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I .  Introduction 

A.  Contexte  
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2.  Organes et  organisat ion de la  p lante 
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!
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S1-'$-.%).81-!$-!SbE!H&7WSbE!

:$%6!E"FF!$-!44,J!

!

a%1+80!3c&:10*.81-!
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&48613$6!+%1836!$-!(8:$%!-$!61-.!.1*.$+186!4)6!$9'0*6<!

- #$! '1-.%)6.$! )'.*$0! $-.%$! %&/81-6! (*,83$6! $.! %&/81-6! 65'($6! )8-68! 7*B$-.%$! 6)861-6! (*,83$6! $.!

6)861-6!65'($6!3$:%)8.!)*/,$-.$%<!#$6!4%&'848.).81-6!41*%%)8$-.!`.%$!40*6!)21-3)-.$6!)*9!0).8.*3$6!
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! EX!

3$! 0c$++$.! 3$6! /)M! =! $++$.! 3$! 6$%%$! &.)8.! 28$-! -&'$66)8%$! 3)-6! 0$6! 68,*0).81-6! 4*208&$6! $-! "XXF! 41*%!

$94087*$%!0$6!&:10*.81-6!126$%:&$6<!

!

!

C.D$-,& :;A& =!Z-1,)08$!3$!.$,4&%).*%$!4%&:*$!$-! +1-'.81-!3$! 0c&,86681-!3$6!/)M!=!$++$.6!3$!6$%%$!41*%!
38++&%$-.6!6'&-)%816!GSa!HIaSS!EF"PJ<!

!

#c&.)4$! 6*8:)-.$! '1-686.$! =! )44087*$%! '$! .D4$! 3c)44%1'($! =! 0c&'($00$! 3c*-! 4)D6?! :18%$! 3c*-$!

%&/81-<! S$.! $9$%'8'$! )! &.&! %&)086&! 41*%! 0)! @%)-'$! =! 0c&'($00$! 3*! .$%%8.18%$! -).81-)0! Hd%8'($! $.! )0<! EF"Y{!

b*M$)*! $.! )0<! EF"Y{! ^$%%)D! $.! d1&! EF"PJ?!,)86! )*668! 41*%! 3$6! %&/81-6! 4)%.8'*085%$6! Hd%8'($! $.! )0<! EF"Y{!

d1--$+1D! $.! )0<! EF"PJ<! b-! 4$*.! %$.$-8%! 3$6! 68,*0).81-6! *.8086)-.! 0$6! 6'&-)%816! GSa! ):$'! 0$6! ,1350$6!

Z0)38-WS08,).!3*!S$-.%$!Q).81-)0!3$!G$'($%'($6!_&.&1%101/87*$6!3$!_&.&1W@%)-'$!HSQG_J!$.!NG@!3$!

0cI-6.8.*.!a8$%%$!\8,1-!#)40)'$!HIa\#J!0$6!&0&,$-.6!6*8:)-.6!Hb*M$)*!$.!)0<!EF"YJ!>!

- i-$! )*/,$-.).81-! 3$6! .$,4&%).*%$6! ,1D$--$6?! $-! 4)%.8'*08$%! 3)-6! 0$! \*3Wm6.! $-! &.&<! S$..$!

&:10*.81-!3c)''1,4)/-$%)!3c*-$!)*/,$-.).81-!3*!-1,2%$!3$!;1*%6!3$!:)/*$6!3$!'()0$*%!$-!&.&<!

- i-$!38,8-*.81-!3$6!;1*%6!)-1%,)0$,$-.!+%1836!$-!(8:$%<!

- d$)*'1*4!3c8-'$%.8.*3$6!6*%! 0$6!4%&'848.).81-6<!z! 0c(1%8M1-!EFE"WEFTF?! 0)!.$-3)-'$!$6.!40*.r.!=!*-$!

+)820$! )*/,$-.).81-?! )*668! 28$-! $-! &.&! 7*c$-! (8:$%?! ,)86! ):$'! *-$! /%)-3$! 8-'$%.8.*3$! 6*%! 0)!

386.%82*.81-! /&1/%)4(87*$! 3$! '$! '()-/$,$-.<! z! 0c(1%8M1-! EFV"WE"FF?! 0$6! %&6*0.).6! $-.%$!,1350$6!

$.A1*!6'&-)%816!-$!61-.!4)6!'1(&%$-.6<!

- i-$!)*/,$-.).81-!=!0c(1%8M1-!EFV"WE"FF!3$6!%867*$6!3$!6&'($%$66$?!6*%.1*.!3)-6!0$!\*3!3*!4)D6<!



! PF!

^1*.$6!'$6!68,*0).81-6!61-.!38641-820$6!6*%!*-!41%.)80! I-.$%-$.! H(..4>AALLL<3%8)6W'08,).<+%?!,)8!
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'08,).87*$6!&:10*$-.!+8-)0$,$-.!,18-6!7*$!0$6!,1350$6!-$!0$!4%&:1D)8.?!0$6!610*.81-6!$-:86)/&$6!6$%1-.!

3c)*.)-.!40*6! +)'80$,$-.!)4408')20$6<!a)%!'1-.%$?! 68! 0$6! '1-38.81-6!'08,).87*$6!3$:8$--$-.!38++8'80$6?! 0$6!

,$6*%$6!3c)3)4.).81-!4166820$6!6$%1-.!14&%).81--$00$6<!

m-!0c1''*%%$-'$?!41*%!0)!:8/-$?!80!+)*.!)-.8'84$%!3$6!.$,4&%).*%$6!40*6!&0$:&$6!6*%!0c$-6$,20$!3*!

'D'0$!3$!3&:$0144$,$-.?!,)86!6*%.1*.!$-!&.&?!)8-68!7*$!3$6!%$6.%8'.81-6!3$!0c)08,$-.).81-!$-!$)*<!

Q1*6!)001-6!$-:86)/$%! 0$6!'1-6&7*$-'$6!41.$-.8$00$6!3*!'()-/$,$-.!'08,).87*$!6*%! 0$!'D'0$!3$!

3&:$0144$,$-.?!0)!4%13*'.8:8.&!$.!0)!7*)08.&!3$6!%)868-6<!

2.  Une avancée des stades de déve loppement 

#c$++$.!0$!40*6!:86820$!3$6!'()-/$,$-.6!'08,).87*$6?!126$%:&!3)-6!.1*6!0$6!:8/-120$6!3*!,1-3$?!

$6.!*-$!):)-'&$!3$6!6.)3$6!3$!3&:$0144$,$-.!H[*'(`-$!$.!\'(-$83$%!EFFT{!C1-$6!$.![):86!EFFF{!a$.%8$!

$.!\)3%)6!EFFh{!G),16!$.!)0<!EFFhJ<!#$! 08$-!$-.%$! 0)! .$,4&%).*%$!3$! 0c)8%!$6.!68!&.%18.!7*c80!)!&.&!*.8086&!

3)-6! 3$6!,1350$6! 3$! 4%&:8681-6! 3$6! 6.)3$6?! '1,,$!-1*6! 0c):1-6! :*! 4%&'&3$,,$-.?!,)86! )*668! 41*%!

%$'1-6.%*8%$! 3$6! .$,4&%).*%$6! 3*! 4)66&! HS(*8-$! $.! )0<! EFFYJ<! #$6! ,1350$6! 3$! 4%&:8681-6! 3$! 6.)3$6!

4%&:18$-.!*-$!):)-'&$!3$6!3).$6!3$! :&%)861-!3$!3$*9!=! .%186! 6$,)8-$6!3c8'8! EFTF!4)%! %)441%.! )*9! PF!

3$%-85%$6!)--&$6!H_1%81-31!$.!)0<!EF""{!N$22!$.!)0<!EFFVJ<!z!4)%.8%!3$!,1350$6!$,48%87*$6?!d)%-**3!$.!

)0<! HEF"Y2J!,1-.%$-.! 7*$! 0c):)-'&$! 3$6! 3).$6! )*97*$00$6! 0$6! .$-$*%6! $-! 6*'%$6! 3$6! %)868-6! )..$8/-$-.!

EE!Ud%89}!6$%)!40*6!,)%7*&$!3)-6!0$6!%&/81-6!+%)o'($6!7*$!3)-6!0$6!%&/81-6!'()*3$6!$-!Z*6.%)08$<!



! PE!

S1,,$! 0$6! 3).$6! 3$! :&%)861-! 6$%1-.! 40*6! 4%&'1'$6?! 0)! 4&%813$! 3$! ,).*%).81-! 3$6! %)868-6! 6$!

3&')0$%)!:$%6!0$6!4&%813$6!0$6!40*6!'()*3$6!3$!0c&.&?!'$!7*8!41*%%)!):18%!3$6!%&4$%'*6681-6!68/-8+8').8:$6!

6*%!0)!'1,4168.81-!3$6!%)868-6<!

3.  Des incert i tudes sur  la  product iv i té  

b-! )..$-3! 3$! '1-'$-.%).81-6! 3$! 0c)8%! $-! SbE! &0$:&$6! $.! 3$! 3):)-.)/$! 3$! %)D1--$,$-.! *-$!

4%13*'.81-!3$!281,)66$!)''%*$!Hd8-38!$.!)0<!EFF"{!K)%'8)!3$!S1%.)M)%!Z.)*%8!EFFe{!_1*.8-(1Wa$%$8%)!$.!)0<!

EFFXJ<! S$..$! )*/,$-.).81-! 41.$-.8$00$! 6$%)! '$4$-3)-.! 41.$-.8$00$,$-.! 08,8.&$! 4)%! 0)! 38641-82808.&! $-!

$)*?! $-! 4)%.8'*08$%! $-! +8-! 3$! 6)861-! HK)%'8)! 3$! S1%.)M)%! Z.)*%8! EFFeJ<! S$%.)8-6!,1350$6! -$! 4%&:18$-.!

'$4$-3)-.! 4)6! *-$! %&3*'.81-! 68/-8+8').8:$! 3*! '1-+1%.! (D3%87*$! 3$! 0)! :8/-$! $-! @%)-'$! ):)-.! %&'10.$!

Hd%8661-!$.!#$:%)*0.!EF"F{!a8$%8!$.!#$21-!EF"YJ<!S$!%&6*0.).!$6.!'1(&%$-.!):$'!*-!'D'0$!3$!3&:$0144$,$-.!

40*6! '1*%.<! S$6! )*.$*%6! )-.8'84$-.! '$4$-3)-.!3$6! 6.%$66! (D3%87*$6!40*6!,)%7*&6! )4%56! 0$6! :$-3)-/$6!

)8-68! 7*c*-$! %$6.8.*.81-! 3c$)*! )*! ,808$*! 40*6! +)820$! 7*8! 4$*.! 61*0$:$%! 3$6! 8-7*8&.*3$6! 6*%! 0$!

%$'()%/$,$-.! 3$6! -)44$6! 4(%&).87*$6! =! ,1D$-W01-/! .$%,$<! I-3&4$-3),,$-.! 3$6! %&6*0.).6! 3$!

68,*0).81-6?!80!D!)!3)-6!0)!'1,,*-)*.&!6'8$-.8+87*$!8-.$%-).81-)0$!.%):)800)-.!6*%!0)!:8/-$!*-$!8-7*8&.*3$!

6*%! 0)! 6).86+)'.81-! 3$6! 2$618-6! $-! $)*! 3$! 0)! :8/-$! 3)-6! 0$! +*.*%?! 7*8! 6$! .%)3*8.! 4)%! *-! -1,2%$! 3$!

4*208').81-6!$-!)*/,$-.).81-! %&/*085%$!6*%!'$! .(5,$?!,*0.8408&!4)%!*-! +)'.$*%! 6*4&%8$*%!=!3$*9!$-.%$!

EFFX! $.! EF"Y! HN$2! 1+! \'8$-'$?! "$%! +&:%8$%! EF"TJ<! #$6! '1-6&7*$-'$6! 3*! '()-/$,$-.! '08,).87*$! 61-.!

3c)*.)-.!40*6!'1,40$9$6!=!)-.8'84$%!7*$!0c1-!6)8.!7*c80!D!)!3$!+1%.$6!8-.$%)'.81-6!$-.%$!.$-$*%6!$-!SbE!3$!

0c)8%! $.! )08,$-.).81-! $-! $)*<! m-! $++$.?! *-$! )*/,$-.).81-! 3$6! '1-'$-.%).81-6! $-! SbE!3$! 0c)8%! ),&081%$!

0c$++8'8$-'$!3c*.8086).81-!3$! 0c$)*! ')%! 0)!7*)-.8.&!3$!SbE! 41*:)-.!4&-&.%$%!3)-6! 0)!40)-.$!41*%%)! %$6.$%!

'1-6.)-.$!,`,$!68!0c1*:$%.*%$!3$6!6.1,).$6?!$.!31-'!0)!.%)-648%).81-?!$6.!%&3*8.$!H\'(*0.M!EFFFJ<!

\c80! D! )! 3$6! 8-'$%.8.*3$6! 6*%! 0)! 4%13*'.81-! .1.)0$! 3$! 281,)66$?! 0$6! $++$.6! 3$6! '()-/$,$-.6!

'08,).87*$6! 6*%! 0$! %$-3$,$-.! 61-.! $-'1%$! 40*6! 38++8'80$6! =! )-.8'84$%<! m-! 6$! 2)6)-.! 6*%! 3$6! ,1350$6!

6.).86.87*$6?!\)-.16!$.!)0<!HEF""J!'1-'0*$-.!7*$!0$!'()-/$,$-.!'08,).87*$!41*%%)8.!):18%!*-!$++$.!4168.8+!

6*%! 0)! 4%13*'.8:8.&! 3$! 0)! :8/-$! 3)-6! 0)! %&/81-! 3*! [1*%1! )*! a1%.*/)0<! z! 0c14416&?! #12$00! $.! )0<! HEFFeJ!

)-.8'84$-.!$-!S)08+1%-8$!3$6!2)866$6!3$!%$-3$,$-.?!40*6!4%1-1-'&$6!41*%! 0$6!%)868-6!3$!.)20$!7*$!41*%!

0$6!%)868-6!3$!'*:$<!Z:$'!3$6!,1350$6!,&')-86.87*$6?!0$6!'1-'0*681-6!61-.!.%56!3&4$-3)-.$6!3$6!%&/81-6!

&.*38&$6!HK)%'8)!3$!S1%.)M)%!Z.)*%8!EFFeJ!$.!3$6!;$*9!3$!31--&$6!'08,).87*$6!*.8086&6!Hd8-38!$.!)0<!"XXeJ<!

#)! .$-3)-'$! /&-&%)0$! 7*8! 6$! 3$668-$! 41*%! 0$! \*3! 3$! 0)! @%)-'$! $.! 0cI.)08$! $6.! .1*.$+186! *-$! 2)866$! 3*!

41.$-.8$0!3$!%$-3$,$-.!3)-6!0$!+*.*%!Hd8-38!$.!)0<!"XXe{!K)%'8)!3$!S1%.)M)%!Z.)*%8!EFFe{!_1%81-31!$.!)0<!

EF""J<!

#$!-1,2%$!3$!%),$)*9!4%8,)8%$6!4)%!40)-.$!$6.!+89&!4)%!0$!:8.8'*0.$*%!)*!,1,$-.!3$!0)!.)800$<!I0!

4$*.!&/)0$,$-.!`.%$!);*6.&!)4%56!0$!3&21*%%$,$-.<!#$!:8.8'*0.$*%!4$*.!)01%6!3&'83$%!3c$-0$:$%!1*!-1-!0$6!



! PP!

%),$)*9! 6$'1-3)8%$6<! \)*+! )''83$-.! '08,).87*$! .$0! 7*c*-! /$0! 4%8-.)-8$%?! 3$! :810$-.6! 1%)/$6! 1*! 3$! 0)!

/%`0$?!0$!-1,2%$!3$!%),$)*9!+$%.80$6!4)%!40)-.$!3&4$-3!.%56!4$*!3$6!'1-38.81-6!'08,).87*$6<!

#$! -1,2%$! 3$! +0$*%6! +89$! *-! 40)+1-3! )*! -1,2%$! 3$! 2)8$6! 4)%! 40)-.$! 1*! 4)%! *-8.&! 3$! 6*%+)'$!

H[*'(`-$! $.! )0<! EFF")J<! S$..$! :)%8)20$! 3&4$-3! 3c*-$! 4)%.! 3*! -1,2%$! 3$! +0$*%6! 4)%! 8-+01%$6'$-'$! $.!

3c)*.%$!4)%.!3*!-1,2%$!3c8-+01%$6'$-'$6!4)%!%),$)*<!#$!'()-/$,$-.!'08,).87*$!4$*.!)++$'.$%!0$6!3$*9!

:)%8)20$6<! m-! $++$.?! 3$6! %&6*0.).6! ,1-.%$-.! 7*$! 0$! -1,2%$! 3c8-+01%$6'$-'$6! )*/,$-.$! ):$'! 0)!

.$,4&%).*%$!$.! 0c&'0)8%$,$-.!4$-3)-.!0c8-8.8).81-!+01%)0$!Hd*..%16$!"XVFJ!?!$.!40*6!/&-&%)0$,$-.!):$'!0)!

:8/*$*%! 3$6! 40)-.$6! HR*/08-! "XTh{! R*/08-! $.! \'(-$83$%! "XXhJ<! S$4$-3)-.?! 40*6! 0$6! .$,4&%).*%$6! 61-.!

&0$:&$6!=! 0c&417*$!3*!3&21*%%$,$-.?!40*6! 0$!-1,2%$!3$! +0$*%6!4)%! 8-+01%$6'$-'$!$6.!2)6! H~$00$%!$.!)0<!

EF"F{! a$.%8$! $.! S08-/$0$++$%! EFFT{! a1*/$.! "Xh"J<! \8! 0c1-! 41*%6*8.! 0$! %)861--$,$-.! 40*6! 018-?! 68! 0$!

3&21*%%$,$-.! ):)-'$! ):$'! 0$! %&'()*++$,$-.! /012)0?! 80! )*%)! 6)-6! 31*.$! 08$*! 3)-6! 3$6! '1-38.81-6! 3$!

.$,4&%).*%$6! .$00$6!7*$!-1*6! 0$6! '1--)8661-6! )'.*$00$,$-.<!i-$!38,8-*.81-!3*!-1,2%$!3$! +0$*%6!4)%!

8-+01%$6'$-'$! 3)-6! 0$! +*.*%! =! ')*6$! 3$! .$,4&%).*%$6! '()*3$6! )*.1*%! 3*! 3&21*%%$,$-.! -c$6.! 4)6!

)'7*86$?! 6)*+! 68! 0$6! 3&21*%%$,$-.6! 61-.! %$.)%3&6! 3$! ,)-85%$! 68/-8+8').8:$! 4)%! -1-! 6).86+)'.81-! 3$6!

2$618-6! $-! +%183! 41*%! 0)! 0$:&$! 3$! 31%,)-'$<! I0! $6.! 38++8'80$! 3$! '1-'0*%$<! [$6! /$06! 4%8-.)-8$%6! )4%56! 0$!

3&21*%%$,$-.!4$*:$-.!&/)0$,$-.!`.%$!31,,)/$)20$6!,)86!0$6!68,*0).81-6!3$!_108.1%!$.!)0<!HEF"Y)J!1-.!

,1-.%&!7*c)*!#*9$,21*%/?!):$'!0)!:)%8&.&!_�00$%W^(*%/)*?!'$!%867*$!3$:%)8.!6c)..&-*$%!3)-6!0$!+*.*%<!

#$6!0)'*-$6!3$6!'1--)866)-'$!7*$!0c1-!)!6*%!0$6!3&.$%,8-)-.6!3$6!3).$6!3$!3&21*%%$,$-.!$.!3$!

0)!:)%8)2808.&!/&-&.87*$!3$6!2$618-6!$-!+%183!41*%!0)!0$:&$!3$!31%,)-'$!318:$-.!8-'8.$%!=!0)!4%*3$-'$!4)%!

%)441%.!=!.1*.$6!0$6!'1-'0*681-6!7*$!0c1-!41*%%)8.!.8%$%!6*%!0$6!$++$.6!3$6!'()-/$,$-.6!'08,).87*$6!6*%!0$!

41.$-.8$0!3$!-1,2%$!3$!+0$*%6!4)%!0c8-.$%,&38)8%$!3$6!3).$6!3$!3&21*%%$,$-.<!

I0! $6.! 4)%! '1-.%$! '$%.)8-! 7*$! 3$6! %$6.%8'.81-6! 3)-6! 0c)08,$-.).81-! $-! $)*! %&3*86$-.! 0$! -1,2%$!

3c8-+01%$6'$-'$6! 8-8.8&$6! Hd*..%16$! "XVY{! K*804)%.! $.! )0<! EF"Y{! _)..($L6! $.! Z-3$%61-! "XhXJ<! CB)8! )8-68!

,1-.%&!6*%!3$6!40)-.$6!$-!6$%%$!7*c*-!6.%$66!(D3%87*$!)*!'1*%6!3c*-$!)--&$!41*:)8.!+1%.$,$-.!,138+8$%!

0)!'%1866)-'$!3$6!40)-.$6!6)-6!)++$'.$%! 0$!-1,2%$!3$!2)8$6<!#c)--&$!6*8:)-.$!4)%!'1-.%$! 0$!-1,2%$!3$!

+0$*%6!4)%! %),$)*!):)8.! &.&! +1%.$,$-.!38,8-*&!3)-6! 0$6! .%)8.$,$-.6! =! +1%.! 6.%$66!(D3%87*$!3$! 0c)--&$!

4%&'&3$-.$!H[*'(`-$!$.!)0<!EF"YJ<!

i-!6.%$66!(D3%87*$!)++$'.$!&/)0$,$-.! 0)!'%1866)-'$!3$6!2)8$6?!6*%.1*.!6c80!)! 08$*!):)-.!:&%)861-!

HI-.%8/08101!$.!)0<!EF"E{!Q8'*0'$)!$.!)0<!EF"YJ<!

#$! %r0$! 3$6! '1-'$-.%).81-6! ).,164(&%87*$6! $-! SbE! 6*%! 0$! -1,2%$! 3c8-+01%$6'$-'$6! $.! 0$! 6*%!

-1,2%$! 3$! +0$*%6! -c)?! =!,)! '1--)866)-'$?! 4)6! &.&! &.*38&<! I0! $6.! :%)86$,20)20$! 7*c80! 618.! 4168.8+! ')%! 0)!

+$%.808.&!3$6!21*%/$1-6!)*/,$-.$!):$'!0)!:8/*$*%!3$6!40)-.$6!HR*/08-!$.!\'(-$83$%!"XXhJ?!$00$!,`,$!40*6!

&0$:&$!7*)-3!0$6!'1-'$-.%).81-6!).,164(&%87*$6!$-!SbE!61-.!&0$:&$6!Hd8-38!$.!)0<!EFF"J<![)-6!0$!,`,$!

1%3%$! 3c83&$?! K*804)%.! $.! )0<! HEF"YJ! 1-.! ,1-.%&! 7*$! 0)! -*.%8.81-! )M1.&$! 3c*-$! )--&$! ):)8.! 3$6!



! PY!

'1-6&7*$-'$6! 6*%! 0)! +$%.808.&! 3$6! 21*%/$1-6! $.! 31-'! 6*%! 0$! -1,2%$! 3$! +0$*%6! $.! 3$! 2)8$6! 4)%! %),$)*!

0c)--&$!6*8:)-.$<!

I0!$6.!38++8'80$!3$!6$!+)8%$!*-$!83&$!/&-&%)0$!3$6!'1-6&7*$-'$6!3$6!'()-/$,$-.6!'08,).87*$6!6*%!

0$!41.$-.8$0!3$!%$-3$,$-.!3$!0)!:8/-$!')%!3c*-$!4)%.!40*68$*%6!'1,416)-.$6!3*!%$-3$,$-.!4$*:$-.!`.%$!

)++$'.&$6! $.! 3c)*.%$! 4)%.! 0$6! +)'.$*%6! 8,4087*&6! 61-.!,*0.840$6<! S$4$-3)-.?! 0)! 4%8-'84)0$! '%)8-.$?! 40*6!

866*$! 3c*-! %$66$-.8! 3$6! $94$%.6! 7*$! 3$6! %&6*0.).6! 3$! ,13&086).81-! Ha8$%8! $.! #$21-! EF"YJ?! $6.! 7*$! 0$6!

%$-3$,$-.6! 3)-6! 0$! +*.*%! 6$%1-.! 08,8.&6! 4)%! 0)! 38641-82808.&! $-! $)*! $-! &.&?! 7*8! '1-38.81--$! -1-!

6$*0$,$-.! 0$! /%166866$,$-.! 3$6! 2)8$6! )*! '1*%6! 3$! 0)! ,`,$! 6)861-! ,)86! &/)0$,$-.! 0$! 41.$-.8$0! 3$!

4%13*'.81-!3$!0)!6)861-!7*8!6*8.<!

#)! 4%13*'.8:8.&! 4$*.! &/)0$,$-.! `.%$! )++$'.&$! 4)%! *-$! )*/,$-.).81-! 3$! 0)! +%&7*$-'$!

3c&:5-$,$-.6!$9.%`,$6!H:)/*$6!3$!'()0$*%?!+1%.$6!4%&'848.).81-6J!6*8.$!)*!%&'()*++$,$-.!/012)0!HIaSS!

EF"PJ<! S$..$! 8-+1%,).81-!7*)08.).8:$! $6.! 38++8'80$! =! 8-.&/%$%! 3)-6! *-$!3&,)%'($!3c)3)4.).81-!,)86! 318.!

%$6.$%! 4%&6$-.$! =! 0c$64%8.<! m00$! 3&4$-3! &/)0$,$-.! 3$! 0)! 4%$6681-! 3$6! 4)%)68.$6! 3$! 0)! :8/-$! $.! 3$! 0$*%!

'1-.%r0$<! a0*68$*%6! &.*3$6! 1-.! '($%'(&! =! &:)0*$%! 0c&:10*.81-! 3$6! 0)! 4%$6681-! 4)%)68.)8%$?! %):)/$*%6! 1*!

'(),48/-1-6?!3)-6!0$!+*.*%!Hd%$/)/081!$.!)0<!EF"P{!S)++)%%)!$.!)0<!EF"E{!S)*2$0!$.!)0<!EF"Y{!a*/08$6$!$.!)0<!

EF"F{!\)08-)%8!$.!)0<!EFFeJ<!#$6!'1-'0*681-6!3&4$-3$-.!2$)*'1*4!3$6!,1350$6!$.!3$6!6'&-)%816!*.8086&6<!

S$.!)64$'.!3$6!'1-6&7*$-'$6!3$6!'()-/$,$-.6!'08,).87*$6!6*%!0)!:8/-$!-$!6$%)!4)6!3&:$0144&!8'8?!4)6!

40*6!7*$!0)!:)%8)2808.&!/&-&.87*$!7*8!4$*.!`.%$!*.8086&$!41*%!D!+)8%$!+)'$<!

4.  Ef fets sur  la  composi t ion des ra is ins et  des v ins 

#$6! .$,4&%).*%$6! &0$:&$6! )''&05%$-.! 0)!2)866$!3$! 0c)'838.&!3$6! %)868-6?! 6*8.$! =!*-$!3&/%)3).81-!

40*6!%)483$!3$!0c)'83$!,)087*$!Hd*..%16$!$.!)0<!"XV"{!~08$L$%!"XV"{!\L$$.,)-!$.!)0<!EF"YJ<![$6!'1-'0*681-6!

)00)-.!3)-6!'$!6$-6!4$*:$-.!`.%$!.8%&$6!3$!0)!'1,4)%)861-6!3$!%&/81-6!:8.8'10$6!Hd)%-**3!$.!)0<!EF"Y2J!1*!

3$! ,800&68,$6! HQ$$.(08-/! $.! )0<! EF"EJ<! S1,,$! 0$6! 7*)-.8.&6! 3c)'83$! .)%.%87*$! 4)%! 2)8$! -c&:10*$-.!

7*)68,$-.! 4)6! )*! '1*%6! 3$! 0)! ,).*%).81-?! 3$6! :)%8&.&6! 3$:%)8$-.! `.%$! 3c)*.)-.! ,18-6! 6$-6820$6! )*9!

'()-/$,$-.6! '08,).87*$6! 7*$! 0$*%! %).81! )'83$! .)%.%87*$A)'83$! ,)087*$! 3$6! %)868-6! $6.! &0$:&! H\(8%)86(8!

"XXTJ<!

i-$!)*/,$-.).81-!3$6!.$-$*%6!$-!6*'%$6!3$6!%)868-6!1*!3$6!.$-$*%6!$-!)0'110!3$6!:8-6!)*!'1*%6!

3$6! 3$%-85%$6! 3&'$--8$6! )! 61*:$-.! &.&! 126$%:&$! HZ06.1-! $.! )0<! EF""{! [*'(`-$! $.! \'(-$83$%! EFFT{!

Q$$.(08-/! $.! )0<! EF"EJ<! _`,$! 6c80! +)*.! ):18%! =! 0c$64%8.! 0$! %r0$! 3$6! .$'(-87*$6! :8.8'10$6?! 3$6! 3).$6! 3$!

:&%)861-!40*6!4%&'1'$6!$.!3$6!'1-38.81-6!3$!,).*%).81-!40*6!+):1%)20$6!1-.!8-3&-8)20$,$-.!;1*&!*-!%r0$!

'0&!3)-6!'$..$!&:10*.81-<!G&'10.$%!40*6!.r.!41*%!&:8.$%!3$6!.$-$*%6!$-!)0'110!.%14!&0$:&$6!-c$6.!61*:$-.!

4)6!0)!610*.81-!)3&7*).$!')%!0$6!%)868-6!-c)*%)8$-.!4)6!+1%'&,$-.!*-$!,).*%8.&!4(&-1087*$!6).86+)86)-.$!

Ha)0081..8!$.!)0<!EF"P{!\)3%)6!$.!_1%)-!EF"EJ<!



! PT!

#$6! +1%.$6! .$,4&%).*%$6! 61-.!31,,)/$)20$6!=! 0c)''*,*0).81-!3$6!)-.(1'D)-$6!3)-6! 0$6!2)8$6!

H~08$L$%!"XVF{!_1%8!$.!)0<!EFFV{!^$89$8%)!$.!)0<!EF"PJ?!,)86!3):)-.)/$!3$!%)D1--$,$-.!610)8%$!)!*-!$++$.!

14416&!H^$89$8%)!$.!)0<!EF"PJ<![$6!%&6*0.).6!$,48%87*$6!,1-.%$-.!7*$!3$6!.$,4&%).*%$6!&0$:&$6!61-.!$-!

/&-&%)0! 3&+):1%)20$6! =! 0)! 7*)08.&! 3$6! :8-6! HC1-$6! $.! )0<! EFFT{! _1%81-31! $.! )0<! EF""{! ^1-8$..1! $.!

S)%21--$)*! EFFYJ?!,)86! 80! D! )! ;*67*c=! 4%&6$-.! .%56! 4$*! 3$! %&6*0.).6! $94&%8,$-.)*9! '1-:)8-')-.6! 6*%!

0c$++$.!3$6!.$,4&%).*%$6!6*%!0)!'1,4168.81-!$-!)%r,$!3$6!%)868-6<!d*%$)*!$.!)0<!HEFFFJ!1-.!&.*38&!0c$++$.!

3$! 0c$-:8%1--$,$-.! 0*,8-$*9! 6*%! 0$6! '1,416&6! )%1,).87*$6! $-! '1,4)%)-.! 3$6! /%)44$6! 3$!_*6').! =!

4$.8.6!/%)8-6!20)-'!)*!610$80?!=!0c1,2%$?!$.!4%1.&/&$6!3*!610$80!4)%!3$6!6)'6!-18%6<!I06!1-.!7*)-.8+8&?!$-.%$!

)*.%$6?!3$6!,10&'*0$6!3$!0)!+),800$!3$6!.$%4&-106?!7*8!4)%.8'84$-.!)*9!)%r,$6!3$!_*6').<!#$6!.$-$*%6!$-!

.$%4&-106! 0$6! 40*6! &0$:&$6! 1-.! &.&! ,$6*%&$6! 3)-6! 0$6! /%)44$6! =! 0c1,2%$! $.! 0$6! 40*6! +)820$6! 3)-6! 0$6!

/%)44$6!$,2)00&$6!3)-6!0$6!6)'6!-18%6<!#$6!)*.$*%6!4%1416$-.!7*$!'$6!38++&%$-'$6!41*%%)8$-.!`.%$!3*$6!=!

*-$!,138+8').81-! 3*! %).81! %1*/$A%1*/$! 018-.)8-! 3)-6! 0)! 0*,85%$! )..$8/-)-.! 0$6! /%)44$6?!,)86! )*668?! $.!

4$*.W`.%$!6*%.1*.?!)*9!.$,4&%).*%$6!40*6!&0$:&$6!$-!,1D$--$!3$!E!US!3)-6!0$6!6)'6<!S$0)!6$%)8.!'1(&%$-.!

):$'! 0$6! %&6*0.).6! 3$! G$D-1036! $.! N)%30$! H"XXPJ! ,1-.%)-.! 7*$! 0$6! 68.$6! +%)86! 61-.! 40*6! +):1%)20$6! =!

0c)''*,*0).81-!3$!.$%4&-106!7*$!0$6!68.$6!'()*36<!#$!'08,).!3*!+*.*%!%867*$!&/)0$,$-.!3$!6$!')%)'.&%86$%!

4)%!3$6!:)/*$6!3$!'()0$*%!40*6!+%&7*$-.$6!$.!40*6!8-.$-6$6!H\'()%!$.!)0<!EFFYJ<!S$!4(&-1,5-$!416$!3&;=!

3$6!4%1205,$6!$-!Z*6.%)08$!HR)D,)-!$.!)0<!EF"EJ<!#$6!2)8$6!3$!%)868-6!'101%&6!$-!'1*%6!3$!,*%866$,$-.!D!

61-.!4)%.8'*085%$,$-.!6$-6820$6!')%!3c*-$!4)%.! 0$6!2)8$6?!-c)D)-.!4%).87*$,$-.!4)6!3$!6.1,).$6?!-c1-.!

7*c*-$! ')4)'8.&! %&3*8.$! 3$! %$+%183866$,$-.! 4)%! &:)41%).81-! 3c$)*?! 3c)*.%$! 4)%.! ')%! 0$6! 4$008'*0$6!

61,2%$6! %&+0&'(866$-.! ,18-6! 0$6! %)D1--$,$-.6! 7*$! 3$6! 4$008'*0$6! :$%.$6! 1*! '0)8%$6<! #)! .$,4&%).*%$!

3c*-$!2)8$!%1*/$!4$*.!`.%$!;*67*c=!"F!US!40*6!&0$:&$!7*$!'$00$!3$!0c)8%!),28)-.!Ha8$%8!$.!@$%,)*3!EFFTJ<!

S$6!$9'56!3$!.$,4&%).*%$!4$*:$-.!4%1:17*$%!3$6!%$.)%36!3$!,).*%).81-!HK%$$%!$.!N$$31-!EF"PJ?!,)86!

)*668!3$6! +0&.%866$,$-.6!3$!2)8$6!1*!3$6!2%O0*%$6!'1-3*86)-.!=!3$6!4$%.$6!3$! %$-3$,$-.<!i-$!:)%8&.&!

'1,,$! 0)! \D%)(! $6.! 2$)*'1*4! 40*6! 6$-6820$! =! '$6! 4(&-1,5-$6! 3$! +0&.%866$,$-.! 7*$! 0$! S()%31--)D!

Hd1-)3)!$.!)0<!EF"PJ<!

[$6! %$6.%8'.81-6! 3$! 0c)08,$-.).81-! $-! $)*! $-.%)8-$-.! *-$! %&/*0).81-! 3$! 0)! .%)-648%).81-! 4)%!

0c8-.$%,&38)8%$!3$!0c1*:$%.*%$!3$6!6.1,).$6<!i-$!'1-6&7*$-'$!38%$'.$!3c*-!,)-7*$!3c$)*!4$*.!`.%$!*-$!

%&3*'.81-!3$!0)!4%13*'.81-!3$!281,)66$<!#)!%&3*'.81-!3$!0)!.%)-648%).81-!:)!&/)0$,$-.!6c)''1,4)/-$%!

3c*-$!&0&:).81-!3$!0)!.$,4&%).*%$!3$!0)!40)-.$!4)%!%)441%.!=!0)!.$,4&%).*%$!3$!0c)8%!HK)%'8)!3$!S1%.)M)%!

Z.)*%8!$.!)0<!EFFXJ<!#c)08,$-.).81-!$-!$)*!;1*$!*-!%r0$!'$-.%)0!3)-6!0)!4(D68101/8$!3$!0)!40)-.$<!_`,$!68!

0$6!,&')-86,$6!-$!61-.!4)6!$-'1%$!3&'%8.6!):$'!4%&'8681-?!3$6!%$6.%8'.81-6!,13&%&$6!3$!0c)08,$-.).81-!

$-! $)*! 61-.! $-! /&-&%)0! +):1%)20$6! =! 0c)''*,*0).81-! 3$6! )-.(1'D)-$6! H\)-.$6.$2)-! $.! )0<! EF""{! p)-!

#$$*L$-!$.!)0<!EFFXJ?!3$6!.$%4&-106!H\'(�..0$%!EF"PJ!$.!3$6!6*'%$6!3)-6!0$6!%)868-6!Hp)-!#$$*L$-!$.!)0<!

EFFXJ<!z! 0c8-:$%6$?!3$6!$94&%8,$-.).81-6!,1-.%$-.!7*$! 0$6!.$-$*%6!$-!.(8106!:10).806!3$6!:8-6!61-.!40*6!



! Pe!

&0$:&$6! $-! 68.*).81-! 3$! 21--$! )08,$-.).81-! $-! $)*! H\'(�..0$%! EF"PJ! ,)86! 3$6! %&6*0.).6! 14416&6! 1-.!

&/)0$,$-.!&.&!%)441%.&6!H~12)D)6(8!$.!)0<!EF""J<!

#$!'()-/$,$-.!'08,).87*$!$6.!$-!4%$,8$%!08$*!*-$!'1-6&7*$-'$!3$!0c)*/,$-.).81-!3$6!.$-$*%6!

$-! SbE! 3$! 0c)8%<! [)-6! 3$6! $94&%8,$-.).81-6! 3c)441%.! 3$! SbE! 6*%! 3$6! 40)-.$6! )*! :8/-120$! Hf!@ZSm!

$94$%8,$-.6!gJ?!0c8,4)'.!3$!.$-$*%6!$-!SbE!&0$:&$6!6*%!0$!,&.)21086,$!4%8,)8%$?!=!6):18%!0$6!6*'%$6!$.!0$6!

)'83$6?!$6.!+)820$!Hd8-38!$.!)0<!EFF"{!K1-q)0:$6!$.!)0<!EFFXJ<!

Z*!'1-.%)8%$?!K1-q)0:$6!$.!)0<! HEFFXJ!,1-.%$-.!3$6! %&6*0.).6!3)-6! 0$67*$06!3$6! .$-$*%6!$-!SbE!

&0$:&$6!,138+8$-.! 0)! '1,4168.81-!$-!,&.)2108.$6! 6$'1-3)8%$6!3$6! :8-6<! ^1*.!*-! '(),4!3$! %$'($%'($6!

%$6.$!=!$9401%$%!3)-6!'$!31,)8-$<!

D.  Quel les  sont  les  vo ies d 'adaptat ion poss ib les de la  v i t i cu l ture au 

changement c l imat ique ? 

#c)3)4.).81-!3$6!)'.8:8.&6!:8.8'10$6!)*!'()-/$,$-.!'08,).87*$!4$*.! 6c$-:86)/$%! 6$01-!40*68$*%6!

418-.6!3$!:*$<!b-!41*%%)8.!'1-683&%$%!7*c*-$!)3)4.).81-!%&*668$?!01%67*$!-1*6!6$%1-6!$-!EFTF?!$6.!7*$!

0)!'%&).81-!3$!%8'($66$!)441%.&$!4)%!0)!:8.8'*0.*%$!=!0c&'1-1,8$!-).81-)0$!$6.!83$-.87*$?!:18%$!6*4&%8$*%$!

=! '$00$! 3c)*;1*%3c(*8<! b-! 41*%%)8.! 31-'! $-:86)/$%! *-! 4%1'$66*6! 3c)3)4.).81-! -).81-)0?! 7*8! 41*%%)8.!

8-'0*%$! 0)!'%&).81-!3$!:8/-120$6!3)-6!3$6!M1-$6!1|! 0)!:8/-$!$6.!)'.*$00$,$-.!)26$-.$<! I0!$6.!'0)8%?!)*668!

28$-! $-! m*%14$! H_)0($8%1! $.! )0<! EF"FJ! 7*$! 6*%! 0$! '1-.8-$-.! Z,&%8')8-! HN(8.$! $.! )0<! EFFeJ?! 7*$! 0$!

%&'()*++$,$-.!/012)0!'1-3*8.!=!*-$!$9.$-681-!3$!0c)8%$!41.$-.8$00$!3$!'*0.*%$!3$!0)!:8/-$<!I0!D!)!31-'!3$6!

1441%.*-8.&6! =! 6)868%! $-! @%)-'$! 3)-6! 3$6! M1-$6! 618$-.! 40*6! 6$4.$-.%81-)0$6! 618.! =! 3$6! )0.8.*3$6! 40*6!

&0$:&$6<! I,40)-.$%! 3$6! :8/-120$6?! )'7*&%8%! 3$6! 6):18%W+)8%$! 41*%! 0)! 4%13*'.81-! 3$! :8-6?! .%1*:$%! 3$6!

3&21*'(&6! '1,,$%'8)*9! $6.! *-! $++1%.! 8,41%.)-.! ,)86! 3c)*.%$6! 4)D6! 6cD! 61-.! %867*&6! 3)-6! 0$! 4)66&<!

#c)*/,$-.).81-!3$6!6*%+)'$6!'*0.8:&$6!$-!:8/-$!)*!G1D)*,$Wi-8?!4)66&$6!3$!VVP!()!$-!EFFP!=!"hhY!()!

$-!EF"P!Hm-/086(!N8-$!a%13*'$%6!Z661'8).81-!EF"YJ!,1-.%$!7*c*-$!.$00$!3&,)%'($!-c$6.!4)6!68,40$,$-.!

*-$!:*$!3$!0c$64%8.<!

i-!)*.%$!418-.!3$!:*$!41*%%)8.!`.%$!'$0*8!3c*-!4%13*'.$*%>!68!0)!'*0.*%$!3$!0)!:8/-$!3$:8$-.!,18-6!

%$-.)20$?! 0c)3)4.).81-!'1-686.$!4$*.W`.%$!41*%! 0*8?!41*%!'1-6$%:$%!6$6!%$:$-*6?!=!,138+8$%!61-!6D6.5,$!

3$! 4%13*'.81-?! 7*8..$! =! -$! 40*6! 4%13*8%$! 3$! %)868-6<!i-$! )0.$%-).8:$! $6.! 3$! '()-/$%! '1,405.$,$-.! 0$!

.D4$!3$!:8-!4%13*8.>!4)66$%!3c*-!4%13*'.81-!3$!:8-6!20)-'6!=!*-$!4%13*'.81-!3$!:8-6!%1*/$6!4)%!$9$,40$<!

i-!.$0!6)*.!$6.!4%$67*$!&7*8:)0$-.!=!'$0*8!3$!0c8,40)-.).81-!3$!-1*:$)*9!:8/-120$6!$-!.$%,$6!3$!6):18%W

+)8%$!=!)'7*&%8%!$.!3$!3&21*'(&6!=!.%1*:$%<!#c&'($00$!3$!.$,46!41*%!D!4)%:$-8%!$6.!0)!3&'$--8$<!

#)!'1,,*-)*.&!6'8$-.8+87*$!$.!0$6!8-.$%4%1+$6681-6?!$-:86)/$-.!'$4$-3)-.!=!'$!;1*%!0c)3)4.).81-!

'1,,$!*-!,)8-.8$-!3)-6!0$!+*.*%!3c*-$!4)%.!3$6!:10*,$6!4%13*8.6!$.!3c)*.%$!4)%.!3$!0)!.D48'8.&!3$6!:8-6!

3)-6!0$6!M1-$6!:8.8'10$6!)'.*$00$6<!I0!D!)!41*%!'$0)!40*68$*%6!0$:8$%6<!m-!'1-6$%:)-.!0$6!:)%8&.&6!)'.*$00$6?!0)!



! PV!

4%$,85%$! 83&$! $6.! 3$! %$'($%'($%! 3$6! 68.*).81-6! 1|! 0$6! %)868-6! '1-.8-*$%)8$-.! 3$! ,O%8%! 3)-6! 3$6!

'1-38.81-6! %$0).8:$,$-.! +%)o'($6<! S$.! 12;$'.8+! 4$*.W`.%$! )..$8-.! ):$'! 3$6! 4)%'$00$6! 40*6! $-! )0.8.*3$!

HS)++)%%)! $.! m''$0! EF""J! 1*! $-! $9401%)-.! 0)! :)%8)2808.&! '08,).87*$! )*! 6$8-! 3c*-$! M1-$! )'.*$00$! 3$!

4%13*'.81-!Hd1--$+1D!$.!)0<!EF"PJ<!

#$!6$'1-3!0$:8$%!$6.!3$!%$:868.$%!0$6!,13$6!3$!'1-3*8.$!3$!0)!:8/-$<!C*67*c80!D!)!4$*?!0$!4%8-'84)0!

12;$.!3$6!%$'($%'($6!$-!:8.8'*0.*%$!&.)8.!3c12.$-8%!0$6!.$-$*%6!$-!6*'%$6!0$6!40*6!&0$:&$6!4166820$6?!$.!0$6!

)'838.&6!0$6!40*6!2)66$6<![$!-1,2%$*9!.%):)*9!1-.!31-'!'($%'(&!=!,)98,86$%!0)!6*%+)'$!+108)8%$!$9416&$!

$.!=!$9416$%! 0$!40*6!4166820$! 0$6!/%)44$6!)*! 610$80! HS)%21--$)*! "XhXJ<!S$..$! .$-3)-'$!$6.!$-! .%)8-!3$!

'1,405.$,$-.! 6c8-:$%6$%! 4*867*c*-$! 3$6! 4%&1''*4).81-6! ,);$*%$6! $6.! )'.*$00$,$-.! 3$! ,)o.%86$%! 0$6!
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)44$0!=! 0)!,13&086).81-!$-!.%186!38,$-681-6!3$6!'1*:$%.6!3$!:8/-$!H#1*)%-!$.!)0<!EFFhJ!41*%! 8,)/8-$%?!

4*86!.$6.$%?!3$6!,13$6!3$!'1-3*8.$!,8-8,86)-.!0)!'1-61,,).81-!$-!$)*!$.!$9416)-.!0$!,18-6!4166820$!
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6D6.5,$6!=!$94&%8,$-.$%<!
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'()-/$,$-.! '08,).87*$<! #$! 4%&6$-.! .%):)80! :86$! ;*6.$,$-.! =! &:)0*$%! 0$6! 416682808.&6! 1++$%.$6! 4)%! 0)!
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'08,).87*$<!



! Ph!

E.  Génét ique de la  v igne 

1.  Structure du génome et  sources de var iab i l i té  

#)!:8/-$!$6.!*-$!40)-.$!38401�3$!31-.! 0)! .)800$!3*!/&-1,$!$6.!$6.8,&$!=!YhV!,80081-6!3$!2)6$6!

H_2J!HC)8001-!$.!)0<!EFFVJ<!S$!/&-1,$!$6.!+1%.$,$-.!(&.&%1MD/1.$?!):$'!*-!.)*9!3c(&.&%1MD/1.8$!4%1'($!

3$!VF!y!3c)4%56!0)!:)%8)2808.&!3$!,)%7*$*%6!,8'%16).$008.$6!HZ3),Wd01-31-!$.!)0<!EFFYJ<!

#)! :8/-$! 6)*:)/$!+/0/1& ,/2/3456! 6*264< 178,4105/1! $6.! *-$! $645'$! 381�7*$! 4%13*86)-.! 3$! 4$.8.$6!

2)8$6! '101%&$6?! 4$*! 6*'%&$6?! )'83$6! $.! 7*)68,$-.! 6)-6! 4*04$<! #$6! `.%$6! (*,)8-6! 1-.! '($%'(&! 3)-6! 0$!

4%1'$66*6!3$!31,$6.8').81-!):)-.!.1*.!3$6!40)-.$6!($%,)4(%138.$6!4%13*86)-.!3$!-1,2%$*6$6!/%166$6!

2)8$6!6*'%&$6!H^(86!$.!)0<!EFFeJ<!

K%n'$! =! 0c*.8086).81-! 3$! ,)%7*$*%6! ,10&'*0)8%$6?! 0c(86.18%$! 3$! 0c&:10*.81-! 3$! 0)! :8/-$! $6.! 28$-!

3&'%8.$! Hd)'808$%8! $.! )0<! EF"P{! #)'1,2$! $.! )0<! EF"PJ<! #$6! )-)0D6$6! 3$! 0)! :)%8)2808.&! /&-&.87*$! 3)-6! 0$6!

'100$'.81-6!3$! 0cIQGZ!=!p)66)0!1-.!4$%,86!3$!6.%*'.*%$%! 0$6!'100$'.81-6!$-!.%186!/%1*4$6>! 0$6!:)%8&.&6!3$!

:8/-$!41*%!%)868-6!3$!'*:$!3$!0cm*%14$!3$!0cb*$6.?!0$6!:)%8&.&6!41*%!%)868-6!3$!'*:$!3$!0cm*%14$!3$!0cm6.!$.!

3$6! d)0s)-6?! 0$6! :)%8&.&6! 3$! .)20$! 3*! _1D$-! b%8$-.?! 3*! S)*')6$! $.! 3$! 0cb%8$-.! 018-.)8-<! S$..$!

6.%*'.*%).81-!$6.!'1(&%$-.$!):$'!3$6!:18$6!3$!,8/%).81-!$.!3$!38++*681-!=!4)%.8%!3*!'$-.%$!(86.1%87*$!3$!

31,$6.8').81-! 3$! 0)! :8/-$! H\*3! 3*! S)*')6$?! '%1866)-.! +$%.80$J>! 0c*-$! :$%6! 0c$6.?! 0c)*.%$! 4)%! 0$! 6*3! 3$! 0)!

_&38.$%%)-&$?!0)!.%18685,$!4)%!0$!-1%3!Hd)'808$%8!$.!)0<!EF"PJ<![)-6!'$..$!&.*3$?!0$6!4&-8-6*0$6!8.)08$--$!$.!

82&%87*$!)44)%)866$-.!'1,,$!3$6!08$*9!3$!+1%.6!&'()-/$6!3$!:)%8&.&6!$.!3$!'%186$,$-.6<!

Z*;1*%3c(*8!EYXF!)''$6681-6!3$!+/0/1&,/2/3456!61-.!%&+&%$-'&$6!3)-6!0$!f!p8.86!I-.$%-).81-)0!p)%8$.D!

S).)01/*$!g! H(..4>AALLL<:8:'<3$?! ;)-:8$%! EF"TJ<! S$..$! /%)-3$! 38:$%68.&! $6.! 0$! +%*8.! 3$! 3$*9! 61*%'$6! 3$!

:)%8).81-6>!0$6!,*.).81-6!641-.)-&$6!$.!0)!%$4%13*'.81-!6$9*&$<!!

R1%,86!3)-6! 0$6! 8-6.8.*.6! 3$! %$'($%'($!1*!3$! '%&).81-! :)%8&.)0$?! 0$6!40)-.6!3$! :8/-$! 61-.! 866*6!

3c*-! 4%1'$66*6! 3$! %$4%13*'.81-! :&/&.).8:$<! [$! -1*:$00$6! ')%)'.&%86.87*$6! 4$*:$-.! )44)%)o.%$!

641-.)-&,$-.! 3)-6! 0$6! ,&%86.5,$6! 3$6! 21*%/$1-6! )4%56! 3$6! ,138+8').81-6! )''83$-.$00$6! 3$! 0cZ[Q<!

S$00$6W'8! 4$*:$-.! `.%$! 3$6! '()-/$,$-.6! 3$! -*'0&1.83$! =! *-$! 4168.81-! 31--&$! H\8-/0$! Q*'0$1.83$!

a10D,1%4(86,?! \QaJ?! 3$6! 8-6$%.81-6! 1*! 3$6! 3&0&.81-6! 3$! 4$.8.6! +%)/,$-.6! 3cZ[Q?! 3$6! 8-6$%.81-6!

3c&0&,$-.6!.%)-6416)20$6!7*8!4$*:$-.!`.%$!3$!40*68$*%6!s8012)6$6!Ha$06D!EF"FJ?!:18%$!3$6!%$,)-8$,$-.6!

'(%1,161,87*$6! 3$! /%)-3$! ),40$*%! Ha$06D! $.! )0<! EF"TJ<! S$6! ,*.).81-6! -c1-.! 4)6! .1*;1*%6! 3$!

'1-6&7*$-'$6!:86820$6!6*%! 0$!4(&-1.D4$!3$6!40)-.$6<!]*)-3!$00$6!$-!1-.?! 0)!-1*:$00$!40)-.$!4$*.!):18%!

3$6!')%)'.&%86.87*$6!8-.&%$66)-.$6!41*%!0c*.8086).$*%>!)26$-'$!3$!'1*0$*%!H~12)D)6(8!$.!)0<!EFFYJ?!)%r,$6!

,*6').&6!HR*/*$-$D!$.!)0<!EF"EJ?!41%.!&%8/&?<<<!S$..$!/&-&%).81-!641-.)-&$!3$!:)%8)2808.&!/&-&.87*$!6$!

41*%6*8.! 61*6!-16! D$*9?! $.! '1-3*8.! =! '$!7*$! 0c1-!-1,,$!:)%8).81-! '01-)0$>! )*! 6$8-!3c*-$! :)%8&.&?! 3$6!

40)-.$6! 0&/5%$,$-.! 38++&%$-.$6! 4$*:$-.! `.%$! 83$-.8+8&$6! $.! 0$*%6! ')%)'.&%86.87*$6! .%)-6,86$6! 4)%!



! PX!

,*0.8408').81-!:&/&.).8:$<!S$6!,*.).81-6!-c)++$'.$-.!4)%+186!7*c*-$!6$*0$!'1*'($!'$00*0)8%$?!'1-3*86)-.!=!

0)! +1%,).81-! 3$6! 40)-.$6! '(8,&%87*$6! Ha$06D! EF"FJ<! #$! a8-1.! /%86! HR1'7*8/-D! $.! )0<! EFFYJ! $.! 0$! a8-1.!

,$*-8$%!H@%)-s6!$.!)0<!EFFEJ!61-.!3$6!$9$,40$6!3$!/&-1.D4$6!3$!:8/-$!'(8,&%87*$6<!#$6!'100$'.81-6!3$!

'01-$6! $986.)-.! 3)-6! .1*6! 0$6! :8/-120$6! +%)-q)86! 4$*:$-.! `.%$! $9401%&$6! 41*%! .%1*:$%! 3$6! :)%8).81-6!

4(&-1.D487*$6!7*8!41*%%)8$-.!`.%$!*.80$6!3)-6!0c)3)4.).81-!)*!'()-/$,$-.!'08,).87*$<!

#c)*.%$!61*%'$!,);$*%$!3$!38:$%68.&!/&-&.87*$!$.!4(&-1.D487*$!$6.! 0)! %$4%13*'.81-!6$9*&$<!#$!

/&-1,$! 3$! 0)! :8/-$! $6.! +1%.$,$-.! (&.&%1MD/1.$! HZ3),Wd01-31-! $.! )0<! EFFYJ! $.! '1,4%$-3! 389W-$*+!

'(%1,161,$6?! '$! 7*8! 68/-8+8$! 7*c*-! '%186$,$-.! $-.%$! 3$*9! :)%8&.&6! :)! /&-&%$%! *-$! 8-+8-8.&! 3$!

3$6'$-3)-.6!38++&%$-.6<![$!-1,2%$*6$6!:)%8&.&6!3$!4%$,8$%!40)-!.$00$6!0$!S)2$%-$.W\)*:8/-1-!Hd1L$%6!

$.!_$%$38.(!"XXVJ?! 0$!S()%31--)D!Hd1L$%6!$.!)0<! "XXX)J!1*! 0$!_$%01.! Hd1*%687*1.!$.!)0<!EFFXJ!61-.! 0$6!

3$6'$-3)-.6! 3$! :)%8&.&6! '1--*$6<! #c&.$-3*$! 3$6! 08$-6! 3$! 4)%$-.&! $-.%$! /&-1.D4$6! 3$! :8/-$! $6.!

&.1--),,$-.! 0)%/$<! m-! &.*38)-.! /%n'$! =! 3$6!,)%7*$*%6!,10&'*0)8%$6! '$6! %$0).81-6! 3)-6! *-! 4)-$0! 3$!

EPYY!/&-1.D4$6!*-87*$6!3)-6! 0$6! '100$'.81-6!3$! 0cIQGZ!3$!p)66)0?! #)'1,2$!$.! )0<! HEF"PJ!1-.! 83$-.8+8&6!

6$*0$,$-.!EVe!/&-1.D4$6!6)-6!)*'*-$!%$0).81-!3$!4)%$-.&!):$'!3c)*.%$6!/&-1.D4$6<!S$6!)*.$*%6!1-.!4)%!

'1-.%$! %&:&0&! 0$! 4$38/%$$! '1,40$.! 3$! hEh! :)%8&.&6<! S$! '(8++%$! ,1-.%$! 7*$! 0)! %$4%13*'.81-! 6$9*&$?!

'1-.%r0&$!1*!-1-!4)%!0c(1,,$?!$6.!*-!,1.$*%!8,41%.)-.!3$!'%&).81-!3$!38:$%68.&<!

2.  Mise en év idence des re lat ions entre génotypes et  phénotypes 

!" 0!&9$-$&(,2'1+%$1!)&-(,-*,%!&*-(,:+3+*)9$-(,

#$6!'($%'($*%6!1-.!=!0$*%!3864168.81-!40*68$*%6!,&.(13$6!41*%!,$..%$!$-!%$0).81-!3$6!:)%8).81-6!

/&-&.87*$6! $.! 3$6! :)%8).81-6! 4(&-1.D487*$6<! #)! 4%$,85%$?! 3c*-!418-.! 3$! :*$!(86.1%87*$?! )! &.&! *.8086&$!

41*%! 3$! -1,2%$*9! 1%/)-86,$6! :8:)-.6?! 7*c806! 6c)/866$-.! 3$! 0$:*%$6! H\.$D$%! $.! )0<! EF"EJ?! 3$! 40)-.$6!

Ha).$%61-!$.!)0<!"XX"J!1*!3c)-8,)*9!HR)0$D!"XX"J<!\1-!4%8-'84$!$6.!3$!/&-&%$%!3$!0)!:)%8)2808.&!/&-&.87*$!

/%n'$!=!0)!%$4%13*'.81-!6$9*&$>!3$6!'$-.)8-$6!3$!3$6'$-3)-.6!61-.!12.$-*6!$-!'%186)-.!3$*9!/&-1.D4$6!

4)%$-.6! '(18686!41*%! '$%.)8-6! ')%)'.5%$6!3c8-.&%`.<!b-! +)8.! 0c(D41.(56$!7*$! 0$! ')%)'.5%$!&.*38&! 6$%)!$-!

6&/%&/).81-!3)-6! 0)!3$6'$-3)-'$!$.!'()'*-!3$6!/&-1.D4$6!6$%)!')%)'.&%86&!41*%!'$!.%)8.<!m-!4)%)0050$?!

0c8-+1%,).81-! /&-&.87*$! 3$! '()'*-! 3$6! 3$6'$-3)-.6! 6$%)! %&:&0&$! $-! *.8086)-.! 3$6! ,)%7*$*%6!

,10&'*0)8%$6!6*%!0cZ[Q<!

b-!%$'$-6$!40*68$*%6!.D4$6!3$!,)%7*$*%6!,10&'*0)8%$6?!,)86!3)-6!.1*6!0$6!')6?!1-!0$*%!3$,)-3$!

*-!'$%.)8-!-1,2%$!3$!')%)'.&%86.87*$6>!

- !`.%$!410D,1%4($6?!

- `.%$!64&'8+87*$6!3c*-!01'*6!$.!):18%!*-!'1,41%.$,$-.!_$-3&0&$-!

- 68!4166820$!`.%$!'1W31,8-)-.6!'c$6.W=W38%$!7*$!0c1-!41*%%)!386.8-/*$%!0$6!'1,28-)861-6!ZZ?!Z)!$.!))!

3)-6!*-$!@E<!Z:$'!*-!,)%7*$*%!31,8-)-.?!0$6!'1,28-)861-6!ZZ!$.!Z)!-$!6$%1-.!4)6!38++&%$-.8)20$6<!



! YF!

\*%! 0)! :8/-$?! 40*68$*%6! .D4$6! 3$! ,)%7*$*%6! ,10&'*0)8%$6! 1-.! &.&! *.8086&6! 41*%! 3&'%8%$! 3$6!

/&-1,$6!$-.8$%6>!!

- G)-31,!Z,408+8$3!a10D,1%4(8'![QZ?!GZa[!H#13(8!$.!)0<!"XXV{!#1*%$8%1!$.!)0<!"XXhJ?!

- G$6.%8'.81-!@%)/,$-.!#$-/.(!a10D,1%4(86,?!G@#a!H#13(8!$.!)0<!"XXTJ?!!

- S0$):$3!Z,408+8$3!a10D,1%4(8'!\$7*$-'$?!SZa\!H[)021!$.!)0<!EFFFJ?!

- Z,408+8$3!@%)/,$-.!#$-/.(!a10D,1%4(86,?!Z@#a!H[)021!$.!)0<!EFFF{!K%)-31!$.!)0<!EFFPJ?!

- p)%8)2808.&!08&$!)*9!8-6$%.81-6!3$!%&.%1.%)-64161-6!H[Bb-1+%81!$.!)0<!EF"F{!a$06D!EFFVJ<!

S$! 61-.!-&)-,18-6! 0$6!,)%7*$*%6!,8'%16).$008.$6!7*8!1-.!&.&! 0$6!40*6!*.8086&6<! I06! 61-.!$-!$++$.!

)21-3)-.6?!28$-!%&4)%.86!3)-6!0$!/&-1,$?!410D,1%4($6?!_$-3&0&$-6?!01'*6!64&'8+87*$6!$.!'1W31,8-)-.6!

H_$%38-1/0*! $.! )0<! EFFTJ<! I06! 61-.! 3$! 40*6! %$0).8:$,$-.! +)'80$6! =!,$..%$! $-!w*:%$! $.! 4$%,$..$-.! 3$6!

'1,4)%)861-6! +8)20$6! 3$6! %&6*0.).6! $-.%$! 0)21%).18%$6<! S$6! ,)%7*$*%6! ')%)'.&%86$-.! *-! -1,2%$! 3$!

,1.8+6! %&4&.&6! 6*%! 0cZ[Q! 7*8! 0$*%! )! 31--&! 0$*%! -1,! $-! Z-/0)86>! \8,40$! \$7*$-'$! G$4$).! H\\GJ<! #$6!

%&/81-6! +0)-7*)-.! '$6!,1.8+6! 61-.! .%56! 64&'8+87*$6?! '$! 7*8! 4$%,$.! 3$! 3$668-$%! 3$6! ),1%'$6! 41*%! 3$6!

),408+8').81-6! aSG! Ha10D,$%)6$! S()8-! G$)'.81-J! 4$%,$..)-.! *-$! ),408+8').81-! 6&0$'.8:$! 3$! 0)! %&/81-!

3c8-.&%`.?! $.! 3$! %&:&0$%! *-! 410D,1%4(86,$! 3$! -1,2%$! 3$! %&4&.8.81-6! 3*! ,1.8+! =! '$! 01'*6<! a0*68$*%6!

&7*84$6!=!.%):$%6!0$!,1-3$!1-.!4%1416&!3$6!'1*40$6!3c),1%'$6!aSG!41*%!0)!:8/-$!Hd1L$%6!$.!)0<!"XXX2{!

d1L$%6!$.! )0<! "XXe{![8!K)64$%1!$.! )0<! EFFT{![8!K)64$%1!$.! )0<! EFFF{!_$%38-1/0*!$.! )0<! EFFT{! \$+'!$.! )0<!

"XXX{! ^(1,)6! $.! \'1..! "XXPJ<! i-$! %$'($%'($! 6*%! QSdI! 3$6! \\G6! *.8086)20$6! 6*%! 0)! :8/-$! +1*%-8.! "Fee!

4%14168.81-6!H(..4>AALLL<-'28<-0,<-8(</1:A4%12$?!PAEAEF"TJ<!#$!0)21%).18%$!IQGZ!3$!S10,)%!386416$!=!'$!

;1*%!3$!40*6!3$!eFF!'1*40$6!3c),1%'$6!aSG!41*%!,8'%16).$008.$6<!

#c8-'1-:&-8$-.!3$6!,)%7*$*%6!,8'%16).$008.$6!$6.!7*$!3c*-$!4)%.!'$!61-.!3$6!,)%7*$*%6!-$*.%$6?!

)&;5/:5/&6)-6!$++$.6!6*%! 0$!4(&-1.D4$?!$.!3c)*.%$!4)%.!7*$! 0c1-!4$*.! 0$6!,$..%$!$-!w*:%$!)*!,8$*9!4)%!

/%1*4$6!3$!"E?!$-!0$6!,*0.840$9)-.!H_$%38-1/0*!$.!)0<!EFFTJ<!!

#$6!'($%'($*%6!1-.!31-'!.%):)800&!6*%!3$6!,&.(13$6!4$%,$..)-.!3$!%&:&0$%!=!40*6!1*!,18-6!()*.W

3&28.!3$6!:)%8).81-6!3$!-*'0&1.83$6!H\QaJ!H#8;):$.MsD!$.!)0<!EFFV{!^%1//81!$.!)0<!EFFV{!p$MM*008!$.!)0<!EFFhJ<!

Z:$'!'$6!1*.806?! 0$6!')%.$6!/&-&.87*$6!4$*:$-.!8-.&/%$%!40*6!3$!"FFF!,)%7*$*%6?!.1*6!.D4$6!'1-+1-3*6!

Hp$MM*008!$.!)0<!EFFhJ<!

i-! 6)*.! .$'(-101/87*$?! 3&:$0144&! 3)-6! 0$! 4)%)/%)4($! 6*8:)-.?! )! $*! 08$*! ):$'! 0c*.8086).81-! 3$!

4*'$6!=!Z[Q!$.!0$6!.$'(-87*$6!3$!6&7*$-q)/$6!()*.W3&28.<!

Z4%56!0)!3&.$'.81-!3$!VF!FFF!\Qa6!4)%!6&7*$-q)/$?!_D0$6!$.!)0<!HEF""J!1-.!3&:$0144&!*-$!4*'$!=!

Z[Q!4$%,$..)-.!3$!%&:&0$%!0$6!\Qa6!6*%!X!FFF!418-.6!3*!/&-1,$<!S$.!1*.80!0$*%!)!4$%,86!3$!')%)'.&%86$%!

40*6!3$!"!FFF!)''$6681-6!3$!+/0/1&,/2/3456!H6*264<!,/2/3456!$.!178,4105/1J!$.!3$!4%1416$%!*-$!6.%*'.*%).81-!

/&-&.87*$! 3$! 0)! :8/-$! 31,$6.87*$<! i-! 1*.80! 68,80)8%$! )! &.&! 3&:$0144&! 3)-6! 0$! ')3%$! 3*! 4%1;$.!

K%)4$G$6$7!H#$!a)608$%!EF"PJ<!Z4%56!0$!%$6&7*$-q)/$!3$!eT!)''$6681-6!4%1:$-)-.!3$!38++&%$-.$6!$645'$6!

3*!/$-%$!+/0/1!H31-.!YP!+>&,/2/3456J!$.!3$!0c$645'$!-91?6=/2/6&5:092=/3:8/6?!Y?P!9!"Fe!\Qa6!1-.!&.&!3&.$'.&6!



! Y"!

3)-6! +>& ,/2/3456! $.! P?Y!9!"Fe! 3)-6! 0$6! $645'$6! )44)%$-.&$6<! Z4%56! *-! 8,41%.)-.! .%):)80! 3$! +80.%)/$?! "h!

FV"!\Qa6!1-.!&.&! %$.$-*6!41*%!`.%$! %&:&0&6!6*%!*-$!4*'$! I00*,8-)�! I-+8-8*,<!a%56!3$!E!EhF!/&-1.D4$6!

1-.!3&;=!&.&!')%)'.&%86&6!):$'!'$.!1*.80!H#$!a)608$%!EF"PJ<!

#$! f!K$-1.D48-/! 2D! 6$7*$-'8-/!g! 1*! Kd\! $6.! *-! 3$*985,$! .D4$! 3$! .$'(-101/8$! =! ()*.! 3&28.!

14&%).81--$00$!=!'$!;1*%!Hm06(8%$!$.!)0<!EF""J<!#$!4%8-'84$!'1-686.$!=!!

- 38/&%$%! 0cZ[Q! 4)%! *-$! $-MD,$! 3$! %$6.%8'.81-! H*;4~I! 41*%! 0)! :8/-$! 4)%! $9$,40$J! 41*%! %&3*8%$! 0)!

'1,40$98.&!=!)-)0D6$%?!!

- 08$%! )*9! +%)/,$-.6! 3cZ[Q! 3$6! )3)4.).$*%6! '1%%$641-3)-.! )*! 68.$! 3$! %$6.%8'.81-! ,)86! )*668! 3$6!

,1.8+6!7*8!4$%,$..$-.!3c83$-.8+8$%!0$6!&'()-.8001-6!Hf!2)%'138-/!gJ?!

- 08$%!3$6!)3)4.).$*%6!6*440&,$-.)8%$6!41*%!3$6!),408+8').81-6!aSG?!

- 6&7*$-'$%! .1*6! 0$6! +%)/,$-.6! ):$'! *-! 6&7*$-'$*%! ()*.W3&28.?! .D4$! I00*,8-)! R8\$7?! )4%56! ):18%!

%)66$,20&!;*67*c=!Xe!&'()-.8001-6?!

- 6&4)%$%!2818-+1%,).87*$,$-.!0$6!6&7*$-'$6!6$01-!0$6!f!'13$6!2)%%$6!g?!

- 3&.$'.$%!0$6!\Qa6!)4%56!)08/-$,$-.!6*%!*-$!6&7*$-'$!3$!%&+&%$-'$<!

S$..$! .$'(-87*$! 4$%,$.! 3$! 3&.$'.$%! ;*67*c=! EFF! FFF! \Qa6! 3)-6! *-! &'()-.8001-! Hm06(8%$! $.! )0<!

EF""J<!S$..$!4%1'&3*%$!)!4$%,86!=!N)-/!$.!)0<!HEF"EJ!3$!')%.1/%)4(8$%!"!h"Y!\Qa6!3)-6!*-$!3$6'$-3)-'$!

3$! "FF! 8-38:83*6! 3c*-! '%186$,$-.! 3$! 40*68$*%6! $645'$6! 3$! +/0/1<! [$! ,`,$?! d)%2)! $.! )0<! HEF"YJ! 1-.!
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a0*68$*%6!]^#6!$94087*)-.! 0$6! :)%8).81-6!3$!4(&-101/8$!1-.!&.&!4*208&6! HS16.)-.8-8! $.! )0<! EFFh{!

@$'(.$%!$.!)0<!EF"Y{!K%M$6s1L8)s!$.!)0<!EF"PJ<!i-!3$6!12;$.6!3*!.%):)80!7*$! ;$!4%&6$-.$! 8'8!$6.!3c&:)0*$%!

'1,,$-.!'$..$!8-+1%,).81-!4$*.!`.%$!*.8086&$!41*%!.$6.$%!0$!'1,41%.$,$-.!3$!/&-1.D4$6!:8%.*$06!3)-6!

0$6!'1-38.81-6!'08,).87*$6!3*!+*.*%<!!

2.  Ut i l isat ion de l 'eau 

#c$++8'8$-'$!3$!0c*.8086).81-!3$!0c$)*!4)%!*-$!'*0.*%$!HNim>!L).$%!*6$!$++8'8$-'DJ!$6.!*-!4)%),5.%$!

'0&!3$! 0c)3)4.).81-!)*9!&.&6!40*6!6$'6!7*8!61-.!4%&:*6!3)-6! 0$!+*.*%<! I0!D!)!3$!-1,2%$*6$6!,)-85%$6!3$!

3&+8-8%! '$! 4)%),5.%$! H:18%! @0$9)6! $.! )0<! HEF"FJ! 41*%! *-$! 6D-.(56$J<! I0! 4$*.! `.%$! &.*38&! =! 38++&%$-.$6!



! YT!

&'($00$6!3$!0)!40)-.$!1*!3*!4$*40$,$-.!$.!)*!.%):$%6!3$!40*68$*%6!4%1'$66*6!4(D68101/87*$6!H@0$9)6!$.!)0<!

EF"F{!^1,�6!$.!)0<!EF"YJ<!

[c*-!418-.!3$!:*$!4%).87*$?!7*8!4$*.!`.%$!'$0*8!3c*-!:8.8'*0.$*%?!'c$6.!0)!7*)-.8.&!3c$)*!-&'$66)8%$!

=! 0)! 4%13*'.81-! 3c*-! s801/%),,$! 3$! %)868-6! ,O%6<! #$6! %$'($%'($6! 6*%! 0$6! ,13$6! 3$! '1-3*8.$! 1*! 0$6!

.$'(-87*$6!'*0.*%)0$6!0$6!40*6!$++8')'$6!41*%!,)98,86$%!0c$++8'8$-'$!3$!0c$)*!61-.!-1,2%$*6$6!H@0$9)6!$.!

)0<! EF"FJ<! #c)%'(8.$'.*%$! 3*! +$*800)/$?! 0$! ')0$-3%8$%! $.! 0)! 01')086).81-! 3$6! )441%.6! 3c$)*?! :1-.! ):18%! 3$6!

$++$.6!3&.$%,8-)-.6!,)86!0c$++8'8$-'$!3$!0c$)*!:)!3&4$-3%$!&/)0$,$-.!3*!/%$++1-!$.!3*!41%.$W/%$++$<!

a0*68$*%6! '0)668+8').81-6! 3$6! :)%8&.&6! $-! %&41-6$! =! *-$! '1-.%)8-.$! (D3%87*$!1-.! &.&!4%1416&$6!

Hd1.)!$.!)0<!EFF"{!K)*38005%$!$.!)0<!EFFE{!^1,�6!$.!)0<!EF"YJ<!#)!'1,4%&($-681-!3$6!')%)'.5%$6!/&-&.87*$6!

7*8!61-.!3&.$%,8-)-.6!3)-6! 0)!.10&%)-'$!)*9!3&+8'8$-'$6!3c)08,$-.).81-!$-!$)*!$6.!$-'1%$!2)02*.8)-.$<!

[$6! ')%)'.5%$6! .$06! 7*$! 0$! '1-.%r0$! 3$! 0)! .%)-648%).81-! 1*! 0)! '1-3*'.)-'$! (D3%)*087*$! 61-.!

8-'1-.1*%-)20$6<!#$*%6!2)6$6!/&-&.87*$6!1-.!&.&!&.*38&$6!3)-6!0$6!3$6'$-3)-.6!3c*-!'%186$,$-.!\D%)(!

9! K%$-)'($! HS1*4$0W#$3%*! $.! )0<! EF"YJ<! #$6! ]^#6! 3&.$'.&6! 3)-6! '$..$! &.*3$! $94087*$-.! '$4$-3)-.!

%$0).8:$,$-.!4$*!0$6!:)%8).81-6!.1.)0$6<!#c8-.&/%).81-!3c8-+1%,).81-6!6*%!0$6!$++$.6!3$!]^#6!41*%!8,)/8-$%!

3$6!'1,28-)861-6!83&)0$6!3c)0050$6!3$!38++&%$-.6!01'8!41*%!0)!.10&%)-'$!)*!,)-7*$!3c$)*!3$,)-3$%)!3$!

4%1/%$66$%!3)-6! 0)!,13&086).81-<!m-!$++$.?! 0$6!')%)'.&%86.87*$6! 83&)0$6!3$6!/&-1.D4$6!-$!61-.!4)6!=!'$!

;1*%!3&+8-8$6<![c*-$!4)%.!$00$6!3&4$-3$-.!3$6!6'&-)%816!3$!6&'($%$66$!=!8-.&/%$%!H^)%38$*!EFFPJ?!3c)*.%$!

4)%.! 0)! (8&%)%'(8$! 3$6! 4)%),5.%$6! 4(D68101/87*$6! 4%81%8.)8%$6! H'1-.%r0$! 3$! 0)! .%)-648%).81-! 38*%-$�!

'1-3*'.8:8.&! (D3%)*087*$�! .%)-648%).81-! -1'.*%-$�J! -c$6.! 4)6! '0)8%$,$-.! &.)208$<! #)! 3&+8-8.81-! 3c*-!

83&1.D4$!41*%!0$!/%$++1-!$6.!3c)*.)-.!40*6!'1,40$9$!7*c80!+)*.!.$-8%!'1,4.$!3*!41%.$W/%$++$<!

I0!$6.!%$'1,,)-3&!3$!'(1868%!*-!41%.$W/%$++$!$-!+1-'.81-!3$6!'1-38.81-6!3c)08,$-.).81-!$-!$)*>!

0)!/),,$!:)!3$!""FG!H)66$M!)3)4.&!=!0)!6&'($%$66$J!=!G84)%8)!K018%$!3$!_1-.4$008$%!H4$*!)3)4.&J!H\$%%)!

$.! )0<! EF"YJ<!_)%/*$%8.! $.! )0<! HEF"EJ! 1-.! 3&.$'.&! 3$6! ]^#6! 08&6! )*! '1-.%r0$! 3$! 0)! .%)-648%).81-! 1*! =! 0)!

')4)'8.&!=!$9.%)8%$! 0c$)*!3*!610!$-!&.*38)-.! 0)! %&41-6$!3$!40)-.$6!3$!S)2$%-$.W\)*:8/-1-!/%$++&$6!6*%!

"Ph!/&-1.D4$6!866*6!3c*-!'%186$,$-.!S)2$%-$.!\)*:8/-1-!9!+/0/1&5/;65/6&?,>!K018%$!3$!_1-.4$008$%<!S$..$!

&.*3$!,1-.%$!7*$!0)!.%)-648%).81-!3*!/%$++1-!$.!61-!)''08,).).81-!)*!,)-7*$!3c$)*!61-.!'1-.%r0&$6!4)%!

0$!41%.$W/%$++$<! I0!$6.!31-'!4166820$!3c$-:86)/$%!3$6!4%1/%),,$6!3$!'%&).81-!3$!-1*:$)*!41%.$W/%$++$!

41*%!0$*%!)4.8.*3$!=!6*441%.$%!3$6!'1-38.81-6!3$!'1-.%)8-.$!(D3%87*$<!

3.  Qual i té  de la  ba ie 

i-$! +1%.$! :)%8)2808.&! /&-&.87*$! 4$*.! `.%$! 126$%:&$! 7*)-3! 1-! '1,4)%$! 0)! 3).$! =! 0)7*$00$! 3$6!

/&-1.D4$6! )..$8/-$-.! *-$! .$-$*%! $-! 6*'%$6! 31--&$! HS16.)-.8-8! $.! )0<! EFFhJ<! S$4$-3)-.?! '$6! :)0$*%6!

3&4$-3$-.! 3c*-$! 4)%.! 3$6! '1-38.81-6! '08,).87*$6! )4%56! 0)! :&%)861-?! $.! 3c)*.%$! 4)%.! 3*! %)441%.!

+%*8.A+$*800$! 3$6! 40)-.$6<! [$6! :)%8&.&6! )D)-.! .1*;1*%6! 3$6! .$-$*%6! $-! 6*'%$6! +)820$6! $986.$-.! 3&;=! H0$!



! Ye!

S()66$0)6!4)%!$9$,40$J!1*!1-.!&.&!'%&&$6!Hm6'*38$%!EFFXJ<!#)!:)%8)2808.&!/&-&.87*$!$94018.)20$!41*%! 0)!

')4)'8.&!3$6!:)%8&.&6!=!)''*,*0$%!3$6!6*'%$6!$.!0$!3&.$%,8-86,$!/&-&.87*$!)661'8&!%$6.$!=!$9401%$%<!

[$6! .$,4&%).*%$6! &0$:&$6! 4$-3)-.! 0)!,).*%).81-! '1-3*86$-.! =! *-$! 3&/%)3).81-! )''&0&%&$! 3$!

0c)'83$!,)087*$! H\L$$.,)-! $.! )0<! EF"YJ! .)-386! 7*$! 0c)'83$! .)%.%87*$?! 31-.! 0$6! 7*)-.8.&6! 4)%! 2)8$! 61-.!

6.)20$6!=!4)%.8%!3$!0)!:&%)861-!H[$d10.!$.!)0<!EFFhJ?!$6.!.%56!4$*!6$-6820$!)*9!'1-38.81-6!'08,).87*$6<!#$6!

:)%8&.&6!31-.!0$!%)441%.!)'83$!.)%.%87*$A)'83$!,)087*$!$6.!&0$:&!3$:%)8$-.!`.%$!,8$*9!)3)4.&$6!)*!'08,).!

3*!+*.*%!H\(8%)86(8!"XXTJ<!I0!$986.$!*-$!:)%8)2808.&!/&-&.87*$!41*%!'$!%)441%.!H\(8%)86(8!"XXTJ!$.!3$6!]^#6!

41*%!0$!4R!$.!0$6!'1-'$-.%).81-6!$-!)'83$6!3$6!2)8$6!1-.!&.&!4*208&6!HS($-!$.!)0<!EF"T{!p8)-)!$.!)0<!EF"PJ<!

S$6!%&6*0.).6!6*//5%$-.!7*c80!$6.!4166820$!3c$-:86)/$%!0)!'%&).81-!3$!:)%8&.&6!31-.!0c)'838.&!%$6.$%)8.!=!3$6!

-8:$)*9!)3&7*).6!3)-6!0$!+*.*%<!

m-!'$!7*8!'1-'$%-$!0$!,&.)21086,$!6$'1-3)8%$?! 0)!38,8-*.81-!3$6!.$-$*%6!$-!)-.(1'D)-$6!61*6!

+1%.$6! .$,4&%).*%$6!-c$6.!'$%.)8-$,$-.!4)6! 83$-.87*$!$-.%$!:)%8&.&6! Hd)%-**3!$.!)0<!EF"Y){!~08$L$%!$.!

^1%%$6! "XVEJ<! #)! '1,4%&($-681-! 3$6! 3&.$%,8-)-.6! /&-&.87*$6! 41*%! 0$! 4%1+80! 3$! '1,4168.81-! $-!

410D4(&-106!H@1*%-8$%W#$:$0!$.!)0<!EFFX{!R*)-/!$.!)0<!EF"EJ!4$*.!)44*D$%!0$6!%$'($%'($6!41*%!12.$-8%!3$!

-1*:$00$6!:)%8&.&6!31-.! 0)!'101%).81-!6$%)8.!4$*!6$-6820$!=! 0)! .$,4&%).*%$<!z!'$! ;1*%?! 80!-c$986.$!4)6!3$!

31--&$6!6*%!3c&:$-.*$00$6!38++&%$-'$6!3$!%&)'.81-!3$!:)%8&.&6!)%1,).87*$6!)*9!+1%.$6!.$,4&%).*%$6<!



! YV!

!

G.  Problémat ique 

I0! -cD! )! =! 0c($*%$! )'.*$00$! 4)6! 3c&0&,$-.6! '1-:)8-')-.6! 3)-6! 0)! 08..&%).*%$! 6'8$-.8+87*$!

8-.$%-).81-)0$!$-!+):$*%!3c*-!)%%`.!3*!4%1'$66*6!3$!%&'()*++$,$-.!/012)0!3$!0)!40)-5.$<!I0!D!)!2$)*'1*4!

3c8-'$%.8.*3$6!)*.1*%!3$!'$!7*$!6$%)! 0$!'08,).!3*!+*.*%?!,)86! 80! +)*.!6$!4%&4)%$%!)*9!4%&:8681-6! 0$6!40*6!

4$668,86.$6!41*%! 0)!:8/-$!$-!@%)-'$?!=!6):18%!=!*-$!)*/,$-.).81-!3$6!.$,4&%).*%$6?!6*%.1*.!$-!&.&?!=!

3$6!:)/*$6!3$!'()0$*%!40*6!+%&7*$-.$6!$.!40*6!01-/*$6?!$.!=!3$6!%$6.%8'.81-6!3)-6!0c)08,$-.).81-!$-!$)*!

3$6! 40)-.$6<! \8! 0c1-! 416.*0$! 7*$! 0c)3)4.).81-! 3$! 0)! :8.8'*0.*%$! )*! '()-/$,$-.! '08,).87*$! '1-686.$! =!

4%13*8%$!3)-6!0$!+*.*%!0$6!,`,$6!.D4$6!3$!:8-6!$.!):$'!0$6!,`,$6!:10*,$6!7*c)*;1*%3c(*8?!80!$986.$!3$6!

416682808.&6!3c)3)4.).81-!4)%!0c*.8086).81-!3$!4)%'$00$6!8-$94018.&$6!)'.*$00$,$-.?!4)%!0)!,86$!$-!w*:%$!3$!

-1*:$)*9!,13$6!3$!'1-3*8.$!3$! 0)!:8/-$?!4)%! 0c*.8086).81-!3$!-1*:$00$6! .$'(-87*$6!'*0.*%)0$6!$.!4)%! 0$!

'()-/$,$-.!3$!,).&%8$0!:&/&.)0<!#$!,).&%8$0!:&/&.)0!3*!+*.*%!3$:%)8.!`.%$!40*6!.10&%)-.!)*9!%$6.%8'.81-6!

3c$)*?! '$! 7*8! 8-'0*.! 8,408'8.$,$-.! *-! )64$'.!,)8-.8$-! 3$! 0)! 4%13*'.8:8.&?! $.! ')4)20$! 3$! 4%13*8%$! 3$6!

%)868-6!=!0)!'1,4168.81-!&7*8082%&$?!'c$6.W=W38%$!3c*-$!)'838.&!6*++86)-.$?!6)-6!$9'56!3$!6*'%$6?!$.!31-.!0$!

4%1+80! $-! ,&.)2108.$6! 6$'1-3)8%$6! 6$%)! '1,4).820$! ):$'! 0c&0)21%).81-! 3$! :8-6! '101%&6?! 6.%*'.*%&6! $.!

)%1,).87*$6<![)-6! 0$! ')3%$!3$! '$! .%):)80?! ;$! :)86! %$6.%$8-3%$! 0$! '(),4!3c8-:$6.8/).81-!)*!,&.)21086,$!

4%8,)8%$?!=!6):18%!0)!'1,4168.81-!$-!)'83$6!$.!$-!6*'%$6!3$6!%)868-6<!

_)!4%120&,).87*$!$6.!H"J!3c$9401%$%!'1,,$-.!0)!:)%8)2808.&!/&-&.87*$!7*$!0c1-!4$*.!'%&$%!3)-6!

0)! 3$6'$-3)-'$! 3c*-! '%186$,$-.! 4$*.! %&41-3%$! )*! 3&+8! 3$! 0c)3)4.).81-! )*! '()-/$,$-.! '08,).87*$?!

'1-683&%&!)*!.%):$%6!3$!0c)'838.&!$.!3$6!.$-$*%6!$-!6*'%$6?!HEJ!3c83$-.8+8$%!3$6!%&/81-6!3*!/&-1,$?!:18%$!

3$6!/5-$6?!7*8!/1*:$%-$-.!3$6!')%)'.5%$6!)/%1-1,87*$6!3c8-.&%`.!41*%!0c)3)4.).81-<!!

#$!,).&%8$0!:&/&.)0!&.*38&!$6.!866*!3c*-!'%186$,$-.!G8$608-/!9!K$L*%M.%),8-$%<!S$6!4)%$-.6!1-.!

&.&!'(18686!3c*-$!4)%.!41*%!0$*%!)3)4.).81-!)*!:8/-120$!01')0?!0$!:8/-120$!)06)'8$-?!$.!3c)*.%$!4)%.!')%!806!

4%&6$-.$-.! 3$6! ')%)'.&%86.87*$6! '1-.%)6.&$6! 6*%! 3$! -1,2%$*9! 4)%),5.%$6?! '$! 7*8! 1*:%$! 6& ;5/:5/! 3$6!

416682808.&6!3c126$%:$%!3$6!6&/%&/).81-6!3)-6!0)!3$6'$-3)-'$<!

#$!.)20$)*!I<T!%&')48.*0$!3$6!31--&$6!12.$-*$6!6*%!0$6!3$*9!4)%$-.6!3)-6!38++&%$-.6!3864168.8+6!

):)-.!0$!3&2*.!3$!'$..$!&.*3$<!#$!G8$608-/!$6.!4%13*'.8+?!%$0).8:$,$-.!.)%38+!=!0)!:&%)861-?!$.!4%13*8.!3$6!

%)868-6! 40*6! )'83$6! $.! ,18-6! 6*'%&6! 7*$! '$*9! 3*! K$L*%M.%),8-$%<! S$6! .%186! ')%)'.&%86.87*$6! -1*6!

8-.&%$66$-.!$-!4%$,8$%!08$*!')%!;$!:)86!.$6.$%!6*''$668:$,$-.!.%186!(D41.(56$6>!

- 3$6! /&-1.D4$6! 866*6! 3$! 0)! 3$6'$-3)-'$! 6$%1-.W806! 6*++86),,$-.! .)%38+6! 41*%! 7*$!3)-6! 0$! +*.*%! 806!

,O%866$-.!3)-6!3$6!'1-38.81-6!3$!.$,4&%).*%$!68,80)8%$6!=!'$00$6!7*$!-1*6!'1--)8661-6!)*;1*%3c(*8!

41*%!0$6!4)%$-.6�!



! Yh!

- 4$*.W1-! .%1*:$%! 3)-6! '$..$! 3$6'$-3)-'$! *-$! :)%8)2808.&! /&-&.87*$! 41*%! 0$6! .$-$*%6! $-! 6*'%$6!

6*++86)-.$!41*%!&:8.$%!3$6!.$-$*%6!$-!)0'110!3$6!:8-6!$9'$668:$6!3)-6!0$!+*.*%�!

- 4$*.W1-! .%1*:$%! 3)-6! '$..$! 3$6'$-3)-'$! *-$! :)%8)2808.&! /&-&.87*$! 41*%! 0c)'838.&! 3$6! %)868-6!

$94018.)20$!41*%!0$!,)8-.8$-!3c*-!21-!-8:$)*!3c)'838.&!,`,$!$-!')6!3$!,O%866$,$-.!=!.$,4&%).*%$!

&0$:&$!�!

942+,4$&:;A&=!S1,4)%)861-!3*!G8$608-/!$.!3*!K$L*%M.%),8-$%!3)-6!38++&%$-.6!3864168.8+6<!#)!:)0$*%!0)!40*6!

&0$:&$!$6.!/%86&$<!!

Catégorie Variable Source Nombre 
d'années 

Riesling Gewurz. 

!"#$%&%'()* +,-)*.)*.#/%011)2)$-*34%015*40&()$6* 78%&%'()
*396
* 9:* 9:;<=>>>

3?6
* 99@<@*

** +,-)*.)*A&%1,(5%$*34%015*40&()$6* 78%&%'()* 9:* 9B=<C* 9=;<D>>>*

** +,-)*.)*E#1,(5%$*34%015*40&()$6* 78%&%'()* 9:* :?;>>>* :F?<D*

** +01#)*.#/%011)2)$-GA&%1,(5%$*34%0156* 78%&%'()* 9:* ?=<F* @F<9>>>*

** +01#)*A&%1,(5%$GE#1,(5%$*34%0156* 78%&%'()* 9:* B9<F>>>* @F<C*

!1%.08-(E(-#*

H%2/1)*2%I)$*.J($A&%1)58)$8)5*K,1*

1,2),0*K1(2,(1)*

L0(E(*M&5,8)*
3:6
*

99* :<;>>>* 9<FF*

**

H%2/1)*.)*A&)015*.)*&J($A&%1)58)$8)*.)*

1,$'*9*

L0(E(*M&5,8)* B* :?F>>>* 9B;<@*

**

H%2/1)*.)*A&)015*.)*&J($A&%1)58)$8)*.)*

1,$'*:*

L0(E(*M&5,8)* B* ::=<F>>>* 9:@<=*

** H%2/1)*.)*A&)015*K,1*1,2),0* L0(E(*M&5,8)* B* ?;B<F>>>* :B9<=*

** H%2/1)*.)*/,()5*K,1*1,2),0* L0(E(*M&5,8)* B* ::C<?>>* 9:C<F*

** !%(.5*.)*1#8%&-)*3N'O5%08")
G9
6* L0(E(*M&5,8)* 99* D<?D>>>* :<?=*

P%2K%5(-(%$* M8(.(-#*.)*-(-1,-(%$*3'O&
G9
*#RO*S2LT46* 78%&%'()* =* =<9>>>* ?<;*

** KS* 78%&%'()* D* :<C:* D<DD>>>*

** -)$)01*)$*5081)5*3'O&
G9
6* 78%&%'()* C* 9@B<?* :;;<F>>>*

**

K1%.08-(%$*.)*5081)5*.,$5*&)5*1,(5($5*

3'O2
G2
6*

78%&%'()* C* 9?B<B>>* 9DC<;*

**

,8(.)*-,1-1(R0)*32)RO&
G9
6* L0(E(*

U)11%(15*
(3)

*

:* =B<:>>>* FC<D*

**

,8(.)*2,&(R0)*32)RO&
G9
6* L0(E(*

U)11%(15*

:* =F<@>>>* F=<C*

**

-)$)01*)$*&($,&%&*.)5*2%V-5*32(81%'O&
G9
6* W(/#1),0G

X,I%$*
(4)

*

Y* F;* @*

**

-)$)01*)$*,&K",G-)1K($#%&*.)5*2%V-5*

32(81%'O&
G9
6*

W(/#1),0G

X,I%$*

Y* :?* D*

**

-)$)01*)$*8(-1%$)&&%&*.)5*2%V-5*32(81%'O&
G

9
6*

W(/#1),0G

X,I%$*

Y* F* 9:*

**

-)$)01*)$*$#1%&*.)5*2%V-5*32(81%'O&
G9
6* W(/#1),0G

X,I%$*

Y* :D* FD*

**

-)$)01*)$*'#1,$(%&*.)5*2%V-5*32(81%'O&
G9
6* W(/#1),0G

X,I%$*

Y* D?* :9=*

!
H"J!>!m66)8!m'101/8$!:8.8'10$?!d$%/($8,?!IQGZ!S10,)%!
HEJ!>!\*8:8!3$!4)%'$00$6!3*!:8/-120$!)06)'8$-?!$-:8%1-!TF!4)%!'&4)/$!
HPJ!>!\*8:8!3$!4)%'$00$6!3*!:8/-120$!)06)'8$-?!$-:8%1-!"F!4)%!'&4)/$!
HYJ!>!G82&%$)*WK)D1-!$.!)0?!"XXh<!^%)8.&!3cw-101/8$?!E<!S(8,8$!3*!:8-?!6.)28086).81-!$.!.%)8.$,$-.6<!
HTJ>!}}?!}}}?!38++&%$-'$6!68/-8+8').8:$6!%$64$'.8:$,$-.!)*!6$*80!;&B&F?F"!$.!;&B&F?FF"<!



! YX!

!

I I .  Matériel et méthodes 

!

A.  Matér ie l  végéta l  

[$6!'%186$,$-.6!$-.%$!G8$608-/!'01-$!YX!HGIJ!$.!K$L*%M.%),8-$%!'01-$!eYP!HKNJ!1-.!&.&!%&)086&6!

=! 4)%.8%! 3$! "XXh<! [$6! '1-.%r0$6! =! 0c)83$! 3$! ,)%7*$*%6! ,8'%16).$008.$6! 1-.! ,1-.%&! 7*$! 2$)*'1*4! 3$!

3$6'$-3)-.6!3$6!4%$,8$%6!'%186$,$-.6!&.)8.!$-!%&)08.&!866*6!3c)*.1+&'1-3).81-6>!0)!')6.%).81-!3$6!+0$*%6!

):)8.! 6)-6!31*.$!&.&!$++$'.*&$! .%14! .)%38:$,$-.<![$!-1*:$)*9!'%186$,$-.6!1-.!31-'!3$!-1*:$)*!&.&!

%&)086&6!;*67*c$-!EFFE<!a0*68$*%6!414*0).81-6!1-.!&.&!12.$-*$6!H^)20$)*!II<"J<!

942+,4$&::;<&=&Q1,2%$!3$!/&-1.D4$6!3$!38++&%$-.6!'%186$,$-.6!6$01-!0$6!*.8086).81-6&

Q*,&%1! 3$!

414*0).81-!

\$-6!3$!

'%186$,$-.!

Z--&$! #8$*W38.! m++$'.8+6!

3$!

3&4)%.!

Q1,2%$!

3cZ[Q6!

$9.%)8.6!

K&-1.D4$6!

41*%!0)!

')%.$!

/&-&.87*$!

\\G!

K&-1.D4$6!

3)-6!0$!

3864168.8+!

EFFP!

K&-1.D4$6!

3)-6!0$!

3864168.8+!

EFFe!

YFTEP! GI9KN! "XXh! @*'(601'(! P! P! E! E! E!

Y"EFV! GI9KN! "XXX! @*'(601'(! hV! he! h"! VX! h"!

Y"EEF! GI9KN! EFFF! @*'(601'(! YT! PX! EX! EX! EX!

Y"EE"! KN9GI! EFFF! @*'(601'(! EP! "X! P! P! F!

Y"TE"! GI9KN! EFFE! d*%0$-2$%/! P"Y! EhX! VF! V! EeY!

Y"TEF! GI9KN! EFFE! @*'(601'(! YF! "F! T! F! V!

^1.)*9! T"E! YYe! "XF! "EF! PhP!

!

Z4%56! ,86$! $-! /$%,8-).81-! 3$6! 4&48-6?! T"E! 40)-.*0$6! 866*$6! 3$! '$6! '%186$,$-.6! 1-.! &.&!

83$-.8+8&$6!$-!6$%%$!$.!YYe!$9.%)'.81-6!3cZ[Q!1-.!&.&!%&)086&$6<![$*9!,)%7*$*%6!,8'%16).$008.$6!):$'!Y!

+1%,$6!)00&087*$6?!ppI+TE!HGI>!ETX>EhV!?!KN>ETV>Eh"!J!$.!pp_[T!HGI>EEE>EP"!?!KN>EEh>EPT!J!1-.!&.&!*.8086&6!

41*%! :&%8+8$%! ):)-.! 0$6! .%):)*9! 3$! ')%.1/%)4(8$! 0)! 4)%$-.&! 3$! EVX! /&-1.D4$6! >! )*'*-! -c$6.! )44)%*!

6*64$'.!H_)*%8-!EFFYJ<!

S$-.! 7*).%$! :8-/.! 389! /&-1.D4$6! 3$! 0)! 414*0).81-! 1-.! &.&! '(18686! 41*%! %&)086$%! *-$! ')%.$!

/&-&.87*$<! a)%,8! $*9?! "EF! 1-.! &.&! ,*0.8408&6! 41*%! *-$! 8,40)-.).81-! )*! :8/-120$! $-! EFFP<! [)-6! *-!

3$*985,$!.$,46?!$-!EFFe?!.1*6!0$6!/&-1.D4$6!38641-820$6!HPhPJ!1-.!&.&!8,40)-.&6!)*!:8/-120$<!

Z+8-!3$!+)'808.$%!0)!0$'.*%$?!;$!4)%0$%)8!4)%!0)!6*8.$!*-87*$,$-.!3$!414*0).81-!GI9KN?!6)'()-.!7*$!

40*68$*%6!3$6'$-3)-'$6!61-.!'1-'$%-&$6<!

!



! TF!

B.  Dispos i t i fs  expér imentaux 

1.  Dispos i t i f  2003 

I0! )! &.&! 3&'83&! 3c8,40)-.$%! 3)-6! *-! 4%$,8$%! .$,46! "EF! /&-1.D4$6! 3$! 0)! 414*0).81-!GI9KN!)*!

:8/-120$! H^)20$)*! II<"J<! z! 4)%.8%! 3$! 40)-.6! 3$6! 3$6'$-3)-'$6! $.! 3$! 40)-.6! 3$! 41%.$W/%$++$! "e"WYXS!

38641-820$6! =! S10,)%?! *-$! &7*84$! 3$! 0cIQGZ![8;1-! )! &.&! '()%/&$! 3$! 4%&4)%$%! 3$6! )66$,20)/$6! 41%.$W

/%$++$>/%$++1-!4)%!*-$!.$'(-87*$!3$!/%$++$!21*.*%$!($%2)'&$!HN)0.$%!$.!)0<!"XXFJ<!Z*!4%8-.$,46!EFFP?!

389!41.6!3$!'()7*$!/&-1.D4$?!)8-68!7*$!3$6!41.6!3$6!4)%$-.6?!&.)8$-.!4%`.6!=!`.%$!40)-.&6<!

i-!%$0$:&!3$6!')%)'.&%86.87*$6!4&3101/87*$6!3c*-$!4)%'$00$!3*!31,)8-$! IQGZ!3*!d*%0$-2$%/!=!

d$%/($8,! HehJ!)!&.&!$++$'.*&!)8-68!7*$!3$6!)-)0D6$6!3$! 6106! 6*%!40*68$*%6!(1%8M1-6<! I0! )! &.&!3&'83&!3$!

38:86$%!'$..$!4)%'$00$!$-!'8-7!201'6?!6$01-!0)!.141/%)4(8$!3*!.$%%)8-!$.!0$6!%$0$:&6!4&3101/87*$6<!#$6!"EF!

/&-1.D4$6!61-.!4%&6$-.6!3)-6!'()'*-!3$6!201'6!=!%)861-!3$!3$*9!40)-.6!/%1*4&6!4)%!201'!H,8'%14)%'$00$!

3$!3$*9!61*'($6J<!Z+8-!3c14.8,86$%!0c$94018.).81-!3$6!%&6*0.).6?!0$6!4)%$-.6!1-.!&.&!8,40)-.&6!3$!,)-85%$!

%&/*085%$!)*!6$8-!3$!'()'*-!3$6!201'6?!=!%)861-!3$!.%186!,8'%14)%'$00$6!3$!3$*9!40)-.$6!4)%!4)%$-.!$.!4)%!

201'<!

[$!40*6?!0$!3864168.8+!)!&.&!'1-q*!'1,,$!*-!)04()W40)-!H_$)3!"XXVJ!3$!eF!201'6!8-'1,40$.6<!#$6!

"EF! /&-1.D4$6! GI9KN! 1-.! &.&! %&4)%.86! 3)-6! '()'*-! 3$! '$6! 61*6W201'6! 3$! ,)-85%$! =! ,)98,86$%! 0$6!

'1-+%1-.).81-6<!Cc)8!41*%!'$0)!,86!)*!418-.!*-!6D6.5,$!3$!4$%,*.).81-!=!2)6$!3$!,)'%16!3)-6!m9'$0<!

m-!%&6*,&?!0$!3864168.8+!EFFP!$6.!*-!3864168.8+!3$!"EF!/&-1.D4$6!$-!'8-7!201'6!'1,40$.6<!#$!40)-!

3$!'$.!$66)8!+8/*%$!$-!)--$9$!"<![$6!%)-/6!3$!21%3*%$6!'1,4%$-)-.!0$6!:)%8&.&6!4)%$-.6!4)%!6&%8$6!3$!689!

61*'($6! 8610$-.! 0$! 3864168.8+! 4%8-'84)0! 3$6! 4)%'$00$6! :1868-$6<! [$! ,`,$?! 3$6! 40)-.$6! (1%6! $66)8! 61-.!

4%&6$-.$6! )*9! $9.%&,8.&6! 3$6! %)-/6! H:18%! 40)-! $-! )--$9$! "J<! #$6! %)-/6! 3$! 21%3*%$! 1-.! &.&!

4)%.8'*085%$,$-.!*.80$6!41*%!$++$'.*$%!%&/*085%$,$-.!3$6!4%&05:$,$-.6!3$6.%*'.8+6!7*8!)*%)8$-.!'1-3*8.!

=! 3$6! %&6*0.).6! 28)86&6! 6c806! ):)8$-.! 3O! `.%$! %&)086&6! *-87*$,$-.! 6*%! 0$6! PF! 61*'($6! 4)%! 4)%$-.! 3*!

3864168.8+!4%8-'84)0<!

#)!40)-.).81-!3$!'$.!$66)8!)!&.&!%&)086&$!0$6!"Y!$.!"T!):%80!EFFP<!#B)M8,*.!3$6!%)-/6!$6.!YPU<!#c&')%.$,$-.!

$-.%$!%)-/6!$6.!3$!"?eT!,?!0c&')%.$,$-.!$-.%$!61*'($6!$6.!3$!"?ET!,!$.!0)!6*%+)'$!.1.)0$!1''*4&$!3$!P"!)<!

#$!6D6.5,$!3$!'1-3*8.$!$6.!.%)38.81--$0!41*%! 0cZ06)'$>!.)800$!$-!K*D1.!68,40$!1*!31*20$!):$'!4)0866)/$!

:$%.8')0<!!

2.  Dispos i t i f  2006 

#$!3864168.8+!EFFP!&.)8.!6.).86.87*$,$-.!4*866)-.?!,)86!-$!'1,4%$-)8.!7*$!"EF!/&-1.D4$6<!I0!)!&.&!

3&'83&! 3c8,40)-.$%! )*! :8/-120$! 0$6! /&-1.D4$6! $-'1%$! 38641-820$6! $-! 6$%%$<! i-! 4%1'$66*6! 3$! /%$++$!

'0)6687*$?!6*%!2186!)1O.&?!)!&.&!*.8086&<!a)%!%)441%.!=!0)!/%$++$!21*.*%$!($%2)'&$?!0)!4%&4)%).81-!3$!40)-.6!



! T"!

4)%!/%$++$! '0)6687*$!$6.!40*6! 01-/*$! ')%! $00$!-&'$668.$!*-!4)66)/$!3c*-$!)--&$!$-!4&48-85%$?!,)86! 0$6!

40)-.6! 61-.!40*6! :8/1*%$*9!$.! 0c$-6$,20$!3$6!14&%).81-6!4$*.! `.%$! %&)086&! =! 0cIQGZ!S10,)%<! ^%186! '$-.!

7*).%$! :8-/.! .%186! /&-1.D4$6! 1-.! 31-'! &.&! 4%&4)%&6! 6*%! 0$! 41%.$W/%$++$! "e"WYXS! $.! 40)-.&6! 3)-6! *-!

3864168.8+!6)-6!%&4&.8.81-?!=!%)861-!3$!.%186!40)-.6!/%1*4&6!4)%!/&-1.D4$<!S1,,$!3)-6!0$!3864168.8+!EFFP?!

"E!4)%'$00$6!3$!GI!3$! .%186! 61*'($6!$.! "P!4)%'$00$6!3$!KN!3$! .%186! 61*'($6! Ha0)-!$-!)--$9$!EJ!1-.!&.&!

8,40)-.&$6! 3$!,)-85%$! %&/*085%$! 3)-6! 0)! 4)%'$00$<! S1,,$! 3)-6! 0$! 3864168.8+! EFFP?! 80! D! )! 3$6! %)-/6! 3$!

21%3*%$6!$.!3$6!61*'($6!(1%6!$66)8!$-!21*.6!3$!%)-/6<!#)!40)-.).81-!)!$*!08$*$!0$!V!;*8-!EFFe<!#$!,13$!3$!

'1-3*8.$!$6.!83$-.87*$!)*!3864168.8+!EFFP>!,`,$!1%8$-.).81-!3$6!%)-/6?!"?eF!,!$-.%$!%)-/6?!"?PF!,!$-.%$!

61*'($6<!

C.  Observat ions,  mesures et  notat ions 

[$6!126$%:).81-6?!,$6*%$6!$.!-1.).81-6!1-.!&.&!%&)086&$6!3$!EFFe!=!EFFX!6*%!0$6!"EF!/&-1.D4$6!

3$! 0)! 3$6'$-3)-'$!GI9KN!$.! 6*%! 0$6! 4)%$-.6! 3)-6! 0$! 3864168.8+! EFFP<! m00$6! 1-.! '1-'$%-&! 0$6! 6.)3$6!3$!

3&:$0144$,$-.?! 0)! '%1866)-'$! 3$6! 40)-.$6?! 0$6! '1,416)-.$6! 3*! %$-3$,$-.?! 0$6! ')%)'.&%86.87*$6! 3$6!

%)868-6?!0$6!)..)7*$6!4)%)68.)8%$6<!a%56!3$!VF!:)%8)20$6!1-.!&.&!$-%$/86.%&$6!'()7*$!)--&$!HZ--$9$!PJ<!C$!

-$!3&.)800$%)8! 8'8!7*$!0$6!4%1.1'10$6!'1-'$%-)-.!0$6!6.)3$6!3$!3&:$0144$,$-.?! 0$!%)441%.!+%*8.A+$*800$!$.!

0$6!.$-$*%6!$-!6*'%$6!$.!$-!)'83$6!3$6!%)868-6<!#$6!&:)0*).81-6!3$6!.$-$*%6!$-!.$%4&-106!3$6!%)868-6!4)%!

$9$,40$!-c$-.%$-.!4)6!3)-6!0$!')3%$!3*!4%&6$-.!.%):)80!$.!1-.!&.&!:)01%86&$6!4)%!)800$*%6!H[*'(`-$!$.!)0<!

EF"E)J<!

1.  Phénologie 

!" 7+/'$&&-2-3*,

#$!6*8:8!)!&.&!%&)086&!61*'($!4)%!61*'($!4)%!3$6!'1,4.)/$6!6*''$668+6!3*!-1,2%$!3$!21*%/$1-6!

3&21*%%&6!6*%!0$6!201'6!"?!E?!$.!P<!i-!21*%/$1-!)!&.&!'1-683&%&!'1,,$!3&21*%%&!=!4)%.8%!3*!6.)3$!ddSR!

FV!H418-.$!:$%.$J<!#)!3).$!3$!3&21*%%$,$-.!'1%%$641-3!)*!,1,$-.?!')0'*0&!4)%!8-.$%410).81-?!1|!TF!y!

3$6!21*%/$1-6!&.)8$-.!3&21*%%&6<!

/" <1'&!)('3,

#$!6*8:8!3$!0)!+01%)861-!)!'1-686.&!=!$6.8,$%!%&/*085%$,$-.!0$!41*%'$-.)/$!3$!+0$*%6!1*:$%.$6!4)%!

,8'%14)%'$00$! 3$! 3$*9! 61*'($6! 6*%! 0$6! 201'6! "?! E?! $.! P<! #)! 3).$! 3$! +01%)861-! %$.$-*$! '1%%$641-3! )*!

,1,$-.?!')0'*0&!4)%!8-.$%410).81-?!1|!TF!y!3$6!+0$*%6!&.)8$-.!1*:$%.$6!HddSR!eTJ<!



! TE!

%" =+&!)('3,

#$!6*8:8!3$!0)!:&%)861-!)!'1-686.&!=!$6.8,$%!%&/*085%$,$-.!0$!41*%'$-.)/$!3$!2)8$6!:$%%&$6?!'c$6.W

=W38%$!,100$6!)*! .1*'($%?!4)%!,8'%14)%'$00$!3$!E! 61*'($6<! #)!3).$!3$!:&%)861-! %$.$-*$!'1%%$641-3!)*!

,1,$-.?!')0'*0&!4)%!8-.$%410).81-?!1|!TF!y!3$6!2)8$6!&.)8$-.!:$%%&$6!HddSR!h"J<!

2.  Rapport  f ru i t / feu i l le  

#$!%$-3$,$-.!)!&.&!,$6*%&!0$!;1*%!3$!0)!%&'10.$!4)%!4$6&$!4)%!/%1*4$!3$!3$*9!61*'($6?!6*%!0$6!

201'6!"?!E?!$.!P<!

#)! 6*%+)'$! +108)8%$! $9416&$! H\@mJ! )! &.&! $6.8,&$! =! 4)%.8%! 3$6! ,&.(13$6! 4%1416&$6! 4)%!

S)%21--$)*!H"XhXJ<!z!4)%.8%!3$!0)!/&1,&.%8$!3*!'1*:$%.!H@8/*%$!II<"J!$.!3c*-$!$6.8,).81-!3$!0)!41%168.&!

3*! +$*800)/$?!1-!4$*.! $6.8,$%!*-$! 6*%+)'$! +108)8%$! $9416&$!$-!,E! 4)%!,E! 3$! 610?! $.! 31-'!*-$! ')4)'8.&!

3c8-.$%'$4.81-!3*!%)D1--$,$-.!$.!3$!4(1.16D-.(56$!3*!'1*:$%.<!

!

C.D$-,&::;<=!S)0'*0!3$!0)!6*%+)'$!+108)8%$!$9416&$!H3B)4%56!S)%21--$)*!"XhXJ<!

!

Z+8-!3c$6.8,$%! 0)!41%168.&!3*!+$*800)/$?! ;c)8!3&:$0144&!*-$!,&.(13$!2)6&$!6*%! 0)!4%86$!3c8,)/$6!

-*,&%87*$6! $.! 0c)-)0D6$! 3c8,)/$<! [$6! 4(1.1/%)4(8$6! 6*%! +1-3! 20$*! 4$%,$..$-.! 3$! 28$-! $9.%)8%$! 0$6!

6*%+)'$6!:$%.$6!):$'!0$!01/8'8$0!I,)/$C!HG)62)-3!"XXVWEF"Y?!(..4>AA8,)/$;<-8(</1:A8;J<!i-$!,)'%1!4$%,$.!

$-6*8.$! 3$! ')0'*0$%! 38%$'.$,$-.! 3)-6! I,)/$C! 0$! .)*9! 3$! %$,40866)/$! 3c*-$! M1-$! 3$! 0c8,)/$! 4)%! 3$6!

6*%+)'$6!:$%.$6!H@8/*%$!II<EJ<!

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

,
"
)
$-
#
&'

&

.")$/+&'&

01&"&!2)$*+,&"&*$#+&

03(45&6457458&"&)####96):;89017.&

03(<&6'
*7<=5>?@8&"&019(96):;8&

& & &&"&*$+/*+96):;8&;"&<AB<BACB>&

D@&?AB1E&D5>E&=@&

F@1G==5H@&



! TP!

!

C.D$-,&::;>=!m9$,40$!3$!.%)8.$,$-.!3c*-$!8,)/$!61*6!I,)/$C!41*%!0c$6.8,).81-!3$!0)!41%168.&!3*!+$*800)/$!

H.)*9!3$!'1*:$%.*%$!3$!eh!yJ<!

3.  Teneurs en sucres et  ac id i té  des ra is ins 

[)-6! 0)! 414*0).81-! GI9KN! $.! 3)-6! 0$6! 4)%'$00$6! 3$6! 4)%$-.6! 3*! 3864168.8+! 4%8-'84)0! 3$6!

4%&05:$,$-.6!3$!2)8$6!1-.!&.&!%&)086&6!=!.%186!6.)3$6>!

• J<>!)*!,1,$-.!3$!0)!:&%)861-?!3$6!2)8$6!:$%.$6!$.!3*%$6!1-.!&.&!4%&0$:&$6!6*%!/%)44$6!$-!'1*%6!

3$! :&%)861-<! #c12;$'.8+! 3$! '$! 4%&05:$,$-.! &.)8.! 3c12.$-8%! 3$6! &'()-.8001-6! )*! ,1,$-.! 1|! 0)!

.$-$*%!$-!)'83$!,)087*$!$6.!,)98,)0$!H\L$$.,)-!$.!)0<!EF"EJ<!

• J>>! EPF! 3$/%&6! ;1*%6! H.$,4&%).*%$6!,1D$--$6?! 2)6$! "FJ! )4%56! :&%)861-<! S$! 4%&05:$,$-.! &.)8.!

2)6&! 6*%! 0c(D41.(56$?! :&%8+8&$! 4)%! 0)! 6*8.$?! 7*$! 0c)''*,*0).81-! 3$6! 6*'%$6! &.)8.! 08-&)8%$! $-!

+1-'.81-!3$6!61,,$6!3$!.$,4&%).*%$6<!S$!4%&05:$,$-.!):)8.!41*%!12;$'.8+!3$!'1,4)%$%!.1*6!0$6!

/&-1.D4$6! =! *-! 6.)3$! &7*8:)0$-.! )4%56! 0$! 3&2*.! 3$! 0)! ,).*%).81-! 3$6! %)868-6<! #)! 3).$! 3$!

4%&05:$,$-.!)!&.&!3&.$%,8-&$!$-!.$,46!%&$0!41*%!'()7*$!,8'%14)%'$00$!$-!+1-'.81-!3$!0)!3).$!
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A.  «  The cha l lenge of  adapt ing grapev ine var ie t ies  to  c l imate change »  
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1.  INTRODUCTION

The effects of global warming on the environmental

conditions of natural ecosystems and on human activi-

ties, including agriculture, have been extensively de-

scribed (IPCC 2007, EEA 2008). A change in grape-

vine phenology during the past decades has been

reported for several grape-growing areas (Duchêne &

Schneider 2005, Petrie & Sadras 2008, Ramos et al.

2008).

The increase in temperatures is likely to continue,

allowing future wine production in areas that are

presently too cold for vine cultivation, whereas the

present grape growing regions will have to adapt to

these changes (White et al. 2006, Hall & Jones 2009).

The impact of climate change on wine production will

presumably vary according to the type of wine pro-

duced and the geographical location, with milder

effects expected in coastal regions (Jones et al. 2005,

Webb et al. 2007, Hall & Jones 2009).

If phenological stages advance, the maturation of

berries is likely to take place under warmer condi-

tions. Experiments have shown that the accumulation

of anthocyanins, which are responsible for berry

coloration, is lower when maturation occurs at higher

temperatures (Mori et al. 2007) and, despite a lack of
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direct experimental data, this is certainly true for ter-

penols, the molecules responsible for floral aromas

(Bureau et al. 2000). The idea that increasing temper-

atures can lower the quality of grapes and wines is

widely accepted (Jackson & Lombard 1993, Jones et

al. 2005).

Possible responses towards the projected future

warming in vineyards include (1) accepting changes in

the typicity of wines and altering production accord-

ingly, going as far as producing red wines or dessert

wines instead of white wines; (2) adapting varieties in

order to maintain a constant typicity; and (3) moving

grapevine cultivation to areas that are presently cooler

(e.g. higher elevations).

Alsace is a white-wine-producing region in north-

eastern France, and the evolution of phenological

stages during the past decades and the consequences

for grapevine physiology have been described (Du-

chêne & Schneider 2005). The next logical steps in this

line of study are to assess the future climatic conditions

in this region, to evaluate their impact on the currently

cultivated varieties and to determine which varieties

could be adapted in the future.

Three main phenological stages can be used to de-

scribe the grapevine developmental cycle: budbreak,

flowering and véraison. Budbreak is the onset of veg-

etative growth, flowering is the time when the fertili-

sation process leads to the formation of berries and

véraison is the beginning of the ripening process,

which ends at harvest when sugar content and acid-

ity meet required levels. At véraison, berries undergo

major changes, i.e. cell wall degradation, skin colour-

ation, sugar accumulation and malic acid degrada-

tion. ‘Maturity’ is not a phenological stage due to the

difficulty in establishing uniform criteria for differ-

ent varieties. Sugar content cannot be treated as a

standard maturity indicator because it varies accord-

ing to training systems, crop load and cultural prac-

tices (Jackson & Lombard 1993), as well as climatic

signals.

The objectives of this study were to model future

changes in phenology and temperature during berry

ripening and to explore the consequences of such

changes for the adaptation of grapevine varieties.

In this paper, we describe a model for predicting the

developmental stages of Riesling and Gewurztraminer.

Using this model, we assess the genetic variability in

other grapevine varieties grown in the same location

and in the progeny of a cross between Riesling and

Gewurztraminer. The models are then used to predict

future developmental stages using 3 greenhouse gas

emissions scenarios developed by the Intergovern-

mental Panel on Climate Change (IPCC 2000) and to

evaluate the genotypes that would be better adapted

to these projected conditions.

2.  DATA AND METHODS

2.1. Developmental stage data sets

Budbreak, flowering and véraison dates were gath-

ered in 3 data sets, all obtained from the Institut

National de la Recherche Agronomique (INRA) exper-

imental vineyard at Bergheim (Alsace, France,

48° 21’ N, 7° 34’ E). The vineyard is located on a vertic

calcisol soil (FAO/WRB) at an elevation of 309 m. Vines

were trained on a vertical trellis at a planting density of

4500 to 4850 plants per ha, depending on the experi-

ment.

Thirty-three yr of records (1976–2008) for Riesling

(RI) and Gewurztraminer (GW) from an experiment

planted in 1973 were used for the first data set. For the

second data set, observations were collected from the

‘Viticultural Ecology’ collection, consisting of 14 vari-

eties planted in 1975. The third data set was provided

by the characterisation of offspring. Between 1998 and

2000, 527 seeds were collected from 3 crosses between

RI clone 49 and GW clone 643. After a year of growth

in the greenhouse, grafts of the offspring were pre-

pared in 2002 with the Couderc 161-49 rootstock using

a green grafting technique (Walter et al. 1990). In 2003,

120 genotypes were planted in the vineyard according

to a randomised 5-block design. Developmental stages

were recorded for 3 of the 5 blocks.

Since 1976, the methods for evaluating phenological

stages have been standardised. After successive obser-

vations, budbreak, flowering and véraison dates were

determined as the dates when 50% of buds, flowers

and berries, respectively, reached the required stage.

For budbreak, this stage corresponded to stage C

‘Green tip’, as described by Baggiolini (1952). As ob-

serving colour change in white varieties is more diffi-

cult than in red varieties, véraison timing was based on

berry softening.

2.2. Observed and simulated climatic data

Meteorological data were not available in Berg-

heim before 1987, instead we exclusively used

records from the INRA Station in Colmar (48° 03’ N,

7° 19’ E, 193 m elevation, 15 km south of Bergheim),

available since 1976. These data were provided by

Météo-France and the INRA STEFCLI database. The

coefficient of determination R2 between the 2 meteo-

rological stations has been higher than 0.98 for daily

mean or maximum temperatures (T) since 1987. The

bias is limited: Tmean(Bergheim) = 1.02Tmean(Colmar) –

0.2 and Tmax(Bergheim) = 0.98Tmax(Colmar) – 0.6.

Projected climate data were obtained through

the regionalised general circulation model ARPEGE-
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Climat of Météo-France (Déqué 2007). The grid resolu-

tion of this model over France is 50 km. Three green-

house gas (GHG) emissions scenarios were used: A2

(high emissions), B2 (low emissions) and A1B (interme-

diate emissions) (IPCC 2000). These data were avail-

able with a daily resolution for a control period (1950–

2000) and for the future (2070–2100) for the A2 and B2

scenarios. For the A1B scenario, the simulated data set

was uninterrupted from 1950 to 2100.

To estimate the regional impacts of climate change, a

method based on anomalies was used (Déqué 2007).

The closest grid point to Colmar in the ARPEGE-

Climat model was chosen, and the modified climate for

the future was calculated as follows:

Modified daily temperatures = 

Observed daily temperatures + Monthly difference (1)

between future and control simulations

For the A2 and B2 scenarios, the control period used

was 1960–1989. For the A1B scenario, the projected

shifts were calculated on a 20 yr sliding period instead

of a single 30 yr period. The control period was 1987–

2006. A first 20 yr period (2007–2026) was simulated

with monthly anomalies calculated for a 20 yr sliding

window. For example:

Modified climate of 2010 = Observed climate in 1990

+ Difference [(2010:2029) – (1987:2006)]

Modified climate of 2011 = Observed climate in 1991

+ Difference [(2011:2030) – (1987:2006)]

For the second period (2027–2036) and the subsequent

ones, calculations started back with the 1987–2006

control period. Five 20 yr cycles are then visible in the

simulated data set for the A1B scenario.

2.3.  Models for phenological stages

Plant development rates are often described by ther-

mal time or heat sums, expressed in growing degree-

days (GDD). GDD are calculated as the difference

between an observed temperature and a lower thresh-

old, or ‘base temperature’, under which development

is not possible. For the grapevine, GDD are generally

calculated from daily mean temperatures and a 10°C

threshold (Williams et al. 1985). However, except for

the leaf emergence rate (Lebon et al. 2004), the base

temperature of 10°C has not been widely validated

with experimental data. Some authors have proposed

using different base temperatures for the leaf emer-

gence rate, budbreak and flowering (Moncur et al.

1989, Oliveira 1998) for different grape growing

regions (Besselat et al. 1995), or using a daily maxi-

mum temperature instead of a daily mean temperature

(Besselat et al. 1995). Models based on thermal time

are not the only means to predict phenological stages

(Riou & Pouget 1992, Chuine et al. 2004), but we chose

to restrict our study to this type of model because (1)

the same framework can be used for predicting bud-

break, flowering and véraison, (2) to assess parameters

for 120 genotypes with 3 yr of data, the number of

parameters to be estimated had to be less than 4, and

(3) we are also interested in the genetic determinism of

the traits and we expect more in the future from phys-

iological approaches, more closely related to genes,

than from more complex mathematical models. The

model used is based on the equation:

(2)

where Tb (base temperature) and HS (heat sum) are

parameters to be estimated, Ti is the daily temperature

(mean or maximum) for day i and n is the number of

days of the phase.

This model considers the response of grapevine devel-

opmental stages to temperature as linear, which is cer-

tainly not the case, as shown for other species (Yin et al.

1995) or for grapevine photosynthesis (Schultz 2000). A

threshold for maximum temperature is sometimes used,

for maize for instance (Brisson et al. 1998), and a model

where values of maximum temperatures were limited

to a 33°C threshold (Schultz 2000) has also been tested.

We did not attempt to predict harvest dates as (1)

sugar content depends on yield level and soil water

balance as well as on temperatures and (2) we do not

have any validated model to predict sugar content

and/or acidity in our conditions. Therefore, we did not

work on a predicted véraison-harvest period.

2.4.  Statistical tests

Models for phenological stages were evaluated

using 3 statistical criteria (Greenwood et al. 1985, Gar-

cia de Cortazar Atauri 2006). The Mean Absolute Error

(MAE) was calculated as:

(3)

where n is the number of years in the data set, Pi is the

predicted date for year i, Oi is the observed date for

year i.

The Root Mean Square Error (RMSE) was calculated

as:

(4)

This criterion gives a higher weight to important errors

of prediction.
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=

∑
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The efficiency of the model (EFF) provides an esti-

mation of the variance of the observations explained

by the model. If EFF = 0 or less, the model does not

explain any variation.

(5)

where O - is the mean of the observations.

Regression and analysis of variance were performed

with the R software version 2.8.1 (R Development Core

Team 2008). 

3.  RESULTS

3.1.  Determination of base temperatures

To determine base temperatures, the inverse of the du-

ration of a period D (1/D) was plotted against the average

temperature T - over the period D (Durand et al. 1982).

With 1/D = aT - + b, the base temperature Tb, where D

would be infinite, can be calculated as Tb = –b/a. Con-

sequently, , where Ti is the temperature of  

day i of the period, is a constant. The confidence

ellipses for the estimated parameters a and b were cal-

culated using the ‘ellipse’ library in the R packages

and were used to verify whether a chosen base tem-

perature Tb was compatible or not with a confidence

ellipse. To obtain the best estimates for these base tem-

peratures, all of the available data for RI and GW were

used. Both daily mean and daily maximum tempera-

tures were tested.

For budbreak, the date when the calculation of

temperature accumulation should start is theoreti-

cally the day when the period of dormancy ends

(Pouget 1972). For practical reasons, 1 January is

often considered as the starting point (Riou & Pouget

1992, Oliveira 1998), but 20 February has also been

used (Williams et al. 1985). Seven starting dates,

every 15 d from 1 January to 1 April, were tested

independently for RI and GW. The coefficients of

correlation between 1/D and T - were the highest

with 15 Februaryas the starting date, for both vari-

eties, using either the mean or the maximum tem-

perature (data not shown). Using 10 February or 20

February did not yield better results. The calculated

base temperatures were very similar for the 2 vari-

eties tested (Table 1). A simple integer value, in the

confidence ellipses for RI and GW, was chosen for

each stage for the remainder of the study (‘Tb used’

in Table 1).

3.2.  Cross-validation of models

The first objective of the study was to set up models

able to predict budbreak, flowering and véraison dates

for RI and GW. For each of the 3 phases, 15 February to

budbreak (15FB), budbreak to flowering (BF) and

flowering to véraison (FV), each data set was divided

into 2 parts. The heat sum required to reach a particu-

lar stage was calculated independently for RI and GW

using 17 randomly chosen years. The MAE, RMSE and

EFF criteria were calculated with the dates predicted

for the 16 remaining years. The model using a 10°C

base temperature was also included as a control.

The 10°C base temperature models were discarded

as they created more variability than in the observed

data, except for predicting flowering (Table 2). The use

of daily mean temperatures or daily maximum temper-

atures provided satisfactory models with efficiencies

greater than 62% (Table 2). The prediction of bud-

break was better using a daily mean temperature

above –2°C than using a maximum temperature above

2°C, whereas predictions of flowering and véraison

were slightly better using maximum temperatures. As

the models were validated by these cross tests, aver-

age heat sums were calculated with the complete data

set and then used to compute simulated dates annu-

ally. Except for budbreak prediction with mean tem-

peratures, RMSE were smaller than those obtained for

the cross tests (Table 3). Efficiencies were always

higher, or within a 1% range, for the complete data set.

The use of maximum temperatures was slightly more
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Temperature Period Variety R2 Tb Tb

calculated used 

(°C) (°C)

Mean 15FB GW 0.65 –1.8 –2

RI 0.56 –2.4

BF GW 0.72 6.6 7

RI 0.77 7.3

FV GW 0.55 2.6 3

RI 0.68 2.7

Maximum 15FB GW 0.69 2.3 2

RI 0.64 1.9

BF GW 0.81 10.4 10

RI 0.77 10.4

FV GW 0.60 5.6 6

RI 0.70 5.2

Table 1. Base temperatures (Tb = –b/a) calculated with the

relationship 1/D = aT - + b, where D is the duration of the pe-

riod and T - is the average temperature during this period.

15FB: 15 February to budbreak; BF: Budbreak to flowering;

FV: Flowering to véraison; GW: Gewurztraminer; RI: Riesling.

‘Tb used’ values are integer values within the confidence 

ellipses of the calculated Tb for both varieties
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efficient than the use of daily mean

temperatures. Using a 33°C threshold

for maximum temperatures during the

FV period did not improve the model

(EFF = 89%, RMSE = 4.3 d).

Budbreak, flowering and véraison

dates were also calculated one after the

other. Overall, the simulations were very

good (Fig. 1). The RMSE was 3.1 and

3.7 d for the flowering and véraison dates,

respectively. This is less than the RMSE

for budbreak (4.7 d) or for the duration of

the FV period (4.1 d). The efficiency of the

model in predicting flowering and vérai-

son with only meteorological data was

91% for the 2 stages.

3.3.  Genetic variability in the

Viticultural Ecology collection

Heat sums for the 15FB, BF and FV

periods were calculated as for RI and

GW with maximum temperatures with

Tb of 2, 10 and 6°C, respectively, for 14

varieties with 12 yr of data. The base

temperatures used were the same as

those employed for RI and GW (1) to

make comparisons between varieties

possible and (2) to be consistent with

the calculations for the RI × GW prog-

eny, where base temperatures could not

be reasonably evaluated individually

for the 120 genotypes with only 3 yr of

data. The overall efficiency of the simu-

lation of the véraison dates with only

meteorological data was 81%, and the RMSE was

4.7 d. Mean errors of prediction were greater for late

genotypes than for early genotypes. For example, the

bias for Muscat of Alexandria, –2.9 d between simu-

lated and observed dates, was due to 2 years, 1978 and

1987, with observed véraison dates after 10 October.

There were significant differences between varieties

for the 3 phases (Table 4). Heat requirements were

independent between phases: the BF period for Chas-

selas blanc was one of the longest, but the FV period

was the shortest. Conversely, flowering for RI took

place quite quickly after budbreak, but reaching vérai-

son required more degree-days than for Syrah. Caber-

net Sauvignon was a late-ripening variety, but this was

mainly due to late budbreak. A véraison index was cal-

culated for each variety as the sum of the 3 heat sums

to allow for quick comparisons between varieties. This

approach enables an accurate characterisation of ge-

netic variations in developmental stages.
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Temperature Period HS for GW HS for RI MAE RMSE EFF 

(d) (d) (%)

Mean with 1JB 32.1 47.0 7.5 10.4 <0

Tb = 10°C BF 299.2 295.5 3.0 3.8 87

FV 598.0 633.0 10.6 21.9 <0

Mean with 15FB 559.9 607.7 3.7 4.7 73

Tb from Table 1 BF 470.6 456.9 2.9 3.9 87

FV 1048.5 1105.7 4.5 5.3 85

Maximum with 15FB 611.9 665.4 4.5 5.6 62

Tb from Table 1 BF 619.4 587.7 2.7 3.4 90

FV 1244.5 1317.4 4.1 5.0 86

Table 2. Heat sums (HS, degree-days) calculated with 17 yr and criteria for good-

ness of fit calculated with 16 different yr. The base temperatures used are shown

in Table 1. 1JB: 1 January to budbreak; 15FB: 15 February to budbreak; BF: bud-

break to flowering; FV: Flowering to véraison; RI: Riesling; GW: Gewurztraminer;

MAE: Mean Absolute Error; RMSE: Root Mean Square Error; EFF: Efficiency. A

negative efficiency means that the model created more variability in 

the predicted data compared with the observed data

Temperature Period HS for GW HS for RI MAE RMSE EFF 
(d) (d) (%)

Mean 15FB 551.0 601.8 3.9 4.9 74
BF 466.2 441.3 2.6 3.6 87
FV 1038.3 1129.2 3.5 4.3 87

Maximum 15FB 599.7 655.3 3.6 4.7 75
BF 612.6 575.9 2.7 3.3 89
FV 1229.5 1339.6 3.2 4.1 89

Table 3. Heat sums (HS, degree-days) and criteria for simulations with 33 yr of

data. The base temperatures used are shown in Table 1. 15FB: 15 February to

budbreak; BF: Budbreak to flowering; FV: Flowering to véraison; RI: Riesling;

GW: Gewurztraminer; MAE: Mean Absolute Error; RMSE: Root Mean Square 

Error; EFF: Efficiency
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Fig. 1. Comparison between observed and simulated dates of

budbreak, flowering and véraison over 33 yr for Riesling and

Gewurztraminer in Bergheim. s: Gewurztraminer. n: Riesling. 

Grey: budbreak. White: flowering. Black: véraison
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3.4.  Genetic variability in the RI × GW progeny

As for RI and GW, heat sums were assessed for 3 yr

of observation for 120 genotypes among the progeny of

a RI × GW cross. Calculations were carried out using

meteorological data from Colmar in order to be consis-

tent with the other data sets. The heat sum values

observed in this progeny cover approximately 55%

(budbreak), 77% (flowering) and 83% (véraison) of the

ranges observed in the Viticultural Ecology collection

(Table 4). The latest genotypes in the RI ×GW progeny

have a véraison index lower than Kadarka, Carignan,

Grenache and Muscat of Alexandria but a higher

index than Cabernet Sauvignon or Syrah.

To explore the potential extent of the variation of the

phenology response, we created a ‘virtual’ genotype

by adding the largest values observed for each period

in the RI × GW progeny results. This ‘virtual’ genotype

has a véraison index of 2714 (Table 4) and would theo-

retically reach véraison a few days before Grenache.

3.5.  Projected temperatures

The temperatures simulated with the ARPEGE-

Climat model on the closest grid-point to Colmar were

compared with the actual data from Colmar for the

control period 1986–2007. The month-to-month aver-

age temperature does not differ by more than 0.36°C

(Tmax in May). The average differences over the grape-

vine growing period of April to September were 0.10

and 0.07°C for Tmin and Tmax, respectively. Conse-

quently, we considered the model as acceptable. To

further validate the projected climatic data, compar-

isons were made with IPCC data. Under scenario B2,

the mean annual temperature in Colmar is projected to

increase by 2.1°C at the end of the century compared

with the period 1973–1999 (Table 5). The increases are

1.0 and 1.3°C higher under scenarios A1B and A2, re-

spectively. These increases in temperatures are in the

range of the changes expected for the global average

surface temperature with the same scenarios (IPCC

2007). The A1B projected changes are, however, closer

to A2 projected changes in our region than at the

global level. The increase is predicted to be +0.3 to

0.4°C higher for maximum temperatures than for min-

imum temperatures.

3.6.  Projected stages

Simulated daily temperatures were available for

Colmar for scenario A1B from 2010 to 2100 and for sce-

narios A2 and B2 from 2073 to 2099. For each year and

scenario, budbreak, flowering and véraison dates were

calculated for RI and GW according to the models pre-

viously developed with maximum temperatures

(Table 3). To summarise the results, dates of phenolog-

ical stages were averaged over periods of 27 to 32 yr.

By the end of the century, véraison could advance for

both varieties by 16 (B2) to 24 (A2) d when compared

with the period 1976–2008 (Fig. 2). As expected, the

effects of climatic conditions in scenario B2 are of

lower magnitude than in scenario A2. In scenario A1B,
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Genotype HS HS HS Véraison 

15FB BF FV index

Viticultural Ecology collection

Cabernet Sauvignon 774.3 619.8 1189.8 2583.9

Carignan 756.6 649.9 1380.8 2794.8

Chasselas blanc 653.8 656.0 1042.5 2352.4

Gewurztraminer 628.1 635.5 1193.5 2457.1

Grenache 735.1 664.8 1366.2 2767.9

Kadarka 696.1 672.2 1275.8 2644.0

Limberger 597.1 649.1 1205.1 2451.2

Muscat of Alexandria 711.3 675.6 1387.9 2792.5

Pinot noir 691.4 587.2 1190.1 2468.7

Portugais bleu 653.4 604.4 1107.3 2365.1

Riesling 685.0 589.2 1291.3 2565.6

Sauvignon 666.6 641.9 1167.8 2476.3

Syrah 669.3 641.3 1242.3 2552.9

Ugni blanc 798.9 641.6 1327.0 2771.3

Standard error 12.8 10.5 15.3 19.1

RI × GW progeny

9E 591.5 – – –

47E 702.5 – – 2635.9

26E – 597.6 – –

13D – 666.1 – –

4E – – 1059.4

237E – – 1345.5 –

58E – – – 2345.4

Virtual 9E:26E:4E 591.5 597.6 1059.4 2248.5

Virtual 47E:13D:237E 702.5 666.1 1345.5 2714.1

Standard error 27.4 10.0 23.3 31.6

Table 4. Heat sums (HS, degree-days) with maximum tem-

peratures and standard errors for genotypes grown in

Bergheim. Twelve yr of data were available for the Viticul-

tural Ecology collection. Only extreme values (3 yr of data)

are presented for the RI × GW progeny. 15FB: 15 February to

budbreak; BF: Budbreak to flowering; FV: Flowering to 

véraison. Bold: extreme values

Dataset Minimum Maximum Mean

temp. temp. temp.

Observed values 5.7 15.0 10.3

B2 +2.0 +2.3 +2.1

A1B +3.0 +3.3 +3.1

A2 +3.2 +3.6 +3.4

Table 5. Increase of predicted average annual temperatures

(°C) in 2073–2099 compared with the observed values (1973–

1999) for Colmar according to 3 IPCC emissions scenarios 

using the ARPEGE-Climat model
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the difference between the beginning of the century

(2010–2040) and mid-century (2041–2073) will be

greater than from mid-century to the end of the cen-

tury (2073–2099). If these simulations are correct, a

large number of climate change effects will be appar-

ent by the first half of the century.

The model with a 33°C threshold for maximum tem-

perature was also used to predict the véraison dates.

Delays in véraison dates are predicted when using the

threshold model instead of the model without a thresh-

old, but the largest effect on average values is limited

to +1 d, as evident for RI in scenario A2 from 2071–

2099. Using a 30°C threshold, the delay for the same

data set would be +2.4 d.

The model used for budbreak assumes that chilling

requirements are satisfied for all years, which had to

be verified. Chilling requirements necessary to release

bud dormancy are not clearly defined. Pouget (1972)

suggested that a period of 7 consecutive days with a

mean temperature below 10°C was required for Mer-

lot. More recently, Garcia de Cortazar Atauri (2006)

proposed a model that included an accumulation of

daily chilling units (Cc) to predict the end of dormancy.

For RI, the estimated value for Cc was 108.2. Under

scenario A1B, both criteria were satisfied every year

before 15 February. According to the current knowl-

edge on budbreak and to the meteorological data

used, a delay in budbreak due to insufficiently low

winter temperatures is unlikely for Colmar in the

future.

3.7.  Consequences on climatic

conditions during ripening

The requested natural alcohol level in

the ‘Alsace Grand Cru’ top level wines

is currently 11% v/v for RI and 12.5%

v/v for GW (Association des Viticul-

teurs d’Alsace, May 2009), which corre-

sponds to 185 and 210 g l–1 of sugar in the

berries, respectively. Projected climatic

conditions were therefore compared to

the years when these levels of sugar con-

tent were actually reached in samples

taken all over the region (Duchêne &

Schneider 2005). Twelve and 19 years,

called ‘favourable years’ in the following

text, were selected for RI and GW, re-

spectively (Table 6). Average minimum

and maximum temperatures were calcu-

lated for the 35 d following véraison

(Duchêne & Schneider 2005) for each

year of observed data and of the A1B

scenario. This period was chosen to com-

pare the climatic conditions during the

ripening phase and does not correspond

to an actual, or projected, véraison–harvest period. Our

purpose was to compare present and future conditions

rather than to predict grapevine quality at harvest. Sur-

prisingly, the years favourable to high sugar content, al-

though different, have the same temperature profile for

RI and for GW despite differences in véraison dates

(Table 6). When compared with the observed

favourable years, an increase of approximately 1°C for RI

and 1.5°C for GW is predicted for 2010–2040 (Table 7).

For 2041–2072, the increase will clearly be greater for

maximum temperatures than for minimum tempera-

tures, reaching 5.3°C for RI and 5.9°C for GW (3.9°C and

4.5°C for minimum temperatures, respectively). As ob-

served for developmental stages, a slowing down of the

rate of increase is projected for the last years of the cen-

tury. The average maximum temperature during ripen-

ing for GW could, however, reach 31°C at this time, com-

pared with 23.7°C in the observed favourable years and

22.4°C for 1976–2008 (Table 7).
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Fig. 2. Observed and projected dates of budbreak (grey), flowering (black) and

véraison (white) for Riesling (left, plain) and Gewurztraminer (right, dotted)

according to 3 IPCC scenarios. Figures in the bars represent the durations of the 

different phases, and whiskers indicate standard deviations

Genotype Véraison Minimum Maximum Mean

date temp. temp. temp.

Riesling 18 August 11.7 23.7 17.7

Gewurztraminer 15 August 11.6 23.7 17.7

Table 6. Average véraison dates and average temperatures

(°C) during the 35 d following véraison for years favourable

for sugar accumulation within the 1976–2008 period (185 g l–1

for Riesling, 210 g l–1 for Gewurztraminer)
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Year 2003 was included as a reference for an excep-

tionally hot summer (Schär et al. 2004). Maximum tem-

peratures during ripening in 2003 are comparable to

the projected temperatures for the end of the century,

but mean temperatures similar to those seen in 2003

could be common as soon as the middle of the century

(Table 7).

3.8.  Adaptation of genotypes to projected conditions

Temperatures over the growing season, integrated

in indexes such as the Huglin Index, determine the

suitability of varieties to a given environment (Huglin

1978). Temperatures are of major importance for wine

quality (Jones et al. 2005), but there are no scientific

data on the range of temperatures during the ripen-

ing period suitable for producing wines with specific

characteristics, i.e. ‘typical’ wines, in our conditions.

A working hypothesis is to assume that temperatures

during ripening in the future should remain in the

same range as currently observed to maintain a con-

stant typicity. We therefore determined the date

when ripening should start so that the mean tempera-

ture during the following 35 d would be the same as

the mean temperature observed in the favourable

years as previously defined. Average daily mean tem-

peratures were calculated for 3 periods for the A1B

scenario. An average mean temperature of 17.7°C

(Table 6) during ripening would be observed if ripen-

ing started on 24 August, 5 September and 11 Sep-

tember during 2010–2040, 2041–2072 and 2073–

2100, respectively (Fig. 3). In parallel, véraison dates

were calculated for Muscat of Alexandria and for the

virtual genotype from the RI × GW progeny that

would have the latest véraison. Muscat of Alexandria

was chosen because it was one of the latest ripening

genotypes studied. For 2010–2040, it appears possible

to find genotypes whose ripening could take place in

temperature conditions similar to the favourable

years actually observed (Fig. 3). For 2041–2072, there

is a 20 d gap between the véraison of Muscat of Alex-

andria (15 August) and the start of the period when

the mean temperature would be 17.7°C (5 Septem-

ber). The virtual RI × GW genotype would undergo

véraison before Muscat of Alexandria. Therefore, the

feasibility of creating a new variety, a progeny of

RI and GW, that could ripen in the same range of

temperatures as currently observed, does not seem

possible.

In the last years of the century, it is unlikely that any

Vitis vinifera variety could start ripening on 11 Sep-

tember, knowing that Muscat of Alexandria, one of the

latest ripening varieties in Europe, would undergo

véraison on 9 August, on average. These results illus-

trate the effects of global warming on both the advance

in phenological stages and the increase of tempera-

tures in summer.
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Genotype Data set Period Véraison date Minimum temp. Maximum temp. Mean temp.

Riesling Observed 1976–2008 +8 –1.6 –2.1 –1.8

2003 –15 +2.4 +6.5 +4.4

Projected (A1B) 2010–2040 –1 +0.9 +1.1 +1.0

2041–2072 –11 +3.9 +5.3 +4.6

2073–2099 –15 +5.6 +6.9 +6.3

Gewurztraminer Observed 1976–2008 +6 –1.0 –1.3 –1.2

2003 –22 +3.6 +8.0 +5.8

Projected (A1B) 2010–2040 –2 +1.4 +1.7 +1.5

2041–2072 –12 +4.5 +5.9 +5.1

2073–2099 –15 +6.0 +7.3 +6.6

Table 7. Differences in véraison dates (d) and in average temperatures (°C): observed and projected data (scenario A1B) are 

compared to the years favourable for sugar accumulation (Table 6)

28/7 7/8 17/8 27/8 6/9 16/9

Date

2010–2040

2041–2072

P
e
ri

o
d

2073–2100

Fig. 3. Véraison dates under scenario A1B. White: virtual

genotype from a Riesling × Gewurztraminer progeny. Grey:

Muscat of Alexandria. Arrows indicate the date when the

mean temperature of the following 35 d is projected to be 

17.7°C, on average
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4.  DISCUSSION

4.1.  A model for phenological stages

Here, we provide a model for predicting budbreak,

flowering and véraison for RI and GW. This model,

based on growing degree-days, is able to simulate

accurately the observed stages from the past 30 yr.

Base temperatures were obtained by a regression

model, and it can be shown mathematically that base

temperatures obtained by minimizing the standard

deviation of the heat sums are very close (Durand et

al. 1982). Moncur et al. (1989) reached the same con-

clusion empirically. Base temperatures vary widely in

the literature, depending on the varieties studied

(Moncur et al. 1989) or on grape-growing regions

(Besselat et al. 1995). The values of base temperatures

calculated for the FV period, 3 and 6°C for Tmean and

Tmax, respectively, are surprisingly low. They result

from statistical adjustments and are far from the range

of average temperatures observed during this period

(22.8 to 29.2°C for Tmax). If the response of the phenol-

ogy is not linear, these calculated base temperatures

are not indicators of actual physiological thresholds.

An indirect validation of our calculated base tempera-

tures is the fairly good predictions of the models. For

budbreak, a RMSE of 4.7 d and an efficiency of 75%

(Table 3) are satisfactory when compared with similar

studies (Mandelli et al. 2003, Garcia de Cortazar

Atauri 2006). Improving budbreak prediction is diffi-

cult, as this stage also depends on soil temperature

(Kliewer 1975) and on pruning dates (Martin & Dunn

2000). As already shown (Moncur et al. 1989), a 10°C

base temperature is not appropriate for budbreak

prediction.

Previous studies also obtained good relationships

between flowering dates and heat sums expressed in

degree-days (Williams et al. 1985, Besselat et al. 1995,

Garcia de Cortazar Atauri 2006). Our final model

(maximum temperatures, 10°C base temperature) is

the same as the model retained by Besselat et al. (1995)

for Pinot Noir in Burgundy and has a similar accuracy,

with a MAE between 2.5 and 3 d in each case. With our

data, using mean temperatures with the classical 10°C

base did not significantly change the goodness of fit for

this stage (Table 2).

We are not aware of a published heat sum model for

véraison. Chuine et al. (2004) proposed a model using

daily mean temperatures that could explain approxi-

mately 90% of the variance of véraison dates for Pinot

Noir. This model, however, requires 5 parameters and

was not appropriate for the simple comparison of

grapevine genotypes. The goodness of fit of our model

is high, with a final RMSE of 3.7 d and an efficiency of

approximately 90%.

4.2.  Genetic variability

Costantini et al. (2008) have shown that flowering

and véraison time segregated in an Italia × Big Perlon

progeny. Quantitative Trait Loci (QTL) and molecular

markers associated with these traits could be identified

for these genotypes. A similar work is in progress for

our RI × GW progeny. Our results show that heat sums

can be used to characterise the genetic variability, and

this should lead to a better analysis of the genetic

determinism of the phenological traits. The genetic

variability for the véraison dates was 39 d within 279

genotypes in the INRA collection at Vassal (Galet

1990). The range in the véraison dates in our study was

6 d between RI and GW, 16 d in the RI × GW progeny

and 28 d in the collection of 14 varieties. The range of

stages created in our progeny is quite large when we

consider that the parents are adapted to the same

growing conditions. Among the progeny of Italia × Big

Perlon, 2 genitors with a 20 d difference in time of

véraison, the observed range of véraison dates was

45 d (Costantini et al. 2008). Breeding new late ripen-

ing varieties is a way to increase the existing genetic

variability and to adapt the grapevine phenology to

climate change.

4.3.  Phenological stages in the future

The impacts of future climate change on Cabernet

Sauvignon and Chardonnay phenology have been as-

sessed in Australia (Webb et al. 2007). Except for one of

the regions of the study, budbreak should be earlier by

2 to 9 d in 2030 and 3 to 18 d in 2050. Our simulations

are compatible with these estimations (Fig. 2). Figures

for the advance of harvest in Australia (approx. 20 d in

2050 without the Margaret River region) are also simi-

lar to our results for the véraison dates. The predicted

advance of phenological stages is, however, smaller in

our study than in a previous work conducted in France

(Garcia de Cortazar Atauri 2006). By extrapolating the

observed tendencies (Duchêne & Schneider 2005),

véraison dates could be 40 d earlier in 2050 compared

with those in 1976–2008. Limited canopy development

due to more frequent water shortages in the future

could also increase grape exposure and berry temper-

ature during ripening (dos Santos et al. 2007). The

uncertainty in véraison advance in climate modelling

is also in part due to our incomplete understanding of

the relationship between high temperatures and

grapevine phenology. The arbitrary use of a threshold

for maximum temperatures did not significantly mod-

ify the projected véraison dates (approximately 2 d)

when compared with the uncertainty between scenar-

ios (more than 7 d between scenarios A2 and B2). This
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limited effect can be explained by the shift of the FV

period earlier in the season in the future. This partially

counteracts the higher frequency of warm days during

summer: for RI under scenario A2 in 2073–2099, the

average maximum temperature during the FV period

falls outside the range of observed years in only

5 years. Nevertheless, the models could certainly be

improved by the use of a non-linear response of phe-

nology to temperatures.

4.4.  Projected conditions during ripening

Projected temperatures and phenological stages

show that ripening could occur under higher tempera-

tures in the future because of both earlier véraison

dates and a general increase in temperatures. By 2030

(2010–2040), the projected increase in temperatures is

limited to 1–1.5°C, but by 2050 (2041–2072) tempera-

tures could be 5 to 6°C higher than the average value

for the past favourable years. High temperatures accel-

erate the degradation of organic acids (Kliewer 1971)

and impair the accumulation of anthocyanins (Mori et

al. 2007). As sugar content is likely to increase with ac-

celerated ripening (Jackson & Lombard 1993, Duchêne

& Schneider 2005), climate change will lead to wines

with a modified sugar/acid ratio unless acid is added

back to the must. Despite scarce direct experimental

data, the negative effects of high temperatures on the

aroma content of grapes and wines are widely ac-

cepted. Monoterpenols are the molecules responsible

for the floral aromas found in GW grapes and wines

(Duchêne et al. 2009b), and RI also contains more

monoterpenols than ‘neutral’ grape varieties do (Ra-

zungles et al. 1993). A 30% loss of terpenols has been

observed between naturally and artificially shaded

bunches of Muscat of Frontignan, with the main differ-

ence being a temperature that was 7°C higher in the

bags used for shading (Bureau et al. 2000).

In addition, 1,1,6-trimethyl-1,2-dihydronaphthalene

(TDN) is a compound found in RI wines (Simpson &

Miller 1983). TDN concentrations increase during

ripening and under warmer conditions (Marais et al.

1992). High TDN content can be detrimental to wine

quality in some hot summer growing areas, and this

could occur in Alsace in the future.

The direct effects of [CO2] should also be considered.

When analysing wines made from grapes of Touriga

Franca vines grown under ambient or elevated (500

ppm) [CO2], Goncalves et al. (2009) showed a small but

significant increase in the linalool concentration in wines

made from grapes grown under elevated [CO2]. Al-

though the results of this experiment suggest that [CO2]

may affect wine quality, it does not provide a conceptual

framework for how future CO2 atmospheric concentra-

tions could increase monoterpenol content in aromatic

varieties. In the same experiment, total anthocyanins

and polyphenol concentrations were inhibited under el-

evated [CO2].

Through a different alcohol/acidity balance and a

different aroma profile, the typicity of wines could be

modified by the middle of the century. From another

point of view, these new ripening conditions will offer

expanded opportunities to grow late ripening geno-

types. Combined with a high diversity of geological

substrates, new and original types of wines might be

produced in Alsace.

4.5.  Adapting varieties

We have no clear indication of the threshold of tem-

peratures during ripening that can significantly modify

the characteristics of RI and GW wines. We may be

able to manage the predicted increase for the coming

30 yr (1 to 1.5°C), but this value is an average, and hot-

ter summer temperatures or extreme temperature

events are expected to become more and more fre-

quent (Schär et al. 2004). To avoid hot ripening condi-

tions, one strategy is to move the cultivation area to

higher elevations or higher latitudes. Another strategy

is to delay véraison. With the current varieties, the only

technical means of accomplishing this is to delay bud-

break by late pruning. This strategy is not realistic at a

regional scale as, logistically, it is not possible to prune

all vineyard plots late, and even if late pruning was

practised, the effect would be limited to a few days

(Martin & Dunn 2000) when weeks of delay would be

necessary (Fig. 3).

The original purpose of this research was based on

the hypothesis that creating new varieties would meet

the challenge of climate change. Our results can be

analysed from 2 points of view. On the one hand, we

demonstrated that crossing RI and GW can generate a

large genetic variability. Genotypes ripening almost as

late as Grenache can be expected from such proge-

nies, and we can potentially breed a new variety that

reproduces the wine characters of the parents using

molecular markers (Duchêne et al. 2009a). On the

other hand, this variability does not seem sufficient to

compensate for the effect of climate change after 2050.

At this time, even a late ripening variety like Muscat of

Alexandria would experience warmer ripening condi-

tions than RI or GW do today. Whether such a variety

originating from warmer Mediterranean countries is

able to produce high quality wines in such conditions

should be further investigated. Other alternatives are

to explore in depth the existing genetic variability or to

breed varieties from crosses with late ripening geno-

types, for example, RI and Muscat of Alexandria.
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5.  CONCLUSIONS

Our work combined ecophysiological modelling,

projected climate changes and exploration of genetic

variability. The use of a degree-days model showed

that compared to 1976–2008, véraison could advance

by 23 d, and mean temperatures during the following

35 d could increase by more than 7°C by the end of the

21st century for RI and GW grown in Alsace. Using the

same framework, the genetic variability of phenologi-

cal parameters was explored with 120 genotypes

resulting from a RI × GW cross and with 14 European

varieties. We created a virtual late ripening genotype,

derived from a cross between RI and GW, which would

undergo véraison 2 to 3 d before Muscat of Alexandria.

Even with this virtual genotype, as well as with Muscat

of Alexandria, grapes should ripen under higher tem-

peratures by the middle of the 21st century than in the

present years.

Many uncertainties complicate the prediction of

grapevine physiology in the future: GHG emissions

scenarios and climatic models; the quantitative impact

of temperatures on sugars, acids and aroma com-

pounds; and the direct effects of CO2 atmospheric con-

centration. Whatever these uncertainties, our work

highlights the important changes that viticulture might

have to face and the limits of our capacities to find

adapted varieties. As such, our work emphasises the

importance of research programs that target climate

change and the new strategies needed to adapt to such

projected changes.
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B.  «  Towards the adaptat ion o f  grapev ine var ie t ies to  c l imate change:  QTLs and 

cand idate genes for  deve lopmenta l  s tages »  
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Abstract The genetic determinism of developmental

stages in grapevine was studied in the progeny of a cross

between grapevine cultivars Riesling and Gewurztraminer

by combining ecophysiological modelling, genetic analysis

and data mining of the grapevine whole genome sequence.

The dates of three phenological stages, budbreak, flowering

and veraison, were recorded during four successive years

for 120 genotypes in the vineyard. The phenotypic data

analysed were the duration of three periods expressed in

thermal time (degree-days): 15 February to budbreak

(Bud), budbreak to flowering (Flo) and flowering to ver-

aison (Ver). Parental and consensus genetic maps were

built using 153 microsatellite markers on 188 individuals.

Six independent quantitative trait loci (QTLs) were

detected for the three phases. They were located on chro-

mosomes 4 and 19 for Bud, chromosomes 7 and 14 for Flo

and chromosomes 16 and 18 for Ver. Interactions were

detected between loci and also between alleles at the same

locus. Using the available grapevine whole-genome

sequences, candidate genes underlying the QTLs were

identified. VvFT, on chromosome 7, and a CONSTANS-like

gene, on chromosome 14, were found to colocalise with the

QTLs for flowering time. Genes related to the abscisic acid

response and to sugar metabolism were detected within the

confidence intervals of QTLs for veraison time. Their

possible roles in the developmental process are discussed.

These results raise new hypotheses for a better under-

standing of the physiological processes governing grape-

vine phenology and provide a framework for breeding new

varieties adapted to the future predicted climatic

conditions.

Introduction

Adapting grapevine (Vitis vinifera L.) varieties to future

climatic conditions is a major challenge for the forthcom-

ing years. Most of the grapevines in the world are culti-

vated for wine production, and it is generally accepted that

elevated temperatures can impair the quality of grapes and

wines (Jones et al. 2005). Grape quality parameters, such as

sugar content, acidity, colour and aroma content, are

determined during the ripening phase. The grapevine

developmental cycle can be described by three main phe-

nological stages: (i) budbreak, which is the onset of veg-

etative growth; (ii) flowering, leading post-fertilisation to

the formation of berries; and (iii) veraison, which is the

onset of the ripening process. At veraison, berries undergo

major changes, e.g., cell wall degradation, skin coloration,

sugar accumulation and malic acid degradation. The dates

of veraison partly depend on the budbreak and flowering

dates, and they are key factors for determining the climatic

conditions during the ripening process. An acceleration in

the time required to reach key phenological stages during

the last few decades has been reported for several grape-

growing areas (Duchêne and Schneider 2005; Ramos et al.

2008; Soar et al. 2008). This trend is expected to continue

with the projected increase of temperatures, and the rip-

ening period is likely to occur under warmer conditions,
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not only because of an earlier onset of ripening in the

summer but also because of higher temperatures on the

same calendar date (Duchêne et al. 2010). A possible

adaptation for the current grape-growing areas is to grow

varieties with a later ripening period than those currently

used. Such varieties can be obtained from germplasm

collections or through breeding processes. Current breed-

ing programmes based on marker-assisted selection (MAS)

(Di Gaspero and Cattonaro 2010) are increasingly efficient,

as studies have identified quantitative trait loci (QTLs) for

numerous traits (review in Martinez-Zapater et al. (2010)),

including the resistance to fungal diseases (Bellin et al.

2009; Blasi et al. 2011; Marguerit et al. 2009), the aroma

content of the berries (Battilana et al. 2009; Duchêne et al.

2009) and the timing of developmental stages (Costantini

et al. 2008). The availability of grapevine whole-genome

sequences (Jaillon et al. 2007; Velasco et al. 2007) also

offers new opportunities to identify candidate genes and to

better understand the molecular and physiological basis of

traits of interest.

In this paper, we present a genetic analysis of the vari-

ability in the time required for grapevines to reach specific

developmental stages using progeny from a cross between

Riesling (RI) and Gewurztraminer (GW) varieties. We

describe the genetic variability of the observed dates of the

developmental cycle using an ecophysiological model

based on the calculation of heat sums expressed in growing

degree-days between (i) 15 February and budbreak,

(ii) budbreak and flowering and (iii) flowering and veraison

(Duchêne et al. 2010). Using a genetic map built with

microsatellite markers, we show in this work that inde-

pendent QTLs can be identified for these three phases.

Based on the grapevine whole-genome sequences, we

propose here candidate genes underlying these QTLs, and

we suggest some metabolic pathways likely to play a role

in the grapevine budbreak, flowering and veraison

processes.

Materials and methods

Populations and experimental conditions

To study the genetic determinism of yield components,

berry composition (sugar, acids, aromas) and develop-

mental stages, we created and evaluated progeny from a

cross between V. vinifera cv. Riesling (RI) clone 49

(female) and V. vinifera cv. Gewurztraminer (GW) clone

643 (male). These two varieties were chosen because they

differ for the above traits; we then expected to observe

segregations. Among 527 seedlings from the RI 9 GW

cross, 188 were randomly chosen for the construction of a

genetic map. Among this first subset, 120 genotypes were

randomly chosen and grafted in 2002 onto the Couderc

161-49 rootstock. Ten plants per genotype were planted

according to a randomised 5-block design in an experi-

mental vineyard at Bergheim (48!210N, 7!340E) in 2003.

The vines were trained according to the double Guyot

system.

Phenotyping

The budbreak, flowering and veraison dates were calcu-

lated, after successive scorings, as the dates when 50% of

buds, flowers and berries, respectively, reached the required

stage. Budbreak stage corresponded to Stage C ‘‘green tip’’,

as described by Baggiolini (1952). Evaluation for veraison

was based on berry softening. Developmental stages were

recorded for 3 blocks and 4 years (2006–2009), i.e., on

three 2-plant plots per genotype and per year. Stages were

not evaluated for two of the available five blocks because

we hypothesised that observing four more plants per

genotype would not significantly improve the evaluation of

the traits. Heat sums were calculated in degree-days (dd) as

proposed by Duchêne et al. (2010), with daily maximum

temperatures and base temperatures of 2, 10 and 6!C for the

‘‘15 February to budbreak’’ (Bud), ‘‘budbreak to flowering’’

(Flo) and ‘‘flowering to veraison’’ (Ver) phases, respec-

tively. A meteorological station next to the experimental

plot provided temperature data.

Genotypic effects used for QTL detection were deter-

mined using analysis of variance with mixed models where

the year, genotype 9 year interaction, and individual plot

were considered random effects. Calculations were per-

formed with the R software, version 2.10.0 (" R Founda-

tion for Statistical Computing, 2009) with the lme4

package. Five datasets were used for QTL detection: one

for each year (2006–2009) and one with the estimates of

genotypic effects when the ‘‘year’’ effect was included as a

random factor in the model of analysis of variance. The

estimated values for this 4-year dataset are close to the

mean of the four values from each year. Heritabilities of

the interannual genotypic means were calculated as:

H ¼
r
2
G

r
2
G þ

r
2
GY

4
þ

r
2
E

12

where is rG
2 is the genotypic variance, rGY

2 is the geno-

type 9 year interaction variance and rE
2 is the residual

variance.

Simple sequence repeat (SSR) analysis

Genomic DNA extractions and methods for SSR analysis

were performed as described by Merdinoglu et al. (2005).

The sequences of the SSR primers used in this study can be
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found in the NCBI UniSTS database (www.ncbi.nlm.

nih.gov) except for VVC5 (Decroocq et al. 2003) and

VVIm33 (Merdinoglu et al. 2005).

Electrophoregrams were analysed using GenescanTM 3.1

(Applied Biosystems, Foster City, USA). Alleles were

identified using GenotyperTM 2.5.2 (Applied Biosystems,

Foster City, USA), and their sizes were determined using

the HD400-ROX internal size standard.

Construction of the genetic map

Genetic distances were calculated in Kosambi cM with the

‘‘R/qtl’’ package available for the R software (Broman

et al. 2003). Parental maps were built considering only

parental segregations, as in two backcrosses, and a con-

sensus map was built on the basis of an ab 9 cd coding.

Marker orders were verified using the ‘ripple’ command,

and the order with the minimal number of crossing-overs

was chosen. When several marker orders were likely within

a LOD 2 range, the order on the physical map (PN40024

line whole genome sequence, 12x release at http://www.

genoscope.cns.fr/externe/GenomeBrowser/Vitis) was used

as a reference.

QTL detection

QTL detection was performed on both parental and con-

sensus maps with the R/qtl software (Broman et al. 2003)

using the multiple imputation method (‘‘draws’’ = 128)

and the one-dimension scan command scanone. The

two-dimension scan (scantwo) was used to search for

interacting QTLs. LOD significances were ensured with

permutation tests (1,000 permutations). QTL models were

constructed step-by-step after the refinement of the QTL

position (refineqtl), the search for supplementary QTLs

(addqtl) and the search for interactions between

QTLs (addint). The automatic detection procedure

(stepwiseqtl, with a maximum of 5 QTLs) was also

used after the calculation of LOD penalties. The LOD

score and the percentage of variance explained by a QTL in

a QTL model was assessed with analysis of variance using

type III sums of squares (fitqtl). Confidence intervals

were calculated as Bayesian credible intervals (bayese-

sint) with a probability of coverage of 0.95.

Analysis of variance (lmer) considering only data at

marker positions but including all the phenotypic data

(4 years, 3 blocks) was also used to confirm the results.

The model of analysis of variance used for analysing

the allelic effects at a locus L was as follows: Tijk =

Yi ? Bj ? LRk ? LGk ? Gk ? Pjk ? eijk, where Tijk is the

value of a given trait for the year i, block j and genotype k,

LRk is the effect of the alleles from RI at locus

L (depending on the genotype of the individual k at this

locus), LGk is the effect of the alleles from GW at locus

L (depending on the genotype of the individual k at this

locus), Gk is the genotype background effect, Pjk is a single

plot effect and eijk is the residual error. Year, genotype

background and plot were considered random effects.

Interactions between markers were tested by introducing a

term for the interactions in the model.

Significance of an effect in a model was assessed using a

likelihood ratio, and associated P values based on a v
2

distribution were confirmed with 1,000 simulations com-

paring models both with and without the tested fixed effect.

In this paper, we use the system for QTL names proposed

in the R/qtl software: chromosome@position (e.g., 14@59

for a QTL positioned at 59 cM on the genetic map of

chromosome 14).

Determination of candidate genes for developmental

stages

The Genoscope 12x whole genome sequence (WGS)

release of the PN40024 line (http://www.genoscope.cns.

fr/externe/GenomeBrowser/Vitis/; Jaillon et al. (2007))

was explored to search for candidate genes. When their

accurate positions in the PN40024 genome release were

unknown, the Pinot noir ENTAV 115 WGS (http://

genomics.research.iasma.it/gb2/gbrowse/grape/; Velasco

et al. (2007)) was used. The physical positions of our

confidence intervals were assessed according to the phys-

ical positions of the microsatellite markers in the genome

and to their position in our consensus map. In parallel, we

searched for genes mentioned in the literature for their

possible role in the genetic determinism of budbreak,

flowering or onset of ripening, not only in grapevine but

also in other perennial and annual species. Finally, we

checked which of these genes were located within our

confidence intervals.

Results

Segregations and heritabilities

Bud, Flo and Ver segregated in the progeny each year. The

distributions were not skewed (Fig. 1) and no transforma-

tions were applied to the variables. Heritabilities of the

genotypic means in the complete dataset were high,

between 85 and 92% (Table 1). Values for Flo were similar

for the two parents and close to the mean value observed in

the progeny. Transgressions were observed, and the range

of variations, approximately 70 dd, represents approxi-

mately 12% of the mean value. The parents differed more

for the values of Bud and Ver. Particularly for Ver, RI was

one of the latest genotypes. The variation among genotypes

Theor Appl Genet (2012) 124:623–635 625
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was approximately 350 dd, i.e., approximately 30% of the

mean value.

Genetic map

A total of 277 SSR markers were tested on the Riesling and

Gewurztraminer parents; 163 of them were selected based

on their heterozygocity in at least one of the parents and for

providing a good coverage of the grapevine genome whilst

avoiding redundancy.

Ultimately, 153 markers were included in the consensus

map, which covers 1,131.1 cM over the 19 expected link-

age groups (LG). Only two markers, VMC9c1 (LG 14) and

VVC5 (LG 16), showed a distortion of segregation that was

significant at P = 0.05. The average distances between

markers were approximately 25% shorter than those in the

grapevine framework map by Doligez et al. (2006). This

might be partly due to the use of different software for the

map calculations (R/qtl vs. CarthaGene), but heterogeneity

between recombination rates was also observed between

the five populations used for the framework map (Doligez

et al. 2006). Differences with our mapping population are

then not surprising.

With a recombination rate similar to the framework

map, we can estimate that our consensus map would cover

1,508 cM, i.e., 92% of the total length of the framework

map (1,646.8 cM). In the Riesling parental map, 129

markers cover 1,135 cM, while in the Gewurztraminer

parental map, 119 markers cover 992.7 cM. Complete

maps are presented as Online resource 1.

QTL detection

QTLs detected at P = 0.05 genome-wide with interval

mapping methods were included in QTL models and are

presented in Table 2 and Fig. 2. Percentages of variance

explained in Table 2 take into account the presence of the

other QTLs, i.e., values are additive. The results were

confirmed by analysis of variance using data from the

complete dataset, with a model built using the closest

marker to the QTL peak for the 4-year dataset (Table 3).

Two main QTLs were found for Bud on LG 4 and 19,

explaining 11.9 and 12%, respectively, of the phenotypic

variance observed in the 4-year dataset with the consensus

map. Allelic variations of RI were responsible for the QTL

on LG 4, whereas the QTL on LG 19 was due to the effects

of allelic variations in GW. There was no evidence of

significant interactions between loci (Table 2) or between

alleles at a given locus (Table 3). In some of the datasets,

QTLs on LG 6, 7, 10 and 14 were also identified (Table 2).

Two strong QTLs were identified for Flo on LG 7 and

14 and they explained 16.2 and 27.4%, respectively, of the

phenotypic variance observed in the 4-year dataset with the

consensus map. They were detected in at least three

growing seasons. The QTL on LG 14 explained up to

38.6% of the phenotypic variance observed in the 4-year

dataset with the RI map. Additional QTLs on LG 2, 6, 15

and 16 were occasionally detected (Table 2). A significant

interaction between loci on LG 14 and LG 15 was detected
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Fig. 1 Histogram of segregations of the genotypic effects (heat sums

in degree-days over 4 years of data) in the RIxGW progeny. Lines

represent the corresponding normal curves (mean and standard

deviation of the progeny). a From 15 February to budbreak (Bud);

b from budbreak to flowering (Flo); c from flowering to veraison

(Ver). The class of the parents are indicated (RI Riesling, GW

Gewurztraminer)

Table 1 Variance components and heritabilities of the interannual genotypic means for the heat sums calculated for the three periods

Period Variable Genotype Year Genotype 9 year Plot Residual Heritability of the means

15 February to budbreak Bud 219.9 2,746.9 72.2 28.3 258.2 0.85

Budbreak to flowering Flo 161.2 496.7 29.3 9.2a 153.6 0.89

Flowering to veraison Ver 3,773.6 332.7 924.4 389.1 1,083.7 0.92

All the random effects of this table were significant at P = 0.001 with a likelihood ratio test
a Significant only at P = 0.05
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Table 2 Characteristics of the main QTLs detected in at least two different growing seasons and in the 4-year dataset

Period/variable Linkage

group

Map Dataset LOD

Max

Associated

marker

Confidence interval

and LOD peak (cM)

%

Var.

Other significant

QTLs in the model

15 February–

budbreak/Bud

4 RI 2006 2.8 VVIp37 26.0–56.2–56.2 9.9 14@59a

2008 2.7 VrZAG21 12.0–30.0–50.0 10.1

Consensus 2006 4.8 VrZAG21 28.0–37.2–48.0 12.7 14@56, 19@42

4-year 4.1 VrZAG21 26.0–38.0–54.0 11.9 7@72, 19@38

19 GW 2006 3.7 VVIv33 36.0–44.0–48.0 14.1

4-year 2.8 VVIv33 26.0–42.0–48.0 8.3 6@44.7, 10@2

Consensus 2006 6.7 VVIp34 36.0–42.0–48.0 18.7 4@37.2, 14@56

2008 4.0 VVIp34 18.8–41.7–46.0 18.5 7@87.7

4-year 5.5 VVIp34 30.0–38.0–44.0 12.0 4@38, 7@72

Budbreak–

flowering/Flo

7 GW 2007 3.8 VMC8d11 44.0–50.0–68.0 12.2 6@20.7

2008 5.8 VMC8d11 46.0–50.0–74.0 20.3

2009 3.8 VMC8d11 44.0–50.0–78.0 13.5

4-year 4.4 VMC8d11 46.0–50.0–72.0 15.8

Consensus 2007 6.9 VMC8d11 38.0–52.0–60.0 13.1 2@12, 6@8, 14@44

2008 9.4 VMC8d11 52.0–56.7–68.0 22.6 14@38

2009 5.2 VMC8d11 48.0–58.0–74.0 13.4 14@38

4-year 8.0 VMC8d11 50.0–58.0–66.0 16.2 2@8, 14@38

14 RI 2006 8.2 VVIn64 45.0–49.0–59.0 28.6

2007 7.9 VVMD24 39.0–45.0–51.0 24.7 15@36

2008 7.7 VVMD24 37.0–47.0–53.0 23.6 16@44

2009 7.5 VVMD24 36.0–46.0–51.0 25.1

4-year 14.2 VVMD24 45.0–47.0–49.0 38.6 15@17.4, 16@46,

14@47 9 15@17.4b

Consensus 2006 12.3 VVIn64 42.0–48.0–59.0 28.0

2007 9.7 VVMD24 38.0–44.0–48.0 19.6 2@12, 6@8, 7@52

2008 9.3 VVMD24 36.0–38.0–59.0 22.4 7@56.7

2009 8.4 VVMD24 32.0–38.0–46.0 23.2 7@58

4-year 12.3 VVMD24 36.0–38.0–48.0 27.4 2@8, 7@58

Flowering–

veraison/Ver

16 RI 2008 3.3 VVMD37 30.0–44.0–45.0 8.9 14@21, 18@80

4-year 3.2 VVMD37 30.0–44.0–47.3 9 14@21, 18@80

Consensus 2006 5.6 VVMD37 34.0–40.0–50.0 16.4 18@82

2008 5.3 VVMD37 36.0–42.0–50.0 14.8 18@82

2009 6.5 VVMD5 40.0–48.0–52.0 20.6 14@34

4-year 4.8 VVMD37 36.0–42.0–50.0 13.7 18@83.1

18 RI 2006 4.9 VVIu04 20.0–49.2–55.0 16.5 7@65

2007 5.2 VVIn16 75.0–81.4–85.0 18.2

2008 3.6 VVIn16 45.0–80.0–85.0 9.7 14@21, 16@44

2009 3.7 VVIn16 55.0–81.4–90.0 13.4

4-year 3.2 VVIn16 45.2–80.0–85.0 8.7 14@21, 16@44

Consensus 2006 4.6 VVIn16 4.0–82.0–86.3 13.2 16@40

2007 5.6 VVIn16 78.0–83.1–88.0 19.6

2008 5.9 VVIn16 54.0–82.0–88.0 16.6 16@42

4-year 5.6 VVIn16 60.0–83.1–88.0 16 16@42

a Chromosome @ position on the genetic map
b Interaction between loci
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in the 4-year dataset with the RI map (Table 2); the QTL at

14@47 had a strong effect, but the presence of allele 399 at

VVIp33 had a negative effect on Flo when the genotype at

14@47 was A, whereas this effect was positive when the

genotype at 14@47 was B (Fig. 3a). Moreover, alleles

from RI and GW at the VMC8d11 locus on LG 7 also

interacted with each other (Table 3; Fig. 3b); the effect of

allele 136 from RI (?6.6 dd) was not significant when

allele 136 from GW was present (interaction effect =

-6.9 dd), whereas effects from RI alleles were significant

in the context of the GW 132 allele.

Two QTLs for Ver were identified in the RI and in the

consensus map on LG 16 and LG 18, where they explained

13.7 and 16%, respectively, of the phenotypic variance

observed in the 4-year dataset with the consensus map

(Table 2). An analysis of variance also detected significant

effects for alleles from GW, although lower than for RI, as

well as interactions between alleles from the two parents

(Table 3). This interaction was very clear at VVMD37,

where the greatest effect was observed when alleles 219

from RI and 217 from GW were combined (Fig. 4). Thus,

effects from GW alleles were only significant when allele

219 from RI was present.

Candidate genes for developmental stages

The search for candidate genes was performed within the

confidence intervals calculated in the consensus map for

the 4-year dataset QTLs. The number of genes predicted in

these confidence intervals varied from 93 (Flo, chromo-

some 7) to 292 (Ver, chromosome 18) (Table 4).

For budbreak, we focused on candidate genes proposed

for other species or present in transcriptomics data on

chilling requirements (Mathiason et al. 2009) or dormancy

release (Ophir et al. 2009). Genes coding for glutathione

S-transferase as well as a WRKY transcription factor were

found in the confidence intervals: 2 on chromosome 4 and

3 on chromosome 19 (Table 5; Fig. 2a).

Nine genes linked to the flowering process were iden-

tified (Table 5; Fig. 2b). VvFT, on chromosome 7, belon-

ged to the confidence intervals for all years. VvCOL2, on

chromosome 14, was also within all of the confidence

intervals.

The positions of grapevine genes participating in eth-

ylene (Chervin and Deluc 2010; Chervin et al. 2008), auxin

(Bottcher et al. 2010) or abscisic acid (Gambetta et al.

2010) signalling pathways were determined in the

Chrom. 7 Chrom. 14 Chrom.4 Chrom. 19 (a) (b)

Chrom. 16  (c) Chrom. 18

Fig. 2 Confidence intervals

(Bayesian credible intervals,

probability of coverage: 0.95)

reported on the consensus map

for different datasets

(4Y = 4-year dataset in black,

otherwise by year in grey).

Candidate genes are positioned

with dashed lines. Please refer

to Table 5 for annotations.

a QTLs for the length of the

15 February to budbreak period

(Bud). b QTLs for the length of

the budbreak to flowering

period (Flo) c QTLs for the

length of the flowering to

veraison period (Ver)

628 Theor Appl Genet (2012) 124:623–635

123



! X"!

!

PN40024 line WGS. The effect of ABA on the onset of

veraison has recently received increasing interest (Gamb-

etta et al. 2010; Koyama et al. 2010; Owen et al. 2009;

Wheeler et al. 2009), and the more relevant candidate

genes detected in our confidence intervals are related to

ABA and sugar signalling pathways (Table 5; Fig. 2c). A

gene belonging to the recently discovered PYR/PYL fam-

ily of ABA receptors colocalised with the QTL on chro-

mosome 16, and an ABA stress and ripening-related (ASR)

gene (VvMSA) colocalised with the QTL on chromosome

18.

Discussion

Our approach combined an ecophysiological model

(Duchêne et al. 2010) and genetic tools. We chose to focus

on the length of three important developmental periods,

expressed in degree-days: Bud, Flo and Ver. This allowed

us to detect independent QTLs for budbreak (LG 4 and 19),

budbreak to flowering (LG 7 and 14) and flowering to

veraison (LG 16 and 18). In our study, the ‘‘Year’’ and the

‘‘Genotype 9 Year’’ effects were significant, which means

that our model has room for improvement. Ecophysiolog-

ical models have been successful for analysing the genetic

determinism of complex traits, such as fruit quality (Quilot

et al. 2005) or tolerance to water stress (Reymond et al.

2003; Uptmoor et al. 2009). Detection of QTLs for phe-

nology using models has also been reported for rice

(Nakagawa et al. 2005) and barley (Yin et al. 2005).

Models allow a better dissection of a trait, and QTLs

independent from environmental conditions are of partic-

ular interest for testing ideotypes. Quantitative allelic

effects independent from environmental conditions can be

used to predict the behaviour of genotypes for other geo-

graphical conditions and also for future climatic scenarios

(Duchêne et al. 2010). Applied to the grapevine, this

approach provides support to help determine which loci

should be considered a priority in the breeding process.

To our knowledge, this is the first report of QTLs

identified for budbreak in the grapevine. Two QTLs were

detected, on LG 4 and 19, in 2006 and 2008. Together, they

could explain up to 31.4% of the phenotypic variance in

2006. QTLs for budbreak can be associated with two

physiological processes. Indeed, budbreak dates depend

(i) on the date of dormancy release and (ii) on the positive

response to temperatures after this date (see Garcia de

Cortazar Atauri et al. (2009) for a review). Garcia de

Cortazar Atauri et al. (2009) propose different values, in

‘‘chilling units’’, that are necessary for dormancy release

Table 3 Analysis of variance with the closest markers to the detected QTLs

Period/variable QTLa Marker Effect tested Likelihood ratio test dfb P value Effectc

15 February–budbreak/Bud 4@38 VrZAG21 Alleles RI 16.8 2 \0.001 ?11.3

Alleles GW 1.2 2 ns ns

Interaction 1.0 1 ns ns

19@38 VVIp34 Alleles RI 1.7 2 ns ns

Alleles GW 16.9 2 \0.001 -10.9

Interaction 1.7 1 ns ns

Budbreak–flowering/Flo 7@8 VMC8d11 Alleles RI 6.1 2 0.04 6.6

Alleles GW 29.6 2 \0.001 13.4

Interaction 3.7 1 0.06d -6.9

14@47 VVMD24 Alleles RI 46.2 2 \0.001 13.9

Alleles GW 1.2 2 ns ns

Interaction 0.3 1 ns ns

Flowering–veraison/Ver 16@42 VVMD37 Alleles RI 13.6 2 \0.001 -9.7

Alleles GW 8.4 2 0.02 -3.1

Interaction 4.0 1 0.06d -42.6

18@83.1 VVIn16 Alleles RI 20.8 2 \0.001 47.1

Alleles GW 3.5 2 ns ns

Interaction 2.0 1 ns ns

a Chromosome @ position on the consensus map (4-year dataset)
b Degrees of freedom
c Difference between the estimates of the marker effects (allele B vs. allele A) expressed in degree-days. For an interaction, effect of the

simultaneous presence of allele B from both parents
d P\ 0.001 when the marker effect was tested as 4 independent levels of allelic combinations (AA, AB, BA and BB)

Theor Appl Genet (2012) 124:623–635 629

123



! XE!

!

for different grapevine varieties. As the date of dormancy

release is difficult to assess for a population containing 120

different genotypes, we have to assume that the chilling

requirements were fulfilled at the time we started heat

summations (15 February). This hypothesis is reasonable,

as the latest date of chilling requirements predicted with

the model of Garcia de Cortazar Atauri et al. (2009) for

Riesling over the 4 years of our study was 17 December.

However, in the present study, we cannot distinguish

whether the heat sums calculated between 15 February and

budbreak reflect differences in the dates of dormancy

release or differences in the growth rates starting at the

same date of dormancy release for all 120 genotypes.

A search for candidate genes involved in budbreak put

forward genes coding for glutathione S-transferase

(Table 5; Fig. 2a). An increase in the expression levels of

such genes has been shown after hydrogen cyanamide

(HCN) application, heat shock of the buds to release dor-

mancy (Keilin et al. 2007; Ophir et al. 2009) and also after

natural chilling requirements (Pacey-Miller et al. 2003).

The activities of glutathione S-transferase are consistent

with the oxidative stress associated with the dormancy

release process (Ophir et al. 2009). An induction of these

genes in relation with budbreak has also been observed in

other species (Mazzitelli et al. 2007; Walton et al. 2009).

Ophir et al. (2009) propose a cascade of events leading to

dormancy release where the ethylene and ABA (abscisic

acid) metabolism processes play a central role. A WRKY

transcription factor, VvWRKY3 (Gambetta et al. 2010),

was found within the confidence interval on chromosome

19 (Fig. 4). Interestingly, this transcription factor is similar

to AtWRKY2 (At5g56270) (Gambetta et al. 2010), which

has been shown to mediate ABA effects on seed germi-

nation in Arabidopsis thaliana (Jiang and Yu 2009).

Two QTLs associated with Flo were found on chro-

mosomes 7 and 14 (Table 2; Fig. 2b). They are different

from those detected by Costantini et al. (2008) for flow-

ering time, which were on chromosomes 1, 2 and 6 in

Italia 9 Big Perlon progeny. There are several meaningful

candidate genes within the confidence intervals of the

QTLs (Table 5; Fig. 2b).

On chromosome 7, VvFT, for Flowering locus T, is one

of the more relevant candidate genes. Indeed, this gene has

a central role in the flowering process in A. thaliana, where

its protein acts as a long-range signal to promote flowering

(Huang et al. 2005). Over-expression of VvFT also has-

tened flowering in Arabidopsis (Carmona et al. 2007;

Sreekantan and Thomas 2006).

(a)

(b)

Fig. 3 Interactions on the length of the budbreak-flowering period

(Flo, 4-year dataset). Bars represent standard errors. a between two

loci (Riesling map). White, grey alleles 403 and 399 at VVIp33 (LG

15), respectively. Genotype at 14@47 in absence of recombination:

A alleles 82 at VVIn64 and 217 at VVMD24, B alleles 70 at VVIn64

and 209 at VVMD24; b between alleles at VMC8d11 (LG 7)

Fig. 4 Interactions between alleles at VVMD37 on the length of the

flowering–veraison period (Ver, 4-year dataset). Bars represent

standard errors
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VvSVP1, also located on chromosome 7, is encoding for

a MIKCC-Type MADS-box protein (Diaz-Riquelme et al.

2009). A homolog of VvSVP1, JOINTLESS, has been

associated with a QTL of flowering in tomato (Jimenez-

Gomez et al. 2007). The expression level of VvSVP1

increases as the differentiation of the inflorescences pro-

gress in latent buds in the season preceding flowering

(Diaz-Riquelme et al. 2009). In Arabidopsis, SVP protein

acts as a repressor of FT via direct binding to the FT

sequence (Lee et al. 2007b), and it mediates the effect of

ambient temperature. The repressor effect of SVP on FT

has also been demonstrated in Chinese cabbage (Lee et al.

2007a). VvFT and VvSVP1 cooperate to regulate flowering

in Arabidopsis and they are only 2 Mbp apart in the Pinot

noir ENTAV 115 WGS. As SVP protein regulates FT gene

expression, our case may indicate a QTL represented by

multiple genes instead of the individual effects of VvFT or

VvSVP1 alone.

Finally, SGR7/SHR, LOBD39 and Id1 are genes on

chromosome 7 with an expression profile that varies in

response to the photoperiod (Sreekantan et al. 2010). They

are related to the flowering transition or to meristem for-

mation and patterning, but their role in the flowering pro-

cess is less clear than the roles of VvFT or VvSVP1.

On chromosome 14, four candidate genes were iden-

tified in the confidence interval for Flo: VvFUL-L,

VvSEP1, VvFLC2 and VvCOL2. VvFUL-L is a MADS-

box transcription factor belonging to the same family as

VvFUL and VvAP1 (Diaz-Riquelme et al. 2009). VvFUL-

L could play a role both in flowering induction and in

tendril development (Calonje et al. 2004; Diaz-Riquelme

et al. 2009). VvSEP1 expression is clearly associated with

flower development (Diaz-Riquelme et al. 2009). SEP

class genes (SEPALLATA) belong to the E class of the

ABCDE model of flower development, where they par-

ticipate in the specification of floral organs (Melzer et al.

2010). A possible role for VvSEP1 could be to impact the

speed of flower development. Both VvFUL-L and VvSEP1

did not belong to confidence intervals during all 4 years

of the study, and their implication in determining the

flowering time has less support than for VvFLC2 and

VvCOL2.

The FLC (FLOWERING LOCUS C) gene is a MADS-

box transcription factor gene. In Arabidopsis, FLC acts as a

floral inhibitor by repressing the expression of genes, such

as FT (Amasino and Michaels 2010). The FLC homologs

detected in grapevine, VvFLC1 and VvFLC2, have quite

divergent sequences and different expression patterns with

respect to FLC in Arabidopsis (Diaz-Riquelme et al. 2009).

Their expression is associated with the development of

inflorescence branch meristems, but it is low in flowers and

is not related to the flowering transition as in Arabidopsis.

The possible role of VvFLC2 is unclear, although its

implication in the flowering process makes sense.

In Arabidopsis, CONSTANS (CO) is a floral promoter

gene involved in photoperiodism perception. CO protein

accumulates during long days and activates the expression

of FT (Amasino and Michaels 2010). Two CONSTANS

homologs have been characterised in grapevine (Almada

et al. 2009): VvCOL1 is localised on chromosome 4 and

VvCO is localised on chromosome 14, but they are

outside our 4-year confidence interval (22,695,812 bp to

22,698,379 bp). We have detected another CONSTANS-like

gene that we named VvCOL2. CONSTANS-like proteins

(GenBank accessions ADA54554/ADA54555) were found

to be associated with genetic variations of flowering dates in

Medicago truncatula (Pierre et al. 2010) and Medicago

sativa (Herrmann et al. 2010). Similar proteins were iden-

tified on chromosomes 1 and 14 in the grapevine WGS: the

predicted protein VvCOL2 on chromosome 14 in the Pinot

noir ENTAV 115 WGS (glimmer.VV78X250837.10_4) is

longer than that in the PN40024 line WGS (454 aa vs. 196

aa), has similarities with the Arabidopsis CONSTANS-like

14 protein (At2g33500 gene) and a convincing EST can be

found in databases. These results indicate a possible role for

VvCOL2 in the flowering process.

A search for genes that could explain the genetic vari-

ations in veraison dates also yielded relevant candidates.

On chromosome 16, VvHB10 is a homeobox gene (class I

HB transcription factor), similar to AtHB7 and AtHB12

Table 4 Confidence intervals (CI) explored for candidate genes identification in the Genoscope 12x release of the PN40024 line genome

sequence

Traita QTL

on

Left

marker

Right

marker

Left limit

of the CI (bp)

Right limit

of the CI (bp)

Length

of the CI (bp)

Number of genes

in the CI

Bud LG4 VrZAG21 VVIn75 11,525,084 16,833,861 5,308,777 145

LG19 VVIp34 VVIv33 10,554,320 14,882,349 4,328,029 90

Flo LG7 VMC9a3.1 VVIp75 14,614,644 15,701,093 1,086,449 93

LG14 VVMD24 VVIn64 23,287,124 25,698,974 2,411,849 181

Ver LG16 UDV052 VVMD5 18,431,382 21,631,537 3,200,156 218

LG18 VVIu04 VVIn16 14,816,454 25,208,444 10,391,991 292

a For the 4-year dataset

Theor Appl Genet (2012) 124:623–635 631

123



! XY!

!

(Gambetta et al. 2010). In Arabidopsis, the transcription of

AtHB7 is ABA-dependent (Olsson et al. 2004). Costantini

et al. (2008) also identified a QTL for veraison time on

chromosome 16, but our confidence interval does not cover

this region (Fig. 2c); thus, it is likely that there are two

QTLs for veraison time on this chromosome.

VvPYL, also on chromosome 16, is a more convincing

candidate. ABA receptors have only recently been discov-

ered (Kline et al. 2010), and VvPYL was identified in the

grapevine WGS by similarity to genes of the Arabidopsis

PYR/PYL family. TheVvPYL-predicted protein shows 79%

identity with the PYR1-like 8 protein from Arabidopsis

(At5g53160 gene). ABA binds to PYR/PYL proteins, which

in turn regulate a cascade of events, including the modifi-

cation of phosphatase activities (for a review see Kline et al.

(2010)). The regulation system is likely to be reversible and

sensitive to ABA concentration gradients. As the presence of

ABA in association with sugars induces ripening (Gambetta

et al. 2010), VvPYL proteins could play a role in the genetic

differences observed in veraison time in this study.

On chromosome 19, 4 genes related to ABA and sugar

signalling were found. VvSUT2-2 and VvSUT2-3 have

Table 5 Candidate genes underlying the identified QTLs

Related
trait

Gene ID Genome Chrom. Position Gene
symbol

Annotation Reference for
the annotation

Budbreak GSVIVT01035262001 PN40024 4 11,587,680–11,589,305 GST1 Glutathione
S-transferase

NCBI Blast on
Swissprot

GSVIVT01001479001 PN40024 4 12,133,777–12,135,719 GST2 Glutathione
S-transferase

NCBI Blast on
Swissprot

GSVIVT01014953001 PN40024 19 12,826,742–12,829,288 GST3 Glutathione
S-transferase

NCBI Blast on
Swissprot

GSVIVT01014963001 PN40024 19 13,089,548–13,090,890 GST4 Glutathione
S-transferase

NCBI Blast on
Swissprot

GSVIVT01014854001 PN40024 19 10,665,036–10,669,055 VvWRKY3 WRKY transcription
factor

Gambetta et al.
(2010)

Flowering GSVIVT01000107001 PN40024 7 15,325,228–15,327,698 SGR7/SHR SHOOT
GRAVITROPISM
7/SHORT-ROOT

Sreekantan et al.
(2010)

GSVIVT01000141001 PN40024 7 15,589,316–15,590,604 LOBD39 LOB domain-
containing protein 39

Sreekantan et al.
(2010)

fgenesh.VV78X193757.4_1 Pinot N 7 16,134,566–16,136,821 VvFT FLOWERING
LOCUS T

Carmona et al.
(2007)

fgenesh.VV78X205200.8_1 Pinot N 7 17,334,104–17,335,492 Id1 INDETERMINATE 1 Sreekantan et al.
(2010)

fgenesh.VV78X111272.17_6 Pinot N 7 18,175,054–18,180,577 VvSVP1 SHORT
VEGETATIVE
PHASE/MADS-box
protein JOINTLESS

Diaz-Riquelme
et al. (2009)

Jimenez-Gomez
et al. (2007)

GSVIVT01036549001 PN40024 14 23,320,331–23,341,234 VvFUL-L FRUITFUL Diaz-Riquelme
et al. (2009)

GSVIVT01036551001 PN40024 14 23,363,222–23,379,548 VvSEP1 SEPALLATA Diaz-Riquelme
et al. (2009)

GSVIVT01033017001 PN40024 14 25,084,968–25,088,507 VvCOL2 CONSTANS-like
protein

Herrmann et al.
(2010)

GSVIVT01033067001 PN40024 14 25,509,955–25,536,232 VvFLC2 FLOWERING
LOCUS C

Diaz-Riquelme
et al. (2009)

Veraison GSVIVT01028704001 PN40024 16 19,636,837–19,641,201 VvPYL ABA receptor PYL8 NCBI Blast on
Swissprot

GSVIVT01038619001 PN40024 16 21,439,501–21,441,052 VvHB10 Homeobox Gambetta et al.
(2010)

GSVIVT01034886001 PN40024 18 15,923,474–15,926,074 VvSUT2-2 Putative sucrose sensor Gambetta et al.
(2010)

GSVIVT01034881001 PN40024 18 15,866,681–15,868,604 VvSUT2-3 Putative sucrose sensor Gambetta et al.
(2010)

GSVIVT01034540001 PN40024 18 19,680,342–19,687,518 VvABF7 ABRE-binding factor Gambetta et al.
(2010)

NCBI Nucleotide
DQ139800.1 No gene
model in the PN40024 line
genome 12x

PN40024 18 19,582,848–19,586,315 VvMSA ASR, abscisic acid,
stress and ripening-
induced protein

Cakir et al. (2003)
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homologies to both the Arabidopsis sucrose transporters

(AtSUC1) and sucrose sensors (AtSUT2) (Gambetta et al.

2010). Both ABA and sugars are required to induce rip-

ening (Gambetta et al. 2010), and the efficiency of sucrose

transport or sucrose sensing could play a role in the trig-

gering of veraison, but the actual mechanism may also lie

elsewhere. VvAB7F, also located within our confidence

interval on chromosome 19, is similar to the ABA-

responsive transcription factor AtABI5 (Gambetta et al.

2010). In Arabidopsis, it has been proposed that the AtA-

BI5 protein binds to the promoter of the sugar transporter

AtSUC1 (ortholog of VvSUT2-2 and VvSUT2-3 cf. supra)

to regulate the expression of AtSUC1 (Hoth et al. 2010).

This example of crosstalk between ABA signalling and

sugar metabolism is to be considered when trying to elu-

cidate the determinism of veraison in grapevine. Cakir

et al. (2003) have also described a similar mechanism in

grapevine. These authors showed that a grapevine ASR

protein was able to bind to two sugar-responsive elements

in the promoter of the putative monosaccharide transporter

VvHT1. The interesting point is that the gene coding for

this ASR protein, VvMSA, was also identified within our

confidence interval on chromosome 19. The study on

crosstalks between ABA, stress and sugar signalling is an

expanding research area (Hey et al. 2010; Kline et al.

2010). The presence of VvSUT2-2, VvSUT2-3, VvABF7 and

VvMSA in the chromosomic region of the QTL for veraison

time suggest the presence of a complete pathway to regu-

late the sugar and ABA response at this locus. These results

reinforce the hypothesis that the onset of ripening in

grapevine is dependent on both sugar and ABA

metabolism.

Conclusion

An ecophysiological model was used to characterise the

genetic variability of budbreak, flowering and veraison

dates in progeny from a Riesling 9 Gewurztraminer cross

over four seasons. The joint analysis of these phenotypic

data and of genetic variations at microsatellite loci allowed

us to identify 6 independent QTLs: 2 for the 15 February to

budbreak period on chromosomes 4 and 19; 2 for the

budbreak to flowering period on chromosomes 7 and 14;

and 2 for the flowering to veraison period on chromosomes

16 and 18. Interactions were detected between loci and also

between alleles at the same locus. Relevant candidate

genes were found in the confidence intervals of these QTLs

by examining the available whole-genome sequences.

VvFT, on chromosome 7, and a CONSTANS-like gene on

chromosome 14 were the more convincing candidate genes

for the flowering process. Several genes participating in

ABA and sugar metabolism were found to colocalise with

QTLs for the veraison process, and one of them, VvPYL, is

similar to ABA receptor genes. These candidate genes open

new perspectives for future studies on the genetic deter-

minism of phenological stages in grapevine. Exploring

their roles further and quantifying the effects of their

genetic variations with ecophysiological models will pro-

vide a valuable framework to imagine and virtually test

ideotypes of grapevine under projected climatic conditions.
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IV.  Les teneurs en sucres: « Deciphering the abil ity of 

different grapevine genotypes to accumulate sugar in berries » 

1.  Résumé de l 'ar t ic le  
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Abstract
Background and Aims: To analyse the genetic determinants of berry sugar content in grapevine varieties, a

method that combined measurements of total soluble solids (TSS) from berries sampled at a fixed stage after veraison

with data on the yield and the leaf area was tested.

Methods and Results: Over three seasons, differences in TSS at harvest for Riesling and Gewurztraminer grapes

were explained by differences in the veraison dates and in the fruit-to-leaf ratios. TSS, yield and leaf area were also

evaluated for 120 genotypes, which were progeny from a cross between Riesling and Gewurztraminer. Thermal

timescales (degree-days) proved relevant for describing sugar accumulation in the parent varieties, and when berries

were sampled at a fixed heat sum after veraison in the progeny, the genotypic variability of sugar content was

considerably reduced compared with the measurements on the same date at the end of the season. A negative

relationship between the fruit-to-leaf ratio and the sugar content was also detected in the progeny.

Conclusions: The evolution of TSS during berry ripening can be described using thermal timescales. Additionally,

information on the yield and the leaf area needs to be integrated to analyse the behaviour of genotypes.

Significance of the Study: A method to characterize the genotypic effect on fruit sugar accumulation after

eliminating the contribution of veraison dates and crop load was proposed.

Abbreviations

DAV days after veraison; DOY day of year; DMC dry matter content; ELA exposed leaf area; FC foliage

coverage; FLR fruit-to-leaf ratio; GW Gewurztraminer; HS_Tmax cumulative heat sum since veraison calculated

with daily maximum temperature, base 10°C; HS_Tmean cumulative heat sum since veraison calculated with

daily mean temperature, base 10°C; RI Riesling; Tmax daily maximum temperature; Tmean daily mean

temperature; TSS total soluble solids.

Keywords: degree-days, grapevine, sugar accumulation, yield, leaf area

Introduction
An increasing interest in sustainable viticulture and concerns

about climate change have generated research programs

worldwide that aim to breed new grapevine varieties that

would require less pesticide use for their protection and that

would be adapted to future climatic conditions. Modern

molecular tools increase, on the one hand, our capacity to

understand the genetic determinants of traits of interest and

on the other hand the efficiency of breeding programs, with

the use of marker assisted selection. Moreover, the availability

of the grapevine whole genome sequence facilitates the iden-

tification of the genes underlying quantitative trait loci (QTL)

and the testing of hypotheses about the molecular determin-

ism of traits of interest. For example, QTL have already been

detected for resistance to fungal diseases (Bellin et al. 2009,

Marguerit et al. 2009, Blasi et al. 2011), for the developmental

stages (Costantini et al. 2008, Duchêne et al. 2012), for terpe-

nol content (Battilana et al. 2009, Duchêne et al. 2009) and

for anthocyanin content (Fournier-Level et al. 2009) of

berries. However, little is known about the genetic determi-

nants of sugar and acids concentrations in grapevine berries.

There is a large genetic variability among grapevine varieties

and clones in terms of sugar content and acidity (Huglin and

Schneider 1998, Mercado-Martin et al. 2006, Dai et al. 2011);

however, these parameters are generally measured at harvest,

and they depend heavily on harvest dates, climatic conditions,

fruit-to-leaf ratios (FLRs), and, more generally, training

systems and canopy management (review in Jackson and

Lombard (1993) and Dai et al. (2011)). Jackson and Lombard

(1993) noted that ‘Perhaps the most important feature to

investigate is to find a common measure of maturity which is

acceptable to most workers’. The same applies when compar-

ing genotypes. When analysing the genetic variability of berry

sugar content at harvest, it is necessary to consider the influ-

ence of phenology, crop load and leaf area before attempting

to identify either QTL or genes specifically linked to sugar

metabolism in the berry.

To analyse the effects of phenology on sugar accumulation,

the veraison date (onset of ripening) is the most straightforward

starting point. Currently, there are no consensus models for

describing the ripening process and the kinetics of sugar accu-

mulation. ‘Calendar days’ is the scale most commonly used to

describe sugar accumulation in berries. However, Garcia de

Cortazar-Atauri et al. (2009b) demonstrated that the dynamics

of dry matter accumulation and the berry water content evolu-

tion in grapevine berries could be well described for different
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genotypes using a thermal timescale expressed in ‘degree-days’.

Williams et al. (1985) and Sadras and Petrie (2011) also used

thermal timescales to represent the evolution of berry ripening.

In the present study, we compared different scales for describing

the evolution of dry matter accumulation and TSS for two

varieties over 3 years. We also sought to quantify the effects of

different FLRs that resulted from variations in crop loads and

leaf areas.

Riesling (RI) and Gewurztraminer (GW) are the two main

varieties of grape cultivated in the Rhine valley. They differ not

only in sugar content and acidity of the berries at harvest

(Huglin and Schneider 1998) but also in phenology (Duchêne

et al. 2010) and productivity (Huglin and Schneider 1998).

In this study, we demonstrate that, over three growing seasons,

the different veraison dates and FLRs of RI and GW explained

the differences of sugar content observed on the same harvest

date for a given vintage. Using the progeny from a RI ¥ GW

cross, we also show that the high genetic variability of sugar

content observed on the same harvest date is reduced when the

phenology and FLR are integrated in the analysis. Finally, we

propose that the search for QTL related to sugar metabolism

should be performed only after the effects of the phenology,

yield level and leaf area have been eliminated.

Material and methods

Experimental conditions and meteorological data
In this study, we used a previously described vineyard experi-

ment (Duchêne et al. 2010). Briefly, this experiment included

120 genotypes, progeny from a RI ¥ GW cross, in a randomized

five-block design (individual plots of two plants). Three plots of

RI clone 49 and GW clone 643 were also planted within each

block. These plots will be referred to as ‘progeny experiment’

plots. The two parent varieties were also present in the ‘buffer

rows’ on each side of the experiment, which were planted to

isolate the progeny from the neighbouring vineyards. The struc-

ture of the five-block design was reproduced in the buffer rows;

at each side of the main experiment, six plants of each parent

variety were available for each block.

A meteorological station next to the experiment provided

temperature data. In the following text, we abbreviated daily

mean temperature and daily maximum temperature as Tmean

and Tmax, respectively. Heat sums were calculated with Tmean

and Tmax using 10°C as base temperature and expressed in

degree-days (°C.d). Although different base temperatures have

been proposed in the literature (Moncur et al. 1989, Duchêne

et al. 2010), our dataset was not appropriate for a reliable

investigation of an optimal new value. Thus, we kept the

threshold used in previous studies (Williams et al. 1985, Garcia

de Cortazar-Atauri et al. 2009b, Sadras and Petrie 2011).

We introduced Tmax as we had shown that this parameter

was relevant for predicting grapevine developmental stages in

our conditions (Duchêne et al. 2010). The minimum tempera-

ture was not tested because we were not aware of any model of

plant growth or development using cumulative degree-days

calculated with the minimum temperature above a threshold.

Additionally, the average minimum temperature during ripen-

ing in our conditions is too close to the 10°C threshold to allow

for significant heat summations (data in Duchêne et al. 2010).

Determination of the veraison dates
The veraison dates were calculated for each individual plot,

after successive scorings, as the dates when 50% of the berries

softened.

Yield level and leaf area assessment
The crop weight was recorded on three blocks for each indi-

vidual plot on the following days: September 13 and 14, 2007;

October 7, 2008; and September 17 and 21, 2009.

The exposed leaf areas (ELAs) were estimated according to the

method of Carbonneau (1989). The training system used was a

double Guyot with vertical trellising, with 1.65 m between the

rows and 1.25 m between the plants. We considered that the

geometry of the canopy was identical for all of the genotypes

(1.4 m high, 0.3 m wide). We then estimated the porosity of the

foliage curtain by taking digital pictures of the individual plots on

a blue background and by calculating the proportion of foliage

coverage (FC) using the public image analysis software ImageJ

(http://imagej.nih.gov/ij). Figure 1 contains an example of this

analysis. ELA, expressed in m2 per plant, was calculated as ELA =

1.25 ¥ FC ¥ S, where S is a constant calculated with the param-

eters of the canopy geometry, which is S = 2.05 in the present

study. ELA were estimated on two blocks on the following dates:

August 23 and 30, 2007; July 30, 2008; and July 30, 2009. In each

year, only the genotypes with two fruiting arms per plant on two

blocks were considered. Consequently, the number of genotypes

of the progeny used in this work varied from year to year.

Berry sampling and sample preparation
Samples for both the 120 genotypes of the RI ¥ GW progeny and

for the parent varieties embedded in the experiment (‘progeny

experiment’ plots) were obtained on at least two blocks at three

dates. The first sampling (S1) was performed during the veraison

process, and only green and hard berries were picked on grapes

where some berries had already softened. The second sampling

(S2) was realized independently for each individual plot when a

heat sum of 230°C.d after veraison (Tmean, base 10°C) was

reached. The last sampling (S3) was conducted the day before

harvest. The harvest date, which was the same for all the geno-

types of a given vintage, was defined according to the ripeness of

the parent varieties and to the sanitary state of the grapes.

Two types of samples were used. Before TSS reached

approximately 10°Brix, 50 berries were picked. At later ripening

stages, a 200-mL box was filled with berries in the field.

For both types of samples, the berries were counted and

then weighed in a graduated cylinder. Water was then added to

Figure 1. Estimation of foliage
cover (FC). Left: original image.
Right: original image converted
to a binary black and white
image with ImageJ and ratio
(FC) of black pixels in the analy-
sed surface. A fruit-to-leaf ratio
(g/m2) was calculated for each
plot as the ratio between yield
(g/plant) and exposed leaf area
(m2/plant).
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the cylinder up to a fixed level (200 mL for example), which

depended on the size of the samples. The volume of the berries

was calculated as the difference between the chosen fixed

volume and the volume of the water added. This later volume

was directly read on the balance by considering that 1 mL of

water weighed 1 g. The added water was then removed, and the

berries were gently dried on absorbing paper.

To avoid organic acid precipitation during freezing, the

berry juices had to be diluted. In the samples from early stages,

before the grinding of all the berries with an electric blender,

four volumes of distilled water equivalent to the volume of the

berries were added to obtain a 5¥ final dilution.

In the later stages, distilled water was added to the juices

extracted with an automatic sieve (Robot Coupe C80, Montceau-

en-Bourgogne, France). The coefficient of dilution was adapted

from 4¥ to 2¥ according to the advancement of ripening.

This methodology was used in 2007, 2008 and 2009.

In parallel, a complete survey of the ripening process for the

parent varieties was conducted in the buffer rows to avoid bias

because of oversampling in the main experiment. Samples were

taken from two blocks at each side of the experiment twice

a week, starting a few days before mid-veraison and ending at

harvest. The samples were analysed as described earlier.

Determination of the glucose and fructose concentrations
In S1 samples, the glucose and fructose concentrations were

obtained for green berries using an enzymatic method (Micro-

dom, Taverny, France), performed on a Lisa 300 automatic

analyser (Biocode Hycel, Le Rheu, France). Control solutions

were included for every ten samples.

Total soluble solids and dry matter content
Total soluble solids were determined using a PAL-1 portable elec-

tronic refractometer (ATAGO, Tokyo, Japan). During the 2009

season, a relationship was established between TSS and dry matter

content (DMC) of berries. Thirty-two samples from both RI and

GW were taken at weekly intervals. The berries were weighed and

then dried for 72 h at 80°C. Strong linear relationships were

obtained (R2
= 0.81 and R2

= 0.94 for the whole berries of the early

stages or pulp only, respectively). Finally, a polynomial relation-

ship was used that included all of the data: DMC (%) = 0.0542 ¥

TSS2
- 0.6593 ¥ TSS + 13.166 (R2

= 0.97). This non-linearity is

probably a consequence of the development of the seeds.

Statistical analysis
Analyses of variance and analyses of covariance were performed

using R software, version 2.12.2 (©R Foundation for Statistical

Computing, 2011, Vienna, Austria). To compare models, the

logarithm of the likelihood (logLik), Akaike Information Crite-

rion (AIC) and Bayesian Information Criterion (BIC) were used.

The AIC and BIC were calculated with logLik and took into

account the number of parameters in the model: the smaller the

value of AIC or BIC, the better the model. For the same likeli-

hood, the model using fewer parameters is the preferred model.

Results

Veraison dates
Table 1 indicates that regardless of the year, veraison took place

for RI approximately 10 days after the veraison of GW. Some

variability in veraison dates between plots of the same variety

was observed, and confidence intervals varied from !0.5 to

1.5 days according to the variety ¥ year combination. Veraison

dates were comparable between 2008 and 2009, but were

approximately 2 weeks earlier in 2007.

Kinetics of the berry DMC evolution and the sugar accumulation

in the parent varieties
To explore ways for describing the ripening, we used all of the

available data for DMC and tested the following different X scales:

(i) the day of the year (days from 1 January, day of year (DOY)); (ii)

the number of days after veraison (DAV); (iii) the heat sums

calculated from the veraison with the daily Tmean (HS_Tmean);

and (iv) the heat sums calculated from the veraison with the daily

Tmax (HS_Tmax). For 2008, a complete graphical comparison

of these scales is presented in Figure 2. This year was chosen

because differences appeared between the use of HS_Tmean and

HS_Tmax. The expected curves were likely to follow a sigmoid

model, as proposed by Sadras et al. (2008). However, as our survey

began only at the onset of the veraison process and as DMC never

reached a clear plateau in our data, we only evaluated quadratic

models of the form Y = aX + bX2
+ c, to test for linearity, as pro-

posed by Garcia de Cortazar-Atauri et al. (2009b). The curves

describing the evolution of DMC were not linear regardless of the

scale used (P (X2) < 0.0005 in all the cases), but interactions be-

tween the ‘Genotype’ factor and X2 were never significant. With

DOY, both the intercept and the slopes were different between

the two genotypes (P (Genotype) < 0.0001, P (Genotype ¥ DOY) <

0.0001). When DMC was plotted against DAV, the intercept and

the slopes were still different for the two genotypes (P (Geno-

type) = 0.01, P(Genotype ¥ DAV) < 0.0001). When expressed

in degree-days from veraison, the curves for both varieties

were identical with HS_Tmean (no significant Genotype effect or

Genotype ¥ HS_Tmean interactions at P = 0.05) and very close

with HS_Tmax (P (Genotype) = 0.41 and P (Genotype ¥ HS_

Tmax) = 0.013). Figure 3 shows that the degree-days scale was

also appropriate for describing the increase of DMC in 2007 and

2009. DOY and HS_Tmean scales are not represented because they

do not provide complementary information.

However, DMC is not a commonly used variable to describe

sugar accumulation in grapevine, and from a practical point of

view, the interest in early stages of berry development is limited.

It is possible to demonstrate that the evolution of TSS was linear

every year after HS_Tmax = 200°C.d when thermal time was

expressed with Tmax (Table 2), which provides us with a very

simple model of sugar accumulation without any interaction

term. We propose this result after analyses of covariance per-

formed to compare the models of TSS evolution. The following

effects were tested: (i)’Genotype’ and ‘Block’ as fixed factors;

(ii) DAV, HS_Tmean and HS_Tmax as covariables, and also with

a quadratic term; and (iii) interactions between the ‘Genotype’

factor and the covariables (Table 2). The coefficient of determi-

nation (R2) was always above 0.91 with DAV. Except for 2007, the

likelihoods were lower with DAV than they were with thermal

timescales, and the interactions were often significant. Thus, AIC

Table 1. Veraison dates (50% of soft berries) for Riesling

(RI) and Gewurztraminer (GW) and their 95% confi-

dence intervals.

Year Variety Date Lower limit Upper limit

2007 GW 21/7 19/7 22/7

RI 31/7 30/7 31/7

2008 GW 8/8 8/8 9/8

RI 18/8 17/8 19/8

2009 GW 5/8 4/8 6/8

RI 15/8 14/8 16/8

Duchêne et al. Grapevine genotypes and sugar accumulation 321
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Figure 2. Change in berry dry
matter in 2008 according to
four scales. Empty circles,
Gewurztraminer; filled
triangles, Riesling; long-dashed
lines, quadratic adjustments to
Gewurztraminer data;
short-dashed lines, quadratic
adjustments to Riesling data.
DAV, number of days after
veraison; DOY, day of year;
HS_Tmax, cumulative heat
sums in degree-days
base 10 calculated with Tmax
since veraison; HS_Tmean,
cumulative heat sums in
degree-days base 10 calculated
with Tmean since veraison.

Figure 3. Change in berry
dry matter in 2007 (top) and
2009 (bottom) according to
two scales. Empty circles,
Gewurztraminer; filled
triangles, Riesling; long-dashed
lines, quadratic adjustments
to Gewurztraminer data;
short-dashed lines, quadratic
adjustments to Riesling data.
DAV, number of days after
veraison; HS_Tmax: cumulative
heat sums in degree-days base
10 calculated with Tmax since
veraison.
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and BIC were always higher with DAV than with thermal times-

cales, and we can conclude that ‘thermal-time’ models per-

formed better (same accuracy but fewer parameters) than

‘calendar days’ models.

In 2007 and 2009, the models using HS_Tmean or HS_Tmax

performed similarly. However, there was a clear advantage to

the use of the maximum temperature in 2008 (higher likeli-

hood, lower AIC and BIC). The overall logLik calculated by

totalling the sum of the logLik of each year was higher for

HS_Tmax. Additionally, the interactions with the genotype

were never significant, which was not always the case with

HS_Tmean (cf. 2007 and 2008). In other words, when HS_Tmax

was used, the sugar accumulation rates were not significantly

different for the two genotypes.

Differences in sugar accumulation between RI and GW
As expected, the differences between RI and GW for the same

harvest date (S3 samples) in the progeny experiment plots were

highly significant every year (Table 3) ranging from 2.6°Brix in

2009 to 3.4°Brix in 2007. However, these differences were also

partly a consequence of later veraison dates for RI (Table 1).

The data from the S2 samples from the progeny experiment

plots (Table 3) were consistent with the data from buffer rows plots

in 2007 and 2009. In 2007, significant differences were detected,

with RI having a lower TSS at S2 than GW (Tables 2, Table 3

and Figure 3). In 2009, differences were not significant neither

in progeny experiment plots nor in buffer rows plots when the

degree-days based model was used (Table 2, Table 3 and Figure 3).

In 2008, the difference in TSS in S2 samples from progeny experi-

ment plots was not significant at P = 0.05 (P = 0.105) (Table 3).

However, a significant ‘Genotype’ effect was detected in buffer

rows plots (Table 2). As HS_Tmax performed better in 2008 than

HS_Tmean, we hypothesized that this lack of significance could be

the result of a bias in the S2 sampling dates that were based on

HS_Tmean=230°C.d. Using the models obtained from the buffer

rows plots, we estimated the TSS adjusted at HS_Tmax=350°C.d

for each individual plot. However, no significant statistical im-

provement was observed (Table 3).

These results indicate that the shift in the veraison dates caused

a large part of the difference in the TSS of RI and GW at harvest.

For example, in 2007, there was a 3.4°Brix difference measured at

harvest, and a 1°Brix difference could already be observed at S2

(Table 3); thus, we can estimate that 2.4°Brix are due to the shift of

the veraison dates. Accordingly, we can estimate this effect to be

1.7°Brix and 2.9°Brix in 2008 and 2009, respectively.

In green berries around veraison time (S1 samples), a signifi-

cantly higher glucose + fructose concentration was measured

in RI than was measured in GW in 2008. However, this small

difference (+2.6 g/L) was not related to any subsequent sugar

accumulation.

Relationship between the FLR and sugar accumulation
We analysed the differences in TSS and considered the possible

effects of the FLR. Except in 2009, RI had a higher yield than GW,

Table 2. Comparison of models using the number of days

after veraison (DAV), cumulative heat sums calculated

with mean (HS_Tmean) or maximum (HS_Tmax) tem-

peratures, base 10°C, for describing the evolution of the

total soluble solids of berries after HS_Tmax > 200°C.d

(buffer rows plots).

Dataset Statistical

parameter

Covariable: X scale

DAV HS_Tmean HS_Tmax

2007 P-value (X) 0.05 <0.001 <0.001

P-value (Genotype) <0.001 0.01 0.04

P-value (X2) 0.05 ns ns

P-value (Genotype ¥ X) <0.001 0.04 ns

P-value (Genotype ¥ X2) <0.001 ns ns

P-value (Block) ns ns ns

logLik -33.9 -34.6 -35.9

AIC 81.9 79.2 79.7

BIC 94.1 87.4 86.3

Coefficient of

determination R2

0.95 0.89 0.88

2008 P-value (X) <0.001 ns <0.001

P-value (Genotype) 0.08 <0.001 <0.001

P-value (X2) <0.001 <0.001 ns

P-value (Genotype ¥ X) ns ns ns

P-value (Genotype ¥ X2) <0.001 <0.001 ns

P-value (Block) 0.001 0.004 <0.001

logLik -47.4 -36.9 -29.1

AIC 108.9 85.7 68.2

BIC 123.0 96.7 77.3

Coefficient of

determination R2

0.97 0.95 0.96

2009 P-value (X) <0.001 <0.001 <0.001

P-value (Genotype) 0.009 ns ns

P-value (X2) ns ns ns

P-value (Genotype ¥ X) ns ns ns

P-value (Genotype ¥ X2) ns ns ns

P-value (Block) ns ns ns

logLik -56.3 -45.5 -46.2

AIC 120.6 97.1 98.3

BIC 128.7 102.9 104.2

Coefficient of

determination R2

0.91 0.90 0.90

3 years logLik -137.6 -117.0 -111.2

AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; logLik,

Logarithm of the likelihood; ns, not significant at P = 0.05.

Table 3. Mean values of berry composition for Riesling

(RI) and Gewurztraminer (GW) at three sampling stages

S1, S2 and S3 (explanations in the text) in plots within

the RI ¥ GW progeny experiment plots.

Year Genotype Glucose +

fructose at

S1 (g/L)

TSS at S2

(°Brix)

TSS calculated

for HS_Tmax=

350 °C.d (°Brix)

TSS at

S3 (°Brix)

2007 RI 18.1 16.0 15.8 17.4

GW 17.6 17.0* 17.0* 20.8**

2008 RI 13.3 17.2 17.7 19.7

GW 10.7* 18.2 18.3 22.4**

2009 RI 12.9 18.6 18.7 19.3

GW 14.6 18.3 18.4 21.9**

*,**Difference between varieties within each year were significant at P = 0.05

and P = 0.001, respectively. TSS, total soluble solids.
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and RI always had a higher ELA (Table 4). As a result, the

FLR was significantly different between the two genotypes

every year. The ratio was favourable to sugar accumulation

(i.e. lower) for GW in 2007 and 2008 but favourable for RI in

2009.

Figure 4 depicts a negative relationship between the FLRs

and TSS values measured at S2. An analysis of covariance indi-

cated that the interaction ‘Year ¥ FLR’ was not significant, i.e. the

slopes were not significantly different for the 3 years (Table 5).

Moreover, no significant ‘Genotype’ or ‘Genotype ¥ FLR’ effects

were detected, which indicates that the relationship did not

depend on the variety. Total soluble solids at S2 can be fully

explained by the FLR and by a ‘Year’ effect. The differences

between years can be the consequence of nonstandardized stages

for the assessment of leaf areas, as well as a consequence of

variations in the photosynthetic activities (light, temperature and

water availability) between growing seasons.

Adjusted for the variations of FLR, differences between the

two varieties at S2 would be within the range of the experi-

mental error in the TSS determination (Figure 4). At this point,

we can conclude that differences in TSS observed in RI and GW

at harvest time were primarily due to differences in the onset of

veraison and in the FLR.

Analysis of sugar accumulation in a RI ¥ GW progeny
The approach used for RI and GW was tested on 120 genotypes

from a RI ¥ GW progeny. The range of genetic variability of TSS

at the same harvest date was very high, approximately 8–9°Brix,

regardless of the year (Table 6). Sampling the berries at 230°C.d

(Tmean) after veraison for each genotype (S2) reduced this range

to approximately 5–6°Brix (Table 6, Figure 5). Additionally, this

sampling did not inflate the residual standard error, and it led to

a lower ‘Genotype’ effect according to the F-values in the analysis

of variance (Table 6). Table 6 also indicates that yield, ELA and

FLR segregated every year in this progeny. However, the varia-

tions in yields among the genotypes were far more important

than variations in ELA. Yield was the primary driver creating

differences in the FLR.

In parallel, an analysis of covariance demonstrated that the

yield and the FLRs were negatively correlated with the TSS at S2

(Table 7). In 2008, F-values were lower, residual standard errors

were higher, and the slopes were different when compared with

2007 and 2009. Interestingly, the coefficients describing the FLR

effect on TSS in 2007 and 2009 in the progeny (Table 7) were in

the same range as the coefficient calculated for the parents with

different growing seasons (Table 5).

Because the variations of TSS at S2 could be explained by

differences in FLR of the parent varieties, and because FLR also

had a significant effect within the RI ¥ GW progeny, we were

able to use the coefficient observed for RI and GW to calculate

the expected shift in TSS at S2 for each plot of the progeny if

FLR of this plot was equal to the mean FLR of the progeny, thus

leading to a new ‘adjusted TSS’ value. The objective of this

‘adjusted TSS’ was to compare TSS between genotypes as if all of

them had the same fruit-to-leaf ratio.

The ‘Genotype’ effects for this adjusted TSS were significant

at P = 0.05 in every year (Table 6), indicating that a genetic

variability for sugar accumulation existed in this progeny,

indepentendly from phenological stages and FLRs. However, the

‘Genotype’ F-value for the adjusted TSS was clearly lower than

the F-value calculated for the raw TSS at S2 only in 2007 (Table 6,

Figure 5). QTL detection will allow concluding whether calculat-

ing an adjusted TSS was relevant for 2008 and 2009.

Table 4. Yield, vegetative growth and fruit-to-leaf ratio

for Riesling (RI) and Gewurztraminer (GW) (progeny

experiment plots).

Year Variety Yield

(g/plant)

Exposed leaf area

(m2/plant)

Fruit-to-leaf

ratio (g/m2)

2007 RI 5363* 2.24* 2385*

GW 3765 2.09 1803

2008 RI 3935** 1.98* 2002*

GW 2779 1.75 1600

2009 RI 2843 2.13* 1351*

GW 3321 1.83 1790

*,**Difference between varieties within each year are significant at P = 0.05 and

P = 0.01, respectively.

Figure 4. Relationship between fruit-to-leaf area ratio and total
soluble solids measured 230°C.d (Tmean) after veraison. Triangles,
Riesling; circles, Gewurztraminer; vertical and horizontal bars, stan-
dard errors. Black, 2007; grey, 2008; white, 2009. Lines represent
the predicted values with a statistical model (cf. Table 5).

Table 5. Analysis of covariance for the relationship

between total soluble solids at S2 and the fruit-to-leaf

ratio (FLR).

Effect tested Df F-value P-value Coefficients !

standard errors

Year 2 7.4 0.003 2007: 19.0 ! 0.7†

2008: 20.0 ! 0.6

2009: 20.3 ! 0.6

FLR 1 13.1 0.001 -1.21 ! 0.33‡

Genotype 1 0.84 0.37 –

Year ¥ FLR interaction 2 0.50 0.61 –

Genotype ¥ FLR interaction 1 0.88 0.36 –

†°Brix. ‡°Brix/kg m2. Df, degrees of freedom.
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Discussion

Kinetics of sugar accumulation for RI and GW
The idea that grapevine berry ripeness is under the influence

of temperature can be traced back as far as 1939 (Winkler

and Williams 1939). Several climatic indices based on tempera-

ture have been developed to determine whether an environ-

ment is warm enough for grapevine cultivation and which

varieties will be better adapted (Winkler et al. 1974, Huglin

1983, Hall and Jones 2009). There is an abundant literature

on temperature-based models for the prediction of budbreak,

flowering and veraison (Garcia de Cortazar-Atauri et al. 2009a;

Duchêne et al. 2010, Parker et al. 2011). However, there have

been few attempts to describe the effects of temperature on sugar

accumulation presumably because berry ripening is a mixture

of growth and developmental processes. Warm conditions accel-

erate berry ripening (Jackson and Lombard 1993), and degree-

days scales have already been used to describe TSS increase

(Williams et al. 1985, Sadras and Petrie 2011). As observed in

our case, the evolution of TSS values according to heat sums was

linear in these previous studies, and TSS sometimes reached a

plateau (Sadras et al. 2008). It is usually accepted that veraison

is the starting point for the kinetics of sugar accumulation. With

an approximate difference of 10 days in the veraison dates

between RI and GW (Table 1, Figure 2), the curves would never

be comparable for the two varieties if, for example, the starting

point was flowering, which occurs within a 1–2 days range for

the two varieties (Duchêne et al. 2010). In agreement with the

findings of Sadras and Petrie (2011), our study demonstrated the

importance of the ‘onset’ date of sugar accumulation on TSS at

harvest. In this study, we confirmed the usefulness of the degree-

days concept because models using temperature require fewer

parameters and have a higher likelihood (Table 2) than models

using days. In particular, we demonstrated that when described

with degree-days, evolutions were linear after a certain stage.

The availability of sugar for berries during the ripening process

is dependent on the photosynthetic activity of the plants and

on carbon allocation priorities (Dai et al. 2010). Solar radiation,

temperature, water availability and the mineral status of the

plants determine the photosynthetic potential, and the observed

relationship between heat sums and sugar accumulation can be

interpreted as the result of the integration of both temperature

and solar radiation effects. We demonstrated that it is more

relevant to use the maximum temperature rather than the

mean temperature when describing the kinetic of sugar accu-

mulation (Table 2). Using 30 years of daily climatic data for the

dates between August 15 and September 15 in Colmar (which is

located 15 km south of the present experiment), the coefficient

of determination R2 between solar radiation and Tmean is 0.09,

whereas it is equal to 0.34 with Tmax. In our conditions, Tmax

Table 6. Analysis of variance with the ‘Genotype’ effect in the model for the RI ¥ GW progeny.

Variable explained Year Min Mean Max Df RSE F-value

Total soluble solids at S3 (°Brix) 2007 15.6 20.4 23.8 74 0.77 11.2***

2008 17.5 21.5 25.1 90 0.93 6.4***

2009 17.9 21.8 26.8 98 0.58 13.2***

Total soluble solids at S2 (°Brix) 2007 15.0 17.8 20.5 73 0.70 4.5***

2008 15.3 18.4 21.3 90 0.88 3.6***

2009 16.7 19.4 21.7 98 0.87 2.5***

Yield (g/plant) 2007 206.3 2641.1 6556.3 74 599.1 9.4***

2008 187.5 2134.5 5562.5 91 527.6 8.8***

2009 300.0 2087.3 4412.5 98 601.8 3.9***

Exposed leaf area (m2/plant) 2007 1.58 2.13 2.41 74 0.17 1.5*

2008 1.37 1.83 2.24 90 0.18 1.6*

2009 1.14 1.77 2.16 98 0.22 1.8**

Fruit-to-leaf ratio (g/m2) 2007 90.5 1251.9 3082.5 74 267.6 10.8***

2008 94.8 1232.7 3040.0 91 316.6 8.5***

2009 155.0 1200.6 2653.0 98 303.2 5.8***

TSS at S2 adjusted for the fruit-to-leaf ratio (°Brix) 2007 15.6 18.1 20.4 73 0.74 2.1***

2008 15.7 18.3 21.5 90 0.92 3.5***

2009 17.2 19.3 21.4 98 0.81 2.4***

*,**,***Significant at P = 0.05, P = 0.01 and P = 0.001, respectively. Df, degrees of freedom of the RSE. RSE, residual standard error.

Table 7. Analysis of covariance for the relationship

between total soluble solids at S2 explained by fruit-to-

leaf ratio (FLR) or yield in the RI ¥ GW progeny. A ‘Block’

effect was significant at P = 0.05 in all the cases.

Year Effect

tested

F-value for

the effect

tested

Residual standard

error (degrees

of freedom)

Slope ! standard

error

2007 FLR 105.4* 0.90 (183) -1.03 ! 0.10†

Yield 87.2* 0.92 (187) -0.45 ! 0.05

2008 FLR 11.5* 1.33 (206) -0.45 ! 0.13

Yield 11.3* 1.33 (206) -0.26 ! 0.08

2009 FLR 56.6* 1.08 (214) -0.94 ! 0.12

Yield 61.6* 1.07 (214) -0.59 ! 0.07

†°Brix/kg m2 for FLR, °Brix/kg for yield. *Significant at P = 0.001.
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better reflects the daily potential of photosynthesis than Tmean

during the ripening period. Moreover, some ecophysiological

models have also given a higher weight to Tmax than to Tmean

(Huglin 1983, Bindi et al. 1997). In 2007 and 2009, the likeli-

hoods of models using maximum or mean temperatures were

not different, which was not the case in 2008 (Table 2). Figure 6

indicates that HS_Tmean and HS_Tmax were not correlated

after a certain date in 2008. The shift appeared between Sep-

tember 14 and October 5, when the minimum temperatures

varied between 2.1 and 9.5°C, the mean temperatures varied

between 8.9 and 13.3°C and the maximum temperatures varied

between 12.4 and 18.4°C. The very low accumulation of degree-

days calculated with mean temperatures during this period pre-

sumably did not reflect the potential photosynthetic activity.

Such a cool period was not observed in 2007 and 2009.

Compared with the mean temperatures, the maximum

temperatures better reflect diurnal temperatures and solar

radiation, but the TSS evolution during ripening should be

ultimately described by physiological models that integrate

photosynthetic activity, carbon allocation and berry growth on

a daily basis. Such models are currently under development

(Dai et al. 2009). Our goal in this study was not to fit such a

model but to find a convenient way to compare sugar accu-

mulation of plants of different genotypes. Finally, we propose

that when comparing the sugar content of different genotypes,

the most appropriate samples are berries picked after a fixed

heat sum after veraison, such as 350°C.d calculated with Tmax

with a 10°C base temperature.

FLR

In addition to the phenological stages, FLR was another impor-

tant determinant of final TSS; this has already been demon-

strated in previous studies (Carbonneau et al. 1977, Murisier

and Zufferey 1997, Kliewer and Dokoozlian 2005, Petrie and

Clingeleffer 2006, Dai et al. 2009). However, to our knowledge,

in the present study, we provide the first example where the

effects of different FLRs are explicitly reported for the same stage

Figure 5. Histograms of the
total soluble solids (TSS)
distribution in the RI ¥ GW
progeny (120 genotypes,
2007). TSS values were
centred on the mean of the
population to facilitate
comparisons. Lines represent
the adjusted normal curves.
(a) At harvest; (b) at S2
(HS_Tmean=230°C.d); (c):
values at S2 adjusted for a
common fruit-to-leaf ratio
(mean of the progeny) with the
slope observed for Riesling
and Gewurztraminer (Table 5).

Figure 6. Relationship between heat sums calculated with mean
(HS_Tmean) and maximum (HS_Tmax) temperatures (start at verai-
son, base 10°C). Triangles, Riesling; circles, Gewurztraminer; black,
2007; grey, 2008; white, 2009. (!) Gw-07; (") Ri-07; ( ) Gw-08;
( ) Ri-08; (#) Gw-09; ($) Ri-09.
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after veraison. This method allowed us to distinguish between

differences because of phenology and differences because of

FLR. Significant differences in TSS during ripening were

detected in RI and GW when sampling was conducted using a

degree-days approach in both progeny experiment and buffer

rows plots in 2007 (Tables 2,3) and in buffer rows plots in 2008

(Table 2). In 2008, no significant genotype effect was detected in

the progeny experiment plots (Table 3). Nonetheless, we know

that in 2008, a sampling procedure based on HS_Tmean was less

appropriate than a procedure based on HS_Tmax. In this study,

we showed that TSS at S2 was negatively correlated with FLR,

with a slope independent of both the year and the genotype

(Table 5).

A decrease of -1°Brix/kg m2 (Tables 5, 7) appears to be a

reasonable figure to estimate the effect of the FLR on TSS at

S2. To observe a significant difference on TSS, i.e. approximately

1°Brix in our experiment, the crop load for 2 m2 of ELA has to

vary from 2 to 4 kg. In other words, although the FLR undoubt-

edly affects sugar accumulation, the variations in crop load must

be important in leading to significant effects on TSS. This finding

could explain why the results of experiments manipulating the

FLR are not always consistent (Dai et al. 2011).

From the data on RI and GW, we concluded that lower TSS

values at harvest for RI (Table 3) were due to later veraison

dates, which led to berry ripening under less favourable condi-

tions than for GW. However, in 2007 and 2008, the lower TSS

values at harvest for RI were also due to a higher fruit load

compared with the leaf area.

Genetic variability
The genetic variability of TSS at harvest is well documented

for varieties (Huglin and Schneider 1998) and clones (Mercado-

Martin et al. 2006), and such variability has also been observed

in segregating progenies (Liu et al. 2007). A portion of this

variability is related to differences in developmental stages.

Indeed, genotypes with late veraison dates, such as Grenache or

Ugni Blanc (Duchêne et al. 2010), never reach satisfactory ripe-

ness levels in our conditions (Huglin and Schneider 1998). In this

study, we demonstrated that sampling at a fixed heat sum after

veraison considerably reduced the genetic variability observed in

a progeny (Table 6, Figure 5). Using the 3 years of data, we also

demonstrated that the variability of TSS at S2 was related to

variations in the FLRs among offspring (Table 7). A relationship

between TSS and the crop load was also found among different

clones of Pinot noir (Mercado-Martin et al. 2006). However,

the slope of response in the progeny was different in 2008

when compared with 2007 and 2009. This difference presumably

occurred because of the limited correlation between HS_Tmean

and HS_Tmax in 2008, which was previously discussed for the

parent varieties. The stability of the rate of decrease of TSS at S2

in response to increasing FLRs (approximately -1°Brix/kg m2 for

the parents over 3 years and for the progeny in 2007 and 2009)

should be further investigated.

However, the genetic differences in sugar accumulation

may not only be due to the phenology, crop load or leaf area.

Dai et al. (2009), using a dynamic model to describe the hexose

concentration in ripening berries, showed that a k coefficient,

related to the noncarbohydrate use of carbon imported in

berries, was significantly different between Merlot and Cabernet

Sauvignon. The feasibility of determining such parameters for a

complete progeny is under assessment.

The final validation of our approach on a progeny will be

QTL detection. We expect that searching for QTL for TSS at

S2 or TSS at S2 adjusted for the FLR will provide us with QTL

independent from phenology, yield component or vegetative

development yet closely related to the sugar metabolism of the

berries.

Conclusion
This study demonstrated that thermal timescales, especially

when calculated with maximum temperatures, are relevant

for comparing the kinetics of sugar accumulation in berries

between genotypes, providing that heat summations start at

veraison. Additional studies are needed to determine the use-

fulness of such an approach for comparing different plots or

different years. Sampling berries at a determined heat sum

after veraison is a strategy that allows the comparison of sugar

concentrations in the berries independently of the timing of

veraison as well as a better detection of the effects of varying

FLRs. This approach can be considered as a step towards a better

understanding of the relationships between FLR and sugar

content, as well as a useful way to study the genetic determi-

nants of sugar accumulation in segregating progeny. Integrat-

ing the effects of phenology, crop load and leaf area provides a

new method for detecting chromosome regions that are directly

related to sugar metabolism of grapevine berries.
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V.  L'acidité: « Genetic variabil ity of descriptors for grapevine 

berry acidity in Riesling, Gewürztraminer and their progeny » 

1.  Résumé de l 'ar t ic le  
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Abstract
Background and Aims: The acidity of harvested grapevine berries is likely to decrease in the future because of

increasing temperature during grape ripening. The aim of the study was to evaluate the genetic variability of berry

acidity descriptors in progeny from a Riesling × Gewürztraminer cross.

Methods and Results: The ripening process for the parent cultivars was monitored over three growing seasons;

berries from Riesling had a higher tartaric acid concentration than that from Gewürztraminer, and a similar difference

was observed for malic acid. A statistical model describing the decline in malic acid concentration over time was fitted

to the data. With this model, the parameter that best characterised the two genotypes was the asymptotic minimum

value of malic acid concentration per g of berry dry matter. In addition, the rate of decrease of malic acid was constant

across years when thermal-time scales were used. Using samples of green berries at veraison and samples picked 230

degree days after veraison (mean temperature, base 10°C), 120 genotypes from a Riesling × Gewürztraminer progeny

were compared over 3 years in the vineyard and segregations for all the berry acidity descriptors were described.

Conclusions: A significant genotypic variability was observed for the concentration of malic and tartaric acids but

also for the estimated cationic content of the berries for the same developmental stage. No genotypes, however, were

detected, with a concentration of total malic and tartaric acid significantly higher than that of Riesling.

Significance of the Study: These results show that berry acidity descriptors are heritable traits that can be

manipulated in breeding programs.

Keywords: acidity evolution, degree day, grapevine, malic acid, tartaric acid

Introduction
Recent progress in molecular biology and the availability of the

grapevine whole genome sequence (Jaillon et al. 2007) offer

new possibilities for rapidly breeding new cultivars that are

adapted better to the expectations of winegrowers and consum-

ers, and also to warmer climates. Knowledge of the genetic

determinism of numerous agronomical traits is steadily increas-

ing. Quantitative Trait Loci (QTLs) have been detected for

numerous traits (Martinez-Zapater et al. 2010) including resist-

ance to fungal diseases (Bellin et al. 2009, Blasi et al. 2011),

aroma content of berries (Duchêne et al. 2009, Battilana et al.

2011) and the timing of developmental stages (Duchêne et al.

2012a). Currently, QTLs and markers related to resistance to

fungal disease are routinely used in Marker Assisted Breeding

(MAB) programs (Wiedemann-Merdinoglu et al. 2006, Eibach

et al. 2007, Riaz et al. 2009).

Although combining QTLs for improving disease resistance

is a major focus of current breeding programs, knowing the

genetic determinism of berry quality traits is the next important

step for improvement. To date, berry colour and terpenol

content are the berry traits most studied (Duchêne et al. 2009,

Fournier-Level et al. 2009, Battilana et al. 2011). Paradoxically,

simply measured traits, such as acidity and sugar content of the

berries, are more difficult to study as they heavily depend on

environmental conditions and management practices (Jackson

and Lombard 1993, Dai et al. 2011). We have already proposed

a method to characterise the ability of grapevine genotypes to

accumulate sugars in berries that accounts for the effect of the

genetic variability of developmental stages, fruit load and leaf

area (Duchêne et al. 2012b). In this previous work, we sampled

berries at a fixed heat sum after veraison and applied a correc-

tion to the measured sugar content that took into account crop

load and leaf area of the plants. This method was applied to the

progeny from a Riesling x Gewürztraminer cross before looking

for QTLs for sugar content. The objective of the present work

was to evaluate the relevance of this approach for describing the

genetic variability of berry acidity traits.

Acidity is an important trait not only for the sensory prop-

erties of wines but also for its role in the chemical and micro-

biological stability of wine, as well as its aging potential. Acidity

of wines depends on the acidity of grapes but also on the

fermentation process, especially during the malolactic fermen-

tation when malic acid is transformed into lactic acid.

Malic and tartaric acids make up to 90% of the organic acids

found in grapes (Ruffner 1982). The quantity of tartaric acid per

berry is stable after veraison (Hale 1977, Iland and Coombe

1988, DeBolt et al. 2008), and the decrease in concentration

during ripening is mainly the result of the increase of berry

volume. In contrast, the decrease of malic acid concentration is

the consequence of both a dilution effect and of a degradation

process. High temperature induces a greater decrease of malic

acid concentration when compared to that of tartaric acid

concentration (Buttrose et al. 1971, Kliewer 1971, Parra et al.

2010). Since temperature during the ripening process is

Duchêne et al. Berry acidity parameters in grapevine cultivars 1
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expected to increase because of climate change (Duchêne

et al. 2010), cultivars with high tartaric acid content should be

better adapted to future changing climatic conditions (Shiraishi

1995).

The concentration of tartaric and malic acids is a heritable

trait that segregates in progenies (Liu et al. 2007, Bayo-Canha

et al. 2012). In order to understand better the genetic determin-

ism of berry acidity, 120 genotypes, progeny from a cross

between Riesling and Gewürztraminer were compared. These

parent cultivars were chosen since they are the two main

cultivars of the Rhine Valley, and because they differ in numer-

ous traits including developmental stages, yield potential, berry

colour, aroma content, acidity and sugar content (Huglin and

Schneider 1998). Samples of berries from the progeny were

collected over three growing seasons at the same heat sum after

veraison, and pH, malic and tartaric acid concentration were

measured. At the same time, berry acidity descriptors were

evaluated twice a week for the parent cultivars Riesling and

Gewürztraminer in order to assess the relevance of the sampling

procedure used for the progeny. The data obtained from this

monitoring were used to develop a model describing the devel-

opment of malic acid concentration in berries.

Material and methods

Experimental design and meteorological data
The experiment included 120 genotypes, progeny from a

Riesling × Gewürztraminer cross, in a randomised five-block

design, with individual plots of two plants. Three plots of Ries-

ling clone 49 (RI) and Gewürztraminer clone 643 (GW) were

also planted within each block. These plots will be referred to

as ‘Progeny experiment’ plots. The two parent cultivars were

also present in ‘Buffer rows’ on each side of the experiment,

which were planted to isolate the progeny from the neigh-

bouring vineyards. The structure of the five-block design was

reproduced in the buffer rows: six plants of each parent

cultivar were planted on each side of the progeny experiment

for all the blocks.

Temperature was measured using an automated weather

station nearby the experiment. In the following text, we abbre-

viated daily mean temperature and daily maximum tempera-

ture as Tmean and Tmax, respectively. Heat sums (HS) were

calculated with Tmean (HS_Tmean) and Tmax (HS_Tmax)

using 10°C as base temperature, and expressed in degree days

(°C.d). We used Tmax as we had shown that this parameter was

relevant for predicting, not only grapevine developmental stages

in our conditions (Duchêne et al. 2010) but also sugar accumu-

lation kinetics (Duchêne et al. 2012b).

Determination of the veraison dates
The veraison date was calculated for each individual plot, after

successive scorings, as the date when 50% of the berries were

soft, i.e. were entering the ripening process. The number of days

after veraison (DAV) was one of the time scales used.

Berry sampling and sample preparation
Samples for both the 120 genotypes of the RIxGW progeny and

for the parent cultivars embedded in the experiment (‘Progeny

experiment’ plots) were obtained from at least two blocks on

three dates. The first sampling (S1) was made during veraison

with only hard, green berries selected from bunches where

some berries were already soft. The second sampling (S2) was

carried out independently for each individual plot when a heat

sum of 230°C.d after veraison (Tmean, base 10°C) was reached.

The last sampling (S3) was made the day before harvest. The

harvest date, which was the same for all the genotypes of a

given vintage, was defined according to the maturity of the

parent cultivars, being at least 17°Brix for RI, and ensuring that

fruit was disease free.

Two sampling procedures were used (i) before the total

soluble solids (TSS) reached approximately 10°Brix, 50 berries

were picked; and (ii) at later ripening stages, a 200 mL box was

filled with berries in the field (approximately 100 berries). At

S1, entire berries (with skin) were used, whereas at S2 and S3

only the berry juice (pulp) was analysed.

Berry mass, berry volume and total soluble solids of the

samples were measured. The dry matter content (DMC) of the

berries was calculated with the TSS according to Duchêne et al.

(2012b) as DMC (%) = 0.0542 × TSS2
− 0.6593 × TSS + 13.166

(R2 = 0.97). Berry juices were diluted before freezing and sub-

sequently analysed in order to avoid precipitation of organic

acids. Berry dry mass (BDM) was calculated with berry fresh

mass and DMC.

At the same time, the complete ripening process for the

parent cultivars was monitored in the buffer rows to avoid bias

because of oversampling in the progeny experiment. Samples

were taken from two blocks on each side of the experiment

twice a week, starting a few days before mid-veraison and

ending at harvest. The samples were analysed as described

above. The same method was followed in 2007, 2008 and

2009.

Determination of pH and titratable acidity
The pH of berry juice was measured with a 340i pH-meter

(WTW, Weilheim, Germany) calibrated daily. Titratable acidity

(TA) was determined by titrating 5 mL of berry juice with a

N/20 solution of sodium hydroxyde to a pH 7 end point, corre-

sponding to the colour change of bromothymol blue. Titratable

acidity was expressed in g/L H2SO4 equivalent. Although pH and

TA were determined in all the samples data only for the progeny

experiment are presented here.

Determination of the concentration of malic and tartaric acids
Malic acid was determined with an enzymatic method and

tartaric acid with a colorimetric method using ammonium

metavanadate (Microdom, Taverny, France). Both acids were

analysed in duplicate on a Lisa 300 automatic analyser (Biocode

Hycel, Le Rheu, France). Control solutions were included in

every ten samples.

Trossais and Asselin (1985) have shown that malic acid

interferes in the determination of tartaric acid concentra-

tion with the ‘metavanadate’ method. By adding a range of

malic acid amounts to Gewürztraminer and Riesling musts, we

calculated the same correction factor as proposed by Trossais

and Asselin (1985) and also verified that it was consistent

for the two genotypes. Consequently, we calculated the actual

tartaric acid concentration [Tart] as [Tart] = 0.08 × [Mal] +

[TartC] where [Mal] is the concentration of malic acid in

the sample determined by the enzymatic method and [TartC]

the concentration of tartaric acid as determined by the

‘metavanadate’ method. This correction was applied to all data

sets.

The concentration of malic and tartaric acids was not evalu-

ated at S3, as the substantial difference in veraison dates in the

progeny, of around 3 weeks, would have prevented any mean-

ingful comparison of measures obtained on the same day. The

2 Berry acidity parameters in grapevine cultivars Australian Journal of Grape and Wine Research 2013

© 2013 Australian Society of Viticulture and Oenology Inc.



! "PP!

!

malic acid content per berry (Qmal) was calculated as the

product of berry volume and malic acid concentration.

Estimation of the inorganic cations content
The pH of grape juices and wines is a function of the concen-

tration of organic acids and also the overall balance between

anions and cations. Monovalent cations, such as potassium,

form salts with organic acids, and consequently the observed pH

in berry juice is higher than the pH expected from its organic

acids concentration alone.

There are two ways to estimate the amount of inorganic

cations in juice. The first one is to consider that at pH 7, organic

acids are completely under their salified form, i.e. that the acidic

form is negligible. The TA is the amount of cations required to

reach pH 7. If we consider that the concentration of the other

organic acids is negligible, we can write that:

inorganic cations Malic acid Tartaric acid TA[ ] = [ ] + [ ] − [ ]

where concentration is expressed in meq/L (Boulton 1980). The

second method is based on the observed pH. Following the

approach of Lobit et al. (2002) for peach, we developed scripts

under R software version 2.12.2 (R Core Team 2011) to

calculate pH value according to concentration of malic and

tartaric acids, the pKa of these acids, the inorganic cation

content and calculations of the ionic strength of the solution.

With measured values of pH, and the concentration of malic and

tartaric acids, we were able to estimate the inorganic cation

content by iterative adjustments. These scripts are available

upon request. Only the inorganic cation concentration

estimated using the pH value is presented here, as statistical

analysis (F tests) were more powerful than with inorganic

cation content estimated using TA (data not shown).

Statistical analyses
Statistical analyses were undertaken with the R software

version 2.12.2 (R Core Team 2011). Smoothing of the curves in

the figures was performed with the lowess function with f = 2/3.

Adjusting the data for malic acid to the different time scales and

calculations of the characteristics of the models was performed

with the gnls function of the nlme package (Pinheiro et al.

2013). Factors ‘Genotype’ and ‘Year’ and interactions finally

included in the models were determined after an iterative

process where the significance at P = 0.05 of an effect or an

interaction was tested by a likelihood ratio test (anova.lme func-

tion). To compare models, the logarithm of the likelihood

(logLik), Akaike Information Criterion (AIC) and Bayesian

Information Criterion (BIC) were used. The AIC and BIC were

calculated with logLik and took into account the number of

parameters in the model: the smaller the value of AIC or BIC,

the better the model. For the same likelihood, the model using

fewer parameters is the preferred model. We also used the

coefficient of determination (R2) between the simulated and

observed data to compare the models.

The lm and anova functions were used for year-by-year

analyses of variance to test the ‘Genotype’ effect. When analys-

ing the data of the 3 years together, the ‘Year’ factor was added

as a random effect in a mixed model of analysis of variance [lmer

function of lme4 package (Bates et al. 2013)], and the signifi-

cance of the ‘Genotype’ effect and of the ‘Genotype x Year’

interaction (as a random effect) was tested by a likelihood ratio

test (Pinheiro and Bates 2000). The ‘Year’ effects were consid-

ered random because they are not repeatable, and they are

drawn at random from a population.

Heritabilities of the inter-annual genotypic means were

calculated as

H
G

G
GY E

=

+ +

σ

σ
σ σ

2

2
2 2

3 6

where is σG
2 is the genotypic variance, σGY

2 is the genotype x

year interaction variance and σE
2 is the residual variance.

Results

Tartaric acid concentration
The concentration of tartaric acid in Riesling berries was always

higher than that for Gewürztraminer in the 3 years of the study

(Figure 1). Beyond 30 days after veraison, the decrease in the

concentration was slow. As expected, the tartaric acid content

per berry was stable after veraison, which confirmed that dilu-

tion because of sugar and water import into the berries was the

main source of the variation of tartaric acid concentration

during ripening.

Malic acid concentration
The decrease in malic acid concentration was more pronounced

than that for tartaric acid: in addition to dilution, degradation

of malic acid occurred at a constant rate (Figure 1). Malic

acid concentration was always higher in Riesling than in

Gewürztraminer in the later samplings, i.e. approximately 30

days after veraison.

Malic acid concentration was fitted to mathematical models:

the rate of malic acid degradation was hypothesised to be pro-

portional to the concentration of malic acid available in the cell

([Mal]) as follows:

d Mal dT dmal Mal[ ] = − [ ].

where T is a time scale.

The integration of this equation leads to the following solu-

tion: [Mal] = Malmin + Mal0.e
(-dmal.T) where Malmin is the theoreti-

cal minimum concentration that can be reached, Mal0 is a value

such that Malmin + Mal0 is the concentration observed at T = 0,

i.e. at veraison. The degradation rate is described as dmal.

Models using DAV, HS_Tmean and HS_Tmax were tested for

fitting to the concentration of malic acid per L and to the

quantity of malic acid per g of dry mass (Qmal/BDM).

The coefficients of determination (R2) between simulated

and observed were slightly better with models using the raw

concentration than with models using Qmal/BDM (Table 1).

Models using HS_Tmean performed significantly better (higher

likelihood) than models using other time scales for the raw

concentration but required more parameters than HS_Tmax.

Figure 2 shows the adjustments with this model. With respect

to the effects of the ‘Year’ or ‘Genotype’ factors on the param-

eters, interactions were detected in all the cases for Mal0

(Table 1), which meant that the differences between the two

genotypes for Mal0 were not stable according to the season.

For the asymptote Malmin, there was always a ‘Year’ effect

and a ‘Genotype’ effect, but also a ‘Genotype x Year’ interac-

tion when HS_Tmean was used. The asymptotic value of

Qmal/BDM was significantly higher for Riesling than for

Gewürztraminer (Figure 3)

For the degradation rate dmal, a ‘Year’ effect was detected

for the DAV time scale, and this degradation rate was higher in

2009 season when degree days accumulated faster than in 2007

and 2008 (Figure 4). Conversely, the degradation rate was inde-

pendent of the season when a thermal time scale was used

Duchêne et al. Berry acidity parameters in grapevine cultivars 3
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(Table 1). Under the assumption that the evolution of malic acid

concentration is driven by cumulative degree days, we com-

pared the evolution of malic acid concentration for the extreme

veraison dates observed in the progeny for the same genotypic

features, taken from Riesling in this case (Figure 5). For the

three seasons, a sampling of berries at a given number of days

after veraison would lead to a bias on the characterisation of

malic acid concentration if measured beyond 20 days post-

veraison. This is especially true in 2008, when the end of

the season was cooler than in 2007 and 2009. This result
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Figure 1. Evolution of (a,c,e)
tartaric acid and (b,d,f) malic
acid concentrations in Riesling
(▲) and Gewürztraminer (○)
as a function of the number of
days after veraison in (a,b)
2007, (c,d) 2008 and (e,f )
2009. The small plots
represent the evolution of the
tartaric or malic acid content of
the berry in μmol/berry. In the
small figures and in figures for
tartaric acid, dotted lines
represent local adjustments
(lowess function in R). For
malic acid, dotted lines
represent adjustments to
exponential curves (see text).

Table 1. Parameters of the models tested for describing the accumulation of malic acid in grapevine berries for two different units and three
different time-scales (Riesling and Gewürztraminer in buffer rows).

Feature Malic acid (mmol/L) Malic acid (mmol/kg dry mass)

DAV HS_Tmean HS_Tmax DAV HS_Tmean HS_Tmax

F-value for . . . Mal0.Genotype 25.7*** 17.7*** 39.0*** 32.4*** 33.2*** 51.9***

Mal0.Year 21.0*** 34.3*** 37.3*** 14.9*** 32.2*** 36.6***

Mal0.Genotype:Year 20.1*** 9.3** 22.8*** 20.2*** 11.5*** 23.1***

Malmin.Genotype 124.5*** 0.007 55.1*** 134.4*** 8.9** 49.9***

Malmin.Year 5.9** 18.9*** 23.4*** 10.2*** 24.3*** 23.8***

Malmin.Genotype:Year ns 4.7** ns ns 3.7* ns

dmal.Genotype ns 6.0* ns ns ns ns

dmal.Year 6.5** ns ns 4.5* ns ns

dmal.Genotype:Year ns ns ns ns ns ns

Number of parameters 13 14 11 13 13 11

R2 (simulated-observed) 0.95 0.96 0.95 0.94 0.94 0.94

Residual standard error 13.1 12.2 13.2 50.1 46.9 49.0

AIC 1469.1 1453.5 1464.6 1902.6 1894.7 1893.0

BIC 1517.7 1505.3 1506.8 1951.2 1943.3 1935.2

logLik −719.6 −710.7***† −719.3 −936.3 −932.3 −933.5

*, **, ***F-value significant at P = 0.05, P = 0.01 and P = 0.001, respectively. ns: not significant at P = 0.05. †Loglikelihood test significant at P = 0.001when compared

to the two other time scales. AIC, Akaike Information Criterion; BIC, Bayesian, Information Criterion; DAV, days after veraison.
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demonstrates that a sampling at a given heat sum after veraison

should be preferred to a sampling at a given number of days

after veraison.

Descriptors for acidity for the parent cultivars and in

the RIxGW progeny
In parallel to the continuous sampling in buffer rows, samples of

berries of the parent cultivars RI and GW were picked at three

stages S1, S2 and S3 in plots embedded in the RIxGW progeny

experiment. Samples of green berries at veraison (S1) did not

always provide a significant difference between the two

cultivars (Table 2). Berry pH was lower for RI than for GW in

2007 and 2008, but not in 2009. Tartaric acid concentration was

different only in 2008, higher for RI. In 2009, the malic acid

concentration was surprisingly higher for GW than for RI, but

this was consistent with the values of TA and pH. In S2 samples,

a significant difference between the two cultivars was detected

every year for all the measured variables: RI berries always had

the highest acidity, evaluated by TA or pH, because of a higher

concentration of malic and tartaric acids. At the final sampling

S3, on the same date, pH was always significantly higher for GW

than for RI. This result is not surprising since veraison dates for

RI were approximately 10 days later than for GW (Duchêne

et al. 2012b) leading to a shorter duration for acidity decrease

between veraison and S3 for RI.

Descriptors in the RIxGW progeny
A significant variation of acidity descriptors was detected

among the 120 genotypes of the RIxGW progeny in both the
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Figure 2. Evolution of malic acid concentration for Riesling (▲) and Gewürztraminer (○) as a function of the heat sum calculated with daily
mean temperature, base 10°C (HS_Tmean), in (a) 2007, (b) 2008 and (c) 2009. Dotted lines represent adjustments to exponential curves (see
text). The value of malic acid concentration in each year measured at a heat sum of 230°C.d after veraison (S2) in the ‘Progeny experiment’
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Figure 3. Values of the asymptote ‘Malmin’ in the relationship [Mal]DM = Malmin + a.e(-b.Time) where [Mal]DM is the concentration of malic acid
expressed in mmol/kg dry mass, and Time is the number of days after veraison, Heat sums are calculated with daily mean (HS_Tmean)
or maximum (HS_Tmax) temperature. Gewürztraminer ( ) and Riesling ( ). Vertical bars represent 95% approximate confidence intervals.
*: a Genoype × year interaction was significant at P = 0.01.
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Figure 4. (a) Heat sums calculated after veraison (Riesling) with the
daily mean temperature, base 10°C (HS_Tmean) in 2007 ( ), 2008
( ) and 2009 (···). (b) Values and approximate 95% confidence
intervals for the decrease rate ‘dmal’ in the relationship [Mal] =
Malmin + Mal0.e(-dmal.DAV) where [Mal] is the concentration of malic acid
expressed in mmol/L.
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year-by-year analysis (Supplementary data S1) and in the

3-year analysis (Table 3). For all the variables, the range of

observed values was similar between years. A significant

‘Genotype x Year’ interaction was detected only for pH at S3

(data not shown). As expected, the concentration of malic and

tartaric acids decreased with the progression of ripening (S2 vs

S1), while the proportion of tartaric acid increased ([Tart]/

([Mal] + [Tart]) ratio). The [Tart]/([Mal] + [Tart]) ratio had in

statistical analyses a higher F-value or X
2 value than the β ratio

([Tart]/[Mal]) proposed in the literature (Kliewer et al. 1967,

Shiraishi 1995). The lower estimated concentration of inor-

ganic cations at S2 than at S1 was not in accordance with the

expected increase of potassium concentration during ripening

(Hale 1977, Iland and Coombe 1988), however, since the con-

centration of potassium is higher in berry skins than in pulp

(Iland and Coombe 1988, Gong et al. 2010), the entire berries

analysed at S1 cannot be compared with the berry juices

analysed at S2.

Genotypic differences were significant for all the descriptors

evaluated as soon as the first sampling date of green berries (S1).

The proportion of tartaric acid was the most discriminating

descriptor for both sampling dates. It was possible to find in the

progeny genotypes with a tartaric acid or malic acid concentra-

tion higher than that of RI (Figure 6). Only five genotypes,

however, had a higher total concentration of malic and tartaric

acids than that of RI, but the difference with the parent cultivar

was never statistically significant. Variation of pH at harvest (S3,

same date for all the genotypes) was the most statistically sig-

nificant. They resulted, however, not only from variation of the

concentration of malic acid and tartaric acid and of the cationic

content but also from different physiological stages, since the

range of dates of veraison in the progeny was approximately 3

weeks. Relationships between acidity descriptors and yield were

also explored. We can demonstrate that yield level had a sig-

nificant influence on malic acid at S2 for example (P < 10−4 in

the 3-year data set). The highest R2 calculated in these analyses,

however, was 0.08, and the highest estimation of the slope for

the response of malic acid concentration to yield increase was 2

(mmol/L)/(kg/m2) in 2009. Even though the high number of

genotypes in the data set allowed the detection of an effect of

yield, this effect was too weak to be integrated in the analysis

of the genetic determinism of acidity descriptors.
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Figure 5. Simulation of the evolution of malic acid concentration in Riesling berries for the latest (- - -) and earliest ( ) veraison dates
observed in the progeny with the model using HS_Tmean, for (a) 2007, (b) 2008 and (c) 2009. The latest veraison date observed in the
progeny was 6 August 2007, 24 August 2008 and 23 August 2009, and the earliest veraison date observed in the progeny was 18 July 2007,
5 August 2008 and 29 July 2009.

Table 2. Descriptors for acidity of Riesling and Gewürztraminer berries from the ‘Progeny experiment’ at three sampling times: at veraison
(S1), at a heat sum of 230°C.d after veraison (S2) and the day before harvest (S3). Values that differ significantly between genotypes are
bolded.

Sampling

time

Variable 2007 2008 2009

GW RI GW RI GW RI

S1 pH 2.91 2.82*** 2.9 2.84* 2.87 2.9

Titratable acidity (g/L equiv. H2SO4) — — 19.2 19.9 20.7 18.9**

Malic acid (mmol/L) 148.4 146.6 137.8 137.6 161.0 137.0**

Tartaric acid (mmol/L) 80.3 80.3 73.9 86.1** 81.4 83.3

[Tart]/([Mal] + [Tart]) 0.35 0.35 0.35 0.38** 0.33 0.38***

S2 pH 3.27 2.98*** 3.15 2.96*** 3.22 3.02***

Titratable acidity (g/L equiv. H2SO4) 4.74 7.38** 6.53 8.77*** 5.8 7.6***

Malic acid (mmol/L) 35.3 51.9** 34.7 43.4* 28.5 35.7*

Tartaric acid (mmo/L) 42.6 54.2** 46.3 73.3*** 47.2 59.0***

[Tart]/([Mal] + [Tart]) 0.55 0.51 0.57 0.63* 0.63 0.63

S3 pH 3.55 2.99*** 3.39 2.94*** 3.42 2.99***

*, **, ***Differences between cultivars within each year were significant at P = 0.05, P = 0.01 and P = 0.001, respectively. GW, Gewürztraminer; RI, Riesling.
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Discussion

Kinetics of evolution
The decrease in the concentration of tartaric and malic acids

observed in the parent cultivars was consistent with existing

knowledge: tartaric acid content per berry can be considered as

constant throughout ripening (Hale 1977, Iland and Coombe

1988, DeBolt et al. 2008), whereas malic acid is catabolised

through many metabolic pathways including gluconeogenesis,

respiration and fermentation [review in Sweetman et al.

(2009)]. The concentration of the acids measured is a conse-

quence of the degradation of acids present in the berry and of

water and sugar imports. The difference between GW and RI

was not always detected in samples of green berries (S1), but it

was always highly significant when samples were taken during

the ripening phase (S2) (Table 2).

For malic acid expressed in mmol/g of berry dry mass, the

difference of asymptotic concentration Malmin at the end of rip-

ening between RI and GW was more stable than the concen-

tration at veraison Malmin + Mal0. Indeed, whatever the time

scale, ‘Genotype x Year’ interactions were always detected for

the Mal0 parameter, whereas this interaction was significant for

Malmin only with HS_Tmean (Table 1). The hypothesis that the

asymptote Malmin is a good descriptor of the genotypic variability

is being tested for a subset of genotypes from the progeny. If

confirmed, sampling should be undertaken as late as possible in

the season. A rough estimate of the time when the concentra-

tion is approximately one residual standard error above Malmin is

43 days after veraison or 600°C.d HS_Tmax.

The second important finding of the modelling process is

that the degradation rate depended on the season with the DAV

scale, higher in warm years, but the rate was constant across

years when thermal scales were used. This result must be con-

firmed in an extended data set including more years and a panel

of environmental conditions. Refining the model describing

changes in malic acid with temperature will be important for

predicting the effect of climate change on berry acidity. Complex

models describing malic acid accumulation in fruits that include

the effect of temperature have been proposed for peach (Lobit

et al. 2006) and form a basis for similar studies on grapevines.

Genetic variability
Genetic variability for the concentration of tartaric and malic

acids, as well as for inorganic cations, has been reported

(Kliewer et al. 1967, Shiraishi 1995, Liu et al. 2007, Bayo-

Canha et al. 2012). The concentration of tartaric acid that

was measured for RI and GW is comparable with results from

other data sets (Kliewer et al. 1967, Pavlousek and Kumsta

2011). For malic acid, values for Riesling were observed higher

Table 3. Three-year analysis of variance for the ‘Genotype’ effect in the Riesling x Gewürztraminer progeny and heritability of the inter-
annual genotypic means at three sampling times: at veraison (S1), at a heat sum of 230°C.d after veraison (S2) and the day before harvest
(S3). The ‘Year’ effect was significant at P < 0.0001 for all the variables, but a ‘Genotype × Year’ interaction was significant at P = 0.05 only
for pH at sampling S3.

Sampling

time

Variable Min Mean Max RSE df X2 Heritability of

the means (%)

S1 Malic acid (mmol/L) 102.9 139.1 176.7 13.0 119 475.5*** 83.8

Tartaric acid (mmol/L) 65.7 81.2 103.9 4.9 119 551.1*** 90.0

[Tart]/([Mal] + [Tart]) 0.29 0.37 0.52 0.02 119 682.7*** 93.6

Inorganic cations (meq/L) 62.8 74.3 86.7 6.1 119 296.0*** 64.5

pH 2.80 2.90 2.97 0.04 119 336.3*** 71.7

S2 Malic acid (mmol/L) 23.8 36.6 57.0 6.2 119 413.8*** 77.4

Tartaric acid (mmol/L) 38.2 52.9 66.0 5.5 120 384.4*** 77.1

[Tart]/([Mal] + [Tart]) 0.49 0.59 0.71 0.04 119 422.4*** 79.7

Inorganic cations (meq/L) 41.9 49.8 60.6 5.2 119 245.8*** 46.0

pH 2.95 3.12 3.35 0.06 119 564.9*** 87.9

S3 pH 2.91 3.22 3.72 0.08 119 690.8*** 92.8

***Differences between cultivars were significant at P = 0.001. df, degrees of freedom of RSE; RSE, residual standard error.
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Figure 6. Combined view of the mean concentration of malic and
tartaric acids at a heat sum of 230°C.d after veraison (S2) observed
over 3 years for the parent cultivars Riesling (▲), Gewürztraminer
(•) and an arbitrary selection of 33 genotypes representative of the
distribution of their progeny (*). Circles represent the confidence
ellipses (radii: one standard error). The dotted line is such that
[Mal] + [Tart] equals the value for Riesling (107 mmol/L). The top
and right hand side of the figure present histograms of the segrega-
tions for the 120 genotypes of the progeny.
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than were reported by Kliewer et al. (1967) but in the same

range as Pavlousek and Kumsta (2011). The classification of

Kliewer et al. (1967) that Riesling is a ‘low malate’ cultivar

based on the β ratio was not confirmed in this study. On the

contrary, the asymptotic malate concentration in the dry matter

was higher for RI than for GW (Figure 3). It would therefore be

more appropriate to characterise RI as a ‘high tartrate’ cultivar.

The novelty of the present study is that descriptors for

acidity were evaluated at the same heat sum after veraison,

which allows a comparison of genotypes that differ in the timing

of veraison. Genotypes with a higher concentration of tartaric

and malic acids or with lower pH than the parent cultivars were

found in progenies (Bayo-Canha et al. 2012). No genotypes,

however, were found with a significantly higher malic + tartaric

acid concentration than that of RI. This suggests that RI has a

combination of alleles that cannot be found in the progeny.

Further evaluation of germplasm collections with the same

sampling procedure as in the present study will allow a more

substantial evaluation of the genetic variability of total

malic + tartaric acid concentration.

These findings suggest that, independently of phenology,

berry acidity descriptors can be manipulated in grapevine prog-

enies. It is likely that QTLs will be identified for these traits and

that molecular markers will assist in breeding new genotypes

better adapted to warmer climates.

Conclusion
This study characterised the genetic variability for berry

acidity descriptors in grapevine genotypes. Berries from Riesling

had a higher tartaric acid concentration than berries from

Gewürztraminer. A difference for malic acid content was also

detected, and equations based on the hypothesis that the rate of

malic acid degradation was proportional to the concentration of

accessible malic acid provided good statistical adjustments. In

the model used, the minimal value of malic acid concentration

in the dry matter of the berries was the parameter that best

characterised the two genotypes.

Using samples of green berries at veraison and samples

picked 230°C.d after veraison (Tmean, base 10°C), 120 geno-

types from a Riesling x Gewürztraminer progeny were com-

pared over 3 years in the vineyard. A significant genotypic

variability was observed for the concentration of malic and

tartaric acids, but also for the estimated cationic content of the

berries for both sampling stages. These results will be used for

QTL detection in this progeny with the objective of identifying

molecular markers suitable for marker-assisted breeding.

If the modelling of acidity evolution proposed in this work is

validated, it will allow novel opportunities to characterise the

genetic variability of acidity-related traits. A search for QTLs per-

formed on parameters of models rather than on raw data is likely

to lead to QTLs closer to physiological determinants and more

stable across different environments. A validated model relating

acidity to temperature could also provide a tool for quantifying

the effect of expected climate change and for testing the behav-

iour of grapevine genotypes in predicted future conditions.
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Annexe 1: P

lan du dispositif RIxGW
 2003 

!

120 génotypes en expérimentation

5 répétitions de 2 souches par génotype

1200 souches en expérimentation NORD

60 blocs incomplets de 10 génotypes répartis en 5 blocs complets

RI = riesling (mère) GW = gewurztraminer (père)

Chemin
33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11

63 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643

62 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643 Gw 643

61 Gw643 0206E 0026E 0211E 0213E 4071G 0053D 0034E 0017E 0051E 0022E 0010E 0035E 0202E 0217E 0069E 0206E 0238E 0016E 0211E 4094G 0040E Gw643

60 Gw643 0206E 0026E 0211E 0213E 4071G 0053D 0034E 0017E 0051E 0022E 0010E 0035E 0202E 0217E 0069E 0206E 0238E 0016E 0211E 4094G 0040E Gw643

59 Gw643 0227E 0208E 0052E Gw 643 4059G 0004E 0066E 0244E 0044E 0038E Ri 49 0009D 0212E 0232E 0017E 0021E 0120C Gw 643 0002E 0013E 0209E Gw643

58 Gw643 0227E 0208E 0052E Gw 643 4059G 0004E 0066E 0244E 0044E 0038E Ri 49 0009D 0212E 0232E 0017E 0021E 0120C Gw 643 0002E 0013E 0209E Gw643

57 Gw643 0057E 0042E 0218E 0021E 0214E 0062E 0055D 0216E 0033E 0035E 0226E 4071G 0036E 0052E 0039E 0230E 0015E 0034E 0003E 0228E 0022E Gw643

56 Gw643 0057E 0042E 0218E 0021E 0214E 0062E 0055D 0216E 0033E 0035E 0226E 4071G 0036E 0052E 0039E 0230E 0015E 0034E 0003E 0228E 0022E Gw643

55 Gw643 4094G 0238E 0215E 0047E 0039E 0232E 0011E 0040E 0012E 0001E 0207E 0074E 0045E 0068E 0010C 0302E 0061E 0011E 0214E 0049E 0018E Gw643

54 Gw643 4094G 0238E 0215E 0047E 0039E 0232E 0011E 0040E 0012E 0001E 0207E 0074E 0045E 0068E 0010C 0302E 0061E 0011E 0214E 0049E 0018E Gw643

53 Gw643 0005E 0018E 0045E Ri 49 0007E 0070E 0071E 0037E 0236E 0202E Gw 643 0203E 0204E 0053E 4082G 0038E 4095G Ri 49 0010E 0058E 0205E Gw643

52 Gw643 0005E 0018E 0045E Ri 49 0007E 0070E 0071E 0037E 0236E 0202E Gw 643 0203E 0204E 0053E 4082G 0038E 4095G Ri 49 0010E 0058E 0205E Gw643

51 Gw643 0023E 0060E 0009D 0058D 0011D 0304E 0033D 0010C 0025E 0230E 0055E 0062E 0007E 0057E 0053D 0006E 4076G 0031D 0072E 0011D 0012E Gw643

50 Gw643 0023E 0060E 0009D 0058D 0011D 0304E 0033D 0010C 0025E 0230E 0055E 0062E 0007E 0057E 0053D 0006E 4076G 0031D 0072E 0011D 0012E Gw643

49 Gw643 0068E 0008E 0226E 0072E 0233E 0063E 0016E 0302E 0209E 0229E 0217E 0066E 0020E 0009E 0008E 0048E 0070E 0037E 0028E 0207E 0026E Gw643

48 Gw643 0068E 0008E 0226E 0072E 0233E 0063E 0016E 0302E 0209E 0229E 0217E 0066E 0020E 0009E 0008E 0048E 0070E 0037E 0028E 0207E 0026E Gw643

47 Gw643 0003E 0031E 0061E Gw 643 0032E 0013E 0020E 0013D 0014D 0204E Ri 49 0218E 0237E 0005E 0012D 0215E 0013D Gw 643 0063E 0014D 0067E Gw643

46 Gw643 0003E 0031E 0061E Gw 643 0032E 0013E 0020E 0013D 0014D 0204E Ri 49 0218E 0237E 0005E 0012D 0215E 0013D Gw 643 0063E 0014D 0067E Gw643

45 Gw643 0054E 0069E 0054D 4082G 0053E 0032D 0212E 0056E 0009E 0049E 0001E 0041E 0031E 0304E 0042E 0027E 0051E 0033D 0301E 0244E 0054D Gw643

44 Gw643 0054E 0069E 0054D 4082G 0053E 0032D 0212E 0056E 0009E 0049E 0001E 0041E 0031E 0304E 0042E 0027E 0051E 0033D 0301E 0244E 0054D Gw643

43 Ri49 0031D 4095G 0228E 0075E 0012D 0246E 0301E 0210E 0002E 0046E 0036E 4078G 0044E 0233E 0032E 0213E 0033E 0075E 0046E 0024E 0032D Ri49

42 Ri49 0031D 4095G 0228E 0075E 0012D 0246E 0301E 0210E 0002E 0046E 0036E 4078G 0044E 0233E 0032E 0213E 0033E 0075E 0046E 0024E 0032D Ri49

41 Ri49 4078G 0048E 0024E Ri 49 0030E 0041E 0014E 0203E 0028E 0006E Gw 643 0229E 0236E 0246E 0056E 0055D 0014E Ri 49 0216E 0227E 0030E Ri49

40 Ri49 4078G 0048E 0024E Ri 49 0030E 0041E 0014E 0203E 0028E 0006E Gw 643 0229E 0236E 0246E 0056E 0055D 0014E Ri 49 0216E 0227E 0030E Ri49

39 Ri49 0074E 0237E 0067E 0055E 0120C 0058E 4076G 0027E 0205E 0015E 0060E 0208E 0004E 0058D 0071E 0023E 0210E 0054E 4059G 0025E 0047E Ri49

38 Ri49 0074E 0237E 0067E 0055E 0120C 0058E 4076G 0027E 0205E 0015E 0060E 0208E 0004E 0058D 0071E 0023E 0210E 0054E 4059G 0025E 0047E Ri49

37 Gw643 4076G 0063E 0215E 0017E 0026E 0238E 0040E 0021E 0002E 0033E 0012D 0027E 0202E 0009E 0052E 0018E 0074E 0246E 0031E 0302E 0058E Gw643

36 Gw643 4076G 0063E 0215E 0017E 0026E 0238E 0040E 0021E 0002E 0033E 0012D 0027E 0202E 0009E 0052E 0018E 0074E 0246E 0031E 0302E 0058E Gw643

35 Gw643 4059G 0218E 0226E Gw 643 0036E 0237E 0053D 0227E 0012E 0212E Ri 49 0072E 0301E 0038E 0304E 0003E 0055D Gw 643 0047E 0230E 4071G Gw643

34 Gw643 4059G 0218E 0226E Gw 643 0036E 0237E 0053D 0227E 0012E 0212E Ri 49 0072E 0301E 0038E 0304E 0003E 0055D Gw 643 0047E 0230E 4071G Gw643

33 Gw643 0075E 0058D 0204E 0055E 0233E 0011D 0056E 0068E 0014D 0005E 0004E 0213E 0039E 0024E 4082G 0216E 0013D 0028E 0044E 0032E 0211E Gw643

32 Gw643 0075E 0058D 0204E 0055E 0233E 0011D 0056E 0068E 0014D 0005E 0004E 0213E 0039E 0024E 4082G 0216E 0013D 0028E 0044E 0032E 0211E Gw643

31 Ri49 0214E 0013E 0045E 0015E 0008E 0244E 0228E 0054D 0053E 0023E 0037E 0206E 0032D 0070E 0020E 0010E 0030E 0207E 4095G 0001E 0009D Ri49

30 Ri49 0214E 0013E 0045E 0015E 0008E 0244E 0228E 0054D 0053E 0023E 0037E 0206E 0032D 0070E 0020E 0010E 0030E 0207E 4095G 0001E 0009D Ri49

29 Ri49 0042E 0229E 0025E Ri 49 0046E 0049E 0010C 0205E 0217E 0022E Gw 643 0236E 0210E 0031D 0060E 0069E 0209E Ri 49 0051E 0208E 0016E Ri49

28 Ri49 0042E 0229E 0025E Ri 49 0046E 0049E 0010C 0205E 0217E 0022E Gw 643 0236E 0210E 0031D 0060E 0069E 0209E Ri 49 0051E 0208E 0016E Ri49

27 Ri49 0067E 0071E 0041E 0057E 0232E 0066E 0014E 0011E 4078G 0120C 0035E 0061E 0062E 4094G 0007E 0048E 0006E 0203E 0034E 0033D 0054E Ri49

26 Ri49 0067E 0071E 0041E 0057E 0232E 0066E 0014E 0011E 4078G 0120C 0035E 0061E 0062E 4094G 0007E 0048E 0006E 0203E 0034E 0033D 0054E Ri49

25 Gw643 0244E 0039E 0209E 0036E 0207E 0054E 0213E 0031E 0010E 0301E 0210E 0070E 0005E 0204E 0236E 0067E 0020E 0068E 0063E 0051E 0302E Gw643

24 Gw643 0244E 0039E 0209E 0036E 0207E 0054E 0213E 0031E 0010E 0301E 0210E 0070E 0005E 0204E 0236E 0067E 0020E 0068E 0063E 0051E 0302E Gw643

23 Gw643 0227E 4059G 0032E Gw 643 0022E 0212E 0031D 0009D 0057E 0058D Ri 49 0052E 4071G 0025E 0211E 0014E 0056E Gw 643 0214E 0002E 0206E Gw643

22 Gw643 0227E 4059G 0032E Gw 643 0022E 0212E 0031D 0009D 0057E 0058D Ri 49 0052E 4071G 0025E 0211E 0014E 0056E Gw 643 0214E 0002E 0206E Gw643

21 Gw643 0045E 0246E 4095G 0229E 0028E 0215E 0053D 0040E 4078G 0013D 0120C 0233E 0072E 0228E 0027E 0011E 0216E 0008E 0060E 0202E 0304E Gw643

20 Gw643 0045E 0246E 4095G 0229E 0028E 0215E 0053D 0040E 4078G 0013D 0120C 0233E 0072E 0228E 0027E 0011E 0216E 0008E 0060E 0202E 0304E Gw643

19 Ri49 0011D 0009E 0010C 0021E 0026E 0038E 0230E 0055E 0066E 0042E 0033D 0237E 0232E 4094G 0006E 0238E 0003E 0024E 0015E 0049E 0074E Ri49

18 Ri49 0011D 0009E 0010C 0021E 0026E 0038E 0230E 0055E 0066E 0042E 0033D 0237E 0232E 4094G 0006E 0238E 0003E 0024E 0015E 0049E 0074E Ri49

17 Ri49 0023E 0203E 0044E Ri 49 0061E 0075E 0018E 0047E 4082G 0012E Gw 643 0017E 0030E 0013E 0217E 0062E 0016E Ri 49 0007E 4076G 0004E Ri49

16 Ri49 0023E 0203E 0044E Ri 49 0061E 0075E 0018E 0047E 4082G 0012E Gw 643 0017E 0030E 0013E 0217E 0062E 0016E Ri 49 0007E 4076G 0004E Ri49

15 Ri49 0048E 0226E 0041E 0046E 0034E 0012D 0053E 0205E 0035E 0069E 0037E 0014D 0208E 0055D 0071E 0218E 0058E 0032D 0033E 0054D 0001E Ri49

14 Ri49 0048E 0226E 0041E 0046E 0034E 0012D 0053E 0205E 0035E 0069E 0037E 0014D 0208E 0055D 0071E 0218E 0058E 0032D 0033E 0054D 0001E Ri49

13 Gw643 0017E 0041E 0068E 0070E 0010C 0060E 0033E 0207E 0004E 0002E 0009D 0238E 0031E 0229E 0038E 0246E 0054E 0062E 4082G 0058D 0048E Gw643

12 Gw643 0017E 0041E 0068E 0070E 0010C 0060E 0033E 0207E 0004E 0002E 0009D 0238E 0031E 0229E 0038E 0246E 0054E 0062E 4082G 0058D 0048E Gw643

11 Gw643 0006E 0047E 0049E Gw 643 4071G 0218E 0039E 0032E 0216E 0237E Ri 49 0055D 4076G 0027E 0023E 0232E 0063E Gw 643 0206E 0014E 0001E Gw643

10 Gw643 0006E 0047E 0049E Gw 643 4071G 0218E 0039E 0032E 0216E 0237E Ri 49 0055D 4076G 0027E 0023E 0232E 0063E Gw 643 0206E 0014E 0001E Gw643

9 Gw643 4078G 0202E 0026E 0031D 0013E 0013D 0055E 0061E 0120C 0042E 0227E 0228E 0053E 0033D 0012E 0211E 0015E 0036E 0022E 0014D 0072E Gw643

8 Gw643 4078G 0202E 0026E 0031D 0013E 0013D 0055E 0061E 0120C 0042E 0227E 0228E 0053E 0033D 0012E 0211E 0015E 0036E 0022E 0014D 0072E Gw643

7 Ri49 0067E 0012D 0203E 0304E 0034E 0025E 0074E 0045E 0054D 0236E 0016E 0046E 0301E 0037E 0035E 0040E 0208E 0028E 0230E 0209E 0051E Ri49

6 Ri49 0067E 0012D 0203E 0304E 0034E 0025E 0074E 0045E 0054D 0236E 0016E 0046E 0301E 0037E 0035E 0040E 0208E 0028E 0230E 0209E 0051E Ri49

5 Ri49 0233E 4094G 0010E Ri 49 0011E 0069E 0210E 0302E 0075E 0066E Gw 643 0044E 0007E 0056E 0020E 0024E 0204E Ri 49 0032D 0205E 0071E Ri49

4 Ri49 0233E 4094G 0010E Ri 49 0011E 0069E 0210E 0302E 0075E 0066E Gw 643 0044E 0007E 0056E 0020E 0024E 0204E Ri 49 0032D 0205E 0071E Ri49

3 Ri49 0217E 0213E 4059G 0215E 0009E 0244E 0058E 0030E 0011D 0052E 0003E 4095G 0214E 0212E 0018E 0008E 0021E 0226E 0053D 0057E 0005E Ri49

2 Ri49 0217E 0213E 4059G 0215E 0009E 0244E 0058E 0030E 0011D 0052E 0003E 4095G 0214E 0212E 0018E 0008E 0021E 0226E 0053D 0057E 0005E Ri49

1 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49 Ri49

33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11
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Annexe 2: P
lan du dispositif RIxGW

 2006 

!

Plan du dispositif "Riesling x Gewurztraminer" 2006 section 3 Bergheim

Plantation le 07/06/06 Porte greffe 161-49C clone198

N° souche 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10

56 gw643 gw643 gw643 gw643 gw643 gw643

55 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643

54 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643

53 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643 gw643

50
gw643 4055G 3600L 0032D 5391H 4094G 5108H 0011D 0070E 3513L 3536L 3568L 0215E 3541L 3583L 5247H 5062H 0205E 5512H 0046E 5169H 0009D 5479H 5072H 5476H

gw643

47
gw643 5432H 5037H 5404H 5238H 0037E 4060G 4076G 3531L 4015G 3516L 0071E 5388H 643 0043E 5174H 0017E 0069E 5134H 5170H 0230E 0047E 0027E 5364H 5425H

gw643

44
gw643 0023E 5499H 643 3597L 3547L 3509L 5346H 5081H 0014E 0232E 5167H 5257H 5443H 0206E 0061E 4082G 5489H 49 5098H 3574L 0204E 3517L 5089H 0010E

gw643

41
gw643 3596L 5456H 5497H 5457H 5415H 5014H 5446H 49 3612L 5100H 0028E 0010C 4000G 0226E 5516H 0031E 3606L 5147H 3570L 4078G 0012E 5433H 643 5288H

gw643

38
gw643 5164H 5301H 4032G 5413H 5048H 0021E 5233H 5297H 3613L 0018E 3578L 5399H 49 3504L 5119H 0062E 5406H 0015E 0007E 5224H 5207H 3552L 3543L 3507L

gw643

35
ri49 5027H 3580L 49 5208H 4095G 0208E 3604L 5195H 3558L 3556L 5262H 4007G 5448H 3586L 3535L 0202E 5006H 643 3514L 3539L 3587L 5058H 5020H 3575L ri49

32
ri49 0052E 0004E 0214E 0072E 5225H 0060E 5258H 643 5358H 5210H 3501L 5278H 3577L 5248H 0033E 4059G 5292H 5454H 0051E 5481H 5482H 5099H 49 5200H ri49

29
ri49 5106H 5473H 5107H 5475H 3601L 5496H 5190H 5137H 5042H 3549L 0032E 0006E 643 3579L 3611L 3594L 0233E 5369H 3548L 5264H 0237E 5296H 5397H 3626L ri49

26
ri49 5189H 0209E 643 5314H 5213H 0075E 0229E 0031D 0009E 3526L 0210E 0008E 5168H 3505L 5194H 0044E 5180H 49 5019H 5217H 0002E 5265H 3593L 3521L ri49

23
gw643 5141H 5291H 3584L 3518L 5127H 0067E 4003G 49 5235H 0033D 0025E 0053D 3569L 5493H 5253H 3502L 5103H 0058E 5036H 0216E 4075G 5178H 643 5214H gw643

20
gw643 5105H 5061H 5017H 0227E 5215H 0057E 0246E 5154H 3528L 4054G 3529L 3563L 49 3538L 3589L 5211H 0058D 0212E 5219H 5227H 5146H 5221H 3559L 5172H gw643

17
gw643 3542L 4002G 49 3622L 0120C 0217E 5510H 0049E 0024E 5303H 5148H 3585L 0014D 3618L 3554L 5279H 0005E 643 0034E 3524L 0074E 5338H 3599L 0045E gw643

14
gw643 5271H 0020E 3610L 5011H 0203E 5249H 5063H 643 3523L 0068E 3566L 5260H 0055D 5222H 3614L 5429H 5179H 3617L 5491H 5054H 3551L 3512L 49 5327H gw643

11
ri49 5283H 0013D 5087H 0016E 5088H 5375H 5022H 4071G 0030E 3525L 0039E 0036E 643 5494H 3576L 0053E 0042E 3555L 0038E 5407H 0236E 0040E 3564L 0211E ri49

8
ri49 3561L 5256H 643 5316H 5018H 5307H 3588L 3605L 3620L 0035E 5517H 0055E 3503L 0022E 0218E 5290H 5295H 49 5378H 3510L 3621L 5186H 0013E 0026E ri49

5
ri49 0066E 0003E 5460H 5005H 3527L 0011E 0063E 49 3553L 3562L 3519L 3506L 0048E 0041E 3598L 3602L 5368H 5380H 3522L 0244E 0228E 0238E 643 0054D ri49

2
ri49 5083H 5390H 5111H 3508L 0054E 5471H 3533L 5326H 5216H 3544L 5191H 0207E 3545L 5246H 0012D 3619L 3546L 0213E 0001E 0056E 3609L 3532L 3537L 3515L ri49

1 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49 ri49

rang 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10
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! "V"!

C.  Annexe 3:  L is te  des var iab les mesurées sur  le  d ispos i t i f  2003 

S0)668+8').81-! I-.8.*0&! i-8.&!

a(&-101/8$! [).$!3$!3&21*%%$,$-.! ;1*%6!

[).$!3$!+01%)861-! ;1*%6!

[*%&$!3&21*%%$,$-.W+01%)861-! ;1*%6!

[).$!3$!:&%)861-! ;1*%6!

[*%&$!+01%)861-W:&%)861-! ;1*%6!

[*%&$!3&21*%%$,$-.W:&%)861-! ;1*%6!

S1,416)-.$6!3*!
%$-3$,$-.!

Q1,2%$!3$!%),$)*9!6$'1-3)8%$!3$!0c):)-.!
3$%-8$%!%),$)*!

!

Q1,2%$!8-+01%$6'$-'$6!4%8,)8%$6!3$!0c):)-.!
3$%-8$%!%),$)*!

!

Q1,2%$!8-+01%$6'$-'$6!6$'1-3)8%$6!3$!0c):)-.!
3$%-8$%!%),$)*!

!

Q1,2%$!8-+01A%),$)*!6$'1-3)8%$!3$!0c):)-.!
3$%-8$%!%),$)*!

!

Q1,2%$!3$!%),$)*9!4%8,)8%$6!3$!0)!61*'($! !

Q1,2%$!3$!%),$)*9!6$'1-3)8%$6!3$!0)!61*'($! !

Q1,2%$!3$!/1*%,)-36!3$!0)!61*'($! !

Q1,2%$!3c8-+01%$6'$-'$6!4%8,)8%$6!3$!0)!
61*'($!

!

Q1,2%$!3c8-+01%$6'$-'$6!6$'1-3)8%$6!3$!0)!
61*'($!

!

Q1,2%$!3c8-+01%$6'$-'$6!6*%!0$6!/1*%,)-36!3$!
0)!61*'($!

!

Q1,2%$!.1.)0!3$!/%)44$6!4)%!61*'($! !

]*)08.&!3$!0)!-1*)861-! !

_800$%)-3)/$! !

@$%.808.&!4%8,)8%$!3$!0)!61*'($! !

Q1,2%$!.1.)0!3$!%),$)*9!3$!0)!61*'($! !

Q1,2%$!.1.)0!3c8-+01<!3$!0)!61*'($! !

@$%.808.&!/012)0$!3$!0)!61*'($!H.1*6!%),$)*9!
'1-+1-3*6J!

!

Q1,2%$!3$!%),$)*9!^1.)*9!A!Q1,2%$!3$!
G),$)*9!a%8,)8%$!

!

Q1,2%$!.1.)0!8-+01<A!Q2%$!%),$)*9!4%8,)8%$6!
3$!0)!61*'($!

!

^)*9!3$!.%)-6+1%,).81-!3$6!8-+01%$6'$-'$6!$-!
/%)44$!3$!0)!61*'($!

!

Q1,2%$!3$!/%)44$6!A!Q2%$!%),$)*9!4%8,)8%$6!
3$!0)!61*'($!

!

_)66$!3$6!2)8$6!4%&0$:&$6!=!0)!:&%)861-!\"! /!



! "VE!

Q1,2%$!3$!2)8$6!4%&0$:&$6!=!0)!:&%)861-!\"! !

a1836!,1D$-!3c*-$!2)8$!=!0)!:&%)861-!\"! /!

_)66$!3$!%)868-!4)%!4)%'$00$! /!

Q1,2%$!3$!61*'($6!%&'10.&$6! !

a1836!3$!%)868-!4)%!61*'($! /!

Q1,2%$!3$!%),$)*9!4%8,)8%$6<,WE! !

Q1,2%$!.1.)0!3$!/%)44$6<,WE! !

Q1,2%$!.1.)0!3$!%),$)*9<,WE! !

G$-3$,$-.! s/A,E!

a1836!,1D$-!3c*-$!/%)44$! /!

[8),5.%$!,1D$-!3$6!)%'*%$6!4)%!61*'($! !

^)*9!3$!3&21*%%$,$-.!HQ2G"AQ2t$*9J! !

Q1,2%$!3cD$*9!0)866&6!=!0)!.)800$<,WE! !

^)*9!3$!%$,40866)/$!3*!%83$)*!+108)8%$!=!0)!
+01%)861-!

!

a1836!3*!2186!3$!.)800$!3c*-$!61*'($! s/!

a1836!3*!2186!3$!.)800$! s/<,WE!

S)%)'.&%86.87*$6!
3$6!%)868-6!

[).$!3$!4%&05:$,$-.!\"!H:&%)861-J! !

jK0*'16$l+%*'.16$k!\"! /<0W"!

4R!\"! !

jZ'83$!.)%.%87*$k!\"! /<0W"!

jZ'83$!,)087*$k!\"! /<0W"!

[).$!3$!4%&05:$,$-.!\E!H,8W,).*%8.&!J! !

I-38'$!3$!%&+%)'.81-!\E! Ud%89!

4R!\E! !

Z'838.&!3$!.8.%).81-!\E! /<0W"!RE\bY!

jZ'83$!.)%.%87*$k!\E! /<0W"!

jZ'83$!,)087*$k!\E! /<0W"!

ja1.)668*,k!\E! ,/<0W"!

^$-$*%6!$-!.$%4&-106!\E! µ/<0W"!

[).$!3$!4%&05:$,$-.!\P!H%&'10.$J! !

I-38'$!3$!%&+%)'.81-!\P! Ud%89!

4R!\P! !

Z*.%$6!
')%)'.5%$6!

bIpEFY!W!S1,4)'8.&!3$6!/%)44$6! !

a1*%'$-.)/$!3$!41*%%8.*%$!/%86$! !

bIpEET!W!S1*0$*%!3$!0)!4$008'*0$! !

bIp!EET!I-.$-68.&!,)9!3$!0)!'101%).81-! !

bIpEEP!W!@1%,$!3$!0)!2)8$! !

!



! "VP!

!

D.  Annexe 4:  Car tes génét iques (données supplémenta i res de Duchêne et  a l .  

2012b) 

!

!



! "VY!

!

!



! "VT!

!

!

!
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