTCTCAATATCCTCTACG Quantification of the mtDNA region around the coordinate 301 kb by qPCR

mtDNA-11-F TATTCCTGCTACTATTAGATCC Quantification of the mtDNA region around the coordinate 306 kb by qPCR

mtDNA-11-R AAGAATCTGCTCTTCTCTTATC Quantification of the mtDNA region around the coordinate 306 kb by qPCR

mtDNA-12-F ACTATTTCCATCTCTTATGACC Quantification of the mtDNA region around the coordinate 111 kb by qPCR

mtDNA-12-R CATATCTATCTCAATCTTGTGG Quantification of the mtDNA region around the coordinate 111 kb by qPCR

mtDNA-13-F GATAAGAATCAGTTCCACTTTC Quantification of the mtDNA region around the coordinate 106 kb by qPCR

mtDNA-13-R CTAAGAGAGATGATAACTGCAC Quantification of the mtDNA region around the coordinate 106 kb by qPCR

mtDNA-14-F AGGTAGAATATTTATGTCCCAG Quantification of the mtDNA region around the coordinate 100 kb by qPCR

mtDNA-14-R GATAAGTAGTCGATTAGGAGAAC Quantification of the mtDNA region around the coordinate 100 kb by qPCR

mtDNA-15-F GGAATTCTATACTATAAAGGGG Quantification of the mtDNA region around the coordinate 96 kb by qPCR

mtDNA-15-R CTAGGAATTGAAGAGAGAACAG Quantification of the mtDNA region around the coordinate 96 kb by qPCR

mtDNA-16-F GCTTACCTTTAACCTAACTCTC Quantification of the mtDNA region around the coordinate 91 kb by qPCR

mtDNA-16-R GTACTCAAGAACACAAGAAAAG Quantification of the mtDNA region around the coordinate 91 kb by qPCR

mtDNA-17-F GTCTATCTCTCTGGTCAAGTG Quantification of the mtDNA region around the coordinate 86 kb by qPCR

mtDNA-17-R CACGACTGATAGAAAGAGTAAG Quantification of the mtDNA region around the coordinate 86 kb by qPCR

mtDNA-18-F GTCCATGTAAATAATCGAGAC Quantification of the mtDNA region around the coordinate 80 kb by qPCR

mtDNA-18-R ACACAAAGAAGATACAGTTCAC Quantification of the mtDNA region around the coordinate 80 kb by qPCR

mtDNA-19-F CCAGTAAGTAAGCAGGTAATAG Quantification of the mtDNA region around the coordinate 219 kb by qPCR

mtDNA-19-R GTATGTGTCAAAACCGTTATAG Quantification of the mtDNA region around the coordinate 219 kb by qPCR

mtDNA-20-F ACATAGAGGGTCTCTACAAGTC Quantification of the mtDNA region around the coordinate 214 kb by qPCR

mtDNA-20-R TATCGGATCGAGTATTACTTAG Quantification of the mtDNA region around the coordinate 214 kb by qPCR

mtDNA-21-F TCGTAGTCAAATCTGATGATAC Quantification of the mtDNA region around the coordinate 210 kb by qPCR

mtDNA-21-R ATAAGGAGTAGGTGAGTGAGTC Quantification of the mtDNA region around the coordinate 210 kb by qPCR

mtDNA-22-F TAGACTATCTCATTAAACGTCG Quantification of the mtDNA region around the coordinate 204 kb by qPCR

mtDNA-22-R CTTCCTTCCTCTACTAGTTCTG Quantification of the mtDNA region around the coordinate 204 kb by qPCR

mtDNA-23-F TTACCTAAGTTTCCAGATACG Quantification of the mtDNA region around the coordinate 277 kb by qPCR

mtDNA-23-R TACCTCTGTCACTCTATCTTTG Quantification of the mtDNA region around the coordinate 277 kb by qPCR

mtDNA-24-F AGCTGAATTAAGAAGATAGGC Quantification of the mtDNA region around the coordinate 273 kb by qPCR

mtDNA-24-R TAATTGACTAAACTCTGTCAGG Quantification of the mtDNA region around the coordinate 273 kb by qPCR

mtDNA-25-F AACCTACTTTCTCGGAATATC Quantification of the mtDNA region around the coordinate 267 kb by qPCR

mtDNA-25-R GTTTCCATGATAGTCTAGATCC Quantification of the mtDNA region around the coordinate 267 kb by qPCR

mtDNA-26-F CATTTAGAGACTCAATGGAAG Quantification of the mtDNA region around the coordinate 263 kb by qPCR

mtDNA-26-R GAGATCGACTAGAAGAGAAAAC Quantification of the mtDNA region around the coordinate 263 kb by qPCR

mtDNA-27-F TCTGTGTTAGAGGACTTAGATG Quantification of the mtDNA region around the coordinate 161 kb by qPCR
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mtDNA-27-R GATTTCAGTCTTGTGTTAAGTG Quantification of the mtDNA region around the coordinate 161 kb by qPCR

mtDNA-28-F TGAGATTAAGTTAGTGAGATGC Quantification of the mtDNA region around the coordinate 156 kb by qPCR

mtDNA-28-R CTTTATCCCATCTAGGTATAGG Quantification of the mtDNA region around the coordinate 156 kb by qPCR

mtDNA-29-F ACCGACTCAATTAAGGTATTAG Quantification of the mtDNA region around the coordinate 151 kb by qPCR

mtDNA-29-R AGATCATACTGAGAAACAGAAG Quantification of the mtDNA region around the coordinate 151 kb by qPCR

mtDNA-30-F AGCTAGCTCATCTCTCAGAC Quantification of the mtDNA region around the coordinate 33 kb by qPCR

mtDNA-30-R GAGAGGTAGAGAGATTTTAAGC Quantification of the mtDNA region around the coordinate 33 kb by qPCR

mtDNA-31-F TAATGACTTTCTAGTCAGATCG Quantification of the mtDNA region around the coordinate 28 kb by qPCR

mtDNA-31-R AATGTGTACGAGATACCATAAG Quantification of the mtDNA region around the coordinate 28 kb by qPCR

mtDNA-32-F CTGAAATATCTCACTACGAAAC Quantification of the mtDNA region around the coordinate 24 kb by qPCR

mtDNA-32-R GTCGGTCTAGAAAGCTAGTAAC Quantification of the mtDNA region around the coordinate 24 kb by qPCR

mtDNA-33-F AAACTAGTCTATCTGGGATGTC Quantification of the mtDNA region around the coordinate 18 kb by qPCR

mtDNA-33-R GAGAAGTTATTCAATCTGCTG Quantification of the mtDNA region around the coordinate 18 kb by qPCR

mtDNA-36-F TTAGATAGGTAAGAACAAGTGC Quantification of the mtDNA region around the coordinate 310 kb by qPCR

mtDNA-36-R TTTGAGAAAGTATAGGAGAAGC Quantification of the mtDNA region around the coordinate 310 kb by qPCR

mtDNA-37-F TGTCTAAACTGGAATCTGTG Quantification of the mtDNA region around the coordinate 316 kb by qPCR

mtDNA-37-R ATAGTTGGTATTCCTTCCTTAG Quantification of the mtDNA region around the coordinate 316 kb by qPCR

mtDNA-38-F TAGAAAGATTGCTACTAACGC Quantification of the mtDNA region around the coordinate 300 kb by qPCR

mtDNA-38-R CTTACCCAGTTCTTTCTATTTC Quantification of the mtDNA region around the coordinate 300 kb by qPCR

mtDNA-39-F ATTAGGGTATGGGATAGAGTTC Quantification of the mtDNA region around the coordinate 297 kb by qPCR

mtDNA-39-R GTTGAGTTACAGTACAGACTCC Quantification of the mtDNA region around the coordinate 297 kb by qPCR

mtDNA-40-F AGACTAACCTTCGTTTAGAAAG Quantification of the mtDNA region around the coordinate 291 kb by qPCR

mtDNA-40-R AAGGGTAGAGATAGGAAGTAAG Quantification of the mtDNA region around the coordinate 291 kb by qPCR

mtDNA-41-F CGACACCATGATAAAATACTAC Quantification of the mtDNA region around the coordinate 198 kb by qPCR

mtDNA-41-R GTTCCGTCATATTCCTAATAAC Quantification of the mtDNA region around the coordinate 198 kb by qPCR

mtDNA-42-F AATAAGGTCACCCATAACAC Quantification of the mtDNA region around the coordinate 194 kb by qPCR

mtDNA-42-R TACTAGTTGTTACCTTACGCTG Quantification of the mtDNA region around the coordinate 194 kb by qPCR

mtDNA-43-F GAACTCATAAACAAGATGGAG Quantification of the mtDNA region around the coordinate 188 kb by qPCR

mtDNA-43-R ATAAGTATCCCTTAGTCTGAGC Quantification of the mtDNA region around the coordinate 188 kb by qPCR

mtDNA-44-F CATAAATAGGACTCCAGTAAGC Quantification of the mtDNA region around the coordinate 184 kb by qPCR

mtDNA-44-R AGGTTTCAATAAGTGTCTGTAG Quantification of the mtDNA region around the coordinate 184 kb by qPCR

mtDNA-45-F GATAAAGAGTAAGGATTGAAGC Quantification of the mtDNA region around the coordinate 178 kb by qPCR

mtDNA-45-R AAGTGCCTACTACTACACCAC Quantification of the mtDNA region around the coordinate 178 kb by qPCR

mtDNA-47-F CAACAAGAGTTCAAACCTATTC Quantification of the mtDNA region around the coordinate 167 kb by qPCR

mtDNA-47-R CTTTGATAAAGAAGAAGAGCAG Quantification of the mtDNA region around the coordinate 167 kb by qPCR

mtDNA-48-F CTGGTATTGCTGCTATAAGTC Quantification of the mtDNA region around the coordinate 255 kb by qPCR

mtDNA-48-R GAGATTTCTCACTATTCGTATG Quantification of the mtDNA region around the coordinate 255 kb by qPCR

mtDNA-49-F TCTAAGATCTATTATCCATCCC Quantification of the mtDNA region around the coordinate 250 kb by qPCR

mtDNA-49-R CACAACACTAGAACCAAGTTAG Quantification of the mtDNA region around the coordinate 250 kb by qPCR

mtDNA-50-F CATTATGTACTTTCTATGGGAG Quantification of the mtDNA region around the coordinate 245 kb by qPCR

mtDNA-50-R GACCTAAAGTTTCAGGATATG Quantification of the mtDNA region around the coordinate 245 kb by qPCR

mtDNA-51-F GAGAAGTAGAAGTGAGATAAAGC Quantification of the mtDNA region around the coordinate 240 kb by qPCR

mtDNA-51-R GTGTAAGAGATATTCCATCAAG Quantification of the mtDNA region around the coordinate 240 kb by qPCR

mtDNA-52-F GAACTGTTAAGTACAGACGATG Quantification of the mtDNA region around the coordinate 235 kb by qPCR

mtDNA-52-R CTTTCTGTTCCTAGTTAAAGTG Quantification of the mtDNA region around the coordinate 235 kb by qPCR

mtDNA-53-F TGTAGAAAGGTATGGTGTAGTC Quantification of the mtDNA region around the coordinate 230 kb by qPCR

mtDNA-53-R CTTCTAGATGCAATATCTTCAC Quantification of the mtDNA region around the coordinate 230 kb by qPCR

mtDNA-54-F GTTCTAATAGTACAAGCTCGC Quantification of the mtDNA region around the coordinate 225 kb by qPCR

mtDNA-54-R ATATAGTTGTCAAAGACACTGG Quantification of the mtDNA region around the coordinate 225 kb by qPCR

mtDNA-55-F ATACTAGGTAGTTACCGAATGC Quantification of the mtDNA region around the coordinate 77 kb by qPCR

mtDNA-55-R GGTAGTTAAGAGCATCAATTTC Quantification of the mtDNA region around the coordinate 77 kb by qPCR

mtDNA-56-F GATACGGAGACTACTCTACAGG Quantification of the mtDNA region around the coordinate 70 kb by qPCR

mtDNA-56-R TTCTCGTTATAGAATGTAGTGC Quantification of the mtDNA region around the coordinate 70 kb by qPCR

mtDNA-58-F GCTATTAGAGGAGAGTTTTGAC Quantification of the mtDNA region around the coordinate 62 kb by qPCR

mtDNA-58-R CTACTTTCTGTCAGCTATAACC Quantification of the mtDNA region around the coordinate 62 kb by qPCR

mtDNA-59-F ATAGATAGATAGTCAAAAGGGG Quantification of the mtDNA region around the coordinate 57 kb by qPCR

mtDNA-59-R GTTTATCGGATATCAGACTTTC Quantification of the mtDNA region around the coordinate 57 kb by qPCR

mtDNA-60-F TAGTTAGTACCGACCGTAAGAC Quantification of the mtDNA region around the coordinate 52 kb by qPCR

mtDNA-60-R GAATACATAGGGTAGGTAGGAC Quantification of the mtDNA region around the coordinate 52 kb by qPCR
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Determination of the stoichiometry of the cpDNA of L. sativa

Name Sequence Function

cpDNA-1-F GAATATGCAACAGCAATCCAAG Quantification of the cpDNA region around the coordinate 1 kb

cpDNA-1-R GGTGGTCCTTATGAACTAATTG Quantification of the cpDNA region around the coordinate 1 kb

cpDNA-2-F CGAGCCAAGAGCACCTTCATTC Quantification of the cpDNA region around the coordinate 6 kb

cpDNA-2-R ACGATGTGGTAGAAAGCAACG Quantification of the cpDNA region around the coordinate 6 kb

cpDNA-3-F CACCTGTCAATTCCATGAATGC Quantification of the cpDNA region around the coordinate 11 kb

cpDNA-3-R TACTATTCAATTCTCGACGACG Quantification of the cpDNA region around the coordinate 11 kb

cpDNA-4-F ACGGGTAGGAGAAATGGAGGTTTG Quantification of the cpDNA region around the coordinate 16 kb

cpDNA-4-R CCTGGCGCGCTCTAATATGATC Quantification of the cpDNA region around the coordinate 16 kb

cpDNA-5-F CGGCCATTCTCGACGGTAATTC Quantification of the cpDNA region around the coordinate 21 kb

cpDNA-5-R GGTATTAGTTGGTTCTCGCCTTC Quantification of the cpDNA region around the coordinate 21 kb

cpDNA-6-F CCGCTTCCGTTATTGCTGCTG Quantification of the cpDNA region around the coordinate 26 kb

cpDNA-6-R GTCTCGCGATACCTTCTACAGC Quantification of the cpDNA region around the coordinate 26 kb

cpDNA-7-F GGCGCTTCTGTCTATGTGTAG Quantification of the cpDNA region around the coordinate 31 kb

cpDNA-7-R GTTCATGGAATTCCTAAACG Quantification of the cpDNA region around the coordinate 31 kb

cpDNA-8-F CGCGCCGAAGAGAAGAACTG Quantification of the cpDNA region around the coordinate 36 kb

cpDNA-8-R GACGGCCTCTTTACCATTCTG Quantification of the cpDNA region around the coordinate 36 kb

cpDNA-9-F CATGCCACTCAGCCAAAGGAAG Quantification of the cpDNA region around the coordinate 41 kb

cpDNA-9-R CATGCTGATGCTCACGATTTCG Quantification of the cpDNA region around the coordinate 41 kb

cpDNA-10-F CATCCCTCGCCGCAATAGTATC Quantification of the cpDNA region around the coordinate 46 kb

cpDNA-10-R CGGGAGCTCGCCAATTAGTTAAC Quantification of the cpDNA region around the coordinate 46 kb

cpDNA-11-F CGGACTCGAACCGTAGACTTTC Quantification of the cpDNA region around the coordinate 51 kb

cpDNA-11-R CAGTTAATGAAAGAGCCCAATGC Quantification of the cpDNA region around the coordinate 51 kb

cpDNA-12-F CAGTTCGGTGGAGGAACTTTAG Quantification of the cpDNA region around the coordinate 56 kb

cpDNA-12-R GCAAGATCGCGTCCCTCATTAC Quantification of the cpDNA region around the coordinate 56 kb

cpDNA-13-F GGTGGAATACTAGGCAATCCGAAC Quantification of the cpDNA region around the coordinate 61 kb

cpDNA-13-R CCGAGTATTCCTTAATCATTTCCTC Quantification of the cpDNA region around the coordinate 61 kb

cpDNA-14-F GATTGCCGTTCCAGTTAGTGCTTC Quantification of the cpDNA region around the coordinate 66 kb

cpDNA-14-R GTTCGGTAGAACGTGGGTCTCC Quantification of the cpDNA region around the coordinate 66 kb

cpDNA-15-F GATCCCATTGAAGCGGCTGATC Quantification of the cpDNA region around the coordinate 71 kb

cpDNA-15-R CTCCTGGCGGATGGGTAATACC Quantification of the cpDNA region around the coordinate 71 kb

cpDNA-16-F CGATGGTCGGCAAGTATGATGG Quantification of the cpDNA region around the coordinate 76 kb

cpDNA-16-R CCCAGAACCACACCTGTAACC Quantification of the cpDNA region around the coordinate 76 kb

cpDNA-17-F CCTGAACCCATACGTGTTTCTGC Quantification of the cpDNA region around the coordinate 81 kb

cpDNA-17-R CGACGAGCAATGACACGAAATG Quantification of the cpDNA region around the coordinate 81 kb

cpDNA-18-F CGGTTCTGTCGGTGCTTGAAAC Quantification of the cpDNA region around the coordinate 85 kb

cpDNA-18-R CGGCAGCAAGTGATTGAGTTCAG Quantification of the cpDNA region around the coordinate 85 kb

cpDNA-19-F TGAACAACCGGGAGCAATTTAC Quantification of the cpDNA region around the coordinate 91 kb

cpDNA-19-R GCAAGGAATATCCGTCTTTCTG Quantification of the cpDNA region around the coordinate 91 kb

cpDNA-20-F ACGGATGCTCCTATTACACTCG Quantification of the cpDNA region around the coordinate 95 kb

cpDNA-20-R ATTACGGGTAGTTCCTACAAAG Quantification of the cpDNA region around the coordinate 95 kb

cpDNA-21-F AAGAAGCAATGACGGTATCTGG Quantification of the cpDNA region around the coordinate 101 kb

cpDNA-21-R AAGCCACCTACAGACGCTTTAC Quantification of the cpDNA region around the coordinate 101 kb

cpDNA-22-F TAGCGAAAGCGAGTCTTCATAG Quantification of the cpDNA region around the coordinate 105 kb

cpDNA-22-R CTCCACTTAGTTTCACCCAAGC Quantification of the cpDNA region around the coordinate 105 kb

cpDNA-23-F GAGGCATAAGTCGAGCTACAAG Quantification of the cpDNA region around the coordinate 111 kb

cpDNA-23-R GGTTACCTGATGCAATGGAAGG Quantification of the cpDNA region around the coordinate 111 kb

cpDNA-24-F CCTCTCCGTGGGTATCTGGTAAC Quantification of the cpDNA region around the coordinate 116 kb

cpDNA-24-R CAATCGTATCCTGTGGCTTTGG Quantification of the cpDNA region around the coordinate 116 kb

cpDNA-25-F ACTGCTATAGATGGTCCAATACTG Quantification of the cpDNA region around the coordinate 121 kb

cpDNA-25-R CGCAGGACCTTTGGGAATTCTC Quantification of the cpDNA region around the coordinate 121 kb

cpDNA-26-F GGATGTTCCGTTTCCATTCC Quantification of the cpDNA region around the coordinate 126 kb

cpDNA-26-R CCTTGGCACAGATCTAAGCTAAGAC Quantification of the cpDNA region around the coordinate 126 kb

Mitochondriale transcript quantification

Name Sequence Function

atp1-F CCCCAGCTTGAATCTCGTTC Quantification of the atp1 transcript by RT-qPCR
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atp1-R GGTCGAGTGGTCTCAGTTG Quantification of the atp1 transcript by RT-qPCR

atp4-F GGCATTTGGAAGTGTTGCTG Quantification of the atp4 transcript by RT-qPCR

atp4-R GTGCGAAAAGACAGTGCAAG Quantification of the atp4 transcript by RT-qPCR

atp6-F GTGGGTTCGCTTGGACTATG Quantification of the atp6 transcript by RT-qPCR

atp6-R CCAGACCGGTTAATGCAAGAAC Quantification of the atp6 transcript by RT-qPCR

atp8-F TCCTCGTGAGCCACTGATTTC Quantification of the atp8 transcript by RT-qPCR

atp8-R TAAGGCCGTCGACTTATTGGG Quantification of the atp8 transcript by RT-qPCR

atp9-F GCTTCGGTTAGAGCAAAGCC Quantification of the atp9 transcript by RT-qPCR

atp9-R TCCTCGATTCATTCCGTGGC Quantification of the atp9 transcript by RT-qPCR

ccmB-F CGGAATGGATCGGTTAAACA Quantification of the ccmB transcript by RT-qPCR

ccmB-R CCGAACGAGAATGAATACCAC Quantification of the ccmB transcript by RT-qPCR

ccmC-F AAGTCTTCGGGTAGCACCAC Quantification of the ccmC transcript by RT-qPCR

ccmC-R TGTACCGGTTCCGAAAGAGC Quantification of the ccmC transcript by RT-qPCR

ccmFN-F TGGCTGTTGGTCACGACTAC Quantification of the ccmFN transcript by RT-qPCR

ccmFN-R GGCAATCGTTGAGTGAACTG Quantification of the ccmFN transcript by RT-qPCR

cob-F GAACACATTATGAGAGATGTTGAAGG Quantification of the cob transcript by RT-qPCR

cob-R AACATACTTGCCCCATTAGCA Quantification of the cob transcript by RT-qPCR

cox2-F ATGCCATAAAGCGCGAACC Quantification of the cox2 transcript by RT-qPCR

cox2-R GACGCAGCAACACCTATGATG Quantification of the cox2 transcript by RT-qPCR

cox3-F GCCCAAACTGAGAAGTGTTG Quantification of the cox3 transcript by RT-qPCR

cox3-R GGCCTATTTCGGGTTCACTC Quantification of the cox3 transcript by RT-qPCR

nad4-F ATGCTACCTCCAATTCCCTG Quantification of the nad4 transcript by RT-qPCR

nad4-R ATACCCATGTTTCCTGAAGC Quantification of the nad4 transcript by RT-qPCR

nad4L-F CTACAGCAATAGTCCCTC Quantification of the nad4L transcript by RT-qPCR

nad4L-R GCTTCATTGGTTCCAACGGTG Quantification of the nad4L transcript by RT-qPCR

nad5a-F CCACCTACGGCTTTGATTGT Quantification of the nad5a transcript by RT-qPCR

nad5a-R GTTGCCGCAAGGAATGAC Quantification of the nad5a transcript by RT-qPCR

nad5b-F CAATTTTTGGGCCAATTCC Quantification of the nad5b transcript by RT-qPCR

nad5b-R TGGTTGGAGCAGCAAACTC Quantification of the nad5b transcript by RT-qPCR

nad7-F GGTCGTATGAAACTGGCATGC Quantification of the nad7 transcript by RT-qPCR

nad7-R TGGATGTGGGAGCATCAACTC Quantification of the nad7 transcript by RT-qPCR

rps3-F CTCGACCAGCGAGAAAAAGT Quantification of the rps3 transcript by RT-qPCR

rps3-R GGTAGCACCGAAGAAAGGAAA Quantification of the rps3 transcript by RT-qPCR

rps4-F CAGCGAAAGAACTGCCTAAG Quantification of the rps4 transcript by RT-qPCR

rps4-R GACCCGTTTTTGCAACAGTTG Quantification of the rps4 transcript by RT-qPCR

rrnS-F CACACTGGGACTGAGACACG Quantification of the rrnS transcript by RT-qPCR

rrnS-R GCCCATTGTCCAAGATTCC Quantification of the rrnS transcript by RT-qPCR

TUA-3F CTTCTTAGTGTTCAATGCTGTTGG Reference gene for RT-qPCR

TUA-3R GAAGGGTAGATAGTGAAACCGAGC Reference gene for RT-qPCR

TIP41-F TTTGTATGGAGATGAATTGGCTGATA Reference gene for RT-qPCR

TIP41-R CGTAAGAGAAGAAACCAACAGCTAGG Reference gene for RT-qPCR

ELFα-F CGGGTCAGATTGGAAACGGGTAT Reference gene for RT-qPCR

ELFα-R CTTCTTCGCAGCAGCCTTGGTGA Reference gene for RT-qPCR
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Arnaud FERTET

Zooming in on the lettuce mitochondrial genome: 

Study of induced and natural mitochondrial diversity within the Lactuca spp.

Résumé 

En sélection végétale, la diversité nucléaire est le réservoir de biodiversité encore majoritairement exploité. 

Cependant, la diversité génétique mitochondriale représente de nouvelles opportunités telles que la stérilité 

mâle cytoplasmique qui semble le plus intéressant caractère chez la laitue, dans une optique de sélection. Pour 

cette raison, au cours de ma thèse j’ai séquencé et assemblé le génome mitochondrial (ADNmt) de la laitue, 

Lactuca sativa, que j'ai utilisé comme référence pour mes études subséquentes. Puis j'ai étudié la diversité 

mitochondriale naturelle, présente au sein d’accessions sauvages de quatre espèces du genre Lactuca, ou la 

diversité mitochondriale induite. Celle-ci générée en utilisant soit un composé génotoxique soit des mutants pour 

des gènes nucléaires codant des protéines impliquées dans la maintenance et la ségrégation de l’ADNmt. Parmi 

les mutants sélectionnés nous avons décidé de nous focaliser sur deux d’entre eux : un mutant de la protéine 

RADA présentant un phénotype sévère, associé à une importante instabilité de l'ADNmt par recombinaison, et un 

mutant de la protéine OSB2 que nous pensions lié à un phénotype de stérilité mâle. Il s’est avéré que nous avions 

sélectionné de façon indirecte dans cette famille de mutants osb2 un nouveau gène de stérilité que nous avons 

par la suite identifié comme étant CCoAOMT1, codant pour une caffeoyl coenzyme A méthyltransférase. 

 Mots clés : Laitues, ADNmt, diversité mitochondriale, stérilité mâle cytoplasmique, GMS, recombinaison, 

OSB2 RADA.

Abstract 

In breeding, nuclear diversity remains the biodiversity reservoir most exploited. However, mitochondrial genetic 

diversity might present new opportunities in lettuce breeding, and cytoplasmic male sterility seems to be the 

most interesting trait, with a view to breeding. For this reason, during my thesis I sequenced and assembled the 

mitochondrial genome (mtDNA) of lettuce, Lactuca sativa, which I used as a reference for my subsequent studies. 

Then I studied the natural mitochondrial diversity, present within wild accessions of four species of the genus 

Lactuca, or the induced mitochondrial diversity, generated using either a genotoxic compound or mutants for 

nuclear genes encoding proteins involved in the maintenance and segregation of mtDNA. Among the mutants 

selected we decided to focus on two of them: a mutant of the RADA protein, with a severe phenotype associated 

to important instability of the mtDNA by recombination and a mutant of the protein OSB2, which we thought was 

linked to a male sterility phenotype. It turned out that we had indirectly selected within this osb2 mutant family a 

new sterility gene, which we subsequently identified as CCoAOMT1, coding for a caffeoyl coenzyme A 

methyltransferase. 

 Key words: Lettuce, mtDNA, mitochondrial diversity, cytoplasmic male sterility, GMS, recombination, 

OSB2, RADA


