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H33+@6!.&0.*/-$!0.3$*-!>/-#@/96!+'!*/)6/-.+&J!oe6!.&0.*/-$!.&-$3/*-.+&6J!/&0!0/6#$0!(.&$6!

0$>.*-!*+33$(/-.+&6!*/)6$0!?9!-#$!0.3$*-!>/-#@/96M!

3567825+29!/6!:2;</. 07!2513./5;25:07!10. 30:3/5!/5!
<=25/:><29 !

"#$!$&2.3+&4$&-!.&'()$&*$6!(.'$;*9*($!$=>3$66.+&!.&!-@+!@/96F!5.36-J!.&!4/&9!

+38/&.646!-#$!-.4.&8!+'!(.'$ ;6-/8$!-3/&6.-.+&6!b+3!>#$&+(+8.*/(!$2$&-6c!.6!6-3+&8(9!

.&'()$&*$0!?9!-#$!$&2.3+&4$&-M!%&!+-#$3!@+306J!-#$6$!-3/.-6!/3$!>#$&+-9>.*/((9!>(/6-.*!

bB3/06#/@!T\_Um!5+33$6-!/&0!L.(($3;N)6#.&8!RSTSm!].*+-3/!$-!/(M!RSTSm!K)(-/&!RSSScm!/&0!

-#)6 J!/!6.&8($!8$&+-9>$!*/&!>3+0)*$!/!0.2$36.-9!+'!>#$&+-9>$6!0$>$&0.&8!+&!

$&2.3+&4$&-/(!*+&0.-.+&6M!5+3!.&6-/&*$J!-#$!6/4$!8$&+-9>$!+'!-#$!)&0$36-+39!#$3?!

Campanulastrum  americana!.6!/&!/&&)/(!.'!.-!8$3 4.&/-$6!.&!-#$!'/((!?)-!.6!/!?.$&& ./(!.'!.-!

8$34.&/-$6!.&!-#$!6>3.&8!b,/((+@/9!/&0!B)38$66!RSS\m!,/((+@/9!/&0!1--$36+&!RSSZcM!"#.6!

0.2$36.-9!+**)36!?$*/)6$!$=>+6)3$!-+!@.&-$3!*#.((.&8!.6!/!3$Q).3$4$&-!'+3!'(+@$3.&8l '/((!

6$$0(.&86!3$*$.2$!*#.((.&8!.&!-#$.3!'.36-!@.&-$3J!?)-!6>3.&8!6$$0(.&86!0+!&+-!)&-.(!-#$!

'+((+@.&8!9$/3!b,/((+@/9!:MJ!>$36+&/(!*+44)&.*/-.+&cM!"#)6J!-#$!$&2.3+&4$&-!6-3+&8(9!

.&'()$&*$6!-#$!-.4.&8!+'!(.'$ ;6-/8$!-3/&6.-.+&6M!!!

K$*+&0J!-#$!$&2.3+&4$&-!/(6+!0$-$34.&$6!6$($*-.+&!+&!$=>3$66$0!(.'$;6-/8$!

-3/&6.-.+&6!@.-#!6)**$66')(!2/3./&-6!0$-$34.&.&8!@#.*#!$&2.3+&4$&-/(!3$6>+&6$6!>$36.6-M!

H0/>-.2$!3$6>+&6$6!-+!$&2.3+&4$&-/(!2/3./-.+&!#/2$!?$$&!0$4+&6-3/-$0!$4>.3.*/((9!'+3!

6>$*.'.*!(.'$ ;6-/8$!-3/&6.-.+&6!.&!>(/&-6!6)*#!/6!'(+@$3.&8!-.4$!/&0!8$34.&/-.+&!bH3+&6+&!



!

_!

$-!/(M!T\\Rm!<(/)66!/&0!Y$&/?($!RSSSm!C+&+#)$!RSSSm!K)(-/&!RSSSc!/&0!4+3$!?3+/0(9!'+3!

-#$!-.4.&8!+'! (.'$;6-/8$!-3/&6.-.+&6!.&!+-#$3!+38/&.646!b<#/34/&-.$3!$-!/(M!RSS`m!Y.66$3!$-!

/(!T\\`cM!5+3!$=/4>($J!-#$!'.-&$66!+'!/&)3/&!6>$*.$6!-#/-!(/9!$886!.&!-$4>+3/39!>+&06!.6!

0$-$34.&$0!?9!-#$!-.4.&8!+'!4$-/4+3>#+6.6 M!%'!-#$!>+&0!03.$6!)>!?$'+3$!4$-/4+3>#+6.6!

.6!*+4>($-$J!-#$!-/0>+($6!0.$!bN.*#-$3;B+.=!$-!/(M!RSTTcM!,.2$&!-#/-!-$4>+3/(!>++(6!2/39!

@.0$(9!.&!039.&8!3/-$6J!6+4$!6>$*.$6!#/2$!$2+(2$0!-#$!/?.(.-9!-+!6>$$0!)>!

4$-/4+3>#+ 6.6!.&!3$6>+&6$!-+!>++(!039.&8!b1&3.Q)$A;E3A$(/.!$-!/(M!RSTacM!"#.6!3$6>+&6$!

.6!6$($*-$0!'+3!?$*/)6$!.-!/((+@6!.&0.2.0)/(6!-+!4/=.4.A$!6.A$!.&!6(+@;039.&8!>+&06!@#.($!

$&6)3.&8!6)32.2/(!.&!'/6-;039.&8!>+&06M!%&!-#$6$!6>$*.$6J!-#$!-.4.&8!+'!4$-/4+3>#+6.6 !

b-#$!$=>3$66$0!>#$&+-9>$c!and!-#$!'.-&$66!+'!-#$!+38/&.64!/3$!?+-#!0$-$34.&$0!?9!/!

6.&8($!$&2.3+&4$&-/(!'/*-+3l @/-$3!/2/.(/?.(.-9M!"#)6J!$&2.3+&4$&-/(!'/*-+36!*/&!?+-#!

0$'.&$!/&0!0$-$34.&$!6$($*-.+&!+&!.&0.2.0)/(!(.'$;6-/8$!-3/&6.-.+&6M!!

^+@$2$3J!+38/&.64/(! '.-&$66!.6!&+-!6+($(9!0$'.&$0!?/6$0!+&!-#$!-.4.&8!+'!/!6.&8($!

(.'$;6-/8$!-3/&6.-.+&M!P.-#.&!/!8$&$3/-.+&J!-#$!*+4?.&$0!$''$*-6!+'!6$Q)$&-./(!(.'$ ;6-/8$!

-3/&6.-.+&6!together!0$-$34.&$!-#$!$&2.3+&4$&-!-#/-! $/*#!(.'$ ;6-/8$!$=>$3.$&*$6!/&0!-#)6!

+2$3/((!'.-&$66M!5+3!.&6-/&*$J!/6!49!0.66$3-/-.+&!0$4+&6-3/-$6J!-#$!-.4.&8!+'!6$$0!

0.6>$36/(!+'!A.  thaliana!0$-$34.&$6!-#$!$&2.3+&4$&-!-#$!6$$0!$=>$3.$&*$6!/&0!-#)6!?+-#!

.-6!6)32.2/(!/&0!@#$&!.-!8$34.&/-$6M!"#$!-.4.&8!+'!8$34.&/-.+&!0$-$34.&$6!-#$!

$&2.3+&4$&-!-#$!2$8$-/-.2$!6-/8$!$=>$3.$&*$6!/&0!-#)6!.-6!6)32.2/(!/&0!-#$!-.4.&8!+'!

'(+@$3.&8M!H&0!-#$!-.4.&8!+'!'(+@$3.&8!0$-$34.&$6!-#$!3/-$!+'!6$$0!0$2$(+>4$&-J!



!

Z!

6$&$6*$&*$!-.4$J!/&0!-#)6!0.6>$36/(!-.4.&8M!P#$&!-#$!'.-&$66!$''$*-6!+'!4)(-.>($!(.'$ ;6-/8$!

-3/&6.-.+&6!/&0!+-#$3!/66+*./-$0!-3/.-6!#/2$!?$$&!$=/4.&$0!.&!*+&*$3-J!6-3+&8!*+33$(/-.+&6!

/3$!+'-$&!'+)&0!b5+)3&.$3;:$2$(!$-!/(M!RSTam K//6-/4+.&$&!$-!/(M!RSTam Y/(.4/D.!$-!/(M!RSTam!

P.((.&D!$-!/(M!RST[cM!!

E(-.4/-$(9J!-#$!>(/6-.*.-9!+'!(.'$ ;6-/8$!-3/&6.-.+&6!6$32$6!-+!0$-$34.&$!?+-#!-#$!

6>$$0!+'!>3+83$66.+&!-#3+)8#!-#$!(.'$!*9*($!/&0!-#$!$&2.3+&4$&-/(!*+&0.-.+&6!-#/-!$/*#!

(.'$!6-/8$!.6!$=>+6$0!-+M!X2$3!/!(+&8!6$($*-.2$!#.6-+39!.&!/!>/3-.*)(/3!(+*/-.+&J!@$!4.8#-!

$=>$*-!-#$!>(/6-.*!(.'$;*9*($!696-$4!+'!/&!+38/&.64!-+!#/2$!$2+(2$0 !6)*#!-#/-!$/*#!(.'$!

6-/8$!.6!$=>3$66$0!/-!-#$!-.4$!+'!9$/3!@#$&!.-!.6!?$6-!/?($!-+!6)32.2$M!^+@$2$3J!(.'$;*9*($!

/0/>-/-.+&!.6!2$39!0.''.*)(-!-+!6-)09!$4>.3.*/((9!/*3+66!8$&$3/-.+&6!0)$!-+!-$*#&.*/(!

(.4.-/-.+&6!/&0!-#)6!6-3+&8!$4>.3.*/(!$2.0$&*$!.6!(/*D.&8!.&!4+6-!696-$46M!5)3-#$3J!-#$!

-.8#-!*+&&$*-.+&6!/&0!'$$0?/*D6!.&!-#.6!696-$4!?$-@$$&!-#$!$&2.3+&4$&-J!8$&+-9>$J!/&0!

>#$&+-9>$!8$&$3/-$!&)4$3+)6!*+33$(/-.+&6!-#/-!6#/>$!-#$!$=>3$66.+&!+'!>#$&+-9>.*!

2/3./-.+&!b5.8)3$!TcM!C)$!-+!-#$!*+4>($=.-9!+'!-#$6$!.&-$3/*-.+&6J!4+0$(.&8!/>>3+/*#$6!

-#/-!6.4>(.'9!-#$6$!696-$46!-+!-#$.3!*+4>+&$&-!>/3-6!*/&!>(/9!/&!.4>+3-/&-!3+($!.&!

0$*.>#$3.&8!#+@!$/*#!+'!-#$6$!'/*-+36!*+&-3.?)-$!-+!-#$!$=>3$66.+&!+'!(.'$!*9*($6M!

9209/507!+08929!/6!< 723/:./<> !

B$*/)6$!6$/6+&/(!$&2.3+&4$&-6!/3$!*9*(.*/(J!.-!.6!>+66.?($!-#/-!-#$ !*+33$(/-.+&6!

4$&-.+&$0!/?+2$!*+)(0!?$!>3$0.*-/?($!+&*$!-#$!4$*#/&.646!-#/-!8$&$3/-$!-#$4!/3$!

)&0$36-++0M!X&$!.4>+3-/&-!-9>$!+'!*+33$(/-.+&!-#/-!$4$38$6!@#$&!-#$6$!>(/6-.*!(.'$;*9*($!



!

` !

-3/&6.-.+&6!/3$!*+4?.&$0!.6!*/(($0!$&2.3+&4$&-/((9;.&0)*$0!>($.+-3+>9!bC+&+#)$!RST[cJ!

/&0!.- !+**)36!@#$&!-#$!>#$&+-9>.*!$=>3$66.+&!+'!-@+!-3/.-6!/3$!?+-#!.&'()$&*$0!?9!-#$!

$&2.3+&4$&-!b5.8)3$!T/cM!5+3!.&6-/&*$J!?$*/)6$!-#$!@/34-#!+'!6)44$3!/(@/96!'+((+@6!

6>3.&8J!/&0!-#$!*++(!+'!@.&-$3!/(@/96!'+((+@6!'/((J!.'!/!>(/&-!8$34.&/-$6!.&!-#$!6>3.&8!.-!

@.((!'(+@$3!4)*#!'/6-$3!-#/&!.' !.-!8$34.&/-$6!.&!-#$!'/((M!"#$3$'+3$J!0)$!-+!-#$!6-3)*-)3$!+'!

-#$!6$/6+&/(!$&2.3+&4$&-J!6>3.&8!8$34.&/-.+&!@.((!/(@/96!?$!*+33$(/-$0!@.-#!3/>.0!

'(+@$3.&8!/&0!'/((!8$34.&/-.+&!@.((!/(@/96!?$!*+33$(/-$0!@.-#!(/-$!'(+@$3.&8M!!"#)6J!

/(($(.*!*#/&8$6!-#/- !.&'()$&*$!8$34.&/-.+&!4/9!#/2$!>($.+-3+>.*!$''$*-6!+&!-#$!$=>3$66.+&!

+'!+-#$3!(.'$!6-/8$6!-#3+)8#!*#/&8.&8!-#$!$&2.3+&4$&-!$=>$3.$&*$0!?9!-#$!6)?6$Q)$&-!

(.'$!6-/8$M!!

" #$!>+66.?.(.-9!'+3!>($.+-3+>9!/4+&8!(.'$;6-/8$!-3/&6.-.+&6!.6!&+-!3$6-3.*-$0!-+!/!

6.&8($!8$&$3/-.+&M!5+3!4/&9!6>$*.$6J!*3+66;8$&$3/-.+&/(!$''$*-6!#/2$!?$$&!0+*)4$&-$0!

@#$3$!>/3$&-6!*/& !.&'()$&*$!+''6>3.&8!>#$&+-9>$6M!"#.6!>#$&+4$&/!#/6!?$$&!

0+*)4$&-$0!.&!.&2$3-$?3/-$6!/&0!?.306!bB/66+!$-!/(!RST[m!"+(3./&!T\\Uc!/&0!.6!

>/3-.*)(/3(9!>3$ 2/($&-!.&!>(/&-6!@#$3$!$&2.3+&4$&-6!$=>$3.$&*$0!?9!-#$!4+-#$3!0)3.&8!

3$>3+0)*-.+&!bC+&+#)$!RSS\m!5$&&$3!RSSUmc!+3!$2$&!$/3(.$3!.&!-#$!(.'$!*9*($!b<#$&!$-!/(M!

RST[c!*/&!+'-$&!#/2$!(/6-.&8!$''$*-6!+&!8$34.&/-.+&!?$#/2.+3M!5)3-#$3J!-#$6$!4/-$3&/(!

$''$*-6!/3$!6+4$-.4$6!/0/>-.2$!b3$2.$@$0!.&!L+)66$/)!/&0!5+=!T\\`cM!5+3!.&6-/&*$J!.&!

-#$!Campanulastrum!$=/4>($!/?+2$J!-#$!4/-$3&/(!(.8#-!$&2.3+&4$&-!0$-$34.&$6!#+@!

4/&9!>3+8$&9!/3$!/&&)/(!2$36)6!?.$&&./(M!%&!6+4$!$&2.3+&4$&-6!.-!.6!/02/&-/8$+)6!-+!



!

\ !

#/2$!/&&)/(!+''6>3. &8!/&0!.&!+-#$36!.-!.6!/02/&-/8$+)6!-+!#/2$!?.$&&./(!+''6>3.&8!

b,/((+@/9!/&0!1--$36+&!RSS\cM!"#)6J!- #$!>3$0.*-/?($!*+4>+&$&-6!+'!6$/6+&/(!

$&2.3+&4$&-6!*3$/-$!-#$!>+-$&-./(!'+3!/0/>-.2$!*3+66;8$&$3/-.+&/(!$''$*-6M!!

%&!A.  thalianaJ!-#$!-.4.&8!+'!(.'$;6-/8$!-3/&6.-.+&6!.&!-#$!4/-$3&/(!8$&$3/-.+&!*/&!

.&'()$&*$!+''6>3.&8!-3/&6.-.+&6!.&!4)(-.>($!@/96M!5.36-J!-#$!-.4.&8!+'!-#$!4/-$3&/(!(.'$!

*9*($J!6>$*.'.*/((9!'(+@$3.&8!-.4$J!0$-$34.&$6!6$$0;0.6>$36/(!-.4.&8J!/&0!-#)6!-#$!

$&2.3+&4$&-!6$$06!@.((!$=>$3.$&*$!+&*$!-#$9!/3$!0.6>$36$0!b5.8)3$!T*cM!L/-$3&/(!$''$*-6!

-#3+)8#!0.6>$36/(!-.4.&8!#/2$!?$$&!6#+@&!-+!6-3+&8(9!$''$*-!')-)3$!(.'$;6-/8$!-3/&6.-.+&6!

/&0!'.-&$66!bC+&+#)$!$-!/(M!RSSUJ!<#./&8!$-!/(M!RSTRcM!K$*+&0(9J!-#$!4/-$3&/(!>(/&-!*/&!

/(-$3!-#$!(.'$;6-/8$!-.4.&8!+'!#$3!>3+8$&9!?9!/(-$3.&8!-#$4!>#96.+(+8.*/((9!+3!>#96.*/((9!

b5.8)3$!T0cM!5+3!.&6-/&*$J!0+34/&*9!($2$(6!+'!6$$06!/3$!6$-!?9!4/-$3&/(!$&2.3+&4$&-/(!

*+&0.-.+&6!2./!*#/&8$6!.&!8$&$!$=>3$66.+&!.&!-#$!6$$0!bI$&0/((!$-!/(M!RSTTcJ!6$$0!

>3+2.6.+&.&8J!b5.&*#;K/2/8$!/&0!:$)?&$3 ;L$-A8$3!RSS_cJ!/&0!6$$0!*+/-!>3+>$3-.$6!

bL/*,3$8+3!$-!/(M!RSTUcM!"#$6$!*#/&8$6!6#.'-!#+@!/!6$$0!3$6>+&06!-+!-#$!$&2.3+&4$&-!

/&0!-#)6!*/&!*#/&8$!-#$!-.4.&8!+'!8$34.&/-.+&M!"#$3$'+3$ J!-+!-3)(9!)&0$36-/&0!-#$!

>#$&+-9>.*!$=>3$66.+&!+'!/&9!8.2$&!8$&$3/-.+&J!(.'$;6-/8$!-3/&6.-.+&6!+'!>3$2.+)6!

8$&$3/-.+&6!4)6-!?$!*+&6.0$3$0M!

" #$6$!*+33$(/-.+&6!*/&!/(6+!#/2$!.4>+3-/&-!.4>(.*/-.+&!'+3!'.-&$66!b5.8)3$!T0cM!

B$*/)6$!-#$!-.4.&8!+'!+&$!-3/&6.-.+&!0$-$34.&$6!-#$!6$($*-.2$!$&2.3+&4$&-!+'!-#$!

6)?6$Q)$&-!(.'$!6-/8$J!6$($*-.+&!+&!/!-3/.-!4/9!/*-)/((9!+**)3!-#3+)8#!.-6!*+33$(/-$0!



!

TS!

$''$*-6!+&!(/-$3!-3/.-6M!"#)6J!-#$!>3+*$66$6!-#/-!8$&$3/-$!-#$6$!*+33$(/-.+&6!*/&!/(6+!#/2$!

0.3$*-!'.-&$66!*+&6$Q)$&*$6!/&0!-#$3$'+3$!4/9!>(/9!/&!.4>+3-/&-!3+($!.&!6#/>.&8!-#$!

$2+()-.+&!+'!(.'$!*9*($6M!

E&'+3-)&/-$(9 J!(.--($!3$6$/3*#!-+!0/-$!#/6!.&2$6-.8/-$0!-#$!>3+*$66$6!-#/-!8$&$3/-$!

-#$6$!+?6$32$0!*+33$(/-.+&6!?$-@$$&!-3/.-6J!/&0!@$!6-.((!0+!&+-!#/2$!/!'.34!83/6>!+&!#+@!

.4>+3-/&-!-#$6$!$''$*-6!/3$!(.D$(9!-+!?$M!5)3-#$3J!6)*#! @.-#.&!/&0!?$-@$$&!8$&$3/-.+&!

>($.+-3+>.*!$''$*-6!#/2$!3/3$(9!?$$&!*+&6.0$3$0!@#$&!>3+W$*-.&8!+38/&.64/(!3$6>+&6$6!-+!

*(.4/-$!*#/&8$!bP/(*D !$-!/(M!RSTTcM!%&!49!'.36-!*#/>-$3J!%!/003$66!-#$6$!8/> 6!?9!)6.&8!

$4>.3.*/(!0/-/!-+!0$-$34.&$!-#$!.4>+3-/&*$!+'!'(+@$ 3.&8!-.4$!+&!-#$!8$34.&/-.+&!

?$#/2.+3!+'!+''6>3.&8M!%&!49!6$*+&0!*#/>-$3J!%!*+&6.0$3!-#.6!Q)$6-.+&!)6.&8!/!4)(-. ;

8$&$3/-.+&/(!4+0$(.&8!/>>3+/*# !-#/-!$=>(.*.-(9!.&*()0$6!?$-@$$&!(.'$!6-/8$!/&0!.&-$3;

8$&$3/-.+&/(!09&/4.*6M!%!)6$!-#.6!/>>3+/*#!-+!/6D!@#/-!*+4 ?.&/-.+&6!+'!(.'$;6-/8$!

>#$&+-9>$6!/3$!>+66.?($!'+3!-#$!6/4$!8$&+-9>$!.&!-#$!0.''$3$&-!6$/6+&/(!*+&-$=-6!-#/-!

$=.6-!/*3+66!/!6>$*.$6!3/&8$M!!:/6-(9J!.&!*#/>-$3!-#3$$!/&0!H >>$&0.=!CJ!%!$=-$&0!-#$!

0.6*)66.+&!-+!*+&6.0$3!#+@!>($.+-3+>9!?$-@$$&!-3/&6.-.+&6!4/9!.&'()$&*$!-.4$!/2/.(/?($!

'+3!3$>3+0)*-.+&l /!3+)8#!4$/6)3$!+'!'.-&$66M!!

?252:3+!2662+:9!/5!7 362@+>+72!2A<.2993/5!0+. /99!.05?29 !

H(($(.*!2/3./-.+&!.&!8$&$6!-#/-!.&'()$&*$!(.'$;6-/8$!-3/&6.-.+&6!+**)3!/*3+66!6>$*.$6!

3/&8$6!bH&0$36+&!$-!/(M!RSTTm!B(/*D4/&!$-!/(M!RSTTm!:.!$-!/(M!RSTSm!L/!$-!/(M!RSTSc!/&0!*/&!

6+4$-.4$6!?$!+?2.+)6(9!*+33$(/-$0!@.-#!$&2.3+&4$&-/(!*(.&$6!bX(6+&!$-!/(M!RSTam!



!

TT!
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+&$!bX(6+&!$-!/(M!RSTacM!"#$6$!$''$*-6!*/&!($/0!-+!*+4>($=!>/--$3&6!+'!>#$&+-9>.*!
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*#/>-$3J!%!)6$!-#.6!4$-#+0!-+!>3$0.*-!#+@!/(($(.*!2/3./-.+&!.&'()$&*$6!-#$!8$+83/>#.*!
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/*3+66!-#$!3/&8$M!H00.-.+&/((9J!%!6#+@!-#/-!?+-#!@.&-$3;/&&)/(!/&0!6)44$3 ;/&&)/(!(.'$!



!

TZ!

*9*($6!*/&!?$!$=>3$66$0!?9!-#$!6/4$!8$&+-9>$!.&!/!(+*/-.+&M!"#.6!0.2$36.-9!+'!(.'$!*9*($6!.6!

*3$/-$0!?9!0+34/&*9!2/3./-.+&!@.-#.&!6$$0!*+#+3-6!.&0)*$0!.&!-#$!>3$2.+)6!8$&$3/-.+&M!!

]$=-J!%!*+&6.0$3!#+@!+?6$32$0!>/--$3&6!+'!/(($(.*!2/3./-.+&!/*3+66!-#$!3/&8$!.&'()$&*$!-#$!

8$+83/>#.*!0.6-3.?)-.+&!+'!(.'$!*9*($6J!/&0! %!'.&0!-#/-!.&*+3>+3/-.&8!8$&$-.*!2/3./-.+&!

.4>3+2$6!-#/-!4/-*#!-+!+?6$32$0 !(.'$!*9*($6M!:/6-(9J!%!-$6-!@#$-#$3!-#$6$!.&0.2.0)/((9!

>(/6-.*!-3/.-6!*+4?.&$!-+ !*3$/-$!>#$&+-9>.*!2/3./-.+&!+3!6-/6.6!.&!#.8#$3!+30$3!-3/.-6!6)*#!

/6!(.'$ ;*9*($!($&8-#M!%!'.&0!-#/-!8$&$-.*!2/3./-.+&!/-!-#$!($2$(!+'!+&$!(.'$;6-/8$!-3/&6.-.+&!.6!

&$*$66/39!-+!4/.&-/.&!>#$&+-9>.*!6-/6.6!+'!(.'$ ;*9*($!($&8-#!8.2$&!$&2.3+&4$&-/(!

2/3./-.+&!/*3+66!-#$!3/&8$M!%!*+&6-3)*-$0!-#$!4+0$(! /&0!-#$!3$6)(-/&-!*#/>-$3!)&0$3!-#$!

6)>$32.6.+&!+'!I M!C+&+#)$!/&0!@.-#!-#$!#$(>!+'!-#3$$!/00.-.+&/(!*+((/?+3/-+36!b<M!OM!1M!

L$-*/('J!H M!P.(*A$DJ!/&0!OM!K*#4.--cM!%-!#/6!?$$&!>)?(.6#$0!.&!-#$!American  Naturalist!

bB)38#/30-!$-!/(M!RSTUcM!

:/6-(9J!%!-$6-!.'!/(($(.*!/&0!$&2.3+&4$&-/(!2/3./-.+&!/''$*-.&8! $/3(9!(.'$!6-/8$6!*/&!

.&'()$&*$!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&!/&0!*+&6.0$3!#+@!-#/-!4/9! 6#/>$!-#$!

$2+()-.+&!+'!6$&$6*$&*$M!B9!.4>($4$&-.&8!6.4>($!6)32.2/(!3)($6!'+3!'(+@$3.&8!>(/&-6!.&!

-#$!4+0$(J!%!6#+@!-#/-!-#$!-.4$!/2/.(/?($!'+3!/!>(/&-!-+!3$>3+0)*$ !0$>$&06!+&!$/3(9!

0$2$(+>4$&-/(!-3/.-6!/&0!2/3.$6!@.0$(9!'3+4!(+*/-.+&!-+!(+*/-.+&!/&0 !8$&+-9>$!-+!

8$&+-9>$M!5+3!A.  thalianaJ!/!6$4$(>/3+)6!6>$*.$6!.&!@#.*#!3$>3+0)*-.+&!.6!'/-/(J!-#$6$!

#.8#(9!2/3./?($!3$>3+0)*-.2$!@.&0+@6!4/9!6$($*-!'+3!0.''$3$&*$6!.&!-#$!-.4.&8!+'!

6$&$6*$&*$!?$-@$$&!>+>)(/-.+&6M!5)3-#$3J!.&!(+*/-.+&6!@.-#!6-3+&8!9$/3;-+;9$/3!2/3./-.+&!



!

T`!

.&!-#$!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&! +3!.&!@#.*#!4)(-.>($!(.'$!*9*($6!/3$!$=>3$66$0!.&!/!

6.&8($!9$/3!.&!/!6.&8($!(+*/-.+&J!49!@+3D!6)88$6-6!-#/-!6$&$6*$&*$!3/-$6!6#+)(0!?$!

$&2.3+&4$&-;0$>$&0$&-M!"#.6!6)88$6-.+&!.6!6)>>+3-$0!?9!3$*$&-!3$6$/3*#!+&!-#$!

4+($*)(/3!/&0!8$&$-.*!?/6.6!+'!6$4$(>/3.-9!/&0!6$&$6*$&*$!.&!-#.6!6>$*.$6M!"#)6J!8$&$-.*!

2/3./-.+&!.&!$/3(.$3!(.'$;6-/8$!-3/&6.-.+&6!4.8#-!6#/>$!@#$-#$3!6$&$6*$&*$!3/-$6!/3$!

$&2.3+&4$&-/((9!3$6>+&6.2$!+3!&+-M!"#.6!*#/>-$3!@/6!@3.--$&!?9!.&!*+((/?+3/-.+&!@.-#!<M!

OM!1M!L$-*/('!@.-#!/00.-.+&/(!6)>>+3-!'3+4!I M!C+&+#)$M!%-!.6!/**$>-$0!'+3!>)?(.*/-.+&!.&!

-#$!$0.-$0!?++D!i12+()-.+&!+'!K$&$6*$&*$!/*3+66!-#$!"3$$!+'!:.'$jM!

X2$3/((J!%!0$4+&6-3/-$!-#$!.4>+3-/&*$!+'!$&2.3+&4$&-;0$>$&0$&-!/(($(.*!$''$*-6!

/&0!>($.+-3+>9!2./!?+-#!$4>.3.*/(!/&0!4+0$(.&8!/>>3+/*#$6M!%!'.&0!-#/-!$&2.3+&4$&-;

*/)6$0! >($.+-3+>.*!.&-$3/*-.+&6!?$-@$$&!(.'$!6-/8$6!*/&!*/&/(.A$!(.'$;*9*($!2/3./-.+&!?+-#!

@.-#.&!/&0!?$-@$$&!8$&$3/-.+&6M!" #$!4+0$(!*/&! /(6+!>3$0.*-!-#$!8$+83/>#.*!0.6-3.?)-.+&!

+'!(.'$!*9*($6!.&!-#.6!6>$*.$6!8.2$&!D&+@&!>/--$3&6!+'!/(($(.*!2/3./-.+&!.&!(.'$;6-/8$!

-3/&6.-.+&6!/*3+66!-#$!3/&8$M!5.&/((9J!%!6#+@!-#/-!(.'$!*9*($6!0$-$34.&$!?+-#!-#$!

$&2.3+&4$&-!.&!@#.*#!-3/.-6!/3$!8$&$3/-$0!/&0!6$($*-$0M



!

T\ !

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

35:./"8+:3/5 !

73+>$3!8$34.&/-.+&!-.4.&8!.6!2.-/(!'+3!6>$*.$6!>$36.6-$&*$!?$*/)6$!.-!0$-$34.&$6!

-#$!$&2.3+&4$&-/(!*+&0.-.+&6!$=>$3.$&*$0!?9!(/-$3!(.'$!6-/8$6!bC+&+#)$!$-!/(M!RSTSm!

I.4?/((!$-!/(M!RSTScM!5+3!4/&9!6>$*.$6J!-#$!-.4.&8!+'!8$34.&/-.+&!0$>$&06!6-3+&8(9!+&!

$&2.3+&4$&-/(!'/*-+36!6)*#!/6!-$4>$3/-)3$! bB/6D.&!/&0!B/6D.&!RST[m!5$&&$3!/&0!

"#+4>6+&M!RSSUcM!P#.($!>3+83$66!.6!?$.&8!4/0$!-+@/306!)&0$36-/&0.&8!#+@!/!*#/&8.&8!

*(.4/-$!4/9!.&'()$&*$!-#$!-.4.&8!+'!'(+@$3.&8!/&0!?)0?)36- !b<#).&$!RSSSm!L+3.&!$-!/(M!

RSS`cJ!($66!@+3D!#/6!?$$&!'+*)6$0!+&!-#$!>+-$&-./(!'+3!*(.4/-$!*#/&8$!-+!/(-$3!

8$34.&/-.+&!-.4.&8! bP/(*D!$-!/(M!RSTTcM!!

"$4>$3/-)3$6!$=>$3.$&*$0!?9!-#$!4/-$3&/(!>(/&-!0)3.&8!6$$0!0$2$(+>4$&-!*/&!

.&'()$&*$!8$34.&/-.+&!-.4.&8!?9!*#/&8.&8!0+34/&*9!($2$(! bC+&+#)$!RSS\m!,/((+@/9!

/&0!1--$36+&!RSSZc!/&0!-$4>$3/-)3$6!$=>$3.$&*$0!?9!/!6$$0!/'-$3!0.6>$36/(!/(6+!6-3+&8(9!

.&'()$&*$!8$34.&/-.+&! bB/6D.&!/&0!B/6D.&!RST[m!C+&+#)$!$-!/(M!RSSU/cM!^+@!6$$0;

4/-)3/-.+&!-$4>$3/-)3$!.&-$3/*-6!@.-#!>+6- ;0.6>$36/(!-$4>$3/-)3$!-+!.&'()$&*$!-#$!

>3+?/?.(.-9!+'!8$34.&/-.+&!#/6!&+-!?$$&!@$((!6-)0.$0J!?)-!.-!.6!-#.6!.&-$3/*-.+&!-#/-!@.((!

0$-$34.&$!-#$!-.4.&8!+'!8$34.&/-.+&!) &0$3!6$/6+&/((9;2/39.&8!*+&0.-.+&6!bK$$!5.8)3$!R!

'+3!/!6*#$4/-.*cM!H00.-.+&/(!'/*-+36!6)*#!/6!>#+-+>$3.+0!.&'()$&*$!8$34.&/-.+&!+'! A.  

thalianaJ!?)-!#/2$!/!4)*#!64/(($3!$''$*-!-#/&!-$4>$3/-)3$! bC+&+#)$!$-!/(M!RSSU?m!L)&.3!



!

RS!

$-!/(!RSSTcM!"#$3$'+3$!.&!-#.6!6-)09J!@$!$=/4.&$!-#$!.&-$3/*-.+&!?$-@$$&!6$$0!4/-)3/-.+&!

/&0!>+6-;0.6>$36/(!-$4>$3/-)3$!)6.&8!-#$!4+0$(!+38/&.64! Arabidopsis  thalianaM!!

1&2.3+&4$&-/(!'/*-+36!6)*#!/6!-$4>$3/-)3$!*/&!/(6+!6-3+&8(9!.&'()$&*$!-#$!

$=>3$66.+&!+'!8$&$-.*!2/3./-.+&M!K+4$!$&2.3+&4$&-/(!*+&-$=-6!4/8&.'9!>#$&+-9>.*!

0.''$3$&*$6!?$-@$$&!/(($(.*!2/3./&-6!/-!(+*.J!@#.($!+-#$36!*/&!3$0)*$J!+3!*/&/(.A$J!-#/-!

2/3./-.+&! bB9$36!RSSUm!5/(*+&$3!/&0!L/*D/9!T\\_m!N+''!T\\ZcM!C$'.&.&8!-#$!$&2.3+&4$&-/(!

*+&-.&8$&*9!+'!-#$!$=>3$66.+&!+'!8$&$-.*!2/3./-.+&!.6!.4>+3-/&-!?$*/)6$!6$($*-.+&!/4+&8!

8$&+-9>$6!+**)36!+&(9!)&0$3!*+&0.-.+&6!.&!@#.*#!>#$&+-9>.*!0.''$3$&*$6!/4+&8!

8$&+-9>$6!/3$!$=>3$66$0M!%&!-#.6!6-)09J!@$!/(6+!$=/4.&$!#+@!6$$0;4/-)3/-.+&!/&0!>+6- ;

0.6>$36/(!-$4>$3/-)3$!.&'()$&*$!-#$!$=>3$66.+&!+'!8$&$-.*!2/3./-.+&!.&!8$34.&/-.+&M!

%&!6$/6+&/(!$&2.3+&4$&-6J!6$$0!0+34/&*9!.6!/!4/W+3!4$*#/&.64!)6$0!?9!>(/&-6!

-+!0$(/9!8$34.&/-.+&J!+'-$&!-#+)8#-!-+!>3$2$&-!8$34.&/-.+&!)&-.(! -.4$6!+'!9$/3!0)3.&8!

@#.*#!6$$0(.&8!6)32.2/(!.6!#.8#!bC+&+#)$!$-!/(M!RSTScM!C+34/&*9!.6!0$'.&$0!/6!-#$!'/.()3$!

+'!6$$06!-+!8$34.&/-$!)&0$3!$&2.3+&4$&-/(!*+&0.-.+&6!-#/-!@+)(0!+-#$3@.6$!>$34.-!

8$34.&/-.+&M!%-!#/6!?$$&!'3$Q)$&-(9!6#+@&!-#/-!($66!0+34/&-!6$$06!*/&!8$34.&/-$ !)&0$3!

/!@.0$3!3/&8$!+'!-$4>$3/-)3$6M!!X&$!*/&!-#$3$'+3$!*#/3/*-$3.A$!6$$0!0+34/&*9!?9!

/66$66.&8!-$4>$3/-)3$ ;0$>$&0$&-!8$34.&/-.+&!?$#/2.+3!!b5.&*#;K/2/8$!/&0!5++-.--!

RSTRcM!^$3$!@$!3$'$3!-+!-#.6!0$6*3.>-.+&!+'!8$34.&/-.+& !?$#/2.+3!/6!-#$!8$34.&/-.+&!

$&2$(+>$!b5.8)3$!R/cM!!



!

RT!

5+3!4/&9!6>$*.$6J!.&*()0.&8!-#$!4+0$(!+38/&.64! Arabidopsis  thalianaJ!6$$06!(+6$!

0+34/&*9!+2$3!-.4$!.&!/!>3+*$66!*/(($0!/'-$3 ;3.>$&.&8M!C+34/&*9!(+66!2./!/'-$3;3.>$&.&8!

.6!+'-$&!*#/3/*-$3.A$0!?9!/!@.0$&.&8!+'!-#$!8$34.&/-.+&!$&2$(+>$!+2$3!-.4$!b5.&*#;

K/2/8$!/&0!:$)?&$3 ;L$-A8$3!RSS_cM!5+3!$=/4>($J!.&!'/((;8$34.&/-.&8!>+>)(/ -.+&6J!6$$06!

/3$!0.6>$36$0!.&!-#$!6>3.&8!/&0!/3$!+'-$&!0+34/&-!/-!#.8#!-$4>$3/-)3$6!6++&!/'-$3!

0.6>$36/(J!?)-!83/0)/((9!8/.&!-#$!/?.(.-9!-+!8$34.&/-$!/-!>3+83$66.2$(9!#.8#$3!

-$4>$3/-)3$6!+2$3!-#$!6)44$3! bB/6D.&!/&0!B/6D.&!T\ZRm!B/6D.&!/&0!B/6D.&!T\`am!5++-.--!

$-!/(M!RSTTcM!P$!3$'$3!-+!-#$6$!09&/4.*!*#/&8$6!.&!8$34.&/-.+&!$&2$(+>$6!@.-#!/'-$3;

3.>$&.&8!/6!-#$!8$34.&/-.+&!-3/W$*-+39!b5.8)3$!R/cM!

%&-$3$6-.&8(9J!>+>)(/-.+&6!*+(($*-$0!/*3+66!1)3+>$!0.''$3!.&!#+@!-#$9!3$6>+&0!-+!

>+6-;0.6>$36/(!-$4>$3/-)3$6!bH-@$((!$-!/(M!RSTSm!<#./&8!$-!/(M!RSS\cM!5+3!.&6-/&*$!$2$&!

-#+)8#!-#$!-@+!*+44+&!(/?!$*+-9>$6!<+()4?./!b<+(c!/&0! :/&06?$38! erecta!b: erc!/3$!

?+-#!'/.3(9!&+&;0+34/&-J!-#$9!*/ &!3$6>+&0!0.''$3$&-(9!-+!-$4>$3/-)3$!*)$6!b<#./&8!$-!/(!

RSTTcM!5)3-#$3J!6+4$!8$&$6!-#/-!.&'()$&*$!8$34.&/-.+&!?$#/2.+3!/&0!2/39 !/ 4+&8 !&/-)3/(!

>+>)(/-.+&6 !#/2$!?$$&!.0$&-.'.$0M!"#$!DELAY  OF  GERMINATION  1  (DOG1)!(+*)6!'3+4!

-#$!</>$!Y$30$!%6(/&0!b<2. c!/**$66.+&!6-3+&8(9!.&*3$/6$6!0+34/&*9!*+4>/3$0!-+!-#$!

:/&06?$38! erecta!b: erc!/(($($!bH(+&6+;B(/&*+!$-!/(M!RSSam!B$&-6.&D!$-!/(M!RSS_cM!,3/$?$3!$-M!

/(! bRST[c!3$*$&-(9!6#+@$0!-#/-!-#.6!8$&$!.6!.&2+(2$0!.&!0$'.&.&8!-#$!3/&8$!+'!

-$4>$3/-)3$6!+2$3!@#.*#!8$34.&/-.+&!*/&!+**)3M!H00.-.+&/((9J!FLOWERING  LOCUS  C  

bFLCcJ!/!&/-)3/((9!2/3./?($!(+*)6!-#/-!@/6!+3.8.&/((9!.4>(.*/-$0!.&!'(+@$3.&8!-.4$J!#/6!



!

RR!

&+@!?$$&!6#+@&!-+!.&'()$&*$!0+34/&*9!/6!@$((!b<#./&8!$-!/(M!RSS\cM!B+-#!8$&$6!#/2$!

?$$&!6#+@&!-+!?$!)&0$3!6$($*-.+&!2./!-#$.3!$''$*-6!+&!8$34.&/-.+&!-.4.&8!.&!-#$!'.$(0!.&!

-#$!E&.-$0!K-/-$6!b<#./&8!$-!/(M!RSTTm!<#./&8!$-!/(M!RSS\cM!^+@$2$3J!-#$!0.2$36$!

*+&0.-.+&6!)&0$3!@#.*#!-#$6$!/(($(.*!0.''$3$&*$6!/3$!$=>3$66$0!+3!4/6D$0!/3$!&+-!@$((!

*#/3/*-$3.A$0M!!

!
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!

Ra!

5.8)3$!RF!73+*$66$6!-#/-!.&'()$&*$!8$34.&/-.+&!-.4.&8!.&!A.  thaliana.!a,!K*#$4/-.* !
+'!-#$!4)(-.>($!'/*-+36!-#/-!/3$!D&+@&!-+!.&'()$&*$!8$34.&/-.+&!-.4.&8M!"#$!3$(/-.+&6#.>6!

?$-@$$&!-#$6$!'/*-+36!/3$!$=>(+3$0!.&!-#.6!>/>$3M!b-­‐‑cJ!%(()6-3/-.+&6!+'!#+@!6$$0;
4/-)3/-.+&!/&0!>+6- ;0.6>$36/(!$&2.3+&4$&-6!*+4?.&$!-+!0$-$34.&$!-#$!$=>3$66.+&!+'!

8$&$-.*!2/3./-.+&M!!%&!-#$!'.36-!$=/4>($!b?cJ!-@+!8$&+-9>$6!/3$!4/-)3$0!/&0!0.6>$36$0!.&!
*++(!*+&0.-.+&6!@#.*#!3$6)(-6!.&!0.''$3$&*$6!.&!8$34.&/-.+&!-3/W$*-+39!?$-@$$&!-#$!-@+!

8$&+-9>$6M!P#$&!-#+6$!-3/W$*-+3.$6!.&-$3/*-!@.-#!-#$!$&2.3+&4$&-!'+3!-#3$$!4+&-#6!/'-$3!
0.6>$36/(J!0.''$3$&*$6!.&!3$/(.A$0!8$34.&/-.+&!-.4.&8!+**)3!b?/3!83/>#6!/-!?+--+4cM!%&!

*+&-3/6-J!-#$!6$*+&0!$=/4>($!b*c!6#+@6!-#$!6/4$!-@+!8$&+-9>$6!4/-)3$0!/&0!0.6>$36$0!
.&!@/34$3!*+&0.-.+&6M!P#.($!8$34.&/-.+&!-3/W$*-+3.$6!6-.((!0.''$3!?$-@$$&!8$&+-9>$6J!
(+@$3!0+34/&*9!($2$(6!3$6)(-!.&!&+!0.''$3$&*$6!.&!8$34.&/-.+&!-.4.&8!?$-@$$&!-#$!

8$&+-9>$6M!K*/($6!'+3!73+>!/&0!"$4>!.&!b!/&0! c  /3$!-#$!6/4$!/6!'+3! aM!%&!-#$!?/3!83/>#6!
i]+!6$$06j!.&0.*/-$6!-#/-!TSSp!+'!6$$06!#/2$!/(3$/09!8$34.&/-$0!6+!$2$&!.'!

$&2.3+&4$&-/(!*+&0.-.+&6!/3$!'/2+3/?($!&+!8$34.&/-.+&!+**)36M!

L/-$3&/(!-$4>$3/-)3$!$''$*-6!+&!6$$0!0+34/&*9!+>$3/-$!-#3+)8#!-#$!6$/6+&/(!

-.4.&8!+'!'(+@$3.&8M!Arabidopsis  thaliana  #/6!/!?3+/0!8$+83/>#.*!3/&8$!/&0!0.6>(/96!/!

3/&8$!+'!(.'$!*9*($6!-#/-!4/-)3$!-#$.3!6$$06!.&!/!0.2$36.-9!+'!-$4>$3/-)3$6M!K+4$!

>+>)(/-.+&6!#/2$!?+-#!'/(( ;!/&0!6>3.&8;8$34.&/-.&8!*+#+3-6!-#/-!'(+@$3!.&!-#$!6>3.&8J!

@#.($!+-#$36!?$#/2$!/6!6-3.*-!@.&-$3!/&&)/(6J!@.-#!/((!>(/&-6!8$34.&/-.&8!.&!-#$!'/((!/&0!

'(+@$3.&8!.&!-#$!6>3.&8M!K-.((!+-#$3!>+>)(/-.+&6!#/2$!?+-#!'/((;!/&0!6)44$3 ;8$34.&/-.&8!

*+#+3-6!-#/-!'(+@$3!/-!0.''$3$&-!-.4$6!/&0!-#$3$'+3$!4/-)3$!6$$06!/-!0.''$3$&-!

-$4>$3/-)3$6!bB)38#/30-!$-!/(M!RSTUm!7.*+!RSTRm!7.8(.)**.!T\\`cM!!!

" $4>$3/-)3$!$=>$3.$&*$0!0)3.&8!6$$0!4/-)3/-.+&!#/6!?$$&!6#+@&!-+!#/2$!/!

6-3+&8!.&'()$&*$!+&!0+34/&*9!/&0!8$34.&/-.+&!b6$$!5.8)3$!RcM!C$*3$/6.&8!-#$!

-$4>$3/-)3$!0)3.&8!6$$0!0$2$(+>4$&-!3$6)(-6!.&!.&*3$/6$0!($2$(6!+'!0+34/&*9!bi.e.  

0$*3$/6$0!>3+?/?.(.-9!+'!8$34.&/-.&8m!C+&+#)$!$-!/(M!RSSU*m!I$&0/((!$-!/(M!RSTTm!7$&'.$(0!

/&0!K>3.&8-#+3>$!RSTRcM!"#$!*#/&8$6!.&!0+34/&*9!/3$!4$0./-$0!?9!/(-$3$0!8$&$!



!

R[!

$=>3$66.+&!bI$&0/((!$-!/(M!RSTTcJ!6$$0!>3+2.6.+&.&8J!b5.&*#;K/2/8$!/&0!:$)?&$3 ;L$-A8$3!

RSS_cJ!/&0!6$$0!*+/-!>3+>$3-.$6!bL/*,3$8+3!$-!/(M!RSTUcM!

C.''$3$&*$6!?$-@$$&!8$&+-9>$6!.&!8$34.&/-.+&!$&2$(+>$6!/&0!-3/W$*-+3.$6!

4$/6)3$0!.&!-#$!(/?!4/9!b 5.8)3$!R?c!+3!4/9!&+-!b5.8)3$!R*c!($/0!-+!0.''$3$&*$6!.&!

8$34.&/-.+&!?$#/2.+3!.&!&/-)3/(!6$/6+&/(!$&2.3+&4$&-6M!"#.6!.6!?$*/)6$!6$$06!+&(9!

$=>$3.$&*$!/!64/((!6)?6$-!+'!-#$!>+66.?($!>+6-;0.6>$36/(!-$4>$3/-)3$6!.&!/&9!(+*/-.+&!/&0!

-#$6$!*+&0.-.+&6!4/9!+3!4/9!&+-!?$!+&$6!.&!@#.*#!/(($(.*!2/3./-.+&!.6!$=>3$66$0M!"#$!

*+&0.-.+&6!-#/-!6$$06!$=>$3.$&*$!/3$!')3-#$3!(.4.-$0!?9!*+33$(/-.+&6!?$-@$$&!-#$!6$$0;

4/-)3/-.+&!/&0!>+6- ;0.6>$36/(!$&2.3+&4$&-6!-#/-!+**)3!.&!6$/6+&/(!$&2.3+&4$&-6M!5+3!

.&6-/&*$J!6$$06!-#/-!/3$!4/-)3$0!.&!@/34$3!*+&0.-.+&6!+'!(/-$!6>3.&8!/3$!4+3$!(.D$(9!-+!

?$!0.6>$36$0!.&!@/34!$&2.3+&4$&-6M!"#)6J!.-!.6!.4>+3-/&-!-+!2.$@!8$&$-.*!2/3./-.+&!

4$/6)3$0!.&!-#$!(/?!.&!-#$!*+&-$=-!+'!3$($2/&-!6$/6+&/(!2/3./-.+&M!H!4+0$(!?/6$0!+&!(/?!

4$/6)3$4$&-6!*+)>($0!@.-#!'.$(0!0/-/!*/&!-3/&6(/-$!(/?!8$34.&/ -.+&!?$#/2.+3!.&-+!

3$/6+&/?($!$=>$*-/-.+&6!'+3!?$#/2.+3!.&!-#$!'.$(0M!

"#$!/0/>-.2$!3/-.+&/($!'+3!-#$!$=.6-$&*$!+'!4/-$3&/(!$''$*-6!+&!6$$0!0+34/&*9!#/6!

&+-!?$$&!'.34(9!$6-/?(.6#$0!'+3!A.  thaliana.!X&$!>+66.?.(.-9!.6!-#/-!-#$!$&2.3+&4$&-!

$=>$3.$&*$0!0)3.&8!6$$0!4/-)3/-.+&!>3+2.0$6!.&'+34/-.+&!/?+)-! -#$!>+6-;0.6>$36/(!

$&2.3+&4$&-!-#/-!$&/?($6!8$34.&/-.+&!-+!+**)3!/-!/&!+>-.4/(!-.4$! b,/((+@/9!/&0!

1--$36+&!RSSZm!P/84/&&!$-!/(M!RSTRcM!"#.6!>3+*$66!*+)(0!+>$3/-$!?+-#!'+3!6$$06!4/-)3$0!

+&!-#$!6/4$!>(/&-!/*3+66!-#$!0.6>$36/(!6$/6+&!/&0!'+3!0.''$3$&-!>(/&-6!-#/-!'(+@$3!/-!



!
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0.''$3$&-!-.4$6M!5+3!.&6-/&*$J!.&!+30$3!-+!8$34.&/-$!/-!-#$!6/4$!-.4$J!6$$06!4/-)3$0!/&0!

0.6>$36$0!$/3(9!.&!/!6$/6+&!4/9!&$$0!-+!?$!4+3$!0+34/&-J!@#$3$/6!6$$06!0.6>$36$0!(/-$3!

4/9!&$$0!-+!?$!($66!0+34/&-M!!

%&!-#.6!6-)09J!@$!$=>(+3$!@#$-#$3!6$$0;4/-)3/-.+&!$''$*-6!*/&!*+4>$&6/-$!'+3!

2/3./-.+&!.&!'(+@$3.&8!-.4$!/&0!/6D!.'!0.''$3$&-!*+4?.&/-.+&6!+'!8$&+-9>$6!/&0!

-$4>$3/-)3$6!*/&!>3+0)*$!6.4.(/3!8$34.&/-.+&!?$#/2.+36M!"+!0+!-#.6J!@$!-$6-$0!#+@!-#$!

8$34.&/-.+&!?$#/2.+3!+'!'+)3!8$&+-9>$6!D&+@&!-+!2/39!.&!0+34/&*9!($2$(!3$6>+&0!-+!

-#3$$!6$$0;4/-)3/-.+&!-$4>$3/-)3$6!/&0!/!3/&8$!+'!>+6- ;0.6>$36/(!-$4>$3/-)3$6!/6!6$$06!

/'-$3 ;3.>$&$0M!"+!-$6-!#+@!8$34.&/-.+&!3$6>+&6$6!-+!6$$0;4/-)3/-.+&!/&0!>+6- ;0.6>$36/(!

-$4>$3/-)3$!4.8#-!?$!4/&.'$6-!/6!8$34.&/-.+&!-.4.&8!)&0$3!6$/6+&/((9!2/3./?($!

-$4>$3/-)3$6J!@$!/>>(.$0!-#$!0/-/!-+!*+&6-3)*-!/!6.4>($!4+0$(!-#/-!>3$0.*-6!-#$!

8$34.&/-.+&!>3+?/?.(.-.$6!+2$3!-#$!*+)36$!+'!/!9$/3M!E6.&8!*(.4/-$6!'3+4!-@+!8$+83/>#.*!

(+*/-.+&6J!@$!/>>(.$0!-#.6!4+0$(!-+!>3+W$*-!-#$!6$/6+&/(!*+&0.-.+&6!)&0$3!@#.*#!

8$&+-9>.*!0.''$3$&*$6!.&!8$34.&/-.+&!-.4.&8!@+)(0!?$!$=>3$66$0!/&0!-$6-$0!#+@!6$$0;

4/-)3/-.+&!-$4>$3/-)3$!/(-$3$0!8$34.&/-.+&!-.4.&8!/*3+66!8$&+-9>$6!/&0!0.6>$36/(!

*+#+3-6M!K>$*.'.*/((9J!@$!/6D$0F!Tc!P#.*#!*+4?.&/-.+&6!+'!6$$0;4/-)3/-.+&!/&0!>+6- ;

0.6>$36/(!-$4>$3/-)3$!/&0!/'-$3 ;3.>$&.&8!($/0!-+!6.4.(/3!8$34.&/-.+&!?$#/2.+3!/4+&8!

8$&+-9>$6n!Rc!P#$&!@.((!8$&$-.*!2/3./-.+&!?$!$=>3$66$0!.&!6$/6+&/(!$&2.3+&4$&-6n!ac!

</&!$''$*-6!+'!6$$0;4/-)3/-.+&!-$ 4>$3/-)3$!*+4>$&6/-$!'+3!0.''$3$&*$6!.&!0.6>$36/(!

-.4.&8n !!



!
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;0:2.3079!05"!;2:=/" 9!

Genetic  material  and  seed  production  conditions    

P$!)6$0!'+)3!8$&+-9>$6!D&+@&!-+!0.''$3!.&!8$34.&/-.+&M!5.36-J!@$!*+4>/3$0!-#$!

?$#/2.+3!+'!-#$!-@+!6-/&0/30!(/?!/**$66.+&6J!:/&06?$38! erecta  b: erc!/&0!<+()4?./!b <+(cM!

: er!@/6!+3.8.&/((9!*+(($*-$0!.&!,$34/&9!/&0!<+(! 4+6-! (.D$(9!@/6!/6!@$((M!K$*+&0(9J!-+!

.6+(/-$!-#$!$''$*-!+'!>/3-.*)(/3!/(($($6!+&!0+34/&*9J!@$!)6$0!-@+!&$/3!.6+8$&.*!(.&$6!

b]%:6c!-#/-!*+&-/.&!-#$!FLC!+3!DOG1!/(($($!'3+4!-#$!#.8#(9!0+34/&-!</>$!Y$30$!%6(/&0!

b<2.c!/**$66.+&!.&-3+83$66$0!.&-+!-#$!:er!?/*D83+)&0!b: erFLC!/&0!: erDOG1!3$6>$*-.2$(9m!

bH(+&6+;B(/&*+!$-!/(M!RSSam!<#./&8!$-!/(M!RSS\cM!"#$6$!]%:6!@$3$!+?-/.&$0!'3+4!L//3-$&!

I++3&$$'M!!

"+!-$6-!#+@!-#$!6$/6+&/(!-.4.&8!+'!'(+@$3.&8!*/&!.&'()$&*$!8$34.&/-.+&!?$#/2.+3J!

@$!)6$0!-#3$$!0.''$3$&-!6$$0;4/-)3/-.+&!-$4>$3/-)3$6!'+3!6$$0!>3+0)*-.+&M!,3+@.&8!

*+&0.-.+&6!@$3$!6$($*-$0!-+!8$&$3/-$!/!3/&8$!+'!0+34/&*9!($2$(6!/&0!3$>3$6$&-!-#$!

?3$/0-#!+'!*+&0.-.+&6!$=>$3.$&*$0!?9!3$>3+0)*-.2$!A.  thaliana!?+-#!@.-#.&!/&0!?$-@$$&!

4/-)3/-.+&!6$/6+&6!/*3+66!-#$!&/-.2$!1)3+>$/&!3/&8$!bT[q<!/&0!RSq<c!/&0!-#$!.&2/0$0!

3/&8$!+'!-#$!6+)-#$3&!EK!bRUq<cM!7(/&-6!@$3$!83+@&!)&0$3!-#3$$!*+&6-/&-!-$4>$3/-)3$!

3$8.4$6!b#+-;RUq<J!@/34;RSq<J!/&0!*++(;T[q<c!@.-#!/!TR;#+)3!>#+-+>$3.+0!.&!1,<!

L+0$(!,<` ;R!7(/&-!,3+@-#!<#/4?$36!b<#/83.&!5/((6J!X^cM!"@$(2$!>(/&-6!>$3!8$&+-9>$!

@$3$!83+@&!/-!$/*#!-$4>$3/-)3$M!N$>(.*/-$!>(/&-6!@$3$!3/&0+4(9!0.6-3.?)-$0!+2$3!-#3$$!

3$>(.*/-$!*#/4?$36M!!



!
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K$$0!6+@.&8!@/6!6-/88$3$0!.&!+30$3!-+!69&*#3+&.A$!-#$!6$$0!#/32$6-M!H'-$3!6$2$&!

0/96!+'!0/3D!6-3/-.'.*/-.+&!/-![q<J!6$$06!@$3$!6+@$0!.&-+!>+-6!'.(($0!@.-#!L$-3+4.=!a_S!

bK*+--6!K.$33/J!L/3962.(($J!X^J!EKHcM!K$$06!@$3$!-#$&!8$34.&/-$0!)&0$3!')((!6>$*-3)4!

(.8#-!/-!RSq<gTR;#3!>#+-+>$3.+0M!H'-$3!TS!0/96J!6$$0(.&86!@$3$!-3/&6'$33$0!-+!

2$3&/(.A/-.+&!brUq<gTS;#3!>#+-+>$3.+0c!'+3!R`!0/96!?$'+3$!?$.&8!3/&0+4.A$0!/&0!>(/*$0!

.&-+!-#$.3!3$6>$*-.2$!83+@.&8!-$4>$3/-)3$6M!K$$0(.&86!@$3$!'$3-.(.A$0!+&!-@+!+**/6.+&6!

?$'+3$!?+(-.&8!b7$-$3e6!73+'$66.+&/(!RS;RS;RS!'$3-.(.A$3J!"#$!K*+--6!<+4>/&9J!L/3962.(($J!

X^J!EKHcM!7(/&-6!@$3$!@/-$3$0!/6!&$$0$0!/&0!>+-!>+6.-.+&6!@$3$!3+-/-$0!+&!/!@$$D(9!

?/6.6!@.-#.&!$/*#!*#/4?$3M!H6!6.(.Q)$6!/>>3+/*#$0!ZS;\Sp!4/-)3.-9J!@/-$3!@/6!

@.-##$(0!'+3!-@+!@$$D6!/&0!>(/&-6!.&!/((!-$4>$3/-)3$!-3$/-4$&-6!@$3$!#/32$6-$0!+&!/!

*+44+&!0/-$M!K$$06!'3+4!$/*#!>(/&-!@$3$!*+(($*-$0!.&-+!$>>$&0+3'!-)?$6!/&0!?+-#!03.$0!

/&0!6-+3$0!/-!(+@!3$(/-.2$!#)4.0.-9!.&!K$*/0+3s![MS!H)-+;C$66.*/-+3!</?.&$-6!bB$(;H3-!

73+0)*-6J!7$Q)/&&+*DJ!]OJ!EKHc!)&-.(!)6$0!'+3!8$34.&/-.+&!/66/96M!

Germination  assays  and  measures    

"+!0$-$34.&$!-#$!3/&8$!+'!-$4>$3/-)3$6!)&0$3!@#.*#!8$34.&/-.+&!*/&!+**)3J!@$!

/66/9$0!6$$06!.&!'+)3!*+&6-/&-!-$4>$3/-)3$6!-#/-!6>/&!-#+6$!$=>$3.$&*$0!-#3+)8#+)-!-#$!

(.'$!*9*($!b`J!T_J!RRJ!aTq<c!/&0!.&!/!*+&6-/&-!TR;#+)3!>#+-+>$3.+0M!,$34.&/-.+&!/66/96!

@$3$!*+&0)*-$0!+&!6$$06!-#/-!#/0!/'-$3;3.>$&$0!'+3!aJ!ZJ!T\J!/&0![`!@$$D6M!,$34.&/-.+&!

@/6!/66$66$0!.&!*+&-3+(($0J!7$3*.2/(!L+0$(!,N[T:o!.&*)?/-.+&!*#/4?$36!b7$3*.2/(!

K*.$&-.'.*!%&*MJ!7$339J!%Hc!@.-#!&$@!(.8#-!?)(?6!.&6-/(($0!/-!-#$!?$8.&&.&8!+'!-#$!



!
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$=>$3.4$&-M!5+3!-#$6$!/66/96J!TR!6$$06!>$3!8$&+-9>$!@$3$!6+@&!+&-+!aU!44!>$-3.!>(/-$6!

*+&-/.&.&8!P#/-4/&!7U!'.(-$3!>/>$3!6/-)3/-$0!@.-#!6-$3.($J!0+)?($ ;0.6-.(($0!@/-$3M!5+3!

$/*#!8$&+-9>$!=!4/-)3/-.+&!-3$/-4$&-! *+4?.&/-.+&J!@$!)6$0!-@$(2$!.&0$>$&0$&-!

b?.+(+8.*/(c!3$>(.*/-$!>(/-$6!.&!$2$39!8$34.&/-.+&;-$4>$3/-)3$!-3$/-4$&-M!7$-3.!>(/-$6!

@$3$!3/&0+4.A$0!+&!-3/96!/&0!-3/96!3+-/-$0!@.-#.&!*#/4?$36!$2$39!'$@!0/96M!"#)6J!

>$-3.!>(/-$6!3$>3$6$&-!+)3!)&.-!+'!/&/(96.6M!"#.6!6$-)>!3$6)(-$0!.&!/!-+-/(!+'!RaS[!>(/-$6!b[!

/'-$3 ;3.>$&.&8!=![!8$&+-9>$6!=!a!4/-)3/-.+&!=![!8$34.&/-.+&!-$4>$3/-)3$6!=!TR!

3$>(.*/-$6cM!7(/-$6!@$3$!/66$66$0!'+3!8$34.&/-.+&!>3+>+3-.+&!+&!0/96!aJ!UJ!`J!/&0!T[M!

,$34.&/-.+&!#/0!3$/*#$0!/!*($/3!>(/-$/)!.&!/(( !-$4>$3/-)3$6!?9!0/9!T[!@.-#!-#$!

$=*$>-.+&!+'!`q<J!@#$3$!@$!6/@!#.8#!>3+>+3-.+&6!?)-!0.0!&+-!D&+@!'+3!6)3$!-#/-!

8$34.&/-.+&!#/0!>(/-$/)$0M!C$/0!6$$06J!-#+)8#!3/3$J!@$3$!$=*()0$0!@#$&!-#$9!

+**)33$0M!P$!*/(*)(/-$0! '.&/(!8$34.&/-.+&!>3+>+3-.+&!'+3!$/*#!>(/-$! /6!-#$!&)4?$3!+'!

8$34.&/&-6!+&!0/9!T[!0.2.0$0!?9!-#$!-+-/(!&)4?$3!+'!2./?($!6$$06M!!

Analysis  of  data!

P$!*+4>/3$0!8$34.&/-.+&!>3+>+3-.+&6!/4+&8!8$&+-9>$6!/&0!-3$/-4$&-6!)6.&8!

8$&$3/(.A$0!(.&$/3!4+0$(6!b8(4!>/*D/8$!.&!NcM!,$&+-9>$!b,$&+cJ!4/-)3/-.+&!*+&0.-.+&6!

bL/-cJ!6$$0!/8$!+3!/'-$3;3.>$&.&8!-.4$!bHNcJ!/&0!8$34.&/-.+&!-$4>$3/-)3$!b"$4>c!@$3$!

-3$/-$0!/6!>3$0.*-+36!.&!-#$!4+0$(J!/&0!.&-$3/*-.+&6!@$3$!$2/()/-$0!/6!0$6*3.?$0!?$(+@M!

"#$!3$(/-.+&6#.>!?$-@$$&!$/*#!>3$0.*-+3!/&0!8$34.&/-.+&!>3+?/?.(.-9!@/6!&+&;(.&$/3J!6+!

>3$0.*-+36!@$3$!4+0$($0!/6!0.6*3$-$!'/*-+36M!K$>/3/-.+&!b/&0!Q)/6.;6$>/3/-.+&c!*/&!+**)3!
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.&!8$&$3/(.A$0!(.&$/3!4+0$(6!@.-#!/!?.&+4./(!(.&D!@#$&!*+4?.&/-.+&6!+'!>3$0.*-+3!

2/3./?($6!($/0!-+!/&!/((!+3!&+-#.&8!3$6>+&6$l */6$6!.&!@#.*#!/((!+3!&+!6$$06!8$34.&/-$ M!

P#.($!6$>/3/-.+&!6#+)(0!&+-!.&'()$&*$!H%<!2/()$6!+3!(.D$(.#++0!3/-.+!-$6-6J!.-!*/&!?./6!

$6-.4/-$6 !+'!4+0$(!*+$''.*.$&-6 M!!"#$3$'+3$!@$!*+&'.34$0!+)3!.&'$3$&*$6!'3+4!8(4!)6.&8!

5.3-#e6!>$&/(.A$0!(.D$(.#++0!b?38(4!>/*D/8$!.&!NcM!^$3$J!@$!3$>+3-!8(4!3$6)(-6!$=*$>-!.&!

-#$!*/6$6!@$!&+-$!@#$3$!4+3$!/**)3/-$!*+$''.*.$&-!$6-.4/-.+&!@/6!&$*$66/39J!.&!@#.*#!

*/6$!@$!3$>+3-!*+$''.*.$&-6!'3+4!?38(4M!

5+3!/((!4+0$(6J!@$!)6$0!-@+!0.''$3$&-!4$-#+06!-+!/66$66!-#$!.4>+3-/&*$!+'!

.&0.2.0)/(!4+0$(!-$346!/&0!.&-$3/*-.+& 6F!Tc!2./!0.''$3$&*$!.&!H%<*!/&0!Rc!2./!/!(.D$(.#++0!

3/-.+!-$6-M!H%<*!.6!6.4.(/3!-+!H%<!?)-!#/6!/!(/38$3!>$&/(-9!'+3!.&*3$/6$0!&)4?$3!+'!

>/3/4$-$36!/&0!.6!3$*+44$&0$0!@#$&!-#$!&)4?$3!+'!0/-/!>+.&-6!0.2.0$0!?9!-#$!

&)4?$3!+'!>/3/4$-$36!.6!taS! bB)3&#/4!/&0!H& 0$36+&!RSSRcM!P#$&!*+4>/3.&8!4+0$(6!

)6.&8!H%<*J!-$346!-#/-!/3$!*+&6.0$3$0!.4>+3-/&-!.&!-#$!4+0$(!@.((!3$6)(-!.&!&$8/-.2$!

H%<*!0.''$3$&*$6M!

5.36-J!@$!)6$0!/!')((!4+0$(!b9u!L/-!=!,$&+!=!"$4>!=!HNcJ!@#.*#!.&*()0$0!/((!

>+66.?($!.&-$3/*-.+&6J!-+!-$6-!'+3!/!6.8&.'.*/&-!'+)3 ;@/9!.&-$3/*-.+&!/4+&86-!-3$/-4$&-!

2/3./?($6M!"#$!'+)3;@/9!.&-$3/*-.+&!@/6!6.8&.'.*/&-J!6+!@$!&$=-!-$6-$0!-#$!.4>+3-/&*$!+'!

-#$!'+)3 ;@/9!.&-$3/*-.+&!6$>/3/-$(9!'+3!$/*#!+'!-#$!+-#$3!-#3$$!8$&+-9>$6!*+4>/3$0!-+ !

-#$!3$'$3$&*$!8$&+-9>$!: erM!H((!>;2/()$6!@$3$!*+33$*-$0!'+3!4)(-.>($!*+4>/3.6+&6!)6.&8!

6$Q)$&-./(!B+&'$33+&.M!P#$&!-#$!'+)3;@/9!.&-$3/*-.+&!@/6!&+-!#.8#(9!.4>+3-/&-!b7!vMSST!
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+3!H%<*!@/6!>+6.-.2$cJ!@$!>3+*$$0$0!-+!-$6-!-#$!.4>+3-/&*$!+'!$/*#!-#3$$;@/9!.&-$3/*-.+&!

.&!/!4+0$(!-#/-!.&*()0$0!/( (!-#3$$;@/9!.&-$3/*-.+&6M!!

"+!-$6-!@#$-#$3!8$34.&/-.+&!$&2$(+>$6!*#/&8$0!@.-#!/'-$3;3.>$&.&8!.&!/!

8$&+-9>$;!+3!4/-)3/-.+& ;6>$*.'.*!4/&&$3 J!@$!/&/(9A$0!$/*#!*+4?.&/-.+&!+'!8$&+-9>$!

/&0!4/-)3/-.+&!-3$/-4$&-!6$>/3/-$(9!/&0!-$6-$0!'+3!/!6.8&.'.*/&-!HN!=!"$4>!. &-$3/*-.+&M!

P$!)6$0!(.D$(.#++0!3/-.+!-$6-6!@.-#!*+33$*-$0!>;2/()$6!2./!6$Q)$&-./(!B+&'$33+&.!-+!

0$-$34.&$!@#$-#$3!4+0$(!'.-!@/6!6.8&.'.*/&-(9!.4>3+2$0!?9!-#$!.&*()6.+&!+'!-#.6!

.&-$3/*-.+&M!

:/6-(9J!.&!+30$3!-+!0$-$34.&$!@#.*#!8$&+-9>$6!@$3$!-#$!4+6-!0.2$38$&-!/*3+66!/((!

/'-$3 ;3.>$&.&8!>$3.+06!/&0!4/-)3/-.+&!-$4>$3/-)3$6!/66$66$0J!@$!-$6-$0!'+3!0.''$3$&*$6!

.&!?$#/2.+3!/*3+66!8$34.&/-.+&!-$4>$3/-)3$6!?$-@$$&!8$&+-9>$!>/.36!b:er!26!: erDOG1J!: er!

26!<+(J!: er  26!: erFLCc!-#/-!@$3$!-#$!6/4$!/8$!/&0!4/-)3$0!/-!-#$!6/ 4$!-$4>$3/-)3$M!5+3!

/((!-@$(2$!*+4?.&/-.+&6!/-!$/*#!-$4>$3/-)3$J!*+$''.*.$&-6!.&0.*/-.&8!-#$!6-3$&8-#!+'!

8$&+-9>.*!$''$*-!@$3$!+?-/.&$0!/&0!(.D$(.#++0!3/-.+!-$6-6!@$3$!>$3'+34$0!-+!0$-$34.&$!

6.8&.'.*/&*$M!P$!*+33$*-$0!'+3!'/(6$!0.6*+2$39!3/-$!)6.&8!-#$!>M/0W)6-!')&*-.+&!.&!N!

bB$&W/4.&.!w!^+*#?$38!T\\UcM!K.&*$!-#$!/**)3/-$!$6-.4/-.+&!+'!*+$''.*.$&-6!@/6!

.4>+3-/&-J!@$!)6$0!?38(4!b+)-(.&$0!/?+2$c!.&6-$/0!+'!8(4M!

Cluster  Dendrograms  !

H!*()6-$3!/&/(96.6!@/6!)6$0!-+!$=/4.&$!6.4.(/3.-.$6!.&!8$34.&/-.+&!?$#/2.+3!?9!

*()6-$3.&8!?/6$0!+&!-@+!>#$&+-9>$6l 8$34.&/-.+&!$&2$(+>$6!/&0!8$34.&/-.+&!
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-3/W$*-+3.$6M!5+3!-#$!'.36-!/&/(96.6J!@$!*+4>/3$0!-#$!8$34.&/-.+&6!$&2$(+>$6!+'![`!

*+4?.&/-.+&6!+'!-#3$$!'/*-+36!b[!,$&+6!=!a!L/-!=![!HNcM!<+4?.&/-.+&6!+'!,$&+!=!L/-!=!

HN!@.-#!6.4.(/ 3!8$34.&/-.+&!3$6>+&6$6!-+!-$4>$3/-)3$!b8$34.&/-.+&!$&2$(+>$6c!@$3$!

*()6-$3$0!-+8$-#$3M!%&!-#$!6$*+&0!*()6-$3!/&/(96.6J!@$!*+&6.0$3$0!-#$!6.4.(/3.-9!+'!

8$34.&/-.+&!-3/W$*-+3.$6!+'!6$$0!*+#+3-6!-#/-!0.''$3$0!.&!-$346!+'!8$&+-9>$!/&0!4/-$3&/(!

*+&0.-.+&6!bTR!*+4?.&/-.+&6F![!,$&+!=!a!L/-cM!<()6-$36!@$3$J!-#$3$'+3$J!?/6$0!+&!-#$!

6.4.(/3. -9!+'!8$34.&/-.+&!-3/W$*-+3.$6l #+@!8$34.&/-.+&!$&2$(+>$6!*#/&8$0!@.-#!/'-$3;

3.>$&.&8M!!"#.6!/&/(96.6!*()6-$36!*+4?.&/-.+&6!+'!8$&$-.*!/&0!4/-)3/-.+&!'/*-+36!-+8$-#$3!

-#/-!/3$!4+3 $!(.D$(9!-+!3$6>+&0!6.4.(/3(9!-+!6$/6+&/(!$&2.3+&4$&-/(!2/3./-.+&M!<()6-$3!

0$&03+83/46!@$3$!03/@&!)6.&8!-#$!#$/->(+-MR!')&*-.+&!.&!-#$!N!>/*D/8$!i8>(+-j!@.-#!/!

>3$;6>$*.'.$0!&)4?$3!+'!*()6-$36!bUc!)6.&8!-#$!0.6-!4$-#+0M!

Germination  Projections  

P$!)6$0!+)3! 4$/6)3$4$&-6!+'!8$34.&/-.+&!-3/W$*-+3.$6!'+3!$2$39!8$&+-9>$!=!

4/-)3/-.+&!*+4?.&/-.+&!-+!>3+W$*-!-#$!>3+>+3-.+&!+'!6$$06!$=>$*-$0!-+!8$34.&/-$!$/*#!

6)?6$Q)$&-!4+&-#! /'-$3!0.6>$36/(M!!E6.&8!+)3!8$34.&/-.+&!$&2$(+>$!0/-/J!@$!(.&$/3(9!

.&-$3>+(/-$0!?$-@$$&!-$4>$3/-)3$6!-+!$6-.4/-$!-#$!8$34.&/-.+&!>3+?/?.(.-9!'+3!$2$39!

0$83$$!.&!-#$!-$6-$0!-$4>$3/-)3$!3/&8$M!16-.4/-$6!?$(+@!-#$!(+@$6-!-$6-$0!-$4>$3/-)3$!

b`q<c!@$3$!$=-3/>+(/-$0!0+@&!-+![q<M!P$!>3$6)4$0!8$34.&/-.+&!0.0!&+-!+**)3!?$(+@!

[q<!?/6$0!+&!D&+@($08$!+'!?/6$!-$4>$3/-)3$6!'+3!+-#$3!>#$&+(+8.*/(!-3/&6.-.+&6!/&0!

>3$2.+)6!8$34.&/-.+&!$=>$3.4$&-6!.&!-#$!(/?!bB)38#/30-J!)&>)?(.6#$0!0/-/cM!H6!/2$3/8$!
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4+&-#(9!-$4>$3/-)3$6!'+3!+)3!(+*/-.+&6!0.0 !&+-!$=*$$0!aTq<J!.-!@/6!&+-!&$*$66/39!-+!

$=-3/>+(/-$!$6-.4/-$6!/?+2$!-#.6!-$4>$3/-)3$M!P$!-#$&!*/(*)(/-$0!4+&-#(9!>3+?/?.(.-.$6!

/-!$/*#!-$4>$3/-)3$!?9!.&-$3>+(/-.&8!?$-@$$&!-.4$!>+.&-6M!

P$!/*Q).3$0!6$/6+&/(!*(.4/-$!0/-/!'3+4!-@+!(+*/-.+&6!@#$3$! A.  thaliana!83+@6!

/&0!'+3!@#.*#!@$!D&+@!@#$&!6$$0!0.6>$36/(!+**)36!.&!&/-)3/(!>+>)(/-.+&6M!%&!^/(($J!

,$34/&9!b(+&8.-)0$F!TTM\\aJ!(/-.-)0$F!UTM[\UcJ!.&!-#$!4.00($!+'!.-6!&/-.2$!3/&8$J!6$$06!

0.6>$36$!.&!L/9!/&0!O)&$!bH4.-9!P.(*A$D!>$36+&/(!*+44)&.*/-.+&c!/&0!.&!/!&/-) 3/(.A$0!

>+>)(/-.+&!.&!C)3#/4J!]<!EKH!b(+&8.-)0$F!aUM\``_J!(/-.-)0$F!R`TMS\R`c!6$$06!0.6>$36$!.&!

H>3.(!/&0!L/9!b:M!B)38#/30-J!>$36+&/(!+?6$32/-.+&cM!P$!$=-3/*-$0!#.6-+3.*/(!4+&-#(9!

-$4>$3/-)3$!&+346!'3+4! #-->Fgg*(.4$=>MD&4.M&(gM!"#.6!-++(!)6$6!-.4$!6$3.$6!0/-/!'+3!T\ST;

RSTR!'3+4!-#$!<(.4/-.*!N$6$/3*#!E&.-!b<NEc!.&!1/6-!H&8(./!b2$36.+&!<NE!"KaMRTcM!P$!

)6$0!/((!(/&0 ;?/6$0!&$/3!6)3'/*$!4$/6)3$4$&-6!.&!-#$!U!0$83$$!=!U!0$83$$!83.0!*$((!

6)33+)&0.&8!$/*#!(+*/-.+&!/&0!+&(9!@#$&!/-!($/6-!USp!+'!0/-/!@/6!/2/.(/?($M!5+3!^/(($J!

4$/&!0/.(9!-$4>$3/-)3$6!.&!q<!?$8.&&.&8!.&!O/&)/39!@$3$F!;TJ!TJ![J!\J!TaJ!T_J!T`J!T`J!T[J!\J!

[J!T!/&0!'+3!C)3#/4!-#$9!@$3$F!UJ!_J!TSJ!TUJ!RSJ!R[J!R_J!RUJ!RRJ!T_J!TSJ!_M!

5.&/((9J!@$!)6$0!-#$!.&-$3>+(/-$0!$6-.4/-$6!+'!8$34.&/-.+&!>3+>+3-.+&J!0$6*3.?$0!

/?+2$J!/&0!-#$6$!4+&-#(9!-$4>$3/-)3$!/2$3/8$6!-+!>3+W$*-!8$34.&/-.+&!?$#/2.+3!+'!

6$$06!*+#+3-6!0.6>$36$0!$/3(9!/&0!(/-$!@.-#.&!-#$.3!+?6$32$0!0.6>$36/(!6$/6+&M!P$!

*+&0)*-$0!6$>/3/-$!>3$0.*-.+&6!'+3!6$$06!4/-)3$0!/&0!0.6>$36$0!/-!0.''$3$&-!-.4$6M!

K>$*.'.*/((9J!@$!)6$0!-#$!+?6$32$0!-$4>$3/-)3$!-#$!4+&-#!+'!0.6>$36/(!/&0!-#$!
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8$34.&/-.+&!$&2$(+>$6!+'!-#$!6$$06!-+!0$-$34.&$!#+@!4/&9!.&0.2.0)/(6!.&!/!TSS!6$$0!

*+#+3-!@+)(0!8$34.&/-$!-#/-!4+&-#M!,$34.&/-$0!.&0.2.0)/(6!@$3 $!3$4+2$0!'3+4!-#$!

6$$0!>++(!/&0!-#$!6/4$!*/(*)(/-.+&!@/6!*+&0)*-$0!'+3!$/*#!6)?6$Q)$&-!4+&-#e6!

+?6$32$0!-$4>$3/-)3$!)&-.(!-#$!6$$0!?/&D!@/6!$=#/)6-$0M!,$34.&/-.+&!$&2$(+>$6!

6#.'-$0!$/*#!4+&-#!0)$!-+!/'-$3 ;3.>$&.&8M!!!

"+!-$6-!'+3!8$&$-.*!.&'()$&*$6J!@$!-$6-$0!&/-)3/((9!+**)33.&8!*+4?.&/-.+&6!+'!

6$$0;4/-)3/-.+&!/&0!>+6- ;0.6>$36/(!$&2.3+&4$&-6M!5+3!.&6-/&*$J!.&!C)3#/4J!6$$06!

4/-)3$0!.&!*++(!-$4>$3/-)3$!*+&0.-.+&6!/3$!0.6>$36$0!.&!H>3.(!/&0!6$$06!4/-)3$0!.&!

@/34!-$4>$3/-)3$6!/3$!0.6>$36$0!.&!L/9J!6+!-#$!6$/6+&!+'!6$$0!4/-)3/-.+&!.6!d4/-*#$0e!

@.-#!-#$!&/-)3/(!6$/6+&!+'!0.6>$36/(M!"+!-$6-!-#$!.4>+3-/&*$!+'!-#$!>(/6-.*!3$6>+&6$!-+!

6$$0;4/-)3/-.+&!-$4>$3/-)3$!+&!8$34.&/-.+&!-.4.&8J!@$!/(6+!.&*()0$0!*+4?.&/-.+&6!+'!

0.6>$36/(!/&0!4/-)3/-.+&!-$4>$3/-)3$!-#/-!/3$!4.64/ -*#$0!i.e.!0+!&+-!+**)3!.&!&/-)3$M!

"#$6$!*+4?.&/-.+&6!3$'($*-!8$&+-9>$6!-#/-!/3$!.&6$&6.-.2$!-+!$&2.3+&4$&-/(!*)$6M!

.2987:9 !

Main  effects  and  overall  shape  of  germination  envelopes!

H6!>3$2.+)6(9!0+*)4$&-$0J!*++(!6$$0;4/-)3/-.+&!-$4>$ 3/-)3$!.4>+6$0!#.8#$3!

0+34/&*9!($/0.&8!-+!($66!8$34.&/-.+&J!/&0!(+&8$3!0)3/-.+&6!+'!/'-$3;3.>$&.&8!3$($/6$0!

0+34/&*9 !($/0.&8!-+!4+3$!8$34.&/-.+& !b5.8)3$!TZm!"/?($! TcM!!N$8/30.&8!-$4>$3/-)3$;

0$>$&0$&-!8$34.&/-.+&J!+3!i8$34.&/-.+&!$&2$(+>$6jJ!8$34.&/-.+&!>3+?/?.(.-9!@/6!-#$!

#.8#$6-!/-!T_q<!@.-#!6(.8#-(9!(+@$3!>3+?/?.(.-9!+'!8$34.&/-.+&!/-!`q<!/&0!RRq<J!/&0!/!
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4)*#!(+@$3!>3+?/?.(.-9!/-!aTq<!b5.8)3$!TZ0cM!,$34.&/-.+&!$&2$(+>$6!*#/&8$0!

09&/4.*/((9!@.-#!/'-$3 ;3.>$&.&8M!53$6#!6$$06!8$34.&/-$0!>3.4/3.(9!/-!`q<!/&0!T_q<!

b"/?($! TcJ!?)-!-#$!8$34.&/-.+&!$&2$(+>$!@.0$&$0!@.-#!/'-$3;3.>$&.&8J!/&0!6$$06!?$*/4$!

.&*3$/6.&8(9!4+3$!(.D$(9!-+!8$34.&/-$!/-!#.8#!-$4>$3/-)3$6!b5.8)3$!aF!/[;0[cM!!!

5+3!$2$39!*+4?.&/-.+&!+'!8$&+-9>$!/&0!6$$0;4/-)3/-.+&!-$4>$3/-)3$J!@$!'+)&0!

/!6.8&.'.*/&-!-$4>$3/-)3$!=!/'-$3 ;3.>$&.&8!.&-$3/*-.+&J!?)-!-#$!>/--$3&!+'!3$6>+&6$!

0.''$3$0!/4+&8!-#$4!b0.6*)66$0!?$(+@m!"/?($! acM!5)3-#$3J!/6!0$-$34.&$0!2./!/!(.D$(.#++0!

3/-.+!-$6-J!/((!'+)3!'/*-+36!b,$&+J!L/-J!HNJ!/&0!"$4>c!.&-$3/*-$0!-+!0$-$34.&$!

8$34.&/-.+&!>3+?/?.(.-9!b0'uU[J!χxuT[RJ!>ttMSSTcM!^+@$2$3J!@#$&!@$!*+4>/3$0!$/*#!

8$&+-9>$!0.3$*-(9!-+!:erJ!@$!'+)&0!-#/-!-#.6!6.8&.'.*/&-!'+)3 ;@/9!.&-$3/*-.+&!@/6!

0+4.&/-$0!?9!-#$!0.''$3$&*$!.&!?$#/2.+3!?$-@$$&!:er!/&0!: erDOG1!b"/?($! [ cM!!

"/?($! TF!K)44/39!0$6*3.?.&8!8$&$3/(!>/--$3&6!+'!#+@!-#$!'/*-+36!.&2$6-.8/-$0!
#$3$!.&0.2.0)/((9!.&'()$&*$!8$34.&/-.+&!>3+>+3-.+&6M!N$6)(-6!/3$!6)44/3.A$0!'3+4!

?+=>(+-6!.&!5.8)3$!TZM!

!

!

Factor General trend in germination proportion (Fig S1)
Genotype—Geno Landsberg erecta (Ler) accession = high germination

Columbia accession = mid-range germination
LerFLC-Cvi =high germination
LerDOG1-Cvi =low germination

Seed Maturation Temp.—Mat Higher temperature = higher germination

Seed age or After-Ripening—AR Older/more after-ripened seeds = higher germination

Germination temperature—Temp 8°C = mid-range germination
16°C = maximal germination
22°C = mid-range germination
31°C = minimum germination



!

aU!

!

5.8)3$!aF!"#$!.&'()$&*$!+'!4/-$3&/(!/&0!8$&$-.*!'/*-+36!+&!8$34.&/-.+&!
-$4>$3/-)3$!$&2$(+>$6M!N$/*-.+&!&+346!+'!8$34.&/-.+&!>3+>+3-.+&!.&!3$6>+&6$!-+!

-$4>$3/-)3$!bi8$34.&/-.+&!-$4>$3/-)3$!$&2$(+>$6jc! /*3+66!/((!/'-$3;3.>$&.&8!0)3/-.+&6!
b*+()4&6c!'+3!$/*#!8$&+-9>$!b3+@6cM!:.&$6!@.-#.&!$/*#!>/&$(!.&0.*/-$!-#$!6$$0;

4/-)3/-.+&!-$4>$3/-)3$!bT[q< ;?(/*D!6Q)/3$6J!RSq<;0/3D!83$9!*.3*($6J!RUq<;!(.8#-!83$9!
-3./&8($6cM!C/-/!>+.&-6!0$>.*-!4$/&!8$34.&/-.+&!>3+>+3-.+&!/-!$/*#!-$4>$3/-)3$!'+3!

-@$(2$!3$>(.*/-$6M!133+3!?/36!.&0.*/-$!-#$!6-/&0/30!$33+3M!:$--$36!.&0.*/-$!/!6.8&.'.*/&-!
0.''$3$&*$!?$-@$$&!@/34;4/-)3$0! 6$$06!/&0!#+-;4/-)3$0!6$$06!b#c!+3!@/34;4/-)3$0!

6$$06!/&0!*++(;4/-)3$0!6$$06!b*cM!K.8&.'.*/&*$!/-!-#$!7!t!SMSU!($2$(!@/6!0$-$34.&$0!)6.&8!
(.D$(.#++0!3/-.+!-$6-6!+'!8(46!*+4>/3.&8!-#$!8$34.&/-.+&!>3+?/?.(.-9!+'!$.-#$3!#+-;!+3!

*++(;4/-)3$0!6$$06!0.3$*-(9!-+!-#$!@/34 ;4/-)3$0!6$$06M!K.8&.'.*/&*$!@/6!*+33$*-$0!'+3!
4)(-.>($!-$6-6!)6.&8!6$Q)$&-./(!B+&'$33+&.!*+33$*-.+&M!
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a1. a2. a3. a4.

b1. b2. b3. b4.
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Seed-­‐‑maturation  temperature  modified  germination  trajectories!

<#/&8$6!.&!-$4>$3/-)3$ ;0$>$&0$&-!8$34.&/-.+&!+2$3!-.4$J!+3!8$34.&/-.+&!

-3/W$*-+3.$6J!@$3$!4+0.'.$0!?9!6$$0;4/-)3/-.+&!-$4>$3/-)3$J!/6!.&0.*/-$0!?9!6.8&.'.*/&-!

L/-!=!HN!=!"$4>!.&-$3/*-.+&6!'+3!$/*#!8$&+-9>$!b "/?($! UcM!!<++(!6$$0;4/-)3/-.+&!

-$4>$3/-)3$ !bT[y<c!/(-$3$0!8$34.&/-.+&!3$6>+&6$6!-+!>+6-;0.6>$36/(!-$4>$3/-)3$!b5.8)3$!

TZ*!/&0! "/?($! Tc!?9!.4>+6.&8!6-3+&8$3!0+34/&*9J!-#$3$?9!3$0)*.&8!8$34.&/-.+&!

>3+>+3-.+&6!/&0!&/33+@.&8!-#$!8$34.&/-.+&!$&2$(+>$M!!"#$!8$34.&/-.+&!$&2$(+>$!

$=>/&0$0!4+3$!6(+@(9!'+3!*++(;4/-)3$0!6$$06!-#/&! '+3!-#$!$&2$(+>$6!+'!6$$06!4/-)3$0!

.&!#+-!bRUy<c!/&0!@/34!bRSy<c!-$4>$3/-)3$6!b5.8)3$!acM!!

%&-$3$6-.&8(9J!-#$!.&'()$&*$!+'!6$$0;4/-)3/-.+&!-$4>$3/-)3$!+&!8$34.&/-.+&!

>3+?/?.(.-9!>$36.6-$0!-#3+)8#+)-!-#$!0)3/-.+&!+'!/'-$3 ;3.>$&.&8!6-)0.$0!#$3$M!5+3!4+6-!

8$&+-9>$6J!6$$06!4/-)3$0!/-!*++(!-$4>$3/-)3$6!#/0!(+@$3!8$34.&/-.+&!-#/&!-#+6$!

4/-)3$0 !/-!-#$!#.8#$6-!-$4>$3/-)3$ !/'-$3![`!@$$D6!+'!/'-$3;3.>$&.&8!$2$&!-#+)8#!6$$06!

@$3$!6-.((!2./?($!b5.8)3$!acM!!!

Genotypes  differed  in  germination  trajectories!

,$&+-9>$6!0.''$3$0!.&!+2$3/((!8$34.&/-.+&!>3+>$&6.-9F!:er!/&0! : erFLCJ!

*+&6.6-$&-(9!#/0!-#$!#.8#$6-!8$34.&/-.+&!>3+>+3-.+&6J!@#$3$/6!<+(!#/0!.&-$34$0./-$!

8$34.&/-.+&!>3+>+3-.+&6!/&0!: erDOG1!#/0!-#$!(+@$6-!b5.8)3$!KRcM!H((!8$&+-9>$6!

8$34.&/-$0!-#$!4+6-!/-!T_q<!/&0!-#$!($/6-!/-!aTq<J!?)-!8$&+-9>$6!0.''$3$0!.&!#+@!

8$34.&/-.+&!$&2$(+>$6!*#/&8$0!@.-#!/'-$3;3.>$&.&8!b6.8&.'.*/&-!,$&+!=!"$4>!=!HN!
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.&-$3/*-.+&m!"/?($! _cM!!:er!/&0! : erFLC!/*Q).3$0!-#$!/?.(.-9!-+!8$34.&/-$!/-!#.8#$3!

-$4>$3/-)3$6!/6!-#$9!/'-$3 ;3.>$&$0!4)*#!4+3$!-#/&! 0.0! : erDOG1!/&0! <+(!b5.8)3$!acM!"#.6!

>/--$3&!@/6!+?6$32$0!'+3!/((!6$$0;4/-)3/-.+&!-$4>$3/-)3$6M !^+@$2$3J!?+-#!: er!/&0!

: erFLC!8$&+-9>$6!4/-)3$0!.&!-#$!*+(0!3$8/.&$0!6+4$!0+34/&*9!/-![`!@$$ D6M!

%&!8$&$3/(J!8$&+-9>.*!0.''$3$&*$6!.&!8$34.&/-.+&!>3+>+3-.+&!@$3$!4+6-!/>>/3$&-!

/-!-$4>$3/-)3$!$=-3$4$6M!C.''$3$&*$6!?$-@$$&!6$$06!+'!: erDOG1!/&0!: er!@$3$!+?6$32$0!

/*3+66!6$$0!4/-)3/-.+&!*+&0.-.+&6J!/&0!-#$!4/8&.-)0$!+'!0.2$38$&*$ !?$-@$$&!8$&+-9>$6!

.&*3$/6$0!@.-#!-$4>$3/-)3$!b5.8)3$!aJ!5.8)3$!T`cM!%&!*+&-3/6-J!:erFLC!@/6!6)3>3.6.&8(9!

6.4.(/3!-+!: er!/-!/((!8$34.&/-.+&!-$4>$3/-)3$6J!@.-#!6+4$!&+-/?($!$=*$>-.+&6!/-!*++(!

-$4>$3/-)3$6M!<+()4?./!?$#/2$0!(.D$ !-+!: er!/-!T_q<J!?)-!#/0!($66!8$34.&/-.+&!/-!`q<!/&0!

RRq<!/&0!*+&6.0$3/?(9!($66!8$34.&/-.+&!/-!aTq<M!"#)6J!/(($(.*!2/3./-.+&!@/6!'3$Q)$&-(9!

3$2$/($0!/-!-$4>$3/-)3$!$=-3$4$6J!?)-!4/6D$0!.&!.&-$34$0./-$!*+&0.-.+&6M!

Highly  disparate  combinations  of  factors  can  produce  similar  germination  envelopes!

"+!0$-$34.&$!@#.*#!*+4?.&/-.+&6!+'!'/*-+36 l 8$&+-9>$J!6$$0;4/-)3/-.+&!

-$4>$3/-)3$J!/&0!/'-$3 ;3.>$&.&8!0)3/-.+&l >3+0)*$0!-#$!4+6-!6.4.(/3!8$34.&/-.+&!

3$6>+&6$6!-+!-$4>$3/-)3$J!@$!*()6-$3$0!+)3!0/-/!?/6$0!+&!6.4.(/3.-9!+'!8$34.&/-.+&!

$&2$(+>$6!b[`!0.''$3$&-!*+4?.&/-.+&6!+'!'/*-+36cM!P$!.0$&-.'.$0!'.2$!4/W+3!8$34.&/-.+&!

3$6>+&6$6!-+!-$4>$3/-)3$m!*()6-$36!T;a!#/0!#.8#!8$34.&/-.+&!>3+>+3-.+&6J!@#$3$/6!(.--($!

8$34.&/-.+&!+**)33$0!.&!*()6-$36![;U!b5.8)3$![ cM!!
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K>$*.'.*/((9J!.&!*()6-$3!T!b-#$!(/38$6-!*()6-$3cJ!6$$06!8$34.&/-$0!-+!#.8#!

>3+>+3-.+&6!/-!/((!-$4>$3/-)3$6!$=*$>-!aTq<M!K+4$!+'!-#$!3$*)33$&-!-3$/-4$&-!'/*-+36!

'+)&0!.&!-#.6!*()6-$3!.&*()0$0!6$$06!-#/-!@$3$!/'-$3;3.>$&$0!'+3!4.0!bZ!+3!T\!@$$D6c!+3!

(+&8!b[`!@$$D6c!0)3/-.+&6J!@/34!/&0!#+-!6$$0;4/-)3/-.+&!-$4>$3/-)3$6J!+3 !(+@!

0+34/&*9!8$&+-9>$6!4/-)3$0!.&!*++(!-$4>$3/-)3$6M!<()6-$3!R!8$34.&/-$0!-+!#.8#!

>3+>+3-.+&6!/-!/((!-$4>$3/-)3$6!/&0! .&*()0$0!+&(9!-#$!($/6-!0+34/&- !8$&+-9>$6J!:er!/&0!

: erFLCJ!/&0!/'-$3;3.>$&$0!6$$06!-#/-!@$3$!4/-)3$0!.&!@/34!+3!#+-!-$4>$3/-)3$6M!<()6-$3!

a!@/6!*#/3/*-$3.A$0!?9!#.8#!8$34.&/-.+&!/-!/((!-$4>$3/-)3$6!$=*$>-!`q<J!/&0!+&(9!+&$!

-3$/-4$&-!*+4?.&/-.+&!>3+0)*$0!-#.6!>#$&+-9>$!b*++(;4/-)3$0!: er!6$$06!/-!T\!@$$D6cM!

,$34.&/-.+&!@/6!3$6-3.*-$0!-+!`q<!/&0!T_q<!.&!*()6-$3![J!/&0!.&*()0$0!'/*-+36!/66+*./-$0!

@.-#!#.8#!($2$(6!+'!0+34/&*9F!-#$!:erDOG1!8$&+-9>$J!*++(!6$$0;4/-)3/-.+&!-$4>$3/-)3$J!

/&0!'3$6#!6$$06M!:.--($!-+!&+!8$34.&/-.+&!+**)33$0!/-!/&9!-$4>$3/-)3$!.&!*()6-$3!UM!%-!

>3.4/3.(9!.&*()0$0!-#$!: erDOG1!8$&+-9>$J!?)-!/(6+!-#3$$;@$$D!+(0!6$$06!+'!-#$!<+(!

8$&+-9>$!4/-)3$0!.&!*++(!-$4>$3/-)3$6M!

"#.6!/&/(96.6!6#+@6!-#/-!#.8#(9!0.2$38$&-!*+4?.&/-.+&6!+'!'/*-+36!*/&!>3+0)*$!

6.4.(/3!8$34.&/-.+&!>#$&+-9>$6M!%&!>/3-.*)(/3J!$&2.3+&4$&-/(!'/*-+36!-#/-!.&*3$/6$!

0+34/&*9J!*++(!6$$0;4/-)3/-.+&!-$4>$3/-)3$6!+3!6#+3-!/'-$3 ;3.>$&.&8!0)3/-.+&6J!*/&!

*/)6$!($66!0+34/&-!8$&+-9>$6!-+!3$6$4?($!4+3$!0+34/&-!8$&+-9>$6M!!:.D$@.6$J!4+3$!

0+34/&-!8$&+-9>$6!-#/-!#/2$!$=>$3.$&*$0!8$34.&/-.+&;>3+4+-.&8!*+&0.-.+&6!b@/34!

4/-)3/-.+&!/&0!(+&8!/'-$3 ;3.>$&.&8c!*/&!3$6$4?($!($66!0+34/&-!8$&+-9>$6!-#/-!#/2$!  
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5.8)3$![ F!<()6-$3!0$&03+83/4!/&0!#$/-!4/>!+'!6.4.(/3.-9!+'!8$34.&/-.+&!
$&2$(+>$6!'+3!/((!*+4?.&/-.+&6!+'!6$$0!/8$!bHNcJ!8$&+-9>$!b,$&+cJ!/&0!4/-)3/-.+&!

bL/-cM!"#$!83$9;6*/($!?+=$0!&)4?$36!+&!?3/&*#$6!0$&+-$!4/W+3!*()6-$36M!"#$!*+(+3!6*/($!
.&0.*/-$6!8$34.&/-.+&!>3+>+3-.+&J!@.-#!0/3D$3!*+(+3!6#/0$6!.&0.*/-.&8!#.8#$3!

8$34.&/-.+&!>3+>+3-.+&6M!X&!-#$!'/3!3.8#-!/3$!#$)3.6-.*6!0$6*3.?.&8!-#$!3$>3$6$&-/-.2$!
6#/>$!+'!-#$!8$34.&/-.+&!$&2$(+>$6!'+3!$/*#!4/W+3!*()6-$3M!<()6-$3.&8!.6!?/6$0!+&!#+@!
$/*# !8$&+-9>$!3$6>+&0$0!-+!-$4>$3/-)3$!/*3+66!/((!6$$0;4/-)3/-.+&!-$4>$3/-)3$6!/&0!

6$$0!/8$6M!:erDOG1!/&0!: erFLC!/3$!/??3$2./-$0!DOG1!/&0! FLC!3$6>$*-.2$(9M!
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?$$&!.&0)*$0!.&-+!6-3+&8$3!0+34/&*9M!!5+3!$=/4>($J!'3$6#!6$$06!+'!: erFLC!/&0!: er!

8$&+-9>$6!@#$&!4/-)3$0!.&!*++(!-$4>$3/-)3$6!@$3$!>#$&+-9>.*/((9!6.4.(/3!-+!'3$6#!

6$$06!+'!-#$!: erDOG1!8$&+-9>$!4/-)3$0!.&!#+-!-$4>$3/-)3$6!+3!: erDOG1  6$$06!-#/-!@$3$!

4/-)3$0!.&!*++(!-$4>$3/-)3$6!/&0!/'-$3 ;3.>$&$0!'+3![`!@$$D6M!<+4?.&/-.+&6!+'!'/*-+36!

*/&!/(6+!*/&*$(!$/*#!+-#$3!+)-M!!5+3!$=/4>($J!-#$!>#$&+-9>$!+'!<+(!6$$06!4/-)3$0!.&!#+-!

-$4>$3/-)3$6!/'-$3!a!@$$D6!+'!/'-$3!3.>$&.&8!3$6$4?($6!-#/-!+'!<+(!6$$06!4/-)3$0!.&!*++(!

-$4>$3/-)3$6!/'-$3![`!@$$D6!+'!/'-$3;3.>$&.&8M!"#)6J!-#$3$!/3$!4)(-.>($!3+)-$6!?9!@#.*#!

-+!/*#.$2$!-+!6.4.(/3!8$34.&/-.+&!$&2$(+>$6!.&!A.  thaliana.  

Clustering  of  germination  trajectories  reveals  strong  response  to  seed-­‐‑maturation  
temperature  and  genetic  variation  in  that  response  !

P$!&$=-!$2/()/-$0!@#.*#!*+4?.&/-.+&6!+'!8$&+-9>$6!/&0!6$$0 ;4/-)3/-.+&!

-$4>$3/-)3$6!>3+0)*$0!-#$!4+6-!6.4.(/3!8$34.&/-.+&!-3/W$*-+3.$6l *#/&8$6!.&!

-$4>$3/-)3$ ;0$>$&0$&-!8$34.&/-.+&!+2$3!-#$!*+)36$!+'!/'-$3;3.>$&.&8!b5.8)3$!UcM!5.2$!

*()6-$36!@$3$!.0$&-.'.$0M!<()6-$3![J!-#$!($/6-!0+34/&-!*()6-$3J!8$34.&/-$0!-+!#.8#!

>3+>+3-.+&6!.&!$2$39!8$34.&/-.+&!-$4>$3/-)3$!$=*$>-!@#$&!6$$06!@$3$!a!@$$D6!/'-$3;

3.>$&$0M!"#.6!*()6-$3!.&*()0$0!#+-;!/&0!@/34 ;4/-)3$0!: er  /&0! : erFLCM!!<()6-$3!a!@/6!

6.4.(/3J!?)-!#/0!3$0)*$0!8$34.&/-.+&!/-!aTq<!/-!/((!/'-$3 ;3.>$&.&8!0)3/-.+&6M!!5/*-+3!

2/()$6!.&!-#.6!*()6-$3!.&*()0$0!#+-;!/&0!@/34 ;4/-)3$0! <+(!6$$06!/&0!#+-;4/-)3$0!

: erDOG1!6$$06M!%&!*()6-$3!TJ!8$34.&/-.+&!>3+>+3-.+&6!@$3$!(+@!)&-.(!Z!@$$D6!+'!/'-$3;

3.>$&.&8J!/&0!'/*-+3!2/()$6!.&!-#.6!83+)>!.&*()0$0!*++(;4/-)3$0! : erFLC  /&0!<+(!
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8$&+-9>$6!/6!@$((!/6!@/34;4/-)3$0!: erDOG1M!!<()6-$3!U!@/6!#.8#(9!0.2$38$&-!'3+4!-#$!

+-#$3!*()6-$36m!8$34.&/-.+&!>3+>+3-.+&6!.&!-#.6!*()6-$3!3$4/.&$0!(+@!-#3+)8#+)-!/'-$3;

3.>$&.&8!/&0!.&*()0$0!+&(9!: erDOG1  6$$06!4/-)3$0!.&!*++(!-$4>$3/-)3$6M!!

!

5.8)3$!UF!<()6-$3!0$&03+83/46!0$6*3.?.&8!-#$!6.4.(/3.-.$6!.&!8$34.&/-.+&!
-3/W$*-+3.$6!?$-@$$&!8$&+-9>$6!@.-#!6$$06!4/-)3$0!/-!0.''$3$&-!-$4>$3/-)3$6M!<()6-$3.&8!

.6!?/6$0!+&!-#$!4$/&!3$6>+&6$!+'!$/*#!,$&+-9>$!=!L/-)3/-.+&!*+4?.&/-.+&!-+!$/*#!
8$34.&/-.+&!-$4>$3/-)3$!+2$3!-#$!*+)36$!+'!/'-$3;3.>$&.&8M!"#$!4/W+3!*()6-$36!/3$!

.&0.*/-$0!?9!83$9;6*/($!&)4?$36!bT!-#3+)8#!Uc!/-!-#$!-.>6!+'!-#$!0$&0+83/46M!!
,$34.&/-.+&!>3+>+3-.+&!.6!.&0.*/-$0!?9!-#$!*+(+3!D$9J!@.-#!0/3D$3!*+(+3!6#/0$6!

.&0.*/-.&8!#.8#$3!8$34.&/-.+&!>3+>+3-.+&6M!!</3-++&6!+&!-#$!3.8#-!0$>.*-!3$>3$6$&-/-.2$!
8$34.&/-.+&!-3/W$*-+3.$6!b-$4>$3/-)3$;0$>$&0$&-!8$34.&/-.+&!/-!'+)3!-.4$!>+.&-6!+'!

/'-$3 ;3.>$&.&8c!+'!$/*#!+'!-#$!U!4/W+3!*()6-$36M!:erDOG1!/&0!: erFLC!/3$!/??3$2./-$0!DOG1!
/&0! FLC!3$6>$*-.2$(9M!

]$.-#$3!8$&+-9>$!&+3!6$$0;4/-)3/-.+&!-$4>$3/-)3$!6+($(9!0$-$34.&$0 !#+@!

8$34.&/-.+&!$&2$(+>$6!*#/&8$0!@.-#!/'-$3;3.>$&.&8m!.&6-$/0J!6$$0;4/-)3/-.+&!

-$4>$3/-)3$!.&'()$&*$0!#+@!6.4.(/3!+3!0.66.4.(/3!8$&+-9>$6!@$3$!.&!3$6>+&6$!-+!/'-$3;

3.>$&.&8M!5+3!$=/4>($J!@#.($!:$3!/&0!:$35:< !*()6-$3$0!-+8$-#$3!@#$&!6$$06!@$3$!

4/-)3$0!.&! @/34!/&0!#+-!-$4>$3/-)3$6J!-#$9!0.2$38$0!@#$&!4/-)3$0!.&!*++(!

-$4>$3/-)3$6M!%&!'/*-J!*++(;4/-)3$0! :$35:< !6$$06!@$3$!4+3$!6.4.(/3!-+!*++(;4/-)3$0! <+(!
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/&0!@/34 ;4/-)3$0! :$3CX,T !6$$06M!"#.6!.6!?$*/)6$!*++(;4/-)3$0!: $3!6$$06!$=#.?.-$0!/!

0.6-.&*-.2$!0$*(.&$!.&!8$34.&/-.+&!/-!(+@!-$4>$3/-)3$!@.-#!>3+(+&8$0!/'-$3;3.>$&.&8M!

L+3$+2$3J!8$&+-9>$6!0.''$3$0!.&!-#$.3!3$6>+&6.2$&$66!-+!6$$0;4/-)3/-.+&!-$4>$3/-)3$M!!

K>$*.'.*/((9J!:$3CX,T !@/6!#.8#(9!3$6>+&6.2$!-+!6$$0;4/-)3/-.+&!-$4>$3/-)3$J!/&0!.-!@/6!

0.6-3.?)-$0!+2$3!-#3$$!0.2$38$&-!*()6-$36m!.&!*+&-3/6-J!<+(!@/6!($/6-!3$6>+&6.2$!-+!6$$0;

4/-)3/-.+&!-$4>$3/-)3$!/&0!@/6!3$6-3.*-$0!-+!-@+!/0W/*$&-!*()6-$36!b5.8)3$!UcM!

Location  and  genotype-­‐‑specific  projections  of  germination  timing!

"+!>3$0.*-!-#$!-.4.&8!+'!8$34.&/-.+&!.&!/!6$/6+&/(!-$4>$3/-)3$!$&2.3+&4$&-J!@$!

*+4?.&$0!+)3!8$34.&/-.+&!-3/W$*-+3.$6!@.-#!6$/6+&/(!-$4>$3/-)3$!0/-/!'3+4!C)3#/4J!

]<!bEKHc!/&0!^/(($J!,$34/&9!b6$$!6*#$4/-.*! .&!5.8)3$!_/cM!73+W$*-.+&6!+'!8$34.&/-.+&!

-.4$!@$3$!4/0$!'+3!*+#+3-6!+'!6$$06!4/-)3$0!/-!T[q<!b*++(c!/&0!RSq<!b@/34c!'+3!$/*#!

8$&+-9>$M!B/6$0!+&!+?6$32/-.+&6!+'!&/-)3/(!6$$0!0.6>$36/(!/-!-#$6$!(+*/-.+&6J!6$$06!

4/-)3$0!)&0$3!*++(!-$4>$3/-)3$!*+&0.-.+&6!@$3$!0.6>$36$0!.&!H>3.(!.&!C)3#/4J!]<!

b/2$3/8$!-$4>!/-!0.6>$36/(!+'!TUq<J!5.8)3$!_?c!/&0!.&!L/9!.&!^/(($J!,$34/&9!b/2$3/8$!

-$4>!+'!Taq<J!5.8)3$!_0cM!K$$06!4/-)3$0!)&0$3!@/34!-$4>$3/-)3$6!@$3$!0.6>$36$0!.&!

L/9!.&!C)3#/4!b/2$3/8$!-$4>!+'!RSq<J! 5.8)3$!_*c!/&0!O)&$!.&!^/(($!b/2$3/8$!-$4>!+'!

T_q<J!5.8)3$!_$cM!P#.($!-#$!/2$3/8$!-$4>$3/-)3$!.&!O)&$!.&!^/(($!.6!(+@$3!-#/&!+)3!@/34!

6$$0;4/-)3/-.+&!-$4>$3/-)3$!bRSq<cJ!A.  thaliana!6#+@6!4)*#!(+@$3!0+34/&*9!/?+2$!

TUq<!-#/&!?$(+@!.-!bYM!K>3.&8-#+3>$J!.&!3$2.$@cM!"#$3$'+3$!@$!?$(.$2$!-#/-!@/34!6$$0!
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4/-)3/-.+&!.6!/!?$--$3!3$'($*-.+&!+'!-#$!0+34/&*9!($2$(!+'!-#$6$!6$$06!-#/&!*++(!6$$0;

4/-)3/-.+&!-$4>$3/-)3$6M !

5+3!4+6-!8$&+-9>$6J!-#$!>3+W$*-$0!-.4$!+'!8$34.&/-.+&!.6!$/3(9!6)44$3!.&!

C)3#/4!/&0! 4.0 ;6)44$3 !.&!^/(($ M!P#$&!6$$06!@$3$!0.6>$36$0!$/3(9!b/&0!$=>+6$0!-+!

*++($3!4/-)3/-.+&!*+&0.-.+&6cJ!#/('!+'!-#$!6$$0!*+#+3-!8$34.&/-$0!+&$!4+&-#!>3.+3!-+!

6$$06!-#/-!$=>$3.$&*$0!@/34!4/-)3/-.+&!*+&0.-.+&6 !/&0!@$3$!0.6>$36$0!+&!4+&-#!(/-$3M!

"#$!+-#$3!#/('!+'!-#$! $/3(9!6$$0!*+#+3-!8$34.&/-$0!69&*#3+&+)6(9!@.-#!-#$!@/34;

4/-)3$0!*+#+3-! b5.8)3$!_F!?;$cM!"#)6!#/('!-#$!@/34 ;4/-)3$0!6$$06!/*-)/((9!8$34.&/-$0!

4+3$!Q).*D(9!/'-$3!0.6>$36/(!-#/&!-#$!*+(0!4/-)3$0!6$$06M!P#.($!-#.6!@/6!-#$!+2$3/((!

-3$&0J!8$&+-9>$6!0.0!0.''$3 !.&!>3+W$*-$0!8$34.&/-.+&!-.4$6J!/6!0.6*)66$0!&$=-M!

L/9!b(/-$3c!0.6>$36/(!.&!C)3#/4!3$2$/($0!8$34.&/-.+&!0.''$3$&*$6!?$-@$$&!:er!

/&0!<+(!-#/-!@$3$!&+-!2.6.?($!.&!/&9!+'!-#$!+-#$3!6*$&/3.+6M!%&!-#.6!6*$&/3.+J!@/34!6$$0;

4/-)3/-.+&!-$4>$3/-)3$!*/)6$0!<+(!-+!4+3$!*(+ 6$(9!3$6$4?($!:erDOG1!-#/&!: erM!%&!

*+&-3/6-J!/!6)?-($!0.''$3$&*$!.&!8$34.&/-.+&!-.4$!?$-@$$&!:er!/&0! : erFLC!@/6!$=>3$66$0!

+&(9!@#$&!6$$06!@$3$!4/-)3$0!/&0!0.6>$36$0!b$/3(9c!.&!*++(!*+&0.-.+&6M!"#)6J!@$!

>3$0.*-!-#/-!<+(!@.((!?$!-#$!4+6-!0.''$3$&-./-$0!'3+4! : er!/&0!: erFLC!.&!6$/6+&/(!*+&-$=-6!

-#/-!/3$!@/34$3!-#/&!-#/-!+'!*$&-3/(!1)3+>$M!!!

H6!@/6!.&0.*/-$0!.&!-#$!*()6-$3!/&/(96.6J!8$34.&/-.+&!-.4.&8!'+3!: erDOG1!@/6!

0.6-.&*-(9!0.''$3$&-!'3+4!: er!@#$&!?+-#!@$3$!4/-)3$0!/&0!0.6>$36$0!b$/3(9c!)&0$3!*++(!

*+&0.-.+&6M!%&-$3$6-.&8(9J!.&!C)3#/4J!: erDOG1!@/6!-#$!+&(9!8$&+-9>$!-#/-!3$6)(-$0!.&!(/-$!!
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Durham, NC---April Dispersal
14°C Seed Maturation
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c. Durham, NC---May Dispersal
20°C Seed Maturation
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Halle, Germany---May Dispersal
14°C Seed Maturation
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e. Halle, Germany---June Dispersal
20°C Seed Maturation
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5.8)3$!_F!N$6)(-6!+'!8$34.&/-.+&!-.4$!>3+W$*-.+&6!.&!6$/6+&/(!$&2.3+&4$&-6M!a,!
"#$!6-$>6!.&2+(2$0!.&!*3$/-.&8!-#$!8$34.&/-.+&!>3+W$*-.+&6M!Tc!"+!8$&$3/-$!/!>3$0.*-$0!

8$34.&/-.+&!>3+?/?.(.-9!/-!$2$39!-$4>$3/-)3$J!@$!.&-$3>+(/-$0!/&0!$=-3/>+(/-$0!
-$4>$3/-)3$!$&2$(+>$6!'3+4!0/-/!>+.&-6!*+(($*-$0M!Rc!"+!8$&$3/-$!8$34.&/-.+&!

>3$0.*-.+&6!/*3+66!/((!6$$0!/8$6!)>!-+!/!9$/3J!@$!.&-$3>+(/-$0!/&0!$=-3/>+(/-$0!/*3+66!
8$34.&/-.+&!$&2$(+>$6!-#/-!@$3$!*+(($*-$0!/-!$/*#!-.4$!>+.&-M!ac!E6$!4+&-#(9!

-$4>$3/-)3$6!/2$3/8$6!.&!*+4?.&/-.+&!@.-#!-#$!.&'$33$0!8$34.&/-.+&!>3+?/?.(.-9!6)3'/*$!
-+!>3+W$*-!8$34.&/-.+&!>$3*$&-/8$6!+'!-@+!*+#+3-6!+'!'3$6#!6$$06!0.6>$36$0!/-!0.''$3$&-!

-.4$6J!.&-+!-@+!0.''$3$&-!6$/6+&/(!$&2.3+&4$&-6!bCT!/&0!CRcM!!b-­‐‑eJ!73+W$*-.+&6!@.-#!
4/-*#$0!>3$ ;!/&0!>+6-;!0.6>$36/(!$&2.3+&4$&-6F!5+3!C)3#/4!bb,ccJ!*++(;4/-)3$0!6$$06!+'!
$/*#!8$&+-9>$!0.6>$36$0!.&!H>3.(!/&0!@/34;4/-)3$0!6$$06!0.6>$36$0!.&!L/9m!'+3!^/(($!
bd,ecJ!*++(;4/-)3$0!6$$06!0.6>$36$0!.&!L/9!/&0!@/34 ;4/-)3$0!6$$06!0.6>$36$0!.&!O)&$M!

73+W$*-.+&6!@$3$!-3)&*/-$0!T!9$/3!/'-$3!0.6>$36/(M!

'/((!8$34.&/- .+&!-9>.*/(!+'!@.&-$3!/&&)/(6!b5.8)3$!_*cM!%&!^/(($J!0)$!-+!(+@$3!

-$4>$3/-)3$6J!4+6-! *++(;4/-)3$0!6$$06!+'! : erDOG1!0.0&e-!8$34.&/-$!)&-.(!6>3.&8m!

#+@$2$3J!@#$&!4/-)3$0!)&0$3!@/34!*+&0.-.+&6J!-#$9!@$3$!'/3!($66!0.''$3$&-./-$0!'3+4!

-#$!+-#$3!8$&+-9>$6!/&0!@$3$!>3$0.*-$0!-+!8$34.&/-$!.&!(/-$!6)44$3 !b5.8)3$!_0J$cM!!

"#)6J !.&!^/(($J!-#$!6$$0;4/-)3/-.+&!-$4>$3/-)3$!0$-$34.&$0!@#$-#$3!-#.6!8$&+-9>$!

$=#.?.-$0!/)-)4&!+3 !6>3.&8!8$34.&/-.+&M!!!

Effects  of  seed-­‐‑maturation  temperature  on  dormancy  compensate  for  differences  in  
dispersal  timing!

"#$!/?+2$!3$6)(-6!6)88$6-$0!-#/-!8$34.&/-.+&!-.4.&8!/*3+66!-#$!0.6>$36/(!6$/6+&!

@/6!69&*#3+&+)6!?$*/)6$!-#$!4/-$3&/(!$&2.3+&4$&-!/((+@$0!(/-$3!0.6>$36$0!6$$06!-+!

8$34.&/-$!'/6-$3M!"+ !-$6-!.' !6$$0;4/-)3/-.+&!-$4>$3/-)3$ !.&0$$0!*/)6$6 !-#.6!>/--$3&J!@$!

>3+W$*-$0!@#/-!-#$!?$#/2.+3!@+)(0!?$!+'!8$&+-9>$6!@#+6$!8$34.&/-.+&!?$#/2.+3!@/6!

.&6$&6.-.2$!-+!6$$0;4/-)3/-.+&!$&2.3+&4$&-!?9!2.6)/(.A.&8!4.64/-*#$0!*+4?.&/-.+&6!+'!

3$6>+&6$6!-#/-!0+!&+-!+**)3!.&!&/-)3$!b6*#$4/-.*!5.8)3$!Z/cM!B9!*+4>/3.&8!-#$!-@+!?()$!
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>3+W$*-.+&6!.&!5.8)3$!Z?J$!+&$!*/&!2.6)/(.A$!8$34.&/-.+&!-.4.&8!0.''$3$&*$6!+'!/!8$&+-9>$!

-#/-!/(@/96!?$#/2$6!/6!.'!.-! @$3$!4/-)3$0!.&!*++(!*+&0.-.+&6M!K.4.(/3(9J!-#$!9$((+@!(.&$6!

2.6)/(.A$!/!8$&+-9>$!-#/-!/(@/96!?$#/2$6!/6!.'!.-!@$3$!4/-)3$0!.&!@/34!*+&0.-.+&6 l !

-#$6$!/3$!4.64/-*#$0!*+4?.&/-.+&6M!B9!*+4>/3.&8!-#$!?+(0!(.&$6!/*3+66!*+(+36!+&$!*/&!

6$$!-#$!8$34.&/-.+&!69&*#3+&9!+'!/!8$&+-9>$!-#/-!/(-$36!.-6!8$34.&/-.+&!?$#/2.+3!.&!

3$6>+&6$!-+!-$4>$3/-)3$l -#.6!.6!-#$!4/-*#$0!*+4?.&/-.+&!-#/-!.6!+?6$32$0!.&!&/-)3$M!

H!8$&+-9>$!-#/-!6#.'-$0!8$34.&/-.+&!?$#/2.+3!.&!3$6>+&6$!-+!-#$!4/-$3&/(!

$&2.3+&4$&-!b5.8)3$!Zc!#/0!4+3$!69&*#3+&+)6!8$34.&/-.+&!-#/&!$.-#$3!8$&+-9>$!-#/-!

@/6!)&;3$6>+&6.2$!-+!6$$0;4/-)3/-.+&!-$4>$3/-)3$ M!"#$3$'+3$J!3$6>+&6.2$&$66!-+!6$$0;

4/-)3/-.+&!-$4>$3/-)3$!.&*3$/6$ 0!-#$!6.4.(/ 3.-9!.&!8$34.&/-.+&!-.4$!+'!6$$06!0.6>$36$0!

/-!0.''$3$&-!-.4$6M!!"#.6!@/6!-3)$!-+!2/39.&8!0$83$$6!'+3!/((!8$&+-9>$6!$=*$>-!'+3!:erDOG1  

.&!?+-#!^/(($J!,$34/&9!b 5.8)3$!Z?;$c!/&0!C)3#/4J!]<J!EKH!b 5.8)3$!T\ / ;0cM!!5+3!:erDOG1J!

-#$!$''$*-!+'!6$$0;4/-)3/-.+&!-$4>$3/-)3$!@/6!4)*#!6-3+&8$3!-#/&!-#$!$''$*-!+'!0.6>$36/(!

-.4$M!!%&!^/(($J!*++(!6$$0;4/-)3/-.+&!-$4>$3/-)3$!+2$3*+4>$&6/-$0!'+3!-#$!$''$*-!+'!

$/3(9!0.6>$36/(!+&!8$34.&/-.+&!-.4$!/&0!*/)6$0!6>3.&8!8$34.&/-.+&m!#+@$2$3J!.&!

C)3#/4J!6$$0 ;4/-)3/-.+&!-$4>$3/-)3$!4.-.8/-$0!-#$!$''$*-!+'!0.6>$36/(!-.4$J!/6!.-!0.0!

@.-#!-#$!+-#$3!8$&+-9>$6J!-#+)8#!-#$!-.4.&8!+'!6$$0!0.6>$36/(!+&(9!.&'()$&*$0!

8$34.&/-.+&!+'!@/34 ;4/-)3$0!6$$06M!!X2$3/((J!-#$6$!>3+W$*-.+&6!6)88$6-!-#/-!>(/6-.*.-9!-+!

6$$0;4/-)3/-.+&!-$4>$3/-)3$!*/&!3$0)*$!2/3./-.+&!.&!8$34.&/-.+&!-#/-!@+)(0!+-#$3@.6$!

?$!*/)6$0!?9!0.''$3$&*$6!.&!0.6>$36/(!-.4.&8M!!
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5.8)3$!ZF!73+W$*-.+&6!+'!8$34.&/-.+&!-.4.&8!+'!/((!*+4?.&/-.+&6!+'!6$$0!
4/-)3/-.+&!/&0!0.6>$36/(!-.4.&8M! aJ!K*#$4/-.*!.(()6-3/-.&8!-#$!#9>+-#$6.6!-#/-!6$$0;

4/-)3/-.+&!$''$*-6!*+4>$&6/-$!'+3!0.''$3$&*$6!.&!0.6>$36/(!-.4.&8!-+!+>-.4.A$!
8$34.&/-.+&!-.4.&8M!b,!,$34.&/-.+&!>3+W$*-.+&6!+'!/((!*+4?.&/-.+&6!+'!6$$0;4/-)3/-.+&!

/&0!>+6-;0.6>$36/(!$&2.3+&4$&-6!'+3!$/*#!8$&+-9>$!.&!^/(($J!,$34/&9M!B+(0'/*$!
*+4?.&/-.+&6!/3$!-#$!4/-*#$0!*+4?.&/-.+&6!+'!6$$0 ;4/-)3/-.+&!-$4>$3/-)3$!/&0!

0.6>$36/(!-.4$!-#/-!+**)3!.&!&/-)3$J!@#.($!&/33+@!(.&$6!/3$!-#$!4.64/-*#$0!
*+4?.&/-.+&6M!K+(.0!/&0!0/6#$0!(.&$6!3$'$3!-+!L/9!/&0!O)&$!0.6>$36/(!3$6>$*-.2$(9!@#.($!

&/29!/&0!8+(0!3$'$3!-+!*++(!/&0!@/34!6$$0;4/-)3/-.+&!-$4>$3/-)3$6M!</3-++&!>(/&-6!
*+)3-$69!+'!H4.-9!P.(*A$DM!!5+3!3$6)(-6!?/6$0!+&!*(.4/-.*!*+&0.-.+&6!'+3!C)3#/4J!]<J!

6$$!5.8)3$!T\M!

"39+8993/5 !

P$!'+)&0!-#/-!8$34.&/-.+&!-$4>$3/-)3$!$&2$(+>$6!*#/&8$0!+2$3!-.4$!@.-#!/'-$3 ;

3.>$&.&8J!/&0!-#$6$!8$34.&/-.+&!-3/W$*-+3.$6!0$>$&0$0!+&!6$$0;4/-)3/-.+&!-$4> $3/-)3$!

/&0!8$&+-9>$M!C.''$3$&-!*+4?.&/-.+&6!+'! 8$&+-9>$J!6$$0;4/-)3/-.+&!-$4>$3/-)3$J!/&0!

/'-$3 ;3.>$&.&8!*/&!>3+0)*$!6.4.(/3!8$34.&/-.+&!$&2$(+>$6J!/&0!0.''$3$&-!8$&+-9>$!/&0!

6$$0;4/-)3/-.+&!-$4>$3/-)3$ 6!*/&!*+4?.&$!-+!>3+0)*$!6.4.(/3!8$34.&/-.+&!-3/W$*-+3.$6!

+2$3!-.4$M!"#)6J!.&!*+4?.&/-.+&!/&0!@#$&!$=>+6$0!-+!6$/6+&/(!-$4>$3/-)3$!*#/&8$6!

-#$6$!.&-$3/*-.+&6F!Tc!3$6)(-!.&!8$&$-.*!0.''$3$&*$6!.&!8$34.&/-.+&!?$.&8!4/6D$0!.&!6+4$!

$&2.3+&4$&-/(!*+&0.-.+&6J!?)-!3$2$/($0!.&!+-#$36!/&0!Rc!/((+@!6$$0;4/-)3/-.+&!$''$*-6!-+!

4.-.8/-$!$''$*-6!+&!8$34.&/-.+&!-.4$!*/) 6$0!?9!0.''$3$&*$6!.&!-#$!-.4.&8!+'!0.6>$36/(M!!!

Dual  effects  of  temperature  on  germination  behavior  

N$*$&-!@+3D!#/6!>3+2.0$0!4$*#/&.6-.*!.&6.8#-6!.&-+!#+@!6$$0;4/-)3/-.+&!/&0!

>+6-;0.6>$36/(!-$4>$3/-)3$!.&'()$&*$!8$34.&/-.+&M!L/*,3$8+3!$-!/(M!bRSTUc!6#+@$0!-#/-!

*++(!4/-)3/-.+&!-$4>$3/-)3$6!*/)6$!*#/&8$6!.&!-#$!6$$0!*+/-!b>#$&9(>3+>/&+.0!8$&$!



!

[\ !

$=>3$66.+&!/&0!>3+*9/&.0.&!*+&-$&-c!-#/-!3$0)*$!>$34$/?.(.-9!/&0!0$*3$/6$!8$34.&/-.+&M!

,3/$?$3!$-!/(M!bRSTUc!0$4+&6-3/-$0!-#/-!DOG1!3$8)(/-$6!-$4>$3/-)3$ ;0$>$&0$&-!

$&0+6>$34!@$/D$&.&8!+'!.4?.?$0!6$$06!-#3+)8#!*#/&8.&8!8.??$3$((.*!/*.0!4$-/?+(.64m!

#+@$2$3J!-#$!4$*#/&.6-.*!.&-$3/*-.+&!?$-@$$&!-#$6$!-$4>$3/-)3$!$''$*-6!/&0!-#$!

>+-$&-./(!3+($!+'!DOG1!.&!3$8)(/-.&8!-#$4!3$4/.&6!-+!?$!$()*.0/-$0M!!

X)3!3$6)(-6!6#+@!-#/-!-#$6$!0)/(!-$4>$3/-)3$!.&>)-6!0+!&+-!#/2$!/00.-.2$!$''$*-6!

+&!8$34.&/-.+&!?$#/2.+3!/&0!/3$!.&'()$&*$0!6-3+&8(9!?9!/(($(.*!2/3./-.+&M!%&!8$&$3/(J!*++(!

6$$0;4/-)3/-.+&!-$4>$3/-)3$!3$0)*$0!-#$!-$4>$3/-)3$6!)&0$3!@#.*#!8$34.&/-.+&!

+**)33$0J!/&0!-#.6!$''$*-!>$36.6-$0!'+3!-#$!0)3/-.+&!+'!/'-$3 ;3.>$&.&8!/66$66$0!#$3$M!B)-J!

/6!#/6!?$$&!0$6*3.?$0!/*3+66!/**$66.+&6!b7$&'.$(0!/&0!K>3.&8-#+3>$!RSTRcJ!8$&+-9>$6!

0.''$3$0!.&!-#$!4/8&.-)0$!+'!-#$.3!>#$&+-9>.*!3$6>+&6$!-+!6$$0;4/-)3/-.+&!-$4>$3/-)3$!

/6!@$((!/6!.&!-#$.3!>/--$3&!+'!3$6>+&6$!-+!>+6-;0.6>$36/(!-$4>$3/-)3$6M!!

Dependence  of  genetic  variation  on  environmental  factors    

"#$!$&2.3+&4$&-/(!*+&-$=-!.&-+!@#.*#!6$$06!/3$!0.6>$36$0!@.((!0$-$34.&$!-#$!

$=-$&-!-+!@#.*#!8$&$-.*!0.''$3$&*$6!.&!8$34.&/-.+&!/(($($6!@.((!4/&.'$6-!/6!>#$&+-9>.*!

2/3./-.+&!@.-#.&!/!6$/6+&/(!$&2.3+&4$&-M!V":!/&0!,PHK!4/>>.&8!.&! A.  thaliana!/&0!

+-#$3!6>$*.$6!#/2$!*+&-.&)/((9!$4>#/6.A$0!-#$!.4>+3-/&*$!+'!-#$!$&2.3+&4$&-!.&!

6#/>.&8!@#.*#!(+*.!/3$!/66+*./-$0!@.-#!>#$&+-9>$6!/&0!-#$!6-3$&8-#!+'!-#$.3!$''$*-6!b6$$!

1(;K+0/!$-!/(M!RST[!'+3!3$2.$@cM!,$&$!&$-@+3D!6-3)*-)3$6!-#/-!($/0!-+!$&2.3+&4$&-;

0$>$&0$&-!/(($(.*!$''$*-6!#/2$!?$$&!$()*.0/-$0!'+3!'(+@$3.&8!-.4$!.&!A.  thaliana!/&0!/!'$@!



!

US!

+-#$3!6>$*.$6!bH4/6.&+!RSTSm!7/W+3+!$-!/(M!RST[m!K#3$6-#/!$-!/(M!RST[c!/((+@.&8!>3$0.*-.+&!

.&!6+4$!*/6$6!+'!$&2.3+&4$&-;6>$*.'.*!>#$&+-9>$6!bP.(*A$D!$-!/(M!RSS\cM!%&-$3$6-.&8(9J!

6$$0;4/-)3/-.+&!$&2.3+&4$&-6!#/2$!3$*$&-(9!?$$&!6#+@&!-+!.&'()$&*$!-#$!$=>3$66.+&!+'!

8$&$-.*!2/3./-.+&!.&!>3+8$&9!/6!@$((!b7+6-4/!/&0!z83$&!.&!>3$66cM!B$*/)6$!-#$!

4$*#/&.6-.*!?/6.6!+'!0+34/&*9!/&0!8$34.&/-.+&!/3$!?$*+4.&8!*($/3$3! b,3/$?$3!$-!/(M!

RSTRm!]+&+8/D.!RST[cJ!.&-$3>3$-.&8!-#+6$!8$&$;&$-@+3D6!.&!/&!$&2.3+&4$&-/(!*+&-$=-!.6!/!

3/>.0(9 ;0$2$(+>.&8!/&0!$=*.-.&8!'.$(0!b,3/$?$3!$-!/(M!RST[m!L/*,3$8+3!$-!/(M!RSTUcM!

E6.&8!8$&+-9>$6!D&+@&!-+!0.''$3!.&!8$34.&/-.+&!?$#/2.+3J!@$!'+)&0!-#/-!8$&$-.*!

0.''$3$&*$6!.&!8$34.&/-.+&!?$#/2.+3!?$-@$$&!<+(!/&0!:er!/&0!: erFLC!/&0!: er!/3$!4+6-!

(.D$(9!-+!?$!$=>3$66$0!@#$&!6$$06!$=>$3.$&*$!#.8#!+3!(+@J!?)-!&+-!.&-$34$0./-$J!

-$4>$3/-)3$6 M!"#.6!.4>(.$6!-#/-!6$($*-.+&!*/&!+&(9!0.6-.&8).6#!8$&+-9>$6!/-!-$4>$3/-)3$!

$=-3$4$6J!/6!@+)(0!+**)3!$/3(9!/&0!(/-$!.&!-#$!83+@.&8!6$/6+&!+3!/-!-#$!&+3-#$3&!+3!

6+)-#$3&!$08$6!+'!-#$!3/&8$M!%&!*+&-3/6-J!-#$!DOG1!/(($($!'3+4!<2. !3$0)*$0!8$34.&/-.+&!

>3+>+3-.+&!*+4>/3$0!-+!-#$!: er!/(($($!/-!&$/3(9!$2$39!-$4>$3/-)3$!/&0!'+3!/((!4/-)3/-.+&!

*+4?.&/-.+&6!-$6-$0!/&0!@+)(0!-#$3$'+3$!#/2$!/!>#$&+-9>.*!$''$*-!.&!4+6-!6$/6+&/(!

$&2.3+&4$&-6M!"#.6!/(($($!*+4$6!'3+4!-#$!</>$!Y$30$ !%6(/&06!?)-!-#$3$!/3$!/3$/6!.&!-#$!

&/-.2$!3/&8$J!>/3-.*)(/3(9!.&!K+)-#$3&!1)3+>$J!@#$3$!>+>)(/-.+&6!/(6+!0.6>(/9!6-3+&8!

0+34/&*9! bI3+&#+(4!$-!/(M!RSTRcM!%-!@+)(0!?$!.&-3.8).&8!-+!*+4>/3$!-#$!-$4>$3/-)3$;

0$>$&0$&-!$''$*-6!+'!-#$6$!)&.Q)$!DOG1!#/>(+-9>$6M!!



!

UT!

"#$!$&2.3+&4$&-/(!0$>$&0$&*$!+'!8$&$-.*!$''$*-6!@/6!/(6+!3$2$/($0!.&!>3+W$*-.+&6!

+'!8$34.&/-.+&!-.4.&8!)6.&8!&/-)3/(!6$/6+&/(!2/3./-.+&M!"#$!#+--$3!*+&0.-.+&6!+'!

C)3#/4J!]<!@$3$!>3$0.*-$0!-+!3$2$/(!0+34/&*9!0.''$3$&*$6!?$-@$$&!-#$!-@+!/**$66.+&6!

b<+(!/&0!: erc!-#/-!@$3$!.&2.6.?($!)&0$3!-#$!*++($3!*+&0.-.+&6!+'!^/(($J!,$34/&9J!

6)88$6-.&8!-#/-!@/34.&8!*(.4/-$6!4/9!3$2$/(!*)33$&-(9!)&$=>3$66$0!8$&$-.*!2/3./-.+&M!

5)3-#$3J!-#$!$=>3$66.+&!+'!8$&$-.*!2/3./-.+&!0$>$&0$0!+&!0.6>$36/(!-.4.&8J!/6!.-!@/6!&+-!

2.6.?($!.&!-#$!$/3(9!C)3#/4!0.6>$36/(!*+#+3-J!?)-!@/6!.&!-#$!(/-$3!C)3#/4!0.6>$36/(!

*+#+3-M!K.4.(/3(9J!@$!'+)&0!#.&-6!-#/-!-#$!$''$*-!+'!6$$0!4/-)3/-.+&!*/&!.&'()$&*$!

@#$-#$3!/(($(.*!2/3./-.+&!.6!/0/>-.2$!.&!/!8.2$&!(+*/-.+&!+3!&+-M!%&!^/(($J!+)3!3$6)(-6!

6)88$6-$0!-#/-!6$($*-.+&!+&!DOG1!.6!(.D$(9!-+!0$>$&0!+&!'(+@$3.&8!-.4$l @/34 ;

4/-)3$0!6$$06!8$34.&/-$0!.&!-#$!'/((J!@#$3$/6!*++(;4/-)3$0!6$$06!@$3$!-++!0+34/&-!-+!

8$34.&/-$!0)3.&8!-#$!'/((M!"#)6J!8$&$-.*!2/3./-.+&!.&!-#$!-.4.&8!+'!'(+@$3.&8!*+)(0!#/2$!

/&!.&0.3$*-!$''$*-!+&!8$34.&/-.+&!-.4.&8!?$*/)6$!+'!.-6!.&'() $&*$!+&!0.6>$36/(!-.4.&8!

b<#./&8!$-!/(M!RSTam!C+&+#)$!$-!/(M!RSSU*cM!!

Potential  effects  of  seed-­‐‑maturation  temperature  on  germination  timing  

K-3+&8!6$($*-.+&!'+3!8$34.&/-.+&!-.4.&8!@.-#.&!/!6$/6+&!#/6!?$$&!0+*)4$&-$0!'+3!

4/&9!6>$*.$6!bC+&+#)$!$-!/(M!RSTScM!%'!/!6.&8($!+>-.4/(!@.&0+@!'+3!8$34.&/-.+&!$=.6-6J!

-#$&!+)3!3$6)(-6!6)88$6-!-#/-!4/-)3/-.+&!$''$*-6!*+)(0!*/&/(.A$!8$34.&/-.+&!-.4$!6)*#!

-#/-!-@+!0.6>$36/(!*+#+3-6!8$34.&/-$!/-!4+3$!6.4.(/3!-.4$6!-#/&!-#$9!@+)(0!@.-#+)-!

>(/6-.*.-9!-+!6$$0;4/-)3/-.+&!-$4> $3/-)3$M!K>$*.'.*/((9J!6$$06!-#/-!/3$!0.6>$36$0!$/3(.$3!.&!



!

UR!

-#$!6>3.&8!/3$!/(6+!4/-)3$0!.&!*++($3!*+&0.-.+&6!/&0J!-#)6J!#/2$!#.8#$3!0+34/&*9!($2$(6J!

@#$3$/6!6$$06!0.6>$36$0!(/-$3!.&!-#$!6>3.&8!/3$!4/-)3$0!)&0$3!@/34$3!*+&0.-.+&6!/&0!

#/2$!(+@$3!0+34/&*9M!"#.6!3$6>+&6$!@+)(0!?$!/0/>-.2$!.'!.-!*/)6$0!8$34.&/-.+&!-+!

+**)3!*(+6$3!-+!-#$!+>-.4/(!8$34.&/-.+&!-.4$M!K.&*$!-#$!+>-.4)4!-.4$!'+3!8$34.&/-.+&!.6!

6$(0+4!D&+@&J!@#$-#$3!6)*#!4/-$3&/(!*+4>$&6/-+39!$''$*-6!/3$!/0/>-.2$!3$4/.&6!-+!?$!

-$6-$0!$4>.3.*/((9M!!

,$34.& /-.+&!#/6!?$$&!0+*)4$&-$0!-+!+**)3!.&!/)-)4&J!6>3.&8J!/&0!6)44$3J!/&0!

6+4$!>+>)(/-.+&6!$=#.?.-!4+3$!-#/&!+&$!8$34.&/-.+&!*+#+3-!b:M!B)38#/30-!>$36+&/(!

+?6$32/-.+&m!P.(*A$D!$-!/(M!RSTScM!%'!-#$!+?6$32$0!2/3./-.+&!.&!8$34.&/-.+&!-.4$!.6!

/*-)/((9!/0/>-.2$J!-# .6!6)88$6-6!-#/-!-#$!+>-.4)4!-.4.&8!+'!8$34.&/-.+&!2/3.$6!

8$+83/>#.*/((9!/&0!>+66.?(9!@.-#.&!+3!?$-@$$&!9$/36!b7.*+!RSTRcM!%'!4+3$!-#/&!+&$!

'/2+3/?($! @.&0+@!+'!8$34.&/-.+&!$=.6-6J!4/-$3&/(!$''$*-6!*+)(0!$.-#$3!*/&/(.A$!

8$34.&/-.+&!-+!+**)3!0)3.&8! -#$!6++&$6-!'/2+3/?($!@.&0+@!+3J!/(-$3&/-.2$(9J!*+)(0!

6>3$/0!8$34.&/-.+&!+2$3!4)(-.>($!6).-/?($!8$34.&/-.+&!@.&0+@6!bL+&-$6.&+6;]/2/33+!

$-!/(MJ!RSTTcM!!

"#$!'.36-!6*$&/3.+!.6!6)>>+3-$0!?9!+)3!>3+W$*-.+&6!'+3!6)44$3!8$34.&/-.+&!-.4$6!

+'!(+@;0+34/&*9!8$&+-9>$6l @$!>3$0.*-$0!-#/-!-#$9!@+)(0!8$34.&/-$!.&!-#$!6)44$3!

3$8/30($66!+'!6$$0;4/-)3/-.+&!*+&0.-.+&!/&0!0.6>$36/(!-.4$M!"#$!@$/D$3!4/-$3&/(!$''$*-6!

.&!-#$6$!8$&+-9>$6!0.0!.4>3+2$!8$34.&/-.+&!69&*#3+&9!@.-#.&!-#$!6)44$3J!?)-!

0.''$3$&-!0.6>$36/(!0/-$6!6-.((!3$6)(-$0!.&!8$34.&/-.+&!-.4.&8!0.''$3$&*$6!+'!/?+)-!-@+!



!

Ua!

@$$D6M!"#.6!0.''$3$&*$!*+)(0!6-.((!#/2$!6-3+&8!'.-&$66!*+&6$Q)$&*$6!bC+&+#)$!$-!/(MJ!

RSTScM!!

%&!*+&-3/6-J!4/-$3&/(!-$4>$3/-)3$!$''$*-6!+&!-#$!: erDOG1!8$&+-9>$!0$-$34.&$0!

@#.*#!+'!-#3$$!8$34.&/-.+&!@.&0+@6!@$3$!)-.(.A$0l @/34!4/-$3&/(!$&2.3+&4$&-6!($0!

-+!6)44$3!8$34.&/-.+&!/&0!*++($3!$&2.3+&4$&-6!($0!-+!(/-$!'/((g6>3.&8!8$34.&/-.+&M!

"#)6J!4/-$3&/(!$''$*-6!*+)(0!*/)6$!0.2$36.'.*/-.+&!.&!8$34.&/-.+&!-.4$M!%&!'/*-J!-#$!DOG1!

/(($($!'3+4!</>$!Y$30.!%6(/&06!4/9!.&0)*$!/!0+34/&*9!($2$(!-#/-!.6!-++!6-3+&8!-+!

>3+0)*$!'/((!8$34.&/&-6!.&!*$&-3/(!1)3+>$!b5.8)3$!ZcM!^+@$2$3J!.&!C)3#/4!b5.8)3$!T\cJ!

-#$!DOG1!8$&+-9>$!4/-)3$0!.&!*++(!*+&0.-.+&6!3$6)(-$0!.&!?+-#!'/((!/&0!6>3.&8!

8$34.&/&-6!/6!.6!+?6$32$0!.&!>+>)(/-.+&6!&$/3!C)3#/4!b:M!B)38#/30-J!>$36+&/(!

+?6$32/-.+&c!/&0!.&!>+>)(/-.+&6!.&!K>/.&!b7.*+!RSTRcM!L+3$!D&+@($08$!+'!-#$!

0$4+83/>#9!+'! A.  thaliana!@.((!?$!&$*$66/39!-+!*(/3.'9!@#.*#!+'!-#$6$!>3+*$66$6!.6!

+>$3/-.&8!.&!>+>)(/-.+&6!/*3+66!.-6!3/&8$M!

Caveats  and  Future  Directions    

"#$!6.4>($!>3+W$*-.+&6!.4>($4$&-$0!#$3$!/3$!(.4.-$0!.&!6$2$3/(!.4>+3-/&-!@/96M!

5.36-J!-#$9!.8&+3$!-#$!>+-$&-./(!$''$*-!+'!6-3/-.'.*/-.+&!*)$6!+&!0+34/&*9!($2$(6!bH)8$!$-!

/(M!.&!>3$66m!5++-.--!$-!/(M!RST[m!5++-.--!$-!/(M!RSTTcM!K$*+&0J!-#$6$!>3+W$*-.+&6!0+!&+-!

/**+)&-!'+3!0.''$3$&*$6!.&!8$34.&/-.+&!6>$$06!/*3+66!$&2.3+&4$&-6M!5)3-#$34+3$J!-#$9!

0+!&+-!/**+)&-!'+3!0.)3&/(!*#/&8$6!.&!-$4>$3/-)3$!-#3+)8#+)-!-#$!0/9!+3!4+.6-)3$!

'()*-)/-.+&6 !/&0!>#+-+>$3.+0!*#/&8$6!-#3+)8#+)-!-#$!9$/3M!"#$!0/-/!&$*$66/39!-+!



!

U[!

/003$66!6$2$3/(!+'!-#$6$!/00.-.+&/(!$''$*-6!#/2$!?$$&!+3!/3$!?$.&8!*+(($*-$0!/&0!@.((!?$!

/&/(9A$0!$(6$@#$3$M!"#$!*+/36$;83/.&!+'!-#$!4/-$3&/(!-$4>$3/-)3$!$''$*-6!.4>($4$&-$0!

#$3$!*+)(0!/(6+!(.4.-!-#$!/**)3/*9!+'!-#$!>3+W$*-.+&6M!

:/6-(9J!+)3!>3+W$*-.+&6!@$3$!8$+83/>#.*/((9!(.4.-$0!?9!/!(/*D!+'!D&+@($08$!+'!A.  

thaliana  >#$&+(+89!.&!&/-)3/(!>+>)(/-.+&6M!5+3!-#$6$!>/3-.*)(/3!>3+W$*-.+&6J!.-!@/6!

$66$&-./(!-+!D&+@!0.6>$36/(!-.4.&8!/&0!-#$!/2$3/8$!-$4>$3/-)3$!$=>$3.$&*$0!0)3.&8!

3$>3+0)*-.+&M!%-!.6!/(6+!2.-/(J!?)-!(+8.6-.*/((9!*#/(($&8.&8J!-+!D&+@!@#$&!8$34.&/-.+&!

-.4.&8!+**)36!.&!-#$6$!>+>)(/-.+&6M!5.$(0!$=>$3.4$&-6!-#/-!4$/6)3$!8$34.&/-.+&!-.4.&8!

+'!6$$06!+'!D&+@&!8$&+-9>$6!4/-)3$0!.&!D&+@&!$&2.3+&4$&-6!@.((!?$!&$*$66/39!-+!

2/(.0/-$!-#$!#9>+-#$6$6!>3+>+6$0!#$3$M!!

Conclusions  

H6!-#$!*(.4/-$!*#/&8$6J!-#$3$!/3$!4)(-.>($!6*$&/3.+6!'+3!#+@!>3$;/&0!>+6-;

0.6>$36/(!$&2.3+&4$&-6!*+)(0!/(-$3!8$34.&/-.+&!>#$&+(+89M!H6!-#$!($&8-#!+'!-#$!

)&'/2+3/?($!6$/6+&!'+3!83+@-#!b6)44$3c!.6!>3+W$*-$0!-+!($&8-#$&J!#.8#$3!0+34/&*9!

($2$(6!4/9!?$!$66$&-./(!-+!>3$2$&-!6$$06!'3+4!8$34.&/-.&8!/-!-#$!@3+&8!-.4$M!^+@!

*(.4/- $!*#/&8$!6#.'-6!-#$!*+&0.-.+&6!$=>$3.$&*$0!0)3.&8!6$$0!4/-)3/-.+&!-#$&!?$*+4$6!

*3.-.*/(F!.'!-#$!-$4>$3/-)3$!0)3.&8!6$$0!4/-)3/-.+&!.6!.&*3$/6$0J!0+34/&*9!($2$(6!@.((!

0$*3$/6$l -#$!+>>+6.-$!+'!@#/-!.6!/02/&-/8$+)6!8.2$&!(+&8$3!)&'/2+3/?($!6$/6+&6M!

^+@$2$3J!.-!.6!&+-!&$*$66/3.(9!-#$!*/6$!-#/-!.&*3$/6.&8!+2$3/((!-$4>$3/-)3$6!@.((!3$6)(-!.&!

#.8#!-$4>$3/-)3$6!0)3.&8!6$$0!4/-)3/-.+&M!5(+@$3.&8!-.4$!+'!A.  thaliana!.6!/(6+!



!

UU!

$=-3$4$(9!3$6>+&6.2$!-+!$&2.3+&4$&-/(!*+&0.-.+&6!bP.(*A$D!$-!/(M!RSTSc!/&0!6+!?9!

6#.'-.&8!'(+@$3.&8!-.4$!-$4>$3/-)3$6!0)3.&8!6$$0!4/-)3/-.+&!4/9!6-/9!*+&6-/&-!+3!$2$&!

0$*3$/6$!@.-#!*(.4/-$!*#/&8$M!K)*#!#9>+-#$6$6!3$Q).3$!')3-#$3!-$6-.&8!?+-#!$4>.3.*/((9!

/&0!2./!4+0$(.&8M!

]/-)3/(!2/3./-.+&!.&!?+-#!'(+@$3.&8!-.4$!b@#.*#!0$-$34.&$6!-#$!$&2.3+&4$&-!

0)3.&8!6$$0!4/-)3/-.+&c!/&0!8$34.&/-.+&!-.4$!$=.6-!.&!-#.6!6>$*.$6M!H6!*(.4/-$6!*#/&8$J!

-#$!$=>3$66.+&!+'!8$&$-.*!2/3./-.+&!'+3!?+-#!+'!-#$6$!-3/.-6!@.((!/(6+!*#/&8$M!5+3!.&6-/&*$J!

.'!@/34.&8!-$4>$3/-)3$6!($/0!-+!($66!@.&-$3!*#.((.&8J!'(+@$3.&8!-.4$6!4/9!?$*+4$!4+3$!

2/3./?($!'+3!8$&+-9>$6!@.-#!/!*#.((.&8!3$Q).3$4$&-M!5+3!8$34.&/-.+&J!+)3!3$6)(-6!6)88$6-!

-#/-!@/34$3!-$4>$3/-)3$6!0)3.&8!6$$0!4/-)3/-.+&!/&0!/'-$3!0.6>$36/(!@.((!#/2$!/!

6-3+&8$3!$''$*-!+&!8$34.&/-.+&!-.4.&8!'+3!6+4$!8$&+-9>$6!-#/&!+-#$36M!"#$6$!3$6)(-6!

6)88$6-!-#/-!4/-)3.&8!/&0!8$34.&/-.&8!>(/&-6!.&!*+&0.-.+&6!-#/-!/3$!6.4.(/3!-+!-#$!

6$/6+&/(!*+&0.-.+&6!-+!@#.*#!-#$9e2$!/0/>-$0!4/9!?$!.4>+3-/&-!'+3!0.6*+2$3.&8!

$*+(+8.*/((9!3$($2/&-!&/-)3/(!2/3./-.+&!.&!-3/.-6!/*3+66!-#$!(.'$!*9*($M!<+&-.&)$0!

$=>(+3/-.+&!+'!#+@!4)(-.>($!$&2.3+&4$&-/(!'/*-+36!6#/>$!-#$!$=>3$66.+&!+'!/(($(.*!

2/3./-.+&J!/6!@$!#/2$!0+&$!#$3$J!.6!')&0/4$&-/(!-+!)&0$36-/&0.&8!-#$!*/>/*.-9!+'!

+38/&.646!-+!$2+(2$!.&!3$6>+&6$!-+!*#/&8.&8!*(.4/-$6M!

!



!

U_!

! .  !"#$%&'()*+$),'-%.$'/$)" f  Genetic  and  Environmental  
!"#$"%$&'(&'(%)*(+,-#*..$&'(&/(01"'%(2$/*(3451*.("5#&..(

Landscapes!

35:./"8+:3/5 !

7(/&-!(.'$!*9*($6!/3$!*+4>+6$0!+'!4)(-.>($!(.'$!6-/8$6!!b$M8M!6$$0J!2$8$-/-.2$J!

3$>3+0)*-.2$c!-#/-!0.''$3!.&!$&2.3+&4$&-/(!6$&6.-.2.-.$6!/&0!-+($3/&*$6M!%&!6$/6+&/(!

$&2.3+&4$&-6!-#$!-.4.&8J!+3!>#$&+(+89J!+'!(.'$;6-/8$!-3/&6.-.+&6!b$M8M!8$34.&/-.+&J!

'(+@$3.&8J!/&0!6$$0!0.6>$36/(c!4/9!#/2$!.4>+3-/&-!.4>(.*/-.+&6!'+3!'.-&$66J!/&0!-#$!

+>-.4/(!>#$&+(+89!4/9!*#/&8$!-$4>+3/((9!+3!6>/-./((9M!:.'$ ;*9*($!>#$&+(+89!*/&!

.&'()$&*$!'.-&$66!b6)32.2/(!/&0!'$*)&0.-9c!0.3$*-(9!?9!0$-$34.&.&8!-#$!$&2.3+&4$&-!-+!

@#.*#!$/*#!0.' '$3$&-./((9!6-3$66;-+($3/&-!(.'$!6-/8$!.6!$=>+6$0!bC+&+#)$!$-!/(M!RSTSm!

L)&8){/ ;N+6/6!$-!/(M!RSTTcM!L+3$+2$3J!?9!*#/&8.&8!-#$!3/-$!/-!@#.*#!+38/&.646!

-3/&6.-.+&!-#3+)8#!(.'$;*9*($!6-/8$6J!>#$&+(+89!*/&!.&'()$&*$!*3)*./(!0$4+83/>#.*!

4$/6)3$6!6)*#!/6!8$&$3/-.+&!($&8-#!b</6@$((!T\`am!5+33$6-!/&0!L.(($3;N)6#.&8!RSTSm!

I.4?/((!$-!/(M!RSTScM!B+-#!>#$&+(+89!/&0!8$&$3/-.+&!-.4$!2/39!/*3+66!6>$*.$6e!3/&8$6!/&0!

.&'()$&*$!+38/&.64/(!3$6>+&6$6!-+!*(.4/-$!*#/&8$!b<#).&$!/&0!B$/)?.$&!RSSTm!L+3.&!$-!

/(M!RSSZm!H.-D$&!$-!/(M!RSS`m!P.((.6!$-!/(M!RSS`cM!

,$+83/>#.*!2/3./-.+&!.&!(.'$!*9*($!*/&!?$!*/)6$0!?9!?+-#!$&2.3+&4$&-/(!/&0!

8$&$-.*!'/*-+36J!?)-!#+@!$&2.3+&4$&-/(!*)$6!*+4?.&$!@.-#!8$&$-.*!2/3./-.+&!/*3+66!-#$!

3/&8$!-+!0$-$34.&$!-#+6$!3$6>+&6$6!.6!(/38$(9!)&D&+@&M!%&!-#.6!$3/!+'!3/>.0(9!*#/&8.&8!



!

UZ!

*(.4/-$J!0.6$&-/&8(.&8!-#$!*+&-3.?)-.+&6!+'!-#$6$!4)(-.>($!'/*-+36!-+!>#$&+(+8.*/(!

2/3./-.+&!.6!$6>$*./((9!*3)*./(M!^$3$!@$!>3$6$&-!/!4+0$(.&8!/>>3+/*#!-#/-!>3$0.*-6!-#$!

(.'$!*9*($6!$=>3$66$0!?9!0.''$3$&-./((9!6$&6.-.2$!8$&+-9>$6!.&!3$6>+&6$!-+!$&2.3+&4$&-/(!

2/3./-.+&!/&0!/>>(9!.-!-+!)&0$36-/&0!(.'$ ;*9*($!2/3./-.+&!.&!-#$!>(/&-!Arabidopsis  thalianaM!

7#$&+(+8.*/(!-3/&6.-.+&6!/3$!+'-$&!$&2.3+&4$&-/((9!6$&6.-.2$J!+3!>#$&+-9>.*/((9!

>(/6-.*J!-+!4)(-.>($!6$/6+&/(!'/*-+36!6)*#!/6!4+.6-)3$J!-$4>$3/-)3$J!/&0!>#+-+>$3.+0 !

bB3/06#/@!T\_Um!K)(-/&!RSSScM!"#$!$&2.3+&4$&-/(!6$&6.-.2.-9!+'!(.'$;*9*($!2/3./-.+&!.6!

4+6-!(.D$(9!/!3$6)(-!+'!>/6-!6$($*-.+&!-#/-!/((+@6!$/*#!(.'$!6-/8$!-+!?$!$=>3$66$0!.&!

'/2+3/?($!*+&0.-.+&6!.&!-#$!'/*$!+'!6>/-./(!+3!-$4>+3/(!$&2.3+&4$&-/(!2/3./-.+&!.&!

*(.4/-$M!!5+3!.&6-/&*$J!*).&8!/((+@6!?)0!?)36-!-+!#/>>$&!(/-$3!.&!-#$!6>3.&8!bC)*+)66+!$-!

/(M!T\\_cJ!/&0!'$@$3!.&6$*-!8$&$3/-.+&6!-+!+**)3!$/*#!9$/3!bN+''!T\`Sm!N+''!RSSRc!/-!#.8#$3!

(/-.-)0$6!@#$3$!'/2+3/?($!*+&0.-.+&6!/33.2$!(/-$3!/&0!(/6-!'+3!/!6#+3-$3!>$3.+0!+'!-.4$M!

K.4.(/3(9J!+38/&.646!+'-$&!)6$!/?.+-.*!*)$6!/6!/!@/9!-+!69&*#3+&.A$!>#$&+(+89!@.-#!$/*#!

+-#$3!+3!@.-#!>+((.&/-+36!b$M8M!'(+@$3.&8!.&!+)-;*3+66.&8!6>$*.$6m!P+(D+2.*#!RSTacM!!

X'-$&!-#$6$!>#$&+(+89!>/--$3&6!/3$!&+-!*/)6$0!?9!>(/6-.*!3$6>+&6$!-+!/!6.&8($!*)$m!

.&6-$/0!+38/&.646!.&-$83/-$!.&'+34/-.+&!'3+4!4)(-.>($!$&2.3+&4$&-/(!'/*-+36M!!"#$6$!

'/*- +36J!4+3$+2$3J!*/&!/''$*-!3$6>+&6$6!/-!0.''$3$&-!-.4$!6*/($6!be.g.!#+)3(9J!0/.(9J!

6$/6+&/((9cM!5+3!.&6-/&*$J!-#$!'(+@$3.&8!-3/&6.-.+&!.&!A.  thaliana!3$6>+&06!&+-!+&(9!-+!

.&6-/&-/&$+)6!-$4>$3/-)3$!*+&0.-.+&6J!?)-!/(6+!-+!-#$!*)4)(/-.2$!$''$*-6!+'!(+&8 ;-$34!

*+(0!$=>+6)3$!/&0!0/.(9!>#+-+>$3.+0!bP.(*A$D!$-!/(M!RSS\m!H&03|6!/&0!<+)>(/&0!RSTRcM!



!

U !̀

H6!6)*#J!>(/6-.*!3$6>+&6$6!+'!(.'$;6-/8$!-3/&6.-.+&6!-+!*+4>($=!$&2.3+&4$&-/(!2/3./-.+&!

*/&!*/)6$!(.'$ ;*9*($!2/3./-.+&!/*3+66!-.4$!/&0!8$+83/>#9M!

,$&$ -.*!2/3./-.+&!'+3!>(/6-.*.-9!+'!(.'$ ;6-/8$!-3/&6.-.+&6!*/&!$.-#$3!4/8&.'9! +3!

3$0)*$!(.'$;*9*($!2/3./-.+&!/*3+66!#$-$3+8$&$+)6!$&2.3+&4$&-6M!,$&$-.*!2/3./-.+&!.&!-#$!

$&2.3+&4$&-/(!6$&6.-.2.-9!+'!(.'$;6-/8$!-3/&6.-.+&6!.6!*+44+&(9!+?6$32$0!b:+&8!$-!/(M!

RSSZm!:.!$-!/(M!RSTSm!H&0$36+&!$-!/(M!RSTTm!X(6+&!$-!/(M!RSTRc!/&0!.6!+'-$&!6>/-./((9!

6-3)*-)3$0!b7//?9!$-!/(M!RSTSm!B(/*D4/&!$-!/(M!RSTTcM!"#.6!/(($(.*!2/3./-.+&!*/&!*+&-3.?)-$!

-+!0.''$3$&*$6!.&!(.'$!*9*($!/*3+66!/!6>$*.$6e!3/&8$M!5+3!$=/4>($J!/(($(.*!2/3./-.+&!.&!-#$!

/4+)&-!+'!/**)4)(/-$0!*+(0!3$Q).3$0!'+3!'(+@$3.&8!.6!-#+)8#-!-+!*/)6$!2/3./-.+&! .&!-#$!

&)4?$3!+'!8$&$3/-.+&6!>+66.?($!$/*#!9$/3!.&!A.  thaliana!bK.4>6+&!/&0!C$/&!RSSRm!

L.*#/$(6!$-!/(M!RSSacM!^+@$2$3!/(($(.*!2/3./-.+&!*/&!/(6+!3$0)*$!>#$&+-9>.*!2/3./-.+&!

/*3+66!$&2.3+&4$&-/(!83/0.$&-6!b-$34$0!*+)&-$3;83/0.$&-!2/3./-.+&!?9!:$2.&6!T\_\m!

3$2.$@$0!.&!<+&+2$3!/&0!K*#)(-A!T\\UcM!5+3!.&6-/&*$J!8$&$-.*!*(.&$6!.&!83+@-#!3/-$!/*3+66!

(/-.-)0$!.&! Rana  temporaria!*+4>$&6/-$!'+3!0.''$3$&*$6!.&!/2$3/8$!-$4>$3/-)3$!/&0!($/0!

-+!-#$!6/4$!+?6$32$0!83+@-#!3/-$6!/*3+66!-#$!3/&8$!b:/)8$&!$-!/(M!RSSacM!!

L+3$+2$3J!-#$!$''$*-6!+'!?+-#!/(($(.*!/&0!$&2.3+&4$&-/(!2/3./-.+&!+&!+&$!

>#$&+(+8.*/(!-3/&6.-.+&!*/&!#/2$!3/4.'9.&8!$''$*-6!+&!-#$!-.4.&8!+'!-#$!$&-.3$!(.'$!*9*($!

?9!*#/&8.&8!-#$!6$/6+&/(!$&2.3+&4$&-!$=>$3.$&*$0!?9!(/-$3!(.'$!6-/8$6J!@#.*#!.&'()$&*$6!

-#$!>#$&+-9>.*!$=>3$66.+&!+'!6)?6$Q)$&-!>(/6-.*!-3/.-6!bC+&+#)$!$-!/(M!RSSU*m!,/((+@/9!

/&0!B)38$66!RSS\m!K//3.&$&!$-!/(M!RSTTm!<#./&8!$-!/(M!RSTRcM!%-!.6!-#$3$'+3$!.4>+3-/&-!-+!



!
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*+&6.0$3!-#$6$!*/6*/0.&8!$''$*-6!@#$&!>3$0.*-.&8!#+@!2/3./-.+&!.&!/&9!8.2$&!6-/8$!

.&'()$&*$6!+2$3/((!(.'$;*9*($!09&/4.*6!b7+6-!$-!/(!RSS`cM!!

%&!6)4J!-+!)&0$36-/&0!8$+83/>#.*!>/--$3&6!+'!/&9!+&$!(.'$;6-/8$!-3/&6.-.+&!/&0!+'!

$&-.3$!(.'$!*9*($6J!@$!4)6-!*+&6.0$3!Tc!-#$!4)(-.>($!$&2.3+&4$&-/(!'/*-+36!-#/-!/''$*-!-#$!

-.4.&8!+'!0.''$3$&-!-3/&6.-.+&6m!Rc!8$&$-.*!2/3./-.+&!-#/-!*+)(0!$.-#$3!/)84$&-!+3!4/6D!-#$!

6$&6.-.2.-9!+'!/!-3/&6.-.+&!-+!-#+6$!$&2.3+&4$&-/(!'/*-+36m!/&0!ac!*/6*/0.&8!$''$*-6!+'!+&$!

-3/&6.-.+&!+&!-#$!-.4.&8!+'!+-#$3!(.'$;*9*($!-3/&6.-.+&6M!

^$3$!@$!-/D$!/!4+0$(.&8!/>>3+/*#!-+!>3$0.*-!-#$!W+.&-!*+&-3.?)-.+&6!+'!

$&2.3+&4$&-/(!/&0!/(($(.*!2/3 ./-.+&!+&!(.'$;*9*($!>#$&+(+89!/&0!8$&$3/-.+&!($&8-#M!E6.&8!

/&!.&0.2.0)/( ;?/6$0!4+0$(!b%BLcJ!@$!(.&D!-+8$-#$3!>#$&+(+89!4+0$(6!b$66$&-./((9!

4+0$(6!+'!>(/6-.*.-9c!-#/-!>3$0.*-!-#$!-.4.&8!+'!$/*#!+'!-#$!4)(-.>($!(.'$ ;6-/8$!-3/&6.-.+&6!

-#/-!*+4>+6$!-#$!(.'$!* 9*($M!E&(.D$!4+0$(6!-#/-!'+*)6!+&!/!6.&8($!(.'$;6-/8$!-3/&6.-.+&J!-#.6!

.&-$83/-$0!'3/4$@+3D!.&*+3>+3/-$6!-#$!.4>+3-/&-!09&/4.*!-#/-!-#$!-.4.&8!+'!+&$!(.'$!

6-/8$!0$-$34.&$6!-#$!6$/6+&/(!*+&0.-.+&6!$=>$3.$&*$0!?9!6)?6$Q)$&-!(.'$!6-/8$6M!!

73$2.+)6!4+0$(6!'+3!-3$$6!bL+3.&!$-!/(M!RSS`c!/&0!*3+>6!b^++8$&?++4!$-!/(M!T\\[m!P#.-$!

/&0!^++8$&?++4!T\\_c !#/2$!(.&D$0!4)(-.>($!(.'$ ;6-/8$!-3/&6.-.+&6!@.-#.&!/!8$&$3/-.+&M!!

^$3$!@$!$=-$&0!6)*#!/&!/>>3+/*#!-+!.&2$6-.8/-$!09&/4.*6!/*3+66!4)( -.>($!8$&$3/-.+&6!

b6$$!K-+$*D(.!$-!/(M!RSTR!'+3!/&!$=/4>($!.&!.&6$*-6cM!!

"#.6!4+0$(.&8!/>>3+/*#!>$34.-6!.&2$6-.8/-.+&!+'!#+@!'.=$0!>/3/4$-$36!-#/-!

0$6*3.?$!$&2.3+&4$&-/(!6$&6.-.2.-.$6!.&-$3/*-!@.-#!$&2.3+&4$&-/(!2/3./-.+&!-+!>3+0)*$!



!

_S!

*+4>($=! >#$&+-9>$6!bi.e.  >#$&+(+89cM!B$*/)6$!8$&+-9>$6!0.''$3!4$/6)3/?(9!.&!

$&2.3+&4$&-/(!6$&6.-.2.-.$6J!0.''$3$&-!4+0$(!>/3/4$-$3.A/-.+&6!*/&!3$>3$6$&-!/(($(.*!

2/3./-.+&!.&!#+@!+38/&.646!3$6>+&0!-+!0.2$36$!$&2.3+&4$&-/(!'/*-+36!bL+3.&!$-!/(M!RSSZm!

P.(*A$D!$-!/(M!RSS\m!k#/+!$-!/(M!RSTacM!H6!6)*#J!-#.6!4+0$(.&8!/>>3+/*#!6)>>(.$6!/&!

$=-3$4$(9!'($=.?($!-++(!'+3!>3$0.*-.&8!-#$!3$/*-.+&!&+346!+'!>/3-.*)(/3!8$&+-9>$6!.&!

3$6>+&6$!-+!*+4>($=!/&0!2/3./?($!$&2.3+&4$&-6!bB)*D($9!/&0!I.&86+(2$3!RSTRcM!%-!$2$&!

>3+2.0$6!/!4$-#+0!'+3!>3$0.*-.&8!$&2.3+&4$&-;0$>$&0$&-!0.''$3$&*$6!/4+&8!8$&+-9>$6M!!!

P$!>3$6$&-!3$6)(-6!+'!-#.6!.&-$83/-$0!(.'$;*9*($!4+0$(!?/6$0!+&!>/3/4$-$36!

$6-.4/-$0!.&!-#$!/&&)/(!>(/&-J! Arabidopsis  thalianaM!!"#.6!6>$*.$6!0.6>(/96!@.0$!2/3./-.+&!

.&!(.'$!*9*($!/*3+66!.-6!&/-.2$!1)3+>$/&!3/&8$J!/&0!/!83$/-!0$/(!.6!D&+@&!/?+)-!-#$!

$&2.3+&4$&-/(!6$&6.-.2.-9!+'!8$34.&/-.+&J!'(+@$3.&8J!/&0!6$$0!0.6>$36/(M!E6.&8!-#.6!

.&-$83/-$0!4+0$(J!@$!>3$0.*-$0!-#$!$''$*-6!+'!D&+@&!/(($(.*!2/3./-.+&!.&!8$34.&/-.+&!/&0!

'(+@$3.&8!-.4$!+&!-#$!(.'$!*9*($!.&!'+)3!(+*/-.+&6!/*3+66!-#$!&/-.2$!3/&8$M!!

%&!-#.6!>/>$3!@$!$=>(+3$!-#$!*/)6$6!+'!8$+83/>#.*!2/3./-.+&!.&!(.'$!*9*($!

>#$&+(+89!/&0!($&8-#M!K>$*.'.*/((9!@$!/6DF!Tc!^+@!0+$6!$&2.3+&4$&-/(!2/3./-.+&!

.&'()$&*$!(.'$ ;*9*($!2/3./-. +&!@.-#.&!/&0!/4+&8!(+*/-.+&6n!Rc!P#/-!.6!-#$!$''$*-!+'!8$&$-.*!

2/3./-.+&!.&!-@+!>#$&+(+8.*/(!-3/.-6F!0+34/&*9!/&0!'(+3/(!3$>3$66.+&n!ac!C+!

$&2.3+&4$&-/(!/&0!8$&$-.*!2/3./-.+&!.&-$3/*-!-+!4/8&.'9!+3!3$0)*$!2/3./-.+&!.&!(.'$!

*9*($6n!P$!'+)&0!-#/-!/!6.&8($!8 $&+-9>$!*/&!>3+0)*$!2$39!0.''$3$&-!(.'$!*9*($6!

0$>$&0.&8!+&!(+*/(!*+&0.-.+&6M!5)3-#$3J!8$&$-.*!2/3./-.+&!.&-$3/*-$0!@.-#!$&2.3+&4$&-/(!



!

_T!

2/3./-.+&!-+!0$-$34.&$!(.'$;*9*($!>#$&+(+89l 3$0)*.&8!2/3./-.+&!.&!(.'$ ;*9*($!($&8-#!

/*3+66!-#$!8$+83/>#.*!3/&8$M!!

;2:=/"9 !

Study  System  

Arabidopsis  thaliana!0.6>(/96!(.'$;*9*($!2/3./-.+&!?$-@$$&!>+>)(/-.+&6!b7.8(.)**.!

RSSRm!I++3&&$$'!$-!/(M!RSS[m!:)&0$4+!$-!/(M!RSS\cM!:.'$;*9*($!0$6.8&/-.+&6!.&!-#.6!6>$*.$6!

'+*)6!+&!-#$!>3.4/39!6$/6+&!$=>$3.$&*$0!?9!-#$!2$8$-/-.2$!6-/8$M!P.&-$3!/&&)/(6!

8$34.&/-$!.&!-#$!'/((J!+2$3@.&-$3!/6!/!3+6$--$J!/&0!'(+@$3!.&!6>3.&8M!%&!*+&-3/6-!6>3.&8J!

6)44$3J!/&0!'/((!/&&)/(6!/((!'(+@$3!.&!-#$!6/4$!6$/6+&!.&!@#.*#!-#$9!8$34.&/-$M!

^+@$2$3!-#$!/&&)/(!0$6.8&/-.+&!*/&!?$!4.6($/0.&8!?$*/)6$!.-!3$'$3 6!+&(9!-+!-#$!'/*-!-#/-!

-#$!>(/&-!.6!/?+2$!83+)&0!'+3!($66!-#/&!/!9$/3M!B$*/)6$!@$!D&+@!2$39!(.--($!/?+)-!-#$!

6$$0!09&/4.*6!+'! A.  thaliana!.&!&/-)3/(!>+>)(/-.+&6J!/&!.&0.2.0)/(!*+)(0!#9>+-#$-.*/((9!

6>$&0!9$/36!/6!/!0+34/&-!6$$0!?$'+3$!.-!8$34.&/-$6!+3!*+4>($-$!4)(-.>($!8$&$3/-.+&6!.&!

/!6.&8($!9$/3M!P.-#.&!6+4$!>+>)(/-.+&6J!4.=-)3$6!+'!(.'$!*9*($6!+**)3!@#$3$?9J!'+3!

$=/4>($J!6+4$!.&0.2.0)/(6!8$34.&/-$!.&!/)-)4&!/&0!+-#$36!.&!6>3.&8! b:/@3$&*$!T\Z_m!

7.*+!RSTRcM!P#$-#$3!8$&$-.*!2/3./-.+&!)&0$3(.$6!-#.6!>#$&+(+8.*/(!2/3./-.+&!/&0!@#$-#$3!

-#.6!2/3./-.+&!.6!*/)6$0!?9!0.6*3$-$!+3!+2$3(/>>.&8!8$&$3/-.+&6!/3$!)&D&+@&M!

Y/3./-.+&!.&!>#$&+(+89!+'!&/-)3/(!>+>)(/-.+&6!+'! A.  thaliana  #/6!?$$&!

0+*)4$&-$0!.&!-#$!'+)3!1)3+>$/&!(+*/-.+&6!'+3!@#.*#!@$!>3$6$&-!4+0$(!3$6)(-6M!P.(*A$D!

$-!/(M!bRSS\c!'+)&0!-#/-!.&!/!&+3-#$3&!6.-$!&$/3!X)()J!5.&(/&0J!8$34.&/-.+&!>3.4/3.(9!



!

_R!

+**)33$0!.&!$/3(9!'/((!/&0!'(+@$3.&8!+**)33$0!.&!$/3(9!6)44$3!b<M!:+>$A;,/(($8+!/&0!NM!

7$-.>/6J!>$36+&/(!*+44)&.*/-.+&cM!%&!/!6+)-#$3&!*+/6-/(!6.-$!&$/3!Y/($&*./J!K>/.&J!

8$34.&/-.+&!+**)33$0!>3.4/3.(9!.&!(/-$!'/((!bC$3$&!1/-+&J!>$36+&/(!*+44)&.*/-.+&c!/&0!

'(+@$3.&8!+**)33$0!.&!-#$!$/3(9!6>3.&8M!"#$3$'+3$!.&!?+-#!(+*/-.+&6!A.  thaliana!?$#/2$6!/6!

/!@.&-$3!/&&)/(J!?)-!-#$!(.'$!*9*($!+'!-#$!&+3-#$3&!>+>)(/-.+&!.6!0+4.&/-$0!?9!-#$!3+6$--$!

6-/8$!@#.($!-#$!6+)-#$3&!>+>)(/-.+&!.6!0+4.&/-$0!?9!-#$!6$$0!6-/8$!b6$$!/(6+!N/-*(.''$!

T\_Tm!L+&-$6.&+6;]/2/33+!$-!/(M!RSTSm!z83$&!/&0!K*#$46D$!RSTRcM!%&!*+&-3/6-J!.&!$/6-$3&!

1)3+>$!b/-!-#$!*$&-$3!+'!-#$!&/-.2$!3/&8$!.&!^/(($J!,$34/&9c!/&0!.&!-#$!EI!@.&-$3;

/&&)/(J!6>3.&8;'(+@$3.&8!(.'$!*9*($6!/3$!*+44+&J!?)-!'(+@$3.&8!*/&!/(6+!+**)3!.&!-#$!

6)44$3!/&0!(/-$!'/((! bN/-*(.''$!T\_T!/&0!*.-/-.+&6!-#$3$.&m!"#+4>6+&!T\\[m!P.(*A$D!$-!/(M!

RSTScM!K$$!5.8)3$!RT!'+3!*/3-++&!6)44/3.$6!+'!-#$6$! +?6$32$0!(.'$!*9*($6M!

H(($(.*!2/3./-.+&!+**)36!.&!8$&$6!-#/-!.&'()$&*$!-#$!-.4.&8!+'!'(+@$3.&8!/&0!

8$34.&/-.+&M!%&*3$/6.&8!$=>3$66.+&!($2$(!+'!-#$!'(+3/(!3$>3$66+3!FLOWERING  LOCUS  C  

(FLC)!0$(/96!'(+@$3.&8J!?)-!.'!-#$!>(/&-!$=>$3.$&*$6!>3+(+&8$0!$=>+6)3$!-+!*+(0J!

$=>3$66.+&!.6!3$0)*$0!/&0!'(+@$3.&8!+**)36!bK#$(0+&!$-!/(M!RSSSm!B/6-+@!$-!/(M!RSS[m!K)&8!

/&0!H4/6.&+!RSS[m!C$&&.6!/&0!7$/*+*D!RSSZcl >+-$&-./((9!.4>+6.&8!/!@.&-$3;/&&)/(!

(.'$!*9*($M!,$&+-9>$6!@.-#!#.8#!'(+3/(!3$>3$66.+&!+**)3!-#3+)8#+)-!-#$!1)3+>$/&!3/&8$J!

@#.($!(+@!'(+3/(!3$>3$66.+&!8$&+-9>$6!/3$!>3.4/3.(9!3$6-3.*-$0!-+!*$&-3/(!1)3+>$!

bP.(*A$DJ!)&>)?(.6#$0!0/-/c!/&0!&+3-#$3&!K>/.&!bL$&0$A;Y.8+!$-!/(M!RSTTcM!



!

_a!

%&!/00.-.+&J!A.  thaliana!/**$66.+&6!0.6>(/9!/!(/-.-)0.&/(!*(.&$!.&!>3.4/39!6$$0!

0+34/&*9!($2$(6!03.2$&!.&!>/3-!?9!2/3./-.+&!.&!-#$!DELAY  OF  GERMINATION  1  (DOG1)!

(+*)6!bI3+&#+(4!$-!/(M!RSTRcF!!>3.4/39!0+34/&*9!($2$(6!/3$!#.8#$3!.&!/**$66.+&6!'3+4!

(+@$3!(/-.-)0$6!bH-@$((!$-!/(M!RSTSm!<#./&8!$-!/(M!RSTTcM!73.4/39!6$$0!0+34/&*9!.6!/!

6-3+&8!0$-$34.&/&-!+'!8$34.&/-.+&!-.4.&8!/&0!3$>3$66$6!8$34.&/-.+&J!0$6>.-$!$=>+6)3$!

-+!$&2.3+&4$&-6!-#/-!)6)/((9!>3+4+-$!8$34.&/-.+&M!H6!6$$06!/8$!b/'-$3;3.>$&cJ!>3.4/39!

0+34/&*9!0 $*3$/6$6!b5.&*#;K/2/8$!/&0!:$)?&$3 ;L$-A8$3!RSS_m!,3/$?$3!$-!/(M!RSTRcM!!

Developmental  Threshold  (Phenology)  Models  

7#$&+(+8.*/(!4+0$(6!+'!0$2$(+>4$&-J!0$3.2$0!'.36-!-+!/.0!*3+>!>3+0)*-.+&!bP/&8!

T\_ScJ!>3$0.*-!-#$!-.4.&8!+'!(.'$;6-/8$!-3/&6.-.+&6!/6!/!')&*-.+&!+'!-$4>+3/(!2/3./-.+&!.&!

4)(-.>($!$&2.3+&4$&-/(!'/*-+36! bo.&9+)!$-!/(M!T\\Zm!H(2/3/0+!/&0!B3/0'+30!RSSRm!

^/44$3!$-!/(M!RSSUcM!7/3/4$-$3.A$0!4/-#$4/-.*/(!')&*-.+&6!0$6*3.?$!-#$!3/-$!+'!

0$2$(+>4$&-!.&!3$6>+&6$!-+!*)33$&-!/&0!*)4)(/-.2$!$&2.3+&4$&-/(!'/*-+36M!

C$2$(+>4$&-/(!-3/&6.-.+&6!'3+4!+&$!(.'$!6-/8$!-+!-#$!&$=-!+**)3!@#$&!+38/&.646!/**3)$!

$&+)8#!0$2$(+>4$&-/(!>3+83$66!-+!*3+66!/!-3/&6.-.+&!-#3$6#+(0M!"#$!4+0$(6!-#$3$'+3$!

>3$0.*-!-#$!/4+)&-!+'!-.4$!3$Q).3$0!-+!>3+*$$0!'3+4!+&$!0$2$(+>4$&-/(!6-/8$!-+!-#$!

&$=-J!8.2$&!$&2.3+&4$&-/(!*+&0.-.+&6M!!K)*#!4+0$(6!#/2$!?$$&!)6$0!-+!/**)3/-$(9!

0$6*3.?$!-#$!-.4.&8!+'!(.'$;6-/8$!-3/&6.-.+&6!6)*#!/6!'(+@$3.&8!bP$(*#!$-!/(M!RSSUm!P.(*A$D!

$-!/(M!RSS\m!K/-/D$!RSTSm!K/-/D$!$-!/(M!RSTacJ!?)0!?)36-!b</&&$((!/&0!K4.-#!T\`am!^)&-$3!

/&0!:$*#+@.*A!T\\Rm!<#).&$!RSSScJ!/&0!6$$0!8$34.&/-.+&!b,)44$36+&!T\`_m!H(2/3/0+!



!

_[ !

/&0!B3/0'+30!RSSRc!)&0$3!*+&-3+(($0!/&0!'.$(0!*+&0.-.+&6M!!H-!>3$6$&-J!-#$6$!4+0$(6!

.&2$6-.8/-$!-#$!$''$*-6!+'!*(.4/-.*!'/*-+36!?)-!&+-!?.+-.*!'/*-+36!6)*#!/6!.&-$3g.&-3/ ;6>$*.'.*!

*+4>$-.-.+&J!#$3?.2+3$6J!>/-#+8$&6J!+3!>+((.&/-+36M!!%&*+3>+3/-.&8!?.+-.*!'/*-+36!.&-+!6)*#!

4+0$(6!3$4/.&6!/&!/3$/!'+3!')-)3$!0$2$(+>4$&-!/6!-#$!>#96.+(+8.*/(!3$6>+&6$6!-+!-#$6$!

'/*-+36!?$*+4$!?$--$3!*#/3/*-$3.A$0M!

Integrated  Life-­‐‑Cycle  (ILC)  Model  

P$!*3$/-$0!/&!.&-$83/-$0!4+0$(!-#/-!>3$0 .*-6!@#+($!(.'$!*9*($6!?9!*+&&$*-.&8!

-#3$$!.&0$>$&0$&-J!>#$&+(+8.*/(!6)?;4+0$(6!-#/-!0$6*3.?$!#+@!8$34.&/-.+&J!'(+@$3.&8J!

/&0!6$$0;0.6>$36/(!-.4.&8!0$>$&0!+&!6>$*.'.*!$&2.3+&4$&-/(!'/*-+36!b5.8)3$!` cM!P$!

(.&D$0!-#$6$!6)?;4+0$(6!6)*#!-#/-!-#$!-.4.&8!+'!8$34.&/-.+&!0$-$34.&$6!-#$!6$/6+&/(!

*+&0.-.+&6!$=>$3.$&*$0!?9!3+6$--$6J!@#.*#!.&!-)3&!.&'()$&*$6!'(+@$3.&8!-.4$J!-#$!-.4.&8!

+'!6$$0!0.6>$36/(J!/&0!8$34.&/-.+&!-.4$!+'!-#$!6)?6$Q)$&-!8$&$3/-.+&M!X)3!4+0$(6!)6$!

#+)3(9!$&2.3+&4$&-/(!.&>)-6!-+!*/>-)3$!D&+@&!$''$*-6!+'!0.)3&/(!2/3./-.+&!/&0!

$&2.3+&4$&-/(!$=-3$4$6!+&!0$2$(+>4$&-/(!3/-$6M!



!

_U!

!

5.8)3$!` F!B/6.*!6-3)*-)3$!+'!-#$!.&-$83/-$0!(.'$;*9*($!4+0$(M!C+--$0!/33+@6!
.&0.*/-$!@#.*#!$&2.3+&4$&-/(!.&>)-6!/3$!)6$0!'+3!$/*#!6-/8$!.&!-#$!4+0$(M!K+(.0!/33+@6!

.&0.*/-$!-#$!0.3$*-.+&!+'!>3+83$66.+&!-#3+)8#!(.'$!6-/8$6M!

ILC  Model  Details  

P$!?).(-!+)3!.&0.2.0)/( ;?/6$0!4+0$(!.&!-#$!N!6-/-.6-.*/(!$&2.3+&4$&-!bN!

C$2$(+>4$&-!<+3$!"$/4!RSS`c!/&0!#/2$!0$>+6.-$0!-#$!*+0$!.&!-#$!C39/0!C.8.-/(!

N$>+6.-+39F!#-->Fgg0=M0+.M+38gTSMUS_Tg039/0M&2S>TM!"#$!6.4)(/-.+&!?$8.&6!@.-#!/!*+#+3-!

+'!TSSS!6$$06!+'!+&$!i8$&+-9>$j!b3$'($*-$0!?9!/!'.=$0!6$-!+'!>#$&+(+8.*/(!>/3/4$-$36cM!

"#$6$!>/3/4$-$36!3$4/.&!*+&6-/&-!'+3!-#$!$&-.3$!6.4)(/-.+&!/&0!-#$3$'+3$!*/&!?$!

.&-$3>3$-$0!/6!'.=$0J!8$&$-.*!/--3.?)-$6!+'!/!(.&$/8$M!"#$6$!6$$06!/3$!?.&&$0!.&-+!

0+34/&*9!*/-$8+3.$6!/**+30.&8!-+!/!&+34/(!0.6-3.?)-.+&J!-#$!4$/&!/&0!2/3./&*$!+'!

 
 

 
 

 
  

 

         

  




 



!
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@#.*#!/3$!0$'.&$0!?9!4/-$3&/(!>/3/4$-$3!2/()$6!b8$&+-9>$cM!"#.6!0.6-3.?)-.+&!3$'($*-6!

*+44+&(9!+?6$32$0!2/3./-.+&!.&!.&.-./(!>3.4/39!0+34/&*9!@.-#.&!/!4/-$3&/(!6$$0!

*+#+3-!'+)&0!.&!A.  thaliana!/&0!4/&9!+-#$3!6>$*.$6!b'+3!0$-/.(6J!6$$!X&(.&$!H>>$&0.=!BF!

Germination  sub-­‐‑modelcM!H6!-#$!6.4)(/-.+&!>3+*$$06J!-#$!3/-$!+'!>3+83$66.+&!-#3+)8#!$/*#!

(.'$!6-/8$!0$>$&06!+&!$&2.3+&4$&-/(!.&>)-6!$/*#!#+)3!b5.8)3$!\ /cM!!

K$$06!/**)4)(/-$!0$2$(+>4$&-/ (!>3+83$66!/-!/!3/-$!.&'()$&*$0!?9!@/-$3!

>+-$&-./(J!6+.(!-$4>$3/-)3$J!/&0!0+34/&*9!($2$(J!/**+30.&8!-+!/!#903+-#$34/(!4+0$(!+'!

8$34.&/-.+& !b,)44$36+&!T\`_m!H(2/3/0+!/&0!B3/0'+30!RSSRm!X&(.&$!H>>$&0.=!BF  

Germination  sub-­‐‑modelcM!K$$06!@.-#!0.''$3$&-!0+34/&*9!($2$(6!>3+83$66!/-!0.''$3$&-!

0$2$(+>4$&-/(!3/-$6!-+@/306!8$34.&/-.+&!bi.e.!6$$06!@.-#!(+@$3!0+34/&*9!0$2$(+>!4+3$!

Q).*D(9!.&!/!8.2$&!$&2.3+&4$&-cJ!6+!6$$06!'3+4!-#$!6/4$!8$&+-9>$!b>/3/4$-$3!6$-c!

0.6>$36$0!+&!-#$!6/4$!0/9!4/9!8$34.&/-$!+&!0.''$3$&-!0/96!0)$!-+!&+34/((9!0.6-3.?)-$0!

2/3./-.+&!.&!.&.-./(!0+34/&*9!($2$(!b5.8)3$!\ ?m!83$9!(.&$6!6)33+)&0.&8!4$/&cM!X&*$!6$$06!

/--/.&!-#$!8$34.&/-.+&!-#3$6#+(0J!-#$9!8$34.&/-$J!/&0!-#$!2$8$-/-.2$!6-/8$!?$8.&6M!

Y$8$-/-.2$!>(/&-6!/**)4)(/-$!>3+83$66!-+@/30!3$>3+0)*-.+&!/**+30.&8!-+!/!

>#+-+-#$34/(!4+0$(!+'!'(+@$3.&8!bP.(*A$D!$-!/(M!RSS\cM!:+&8!>#+-+>$3.+06!/&0!#.8#!

0/9-.4$!-$4>$3/-)3$6!>3+4+-$!0$2$(+>4$&-J!@#$3$/6!#.8#!'(+3/(!3$>3$66.+&!($2$(6!

3$0)*$!0$2$(+>4$&-/(!3/-$M!X2$3!-.4$J!'(+3/(!3$>3$66.+&!0$*3$/6$6!/6!/!')&*-.+&!+'!

*)4)(/-.2$!$=>+6)3$!-+!*+(0!-$4>$3/-)3$6!.&0.*/-.2$!+'!@.&-$3!b 5.8)3$!\ *m!'+3!0$-/.(6J!6$$!

X&(.&$!H>>$&0.=!BF!Flowering  sub-­‐‑modelcM!X&*$!'(+@$3.&8!+**)36J!3$>3+0)*-.2$!>(/&-6!



!

_Z!

!

5.8)3$!\ F!K*#$4/-.*!+'! '+)3!8$&+-9>$6!b/((!*+4?.&/-.+&6!+'!(+@g#.8#!0+34/&*9!
/&0!(+@g#.8#!'(+3/(!3$>3$66.+&c!/**)4)(/-.&8!0$2$(+>4$&-/(!>3+83$66!.&!Y/($&*./J!

K>/.&J!-#3+)8#!$/*#!+'!-#$!>#$&+(+89!6)?4+0$(6M!a,  1&2.3+&4$&-/(!.&>)-6!/3$!)6$0!-+!
0$-$34.&$!#+)3(9!>3+83$66M!"#$!?(/*D!(.&$!.6!>#+-+>$3.+0J!-#$!(.8#-!83/9!>/3/(($(!(.&$6!/3$!
>3$*.>.-/-.+&!$2$&-6J!/&0!-#$!0/3D!83/9!(.&$6!/3$!#+)3(9!-$4>$3/-)3$!.&>)-6M!b,  H((!6$$06!
/3$!0.6>$36$0!L/3*#!TS!/&0!.44$0./-$(9!?$ 8.&!0$2$(+>.&8!/-!/!3/-$!0$-$34.&$0!?9!-#$!

8$34.&/-.+&!4+0$(M!"#$!0/3D$3!(.&$6!.&0.*/-$!-#$!4$/&!0+34/&*9!*(/66!@#+6$!
>#$&+(+89!@.((!?$!'+((+@$0!-#3+)8#+)-!-#$!83/>#.*M!"#$!83/9!(.&$6!6)33+)&0.&8!-#$!

4$/&!*(/66!0$>.*-!-#$!?$#/2.+3!+'!0.''$3$&-!.&.-./(!0+34 /&*9!($2$(6!@.-#.&!/!*+#+3-M!B+-#!
'(+3/(!3$>3$66.+&!8$&+-9>$6!6#+@!-#$!6/4$!8$34.&/-.+&!?$#/2.+3!/&0!/3$!-#$3$'+3$!

6)>$3.4>+6$0!+&!-+>!+'!+&$!/&+-#$3!.&!-#$!'.36-!>/&$(!-#/-!6#+@6!8$34.&/-.+&!>3+83$66!
b?cM!K$$06!8$34.&/-$!@#$&!-#$9!/**)4)(/-$!$&+)8#!0$2$(+>4$&-!-+!*3+66!-#$!

8$34.&/-.+&!-#3$6#+(0M!c,  d,  %&0.2.0)/(6!>3+83$66.&8!-#3+)8#!-#$!2$8$-/-.2$!/&0!
3$>3+0)*-.2$!>#/6$6J!3$6>$*-.2$(9M!e,  ,$34.&/-.+&!+'!-#$!&$=-!8$&$3/-.+&M!
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/**)4)(/-$!>3+83$66!-+@/30!6$$0!0.6>$36/(!/-!/!3/-$!.&'()$&*$0!?9!-$4>$3/-)3$!b 5.8)3$!

\ 0m!'+3!0$-/.(6J!6$$!X&(.&$!H>>$&0.=!BF!Seed  dispersal  sub-­‐‑modelcM!H6!6++&!/6!-#$!6$$06!

0.6>$36$J!-#$9!/3$!/66.8&$0!/!0+34/&*9!($2$(!?/6$0!+&!-#$!4/-$3&/(!>/3/4$-$36!/&0!

?$8.&!>3+83$66.&8!-+@/30!8$34.&/-.+&!b5.8)3$!\ $cM!"#$!>3+*$66!3$>$/-6!'+3!4/&9!

8$&$3/-.+&6M!!

H-!/!0/.(9!6*/($J!@$!-3/*D$0!-#$!&)4?$3!+'!8$34.&/-.+&J!'(+@$3.&8J!/&0!6$$0;

0.6>$36/(!$2$&-6M!K$$06!>3+0)*$0!+&!-#$!6/4$!0/9!?9!0.''$3$&-!.&0.2.0)/(6!@$3$!>++($0!

-+8$-#$3!'+3!/66.8&4$&-!+'!.&.-./(!0+34/&*9!($2$(J!/&0!-#$3$!@/6!&+!6>/-./(!#$-$3+8$&$.-9!

@.-#.&!/!6.4)(/-.+&! i.e.!/((!.&0.2.0)/(6!>3$6$&-!/-!/!8.2$&!-.4$!$=>$3.$&*$0!-#$!6/4$!

$&2.3+&4$&-!.&>)-6M!"#$!4+0$(!@/6!6.4)(/-$0!+2$3! _S!9$/36!)6.&8!$&2.3+&4$&-/(!

'/*-+36!'3+4!/!8.2$&!(+*/-.+&!b 5.8)3$!\ /cF!-#$!'.36-!TU!9$/36!@$3$!0.6*/30$0J!/&0!-#$!(/6-!

[U!9$/36!+'!0/-/!@$3$!6)44/3.A$0M!"#$!TU;9$/3!?)3&;.&!.6!*+&6$32/-.2$m!6$&6.-.2.-9!

/&/(96$6!.&0.*/-$!-#/-!(.'$ ;*9*($!$=>3$66.+&!6-/?.(.A$0!.&!U!-+!TS!9$/36!b'+3!4+6-!

8$&+-9>$6cJ!/&0!/(6+!-#/-!3$6)(-6!/3$!3+?)6-!-+!-#$!0/-$!+'!.&.-./(!6$$0!0.6>$36/(M!!

"#$!>3$6$&-!6-)09!*+&*$3&6!#+@!>#96.+(+8.*/(!>/3/4$-$36!/&0!$&2.3+&4$&-/(!

'/*-+36!*+4?.&$!-+!>3+0)*$!(.'$ ;*9*($!2/3./-.+&J!.&0$>$&0$&-(9!+'!&/-)3/(!6$($*-.+&!+&!

-#+6$!(.'$!*9*($6M!!1&2.3+&4$&-;0$>$&0$&-!6)32.2/(!/&0!'$*)&0.-9!@.((!?$!.&2$6-.8/-$0!.&!

-#$!')-)3$!/6!-#$!0/-/!3$Q).3$0!'+3!>/3/4$-$3.A/-.+&!?$*+4$!/2/.(/?($M!%&!+)3!

6.4)(/-.+&6J!$2$39!>(/&-!6)32.2$0!/&0!>3+0)*$0!+&$!6$$0!-+!4/.&-/.&!/!*+&6-/&-!

>+>)(/-.+&!6.A$M!!"#.6!/&/(96.6!-#$3$'+3$!3$2$/(6!-#$!?/6$(.&$!>#$&+(+8.*/(!$=>3$66.+&!+'!
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0.''$3$&-!8$&+-9>$6!/*3+66!-#$!&/-.2$!3/&8$M!%'!&/-)3/(!6$($*-.+&!#/6!6#/>$0!8$&$-.*!

2/3./-.+&!.&!>/3/4$-$3!($2$(6J!@$!@+)(0!$=>$*-!(.'$!6-/8$6!+'!(+*/(!8$&+-9>$6!-+!3$'($*-!

/0/>-.2$!+)-*+4$6J!4/D.&8!+)3!3$6)(-6!3$(/-.2$(9!)&?./6$0!?9!-#$!/66)4>-.+&!+'!/!(/* D!

+'!6$($*-.+&M!

Environmental  Inputs  

P$!3/&!'.2$!3/&0+4(9!/66$4?($0!$&2.3+&4$&-/(!3$>(.*/-$6!?/6$0!+&!*(.4/-$!0/-/!

'3+4!'+)3!1)3+>$/&!$&2.3+&4$&-6!6>/&&.&8!/!(/-.-)0.&/(!83/0.$&-F!Y/($&*./J!K>/.&m!

^/(($J!,$34/&9m!]+3@.*#J!1&8(/&0m!/&0!X)()J!5.&(/&0M!P$!)6$0!3/&0+4(9!/66$4?($0!

$&2.3+&4$&-6!-+!/c!/((+@!3$>(.*/-.+&!-+!$&6)3$!-#/-!3$6)(-6!@$3$!.&0$>$&0$&-!+'!-#$!$=/*-!

6$3.$6!+'!$&2.3+&4$&-/(!.&>)-6!/&0!?c!/2+.0!.&*()0.&8!-#$!$''$*-6!+'!*(.4/-$!*#/&8$!.&!-#$!

_S;9$/3!6.4)(/-.+&6M!^/(($!/&0!]+3@.*#!#/2$!6.4.(/3!># +-+>$3.+0!/4>(.-)0$J!?)-!

-$4>$3/-)3$!.6!4.(0$3!.&!]+3@.*#!0)$!-+!>3+=.4.-9!-+!-#$!+*$/&!bK$$!5.8)3$!RR!.&!

H>>$&0.=!<!'+3!$=/4>($!+'!$&2.3+&4$&-/(!.&>)-6!'+3!$/*#!(+*/ -.+&!/&0!H>>$&0.=!B!'+3!

0$-/.(6!+&!*(.4/-$!0/-/!6+)3*$6!/&0!4$-#+06cM!P$!*#+6$!-#$6$!(+*/-.+&6!&+-!+&(9!?$*/)6$!

+'!-#$!?3$/0-#!+'!$&2.3+&4$&-/(!*+&0.-.+&6J!?)-!/(6+!?$*/)6$!-#$!'(+@$3.&8!4+0$(!+'!

P.(*A$D!$-!/(M!bRSS\c!@/6!2/(.0/-$0!.&!-#+6$!(+*/-.+&6!/&0!>#$&+(+89!#/6!?$$&!+?6$32$0!

.&!'.$(0!$=>$3.4$&-6!/-!-#+6$!6.-$6!bP.(*A$D!$-!/(M!RSS\m!5+)3&.$3;:$2$(!$-!/(M!RSTac!/&0!.&!

&$/3?9!&/-)3/(!>+>)(/-.+&6! bP.(*A$D!$-!/(M!RSS\cM!"#$!$&2.3+&4$&-/(!6$3.$6!)6$0!-+!*3$/-$!

-#$!3$6)(-6!6)44/3.A$0!.&!-#.6!>/>$3!#/2$!?$$&!0$>+6.-$0!.&!-#$!C39/0!C.8.-/(!

N$>+6.-+39F!#-->Fgg0=M0+.M+38gTSMUS_Tg039/0M&2S>TM!
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Parameterization  

H((!6)?;4+0$(6!@$3$!'.-!-+!-#$!*+44+&!(/?+3/-+39!8$&+-9>$!b<+()4?./c!2./!

*#/4?$3!$=>$3.4$&-6!+3!)6.&8!$6-.4/-$6!'3+4!-#$!(.-$3/-)3$!b6$$!"/?($! R!'+3!0$-/.(6!/?+)-!

+)3!*+&'.0$&*$!.&!$/*#!>/3/4$-$3!2/()$cM!"+!0$-$34.&$!>/3/4$-$36!'+3!-#$!8$34.&/-.+&!

4+0$(!/!*+44+&!4/-$3&/(!83+@-#!$&2.3+&4$&-!+'!RS B<!@/6!)6$0M!"+!$&6)3$!-#/-!6$$0!

0.6>$36/(!/&0!8$34.&/-.+&!6)? ;4+0$(6!@$3$!3$/6+&/?($!/>>3+=.4/-.+&6J!@$!-$6-$0!$/*#!

4+0$(!+&!/&!.&0$>$&0$&-!0/-/6$-!8$&$3/-$0!.&!*#/4?$36!bB)38#/30-J!)&>)?(.6#$0!0/-/m!

6$$!H>>$&0.=!B!'+3!0$-/.(6cM!B$*/)6$!-#$!8$34.&/-.+&!4+0$(!/&0!/'-$3;3.>$&.&8!4+0$(!

@$3$!-#$!($/6-!$4>.3.*/((9!2/(.0/-$0J!@$!3/&!6.4)(/-.+&6!@#.($!2/39.&8!-#3$$!*3)*./(!

>/3/4$-$36!-+!*+&'.34!-#/-!+)3!4/.&!3$6)(-6!@$3$!&+-!6>$*.'.*!-+!-#$!$=/*-!

>/3/4$-$3.A/-.+&!+'!-#+6$!4+0$(6!bK$$!5.8)3$!Ra!/&0! 5.8)3$!R[!.&!H>>$&0.=!<!'+3!

3$6)(-6cM!

Parameter  Levels  that  Resemble  Observed  Genotypic  Variation  

H(-#+)8#!@$!>/3/4$-$3.A$0!-#$!.&.-./(!4+0$(!?/6$0!+&!-#$!<+( )4?./ !$*+-9>$J!/6!

0$6*3.?$0!/?+2$J!@$!*+4>/3$0!+)-*+4$6!)6.&8!0.''$3$&-!>/3/4$-$3!2/()$6!-#/-!6>/&!

D&+@&!&/-)3/(!8$&$-.*!2/3./-.+&!'+3!-@+!D$9!>/3/4$-$36F!'(+3/(!3$>3$66.+&!/&0!.&.-./(!

0+34/&*9!($2$(M!"#.6!/&/(96.6!0+$6!&+-!.&2$6-.8/-$!+-#$3!8$&$-.*!.&-$3/*-.+&6!+3!8$&$-.*;

?/*D83+)&0!$''$*-6!?$*/)6$!+'!(/*D!+'!.&'+34/-.+&!+&!3$/(.6-.*!>/3/4$-$3!2/()$6M!5+3! -#$!

'(+3/(!3$>3$66.+&!>/3/4$-$3!bFicJ!@$!)6$0!.&.-./(!2/()$6!0$3.2$0!'3+4!P.(*A$D!$-!/(M!bRSS\cM!

"#$6$!2/()$6!*+33$6>+&0$0!-+!>/3/4$-$3!$6-.4/-$6!'+3!6-3+&8!bFiuMZaZc!/&0!&)((!bFiuMU\`c!
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/(($($6!+'!-#$  FLC!/*-.2/-+3J!FRIJ  $=>3$66$0!.&!-#$!<+(!?/*D83+)&0!.&!'.$(0!*+&0.-.+&6M!P$!

/(6+!$=>(+3$0!/&!$=-3$4$(9!#.8#!Fi!($2$(!bM``c!-+!4.4.*!6+4$!$*+-9>$6!-#/-!/>>$/3!-+!

#/2$!/&!/(4+6-!+?(.8/-$!@.&-$3!3$Q).3$4$&-!'+3!'(+@$3.&8M!

P$!$=>(+3$0!-#$!>#$&+-9>.*!.4>/*-!+'!/&!+?6$32$0!(/-.-)0.&/(!0+34/&*9!*(.&$M!

P#.($!-#$3$!.6!*+&6.0$3/?($!3$8.+&/(!2/3./-.+&!.&!0+34/&*9J!@$!*#+6$!2/()$6!-#/-!

*+33$6>+&0$0!-+!-#$!/2$3/8$!0+34/&*9!($2$(!'+)&0!.&!$/*#!>+3-.+&!+'!1)3+>$!bH-@$((!$-!

/(M!RSTSm!<#./&8!$-!/(M!RSTTm!I3+&#+(4!$-!/(M!RSTRcM!P$!4+0$($0!>+>)(/-.+&6!/-!&+3-#$3&J!

*$&-3/(J!/&0!6+)-#$3&!(/-.-)0$6!/6!&$$0.&8!SJ!USJ!/&0!TSS!0/96!3$6>$*-.2$(9!+'!0+34/&*9!

(+66!/-!RRq<!?$'+3$!USp!8$34.&/-.+&!+'!-#$!6$$0!*+#+3-M!"#.6!*+33$6>+&06!-+!/!>3.4/39!

0+34/&*9!>/3/4$-$3!b} meanc!+'!S!b(+@cJ!TMRU!b4.0cJ!/&0!RMU!b#.8#cM!H((!>+>)(/-.+&6!@$3$!

/66)4$0!-+!#/2$!-#$!6/4$!@.-#.& ;*+#+3-!2/3./-.+&!.&!0+34/&*9!($2$(M!"#$!6)44/3.A$0!

0/-/!-#/-!)&0$3(.$! 5.8)3$!TS;5.8)3$!TR  #/2$!?$$&!0$>+6.-$0!.&!-#$!C39/0!C.8.-/(!

N$>+6.-+39F!#-->Fgg0=M0+.M+38gTSMUS_Tg039/0M&2S>TM!
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"/?($! RF!L+0$(!>/3/4$-$3!0$6*3. >-.+&6!/&0!2/()$6!'+3!-#$!<+()4?./!/**$66.+& !

]+-$F!7/3/4$-$3!($2$(6!3$6$4?(.&8!-#$!<+()4?./!$*+-9>$!@$3$!)6$0!'+3!-#$!
6)?4+0$(6!+'!(.'$ ;6-/8$!-3/&6.-.+&6M!L$/&!0+34/&*9!($2$(!b4$/&c!/&0!.&.-./(!'(+3/(!

3$>3$66.+&!b5.c!@$3$!-#$!2/3./?($!>/3/4$-$36!.&!-#.6!6-)09M!"#+6$!>/3/4$-$3!*#+.*$6!/3$!

$=>(/.&$0!.&!iL$-#+06Mj!H((!+-#$36!@$3$!#$(0!*+&6-/&-!/-!-#$!2/()$6!?$(+@M!/! X)3!
*+&'.0$&*$!.&!-#$!>/3/4$-$3!$6-.4/-$6F!/!u!>3$2.+)6(9!>)?(.6#$0!>/3/4$-$3.A/-.+&!+&!

'.$(0!0/-/!/&0!2/(.0/-.+&!@.-#!*#/4?$3!0/-/m!?!u!$6-.4/- $6!0$3.2$0!'3+4!*#/4?$3!
$=>$3.4$&-6!b:M!"M!B)38#/30-J!)&>)?(.6#$0!0/-/c!+3!A.  thaliana  (.-$3/-)3$!6$/3*#m!*!u!

>/3/4$-$3!*+>.$0!'3+4!/&+-#$3! A.  thaliana  (.'$;6-/8$!-3/&6.-.+&m!0!u!$6-.4/-$6!-/D$&!'3+4!
4+0$(6!>/3/4 $-$3.A$0!'+3!+-#$3!6>$*.$6m!]H!u!&+-!/>>(.*/ ?($M!

218 The American Naturalist

Table 1: Model parameter descriptions and values for the Columbia accession

Submodel, parameter Units Level Description ConÞdencea

Germination:
Vgerm !C MPa 1,000 Threshold for germination b
Temperature:

Tb.g !C 3 Base temperature for germination c
To !C 22 Optimal temperature for germination b
kT MPa/!C .12 Dormancy increase for each!C aboveTo d

Initial dormancy:
Wmean MPa 0 Mean dormancy (Wb) at dispersal b
Wbreadth MPa 1 Difference between lowest and highest dormancy classes b
clseed None 10 No. seed dormancy classes b
Wmin MPa !1 Minimum dormancy possible NA

Afterripening
Tb.ar !C 3 Base temperature for afterripening c
Wmax MPa !5 Maximum moisture for afterripening d
Wl MPa !350 Lower moisture limit for afterripening d
Wu MPa !50 Upper moisture breakpoint for afterripening d
dsat Days 40 Days from 0Wb to !1 Wb b
Wscale MPa 1 Scalar forWb loss d

Flowering:
Vßowering !C h 2,604 Threshold for ßowering a
Temperature:

Tb.f !C 3 Temperature base for ßowering a
Photoperiod:

ds h 10 Critical short photoperiod a
ps None .626 Rate of development atds a
dl h 14 Critical long photoperiod a
pl None 1 Rate of development atdl a

Floral repression:
WCsat !C 960 Winter chilling saturation point a
Fi None .598 Initial ßoral repression a
Fu None 0 Floral repression at WCsat a
Tv.min !C !3.5 Temperature minimum for winter chilling a
Tv.max !C 6 Temperature maximum for winter chilling a
k None !5.1748 Parameters for shape of winterchilling effectiveness function a
q None 2.2256 ... a
y None .99590 ... a

Seed dispersal:
Vdispersal !C 8,448 Threshold for dispersal b
Temperature:

Tb.d !C 3 Temperature base for dispersal b

Note: Parameter levels resembling the Columbia ecotype were used for the submodels of life-stage transitions. Mean dormancy level (Wmean) and initial
ßoral repression (Fi) were the variable parameters in this study. Those parameter choices are explained in ÒMethods.Ó All others were held constant at the
values below.

a Our conÞdence in the parameter estimates: ap previously published parameterization on Þeld data and validation with chamber data; bp estimates
derived from chamber experiments (L. T. Burghardt, unpublished data) orA. thaliana literature search; cp parameter copied from anotherA. thaliana
life-stage transition; dp estimates taken from models parameterized for other species; NAp not applicable.

apart in fall (Þg. 2b). Also note that maternally induced
variation in dormancy within a single parameterization
(light gray traces surrounding the mean) resulted in larger
variation in germination timing in the low-dormancy ge-
notype than in the high-dormancy genotype.

After germination, genotypes that differed in initial ßoral
repression started to diverge, and ßowering times spread

out across 3 months (Þg. 2c). However, by the time seed
dispersal occurred, genotypic differences again diminished.
Because of cooler temperatures during reproduction, early
genotypes did not progress much early in the season, so
their head start due to earlier ßowering was limited. Later
in the season, development was faster due to warmer tem-
peratures, allowing later-germinating or later-ßowering in-
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Model  Behavior  

1=/4.&/-.+&!+'!.&0.2.0)/(!4+0$(!-3/W$*-+3.$6!3$2$/($0!#+@!-#$!6$/6+&/(!

$&2.3+&4$&-!6#/>$6!-#$!$=>3$66.+&!+'!i8$&$-.*j!2/3./-.+&!.&!-#3$6#+(0!-3/.-6M!"+!

.(()6-3/-$!-#$!4$*#/&.*6!+'!-#$!4+0$(J!@$!'.36-!>3$6$&-!.&!5.8)3$!\ !3$6)(-6!'3+4!/!6.&8($!

4+0$(!3)&!'+3!'+)3!0.''$3$&-!>/3/4$-$3.A/-.+&6g8$&+-9>$6!.&!Y/($&*./J!K>/.&!/6!-#$9!

3$6>+&0!-+!-#$!$&2.3+&4$&-!/'-$3!?$.&8!0.6>$36$0!+&!L/3*#!TS -#M!%44$0./-$(9J!-#$!-@+!

(+@;0+34/&*9!8$&+-9>$6!6-/3-$0!/**)4)(/-.&8!>3+83$66!-+@/30!8$34.&/-.+&!@#.($!-#$!

#.8#!0+34/&*9!+&$6!0.0!&+-!b6+(.0!26M!0+--$0!?(/*D!(.&$J!3$6>$*-.2$(9cM!^+@$2$3J!?$*/)6$!

2$39!(.--($!3/.&!+**)33$0!.&!-#$!6)44$3J!8$34.&/-.+&!>3+83$66!+'!&+&;0+34/&-!6$$06!@/6!

4.&.4/(!@#.($!0+34/&-!6$$06!*+&-.&)$0!-+!(+6$!0+34/&*9!0)3.&8!-#$6$!039!4+&-#6M!"#$!

6$/6+&/(!$&2.3+&4$&-/(!*+&-$=-!3$0)*$0!-#$!$=>3$66.+&!+'!8$&$-.*!2/3./-.+&!6)*#!-#/-!

6$$06!@.-#!#.8#(9!0.6>/3/-$!0+34/&*9!($2$(6!8$34.&/-$0!+&(9!/!'$@!@$$D6!/>/3-!.&!'/((!

b5.8)3$!\ ?cM!H(6+!&+-$!-#/-!4/-$3&/((9!.&0)*$0!2/3./-.+&!.&!0+34/&*9!@.-#.&!/!6.&8($!

>/3/4$-$3.A/-.+&!b(.8#-!83/9!-3/*$6!6)33+)&0.&8!-#$!4$/&c!3$6)(-$0!.&!(/38$3!2/3./-.+&!.&!

8$34.&/-.+&!-.4.&8!.&!-#$!(+@;0+34/&*9!8$&+-9>$!-#/&!.&!-#$!#.8#;0+34/&*9!8$&+-9>$M!!

H'-$3!8$34.&/-.+&J!8$&+-9>$6!-#/-!0.''$3$0!.&!.&.-./(!'(+3/(!3$>3$66.+&!6-/3-$0!-+!

0.2$38$J!/&0!'(+@$3.&8!-.4$6!6>3$/0!+)-!/*3+66!-#3$$!4+&-#6!b5.8)3$!\ *cM!^+@$2$3J!?9!

-#$!-.4$!6$$0!0.6>$36/(!+**)33$0J!8$&+-9>.*!0.''$3$&*$6!/8/.&!0.4.&.6#$0M!B$*/)6$!+'!

*++($3!-$4>$3/-)3$6!0)3.&8!3$>3+0)*-.+&J!$/3(9!8$&+-9>$6!0.0!&+-!>3+83$66!4)*#!$/3(9!
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.&!-#$!6$/6+&J!6+!-#$.3!i#$/0!6-/3-j!0)$!-+!$/3(.$3!'(+@$3.&8!@/6!(.4.-$0M!:/-$3!.&!-#$!

6$/6+&J!0$2$(+>4$&-!@/6!'/6-$3!0)$!-+!@/34$3!-$4>$3/-)3$6J!/((+@.&8!(/-$3!

8$34.&/-.&8!+3!'(+@$3.&8!.&0.2.0)/(6!-+!i*/-*# ;)>j !.&!*/($&0/3!-.4$!b5.8)3$!\ 0cM!

E(-.4/-$(9J!6$$0!0.6>$36/(!-.4$!@/6!'/.3(9!69&*#3+&+)6m!+&(9!-#$!(+@!0+34/&*9g!(+@!

'(+3/(!3$>3$66.+&!8$&+-9>$!#/0!/!6)?6-/&-./((9!6#+3-$3!(.'$!*9*($M!"#$3$'+3$J!-#$!6$/6+&/(!

$&2.3+&4$&-!*/&!*/)6$!*+4>$&6/-.+&!/4+&8!-3/&6.-.+&6!-#/-!3$0)*$6!8$&+-9>.*!

0.''$3$&*$6!.&!8$&$3/-.+&!($&8-#M!!

%&!/00.-.+&!-+!-#$!$&2.3+&4$&-!3$0)*.&8!0.''$3$&*$6!?$-@$$&!8$&+-9>$6J!@$!/(6+!

'+)&0!-#/-!.-!*+)(0!4/8&.'9! 0.''$3$&*$6!)&0$3!6+4$!*+&0.-.+&6M!5+3!.&6-/&*$J!

0$2$(+>4$&-/(!>3+83$66!-+@/30!'(+@$3.&8!.6!$=-3$4$(9!6(+@!.&!-#$!@.&-$3J!6+!64/((!

0.''$3$&*$6!.&!0$2$(+>4$&-/(!3/-$6!?$-@$$&!8$&+-9>$6!.&!-#$!'/((!*/&!0$-$34.&$!@#$-#$3!

-#$9!'(+@$3!.&!-#$!'/((!+3!@/.-!)>!-+!&.&$!4+&-#6!'+3!6>3.&8!-+!/33.2$M!"#$6$!0.''$3$&*$6!

@$3$!/(6+!$=>3$66$0!@.-#.&!8$&+-9>$6J!/6!6$$06!@.-#!0.''$3$&-!.&.-./(!0+34/&*9!($2$(6!

4/9!8$34.&/-$!/-!0.''$3$&-!-.4$6!/&0!-#$3$'+3$!?$!/-!6(.8#-(9!0.''$3$&-!0$2$(+>4$&-/(!

6-/8$6!@#$&!@.&-$3!/33.2$6J!*3$/-.&8!?.;4+0$(!(.'$ ;6-/8$!($&8-#6!bP.(*A$D!$-!/(M!RSTScM!

X2$3/((!@$!'+)&0!-#$!6$/6+&/(!$&2.3+&4$&-!-+!?$!/!>+-$&-!'+3*$!6#/>.&8!2/3./-.+&!

?$-@$$&!.&0.2.0)/(6!/&0!8$&+-9>$6M!

Life-­‐‑Cycle  Differences  within  and  between  Locations    

]$=-J!@$!>3$6$&-!3$6)(-6!'+3!/!6.&8($!>/3/4$-$3.A/-.+&!b8$&+-9>$c!/*3+66!/((!'+)3!

(+*/-.+&6M!!"#$!>/3/4$-$3.A/-.+&!3$6$4?(.&8!-#$!<+()4?./!/**$66.+&!b6$$!"/?($! R!'+3!
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>/3/4$-$36!0$6*3.?.&8!-#.6!8$&+-9>$c!>3+0)*$0!3$4/3D/?($!(.'$;*9*($!2/3./-.+&!/*3+66!

1)3+>$/&!$&2.3+&4$&-6!b5.8)3$!TSm!6$$!5.8)3$!R_!'+3!(.'$;*9*($!-.4.&8!+'!/((! (+@!'(+3/(!

3$>3$66.+&!8$&+-9>$6cM!%&!X)()J!5.&(/&0J!6$$06!8$34.&/-$0!.&!(/-$!6)44$3J!.&.-./-$0!

'(+@$3.&8!$.-#$3!.&!-#$!$/3(9!'/((!+3!(/-$!6>3.&8!b6$$!5.8)3$!RZ!'+3!0.6-3.?)-.+&!+'!'(+@$3.&8!

-.4$6!.&!/((!6.-$6cJ!/&0!4/-)3$0!6$$06!.&!-#$!6)44$3J!*3$/-.&8!/!(.'$!*9*($!@.-#!

/?+2$83+)&0!6-/8$6!>3$6$&-!4+6-!+'!-#$!9$/3M!%&!*+&-3/6-J!.&!Y/($&*./J!+2$3@.&-$3.&8!

>(/&-6!6>$&-!/!(/38$!>+3-.+&!+'!-#$.3!(.2$6!/6!6$$06m!-#$9!8$34.&/-$0!.&!(/-$!'/((!/&0!

'(+@$3$0!.&!$/3(9!6>3.&8!b5.8)3$!TS/cM!%&!Y/($&*./!-#$3$!@$3$!/(6+!6)44$3 ;!/&0!'/(( ;!

'(+@$3.&8!*+#+3-6!b5.8)3$!RZc!($/0.&8!-+!@.0$!2/3./-.+&!.&!(.'$;*9*($!($&8-#!b5.8)3$!TS?cM!

%&!*$&-3/(!1)3+>$!b^/(($!/&0!]+3@.*#cJ!+)3!4+0$(!>3$0.*-$0!-#.6!8$&+-9>$!@+)(0!#/2$!

'(+@$3.&8!?+)-6!.&!6>3.&8J!6)44$3J!/&0!'/((!b5.8)3$!TS/cM!

"#3$$!'(+@$3.&8!?+)-6!+**)33$0!.&!]+3@.*#!/&0!^/(($J!?)-!-#.6!.6!&+-!&$*$66/3.(9!

?$*/)6$!-#3$$!8$&$3/-.+&6!+**)33$0!$/*#!9$/3M!!"#$!/2$3/8$!(.'$;*9*($!($&8-#!@/6!4+3$!

-#/&!RSS!0/96!/-!?+-#!+'!-#$6$!6.-$6!b5.8)3$!TS?cM!"#.6!6)88$6-6!-#$!4)(-.>($!'(+@$3.&8!

?+)-6!@$3$!*3$/-$0!2./!+2$3(/>>.&8!8$&$3/-.+&6J!&+-!3/>.0!*9*(.&8!-#3+)8#!-#3$$!0.6*3$-$!

8$&$3/-.+&6M!5+3!$=/4>($J!($66!0+34/&-!6$$06!0.6>$36$0!.&!6>3.&8!4/9!8$34.&/-$!

.44$0./-$(9J!>3+0)*.&8!/!6)44$3!'(+@$3.&8!*+#+3-!@.-#!/!6#+3-!(.'$!*9*($m!-#$!4+3$!!
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5.8)3$!TSF L+0$(!3$6)(-6!'+3!/!8$&+-9>$!@.-#!(+@!'(+3/(!3$>3$66.+&!/&0!(+@!
0+34/&*9!.&!$/*#!+'!'+)3!(+*/-.+&6!/*3+66!/!(/-.-)0.&/(!83/0.$&-!.&!1)3+>$M! a,  <.3*($!

83/>#6!3$>3$6$&-!-#$!>3+>+3-.+&!+'!.&0.2.0)/(6!.&!$/*#!(.'$!6-/8$!+2$3!-#$!*+)36$!+'!-#$!
9$/3F!6$$0!b?(/*DcJ!2$8$-/-.2$!b0/3D!83/9cJ!/&0!3$>3+0)*-.2$!b(.8#-!83/9c!(.'$!6-/8$6M!

C.6-/&*$!'3+4!-#$!*$&-$3!+'!-#$!*.3*($!.&0.*/-$6!-#$!>3+>+3-.+&!+'!.&0.2.0)/(6!.&!-#$!(.'$!
6-/8$!/-!/!>/3-.*)(/3!-.4$!+'!9$/3M!H((!83/>#6!/3$!6*/($0!6+!-#/-!-#$!+)-$34+6-!0./4$-$3!

3$>3$6$&-6!TSSp!+'!.&0.2.0)/(6M!O/&)/39!T!6-/3-6!/-!a!+e*(+*DJ!/&0!-#$!9$/3!>3+*$$06!
*(+*D@.6$M!b,  53$Q)$&*9!0.6-3.?)-.+&!+'!+?6$32$0!(.'$;*9*($!($&8-#6!.&!-#$!>+>)(/-.+&M!"#$!

6+(.0!(.&$!.&0.*/-$6!-#$!/2$3/8$!(.'$;*9*($!($&8-#J!-#$!0/6#$0!(.&$!.&0.*/-$6!-#$!4$0./&J!
/&0!-#$!0+--$0!(.&$!.&0.*/-$6!/!a_U;0/9!(.'$!*9*($M!c,  1=/4> ($6!+'!>#$&+(+8.*/(!6*$&/3.+6!
-#/-!+**)33$0!/6!4+0$(!+)->)-!-#/-!*/&!*3$/-$!-#$!(.'$ ;*9*($!($&8-#6!83/>#$0!.&!b.  "#$!

($&8-#!+'!-#$!?/3!.&0.*/-$6!-#$!>3+>+3-.+&!+'!-.4$!6>$&-!.&!$/*#!(.'$!6-/8$M!"#$!*+(+3!*+0$!
.6!-#$!6/4$!/6!.&!a.  K$$!5.8)3$!RU!'+3!/!*+(+3!2$36.+&M!

0+34/&- !+&$6!4/9!@/.-!)&-.(!'/((!-+!8$34.&/-$!*3$/-.&8!/!(+&8$3!(.'$!*9*($M!%&!'/*-J!(.'$!

*9*($6!+'-$&!'$((!.&-+!-#$6$!6#+3-!/&0!(+&8!*/-$8+3.$6J!*3$/-.&8!/!?.4+0/(!0.6-3.?)-.+&!+'!
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(.'$;*9*($!($&8-#6!'+3!/!6.&8($!8$&+-9>$!b5.8)3$!TS?cM!H!0.2$36.-9!+'!>#$&+(+8.*/(!>/--$3&6!

*/&!($/0!-+!6.4.(/3!(.'$ ;*9*($!($&8-#6!/(-#+)8#!/((!0+!&+-!+**)3!.&!/((!(+*/-.+&6!b5.8)3$!TS*!

'+3!$=/4>($6!+'!>#$&+(+8.*/(!>/--$3&6cM!

"#3$$!'/*-+36!*+&-3.?)-$0!-+!-#$!2/3./?.(.-9!.&!(.'$!*9*($6!+?6$32$0!@.-#.&!/!

(+*/-.+&M!5.36-J!.&!(+*/-.+&6!@#$3$!'(+@$3.&8!+**)33$0!.&!4)(-.>($!6$/6+&6J!&$@(9!

0.6>$36$0!6$$06!$=>$3.$&*$0!0.''$3$&-!$&2.3+&4$&-/(!*+&0.-.+&6!/&0!-#$3$'+3$!

8$34.&/-$0!/-!0.''$3$&-!-.4$6!+'!9$/3M!K$*+&0J!0.''$3$&*$6!.&!.&.-./(!0+34/&*9!($2$(!

?$-@$$&!6$$06!@.-#.&!/!*+#+3-!0.6-3.?)-$0!8$34.&/-.+&!$2$&-6!-$4>+3/((9!/&0!-#$3$'+3$!

*/)6$0!0.''$3$&*$6!.&!-#$!-.4.&8!+'!'( +@$3.&8!/&0!6$$0!0.6>$36/(M!"#.30J!(.'$;*9*($!

2/3./-.+&!*/&!?$!*/)6$0!?9!$&2.3+&4$&-/(!0.''$3$&*$6!?$-@$$&!9$/36M!5+3!.&6-/&*$J!

@/34$3!9$/36!4/9!9.$(0!4+3$!'(+@$3.&8!.&!-#$!'/((!/&0!@$--$3!9$/36!4/9!*3$/-$!(/38$3!

/&0!0.''$3$&-(9!-.4$0!6)44$3!*+#+3-6!b'+3!$ =/4>($6!+'!?$-@$$&;9$/3!2/3./-.+&!+'!-#.6!

8$&+-9>$!6$$!5.8)3$!R ;̀5.8)3$!R\m!'+3!8$&+-9>$6!$=>$*-$0!-+!+**)3!.&!$/*#!(+*/-.+&!6$$!

5.8)3$!aS;5.8)3$!aacM!

Effects  of  Varying  Phenological  Parameters    

]$=-!@$!$=/4.&$0!-#$!$''$*-6!+&!(.'$!*9*($!+'!2/39.&8!-@+!D$9!>/3/4$-$36!-#/-!

.&'()$&*$!'(+@$3.&8!-.4$!b.&.-./(!'(+3/(!3$>3$66.+&!($2$(c!/&0!8$34.&/-.+&!-.4$!b.&.-./(!

0+34/&*9!($2$(cM!!B+-#!+'!-#$6$!>/3/4$-$36!/3$!D&+@&!-+!$=#.?.-!8$&$-.*!2/3./-.+&!

/4+&8!&/-)3/(!>+>)(/-.+&6!+'! A.  thalianaJ!/&0!-#$!>/3/4$-$3!2/()$6!*#+6$&!'+3!-#.6!

/&/(96.6!3$'($*-!-#$!3/&8$!+'!-#/-!2/3./-.+&M!!!!
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:+@!'(+3/(!3$>3$66.+&!#/0!/!64/((!$''$*-!+&!-+-/(!(.'$ ;*9*($!($&8-#J!0$*3$/6.&8!.-!?9!

r! TU!0/96!/-!4+6-!(+*/-.+&6!/&0!0+34/&*9!($2$(6!b5.8)3$!TT/c!*+4>/3$0!-+!#.8#!'(+3/(!

3$>3$66.+&M!<#/&8$6!.&!4$/&!(.'$;*9*($!($&8-#!@$3$!+'-$&!*/)6$0!?+-#!?9!>(/&-6!

3$4/.&.&8!.&!-#$!2$8$-/-.2$!6-/8$!(+&8$3!/&0!?9!6#.'-6!.&!-#$!>3+>+3-.+&!+'!.&0.2.0)/(6!

-#/-!$=>3$66$0!/!6#+3-!26M!(+&8!(.'$!*9*($!b5.8)3$!a_!/&0! 5.8)3$!TR?J!3$6>$*-.2$(9cM!!!

H(-#+)8#!'(+3/(!3$>3$66.+&!#/0!/!64/((!$''$*-!+&!-+-/(!(.'$ ;*9*($!($&8-#J!.-!0.0!

.&'()$&*$!-#$!($&8-#6!+'!6+4$!.&0.2.0)/(!(.'$!6-/8$6F!.-!#/0!/!(/38$!$''$*-!+ &!-#$!2$8$-/-.2$!

.&-$32/(J!@#.*#!2/3.$0!?9!(+*/-.+&!b5.8)3$!TT0cJ!/&0!/!64/(($3!$''$*-!+&!-#$!3$>3+0)*-.2$!

.&-$32/(!b5.8)3$!TT$m!6$$!5.8)3$!aU;5.8)3$!aZ!'+3!'3$Q)$&*9!0.6-3.?)-.+&6!'+3!-#$!0)3/-.+&6!

+'!/(( !*+4>+&$&-!(.'$!6-/8$6cM!"#$6$!3$6)(-6!@$3$!3+?)6-!-+!*#/&8$6!.&!-#3$$!.4>+3-/&-!

8$34.&/-.+&!4+0$(!>/3/4$-$36!b6$$!5.8)3$!Ra;5.8)3$!R[cM!

,$&+-9>$6!@.-#!#.8#$3!.&.-./(!'(+3/(!3$>3$66.+&!>3+0)*$0!6(.8#-(9!4+3$!

.&0.2.0)/(6!$=>3$66.&8!/!@.&-$3;/&&)/(!(.'$!*9*($ !/6!*+4>/3$0!-+!/!6>3.&8 ;!+3!6)44$3 ;

/&&)/(!(.'$!*9*($!?)-!-#.6!$''$*-!@/6!#.8#(9!0$>$&0$&-!+&!0+34/&*9!($2$(!b5.8)3$!a`cM!P$!

/(6+!-$6-$0!@#$-#$3!/!2$39!#.8#!bFiuM``c!'(+3/(!3$>3$66.+&!($2$(!4.8#-!*3$/-$!/&!+?(.8/-$!

@.&-$3!*#.((.&8!3$Q).3$4$&-J!/6!'+)&0!.&!/!'$@!&+3-#$3&!bK#.&0+!RSSUc!/&0!6+)-#$3&!

bL$&0$A;Y.8+!$-!/(M!RSTTc!/**$66.+&6M!P#.($!$=-3$4$(9!#.8#!'(+3/(!3$>3$66.+&!($2$(6!+'-$&!!
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5.8)3$!TTF!K)44/39! +'!#+@!>3.4/39!0+34/&*9!($2$(!/&0!'(+3/(!3$>3$66.+&!($2$(!
/(-$3!(.'$;*9*($!($&8-#M!C+34 /&*9!($2$(!4$/6)3$0!.&!&/-)3/(!>+>)(/-.+&6!#/6!?$$&!

+?6$32$0!-+!?$!(+@!.&!&+3-#$3&!1)3+>$!/&0!#.8#!.&!6+)-#$3&!1)3+>$M!a,  N$/*-.+&!&+346!
+'!(.'$ ;*9*($!($&8-#!.&!3$6>+&6$!-+!-#$!'+)3!(+*/-.+&6M!:.&$6!0$&+-$!0.''$3$&-!i8$&+-9>$6j!
-#/-!2/39!.&!0+34/&*9 !($2$(!'3+4!(+@!-+!#.8#!b?(/*D!u!#.8#J!0/3D!83/9!u!4.0J!(.8#-!83/9!u!

(+@c!/&0!2/39!.&!'(+3/(!3$>3$66.+&!($2$(!'3+4!(+@!-+!#.8#!b6+(.0!u!(+@J!0/6#$0!u!#.8#cM!
H2$3/8$6!/3$!0$3.2$0!'3+4!-#$!(/6-![U!9$/36!+'!/!_S;9$/3!4+0$(!3)&M!b,  ,3/>#6!+'!-#$!
0$&6.-9!0.6-3.?)-.+&!+'!(.'$ ;*9*($!($&8-#6!-#/-!0$'.&$!-#$!4$/&!2/()$6!83/>#$0!.&!-#$!
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













 

 

 



 

    











































 
       

   

   



















































  
 







































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73.4/39!0+34/&*9!($2$(!#/0!/!(/38$!$''$*-!+&!(.'$ ;*9*($!($&8-#J!/&0!-#.6!$''$*-!@/6!

$&2.3+&4$&-;0$>$&0$&-J!/6!6#+@&!?9!-#$!3$/*-.+&!&+346!+'!0.''$3$&-!0+34/&*9!

8$&+-9>$6!/*3+66!6.-$6!b5.8)3$!TTcM!X2$3/((J!0+34/&*9!($2$(!6-3+&8(9!.&'()$&*$0!($&8-#!+'!

-#$!(.'$!*9*($J!?)-!0.''$3$&*$6!?$-@$$&!0+34/&*9!8$&+-9>$6!b>/3/4$-$36c!@$3$!4)*#!

83$/-$3!.&!X)()!br_SS!0/96c!-#/&!.&!Y/($&*./!brTSS!0/96cM!:.'$;*9*($!($&8-#6!+'!($66!-#/&!

+&$!9$/3!+&(9!+**)33$0!/-!-#$!(+@$6-!0+34/&*9!($2$(J!0$6>.-$!-#$!+?6$32/-.+&!-#/-!

4)(-.>($!'(+@ $3.&8!?+)-6!.&!/!9$/3!*/&!+**)3!/-!4/&9!0+34/&*9!($2$(6!b 5.8)3$!TRcM!
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"#$!-#3$$!0+34/&*9!($2$(6!-$6-$0!#$3$!3$>3$6$&-!/!8$&$-.*/((9;?/6$0J!(/-.-)0.&/(!

*(.&$!.&!>3.4/39!0+34/&*9!0+*)4$&-$0!.&!-#.6!6>$*.$6M!P#$&!@$!$2/()/-$0!8$&+-9>$6!

.&!-#$!(+*/-.+&6!.&!@#.*#!-#$9!+**)3J!-#$!4+0$(!>3$0.*-$0!-#.6!*(.&$!-+!3$6)(-!.&!/!a_U;0/9!
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/&0! ]+3@.*#!b0/3D!83$9cJ!/&0!#.8#!0+34/&*9!.&!Y/($&*./!b?(/*Dc!b5.8)3$!TT/cM!

"#$3$'+3$J!-#$!+?6$32$0!8$+83/>#.*!0.6-3.?)-.+&!+'!/(($(.*!2/3./-.+&!.&!0+34/&*9!($2$(!

4/9! *+)&-$3/*-!$&2.3+&4$&-/(!$''$*-6!/&0!3$0)*$!(.'$ ;*9*($!($&8-#!2/3./-.+&!/*3+66!-#$!

6>$*.$6!3/&8$M!
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C+34/&*9!/(6+!>(/9$0!/!*3)*./(!3+($!.&!0$-$34.&.&8!-#$!>#$&+(+89!+'!(.'$ ;6-/8$!

-3/&6.-.+&6M!C.''$3$&-!($2$(6!+'!0+34/&*9!3$6)(-$0!.&!/!@.&-$3;/&&)/(!(.'$!*9*( $!.&!
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b5.8)3$!TRJ!5.8)3$!a`cJ!?)-!@$3$!+&(9!(.4.-$0!-+!-#/-!(.'$!*9*($!/-!#.8#$3!0+34/&*9!($2$(6M!!

%&!]+3@.*#J!-#$!4.0;0+34/&*9!($2$(!*/&/(.A$0!-#$!(.'$!*9*($!-+!-#/-!+'!/!@.&-$3!

/&&)/(m!/((!6$$06!(+6-!0+34/&*9!/&0!8$34.&/-$0!0)3.&8!-#$!'/((J!($/2.&8!&+!.&0.2.0)/(6!

-+!8$34.&/-$!.&!-#$!6>3.&8!b5.8)3$!TRJ!5.8)3$!a`cM!^+@$2$3!.&!^/(($J!-#/-!6/4$!

>/3/4$-$3.A/-.+&!0.0!&+-!($/0!-+!/!*/&/(.A$0!@.&-$3;/&&)/(!(.'$!*9*($!?$*/)6$!-#$!#.8#!

0+34/&*9!*/)6$0!>3+83$66.2$(9!(/-$3!8$34.&/-.+&!$/*#!9$/3J!($/0.&8!-+!/!83/0)/(!*#/&8$!

.&!-#$!(.'$!*9*($!'3+4!/!@.&-$3!/&&)/(!-+!/!6)44$3! /&&)/(!+2$3!-#$!*+)36$!+'!-#$!

6.4)(/-.+&!b 5.8)3$!aam!-#.6!>#$&+(+8.*/(!.&6-/?.(.-9!/(6+!+**)33$0!/-!/!'$@!+-#$3!

(+*/-.+&g>/3/4$-$3!*+4?.&/-.+&6cM!:+@$3.&8!-#$!0+34/&*9!($2$(!'3+4!} mean!+'!TMRU!-+!

SM`ZU!bUS!26M!aU!0/96!-.((!USp!8$34.&/-.+&c!#+@$2$3J!0.0!*/&/(.A$!/!@.&-$3;/&&)/(!(.'$!

*9*($M!"#)6J!64/((!0.''$3$&*$6!.&!$&2.3+&4$&-!be.g.!?$-@$$&!]+3@.*#!/&0!^/(($c!*/&!($/0!

-+!03/4/-.*!0.''$3$&*$6!.&!(.'$ ;*9*($!>#$&+(+89!$2$&!.'!(.'$;*9*($!($&8-#!.6!>3$0.*-$0!-+!

3$4/.&!)&*#/&8$0 M!
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Comparing  Model  Results  to  Observed  Life-­‐‑Cycle  Variation  

B$*/)6$!@$!D&+@!-#$!>/3/4$-$3!*+4?.&/-.+&6!-#/-!+'-$&!+**)3!.&!&/-)3/(!

>+>)(/-.+&6!/-!$/*#!(+*/-.+&J!@$!&$=-!*+4>/3$0!+)3!>3$0.*-.+&6!-+!D&+@&!(.'$!*9*($6!+'!

&/-)3/(!>+>)(/-.+&6M!%&!-#$!'/3!&+3-#J!4/&9!>+>)(/-.+&6!#/2$!#.8#!.&.-./(!'(+3/(!

3$>3$66.+&!/&0!(+@!0+34/&*9!bH-@$((!$-!/(M!RSTSm!B3/*#.!$-!/(M!RSTScM!"#$!4+0$(!

>3$0.*-$0!-#.6!>/3/4$-$3.A/-.+&!.&!X)()J!5.&(/&0!@+)(0!3$6)(-!.&!/!3+6$--$;0+4.&/-$0J!

@.&-$3;/&&)/(!(.'$!*9*($!b 5.8)3$!TRJ!?+--+4!($'-c!4/-*#.&8!+?6$32/-.+&6!+'!>+>)(/-.+&6!

&$/3!X)()M!!%'!'(+3/(!3$>3$66.+&!($2$(6!@$3$!(+@J!4/&9!.&0.2.0)/(6!'(+@$3$0!.&!-#$!'/((!

0)$!-+!-#$!6-3+&8!>3+4+-.+&!+'!'(+@$3.&8!?9!(+&8!>#+-+>$3.+06M!"#)6J!.&!&+3-#$3&!

1)3+>$!#.8#!'(+3/(!3$>3$66.+&!4/9!>3$2$&-!'/((!'(+@$3.&8M!!!

%&!(+@(/&0!K>/.&J!&/-)3/(!/**$66.+&6!/3$!4+6-!+'-$&!6-3+&8(9!0+34/&-!bH-@$((!$-!

/(M!RSTSm!<#./&8!$-!/(M!RSTTc!/&0!#/2$!#.8 #!.&.-./(!'(+3/(!3$>3$66.+&!bL$&0$A;Y.8+!$-!/(M!

RSTTcM!%&!+)3!6.4)(/-.+&6J!-#.6!>/3/4$-$3.A/-.+&!3$6)(-$0!.&!/!6$$0;0+4.&/-$0J! @.&-$3;

/&&)/(!(.'$!*9*($!b 5.8)3$!TRJ!-+>!3.8#-c!6.4.(/3!-+!-#/-!+?6$32$0!.&!K>/&.6#!>+>)(/-.+&6M!

:+@!0+34/&*9!3$6)(-$0!.&!$/3(.$3!8$34.&/-.+&!/&0!'(+@$3.&8!@.-#!/!64/((!>3+>+3-.+&!+'!

-#$!>+>)(/-.+&!*+4>($-.&8!/!8$&$3/-.+&!.&!-#$!6)44$3J!@#.($!0$*3$/6$6!.&!'(+3/(!

3$>3$66.+&!($0!-+!>3+83$66.2$(9!$/3(.$3!'(+@$3.&8!.&!-#$!@.&-$3!b5.8)3$!R_cM!!

H-!4.00($!(/-.-)0$6J!2/3./-.+&!.&!'(+3/(!3$>3$66.+&!/&0!0+34/&*9!>/3/4$-$36!.6!

(/38$!b:$!<+33$!RSSUm!H-@$((!$-!/(M!RSTSm!B3/*#.!$-!/(M!RSTScM!%&!6+4$!(+*/-.+&6J!*/&/(.A$0!

@.&-$3;/&&)/(!(.'$!*9*($6!/3$!+?6$32$0!.&!&/-)3/(!>+>)(/-.+&6!/&0!.&!+-#$36!4) (-.>($!
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5.8)3$!TRF 1''$*-!+&!(.'$ ;6-/8$!>#$&+(+89!+'!/(-$3.&8!0+34/&*9!($2$(!.&!/!#.8#h
' (+3/(!3$>3$66.+&!?/*D83+)&0M!L+2.&8!'3+4!3.8#-!-+!($'-!*#/&8$6!(+*/-.+&J!/&0!4+2.&8!
'3+4!-+>!-+!?+--+4!2/3.$6!0+34/&*9!($2$(M!5+3!$/*#!83/>#J!0.6-/&*$!'3+4!-#$!*$&-$3!+'!

-#$!*.3*($!.&0.*/-$6!-#$!>3+>+3-.+&!+'!.&0.2.0)/(6!.&!/!8.2$&!(.'$!6-/8$J!O/&)/39!T!+**)36!/-!
a!+e*(+*DJ!/&0!-#$!9$/3!4+2$6!*(+*D@.6$M!H((!83/>#6!/3$!.0$&-.*/((9!6*/($0!6+!-#/-!-#$!

+)-$34+6-!0./4$-$3!3$>3$6$&-6!TSSp!+'!.&0.2.0)/(6M!:+@h'(+3/(!3$>3$66.+&!3$6)(-6!0.''$3!
.&!64/((!@/96!/&0! /3$!.&!5.8)3$!R_M!K$$!5.8)3$!a\ !'+3!/!*+ (+3!2$36.+&!
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"39+8993/5 !

C$6>.-$!$=-$&6.2$!D&+@($08$!+'!8$&$-.*!2/3./-.+&!.&!A.  thalianaJ!2$39!(.--($!.6!

D&+@&!/?+)-!#+@!-#.6!2/3./-.+&!.6!4/&.'$6-!/6!>#$&+-9>.*!2/3./-.+&!/*3+66!-#$!6>$*.$6e!

3/&8$M!P$!)6$0!/!4+0$(!-+!>3$0.*-!3$/*-.+&!&+346!'+3!6>$*.'.*!A.  thaliana!8$&+-9>$6!.&!

3$6>+&6$!-+!*+4>($=!$&2.3+&4$&-6M!"#$!4+0$(!>3$0.*-$0!@.0$!2/3./-.+&!.&!(.'$;*9*($!

>#$&+(+89!/*3+66!(+*/-.+&6!/&0!>/3/4$-$3.A/-.+&6J!/&0!-#$!>3$0.*-.+&6!'+3!i8$&+-9>$6j!

D&+@&!-+!$=.6-!.&!$/*#!(+*/-.+&!?3+/0(9!4/-*#$0!D&+@&!>/--$3&6!+'!>#$&+(+89!.&!6.-)M!

"#.6!3$6)(-!6)88$6-6!-#/-!696-$46!+'!$&2.3+&4$&-/((9!3$8)(/-$0!>#$&+(+89!/3$!#.8#(9!

$''$*-.2$!/-!3$6-3.*-.&8!(.'$!6-/8$6!-+!+**)3!+&(9!/-!>/3-.*)(/3!-.4$6!+'!9$/3!$2$&!@.-#+)-!

6$/6+&/(!$&-3/.&4$&-!?9!4+3-/(.-9!/&0!'$*)&0.-9!>3+*$66$6M!:.'$;*9*($!($&8-#!@/6!

6#/>$0!?9!$&2.3+&4$&-/(!*+&0.-.+&6J!.&.-./(!>3.4/39!0+34/&*9!($2$(J!/&0!-+!/!($66$3!

$=-$&-!.&.-./(!'(+3/(!3$>3$66.+&M!"#$!4+0$(!/(6+!>3$0.*-$0!-#/-!/!D&+@&!8$&$-.*!*(.&$!.&!

0+34/&*9!.6!$=>$*-$0!-+!.&-$3/*-!@.-#!(+*/(!$&2.3+&4$&-/(!*+&0.-.+&6!.&!/!4/&&$3!-#/-!

3$0)*$6!2/3./-.+&!.&!8$&$3/-.+&!-.4$!/*3+66!-#$!(/-.-)0.&/(!3/&8$!+' !A.  thalianaM!

Life-­‐‑Cycle  Plasticity  of  HM!-#/(./&/!

C.2$36$!$&2.3+&4$&-/(!*+&0.-.+&6!b-$4>$3/-)3$J!4+.6-)3$J!/&0!>#+-+>$3.+0c!

/*3+66!A.  thaliana’s  3/&8$!6-3+&8(9!.&'()$&*$0!>#$&+(+89!/&0!8$&$3/-.+&!-.4$M!"#$!

$&2.3+&4$&-/(!6$&6.-.2.-9!b>(/6-.*.-9c!+'!-#.6!6>$*.$6!&+-!+&(9!8$&$3/-$0!(.'$;*9*($!

2/3./-.+&!?$-@$$&!(+*/-.+&6J!.-!/(6+!8$&$3/-$0!'+3!/!6.&8($!8$&+-9>$!4.=-)3$6!+'!(.'$!

*9*($6!@.-#.&!/!(+*/-.+&M!"#$6$!>#$&+(+8.*/(!4.=-)3$6!+**)33$0!/*3+66!/!0.2$36.-9!+'!(.'$;



!

`_ !

*9*($!($&8-#6M!%&!/((!(+*/-.+&6!-#$!4+0$(!>3$0.*-$0!-#/-!6+4$!.&0.2.0)/(6!@+)(0!

8$34.&/-$!.&!-#$!'/((!/&0!'(+@$3!.&!-#$!6>3.&8!b/&!+2$3@.&-$3.&8!(.'$!*9*($cm!#+@$2$3!-#$.3!

+''6>3.&8!0.0!&+-!&$*$66/3.(9!$=>3$66!-#/-!6/4$!(.'$!*9*($M!5+3!.&6-/&*$J!?$*/)6$!+'!

@.-#.&;*+#+3-!0+34/&*9!2/3./-.+&!6+4$!4.8#-!8$34.&/-$!(/-$!.&!-#$!6>3.&8!.&!@#.*#!

-#$9!@$3$!0.6>$36$0!/&0!+-#$36!4/9!@/.-!)&-.(!-#$!'+((+@.&8!'/((M!"#$!.0$/!-#/-!/!6.&8($!

8$&+-9>$!*/&!>3+0)*$!4.=-)3$6!+'!(.'$!*9*($6!.6!6)>>+3-$0!$4>.3.*/((9!.&!A.  thaliana  

>+>)(/-.+&6! b"#+4>6+&!T\\[m!C+&+#)$!RSS\m!L+&-$6.&+6;]/2/33+!$-!/(M!RSTRm!7.*+!RSTRc!

/&0!#/6!?$$&!6)88$6-$0!/6!/!?$-;#$08.&8!6-3/-$89!.&!+-#$3!696-$46!bB3/0'+30!/&0!N+''!

T\\Zm!^$!$-!/(M!RSTScM!E&0$36-/&0.&8!-#$!*/)6$6!/&0!/0/>-.2$!6.8&.'.*/&*$!+'!-#.6!

2/3./-.+&!>3$6$&-6!/!*+4>$((.&8!*#/(($&8$!'+3!')-)3$!3$6$/3*#M!

Predicted  Effects  of  Allelic  Variation  

X2$3/((J!.&.-./(!'(+3/(!3$>3$66.+&!($2$(!b3$6$4?(.&8!/(($(.*!2/3./-.+&!.&!

FRIGIDA/FLCc!#/0!/!64/(($3!$''$*-!+&!(.'$ ;*9*($!($&8-#!-#/&!0+34/&*9!>/3-(9!?$*/)6$!

(+&8$3!2$8$-/-.2$!>$3.+06!@$3$!*+4>$&6/-$0!'+3!?9!6#+3-$3!3$>3+0)*-.2$!>$3.+06M!5(+3/(!

3$>3$66.+&!0.0J!#+@$2$3J!/(-$3!-#$!/4+)&-!+'!-.4$!6>$&-!.&!-#$!2$8$-/-.2$!6-/8$M!

%&*3$/6.&8!'(+3/(!3$>3$66.+&!6#.'-$0!/!>+3-.+&!+'!-#$!>+>)(/-.+&!-+!/!@.&-$3;/&&)/(!(.'$!

*9*($J!?)-!)&($66!'(+3/(!3$>3$66.+&!($2$(6!@$3$!$=-3$4$(9!#.8#!.-!3/3$(9!*/&/(.A$0!-#/-!(.'$!

*9*($M!"#$3$'+3$J!+)3!3$6)(-6!0+!&+-!6)>>+3-!-#$!#9>+-#$6.6!-#/-!'(+3/(!3$>3$66.+&!($2$(6!

6.4.(/3!-+!-#+6$!-9>.*/((9!+?6$32$0!.&!&/-)3/(!>+>)(/-.+&6!/3$!*/>/?($!+'!*/&/(.A.&8!/!

@.&-$3;/&&)/(!(.'$!*9*($!/*3+66!-#$!3/&8$!+'!A.  thaliana!bK.4>6+&!/&0!C$/&!RSSRm!



!
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L.*#/$(6!$-!/(M!RSSac!+3!-#/-!3$0)*$0!'(+3/(!3$>3$66.+&!#/6!3$>$/-$0(9!$2+(2$0!-+!*3$/-$!

i3/>.0!*9*(.&8j!>+>)(/-.+&6! b"++4/W./&!$-!/(M!RSS_cM!X&!/!*/)-.+&/39!&+-$J!@$!+&(9!

-$6-$0!+&$!>/3/4$-$3!3$(/-$0!-+!@.&-$3!*#.((.&8F!.&.-./(!'(+3/(!3$>3$66.+&M!%-!.6!>+66.?($!-#/-!

+-#$3!>/3/4$-$36!6)*#!/6!-.4$!-+!@.&-$3!*#.((.&8!6/-)3/-.+&!bK#.&0+!RSSUc!+3!-$4>+3/(!

09&/4.*6!+'!2$3&/(.A/-.+&!-#/-!/3$!&+-!.&*()0$0 !.&!-#$!4+0$(!b<#$@!$-!/(M!RSTRc!*+)(0!

*+&-3.?)-$!-+!+?6$32$0!*(.&/(!2/3./-.+&!.&!'(+@$3.&8!-.4$!.&!&/-)3/(!>+>)(/-.+&6!b</.*$0+!

RSS[m!K-.&*#*+4?$!$-!/(M!RSSUc!/&0!.&'()$&*$!(.'$!*9*($6!-+!/!(/38$3!$=-$&-M!!

X)3!3$6)(-6!/00 !6)>>+3-!-+!4+)&-.&8!$2.0$&*$!.&!-#.6!6>$*.$6!-#/-!0+34/&*9!

($2$(6!.&'()$&*$!(.'$;*9*($!>#$&+(+89!/&0!($&8-#!b<#./&8!$-!/(M!RSTRm!L+&-$6.&+6;]/2/33+!

$-!/(M!RSTRm!7.*+!RSTRm!5++-.--!$-!/(M!RSTacM!%&.-./(!>3.4/39!0+34/&*9!($2$(!6-3+&8(9!

.&'()$&*$0!-#$!(.'$!*9*($!$=>3$66$0!@.-#.&!/!>+>)(/-.+&!/&0!-#$!&)4?$3!+'!8$&$3/-.+&6!

*+4>($-$0!.&!/!9$/3M!5)3-#$3J!+)3!4+0$(6!/83$$!@.-#!-#$!>3+>+6.-.+&!-#/-!6+4$!

8$&+-9>$6!+'!A.  thaliana!4/9!#/2$!8$&$3/-.+&!-.4$6!+'!)>!-+!a ;[!9$/36!.&!&+3-#$3&!1)3+>$!

b:)&0$4+!$-!/(M!RSS\cM!B$*/)6$!+'!-#$!6#+3-!83+@.&8!6$/6+&!.&!X)()J!3$(/-.2$(9!(+@!

0+34/&*9!($2$(6!*/&!6-.((!3$6)(-!.&!8$&$3/-.+&!-.4$6!(+&8$3!-#/&!+&$!9$/3!0$6>.-$!-#$!'/*-!

-#/-!@$!/3$!(.D$(9!)&0$3$6-.4/-.&8!(.'$;*9*($!($&8-#!?9!'+*)6.&8!+&!6$$0!09&/4.*6!+&!-#$!

6+.(!6)3'/*$!bi.e.!@$!+&(9!4+0$(!>#96.+(+8.*/((9!0+34/&-!6$$06J!&+-!6$$06!-#/-!/3$!

0+34/&-!?$*/)6$!+'!?)3./(cM   

:/6-(9J!+)3!3$6)(-6!6)88$6-!-#/-!-#$!+?6$32$0!]+3-#!-+!K+)-#!0+34/&*9!*(.&$!.&!A.  

thaliana!4/9!?)''$3!-#$!$''$*-!+'!$&2.3+&4$&-/(!2/3./?.(.-9!+&!(.'$ ;*9*($!($&8-#!b<+&+2$3!



!
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/&0!K*#)(-A!T\\Um!!'+3!$=/4>($6!H3$&0-!/&0!P.(6+&!T\\\m!<+(/)--.!$-!/(M!RSS\cM!"#$!

0+34/&*9!*(.&$!.6!>3$0.*-$0!-+!>3+0)*$!/&!/&&)/(!(.'$!*9*($!/-!/((!'+)3!6.-$6J!3$0)*.&8!

0.''$3$&*$6!.&!(.'$;*9*($!($&8-#!/*3+66!$&2.3+&4$&-6M!N$*$&-(9!(/-.-)0.&/(!bP/84/&&!$-!

/(M!RSTRc!/&0!/(-.-)0.&/(! b5$3&~&0$A;7/6*)/(!$-!/(M!RSTac!0+34/&*9!*(.&$6!.&!-#$!6/4$!

0.3$*-.+&!#/2$!?$$&!'+)&0!.&!+-#$3!6>$*.$6!6)88$6-.&8!-#/-!-#.6!4/9!?$!/!*+44 +&!

4$*#/&.64!+'!(.'$ ;*9*($!*+&-3+(!/*3+66!(/-.-)0$6M!!%&!6)4J!*/3$')(!@+3D!+&!0+34/&*9!.&!

-#.6!6>$*.$6!4/9!)&-/&8($!-#$!*/)6$6!+'!(.'$ ;*9*($!2/3./-.+&M!!

Model  Applications    

"#$!4+0$(.&8!'3/4$@+3D!@$!0$4+&6-3/-$!#$3$!*/&!*3$/-$!>3$0.*-.+&6!+'!@#.*#!

$&2.3+&4$&-6!3$2$/(!/&0!@#.*#!4/6D!8$&$-.*!0.''$3$&*$6J!>3+2.0.&8!/&!)&)6)/(!-++(!'+3!

>3$0.*-.&8!$&2.3+&4$&-;0$>$&0$&-!8$&+-9>.*!$''$*-6M!"#.6!.6!.4>+3-/&-!?$*/)6$!-#$!

$&2.3+&4$&-!#/6!?$$&!'+)&0!-+!6-3+&8(9!.&'()$&*$!-#$!>#$&+-9>.*!*+&6$Q)$&*$!+'!/(($(.*!

2/3./-.+&M!5+3!.&6-/&*$!.&!A.  thalianaJ!4/&9!'(+@$3.&8!/&0!8$34.&/-.+&!V":6!/3$!

$&2.3+&4$&-;6>$*.'.*!?+-#!.&!*+&-3+(($0!$&2.3+&4$&-!bH-@$((!$-!/(M!RSTSm!^)/&8!$-!/(M!

RSTSm!:.!$-!/(M!RSTSc!/&0!'.$(0!$=>$3.4$&-6!bP.(*A$D!$-!/(M!RSS\m!z83$&!/&0!K*#$46D$!

RSTRm!5+)3&.$3;:$2$(!$-!/(M!RSTacM!%&!-#.6!6-)09J!@$!>3$0.*-!/(($(.*!2/3./-.+&!.&!>3.4/39!

0+34/&*9!($2$(!-+!#/2$!/!(/38$3!>#$&+-9>.*!$''$*-!.&!&+3-#$3&!6.-$6!-#/&!6+)-#$3&!6.-$6M!

B9!>3$0.*-.&8!4)(-.>($!>#$&+-9>$6J!-#.6!/>>3+/*#!*+)(0!/(6+!/.0!.&!)&0$36-/&0.&8!

8$+83/>#.*!>/--$3&6!+'!*+;2/3./-.+&!/4+&8!-3/.-6!/&0!-#$.3!3$(/-.+&6#.>!@.-#!

$&2.3+&4$&-/(!2/3./-.+&M!5+3!.&6-/&*$J!4+0$(.&8!4/9!#$(>!)&0$36-/&0!-#$!3$*$&-(9!



!
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0$6*3.?$0!(/-.-)0.&/((9 ;0$>$&0$&-!3$(/-.+&6#.>6!/4+&8!'(+@$3.&8!-.4$J!6$$0!0+34/&*9J!

/&0!83+@-#!3/-$!.&!-#.6!6>$*.$6!bC$?.$)!$-!/(M!RSTacM!

"#.6!/>>3+/*#!*/&!/(6+ !>3$0.*-!>($.+-3+>.*!$''$*-6!+'!/(($(.*g>/3/4$-$3!*#/&8$6!+&!

6)?6$Q)$&-!(.'$;6-/8$!-3/&6.-.+&6M!7($.+-3+>9!+**)36!@#$&!/!6.&8($!/(($($!.&'()$&*$6!4+3$!

-#/&!+&$!-3/.-M!P#.($!-#.6!*/&!+**)3!-#3+)8#!/!0.3$*-!$''$*-!+'!-#$!8$&$!+&!?+-#!-3/.-6J!.-!

*/&!/(6+!+**) 3!?$*/)6$!+&$!-3/.-!*#/&8$6!-#$!$&2.3+&4$&-!-#/-!0$-$34.&$6!/!6)?6$Q)$&-!

>(/6-.*!-3/.-M!"#.6!•$&2.3+&4$&-/((9;.&0)*$0•!>($.+-3+>9!bC+&+#)$!RST[c!.6!

/**+44+0/-$0!&/-)3/((9!?9!-#$!6-3)*-)3$!+'!-#$!.&-$83/-$0!4+0$(M!5+3!.&6-/&*$J!-#$!

4+0$(!+'! A.  thaliana!>3$0.*-6!-#/-!*#/&8$6!.&!6$$0!0+34/&*9!@.((!/(-$3!-#$!/4+)&-!+'!

-.4$!6>$&-!.&!/((!-#3$$!(.'$!6-/8$6!/&0!')3-#$3!6)88$6-6!-#/-!3$0)*-.+&6!.&!3$>3+0)*-.2$!

>$3.+0!@.((!*+4>$&6/-$!'+3!.&*3$/6$6!.&!2$8$-/-.2$!>$3.+0!0)$!-+!.&*3$/6.&8!'(+3/(!

3$>3$66.+&!($2$(6M!!K)*#!>($.+-3+>9!/&0!*+4>$&6/-+39!3$6>+&6$6!?$-@$$&!(.'$;6-/8$!

($&8-#6!@$3$!3$>+3-$0!'3+4!/!3$*$&-!'.$(0!$=>$3.4$&-!@.-#!A.  thaliana!b<#./&8!$-!/(M!

RSTRcM!!

:/6-(9J!-#$6$!4+0$(6!/3$!@$((!6).-$0!-+!$&*/>6)(/-$!.&0.2.0)/( ;($2$(!-3/.-!

2/3./-.+&J!/6!@$!0+!#$3$!?9!.&*()0.&8!2/3./&*$!.&!.&.-./(!0+34/&*9!($2$(M!K)*#!2/3./-.+&!

*/&!>(/9!/&!.4>+3-/&-!3+($!.&!+38/&.64/(!6)**$66J!>/3-.*)(/3(9!.&!3$6>+&6$!-+!6-+*#/6-.*!

$&2.3+&4$&-/(!2/3./-.+&!bB3+@&!/&0!Y$&/?($!T\`_m!K.4+&6!RSSZcM!%&!6)4J!.&-$83/-.&8!

>#$&+(+89!4+0$(6!>3+2.0$6!&+2$(!>$36>$*-.2$6!+&!-#$!3$(/-.+&6#.>!?$-@$$&!8$&$6!/&0!

$&2.3+&4$&-M!



!
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Future  Directions  

"#$!>#$&+(+8.*/(!4+0$(6!.4>($4$&-$0!#$3$!/3$!.&-$&0$0!-+!?$!>/3-!+'!/&!

.-$3/-.2$!4+0$(.&8!>3+*$66m!/6!D&+@($08$!+'!)&0$3(9.&8!0$2$(+>4$&-/(!>3+*$66$6!/&0!

?/*D83+)&0!6>$*.'.*!$'' $*-6!83+@6!-#$9!@.((!?$!3$'.&$0!/&0!.4>3+2$0M!!%&!'/*-J!-#$!

'(+@$3.&8!4+0$(!)6$0!#$3$!#/6!/(3$/09!?$$&!/)84$&-$0!-+!.&*()0$!/00.-.+&/(!8$&$-.*!

$''$*-6!b<#$@!$-!/(M!RSTRc!/(-#+)8#!-#$6$!/00.-.+&6!0+!&+-!Q)/(.-/-.2$(9!*#/&8$!+)3!

3$6)(-6M!P#.($!6$2$3/(!>3+*$66$6!-#/-!4/9!>(/9!/!3+($!.&!(.'$!*9*($6!@$3$!+4.--$0!#$3$J!

6-/3-.&8!'3+4!6.4>($3!4+0$(6!'/*.(.-/-$6!.&-$3>3$-/-.+&!/&0!*3$/-$6!/!&)((!?/6$(.&$!'+3!

*+4>/3.6+&!@.-#!4+3$!*+4>($=!2$36.+&6M!!

H6!@$!4+2$!'+3@/30J!-#$!&$=-!6-$>!.6!-+!/)84$&-!-#$!8$34.&/-.+&!'+34)(/-.+&6J!

-$6-!4+0$(!>3$0.*-.+&6!$4>.3.*/((9!)&0$3!6$/6+&/((9!2/3./?($!*+&0.-.+&6!)6.&8!8$&+-9>$6!

-#/-!0.''$3!.&!>#96.+(+8.*/(!6$&6.-.2.-.$6J!/&0!$=>(+3$!8$&+-9>.*!'.-&$66!8.2$&!

$&2.3+&4$&-;0$>$&0$&-!6)32.2/(!/&0!'$*)&0.-9M!^9>+-#$6$6!6)88$6-$0!?9!-#$!4+0$(!

*/&!?$!-$6-$0!@.-#!]%:6!.&!-#$!<+()4?./!?/*D83+)&0!@.-#!/(($($6!.&-3+83$66$0!-#/-!/(-$3!

'(+@$3.&8!+3!8$34.&/-.+&!-.4.&8M!%&!>/3-.*)(/3J!$=>(+3/-.+&6!+'!#+@!6$*+&0/39!0+34/&*9!

*9*(.&8!bi.e.!4$*#/&.646!-#/-!*#/&8$!0+34/&*9!($2$(6!?/6$0!+&!-#$!$&2.3+&4$&-!/'-$3!

0.6>$36/(c!/''$*-6!>#$&+(+89!4/9!?$!>/3-.*)(/3(9!.&'+34/-.2$M!:/6-(9J!?$*/)6$!+)3!*)33$&-!

D&+@($08$!+'!6$$0!09&/4.*6!.&!-#.6!6>$*.$6!.6!$=-3$4$(9!(.4.-$0J!-#$!'.-!+'!-#$!4+0$(!.6!

4+6-(9 !/66$66$0!2./!?$#/2.+3!+'!/?+2$83+)&0!(.'$!6-/8$6M!</3$')(!0$4+83/>#.*!@+3D!-#/-!

(.&D6!0.6>$36/(!/&0!8$34.&/-.+&!>#$&+-9>$6!@.((!?$!*3.-.*/(!-+!')-)3$!3$'.&$4$&-6M  



!

\T !

"#.6!4+0$(!0+$6!&+-!/003$66!-#$!>+-$&-./(!.&'()$&*$!+'!?.+-.*!.&-$3/*-.+&6!+&!-#$!

$=>3$66.+&!+'!>#$&+(+89!b1(A.&8/!$-!/(M!RSSZm!N$2.((/!$-!/(M!RST[cJ!/&0!-#.6!+''$36!/!3.*#!

/3$/!'+3!')-)3$!0$2$(+>4$&-M!^+@$2$3J!/6!6)88$6-$0!?9!P+(D+2.*#!$-!/(M!bRSTac!>(/&-6!

+'-$&!)6$!/?.+-.*!*)$6!-+!69&*#3+&.A$!+3!/2+.0!.&-$3/*-.+&6!@.-#!+-#$36J!6+!4+0$(.&8!

$''$* -6!+'!/?.+-.*!'/*-+36!*+)(0!>3+2.0$!.&'+34/-.+&!+&!-#$.3!*+33$6>+&0.&8!*+&6$Q)$&*$6!

'+3!?.+-.*!.&-$3/*-.+&6!bB3/*#.!$-!/(M!RSTRcM!E(-.4/-$(9J!.&*+3>+3/-.&8!$=>(.*.-!.&-3/;6>$*.'.*!

0$&6.-9;0$>$&0$&-!>3+*$66$6!@+)(0!?$!&$*$66/39!-+!')((9!$=>(+3$!-#$6$!09&/4.*6J!/&0!

6>$*.$6!.&-$3/*-.+&6!*+)(0!?$!/003$66$0!?9!(.&D.&8!%:<!4+0$(6!+'!0.''$3$&-!6>$*.$6M!!

"#$!8$&$3/(!.&-$83/-$0!/>>3+/*#!+'!(.&D.&8!>#$&+(+89!4+0$(6!/*3+66!(.'$!6-/8$6!

*+)(0!?$!/>>(.$0!-+!/&9!+38/&.64!@#+6$!(.'$!*9*($!.6!3$8)(/-$0!?9!$&2.3+&4$&-/(!'/*- +36M!

P$!*#+6$!-+!4+0$(!/&!+38/&.64!@#.*#!*/&!?$!$/6.(9!$=>$3.4$&-/((9!4/&.>)(/-$0!/&0!

'+3!@#.*#!4)*#!8$&$-.*!.&'+34/-.+&!$=.6-6J!?)-!/83+&+4.6-6!#/2$!?).(-!6)**$66')(!4+0$(6!

+'!>#$&+(+89!'+3!&)4$3+)6!>(/&-!/&0!.&6$*-!6>$*.$6!@.-#+)-!0$-/.($0!8$&$-.*!

D&+@($08$M!B$*/)6$!+'!-#.6!'($=.?.(.-9J!-#$!.&-$83/-$0!4+0$(.&8!/>>3+/*#!*+)(0!?$!)6$0!

-+!>3$0.*-!>+>)(/-.+&!+3!6>$*.$6!3$6>+&6$6!-+!')-)3$!*(.4/-.*!*+&0.-.+&6!+3!-+!/.0!

>3$0.*-.+&6!+'!@#.*#!6$/6+&/(!$&2.3+&4$&-/(!'/*-+36!/3$!4+6-!(.D$(9!-+!.&'()$&*$!

>/3-.*)(/3! (.'$!6-/8$6M!:/6-(9J!?$*/)6$!$=>$3.4$&-6!6-)09.&8!@#+($!(.'$!*9*($6!/3$!

$=-3$4$(9!-.4$;*+&6)4.&8!/&0!*#/(($&8.&8J!)6.&8!/!4+0$(.&8!/>>3+/*#!'.36-!*+)(0!

6)88$6-!#9>+-#$6$6!-#/-!*/&!-#$&!?$!-/38$-$0!'+3!-$6-.&8!.&!-#$!'.$(0M!



!

\R!

! !"The  E!"#$%&"'(")(S!"!#$!"$!%&"%! nnual  !"#$%&'()*+(
!"#$%&'()*+$,+-.*($/$01+'(2+&.*+-$&*(&3'/+,$%+- lasticity!

35:./"8+:3/5!:/!9252 9+25+2 !

K$&$6*$&*$J!/-!-#$!0$4+83/>#.*!($2$(J!.6!4$/6)3$0!/6!/!0$*(.&$!.&!6)32.2/(!b+3!

'$3-.(.-9c!@.-#!/8$!.&!/!8.2$&!$&2.3+&4$&-!/&0!.6!+?6$32$0!.&!4/&9!6>$*.$6!/*3+66!-#$!

-3$$!+'!(.'$!bO+&$6!$-!/(M!RST[m!])66$9!$-!/(M!RSTac!/(-#+)8#! .-!.6!*$3-/.&(9!&+-!)?.Q).-+)6!

>/3-.*)(/3(9!.&!>(/&-6!bB/)0.6*#!$-!/(M!RSTacM!"#.6!/-!'.36-!6$$46!6)3>3.6.&8!'3+4!/&!

$2+()-.+&/39!>$36>$*-.2$!?$*/)6$!@$!4.8#-!$=>$*-!6-3+&8!6$($*-.+&!'+3!+38/&.646!-+!(.2$!

/&0!3$>3+0)*$!'+3!(+&8$3!/&0!(+&8$3!-.4$!>$3.+06M!B)-!/6!.&.-./((9!&+-$0!?9!L$0/@/3J!

-#$!6.A$!+'!/!?.3-#!*+#+3-!.&$2.-/?(9!0$*(.&$6!@.-#!/8$!bL$0/@/3!T\URcJ!/&!+?6$32/-.+&!

@#.*#!>3+2.0$6!-#$!?/6.6!'+3!*(/66.*/(!)&0$36-/&0.&8!+'!-#$!$2+()-.+&!+'!6$&$6*$&*$!

b3$2.$@$0!.&!5(/--!/&0!K*#4.0-!RSS\m!N+/*#!RSSacM!"#$!3/3.-9!+'!+(0$3!.&0.2.0)/(6!4$/&6!

-#/-!?9!*#/&*$J!0$($-$3.+)6!4)-/-.+&6!-#/-!.&*3$/6$!4+3-/(.-9!+3!0$*3$/6$!'$*)&0.-9!.&!

+(0$3!.&0.2.0)/(6!*/&!8+!-+!'.=/ -.+&!bd4)-/-.+&!/**)4)(/-.+&ec!.&!/!>+>)(/-.+&M!K.4.(/3(9J!

8$&$-.*!*#/&8$6!-#/-!'/2+)3!6)32.2/(!+3!3$>3+0)*-.+&!/-!9+)&8$3!/8$6!/-!-#$!$=>$&6$!+'!

(/-$3!6)32.2/(!+3!3$>3+0)*-.+&!bd/&-/8+&.6-.*!>($.+-3+>9ec!@.((!?$!/?($!-+!6>3$/0!.&!-#$!

>+>)(/-.+&!?$*/)6$!6$ ($*-.+&!.6!&+-!/6!6-3+&8!.&!(/-$3!*+#+3-6!bP.((./46!T\UZcM!%&!

/00.-.+&J!3$*$&-!4+0$(6!?9!B/)0.6*#!#.8#(.8#-!-#$!.4>+3-/&*$!+'!-3/0$ ;+''6!?$-@$$&!

6)32.2/(!/&0!'$*)&0.-9!.&!0$-$34.&.&8! -#$!0.2$36.-9!+'!6$&$6*$&*$!>/--$3&6!+?6$32$0!



!

\a !

bB/)0.6*#!RSS`cM!%&!-#.6!*#/>-$3!@$!+)-(.&$!#+@!6$/6+&/(!$&2.3+&4$&-6!/&0!-#$6$!-3/0$;

+''6!4/9!.&'()$&*$!>/--$3&6!+'!6)32.2/(!@.-#!/8$M!

K$4$(>/3+)6!>(/&-6J!@#$3$!3$>3+0)*-.+&!.6!'/-/(J!/3$!/!)6$')(!696-$4!'+3!

$=>(+3.&8!-#$!>+-$&-./(!.4>+3-/&*$!+'!-3/0$;+''6!.&!>(/&-!6$&$6*$&*$!?$*/)6$J!.&!6+4$!

6$&6$J!-#$9!3$'($*-!-#$!$=-3$4$!+'!-#$!-3/0$;+''!*+&-.&))4F!2$39!#.8#!3$-)3&6!+'!'$3-.(.-9!

/3$!-#+)8#-!-+!3$6)(-!.&!(/*D!+'!.&2$6-4$&-!.&!6)32.2/(!/&0!-#$3$'+3$!'+3!$=-3/+30.&/3.(9!

#.8#!3/-$6!+'!6$&$6*$&*$!bf+)&8!T\\ScM!^+@$2$3J!3$*$&-!3$6$/3*#!6)88$6-6!-#/-!-#$!

-.4.&8!+'!-#$!+&6$-!/&0!3/-$!+'!6$&$6*$&*$!*/&!2/39!$2$&!'+3!6$4$(>/3+)6!>(/&-6M!5+3!

.&6-/&*$J!6+4$!6>$*.$6!0+!&+-!6-+>!>#+-+69&-#$6.A.&8!@#$&!-#$9!?$8.&!3$>3+0)*.&8J!/6!

@+)(0!?$!$=>$*-$0!.'!>(/&-6!/((+*/-$0!/((!3$6+)3*$6!-+@/30!3$>3+0)*-.+&!)>+&!'(+@$3.&8M!

%&!'/*-J!6+4$!6$4$(>/3+)6!>(/&-6!8/.&!-#$!4/W+3.-9!+'!-#$.3!*/3?+&!@#.($!-#$9!/3$!

3$>3+0)*.&8!bH6*#/&!/&0!7'/&A!RSSam!1/3($9!$-!/(M!RSS\m!,/44$(2.&0!$-!/(M!T\\_cM!

"#$3$'+3$J!$2$&!@.-#.&!/!6$4$(>/3+)6!(.'$!*9*($J!*+&-.&)$0!/?.(.-9!-+!6)32.2$!b0$(/9$0!

+&6$-!+'!6$&$6*$&*$c!@.((!)(-.4/-$(9!*3$/-$!4+3$!3$6+)3*$6!'+3!3$>3+0)*-.+&!/&0!-#)6!

83$/-$3!'$3-.(.-9M!%&!6)4J!0$6>.-$!-#$!'/*-!-#/-!3$>3+0)*-.+&!.6!'/-/(!.&!6$4$(>/3+)6!

+38/&.646J!-#$3$!.6!6-.((!-#$!>+-$&-./(!'+3!6$($*-.+&!'+3!(/-$3!+&6$-!+'!6$&$6*$&*$!+3!*#/&8$6!

.&!6$&$6*$&*$!>3+83$66.+&M!

K$/6+&/(!$&2.3+&4$&-/(!2/3./-.+&!*/&!*+)&-$3!6$($*-.+&!'+3!(+&8$3!3$>3+0)*-.+&!

/&0!0$(/9$0!6$&$6*$&*$M!1&2.3+&4$&-/(!*+&0.-.+&6!/3$!&+-!6-/-.*!.&!&/-)3/(!

$&2.3+&4$&-6J!/&0!*+&0.-.+&6!-#/-!($/0!-+!(+@!6)32.2/(!+'!3$>3+0)*.&8!>(/&-6!be.g.!'3+6-6!



!

\[ !

.&!@.&-$3J!03+)8#-!*+&0.-.+&6!.&!6)44$3c!+**)3!@.-#!#.8#!>3$0.*-/?.(.-9!.&!6+4$!

#/?.-/-6M!"#$6$!*#/&8$6!.&!-#$!$&2.3+&4$&-!*/&!6#.'-!4+3-/(.-9!/&0!'$*)&0.-9!3/-$6J!

>+-$&-./((9!*3$/-.&8!$&+34+)6!6$($*-.+&!-+!*+4>($-$!3$>3+0)*-.+&!@.-#.&!/!8.2$&!-.4$!

#+3.A+&M!"#$3$'+3$!-#$!$&2.3+&4$&-!*/&!*+)&-$3/*-!6$($*-.+&!'+3!(+&8$3!3$>3+0)*-.2$!

>$3.+06M!!

"#$!($&8-#!+'!-.4$!/!>(/&-!#/6!-+!3$>3+0)*$!.6!6-3+&8(9!.&'()$&*$0!?9!-#$!-.4.&8!

+'!'(+@$3.&8M!"#)6!'(+@$3.&8!-.4$!*+)(0!/(6+!6#/>$!-#$!*+&0.-.+&6!0)3.&8!@#.*#!

3$>3+0)*-.+&!b/&0!6$&$6*$&*$c!+**)36!bB)38#/30-!$-!/(M!RSTUcM!%&-3.8).&8(9J!8$&$-.*!*3+66;

-/(D!#/6!?$$&!'+)&0!?$-@$$&!8$&$6!-#/-!.&'()$&*$!'(+@$3.&8!-.4$!/&0!-#+6$!.4>(.*/-$0!.&!

6$&$6*$&*$!/-!-#$!@#+($!3+6$--$!($2$(!bP.&8($3!RSTTcM!B$*/)6$!'(+@$3.&8!-.4$!6-3+&8(9!

0$>$&06!+&!8$34.&/-.+&!-.4$!'+3!4/&9!/&&)/(!6>$*.$6J!8$&$-.*!+3!$&2.3+&4$&-/(!

2/3./-.+&!-#/-!.&'()$&*$6!8$34.&/-.+&!-.4$!*+)(0!/(6+!.&'()$&*$!6$&$6*$&*$!09&/4.*6M!"+!

+)3!D&+@($08$!&+!+&$!#/6!9$-!$=>(+3$0!-#.6!>+66.?.(.-9M!^$3$J!@$!6)88$6-!-#/-!Tc!-#$!

$&2.3+&4$&-/(!*+&-$=-!+'!3$>3+0)*-.+&!/&0!Rc!-#$!>#$&+(+89!+'!>3$2.+)6!(.'$!6-/8$6!4/9!

*+&-3.?)-$!-+!+?6$32$0!6$&$6*$&*$!>/--$3&6!.&!6$4$(>/3+)6J!/&&)/(!>(/&-6M!

C)$!-+!-#$.3!8$&$-.*!/&0!$=>$3.4$&-/(!-3/*-/?.(.-9J!>(/&-6!>3+2.0$!/&!)&>/3/(($($0!

+>>+3-)&.-9!-+!-$/6$!/>/3-!-#$!*+4>($=!'/*-+36!-#/-!0$-$34.&$!-#$!3$(/-.+&6#.>!?$-@$$&!

$&2.3+&4$&-/(!*+&-$=-!/&0!6$&$6*$&*$M!%&!-#.6!*#/>-$3J!@$!)6$!/&!.&-$83/-$0!(.'$;*9*($!

4+0$(!'+3!A.  thaliana!-+!.(()6-3/-$!#+@!6$/6+&/(!/&0!8$+83/>#.*!2/3./-.+&!/&0!>#$&+(+89!

6#/>$!-#$!6.A$!+'!-#$!@.&0+@!+'!+>>+3-)&.-9!'+3!3$>3+0)*-.+&M!"#$6$!3$6)(-6!6)88$6-!-#$!



!

\U!

>+-$&-./(!'+3!-#$!$&2.3+&4$&-!-+!4$0./-$!4$*#/&.646!)&0$3(9.&8!6$&$6*$&*$M!]$=-!@$!

3$>+3-!+&!3$*$&-!3$6$/3*#!.&-+!4$*#/&.646!+'!6$4$(>/3.-9!/&0!-.66)$;6>$*.'.*!6$&$6*$&*$!

>3+*$66$6J!#.8#(.8#-.&8!-#$!$&2.3+&4$&-/(!0$>$&0$&*9!+'!-#$6$!4$*#/&.646M!P$!*(+6$!

?9!+)-(.&.&8!&$=-!6-$>6!.&!$2/()/-.&8!-#$!4$*#/&.646!?9!@#.*#!-#$!$&2.3+&4$&-!

.&'()$&*$6!-#$!$2+()-.+&!+'!6$&$6*$&*$M!!

92;27<0./89!<705:9!0 9!0 !; /"27!6/.!:=2!
2513./5;25:07!"2<25" 25+2!/6!92529+25+2 !

K$4$(>/3.-9!b/(6+!D&+@&!/6!4+&+*/3>9!.&!>(/&-6cJ!+3!/!(.'$!#.6-+39!@#$3$!

3$>3+0)*-.+&!.6!'/-/(J!8$&$3/-$6!/!*(/66.*!(.'$;#.6-+39!>/3/0+=l :/4+&-!<+($!'.36-!

6)88$6-$0!.&!T\U[!-#/-!6$4$(>/3.-9J!3/-#$3!-#/&!.-$3+>/3.-9!b4)(-.>($!3$>3+0)*-.2$!

?+)-6cJ!6#+)(0!?$!-#$!&+34F!/!6$4$(>/3+)6!>(/&-!+&(9!&$$06!-+!>3+0)*$!+&$!4+3$!6$$0!

-#/&!/&!.-$3+>/3+)6!>(/&-!-+!4/-*#!.-6!3$>3+0)*-.2$!+)->)-!b<+($!T\U[cM!f$-J!?+-#!(.'$!

#.6-+3.$6!*/&!?$!+?6$32$0!.&!&/-)3$M!<#/3&+2!/&0!K*#/$''$3!3$6+(2$0!-#$!>/3/0+=J!

>+.&-.&8!+)-!-#/-!6)32.2/(!+'!/0)(-6!.&!4/&9!6>$*.$6!.6!#.8#$3!-#/&!6)32.2/(!+'!W)2$&.($6m!

*+&6$Q)$&-(9J!3$-)3&6!'3+4!3$-/.&.&8!/0)(-6!/3$!83$/-$3!-#/&!>3+0)*.&8!+&$!$=-3/!6$$0!

bT\ZacM!"#.6!-#$+39!6)88$6-6!-#/-!-#$!$&2.3+&4$&-!.&!@#.*#!/!6>$*.$6!.6!'+)&0!*+)(0!

.&'()$&*$!@#$-#$3!.-!#/6!/!6$4$(>/3+)6!+3!.-$3+>/3+)6!(.'$!*9*($M!H6!>3$0.*-$0J!

6$4$(>/3+)6!+38/&.646!/3$!+'-$&!'+)&0!.&!*+&-$=-6!@#$3$!6)32.2/(!+'!/0)(-6!.6!(+@!6)*#!

/6!.&!039!(+@(/&06!bI.4!/&0!C+&+#)$!RSTTc!+3!.&!(.'$!*9*($6!@.-#!3.6D9!(+&8;0.6-/&*$!

4.83/-.+&!/6!.6!-#$!*/6$!.&!6/(4+&.0!'.6#$6 !b<3$6>.!/&0!"$+!RSSRcM!H00.-.+&/((9J!$2.0$&*$!



!

\_ !

#/6!?$$&!'+)&0!+'!3$>$/-$0!-3/&6.-.+&6!-+!-#$!6$4$(>/3+)6!#/?.-!.&!/66+*./-.+&!@.-#!

6$/6+&;6>$*.'.*!*(.4/-$!2/3./-.+&!b12/&6!$-!/(M!RSSUcM!

B$9+&0!-#$!.&-3.8).&8!$2+()-.+&/39!'/*-!+'!-#$.3!$=.6-$&*$J!-#$!6.4>(.*.-9!+'!-#$!

6$4$(>/3+)6!(.'$!*9*($!4/D$6!-#$4!/!)&.Q)$!3$6+)3*$!'+3!6-)0.$6!+'!(.'$ ;#.6-+39!$2+()-.+&!

bO+&8!$-!/(M!RSSSm!I(.&D#/4$3!$-!/(M!T\\_cM!L)*#!+'!-#.6!3$6$/3*#!#/6!?$$&!+&!-#$!

$2+()-.+&!+'!-#$!-.4.&8!+'!'(+@$3.&8M!"#$!($&8-#!+'!-.4$!6>$&-!.&!-#$!2$8$-/-.2$!6-/8$!

?$'+3$!'(+@$3.&8!0$-$34.&$6!@#$-#$3!/!>(/&-!.6!/!6$4$(>/3+)6!/&&)/(!bt!T!9$/3c!+3!/!

6$4$(>/3+)6!>$3$&&./(!bv!T!9$/3cM!B$*/)6$!'(+@$3.&8!.6!'/-/(J!'(+@$3.&8!-.4$!.6!?+-#!

)&0$3!6-3+&8!6$($*-.+&!/&0!8$&$3/((9!-#$!3$6)(-!+'!/!3$(/-.2$(9!6-3/.8#-'+3@/30!-3/0$;+''M!

"#$!(+&8$3!.&0.2.0)/(6!(.2$!?$'+3$!'(+@$3.&8J!-#$!(/38$3!-#$9!83+@J!/&0!-#$!4+3$!6$$06!

-#$9!>3+0)*$J!0)$!-+!/&!/((+4$-3.*!3$(/-.+&6#.>!?$-@$$&!6.A$!/&0!6$$0!+)->)-!

bI(.&D#/4$3!$-!/(M!T\\RcM!^+@$2$3J!.'!-#$!0$(/9!?$'+3$!'(+@$3.&8!.6!-++!(+&8J!-#$3$!.6!/!

3.6D!-#/-!.&0.2.0)/(6!@.((!0.$!@.-#+)-!$2$3!#/2.&8!3$>3+0)*$0!bL$-*/('!$-!/(M!RSSacM!"#)6J!

8.2$&!6)''.*.$&-!0$4+83/>#.*!0/-/!+&!/!>/3-.*)(/3!6>$*.$6J!-#$!6.A$!/-!'(+@$3.&8!*/&!?$!

>3$0.*-$0!@.-#!*+&6.0$3/?($!/**)3/*9!bN$$6!$-!/(M!RSS_cM!

H6!/!6$4$(>/3+)6!>(/&-J!/&0!/!)&.Q)$(9!8$&$-.*/((9!@$(( ;*#/3/*-$3.A$0!6>$*.$6J!

Arabidopsis  thaliana!>3+2.0$6!-#$!-/&-/(.A.&8!>+66.?.(.-9!+'!(.&D.&8!-#$6$!$2+()-.+&/39!

>3$0.*-.+&6!bN$$6!$-!/(M!RSS_c!-+!-#$!)&0$3(9.&8!8$&$-.*!4$*#/&.646!-#/-!4$0./-$!-#$6$!

')&0/4$&-/(!-3/0$ ;+''6!bL$-*/('!/&0!L.-*#$(( ;X(06!RSS\cM!^+@$2$3J!$2$&!'+3!/!6>$*.$6!/6!

@$((!)&0$36-++0!/6!A.  thalianaJ!-#$!*+4>($=.-9!+'!-#$!4/>!(.&D.&8!8$&+-9>$!-+!>#$&+-9>$!



!

\Z !

*+4>(.*/-$6!-#.6!$''+3-M!5+3!.&6-/&*$J!+&$!/(($($!0+$6!&+-!3$6)(-!.&!+&$!>/3-.*)(/3!'(+@$3.&8!

>#$&+-9>$m!-#$!*)33$&-!$&2.3+&4$&-J!-#$!6$Q)$&*$!+'!>/6-!$&2.3+&4$&-6J!/&0!-#$!8$&$-.*!

*+&-$=-!+'!-#$!/(($($!bi.e.!$>.6-/6.6c!/((!6#/>$!-#$!-.4.&8!+'!'(+@$3.&8M!N$*$&-(9J!/! (/38$!

?+09!+'!$=>$3.4$&-/(!0/-/J!$&*+4>/66.&8!4/&9!8$&+-9>$6!/&0!$&2.3+&4$&-6!#/6!?$$&!

*+4?.&$0!.&-+!4/-#$4/-.*/(!4+0$(6!-#/-!/((+@!/**)3/-$!>3$0.*-.+&!+'!'(+@$3.&8!-.4$!'+3!

/!>/3 -.*)(/3!8$&+-9>$!bP.(*A$D!$-!/(M!RSS\cM!K.4.(/3!4$-#+06!#/2$!?$$&!)6$0!-+!>3$0.*-!

'(+@$3.&8!.&!+-#$3!6>$*.$6!bK/-/D$!$-!/(M!RSTac!/&0!+-#$3!>#$&+(+8.*/(!-3/&6.-.+&6!6)*#!/6!

8$34.&/-.+&!bH(2/3/0+!/&0!B3/0'+30!RSSRc!/&0!?)0?)36-!b<#).&$!/&0!B$/)?.$&!RSSTcM!

C)$!-+!-#$6$!/02/&*$6J!A.  thaliana!.6!/&!.0$/(!696-$4!'+3!$=/4.&.&8!#+@!>#$&+(+8.*/(!

-3/.-6!')&*-.+&!-+8$-#$3!-+!.&'()$&*$!-#$!-.4$!/2/.(/?($!'+3!/ !>(/&-!-+!3$>3+0)*$M!

05!35:2?.0:2"!7362 @+>+72!;/"27!:/!2A<7/ .2!<=25/7/?> !

"+!0$6*3.?$!-#$!(.&D!?$-@$$&!>#$&+(+89!/&0!-#$!$&2.3+&4$&-/(!*+&-$=-!6#/>.&8!

-#$!$2+()-.+&!+'!6$&$6*$&*$J!@$!0$2$(+>$0!/&!.&-$83/-$0!(.'$;*9*($!4+0$(!-#/-!>3$0.*-6!

>#$&+(+89!/*3+66!8$&$3/-.+&6!?9!(.&D.&8!4/-#$4/-.*/(!0$6*3.>-.+&6!+'!#+@!8$34.&/-.+&J!

'(+@$3.&8J!/&0!6$$0!0.6>$36/(!>3+83$66!/6!/!')&*-.+&!+'!-#$!$&2.3+&4$&-!bB)38#/30-!$-!/(M!

RSTUcM!"#$6$!>#$&+(+89!4+0$(6!/3$!.&6>.3$0!?9!4+0$(6!+3.8.&/((9!)6$0!-+!/.0!*3+>!

>3+0)*-.+&!bP/&8!T\_ScM!L/-#$4/-.*/(!')&*-.+&6!/3$!>/3/4$-$3.A$0!'+3!/!>/3-.*)(/3!

8$&+-9>$!/&0!/3$!)6$0!-+!*/(*)(/-$!0$2$(+>4$&- !?/6$0!+&!-#$!$&2.3+&4$&-M!:.'$;6-/8$!

-3/&6.-.+&6!+**)3!@#$&!-#$!+38/&.64!/**)4)(/-$6!$&+)8#!>3+83$66!-+!*3+66!-#$!

0$2$(+>4$&-/(!-#3$6#+(0M!!



!

\` !

P$!(.&D$0!-#$6$!.&0.2.0)/(!6)? ;4+0$(6J!>/3/4$-$3.A$0!'+3!A.  thaliana!6)*#!-#/-!

-#$!-.4.&8!+'!6$$0!0.6>$36/(!0$-$34.&$6!-#$!$&2.3+&4$&-!6$$06!$=>$3.$&*$!/&0!-#)6!

8$34.&/-.+&!-.4$!b5.8)3$!Ta/J!-#.30!>/&$(!'3+4!-+>cm!8$34.&/-.+&!-.4$!0$-$34.&$6!-#$!

$&2.3+&4$&-!3+6$--$6!$=>$3.$&*$!/&0!-#$3$'+3$!'(+@$3.&8!-.4$!b5.8)3$!Ta/J!6$*+&0!>/&$(!

'3+4!-+>cm!'(+@$3.&8!-.4$!0$-$34.&$6!-#$!$&2.3+&4$&-!.&!@#.*#!>(/&-6!3$>3+0)*$!@#.*#!

0$-$34.&$6!0.6>$36/(!-.4.&8!b5.8)3$!Ta/J!-+>!>/&$(cm!/&0!6+!+&!'+3!4/&9!8$&$3/-.+&6M!

"#$6$!4+0$(6!/3$!03.2$&!?9!#+)3(9!$&2.3+&4$&-/(!.&>)-6!-+!*/>-)3$!#+@!0.)3&/(!

2/3./-.+&!/&0!$=-3$4$6!.&'()$&*$!0$2$(+>4$&-/(!3/-$6!b6$$!B)38#/30- !$-!/(M!RSTU!'+3!

4+0$(!0$-/.(6cM!

,$&$-.*!2/3./-.+&!*/&!?$!.&*+3>+3/-$0!.&-+!-#$6$!4+0$(6!?9!*#/&8.&8!-#$!

>/3/4$-$36!8+2$3&.&8!#+@!/!(.'$!6-/8$!3$6>+&06!-+!-#$!$&2.3+&4$&-M!5+3!.&6-/&*$J!?9!

*#/&8.&8!-#$!>/3/4$-$3!-#/-!0$6*3.?$6!6$$0!0+34/&*9J!@$!*/&!4.4.*!D &+@&!&/-)3/(!

2/3./-.+&!/4+&8!>+>)(/-.+&6M! 5.8)3$!Ta/!6#+@6!-#3$$!0.''$3$&-!0+34/&*9!8$&+-9>$6!/((!

+**)33.&8!.&!-#$!6/4$!$&2.3+&4$&-!+'!]+3@.*#J!1&8(/&0M!"#$6$!*#/&8$6!.&!0+34/&*9!

*/&!*/)6$!(/38$!*#/&8$6!.&!(.'$!*9*($F!-#$!(+@!0+34/&*9!8$&+-9>$!d3/>.0!*9*($6e!-#3+)8#!

4)(-.>($!8$&$3/-.+&6!.&!/!9$/3J!@#.($!/!4.0!0+34/&*9!8$&+-9>$!0.6>(/96!/!*(/66.*!

@.&-$3;/&&)/(!(.'$!*9*($!?9!8$34.&/-.&8!.&!-#$!'/((!/&0!'(+@$3.&8!.&!-#$!6>3.&8M!"#$!4+6-!

0+34/&-!8$&+-9>$!8$34.&/-$6!/&0!'(+@$36!.&!-#$!6>3.&8!/6!/!6>3.&8!/&&)/(M!!



!

\\ !

!

5.8)3$!TaF!K)44/39!+'!.&-$83/-$0!(.'$ ;*9*($!4+0$(!6-3)*-)3$!/&0!3$6)(-6!'+3!
8$&+-9>$6!6.4)(/-$0!.&!]+3@.*#J!1&8(/&0M!aJ!:.&$6!.&!-#$!$/*#!>/&$(!-3/*D!>3+83$66!
-+@/306!8$34.&/-.+&J!'(+@$3.&8J!/&0!6$$0!0.6>$36/(!'+3!8$&+-9>$6!3$'($*-.&8!-#3$$!

0.''$3$&-!($2$(6!+'!0+34/&*9!b(+@;6+(.0F!(.8#-!83$$&J!4$0.)4;0/6#$0F!0/3D!*9/&J!#.8#;
0+)?($!0/6#$0F!&/29c!-#/-!@$3$!0.6>$36$0!H>3M!Tm!694?+(6!.&!$/*#!>/&$(!6#+@!3$($2/&-!

$&2.3+&4$&-/(!03.2$36!'+3!$/*#!(.'$!6-/8$m!-#$!?+--+4!>/&$(!6#+@6!-#$!)&0$3(9.&8!
$&2.3+&4$&-/(!*+&0.-.+&6!-#/-!03.2$!-#$!0$2$(+>4$&-/(!>3+83$66!bJ!<+33$6>+&0.&8!

'(+@$3.&8!-.4$6!/*3+66!/!*+#+3-!+'!TSSS!.&0.2.0)/(6!/2$3/8$0!/*3+66!-#$!(/6-!RU!9$/36!+'!/!
[S!9$/3!6.4)(/-.+&M!cJ!:.'$ ;*9*($!83/>#6!6#+@.&8!-#$!>3+>+3-.+&!+'!.&0.2.0)/(6!.&!$/*#!+'!
-#3$$!D$9!(.'$!6-/8$6!/2$3/8$0!/*3+66!-#$!6/4$!RU!9$/36M!"#$!0.6-/&*$!'3+4!-#$!*$&-3$!+'!

-#$!*.3*($!.&0.*/-$6!-#$!>3+>+3-.+&!+'!.&0.2.0)/(6!.&!-#$!3+6$--$!b83$$&cJ!3$>3+0)*-.2$!
b8+(0cJ!/&0!6$$0!b?3+@&c!6-/8$6!$/*#!0/9!+'!-#$!9$/3!bO/&)/39!.6!/-!-#$!a!+e*(+*D!>+6.-.+&!
/&0!-#$!9$/3!>3+83$66$6!*(+*D@.6$cM!H((!>(+-6!/3$!6*/($0!6+!-#$!+)-$34+6-!*.3*($!3$'($*-6!

TSSp!+'!.&0.2.0)/(6M!

E6.&8!-#$!4+0$(!-+!6.4)(/-$!$&2.3+&4$&-/(!2/3./-.+&!/&0!8$&$-.*!2/3./-.+&!-#/-!

+**)36!/*3+66!-#$!&/-.2$!3/&8$!+'!A.  thalianaJ!@$!*/&!0$3.2$!'(+@$3.&8!>#$&+(+89!+'!
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!

TSS!

0.''$3$&-  A.  thaliana!8$&+-9>$6!.&!0.''$3$&-!$&2.3+&4$&-6!b5.8)3$!Ta?cM!"#$!4+0$(!.6!

*/>/?($!+'!*/>-)3.&8!-#$!')((!*+4>($=.-9!+'!6$/6+&/(!(.'$!#.6-+3.$6!+?6$32$0!.&!-#.6!6>$*.$6!

b:/@3$&*$!T\Z_m!7.*+!RSTRm!P.(*A$D!$-!/(M!RSS\cM!"#.6!0.2$36.-9!+'!(.'$!*9*($6!3$6)(-6!.&!-#$!

+**)33$&*$!+'!'(+@$3.&8!/-!4)(-.>($!-.4$6!+'!9$/3!'+3!6+4$!8$&+-9>$6!b5.8)3$!Ta*c!/&0!

6)88$6-6!-#/-!-#$!3$>3+0)*-.2$!$&2.3+&4$&-!*/&!2/39!?$-@$$&!.&0.2.0)/(6!+'!-#$!6/4$!

8$&+-9>$M!

P$!4)6-!&+-$!-#/-!-#$!4+0$(!4/D$6!&+!/66)4>-.+&6!/?+)-!$&2.3+&4$&- ;

0$>$&0$&-!3$6+)3*$!/*Q).6.-.+&J!6)32.2/(J!+3!'$3-.(.-9!3/-$6!+'!-#$!+38/&.64!+3!-#$.3!

3$(/-.+&6#.>!@.-#!6$&$6*$&*$M!^$3$!+)3!8+/(!.6!-+!6$-!6+4$!6.4>($J!*+&6-/&-!3)($6!-#/-!

0$'.&$!#+@!-#$!6)32.2/(!+'!3$>3+0)*-.2$!>(/&-6!0$>$&06!+&!-#$!$&2.3+&4$&-!/&0!

0$-$34.&$!#+@!4)*#!2/3./-.+&!.&!3$>3+0)*-.2$!@.&0+@6!*/&!+**)3!?/6$0!+&!-#$!

>#$&+(+8.*/(!2/3./-.+&!$=>3$66$0!?9!-#.6!6>$*.$6M!

"263535?!98.13107!+. 3:2.30!6/.!.2<./"8+: 312!!"#
$%!&'!(! !!!

"+!$=>(+3$!6$($*-.+&!+&!6$&$6*$&*$J!@$!/(6+!&$$0!-+!.&*()0$!.&'+34/-.+&!+&!

6$/6+&/(!03.2$36!(.D$(9!-+!3$6)(-!.&!4+3-/(.-9M!"#$6$!*/&!?$!(.'$;6-/8$!6>$*.'.*J!6)*#!/6!

'3$$A.&8!-+($3/&*$J!@#.*#!0$*3$/6$6!/'-$3!-#$!-3/&6.-.+&!-+!3$>3+0)*-.+&!.&!A.  thaliana  

bN.*#-$3!$-!/(M!RSTam!K$+!$-!/(M!RSS\cM!!B/6$0!+&!/&!/33/9!+'!$4>.3.*/(!$2.0$&*$!/&0!

$=>$3.$&*$!.&!'.$(0!*)(-.2/-.+&!+'!A.  thalianaJ!@$!6$-!>+6-;'(+@$3.&8!4+3-/(.-9!-+!+**)3!.'!

-#$!4.&.4)4!0/.(9!-$4>$3/-)3$!'$((!?$(+@! ;Uy<m!.'!-#$!/2$3/8$!0/.(9!-$4>$3/-)3$!'$((!



!

TST!

?$(+@!Sy<!+3!$=*$$0$0!aUy<m!/&0!.'!*+&0.-.+&6!@$3$!039M!B$*/)6$!03+)8#-!.6!/!*#3+&.*!

6-3$66+3!-#/-!+**)36!+2$3!4)(-.>($!0/96J!>3+83$66!-+@/306!0$/-#!/**)4)(/-$0!$/*#!0/9!

-#/- !4+.6-)3$!*+&0.-.+&6!@$3$!?$(+@!/!4+.6-)3$!-#3$6#+(0!b;TZU!L7/c!/&0!3$6$-!-+!A$3+!

@#$&$2$3!4+.6-)3$!@/6!/?+2$!-#/-!-#3$6#+(0M!73+83$66!@/6!/(6+!-$4>$3/-)3$ ;0$>$&0$&-!

/&0!6*/($0!2./!-#$!')&*-.+&!SMSSUUU€"y<!6)*#!-#/-!#.8#$3!-$4>$3/-)3$6!.&!039!*+&0.-.+&6!

($/0!-+!4+3$!>3+83$66!-+@/30!0$/-#M!7(/&-6!0.$0!.'!-#$!*)4)(/-.2$!6)4!3$/*#$0!TM!P$!

*)-!+''!/66$664$&-!+'!3$>3+0)*-.2$!.&-$32/(!/-!TUS!0/96!>+6-;'(+@$3.&8J!?$*/)6$!'.2$!

4+&-#6!+'!3$>3+0)*-.+&!.6!)&(.D$(9!.&!-#.6!6>$*.$6M!!!

%&!3$/(.-9J!+'!*+)36$J!-#$6$!-+($3/&*$6!4/9!&+-!?$!$=/*-M!5)3-#$34+3$J!-#$9!/3$!

(.D$(9!-+!2/39!/4+&8!>+>)(/-.+&6!/0/>-$0!-+!0.''$3$&-!(+*/-.+&6M!5+3!.&6-/&*$J!&/-)3/(!

>+>)(/-.+&6!'3+4!]+3-#$3&!*(.4$6!$=#.?.-!.&*3$/6$0!3+6$--$!*+(0!-+($3/&*$!.&!*+44+&!

8/30$&!$=>$3.4$&-6!bz83$&!/&0!K*#$46D$!RSTRcM!%0$/((9J!@$!@+)(0!0$2$(+>!/!6$-!+'!

4+3-/(.-9!*+&0.-.+&6!')((9!>/3/4$-$3.A$0!'3+4!'.$(0!0/-/!'+3!$/*#!+'!-#$!(+*/-.+&6!/&0!(.'$!

6-/8$6J!?)-!0/-/6$-6!3$'($*-.&8!-#$!&/-)3/(!-+($3/&*$6!+'!A.  thaliana!3$4/.&!3/3$!bL$-*/('!

/&0!L.-*#$(( ;X(06!RSS\cJ!/&0!-#.6!.&'+34/-.+&!.6!&+-!/2/.(/?($M!^+@$2$3J!?$*/)6$!+)3!

>)3>+6$!.6!-+!Q)/(.-/-.2$(9!/66$66!b3/-#$3!-#/&!Q)/&-.'9c!#+@!$=-3$4$!6$/6+&/(!*+&0.-.+&6!

-3/&6(/-$!.&-+!6$($*-.+&!+&!6$&$6*$&*$!.&!2/6-(9!0.''$3$&-!$&2.3+&4$&-6!/&0!'+3!2$39!

0.''$3$&-!8$&+-9>$6J!-#$6$!3)($6!6#+)(0!>3+2.0$!6+4$!0.6*3.4.&/-+39!>+@$3M!



!

TSR!

C435"/49D!6/.!.2<./" 8+:3/5!0+./99!:=2!50 :312!.05?2 !

1&2.3+&4$&-/(!*+&0.-.+&6!3$($2/&-!-+!-#$!A.  thaliana!(.'$!*9*($!0.''$3!/*3+66!?+-#!

6>/-./(!/&0!-$4>+3/(!6*/($6! bB)38#/30-!$-!/(M!RSTUcM!"+!2.6)/(.A$!#+@!4)*#!-.4$!.6!

/2/.(/?($!'+3!3$>3+0)*-.+&!@.-#+)-!.&*+3>+3/-.&8!-#$!.&'()$&*$!+'!>#$&+(+89!/*3+66!

8$&$3/-.+&6J!@$!)6$0!+)3!4+3-/(.-9!3)($6!b6$$!/?+2$c!-+!0$-$34.&$!-#$!4+3-/(.-9!0/-$6!'+3!

>(/&-6!?+(-.&8!+&!$/*#!0/9!+'!-#$!9$/3M!P$!0.0!-#.6!'+3![S;9$/3!$&2.3+&4$&-/(!3$>(.*/-$6!

$=-3/*-$0!'3+4!/!8(+?/(!*(.4/-$!4+0$(!'+3!$/*#!+'!'+)3!(+*/-.+&6!/*3+66!-#$!1)3+>$/&!

3/&8$!+'!-#$!6>$*.$6M!P$!)6$0!*(.4/-$!0/-/!6>/&&.&8!-#$!9$/36!RSSS;RSRS!'3+4!-#$!HTB!

6*$&/3.+!.&!%7<<!'+)3-#!/66$664$&-!b]XHH ;,5C:!RSS[cM!K$$!B)38#/30-!$-!/(M!bRSTUc!'+3!

0$-/.(6!+&!$&2.3+&4$&-/(!6$3.$6M!P$!$=>3$66$0!-#$!3$6)(-6!.&!-$346!+'!?+-#!0/96!/&0!

-#$34/(!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&M!"#$34/(!-.4$!@/6!*/(*)(/-$0!/6!/!(.&$/3!.&*3$/6$!

.&!0$2$(+>4$&-!/?+2$!-#$!?/6$!-$4>$3/-)3$!+'!ay<M!"#$34/(!-.4$!4/9!?$ !/&!.4>+3-/&-!

4$/6)3$!?$*/)6$!-#$!3/-$!+'!6$$0!0$2$(+>4$&-!+'-$&!0$>$&06!+&!-$4>$3/-)3$!

bH.&6@+3-#!/&0!X3-!RSTScJ!?)-!-#$!4$/6)3$6!9.$(0!Q)/(.-/-.2$(9!6.4.(/3!>/--$3&6!6+!@$!

>3$6$&-!3$6)(-6!+&(9!.&!-$346!+'!0/96M!!

"#$!-.4.&8!+'!03+)8#-J!'3+6-J!/&0!$=-3$4$!#$/-!$2$&-6!-#/-!D.(($0!3$>3+0)*-.2$!

>(/&-6!2/3.$0!*+&6.0$3/?(9!/*3+66!9$/36!b5.8)3$!T[m!83$9!-3/*$6m!4$/&!/*3+66!9$/36!?(/*D!

(.&$cJ!?)-!.&!/((!6.-$6J!/!3/&8$!+'!'(+@$3.&8!-.4$6!$=.6-$0!-#/-!@+)(0!>$34.-!-#$!4/-)3/-.+&!

+'!+&$!+3!4+3$!'3).-6!b@#.*#!*+&-/.&6!/>>3+=.4/-$(9!TU!6$$06c!-+!4/-)3$!b5.8)3$!T[m!83$9!

*)32$6!/?+2$!-#$!0/6#$0!#+3.A+&-/(!(.&$cM!P.-#.&!-#.6!3/&8$J!A.  thaliana!>(/&-6!.&!
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TSa!

]+3@.*#J!1&8(/&0!/&0!^/(($J!,$34/&9!@$3$!>3$0.*-$0!#/2$!-#$!(+&8$6-!b.&!-$346!+'!

0/96c!+>>+3-)&.-9!'+3!3$>3+0)*-.+&!b5.8)3$!T[cm!]+3@.*#!#/0!/!?3+/0$3!3/&8$!+'!0/-$6!

@.-#!4/=.4/(!3$>3+0)*-.+&!-#/&!^/(($!0)$!-+!4.(0$3!@.&-$36!/&0!($66!6)44$3!03+)8#-M!

%&!X)()J!5.&(/&0J!'3+6-6!3$6-3.*-$0!6)**$66')(!3$>3+0)*-.+&!-+!(/-$!6>3.&8!/&0!6)44$3M!%&!

Y/($&*./J!K>/.&J!-#$!(+&8$6-!+>>+3-)&.-.$6!'+3!3$>3+0)*-.+&!+**)33$0!$/3(9!.&!-#$!6>3.&8J!

/6!>(/&-6!'(+@$3.&8!.&!(/-$!6>3.&8!/&0!6)44$3!0.$0!Q).*D(9!0)$!-+!03+)8#-!/&0!#$/-M!

"#$3$!/(6+!6$$46!-+!?$!/!@.&0+@!+'!+>>+3-)&.-9!'+3!3$>3+0)*.&8!.&!-#$!'/((!.&!Y/($&*./m!

#+@$2$3!-#.6!3$Q).3$6!8$34.&/-.+&!0)3.&8!-#$!6)44$3!+3!6)32.2.&8!-#$!6)44$3!/6!/!

3+6$--$!@#.*#!.6!&+-!+?6$32$0!b7.*+!RSTRcM!

7362@+>+72!<=25/7/?>!"2:2 .;3529!4=0:!</.:3/5! /6!
C435"/4D!39!892" ! !

"#$6$!*/(*)(/-$0!6$/6+&/(!@.&0+@6!'+3!3$>3+0)*-.+&!/(+&$!@.((!&+-!0$-$34.&$!

6$($*-.+&!+&!6$&$6*$&*$!09&/4.*6!'+3!A.  thaliana!.&!/!>/3-.*)(/3!$&2.3+&4$&-! h!'(+@$3.&8!

/&0!8$34.&/-.+&!>#$&+(+89!@.((!/(6+!?$!.4>+3-/&-J!?$*/)6$!-#$9!0$-$34.&$!@#$&!

0)3.&8!-#$!@.&0+@!-#$!>(/&-!@.((!/*-)/((9!?$8.&!-+!3$>3+0)*$M!P$!)6$0!-#$!.&-$83/-$0!

4+0$(!+)-(.& $0!/?+2$!-+!6.4)(/-$!#+@!$&2.3+&4$&-/(!*+&-$=-!/&0!8$&$-.*!2/3./-.+&!.&!

6$$0!0+34/&*9!*+4?.&$!-+!0$-$34.&$!-#.6!>#$&+(+89M!!!

P$!6.4)(/-$0!')((!(.'$!*9*($6!'+3![S!9$/36!-+!+?-/.&!'(+@$3.&8!-.4$6!'+3!$/*#!

.&0.2.0)/(!$/*#!9$/3!.&!$/*#!(+*/-.+&M!P$!+4.--$0!-#$ !'.36-!TU!9$/36!+'!6.4)(/-.+&6!-+!

/((+@!>+>)(/-.+&6!-+!6-/?.(.A$M!P$!-#$&!>3+W$*-$0!-#$!/4+)&-!+'!-.4$!$/*#!.&0.2.0)/(!



!
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#/0!/2/.(/?($!'+3!3$>3+0)*-.+&!b/&0!-#)6!6$&$6*$&*$c!8.2$&!.-6!>3$0.*-$0!'(+@$3.&8!-.4$!

/&0!+)3!4+3-/(.-9!3)($6M!H&!/33/9!+'!$2.0$&*$!.&0.*/-$6!-#/-!0+34/&*9!.6!2/3./?($!$2$&!

'+3!.0$&-.*/(!8$&+-9>$6!/&0!-#$!4+0$(!3$'($*-6!-#.6!3$/(.-9!bC+&+#)$!$-!/(M!RSSU*c!6+!-#/-!

$/*#!8$&+-9>$!.6!>+-$&-./((9!3$'($*-$0!?9!/!0.6-3.?)-.+&!+'!0/96!+'!'(+@$3.&8m!/&0!@$!-#)6!

$=>(+3$!-#$!0.6-3.?)-.+&!+'!-.4$6!/2/.(/?($!'+3!3$>3+0)*-.+&!'+3!$/*#!0+34/&*9!8$&+-9>$M!

"+!*/>-)3$!-#$!')((!(.'$!*9*($!/*3+66!8$&$3/-.+&6J!-#$!4+0$(!)6$6!/!-$4>$3/-)3$ ;

0$>$&0$&-!6$$0;4/-)3/-.+&!')&*-.+&!-+!>3$0.*-!-#$!-.4.&8!+'!-#$!3$($/6$!+'!-#$!'.36-!TSp!

+'!6$$06!bB)38#/30-!$-!/(M!RSTUcM!"#.6!$&06!-#$!3$>3+0)*-.2$!>#/6$J!/&0!.&.-./-$6!-#$!&$=-!

8$&$3/-.+&M!^$3$J!@$!/3$!.&-$3$6-$0!.&!-#$!/4+)&-!+'!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&!

b/&0!-#)6!6$&$6*$&*$c!8.2$&!-#$!-.4.&8!+'!'(+@$3.&8!/&0!-#$!$&2.3+&4$&-/(!*+&-$=-J!/&0!

&+-!-#$!6$$0;4/-)3/-.+&! ')&*-.+&!-#/-!.6!*)33$&-(9!.4>($4$&-$0M!B$*/)6$!-#$!6$/6+&/(!

*+&-$=-!+'!-#$!(.'$!*9*($!*/&/(.A$6!6+4$!+'!-#$!2/3./-.+&!.&!8$34.&/-.+&!/&0!'(+@$3.&8!

>#$&+(+89J!-#$6$!64/((!*#/&8$6!.&!6$$0;0.6>$36/(!-.4$!6#+)(0!&+-!-++!83$/-(9!.&'()$&*$!

-#$!')((!(.'$!*9*($J!/6!$2.0$&*$0!?9!4/-*#.&8!?$-@$$&!6.4)(/-$0!(.'$!*9*($6!/&0!+?6$32$0!

(.'$!*9*($6!bB)38#/30-!$-!/(M!RSTUcM!!

1&2.3+&4$&-/(!2/3./-.+&!?$-@$$&!6.-$6!#/0!/!(/38$!.&'()$&*$!+&!-.4$!/2/.(/?($!'+3!

3$>3+0)*-.+&J!/&0!-#)6!-#$!+>-.4/(!6$&$6*$&*$!6-3/-$89M!5.8)3$!TU/!6#+@6!-#$!

0.6-3.?)-.+&!+'!-.4$6!/2/.(/?($!'+3!3$>3+0)*-.+&!'+3!/!(+@!0+34/&*9!8$&+-9>$!6.4)(/-$0!

/-!/((!'+)3!6.-$6M!5+3!-#.6!8$&+-9>$J!Y/($&*./!>3+2.0$0!-#$!'$@$6-!0/96!'+3!3$>3+0)*-.+&!

@#$3$/6!]+3@.*#!>3+2.0$0!-#$!4+6-M!B+-#!^/(($!/&0!X)()!#/0!?.4+0/(!0.6-3.?)-.+&6!+'! !
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!

5.8)3$!T[F!1&2.3+&4$&-/((9!0$-$34.&$0!i3$>3+0)*-.2$!@.&0+@6jJ!.M$MJ!0/96!
/2/.(/?($!'+3!3$>3+0)*-.+&! .'!/&!.&0.2.0)/(!@$3$!-+! '(+@$3!+&!$/*#!0/9J!8.2$&!-#$!

/66)4>-.+&6!/?+)-!'/-/(!$&2.3+&4$&-/(!*+&0.-.+&6!0$6*3.?$0!.&!-#$!-$=-J!/&0!)6.&8!
$&2.3+&4$&-6!.&!$/*#!+'!-#$!'+)3!(+*/-.+&6!$=-3/*-$0!'3+4!/!8(+?/(!*(.4/-$!4+0$(M!1/*#!

83$9!(.&$!6#+@6!/!0.''$3$&-!9$/3!b+)-!+'!/!-+-/(!+'![S!9$/36c!/&0!-#$!6+(.0!(.&$!.&0.*/-$6!-#$!
4$/&M!"#$!0/6#$0!#+3.A+&-/(!(.&$!.&0.*/-$6!-#$!/4+)&-!+'!-.4$!&$$0$0!'+3!/-!($/6-!+&$!

'3).-!-+!4/-)3$!b+&$! A.  thaliana!'3).-!*+&-/.&6!TS;RS!6$$06cM!

!
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-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&M!"#.6!?.4+0/(!>/--$3&!*/&!+**)3!'+3!- @+!3$/6+&6F!Tc!6+4$!

>+3-.+&!+'!/!6>3.&8!'(+@$3.&8!*+#+3-!4/9!'(+@$3!-++!$/3(9!/&0!?$!D.(($0!?9!/!(/-$!6$/6+&!

'3+6-m!6)32.2.&8!3+6$--$6!-#/-!#/2$!&+-!9$-!'(+@$3$0!*3$/-$!-#$!6$*+&0!#)4>m!+3!Rc!>(/&-6!

*+)(0!?$!'(+@$3.&8!/-!0.''$3$&-!-.4$6!+'!9$/3!/&0!-#$3$'+3$!$=>$3.$&*.&8!0.6>/3/-$!

6$/6+&6!@#.($!3$>3+0)*.&8!b5.8)3$!Ta!6#+@6!#+@!4)(-.>($!8$&$3/-.+&6!*+)(0!+**)3!.&!

+&$!9$/3cM!B+-#!09&/4.*6!#/2$!?$$&!+?6$32$0!.&!&/-)3/(!>+>)(/-.+&6!bz83$&!$-!/(M!RSTam!

7.*+!RSTRc.!

"+!/003$66!-#$!.4>+3-/&*$!+'!8$&$-.*!2/3./-.+&!.&!0$-$34.&.&8!-#$!3$>3+0)*-.2$!

$&2.3+&4$&-J!@$!>3$0.*-$0!-#$!(.'$!*9*($6!+'!-#3$$!0.''$3$&-!8$&+-9>$6!-#/-!2/3.$0!.&!

0+34/&*9!($2$( l 6$$06!@.-#!#.8#$3!0+34/&*9!-/D$!(+&8$3!-+!8$34.&/-$!b-#$!6/4$!

8$&+-9>$6!)6$0!.&!5.8)3$!Ta/cM!,$&$-.*!2/3./-.+&!@/6!*/>-)3$0!?9!/!>/3/4$-$3!?/6$0!+&!

$4>.3.*/(!0/-/F!#.8#$3!2/()$6!.&*3$/6$!8$34.&/-.+&!3$>3$66.+&!)&-.(!/'-$3;3.>$&.&8J!/!

4+.6-)3$!/&0! -$4>$3/-)3$ ;0$>$&0$&-!>3+*$66J!3$($/6$6!-#$!3$>3$66.+&!bB3/0'+30!RSSRcM!

<#/&8.&8!0+34/&*9!($2$(6!*/&!/(6+! 6#.'-!-#$!/4+)&-!+'!-.4$!/2/.(/?($!'+3!

3$>3+0)*-.+&!/&0!-#)6!6$&$6*$&*$!b5.8)3$!TU?c!b,3$44$3J!)&>)?(.6#$0 cM!H-!-#$!(+@$6-!

0+34/&*9!($2$(!.&!Y/($&*./J!K>/.&J!/((!.&0.2.0)/(6!#/0!/!64/((!@.&0+@!'+3!3$>3+0)*-.+&J!

?)-!/6!0+34/&*9!($2$(!.&*3$/6$0J!8$34.&/-.+&!+**)33$0!(/-$3!.&!-#$!'/((J!6#.'-.&8!

'(+@$3.&8!-+!(/-$3!.&!-#$!6>3.&8!/&0!.&*3$/6.&8!-#$!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&M!H-!/!

4$0.)4!0+34/&*9!($2$(J!4+6-!.&0.2.0)/(6 !'(+@$3$0!/-!/!-.4$!*+33$6>+&0.&8!-+!/!2$39!

6#+3-!@.&0+@!'+3!3$>3+0)*-.+&m!?)-!-#$3$!/3$!6+4$!>$/D6!+'!.&0.2.0)/(6!@.-#!/!(+&8$3!
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@.&0+@!*+33$6>+&0.&8!-+!6>$*.'.*!9$/36!@#$3$!(/-$!'3+6-6!0.0!&+-!#/>>$&M!"#$6$!

$=*$>-.+&6!.(()6-3/-$!-#$!.4>+3-/&*$!+'!9$/3;-+;9$/3!$&2.3+&4$&-/(!2/3./-.+&M!H6!

0+34/&*9!.&*3$/6$0!')3-#$3J!4+3$!.&0.2.0)/(6!'(+@$3$0!/-!/!-.4$!*+33$6>+&0.&8!-+!/!

(+&8!@.&0+@!+'!3$>3+0)*-.+&M!!

!

5.8)3$!TUF!"#$!.&'()$&*$! +'!>#$&+(+89!+&!i-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&j M!aJ!
C$&6.-9!>(+-6!+'!-#$!$6-.4/-$0!0/96!3$4/.&.&8!'3+4!@#$&!'(+@$3.&8!+**)36!-+!/!

4+3-/(.-9!$2$&-!'+3!$2$39!.&0.2.0)/(!.&!RU!6.4)(/-$0!9$/36!.&!$/*#!+'!'+)3!(+*/-.+&6M!H((!
83/>#6!6#+@!/!(+@!0+34/&*9!8$&+-9>$M!bJ!,$&$-.*!2/3./-.+&!-#/-!.&'()$&*$6!8$34.&/-.+&!
-.4.&8!/(6+!.&'()$&*$6!-#$!i-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&jM!N$6)(-6!/3$!6#+@&!'+3!-#3$$!

8$&+-9>$6!-#/-!2/39!.&!0+34/&*9!($2$(!.&!/!6.&8($!(+*/-.+&F!Y/($&*./J!K>/.&M!
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</:25:307!6/.!<709:3 +3:>!/6!92529+25+2 !

%&!/00.-.+&!-+!.-6!6$($*-.2$!3+($!.&!0$-$34.&.&8!-#$!-.4$!.&!@#.*#!3$>3+0)*-.+&!.6!

>+66.?($J!-#$!$&2.3+&4$&-!#/6!/(6+!?$$&!6#+@&!-+!.&'()$&*$!-#$!/((+*/-.+&!-3/0$;+''!

?$-@$$&!6)32.2/(!/&0!3$>3+0)*-.+&!b1/3($9!$-!/(M!RSS\m!N$4.&8-+&!$-!/(M!RSTacM!"#.6!.6!

>$3#/>6!&+-!6)3>3.6.&8!8.2$&!-#/-!-#$!/8$!/&0!6.A$!/-!'(+@$3.&8!bP.(*A$D!$-!/(M!RSS\cJ!

>#+-+69&-#$-.*!3/-$!/&0!-#$3$'+3$!3$6+)3*$!/*Q).6.-.+&!b,/44$(2.&0!$-!/(M!T\\_cJ!6$$0!

>3+0)*-.+&!3/-$!bB/&&/9/&!$-!/(M!RSSam!7+88.+!$-!/(M!RSSUcJ!/&0!6)32.2/(!bz83$&!$-!/(M!

RSTam!N$.&60+3'!$-!/(M!RSTac!/((!*/&!0$>$&0!+&!-#$!$&2.3+&4$&-M!"#.6!3$6$/3*#!6)88$6-6!

-#/-!-#$!$=.6-$&*$!+'!-#$!-3/0$;+''!?$-@$$&!6)32.2/(!/&0!3$>3+0)*-.+&!4/9!$2$&!?$!

$&2.3+&4$&-/((9!0$>$&0$&-!@.-#.&!6$/6+&6J!6)*#!-#/-!&+!-3/0$;+''!$=.6-6!.'!*+&0.-.+&6!/3$!

'/2+)3/?($!/&0!&+-#.&8!(.4.-6!0$2$(+>4$&-!?)-J !/6!*+&0.-.+&6!@+36$&J!-#$!-3/0$;+''!

$4$38$6!bK-$/3&6!T\\RJ!6$$!>>!`[;`\cM!K$&$6*$&*$!@.((!+&(9!?$!'/2+)3$0!.&!*+&-$=-6!@#$3$!

/!-3/0$ ;+''!$=.6-6M!

f$/3 ;-+;9$/3!2/3./-.+&!.&!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&!b 5.8)3$!T[m!83$9!(.&$6c!

6)88$6-6!-#/-!.'!-#$!$&2.3+&4$&-!+**)33.&8!>3.+3!-+!+3!0)3.&8!3$>3+0)*-.+&!.6!>3$0.*-.2$!

+'!-#$!($&8-#!+'!-#$!3$4/.&.&8!3$>3+0)*-.2$!@.&0+@J!@$!@+)(0!$=>$*-!-#$!$2+()-.+&!+'!

>(/6-.*.-9!+'!6$&$6*$&*$!bN+''!RSSacM!5+3!.&6-/&*$J!.'!(+&8!>#+-+>$3.+06!/3$!/66+*./-$0!

@.-#!.&*3$/6$0!>3+?/?.(.-9!+'!03+)8#-J!>(/&-6!-#/-!/**$($3/-$!.&2$6-4$&-!.&!3$>3+0)*-.+&!

b/&0!-#)6!0$*3$/6$!6)32.2/(!/&0!.&*3$/6$!6$&$6*$&*$c!.&!(+&8!>#+-+>$3.+06!4.8#-!#/2$!

#.8#$3!'.-&$66M!A.  thaliana!*/&!*+&-.&)$!-+!>#+-+69&-#$6.A$!/&0!8/-#$3!3$6+)3*$6!(+&8!
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/'-$3!-#$!-3/&6.-.+&!-+!'(+@$3.&8!b1/3($9!$-!/(M!RSS\cJ!?)-!-#.6!4/9!0.2$3-!3$6+)3*$6!'3+4!

-#$!3$>3+0)*-.2$!>3+*$66M!L$*#/&.646!-#/-!#$(>!d-)&$e!-#$!/((+*/-.+&!+'!3$6+)3*$6!-+!

*+&-.&)$0!83+@-#!2$36)6!3$>3+0)*-.+&!?/6$0!+&!-#$!($&8-#!+'!-#$!3$>3+0)*-.2$!@.&0+@!

*+)(0!*+&6.0$3/?(9!.&*3$/6$!'.-&$66M!

%&!/00.-.+&!-+!9$/3;-+;9$/3!2/3./?.(.-9J!/&+-#$3!>$3#/>6!4+3$!.&-3.8).&8J!6$($*-.+&!

>3$66)3$!'+3!>(/6-.*.-9!.&!6$&$6*$&*$!/(6+!$4$38$6!#$3$m!?$*/)6$!/!6.&8($!8$&+-9>$!*/&!

3$>3+0)*$!/-!4)(-.>($!-.4$6!+'!9$/3!b 5.8)3$!Tam!/(6+!3$>+3-$0!$4>.3.*/((9!b:/@3$&*$!

T\Z_m!P.(*A$D!$-!/(M!RSTSccJ!.&0.2.0)/(6!+'!/!8.2$&!8$&+-9>$!4/9!$=>$3.$&*$!2$39!

0.''$3$&-!*+&0.-.+&6!0)3.&8!3$>3+0)*-.+&!$2$&!.&!-#$!6/4$!9$/3M!5+3!$=/4>($J!*+#+3-6!

-#/-!'(+@$3!.&!-#$!(/-$!6>3.&8!.&!^/(($!#/2$!4+3$!-.4$!'+3!3$>3+0)*-.+&!-#/&!-#+6$!-#/-!

'(+@$3!.&!(/-$!6)44$3!b5.8)3$!T[?cM!<+&6$Q)$&-(9J!>+>)(/-.+&6!-#/-!'(+@$3!/-!4)(-.>($!

-.4$6!+'!9$/3!4/9!?$!)&0$3!6$($*-.+&!'+3!.&*3$/6$0!$&2.3+&4$&-/(!6$&6.-.2.-9!+'!

6$&$6*$&*$M!%&!*+&-3/6-J!-#+6$!>+>)(/-.+&6!-#/-!3$>3+0)*$!.&!+&(9!+&$!6$/6+&!@+)(0!?$!

$=>$*-$0!-+!+>-.4.A$!6$&$6*$&*$!09&/4.*6!-+!/!6.&8($!*+&-$=-M!1=>$3.4$&-/(!3$6$/3*#!

*+)(0!-$6-!@#$-#$3!>(/&-6!'3+4!(+*/-.+&6!@#$3$!3$>3+0)*-.+&!+**)36!.&!4)(-.>($!6$/6+&6!

6$&$6*$!0.''$3$&-(9!.&!3$6>+&6$!-+!$&2.3+&4$&-/(!*)$6!*+4>/3$0!-+!-#+6$!-#/-!3$>3+0)*$!

.&!/!6.&8($!6$/6+&M!

;2+=0539;9!/6!92;27< 0./89!92529+25+2!35! !"#$%!&'!(! !

%&!-#$!')-)3$J!.-!@.((!?$!$=-3$4$(9!.&-$3$6-.&8!-+!$=-$&0!-#$!4+0$((.&8!3$6)(-6!

/?+2$!-+!.&*+3>+3/-$!$=>(.*.-!4+($*)(/3!4$*#/&.646!-#/-!($/0!-+!6$&$6*$&*$!.&!A.  



!

TTS!

thalianaJ!?)-!)&'+3-)&/-$(9!-#$!4$*#/&.646!-#/-!($/0!-+!@#+($!+38/&.64!0$/-#!/3$!W)6-!

?$8.&&.&8!-+!?$!$6-/?(.6#$0!.&!>(/&-6!bC/2.$6!/&0!,/&!RSTRcM!!B$(+@!@$!#.8#(.8#-!

>3+83$66!-+!0/-$M!

N$*$&-(9J!.-!#/6!?$$&!6#+@&!-#/-!6$4$(>/3.-9!.&!A.  thaliana!.6!/--3.?)-/?($!-+!-#$!

*+4?.&/-.+&!+'!-#3$$!4/W+3!0$2$(+>4$&-/(!>3+*$66$6!bC/2.$6!/&0!,/&!RSTRcM!"#$!'.36-!

*+4>+&$&-!.6!-#$!0$/-#!+'!6+4/-.*!+38/&6!/&0!-.66)$6!be.g.!($/2$6c!/&0!3$4+?.(.A/-.+&!+'!

-#+6$!3$6+)3*$6!-+!&$@!+38/&6J!3$>3+0)*-.2$!6-3)*-)3$6J!/&0!6-+3/8$!-.66)$6!bB/3-#!$-!/(M!

RSS_cM!"#.6!0$*(.&$!.&!')&*-.+&!+'!.&0.2.0)/(!-.66)$6!+3!+38/&6!3/-#$3!-#/&!-#/-!+'!-#$!

$&-.3$!+38/&.64!.6!+'-$&!3$'$33$0!-+!/6!d6$&$6*$&*$e!.&!-#$!>#96.+(+8.*/(!/&0!4+($*)(/3!

(.-$3/-)3$!b"#+4/6!RSTacJ!/&!.&*+&6.6-$&*9!.&!-$34.&+(+89!/*3+66!0.6*.>(.&$6!-#/-!*/&!?$!

*+&')6.&8!b]++0$& J!)&>)?(.6#$0cM!"#.6!-.66)$!d6$&$6*$&*$e!+'!($/2$6!/&0!3+6$--$6!#/6!

?$$&!$=-$&6.2$(9!6-)0.$0!h!9.$(0.&8!$2.0$&*$!'+3!2/3./-.+&!/4+&8!&/-)3/(!>+>)(/-.+&6!

bB/(/A/0$#!$-!/(M!RSS`/c!/&0!0$-$34.&/-.+&!?9!&)4$3+)6!#.8#(9!3$8)(/-$0!8$&$6J!

*+&-3+(($0!/-!-#$!*#3+4/-.&!/&0!-3/&6*3.>-.+&!/6!@$((!/6!-#$!>+6-;-3/&6*3.>-.+&/(J!

-3/&6(/-.+&/(J!/&0!>+6-;-3/&6(/-.+&/(!($2$(6!b:.4!$-!/(M!RSSZm!P++!$-!/(M!RSTacM!%&!/00.-.+&J!

4.*3+/33/9!6-)0.$6!#/2$!.0$&-.'.$0!#)&03$06!+'!8$&$6!/66+*./-$0!@.-#!-.66)$!6$&$6*$&*$!

b$M8M!KH,TR!,3?.*!RSSam!^$&6$(!$-!/(M!T\\ac!/&0!*+44$&6)3/-$!6#.'-6!.&!4$-/?+(.64!

bP/-/&/?$!$-!/(M!RSTacM!P#.($!-#$6$!>3+*$66$6!4/9!@$((!*+&-3.?)-$!-+J!+3!?$!*+33$(/-$0!

@.-#J!-#$!0$*(.&$!.&!@#+($!+38/&.64!6)32.2/(!@.-#!/8$!b6$&$6*$&*$!.&!-#$!$2+()-.+&/39!

6$&6$cJ!-#$9!/3$!*($/3(9!+&(9!>/3-!+'!-#$!6-+39M!



!

TTT!

%&!/00.-.+&J!6$4$(>/3.-9!.&!A.  thaliana!3$Q).3$6!?+-#!-#$!6)>>3$66.+&!+'!/=.((/39!

4$3.6-$46!-+!>3$2$&-!-#$!'+34/-.+&!+'!&$@!6#++-6!/&0!-#$!/33$6-!+'!3$>3+0)*-.2$!

4$3.6-$46M!H6!>(/&-6!83+@!-#$9!($/2$!?$#.&0!/=.((/39!4$3.6-$46!-#/-!8$&$3/((9!3$4/.&!

.&/*-.2$!)&($66!-#$!>3.4/39!4$3.6-$4!.6!0/4/8$0!+3!-#$!6#++-!/>.*/(!4$3.6-$4!.6!-++!'/3!

/@/9!6>/-./((9!-+!3$>3$66!0.''$3$&-./-.+&M!%&!A.  thalianaJ!-#$!8$&$!AtMYB2!#/6!?$$&!

6#+@&!-+!/*-.2$(9!6)>>3$66!/)=.(./39!?3/&*#$6!6>$*.'.*/((9!(/-$!.&!0$2$(+>4$&-!b,)+!/&0!

,/&!RSTTcM!P#$&!-#.6!8$&$!.6!4)-/-$0J!>(/&-6!*+&-.&)/((9!8$&$3/-$!&$@!?3/&*#$6!/&0!

-#.6!$=-$&06!-#$!3$>3+0)*-.2$!(.'$!6>/&M!!

E(-.4/-$(9!-#$6$!.&0.2.0)/(!>3+*$66$6!*+4?.&$!/*3+66!4)(-.>($!($2$(6!+'!

+38/&.A/-.+&!-+!($/0!-+!-#$!*+4>($=!-3/.-!+'!@#+($!+38/&.64!6$&$6*$&*$!bC/2.$6!/&0!,/&!

RSTRcM!"#$!>3$*.6$!4/&&$3!.&!@#.*#!-#.6!.&-$83/-.+&!+**)36!.6!/&!/*-.2$!/3$/!+'!3$6$/3*#M!!

213"25+2!6/.!2513./5 ;25:07!92593:313:>!/ 6!:39982!
92529+25+2 !

H!-#$4$!-#/-!$4$38$6!'3+4!-#$!3$6$/3*#!#.8#(.8#-$0!/?+2$!.6!-#/-!-.66)$!

6$&$6*$&*$!.6!#.8#(9!0$>$&0$&-!+&!-#$!$&2.3+&4$&-!b3$2.$@$0!.&!:.4!$-!/(M!RSSZm!

V).3.&+!$-!/(M!RSSSm!"#+4/6!RSTam!P++!$-!/(M!RSTacM!5+3!$=/4>($J!aSp!+'!-3/&6*3.>-.+&!

'/*-+36!/66+*./-$0!@.-#!($/'!6$&$6*$&*$!@$3$!0.''$3$&-./((9!$=>3$66$0!.&!3$6>+&6$!-+!

$&2.3+&4$&-/(!*)$6!bB/(/A/0$ #!$-!/(M!RSS`?cM!K$$!5.8)3$!T_!'+3!/!6)44/39!+'!

$&2.3+&4$&-/(!'/*-+36!D&+@&!-+!?$!3$($2/&-!'+3!2/3.+)6!-.66)$6!.&!A.  thalianaM!

1&2.3+&4$&-/(!0$>$&0$&*9!+'!-.66)$!6$&$6*$&*$!#/6!/(6+!?$$&!'+)&0!/-!-#$!($2$(!+'!



!

TTR!

.&0.2.0)/(!+38/&6!.&!&)4$3+)6!+-#$3!>(/&-6!b,+4?$3-!$-!/(M!RSS_m!:.!$-!/(M!RSSSm!L$&8!$-!

/(M!RSTacM!!

!

5.8)3$!T_F!,$&$-.*!$2.0$&*$!'+3!-#$!$&2.3+&4$&-/(!0$>$&0$&*$!+'!-#$!6$&$6*$&*$!
>3+*$66M!aJ!K*#$4/-.*!+'!D&+@&!*+&&$*-.+&6!?$-@$$&!-#$!$&2.3+&4$&-!-.66)$!6$&$6*$&*$M!
"#$!$&2.3+&4$&-!*/&!.&'()$&*$!6$&$6*$&*$!0.3$*-(9!+3!.&0.3$*-(9!-#3+)8#!/(-$3.&8!+-#$3!
0$2$(+>4$&-/(!>3+*$66$6!6)*#!/6!'(+@$3.&8!-.4$!-#/-!#/2$!*/6*/0.&8!$''$*-6!+&!3+6$--$!

6$&$6*$&*$M!P#.($!-#$!6$&$6*$&*$!+'!.&0.2.0)/(!-.66)$6!*($/3(9!*+&-3.?)-$!-+!@#+($;>(/&-!
6$&$6*$&*$J!-#$!$=/*-!3$(/-.+&6#.>!?$-@$$&!-#.6!>3+*$66!/&0!-#$!+-#$3!4/W+3!*+4>+&$&-6!
+'!@#+($;>(/&-!6$&$6*$&*$!3$4/.&6!4)3D9!/6!@$((!/6J!#+@!/&0!.'!$&2.3+&4$&-/(!'/*-+36!

.&'()$&*$!-#$6$!>3+*$66$6M!bJ!"/?($!+'!$&2.3+&4$&-/(!*)$6!/&0!$=/4>($6!+'!-#$!
0+@&6-3$/4!8$&$6!-#$9!.&'()$&*$!.&!A.  thalianaM!1=/4>($6!/3$!+&(9!>3+2.0$0!'+3!($/'!/&0!

3+6$--$!6$&$6*$&*$J!/6!-#+6$!-.66)$6!/3$!-#$!4+6-!$=-$&6.2$(9!6-)0.$0M!

<./?.299!/5!;2+=0539 ;9 !35!3:2./<0./89!9<2+3 29!

"#$!6/4$!6$/6+&/(!$&2.3+&4$&-/(!6*$&/3.+!0$6*3.?$0!'+3!6$4$(>/3+)6!>(/&-6!/(6+!

>(/96!+)-!'+3!.-$3+>/3+)6!>(/&-6!$/*#!9$/3!@#$&!-#$9!3$>3+0)*$M!73+83$66!.6!?$.&8!4/0$!

+&!-#$!4$*#/&.646!)&0$3(9.&8!.-$3+>/3+)6!3$>$/-$0!'(+@$3.&8M!L+6-!6>$*.$6!b$M8M!

Lenolium  +3!MaluscJ!3$-/.&!2$8$-/-.2$!+3!Q).$6*$&-!/=.((/39!4$3.6-$46!0)3.&8!

External cue Examples of 
responsive genes 

Tissue 
type 

Citations 

Photosynthetic 
rate (sugar levels) 

FRI/PSII-3 Rosette  Wingler et al., 2010 

SAG12 Leaf Noh and Amasino, 1999 

Cold FLC/FRI Rosette Wingler et al., 2010 

WRKY53 Leaf Zentgraf et al., 2010 

Light Rosette Weaver and Amasino, 2001 

CRY2a/CIB1 
AtXDHL 

Leaf Weaver and Amasino, 2001, 
Brychkova et al., 2008 

Salt  ORE1 
JUB1 

Leaf Balazadeh et al., 2010, Wu 
et al., 2012 

Nitrogen 4-5 QTL Bay x Sha 
RILs 

Leaf Diaz et al., 2006 

Drought NTL4 Leaf Lee et al., 2012 

Pathogens ELI3-2(SAG25) 
NIT2 (SAG27) 

Leaf Quirino et al., 1999, Quirino 
et al., 2000 

Env. factors 

Leaf 
senescence 

Rosette 
senescence 

Whole plant 
senescence 
(death of all 
meristems) 

Biotic 
factors (e.g. 
pathogens) 

Timing of 
reproduction 

? 

a b 



!
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3$>3+0)*-.+&!b5+6-$3!$-!/(M!RSSam!X&.6#.!$-!/(M!RSSac!@#.($!/!'$@!6>$*.$6!6)*#!/6!Impatiens  

balsaminaJ!#/2$!3$>3+0)*-.2$!4$3.6-$46!-#/-!*/&!3$2$3-!?/*D!-+!2$8$-/-.2$!83+@-#!

bH(?/&.!/&0!<+)>(/&0!RSTScM!

<+4>/3.&8!.-$3+>/3+)6!4$*#/&.646!-+!-#+6$!D&+@&!.&!6$4$(>/3+)6!(.'$!*9*($6!

#/6!>3+2$&!$&(.8#-$&.&8!bH(?/&.!/&0!<+)>(/&0!RSTSm!H&03$6!/&0!<+)>(/&0!RSTRcM!5+3!

.&6-/&*$J!.&!/&!.-$3+>/3+)6!6>$*.$6!3$(/-$0!-+!A.  thalianaJ!/!>+3-.+&!+'!4$3.6-$46!$/*#!9$/3!

0+$6!&+-!-3/&6.-.+&!-+!'(+@$3.&8J!/((+@.&8!83+@-#!.&!-#$!6)?6$Q)$&-!9$/3M!"#$!8$&$6!

PEP1!/&0!AhFLC!-#/-!/3$!+3-#+(+86!+'!8$&$6!.4>+3-/&-!-+!-#$!'(+@$3.&8!-3/&6.-.+&!.&!-#$!

/&&)/(! A.  thaliana!/3$!D$9!-+!-#.6!>3+*$66!bH.D/@/!$-!/(M!RSTSm!P/&8!$-!/(M!RSS\cM!"#$6$!

6.4.(/3.-.$6!.&!-#$!*+&-$=-!+'!6)*#!/!')&0/4$&-/((9!0.''$3$&-!(.'$!*9*($!4/9!>3+2.0$!

($2$3/8$!-+!6$>/3/-$!-#$!$''$*-6!+'!6$($*-.+&!'+3!4/=.4.A.&8!3$>3+0)*-.+&!0)3.&8!/!

>/3-.*)(/3!-.4$!.&-$32/(!'3+4!-#$!$''$*-6!+'!4)-/-.+& !/**)4)(/-.+&!-#/-!3$0)*$!')&*-.+&!

/6!/&!+38/&.64!/8$6!bB3+44$3!RST[m!7)W+(!$-!/(M!RST[cM!!

+/5+7893/59 !

P$!'.&0!-#/-!)&0$3!3$/6+&/?($!/66)4>-.+&6!/?+)-!6$/6+&/(!03.2$36!+'!4+3-/(.-9J!

-#$!@.&0+@!'+3!3$>3+0)*-.+&!b/&0!-#$3$'+3$!6$&$6*$&*$c!.&!/!4+0$(!6$4$(>/3+)6!6>$*.$6  

.6!(+*/-.+&!0$>$&0$&-M!"#.6!'.&0.&8!6)88$6-6!-#/-!-#$3$!.6!-#$!+>>+3-)&.-9!'+3!6$($*-.+&!-+!

6#/>$!#+@!'/6-!A.  thaliana!0.2$3-6!3$6+)3*$6!'3+4!4/.&-$&/&*$!/&0!6)32.2/(!-+!6$$06!

/'-$3!-#$!.&.-./-.+&!+'!3$>3+0)*-.+&M!H00.-.+&/(9J!@$!'.&0!-#/-!8$&$-.*!2/3./-.+&!-#/-!

.&'()$&*$6!-#$!-.4.&8!+'!/&!$/3(9!(.'$ ;6-/8$!-3/&6.-.+&!b8$34.&/-.+&!-.4.&8c!*/&!#/2$!



!
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3/4.'9.&8!$''$*-6!+&!-#$!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&!@.-#.&!$/*#!$&2.3+&4$&-M!"#.6!

6)88$6-6!-#/-!-#$!+>-.4/(!>/--$3&!+'!6$&$6*$&*$!@.((!0$>$&0!+&!>#$&+(+89J!/&0!')3-#$3J!

-#/-!8$&$-.*!2/3./-.+&!.&!$/3(9!(.'$;6-/8$!-3/.-6!4/9!.&'()$&*$!6$($*-.+&!+&!6$&$6*$&*$!+3!

2.*$!2$36/M!X)3!4+0$(!/&/(96.6!-#$3$'+3$!6)88$6-6!-#$!-$6-/?($!#9>+-#$6.6!-#/-!

8$34.&/-.+&!/(($($6!4/9!#/2$!*+33$(/-$0!$''$*-6!+&!6$&$6*$&*$M!

L+($ *)(/3!$2.0$&*$!.&!A.  thaliana!$4>#/6.A$6!-#$!$&2.3+&4$&-/(!0$>$&0$&*$!+'!

4/&9!+'!-#$!6)? ;>3+*$66$6!-#/-!)(-.4/-$(9!($/0!-+!6$&$6*$&*$M!"#.6!3$6$/3*#!/(6+!>+.&-6!

-+!#.8#!($2$(!+'!3$8)(/-.+&!/&0!*+&-3+(!+'!-#$6$!696-$46M!1=>$3.4$&-6!-#/-!'+*)6!+&!#+@!

-.66)$;6>$*.'.*!6$&$6*$&*$!*+&-3.?)-$6!-+!@#+($;>(/&-!6$&$6*$&*$J!/6!@$((!/6!-#$!

4+($*)(/3!?/6.6!/&0!$&2.3+&4$&-!0$>$&0$&*$!+'!-3/0$;+''6!?$-@$$&!6)32.2/(!/&0!

'$*)&0.-9J!@.((!?$!>/3-.*)(/3(9!$&(.8#-$&.&8M!%&!6)4J!?+-#!4+($*)(/3!/&0!4+0$((.&8!@+3D!

6)88$6-!-#/-!-#$!$&2.3+&4$&-/(!0$>$&0$&*9!+'!-3/0$;+''6!4/9!>(/9!/&!.4>+3-/&-J!?)-!

)&0$3;$=>(+3$0!3+($!.&!0$-$34.&.&8!+?6$32$0!6$&$6*$&*$!>/--$3&6!.&!6$4$(>/3+)6J!

/&&)/(!>(/&-6M!!

B+-#!-#$!4+0$((.&8!/&0!+)3!3$2.$@!+'!4+($*)(/3!4$*#/&.646!6)88$6-!-#$!

>+-$&-./(!'+3!$&2.3+&4$&-/(!6$&6.-.2.-9!b>(/6-.*.-9c!+'!-#$!/((+*/-.+&!+'!3$6+)3*$6!-+!

6)32.2/(! vs.  3$>3+0)*-.+&!b@.-#!.-6!/**+4>/&9.&8!$''$*-6!+&!6$&$6*$&*$cM!%&!/&.4/(6J!

>(/6-.*.-9!+'!6$&$6*$&*$!.6!*+44+&(9!3$>+3-$0!b:.?$3-!$-!/(M!RSSZm!L/.3!$-!/(M!RSSac!/&0!

$()*.0/-.&8!-#$!8$ &$-.*!?/6.6!+'!-#$6$!>3+*$66$6!@/6!3$*$&-(9!.0$&-.'.$0!/6!/!4/W+3!

0.3$*-.+&!'+3!')-)3$!@+3D!b5(/--!/&0!K*#4.0-!RSS\cM!%&!>(/&-6!-#$3$!.6!/(6+!$2.0$&*$!'+3!



!
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>(/6-.*.-9!.&!(+&8$2.-9!bB+38$6!RSS\cJ!/&0!-#$3$!.6!$4>.3.*/(!6)>>+3-!'+3!03+)8#-;

0$>$&0$&-!6$&$6*$&*$!.&!-#3$$!6$4$(>/3+)6!6>$*.$6M!C$6$3-!>(/&-!>+>)(/-.+&6!

/**$($3/-$0!6$&$6*$&*$!.&!3$6>+&6$!-+!03+)8#-!@#$3$/6!L$0.-$33/&$/&!>+>)(/-.+&6!0.0!

&+-!bH3+&6+&!$-!/(M!T\\RcM!X'!*+)36$J!$&2.3+&4$&-/(!0$>$&0$&*$!+'!6$&$6*$&*$!4/9!&+-!

?$!/0/>-.2$!/6!.-!4/9 !/(6+!3$'($*-!&+&;/0/>-.2$!>(/6-.*.-9!b0$2$(+>4$&-/(!*+&6-3/.&-6cM!

5+3!$=/4>($J!.&!3$0!0$$3!$=>+6)3$!-+!#/36#!$/3(9!(.'$!*+&0.-.+&6!*+&6-3/.&$0!

0$2$(+>4$&-!/&0!$=/*$3?/-$0!-#$!/8.&8!>3+*$66!b])66$9!$-!/(M!RSSZcM!

68:8.2!"3.2+:3/59 !

"#$3$!/3$!/!&)4?$3!+'!*#/( ($&8$6!.&!$=>(+.-.&8!-#$!@$/(-#!+'!D&+@($08$!+&!A.  

thaliana  -+!)&0$36-/&0!(.'$;#.6-+39!$2+()-.+&M!%&!>/3-.*)(/3J!.-6!$*+(+89!.&!&/-)3/(!6$--.&86!

.6!3$(/-.2$(9!>++3(9!D&+@&J!-#$3$!/3$!'$@!0$4+83/>#.*!0/-/6$-6!.&!&/-)3/(!#/?.-/-6!b?)-!

6$$F!b7.*+!RSTRccJ!/&0!D&+@($08$!+'!-#$!?$#/2.+)3!+'!?$(+@;83+)&0!6$$0!/&0!

8$34.&/-.+&!09&/4.*6!.6!$6>$*./((9!3/3$M!B$*/)6$!+)3!3$6)(-6!.&0.*/-$!-#/-!8$&$-.*!

*#/&8$6!-#/-!)&0$3(.$!(.'$;6-/8$!-3/&6.-.+&6!+**)33.&8!4)*#!$/3(.$3!-#/&!6$&$6*$&*$!*/&!

#/2$!/!(/38$!.&'()$& *$!+&!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&J!4+3$!0$-/.(!+&!-#.6!>/3-!+'!-#$!

(.'$!#.6-+39!@+)(0!?$!+'!83$/-!2/()$M!!

L/&9!.&-3.8).&8!/2$&)$6!'+3!.&2$6-.8/-.&8!-#$!'/*-+36!-#/-!.&'()$&*$!-#$!

$2+()-.+&!+'!6$4$(>/3.-9!/&0!.&$2.-/?($!6$&$6*$&*$!3$4/.&!-+!?$!$=>(+3$0M!H6!0/-/!6$-6!

?$*+4$!/2/.(/?($!+&!>#$&+(+89!/&0!0$4+83/>#9!+'!&/-)3/(!>+>)(/-.+&6!+'!-#.6!6>$*.$6J!

-#$!>3$0.*-.+&6!+'!+)3!4+0$(!*/&!?$!-$6-$0M!5)3-#$3J!+)3!4+0$((.&8!/>>3+/*#!*+)(0!?$!



!

TT_!

4+0.'.$0!-+!$=>(.*.-(9!3$'($*-!>+-$&-./(!$&2.3+&4$&-;6>$*.'.*!-3/0$;+''6 !/&0!

*+44$&6)3/-$!*#/&8$6!.&!6$&$6*$&*$!-+!-$6-!/0/>-.2$!#9>+-#$6$6M!1=>(+3/-.+&!+'!-#$!

8$&$-.*!/&0!0$2$(+>4$&-/(!?/6.6!+'!-#$!6)32.2/(g3$>3+0)*-.+&!-3/0$;+''!.&!-#.6!6>$*.$6!

@+)(0!83$/-(9!/.0!-#.6!$&0$/2+)3M!:/6-(9J!/&+-#$3!D$9!0.3$*-.+&!.&*()0$6!6$($*-.+&!

$=>$3.4$&-6!-#/-!-$6-!-#$!3$6>+&6$!-+!6$($*-.+&!'+3!?+-#!(/-$!(.'$!6)32.2/(!/&0!

3$>3+0)*-.2$!3/-$!6.4)(-/&$+)6(9M!



!

TTZ!

!"#$%&'("# !

/12.077!98;;0.> !

"#3+)8#+)-! -#$!3$6$/3*#!-#/-!*+4>3.6$6!49!0.66$3-/-.+&J!%!#/2$!6+)8#-!-+!

)&0$36-/&0!-#$!>3+*$66$6!-#/-!8$&$3/-$!>#$&+-9>.*!2/3./-.+&M!%!(++D$0!/-!-#$6$!>3+*$66$6!

-#3+)8#!-#$!($&6!+'!(.'$!*9*($6!@#$3$!-3/&6.-.+&6!?$-@$$&!(.'$!6-/8$6!/3$!+'-$&!.&'()$&*$0!

6)?6-/&-./((9!?9!?+-#!$&2.3+&4$&-/(!/&0!/(($(.*!2/3./-.+&M!%&!-#$!>3$2.+)6!*#/>-$36J!%!

$=>(.*.-(9!*+&6.0$3$0!#+@!>($.+-3+>9!/*3+66!(.'$!6-/8$6!@.-#.&!/&0!?$-@$$&!8$&$3/-.+&6J!

$&2.3+&4$&-;0$>$&0$&-!/(($(.*!$''$*-6J!/&0!$>.6-/6.6!8$&$3/-$!>/--$3&6!+'!(.'$;*9*($!

2/3./-.+&!/*3+66!3/&8$6M!

L9!'.36-!*#/>-$3!6#+@$0!-#/-!>#$&+-9>.*!2/3./-.+&!.6!-#$!+)-*+4$!+'!.& -$3/*-.+&6!

/4+&8!8$&+-9>$6!/&0!$&2.3+&4$&-6!$=>$3.$&*$0!.&!4+3$!-#/&!+&$!8$&$3/-.+&M!

K>$*.'.*/((9!'+*)6.&8!+&!#+@!'(+@$3.&8!-.4$!/&0!0.6>$36/(!-.4$!+'!/!>3$2.+)6!8$&$3/-.+&!

*/&!.&'()$&*$!8$34.&/-.+&!?$#/2.+3J!%!*+&0)*-$0!/&!$=>$3.4$&-!-#/-!6#+@$0!-#/-!4/&9 !

*+4?.&/-.+&6!+'!8$&$-.*J!$&2.3+&4$&-/(J!/&0!0$2$(+>4$&-/(!'/*-+36!*/&!*3$/-$!6.4.(/3!

8$34.&/-.+&!>#$&+-9>$6J!/&0!-#/-!4/-$3&/(!$''$*-6!*/&!#/2$!/!(/38$3!.&'()$&*$! -#/&!

8$&+-9>$!+&!>#$&+-9>$!0.''$3$&*$6M!:/6-(9 J!-#$6$!4/-$3&/(!$''$*-6!*/&!3$0)*$!2/3./-.+& !

.&!8$34.&/-.+&!-.4.&8J!$2$&!@#$&!-#$3$!.6!2/3./-.+&!.&!'(+@$3.&8!/&0!0.6>$36/(!-.4$M!!

P#$&! -#$!$&-.3$!(.'$!*9*($!.6!*+&6.0$3$0J!%!'.&0!-#/-!$&2.3+&4$&-/(!2/3./-.+&!.6!/!

4/W+3!03.2$3!+'!>#$&+-9>.*!2/3./-.+&!/*3+66!-#$!3/&8$J!/&0!.&*+3>+3/-.&8!D&+@&!

8$+83/>#.*!>/--$3&6!+'!/(($(.*!2/3./-.+&!.4>3+2$6!-#$!4/-*#!+'!(.'$!*9*($6!-+!-#+6$!



!

TT !̀

+?6$32$0!/*3+66!-#$!3/&8$M!H00.-.+&/((9J!%!6#+@!-#/-!2/3./-.+&!.&!0+34/&*9!8$&$3/-$0!.&!

-#$!>3$2.+)6!8$&$3/-.+&!*/)6$6!?+-#!@.&-$3;/&&)/(!/&0!6)44$3 ;/&&)/(!(.'$!*9*($6!-+!?$!

$=>3$66$0!?9!-#$!6/4$!8$&+-9>$!.&!6+4$!(+*/-.+&6M!:/6-(9J!%!'.&0!$2.0$&*$!-#/-!*+)&-$3;

83/0.$&-!2/3./-.+&!4/9!$=>(/.&!/&!+?6$32$0!(/-.-)0.&/(!*(.&$!.&!6$$0!0+34/&*9!($2$(6M!!

"#)6J!8$&$-.*!2/3./-.+&! .&!+&$!(.'$;6-/8$!-3/&6.-.+&!.6!&$*$66/39!-+!4/.&-/.&!>#$&+-9>.*!

6-/6.6!+'!(.'$;*9*($!($&8-#!8.2$&!$&2.3+&4$&-/(!2/3./-.+&!/*3+66!-#$!3/&8$M!"+!49!

D&+@($08$J!-#.6!.6!-#$!'.36-!*+4>3$#$&6.2$!$=/4.&/-.+&!+'!#+@!/(($(.*!2/3./-.+&!6#/>$6!

8$+83/>#.*!2/3./-.+&!.&!-#$!$=>3$66.+&!+'!(.'$!*9*($6!.&!-#.6!6>$*.$6M!

5.&/((9J!%!*+&6.0$3!#+@!-#$!-.4.&8!+'!8$34.&/-.+&!0$-$34.&$6!-#$!$&2.3+&4$&-!.&!

@#.*#!/!>(/&-!3$>3+0)*$6!/&0!6$&$6*$6!/&0!-#)6!-#$!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&M!!%!

'.&0!-#/-!-#$!3$(/-.+&6#.>!?$-@$$&!8$34.&/-.+&!-.4$!/&0!0)3/-.+&!+'!3$>3+0)*-.+&!2/3.$6!

/ *3+66!-#$!3/&8$M!:+@!0+34/&*9!8$&+-9>$6!/-!4.0;(/-.-)0$6!#/2$!4+3$!-.4$!'+3!

3$>3+0)*-.+&!-#/&!-#+6$!/-!$.-#$3!#.8#!+3!(+@!(/-.-)0$6J!/&0!.&!6+)-#$3&!(+*/-.+&6!

.&*3$/6.&8!0+34/&*9!($2$(!.&*3$/6$6!-#$!0)3/-.+&!+'!3$>3+0)*-.+&M!5)3-#$3J!@.-#.&!/!

(+*/-.+&!%!6#+@!-#/-!-#$3$!*/&!/(6+!?$!@.0$!2/3./-.+&!.&!3$>3+0)*-.2$!($&8-#6!*/)6$0!?9!

0.''$3$&*$6!.&!8$34.&/-.+&!-.4.&8M!%'!-3/0$;+''6!?$-@$$&!6)32.2/(!/&0!'$*)&0.-9!0$>$&0!

+&!-#$!$&2.3+&4$&-J!@$!4.8#-!$=>$*-!3/-$6!+'!6$&$6*$&*$!-+!/(6+!?$!$&2.3+&4$&-/((9!

0$>$&0$&-l / !#9>+-#$6.6!?+(6-$3$0!?9!-#$!+?6$32/-.+&!+'!$&2.3+&4$&-;0$>$&0$&-!

6$&$6*$&*$!.&!-#.6!6>$*.$6M!



!

TT\!

%&!6)4J!%!#/2$!/02/&*$0!+)3!)&0$36-/&0.&8!+'!#+@!(.'$!*9*($6!+>$3/-$!.&!6$/6+&/(!

$&2.3+&4$&-6!?9!0$4+&6-3/-.&8!$4>.3.*/((9!-#$!.4>+3-/&*$!+'!>($.+-3+>9!/&0!

$&2.3+&4$&-;0$>$&0$&-!/(($(.*!$''$*-6M!%&!-/&0$4J!%!#/2$!*3$/-$0!/!4+0$(.&8!'3/4$@+3D!

-#/-!/((+@6!-#$!>3$0.*-.+&!+'!-#$!*+4>($=!(.'$!*9*($6!-#$6$!>3+*$66$6!8$&$3/-$!/*3+66!/!

6>$*.$6!3/&8$M!"#$!0$2$(+>4$&-!+'!-#.6!'3/4$@+3D!.6!/!?.8!6-$>!'+3@/30!?$*/)6$!.-!

/((+@6!>3$0.*-.+&!+'!-#$!$&2.3+&4$&-6!-#/-!$/*#!>/3-.*)(/3!(.'$!6-/8$!$=>$3.$&*$6!/*3+66!

3/&8$6!/&0!#+@!8$&$-.*!2/3./-.+&!/(-$36!-#+6$!$&2.3+&4$&-6!bH>>$&0.=!CcM!!:/6-(9J!49!

3$6$/3*#!8$&$3/-$0!-$6-/?($!#9>+-#$6$6!*+&*$3&.&8!>($.+-3+>.*!$''$*-6!?$-@$$&!(.'$!6-/8$6!

?+-#!@.-#.&!/&0!?$-@$$&!8$&$3/-.+&6!/&0!(/.0!-#$!83+)&0@+3D!'+3!')-)3$!$=>(+3/-.+&6!

+'!#+@!(.'$!*9*($6!$2+(2$M!

68:8.2!"3.2+:3/59 !

"#$3$!/3$!&)4$3+)6!@/96!-+!4+2$!'+3@/30!.&!+)3!)&0$36-/&0.&8!+'!(.'$ ;*9*($6M!

X&!/!>3/*-.*/(!($2$(J!4)*#!/00.-.+&/(!.&'+34/-.+&! /?+)-! A.  thaliana!(.'$!*9*($6!/&0!'.-&$66!

.&!&/-)3/(!$&2.3+&4$&-6!@.((!?$!.4>+3-/&-M!!%&!-$346!+'!-#$!(/38$3!Q)$6-.+&6J!>/3-.*)(/3(9!

.4>+3-/&-!/2$&)$6!'+3!')3-#$3!3$6$/3*#!.&*()0$F!-#$!6+)3*$6!+'!(.'$;*9*($!2/3./-.+&!@.-#.&!

>+>)(/-.+&6J!-#$!$2+()-.+&!+'!0.6-.&*-!(.'$;*9*($!6-3/-$8.$6J!/&0!3$6.(.$&*$!+'!(.'$!*9*($6!-+!

$&2.3+&4$&-/(!>$3-)3?/-.+&6M!E(-.4/-$(9J!.&*+3>+3/-.&8!$&2.3+&4$&-;0$>$&0$&-!

0$4+83/>#9!/&0!>3+W$*-.&8!3$6>+&6$6!-+!*(.4/-$!*#/&8$!@.((!/((+@!>3+W$*-.+&6!+'!')-)3$!

8$&+-9>$;6>$*.'.*!83+@-#!3/-$6!/*3+66!-#$!3/&8$M!1/*#!+'!-#$!/3$/6!+'!')-)3$!0$2$(+>4$&-!

.6!#.8#(.8#-$0!.&!-)3&!?$(+@M!



!

TRS!

5.36-J!&)4$3+)6!#9>+-#$6$6!6)88$6-$0!?9!-#$!4+0$(!*/&!?$!2/(.0/-$0!2./!'.$(0!

/&0!*#/4?$3!$=>$3.4$&-6J!.&*3$/6$0!D&+@($08$!+'!A.  thaliana!>#$&+(+89!.&!&/-)3/(!

>+>)(/-.+&6J!+3!>+>)(/-.+&!*/8$!$=>$3.4$&-6!-#/-!/((+@!-#$!-3/*D.&8!+'!D&+@&!

8$&+-9>$6!.&!6$/6+&/(!$&2.3+&4$&-6M!"#$3$!/3$!/(6+!/00.-.+&/(!09&/4.*6!-#/-!*/&!?$!

.&*+3>+3/-$0!.&!-#$!(.'$;*9*($!4+0$(M!,++0!*/&0.0/-$6!.&*()0$!&)-3.$&-!/2/ .(/?.(.-9!

b,).(?/&0!$-!/(M!RSTUcJ!-$4>$3/-)3$;0$>$&0$&-!0+34/&*9!b<#/>-$3!TJ!-#.6!0.66$3-/-.+&cJ!

6$*+&0/39!0+34/&*9!09&/4.*6!bH)8$!$-!/(M!.&!>3$66J!K>3.&8-#+3>$!.&!3$2.$@c!/&0!?.+-.*!

.&-$3/*-.+&6!bL$-*/('!$-!/(M!.&!>3$66cM!!

K$*+&0J!$=-$&6.2$!(.'$;*9*($!2/3./-.+&!.6!+'-$&!+?6$32$0!@.-#.&!>+>)(/-.+&6!/6!

@$((!/6!?$-@$$&!>+>)(/-.+&6J!?)-!(.--($!.6!!D&+@&!/?+)-!@#/-!8$&$3/-$6!-#.6!2/3./-.+&!.&!/!

8.2$&!>+>)(/-.+&M!X&$!+?2.+)6!6+)3*$!*/&!?$!8$&$-.*!2/3./-.+&!@.-#.&!/!>+>)(/-.+&J!?)-!

-#$3$!/3$!/(6+!/00.-.+&/(!4$*#/ &.646!6)*#!/6!4.*3+ ;$&2.3+&4$&-/(!2/3./-.+&!/*3+66!/!

(+*/-.+&J!?$-;#$08.&8J!/&0!0$2$(+>4$&-/(!6-+*#/6-.*.-9!b<#.(06!$-!/(!RSTSm!5$#34/&&!$-!

/(M!RSTam!K.4+&6!/&0!O+#&6-+&!RSS_cM!H-!-#$!$=-3$4$!$&0!+'!-#$!6>$*-3)4J!6$/6+&/(!

2/3./-.+&!/(+&$!bI.2$(/!$-!/(M!RSTac!*/&!($/0!-+!>+(9>#$&.646J!@#$3$!+&$!8$&+-9>$!*/&!

*3$/-$!4)(-.>($!0.6*3$-$!(.'$;#.6-+39!6-3/-$8.$6!+2$3!-#$!9$/3!b/6!#/6!+**)33$0!@.-#!-#$!039!

/&0!@$-!6$/6+&!4+3>#6!+?6$32$0!.&!?)--$3'(.$6m!B3/D$'.$(0!/&0!N$.-64/!T\\Tm!73)0.*!$-!

/(M!RSTUcM!H!8$&$3/(!)&0$36-/&0.&8!+'!#+@!-#.6!(.'$;*9*($!2/3./-.+&!.6!.&.-./-$0!/&0!

>$3>$-)/-$0!/*3+66!(.'$!6-/8$6!.6!.&!.-6!.&'/&*9M!!



!
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%&!-#.6!0.66$3-/-.+&J!%!#/2$!*+&-3.?)-$0!-+!-#$!*+&2$36/-.+&!/?+)-!-#$!6+)3*$6!+'!

(.'$;*9*($!2/3./-.+&!?9!6#+@.&8!-#/-!+&*$!/!-.4.&8! 0.''$3$&*$!?$-@$$&!-@+!.&0.2.0)/(6!.6!

$=>3$66$0J!-#/-!2/3./-.+&!*/&!?$!/)84$&-$0!+3!3$0)*$0!/*3+66!6)?6$Q)$&-!(.'$;6-/8$!

-3/&6.-.+&6!0$>$&0.&8!+&!-#$!6$/6+&/(!$&2.3+&4$&-M!5+3!$=/4>($J!6>3.&8!'(+@$3.&8!.6!

+'-$&!'/3!4+3$!69&*#3+&.A$0!-#/&!'/((!8$34.&/-.+&M!%&!-#.6!>3+*$66J!>(/&-6!*/&!8$34.&/-$!

4/&9!4+&-#6!/>/3-J!?)-!6-.((!'(+@$3!/-!/(4+6-!-#$!6/4$!-.4$!.&!-#$!6>3.&8M!"#.6!+**)36!

?$*/)6$!0$2$(+>4$&-!+**)36!6+!6(+@(9!.&!-#$!(/-$!'/((!/&0!@.&-$3!0)$!-+!6-3+&8!'(+3/(!

3$>3$66.+&!-#/-!+&*$!-#/-!3$>3$66.+&!.6!(.'-$0!?9!*+(0!-$4>$3/-)3$6!/&0 !/6!@/34!

-$4>$3/-)3$6!/&0!(+&8!>#+-+>$3.+06!/33.2$!.&!-#$!6>3.&8J!-#$!.&.-./(!0$2$(+>4$&-/(!

0.''$3$&*$6!/3$!0@/3'$0!?9!-#$!6>$$0!+'!6>3.&8!0$2$(+>4$&-!bB)38#/30-!$-!/(M!RSTUm!

K>3.&8-#+3>$!/&0!7$&'.$(0J!.&!3$2.$@cM!"#.6!>3+*$66!*/&!/(6+!?$!+?6$32$0!.&!-#$!(/?F!

>#$&+-9>.*!2/3./&*$6!/3$!#.8#$3!@#$&!0$2$(+>4$&-!+**)36!4+3$!6(+@(9!b6$$!K)-$3!$-!/(M!

RST[!'+3!$=/4>($!@.-#!@.&-$3!*#.((.&8cM!!

K.4.(/3(9J!6+4$!$&2.3+&4$&-/(!*+&-$=-6!*/&!4/8&.'9!>#$&+-9>.*!0.''$3$&*$6!-#/-!

.&.-./((9!/3$!Q).-$!64/((M!"#.6!+'-$&!+**)36!@#$&!*$3-/.&!*)$6!/3$!/?6+()-$(9!3$Q).3$0!'+3!/!

-3/&6.-.+&!-+!+**)3!b/6!.&!-#$!+?(.8/-$!@.&-$3!*#.((.&8!3$Q).3$4$&-!.&!Campanulac!+3!@#$&!

0$2$(+>4$&-/(!3/-$6!/3$!6(+@.&8!0)$!-+!6$/6+&/(!*#/&8$6M!5+3!.&6-/&*$J!.&!-#$!'/((!/!&.&$;

0/9!0.''$3$&*$! .&!8$34.&/-.+&!-.4$!0$-$34.&$6!@#$-#$3!>(/&-6!'(+@$3!.&!-#$!'/((!+3!@/.-!

)&-.(!-#$!6>3.&8!bP.(*A$D!$-!/(M!RSS\cM!"#$6$!'.&0.&86!>3+2.0$!/!6-/3-.&8!>+.&-!'+3!')-)3$!

$=/4.&/-.+&6!+'!-#$!>3+*$66$6!-#/-!8$&$3/-$!(.'$;*9*($!2/3./-.+&M!
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5+3!$=/4>($J!(.--($!.6!*)33$&-(9!D&+@&!/?+)-!#+@!>+>)(/-.+&6!$2+(2$!'3+4!

$=#.?.-.&8!+&$!(.'$!*9*($!-+!/&+-#$3!be.g.!'3+4!/!@.&-$3;/&&)/(!(.'$!*9*($!-+!/!6)44$3 ;

/&&)/(!(.'$!*9*($cM!H3$!/(($(.*!*#/&8$6!@.-#!?.8!$''$*-!6.A$6!3$Q).3$0!'+3!6)*#!/!-3/&6.-.+&!

+3!*/&!/!64/((!*# /&8$!($/0!-+ !/!4/66.2$!(.'$ ;*9*($!6#.'-n!C+$6!-#$!6.A$!+'!-#$!*#/&8$!

&$*$66/39!-+!8$&$3/-$!-#$!6#.'-!2/39!/*3+66!(+*/-.+&6n!H&0!(/6-(9J!.'!-#$!3$Q).3$0!*#/&8$!.6!

(/38$J!.6!-#$!(.'$!*9*($!0$6-/?.(.A$0!?9!/(($(.*!*#/&8$6!@.-#!64/(($3!$''$*-!6.A$6n!N$*$&-(9J!

.&-$3$6-!/&0!>3+83$66!-+@/30!)&0$36-/&0.&8!-3/&6.-.+&6!?$-@$$&!/&&)/(6!/&0!>$3$&&./(6!

/&0!.-$3+>/3.-9!/&0!6$4$(>/3.-9!b6$$!<#/>-$3!ac!6)88$6-!-#/-!-#.6!.6!/!'.$(0!3.>$!'+3!')-)3$!

0$2$(+>4$&-M!!

K.4.(/3(9J!(.--($!.6!D&+@&!/?+)-!-#$!3$6.(.$&*9!+'!(.'$!*9*($6!-+!$&2.3+&4$&-/(!

>$3-)3?/-.+&6M!%!#/2$!6#+@&!-#/-!-#$!(.'$!*9*($!$=>3$66$0!0)3.&8!+&$!9$/3!*/&!.&'()$&*$!

-#$!(.'$!*9*($6!+'!6)?6$Q)$&-!8$&$3/-.+&6M!H!3$/6+&/?($!Q)$6-.+&!.6!-+!/6D!#+@!(+&8!-#+6$!

$''$*-6!(/6-M!f$/36!@.-#!$=-3$4$!$&2.3+&4$&-/(!2/3./-.+&6!*/&!>+-$&-./((9!#/2$!*/6*/0.&8!

$''$*-6!'+3!4/&9!8$&$3/-.+&6M!C)$!-+!-#$!0.''.*)(-9!+'!$=>$3.4$&-/-.+&J!#+@$2$3J!(+&8$3;

-$34!$''$*-6!+'!$&2.3+&4$&-/(!>$3-)3?/-.+&6!+&!(.'$!*9*($6!#/2$!3/3$(9!?$$&!6-)0.$0J!

4/D.&8!-#.6!/!>$3'$*-!Q)$6-.+&!-+!?$!/003$66$0!@.-#!/!4+0$(M!E&0$36-/&0.&8!9$/3;-+;

9$/3!$&2.3+&4$&-/(!2/3./-.+&!#/6!.4>+3-/&-!.4>(.*/-.+&6!?$*/)6$!.&-$3!/&&)/(!

$&2.3+&4$&-/(!2/3./-.+&!.6!>3$0.*-$0!-+!.&*3$/6$!0)$!-+!*(.4/-$!*#/&8$ M!

X?2.+)6(9 J!.&*+3>+3/-.&8!4+3$!6+>#.6-.*/-$0!$&2.3+&4$&-;0$>$&0$&-!

0$4+83/>#.*!>3+*$66$6!.&!-#$!4+0$( !6)*#!/6!6-/8$ ;6>$*.'.*!6)32.2/(!/&0!'$*)&0.-9 !.6!/&!
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.4>+3-/&-!&$=-!6-$>M!"#$!?.88$6-!#.&03/&*$!-+!-#.6!8+/(! .6!>/3/4$-$3.A.&8!-#$!4 +0$(!@.-#!

3$/(.6-.*!'.-&$66!')&*-.+&6M!X&*$!-#.6!.6!/**+4>(.6#$0J!@$!*/&!/6D!#+@!.4>+3-/&-!6)32.2/(!

/&0!'$3-.(.-9!>3+*$66$6!/3$!-+!6#/>.&8!$=>3$66$0!(.'$!*9*($6M!P$!*/&!/(6+!0$6*3.?$!

8$&+-9>$;6>$*.'.*!'.-&$66!/*3+66!-#$!3/&8$!/&0!/6D!.'!8$&+-9>$!*+4?.&/-.+&6!D&+@&!-+!

$=.6-!.&!*$3-/.&!/3$/6!+'!1)3+>$!#/2$!-#$!#.8#$6-!'.- &$66!/**+30.&8!-+!-#$!4+0$(M!E6.&8!

-#$6$!3$6)(-6J!@$!*/&!/(6+!.&Q).3$!@#.*#!0$4+83/>#.*!>3+*$66$6!/&0!$&2.3+&4$&-/(!

-+($3/&*$6!#/2$!-#$!(/38$6-!$''$*-!+&!>+>)(/-.+&!83+@-#!3/-$6M!

5.&/((9J!/&+-#$3!(+&8;-$34!8+/(!.6!-+!>3+W$*-!A.  thaliana!(.'$!*9*($6!.&!')-) 3$!

*(.4/-$6M!L$-#+06!'+3!*+&6.0$3.&8!#+@!6>$*.$6!@.((!3$6>+&0!-+!*#/&8.&8!*(.4/-$6!/3$!

*+&-.&)/((9!8$--.&8!4+3$!6+>#.6-.*/-$0!@.-#!4+0$(6!&+@!*+&6.0$3.&8!>(/6-.*.-9!/&0!(+*/(!

/0/>-/-.+&!b5.-A>/-3.*D!/&0!I$(($3!RSTUcJ!4$-/?+(.*!-#$+39!bI$/3&$9!$-!/(M!RSS\cJ!/&0!

>3+*$66;?/6$0!4+0$(6!bL+3.&!$-!/(M!RSSZcM!N)&&.&8!-#$!%:<!4+0$(!.&!')-)3$!*(.4/-$6!@.((!

*+&-3.?)-$!-+!-#.6!.&*3$/6$!.&!6+>#.6-.*/-.+&!/&0!/((+@!>3$0.*-.+&6!+'!@#$-#$3!>#$&+(+89J!

>($.+-3+>9J!/&0!6-/8$;6>$*.'.*!$&2.3+&4$&-/(!$=>+6)3$6!@.((!*#/&8$!@.-#!*(.4/-$M!C)$!-+!

-#$!$=-3$4$!>(/6-.*.-9!+'!-#$!A.  thaliana!(.'$!*9*($J!.-!.6!>+66.?($!-#/-J!@#.($!-#$!-.4.&8!+'!

(.'$!6-/8$6!@.((!*#/&8$J!-#$!$&2.3+&4$&-6!$=>$3.$&*$0!?9!$/*#!(.'$!6-/8$!@.((!3$4/.&!

*+&6-/&-M!P#$&!*+4?.&$0!@.-#!D&+@($08$!+'!0$4+83/>#.*!>3+*$66$6!0$6*3.?$0!/?+2$J!.-!

4/9!?$!>+66.?($!-+!>3$0.*-!#+@!4)*#!$2+()-.+&/39!*#/&8$!@.((!?$!&$*$66/39!'+3!

>+>)(/-.+&6!-+!3$4/.&!.&!-#$!6/4$!(+*/-.+&6!/6!*(.4/-$6!6#.'-M !
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Appendix  !"#!$$%&%'()*#+%,-./0#!"#$%!&'()$ !"#$%&'()*& !

!

5.8)3$!TZF!K)44/39!?+=>(+-6!0$6*3.?.&8!#+@!$=>$3.4$&-/(!'/*-+36!.&'()$&*$0!
8$34.&/-.+&!>3+>+3-.+&J!>++($0!+2$3!+-#$3!-3$/-4$&-6M!5/*-+36!.&*()0$!8$&+-9>$!b/cJ!

6$$0!/8$!b?cJ!4/-)3/-.+&!-$4>$3/-)3$!*+&0.-.+&6!b*cJ!/&0!8$34.&/-.+&!-$4>$3/-)3$!b0cM!
B+(0'/*$!(.&$6!.&0.*/-$!-#$!4$0./&J!?+=$6!$&*+4>/66!-#$!T6-;a30!Q)/3-.($6J!/&0!>+.&-6!

0$&+-$!+)-(.$36!-#/-!@$3$!4+3$!-#/&!TMU!-.4$6!-#$!T6-!/&0!a 30!Q)/3-.($6M! !
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5.8)3$!T`F!B+=>(+-6!6)44/3.A.&8!-#$!$=-$&-!-+!@#.*#!-#$!?$#/2.+3!+'!:erDOG1J!<+(J!
/&0!: erFLC!0.2$38$0!'3+4!: er!/-!$/*#!+'!-#$!8$34.&/-.+&!-$4>$3/-)3$6M!1''$*-!6.A$!

0.''$3$&*$6!?$-@$$&!:er!/&0!$/*#!8$&+-9>.*!*+&-3/6-!@$3$!$=-3/*-$0!'3+4!/!?./6;3$0)*$0!
8(4!b>3+>+3-.+&!0/-/c!4+0$(!3)&!/-!$/*#!8$34.&/-.+&!-$4>$3/-)3$!+&!4/-)3/-. +&!

*+&0.-.+&!/&0!/'-$3 ;3.>$&.&8!6)?6$-6M!])4?$36!.&0.*/-$!-#$!&)4?$3!+'!-3$/-4$&-6!b+)-!+'!
TR!-+-/(c!.&!@#.*#!8$&+-9>.*!0.''$3$&*$6!@$3$!6.8&.'.*/&-!b'+3!(.D$(.#++0!3/-.+!-$6-6!

3$8)(/3!8(46!@$3$!)6$0cM!K.8&.'.*/&*$!($2$(6!@$3$!*+33$*-$0!'+3!'/(6$!0.6*+2$39!3/-$!-+!-#$!
7!u!SMSU!($2$(M! !

Ler vs. LerDOG1-Cvi Ler vs. LerFLC-Cvi Ler vs. Col
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5.8)3$!T\F!,$34.&/-.+&!>3+W$*-.+&6!+'!/((!*+4?.&/-.+&6!+'!6$$0;4/-)3/-.+&!/&0!

>+6-;0.6>$36/(!$&2.3+&4$&-6!'+3!$/*#!8$&+-9>$!.&!C)3#/4 J!]<J!EKH M!B+(0'/*$!
*+4?.&/-.+&6!/3$!-#$!4/-*#$0!*+4?.&/-.+&6!+'! 6$$0;4/-)3/-.+&!-$4>$3/-)3$!/&0!

0.6>$36/(!-.4$!-#/-!+**)3!.&!&/-)3$J!@#.($!&/33+@!(.&$6!/3$!-#$!4.64/-*#$0!
*+4?.&/-.+&6M!K+(.0!/&0!0/6#$0!(.&$6!3$'$3!-+!H>3.(!/&0!L/9 !0.6>$36/(!3$6>$*-.2$(9!

@#.($!&/29!/&0!8+(0!3$'$3!-+!*++(!/&0!@/34!6$$0;4/-)3/-.+&!-$4>$3/ -)3$6 
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"/?($! aF!:.D$(.#++0!3/-.+!-$6-6!'+3!-#$!6.8&.'.*/&*$!+'!-#$!"$4>!=!HN!-$34!'+3!$/*#!
*+4?.&/-.+&!+'!8$&+-9>$!/&0!6$$0;4/-)3/-.+&!-$4>$3/-)3$M! K$Q)$&-./(!B+&'$33+&.!@/6!
)6$0!-+!*+33$*-!>;2/()$6!'+3!4)(-.>($!-$6-6!bTRcM!!"$4>$3/-)3$!$&2$(+>$6!'+3!8$34.&/-.+&!

*#/&8$0!@.-#!/'-$3 ;3.>$&.&8!'+3!$2$39!*+4?.&/-.+&!+'!8$&+-9>$!/&0!6$$0;4/-)3/-.+&!
-$4>$3/-)3$M

 
 
  

 

Genotype 
Maturation 
temperature DF LR. Chisq P-value 

Corrected 
P-value 

Ler Hot 9 102 5.33E-18 2.13E-17 
Ler Warm 9 295 2.37E-58 2.13E-57 
Ler Cold 9 430 6.34E-87 7.61E-86 
LerDOG1 Hot 9 314 2.46E-62 2.71E-61 
LerDOG1 Warm 9 174 6.82E-33 4.09E-32 
LerDOG1 Cold 9 61 8.85E-10 1.47E-09 
LerFLC Hot 9 129 2.34E-23 1.17E-22 
LerFLC Warm 9 95 1.46E-16 4.37E-16 
LerFLC Cold 9 306 1.78E-60 1.78E-59 
Col Hot 9 202 1.58E-38 1.11E-37 
Col Warm 9 268 1.71E-52 1.37E-51 
Col Cold 9 61 7.33E-10 1.47E-09 
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"/?($! [ F!:.D$(.#++0!3/-.+!-$6-6!/&0!H%<!0.''$3$&*$6!-$6-.&8!'+3!6.8&.'.*/&-!
,$&+-9>$!=!L/-)3/- .+&!=!"$4>$3/-)3$!=!H'-$3 ;N.>$&.&8!.&-$3/*-.+&6!'+3!8$34.&/-.+&!

>3+?/?.(.-9M!H!4+0$(!@.-#!-#$!.&-$3/*-.+&!@/6!*+4>/3$0!-+!/!4+0$(!@.-#+)-!-#$!
.&-$3/*-.+&!?)-!@.-#!/((!+-#$3!'/*-+36!/&0!.&-$3/*-.+&6M!"$6-6!@$3$!*+&0)*-$0!+&!-#$!')((!

0/-/6$-J!/&0!-#$&!'+3!$/*#!8$&+-9>$!*+4>/3$0!-+!:$3M!

 
 

"/?($! UF!:.D$(.#++0!3/-.+!-$6-6!/&0!H%<!0.''$3$&*$6!-$6-.&8!'+3!6.8&.'.*/&-!L/-!=!
"$4>!=!HN!.&-$3/*-.+&6!'+3!8$34.&/-.+&!>3+?/?.(.-9!+'!$/*#!8$&+-9>$M!N$6)(-6!/3$!6#+@&!

'+3!4+0$(6!@.-#!/&0!@.-#+)-!-#$!L/-!=!"$4>!=!HN!.&-$3/*-.+&M!K$$0;4/-)3/-.+&!
-$4>$3/-)3$!4+0)(/-$0!#+@!-$4>$3/-)3$!$&2$(+>$6!*#/&8$0!@.-#!/'-$3 ;3.>$&.&8!'+3!

$2$39!8$&+-9>$M!

 
 

"/?($! _F!:.D$(.#++0!3/-.+!-$6-6!/&0!H%<!0.''$3$&*$6!-$6-.&8!'+3!6.8&.'.*/&-!,$&+!=!
"$ 4>!=!HN!.&-$3/*-.+&6!'+3!8$34.&/-.+&!>3+?/?.(.-9!+'!$/*#!6$$0!4/-)3/-.+&!6)?6$-M!

N$6)(-6!/3$!6#+@&!'+3!4+0$(6!@.-#!/&0!@.-#+)-!-#$!,$&+!=!"$4>!=!HN!
.&-$3/*-.+&M!,$&+-9>$!4+0)(/-$0!#+@!-$4>$3/-)3$!$&2$(+>$6!*#/&8$0!@.-#!/'-$3;

3.>$&.&8!'+3!$2$39!6$$0;4/-)3 /-.+&!6)?6$-M!

 
  

Dataset DF AICc LR Chisq Pr>Chisq 
Full 54 -16 142 >.000001 
Ler vs Col 18 18 23.8 0.16 
Ler vs. LerFLC 18 12 64.3 0.034 
Ler vs LerDOG1 18 -22 64.3 >.000001 

 

Subset DF AICc LR Chisq Pr>Chisq 
Ler 18 -81 122 >.000001 
LerFLC 18 -63 104 >.000001 
LerDOG1 18 -58 100.25 >.000001 
Col 18 -35 76 >.000001 

 

Subset DF AICc LR Chisq Pr>Chisq 
Cool 27 -37 99 >.000001 
Warm 27 -128 190 >.000001 
Hot 18 -48 110 >.000001 
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!""#$%&'()*  !"#$%&%'()*$+),$-./%$0#$1*&)2%+#&)3#1*.&4!

?2.;350:3/5!98- @;/"27 !!

"$4>$3/-)3$!/&0!4+.6-)3$!/3$!4/W+3!6$/6+&/(!'/*-+36!-#/-!0$-$34.&$!8$34.&/-.+&!

-.4.&8!.&!*+4?.&/-.+&!@.-#!-#$!0$>-#!+'!>3.4/39!0+34/&*9! b,)-.$33$A!$-!/(M!RSSZm!

^+(06@+3-#!$-!/(M!RSS`m!,3/$?$3!$-!/(M!RSTRcM!"+!>3+W$*-!-#$!-.4.&8!+'!8$34.&/-.+&!@$!

)6$0!/!#903+-#$34/(!8$34.&/-.+&!6)? ;4+0$(!-#/-!.&*+3>+3/-$6!?+-#!0+34/&*9!2/3./-.+&!

@.-#.&!*+#+3-6!bH(2/3/0+!/&0!B3/0'+30!RSSRc!/&0!/!')&*-.+&!0$6*3.?.&8!-#$!3/-$!+'!

>3.4/39!0+34/&*9!(+66! bB/.3!$-!/(M!RSS_cM!%&!-#$!#903+-#$34/(!6)?;4+0$(J!>3+83$66!

-+@/306!8$34.&/-.+&!.6!/!')&*-.+&!+'!#+)3(9!6+.(!-$4>$3/-) 3$J!4+.6-)3$!($2$(J!/&0!

0+34/&*9!($2$(!@#.*#!3$0)*$6!8$34.&/-.+&!>3+83$66!b5.&*#;K/2/8$!/&0!:$)?&$3 ;

L$-A8$3!RSS_m!B/-((/!/&0!B$&$*#;H3&+(0!RSTScM!1/*#!#+)3J!*)4)(/-.2$!>3+83$66!-+@/306!

8$34.&/-.+&!.6!6)44$0!)&-.(!-#$!8$34.&/-.+&!-#3$6#+(0!.6!3$/*#$0M!%&!8$&$3/(J!

8$34.&/-.+&!>3+83$66!.6!'/6-$3!/-!#.8#$3!-$4>$3/-)3$6!/&0!#.8#$3!4+.6-)3$!($2$(6!b)>!-+!

-#$!+>-.4)4!-$4>$3/-)3$!/&0!6/-)3/-.+&!>+.&-J!3$6>$*-.2$(9cM!^903+-#$34/(!4+0$(6!

>$3'+34!@$((!.&!'.$(0!*+&0.-.+&6J!>/3-.*)(/3(9!'+3!-#$!$/3(.$6-!ZSp!+'!8$34.&/&-6!

b^/30$83$$!/&0!Y/&!Y/*-+3!T\\\m!L$9$3!/&0!H(($&!RSS\cM!

H!6-/&0/30!'$/-)3$!+'!4/&9!8$34.&/-.+&!4+0$(6J!6-3+&8(9!6)>>+3-$0!?9!

$4>.3.*/(!6-)0.$6 !+'!A.  thalianaJ!.6!-#/-!8$&$-.*/((9!.0$&-.*/(!+''6>3.&8!6-/3-!(.'$!@.-#!/!

0.6-3.?)-.+&!+'!.&.-./(!0+34/&*9!($2$(6!bB3/0'+30!RSSRm!5.&*#;K/2/8$!/&0!:$)?&$ 3;

L$-A8$3!RSS_m!^/30$83$$!RSS_cM!P$!4+0$(!-#$!>3.4/39!0+34/&*9!0.6-3.?)-.+&!+'!
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+''6>3.&8!/6!?$.&8!0$-$34.&$0!?9!4/-$3&/(!>/3/4$-$36!b8$&+-9>$c!/&0!.&6$&6.-.2$!-+!

4/-$3&/(!$&2.3+&4$&-M!B9!$=>(.*.-(9!4+0$(.&8!-#.6!2/3./-.+&J!@$!.&*+3>+3/-$!/!

)?.Q).-+)6!># $&+4$&+&!D&+@&!-+!+**)3!.&!A.  thaliana!/&0!4/&9!+-#$3!6>$*.$6M!

"3/0.-.+&/(!8$34.&/-.+&!4+0$(6!)6$!>+>)(/-.+&6!+'!6$$06!/6!-#$!)&.-!+'!/&/(96.6M!X)3!

/>>3+/*#!0.''$36!.&!-#/-!@$!-3/*D!-#$!?$#/2.+3!+'!.&0.2.0)/(!6$$06M!"#.6!'+34)(/-.+&!0+$6!

(.--($!-+!*#/&8$!-#$!Q)/&-.-/-.2$!3$6)(-6J!?)-!#/6!4/&9!>3/*-.*/(!/02/&-/8$6M!!5+3!.&6-/&*$J!

2/3./-.+&!.&!.&.-./(!>3.4/39!6$$0!0+34/&*9!4/9!?$!0$'.&$0!/**+30.&8!-+!/&9!6-/-$!

0.6-3.?)-.+&M!L+6-!.4>+3-/&-(9J!.-!/((+@6!)6!-+!D$$>!-3/*D!+'!.&0.2.0)/(!6$$0!'/-$6!/*3+66!

8$&$3/-.+&6M!

^903+-#$34/(!4+0$(6!/3$!?/6$0!+&!$4>.3.*/(!+?6$32/-.+&6!-#/-!#+(0!/*3+66!

4/&9!6>$*.$6F!Tc!%&!3$6>+&6$!-+!(+@$3!4+.6-)3$!($2$(6!0)3.&8!.4?.?.-.+&J!'$@$3!6$$06!

8$34.&/-$!/&0!-#$9!0+!6+!/-!/!6(+@$3!3/-$M!Rc!K$$06!@.-#.&!/!>+>)(/-.+&!0+!&+-!/((!

3$6>+&0!-+!4+.6-)3$!*+&0.-.+&6!.&!-#$!6/4$!@/9M!ac!,$34.&/-.+&!3/-$6!.&*3$/6$!)>!-+!/&!

+>-.4)4!-$4>$3/-)3$!/&0!6)?6$Q)$&-(9!0$*(.&$M!"#$6$!+?6$32/-.+&6!6)88$6-!-#/-!$/*#!

6$$0!#/6!/!?/6$!@/-$3!>+-$&-./(!b}bcJ!/&/(+8+)6!-+!/!?/6$!-$4>$3/-)3$J!?$(+@!@#.*#!.-!

*/&&+-!4/D$ !>3+83$66!-+@/30!8$34.&/-.+&M!C)3.&8!8$34.&/-.+&!/-!6)?;+>-.4/(!

-$4>$3/-)3$6J!6$$06!8$&$3/((9!4/.&-/.&!-#$!6/4$!?/6$!4+.6-)3$!'+3!8$34.&/-.+&!b} bc!

3$8/30($66!+'!-$4>$3/-)3$J!?)-!/-!6)>3/ ;+>-.4/(!8$34.&/-.+&!*+&0.-.+&6J!-#$!?/6$!

4+.6-)3$!($2$(!b} bc!.&*3$/6$6!@.-#!.&*3$/6.&8!-$4>$3/-)3$J!6(+@.&8!8$34.&/-.+&!3/-$M!"#$!

'+((+@.&8!$Q)/-.+&!'+34/(.A$6!-#$6$!+?6$32/-.+&6!/((+@.&8!*+4>)-/-.+&!+'!-#$!



!

TaT!

#903+-#$34/(!)&.-6!/**3)$0!-+@/30!8$34.&/-.+&!$/*#!#+)3!b^"E ,$34 b•cc!b/0/>-$0!'3+4!

H(2/3/0+!/&0!B3/0'+30!RSSRcF!

!"# !"#$ ! ! !!
! ! − Ψ! ! 𝑇 τ − ! !.!   !  !    ! ℎ𝑒𝑛!! ! .! ! 𝑇 ! ≤ 𝑇!!!"# !! ! ! ! (! !

! ! ! ! ! ! ! ! ! ! ! ! ! !! !!  !!!!!      !!!! ! !" !! ! > 𝑇!!!"# !! ! ! ! ! ! ! !
! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  !!  !!!!!!!!!!!!!!!!!!!!!!!!!!                            !                  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

  !

"#$!'.36-!')&*-.+&!.6!)6$0!/-!6)? ;+>-.4/(!-$4>$3/-)3$6!/&0!-#$!6$*+&0!')&*-.+&!.6!

)6$0!/-!6)>3/ ;+>-.4/(!-$4>$3/-)3$6M!T  /&0! }!/3$!-#$!-$4>$3/-)3$!bq<c!/&0!4+.6-)3$!b.&!

L7/c!0)3.&8!/!8.2$&!#+)3M!To!.6!-#$!+>-.4/(!-$4>$3/-)3$!'+3!8$34.&/-.+&!b-#/-!@#.*#!

4/=. 4.A$6!-#$!8$34.&/-.+&!3/-$cM!Tb.g!.6!/!*+&6-/&-!>/3/4$-$3!.&0.*/-.&8!-#$!-$4>$3/-)3$!

?$(+@!@#.*#!&+!>3+83$66!-+@/30!8$34.&/-.+&!+**)36M!H&/(+8+)6(9J!}b!.6!-#$!?/6$!

4+.6-)3$!($2$(!+'!/!>/3-.*)(/3!6$$0!?$(+@!@#.*#!&+!>3+83$66!-+@/30!8$34.&/-.+&!+**)36M!!

H-!6)>3/ ;+>-.4/(!-$4>$3/-)3$6J!-#$!} b!+'!/!6$$0!.6!4+0.'.$0!?/6$0!+&!#+@!4)*#!

-#$!*)33$&-!-$4>$3/-)3$!.6!/?+2$!-#$!+>-.4)4!-$4>$3/-)3$J!/**+30.&8!-+!-#$!'+((+@.&8!

$Q)/-.+&F!!

𝑚Ψ! τ =   Ψ! + 𝑘! 𝑇 τ − 𝑇! !

kT!.6!/&!$4>.3.*/((9!0$3.2$0!6*/(/3!-#/-!0$'.&$6!-#$!6#.'-!.&!} b!'+3!$/*#!0$83$$!-#$!

*)33$&-!-$4>$3/-)3$!.6!/?+2$!-#$!+>-.4/(!-$4>$3/-)3$M!P$!$6-.4/-$0! kT!'3+4!/!?/-*#!+'!

/'-$3 ;3.>$&$0!<+()4?./!6$$06!bB)38#/30-J!)&>)?(.6#$0!0/-/c!?9!4$/6)3.&8!8$34.&/-.+&!

/*3+66!/!3/&8$!+'!#.8#!-$4>$3/-)3$6M!

,$34.&/-.+&!>3+83$66!.6!6)44$0!$/*#!#+)3!)&-.(!-#$!8$34.&/-.+&!-#3$6#+(0!

b‚ Germc!.6!3$/*#$0!/&0!-#$!8$34.&/-.+&!-3/&6.-.+&!+**)36M!



!

TaR!

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

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

! ! !

!

P$!*+4>/3$0!-#$!>3$0.*-.+&6 !+'!-#$!6-/&0/30!#903+-#$34/(!8$34.&/-.+&!4+0$(!

@.-#!>/3/4$-$36!0$3.2$0!'3+4!-#$!A.  thaliana!(.-$3/-)3$!-+!/!?/-*#!+'!<+()4?./!6$$06!-#/-!

@$3$!T\!@$$D6!+(0!4/-)3$0!.&!RSB<!b5.8)3$!RScM!H-!-#.6!/8$J!6$$06!#/2$!(+6-!4+6-!+'!-#$.3!

>3.4/39!0+34/&*9M!%&!+)3!4+0$(J!-#$3$!.6!/!4.&.4)4!0+34/&*9!($2$(!b} minJ!6$-!-+!;Tc!

/&0!-#$3$'+3$!/6!>3.4/39!0+34/&*9!.6!(+6-J!} b!2/()$6!.&!/!6$$0!*+#+3-!6-/3-!-+!>.($!)>!/-!;

T!($/0.&8!-+!/!6D$@$0!0+34/&*9!0.6-3.?)-.+&M!"#$3$'+3$!@$!)6$0!/!7+.66+&!0.6-3.?)-.+&!

/6!/&!$6-.4/-$!+'!-#$!0+34/&*9!0.6-3.?)-.+&!/-!-#.6!/8$!b 5.8!BT/cM!5.8!BT?!6#+@6!+)3!

>3$0.*-.+&6!6)>$3.4>+6$0!+&!-#$!$=>$3.4$&-/((9!4$/6)3$0!8$34.&/-.+&!-.4$6M!]+-$!-#/-!

-#$!*)33$&-!4+0$(!*+&6.6-$&-(9!+2$3$6-.4/-$6!-.4$!-+!8$34.&/-.+&!'+3!<+()4?./!6$$06!/-!

*++(!-$4>$3/-)3$6J!?)-!-#$!6-/&0/30!4+0$(!.6!&+-!'($=.?($!$&+)8#!-+!/**+44+0/-$!-#.6!

>/--$3&M!%&-$3$6-.&8(9J!-#$6$!>3$0.*-.+&6!/-!*+(0!-$4>$3/-)3$6!/3$!/!4)*#!?$--$3!4/-*#!-+!

-#$!8$34.&/-. +&!?$#/2.+3!+'!/&+-#$3!,$34/&!$*+-9>$J!:/&06?$38M!!!!!

%&!A.  thaliana!/&0!4/&9!+-#$3!6>$*.$6J!0+34/&*9!($2$(6!*#/&8$!@.-#!/8$!2./!/!

>3+*$66!*/(($0!/'-$3;3.>$&.&8!b</33$3/!$-!/(M!RSSZm!5.&*#;K/2/8$!$-!/( M!RSSZm!%8($6./6;

5$3&~&0$A!$-!/(M!RSTTcM!"#.6!>3+*$66!.6!3/3$(9!.&*+3>+3/-$0!.&!8$34.&/-.+&!4+0$(6!b'+3!

$=*$>-.+&6!6$$!B/-((/!/&0!B$&$*#;H3&+(0!RSSam!<#/&-3$!$-!/(M!RSTScM!P$!*+4?.&$0!-#$!

8$34.&/-.+&!4+0$(!/?+2$!@.-#!/!>3.4/39!0+34/&*9!(+66!')&*-.+&!+3.8.&/((9!0$2$(+>$0!

'+3!Bromus  tectorum!bB/.3!$-!/(M!RSS_m!L$9$3!/&0!H(($&!RSS\cM!%&!-#$!#903+-#$34/(!

8$34.&/-.+&!4+0$(!+)-(.&$0!/?+2$J!-#$!?/6$!@/-$3!>+-$&-./(!b} bc!+'!-#$!6$$0!4+0.'.$6!-#$!



!

Taa!

0$2$(+>4$&-/(!3/-$!/& 0!.6!-#$3$'+3$!*+&6.0$3$0!/!4$/6)3$!+'!-#$!0+34/&*9!($2$(!+'!-#$!

6$$0!bB3/0'+30!RSSRm!B/-((/!/&0!B$&$*#;H3&+(0!RSTScM!%'!}b!.6!/?+2$!SJ!&+!>3+83$66!

-+@/306!8$34.&/-.+&!*/&!?$!4/0$!.&!/&9!$&2.3+&4$&-/(!*+&0.-.+&M!14>.3.*/(!0/-/!

0$4+&6-3/-$!-#/-!} b!2/()$6!'+3!/!>+>)(/-.+&!+'!6$$06!0$*3$/6$6!/6!>3.4/39!0+34/&*9!. 6!

(+6-!/&0!-#.6!.6!/(6+!-3)$!.&!A.  thaliana!b5++-.--!$-!/(M!RSTTm!B)38#/30-J!)&>)?(.6#$0!0/-/cM!

H'-$3;3.>$&.&8!4+0$(6!0$6*3.?$!4/-#$4/-.*/((9!#+@!} b!*#/&8$6!+2$3!-.4$!/'-$3!

6$$06!/3$!6#$0M!P$!4+0$(!-#$!>3+*$66!+'!/'-$3;3.>$&.&8!b>3.4/39!0+34/&*9!(+66c!/6!/!

83/0)/(J!)&.0.3$*-.+&/(!(+66!+'!0+34/&*9J!@.-#!-#$!3/-$!+'!0+34/&*9!(+66!0$>$&0$&-!+&!

#+)3(9!6+.(!6)3'/*$!-$4>$3/-)3$! Tbτc!/&0!4+.6-)3$!}b τc!!*+&0.-.+&6M!"#.6!4+0$(!@/6!

*3$/-$0!'+3!Bromus  tectorum!?$*/)6$!-#$3$!/3$!(.--($!0/-/!/2/.(/?($!'+3   A.  thalianaM!H6!

0$6*3.?$0!.&!-#$!'+((+@.&8!$Q)/-.+&J!$/*#!#+)3!-#$!/4+)&-!+'!/'-$3;3.>$&.&8!-.4$!

/**3)$0!.6!*/ (*)(/-$0!/&0!/00$0!-+!-#$!3)&&.&8!6)4!+'!-#$!/'-$3 ;3.>$&.&8!bARCumc!

$=>$3.$&*$0!6.&*$!6$$0!0.6>$36/(M!

!" !"# ! ! ! !

!" !"# 𝜏 + 𝑇 𝜏 − 𝑇!.!"                                                   𝑤ℎ𝑒𝑛  Ψ!"# ≥ Ψ(τ) ≥ Ψ!    

𝐴𝑅!"# 𝜏 + !!!! !
!!!!!

𝑇(τ) ! ! ! !!" !!!!!!!!!!!!!!!!!!! ! !" !! ! ! ! ! < ! !

!" !"# ! !!!!!!!!!!!!!!  !!!!!!!!!!!!!!!!!!!!    !!!!!!! ! !" !! ! ! ! !"# !!" !! ! ! ) ! ! !

!!

} l!.6!-#$!(+@$3!4+.6-)3$!(.4.-!?$(+@!@#.*#!&+!/'-$3;3.>$&.&8!+**)36m!}u!.6!-#$!

4+.6-)3$!($2$(!/-!@#.*#!/'-$3 ;3.>$&.&8!$''$*-.2$&$66!($2$(6!+''M!%&!3$6>+&6$!-+!

-$4>$3/-)3$6!3.6.&8!/?+2$!-#$!?/6$!-$4>$3/-)3$!'+3!/'-$3;3.>$&.&8!bTb.arcJ!/'-$3;3.>$&.&8!

3/-$!.&*3$/6$6!(.&$/3(9M!%&!3$6>+&6$!-+!4+.6-)3$J!/'-$3;3.>$&.&8!3/-$!'+((+@6!/!?3+D$&!6-.*D!

4+0$(J!6)*#!-#/-!/-!$=-3$4$(9!(+@!4+.6-)3$J!&+!/'-$3;3.>$&.&8!+**)36m!/?+2$!-#/-J!-#$!



!

Ta[!

3/-$!.&*3$/6$6!(.&$/3(9!)>!)&-.(!/!6/-)3/-.+&!>+.&-!b} ucM!^.8#!-$4>$3/-)3$6!.&!4+.6-!

*+&0.-.+&6!/3$!-#$!4+6-!$''$*-.2$!/-!>3+4+-.&8!/'-$3 ;3.>$&.&8M!H'-$3;3.>$&.&8!0+$6!&+-!

+**)3!.&!$=-3$4$(9!4+.6-!*+&0.-.+&6!bv}maxcM!"#.6!4+0$(!.6!-/D$&!0.3$*-(9!'3+4!B/.3!$-!/(M!

bRSS_c!/&0!#/6!&+-!?$$&!'.-!0.3$*-(9!'+3!A.  thalianaM!!

]$=-J!@$!)6$0!-#$!&)4?$3!+'!0/96!bdsatc!.-!-/D$6!6$$06!-+!8+!'3+4!S!}b!-+!;T!} b!

)&0$3!(/?!6-+3/8$!*+&0.-.+&6l 3++4!-$4>$3/-)3$!bRSB<c!/&0!039!bt;RSS!L7/c!*+&0.-.+&6!

/&0!-#$!$Q)/-.+&!/?+2$!-+!*/(*)(/-$!-#$!*)4)(/-.2$!/'-$3 ;3.>$&.&8!-#/-!+**)33$0!+2$3!-#/-!

-.4$!>$3.+0M!B$*/)6$!-#$!4+0$(!@+3D6!.&!#+)36!&+-!0/96J!dsat!.6!4)(-.>(.$0!?9!R[M!!

"+!0$-$34.&$!-#$!>3+>+3-.+&!+'!/'-$3;3.>$&.&8!*+4>($-$0!/&0!-#$!*)33$&-!6$$0!

0+34/&*9!($2$(!b} bcJ!-#$!*)33$&-!*)4)(/-.2$!/'-$3 ;3.>$&.&8!6)4!.6!0.2.0$0!?9!/!

*)4)(/-.2$!/'-$3 ;3.>$&.&8!6)4!-#/-!($/06!-+!/!D&+@&!/4+)&-!+'!0+34/&*9!(+66!.&!-#$!

(/?M!!

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

!" !"# !
!" !"# !"# !!"#$%&%"#'! ! ! !" ! !"

! !! !"# ! !!!!  !!!!!" !! ! ! ! ! !"#

! !"# !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!" !! ! ! ! ! !"#

!

K$$0!0+34/&*9!} b!/-!-.4$!b τc!.6!*/(*)(/-$0!?9!6)?-3/*-.&8!-#$!/4+)&-!+'!

/* *)4)(/-$0!/'-$3 ;3.>$&.&8!'3+4!-#$!.&.-./(!0+34/&*9!($2$(!b} ic!+'!-#$!6$$0!/&0!.6!

.&*3$4$&-/((9!4+0.'.$0!#+)3(9!)&-.(!-#$!6$$0!3$/*#$6!/&!$4>.3.*/((9!/>>3+=.4/-$0!

i4.&.4)4j!0+34/&-!6-/-$!b} mincM!P$!/66)4$!-#/-!/((!6$$06!*/&!3$/*#!-#.6!4.&.4)4!

0+34/&*9!($2$( !/'-$3!$&+)8#!-.4$M!} min!@/6!$6-.4/-$0!'+3!<+()4?./!6$$06!6-+3$0!.&!(/?!



!

TaU!

*+&0.-.+&6!?9!0$-$34.&.&8!#+@!(+&8!.-!-++D!'+3!4+6-!6$$06!-+!8$34.&/-$!)&.'+34(9!/-!/!

} b  &$/3!-#$!$6-.4/-$0!} minM!

!

5.8)3$!RSF!!,$34.&/-.+&!4+0$(! >/3/4$-$3.A/-.+& !aJ!7+.66+&!0.6-3.?)-.+&!+'!
0+34/&*9!($2$(6!b}? !)6$0!'+3!8$34.&/-.+&!4+0$(!>3$0.*-.+&6cM!bJ!,$34.&/-.+&!4+0$(!
>3$0.*-.+&6!6)>$3.4>+6$0!+2$3!TR!3$>(.*/-$0!$=>$3.4$&-/(!-.4$!*+)36$6!/-!$/*#!+'!'+)3!
8$34.&/-.+&!-$4>$3/-)3$6!b`qJ!T_qJ!RRqJ!/&0!aTq<cM!<.3*($6!6#+@!/((!3$>(.*/-$6!b&+-$!-#/-!

-#$6$!2/()$6!/3$!W.--$3$0!+&!?+-#!-#$!o ;!/&0 !f ;/=$6!'+3!2.6)/(.A/-.+&!>)3>+6$6cM!K+(.0!(.&$6!
6#+@!4$0./&!8$34.&/-.+&!/-!$/*#!-.4$!>+.&-J!/&0!0/6#$0!(.&$6!6#+@!4+0$(!>3$0.*-.+&6M!

"#$6$!6$$06!@$3$!T\!@$$D6!+(0!/&0!3$>3$6$&-!TR!4/-$3&/(!3$>(.*/-$!>(/&-6!4/-)3$0!/-!
RSq<!.&!TR;#!0/96M!

� � � �� � � �

��
��

��
��

��
��

��
��

��

�����	�


���
��


���
���

���
���

��
���

���
�
�

���
���

���
���

��
���

���
���

���
���

���
�

�������� �������� �������� �������� ��������

�
�

�
��

�
�

��
��

�
�

��
��

�
�

��
��

�
�

��
��

�

����

���� ���� ������ ������ ������ � �����
�������������� �!���
����������������
�"�#���������
���������� ��������

�$���%������ ���& �"�#���� ��������
�$���%���� �������%���'���������


�������
�����'�	�(�)���������(�*�����
���(���
���+

�,�
��


���
���

�(
���

&
�(

�
�
���

�%
�
�

(�
*�

'��
�-

���
���

�(
���

&
�(

���
���

���
+



!

Ta_!

!

67/42.35?!98- @;/"27! !

%&!A.  thalianaJ!#.8#!-$4>$3/-)3$!/&0!(+&8!>#+-+>$3.+06!/3$!-#$!4/W+3!

$&2.3+&4$&-/(!'/*-+36!-#/-!>3+4+-$!'(+@$3.&8!bL. -*#$((;X(06!/&0!K*#4.--!RSS_m!

I+?/9/6#.!/&0!P$.8$(!RSSZm!L.*#/$(6!RSS\c!/&0!-#$!$=>3$66.+&!+'!'(+3/(!3$>3$66+36!

0/4>$&6!3$6>+&6$6!-+!-#+6$!*)$6!0$(/9.&8!'(+@$3.&8M!P$!)6$!/!>3$2.+)6(9!0$2$(+>$0!

'(+@$3.&8;-.4$!4+0$(!-#/-!>3$0.*-$0!'(+@$3.&8!?$#/2.+3!+'!4 )(-.>($!8$&+-9>$6!@.-#!\Rp!

/**)3/*9!.&!0.2$36$!'.$(0!*+&0.-.+&6!bP.(*A$D!$-!/(M!RSS\m!P.(*A$D!$-!/(M!RSTSm!<#$@!$-!/(M!

RSTRcM!P$!?3.$'(9!+)-(.&$!-#.6!4+0$(!/&0!-#$!$Q)/-.+&6!?$(+@J!?)-!>($/6$!6$$!-#$!/?+2$!

3$'$3$&*$6!'+3!/!4+3$!.&;0$>-#!-3$/-4$&-M!!

C$2$(+>4$&-/(!>3+83$66!-+@/30!'(+@$3.&8!bMPTUFloweringc!$/*#!#+)3!bτc!.6!/!

4)(-.>(.*/-.2$!')&*-.+&!+'!-#3$$!'/*-+36F! ThermalbτcJ  PhotoperiodbτcJ!/&0!Floral  repressionbτcM  

P/34!-$4>$3/-)3$6!/&0!(+&8!>#+-+>$3.+0!.&*3$/6$!0$2$(+>4$&-!@#$3$/6!#.8#!'(+3/(!

3$>3$66.+&!($2$(6!3$0)*$!-#$!&)4?$3!+'!4+0.'.$0!>#+-+-#$34/(!)&.-6!-#/-!/**3)$!-+@/30!

'(+@$3.&8M!

"#$!-#$34/(!*+4>+&$&-!.6!8.2$&!?9 !

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

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

@#$3$!T!.6!-$4>$3/-)3$!-#/-!#+)3J!Tb.f!.6!-#$!?/6$!-$4>$3/-)3$!'+3!'(+@$3.&8J!/&0!

dhours!.6!/!'.(-$3!6+!-#/-!+&(9!-#$34/(!-.4$!-#/-!+**)36!0)3.&8!-#$!0/9!-.4$!.6!.&*()0$0M! dhours!



!

TaZ!

3/&8$6!.&!2/()$!'3+4!S!b&+!(.8#-!$=>$3.$&*$0!-#/-!#+)3c!-+!T!b.-!.6!(.8#-!'+3!-#$!@#+($!

#+)3cM!

! "#$!>#+-+>$3.+0!*+4>+&$&-!0$6*3.?$6!/!?3+D$&!6-.*D!4+0$(!@#$3$!

0$2$(+>4$&-/(!3/-$!.6!0.2.0$0!.&-+!-#3$$!6$*-.+&6M!N/-$!.6!/-!/!4.&.4)4!bpsc!@#$&!-#$!

0/9($&8-#!bDc!.6!($66!-#/&!-#$!*3.-.*/(!6#+3-!0/9($&8-#!bdsc!/&0!/-!/!4/=.4)4!b plc!@#$&!D!

.6!/?+2$!-#$!*3.-.*/(!(+&8!0/9($&8-#!bdlcM!%&!?$-@$$&!ds!/&0! dlJ!0$2$(+>4$&-/(!3/-$!

.&*3$/6$6!(.&$/3(9!'3+4!ps!-+!plM!

!! ! !"!#$%&!' ! !

! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! !" !! ! ! ! !

! ! !
! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! !
!!!!!!!!!!!!  !!!  !!!!!!!!!!!! ! !" !! ! ! ! ! ! ! !

! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! !" !! ! ! ! !

!!!!!!!!

"#$!'(+3/(!3$>3$66.+&!*+4>+&$&-!.6!8.2$&!?9!/!>/.3!+'!&$6-$0!$Q)/-.+&6M!"#$!'.36-!

0$6*3.?$6!#+@!@.&-$3!*#.((.&8!/**)4)(/-$6!bWCCumcM!1/*#!#+)3!bτc!*+(0!-$4>$3/-)3$6!

$=>$3.$&*$0!/3$!-3/&6(/-$0!.&!-+!@.&-$3!*#.((.&8!)&.-6!2./!/!?$-/!')&*-.+&!/&0!/3$!/00$0!

-+!@.&-$3!*#.((.&8!/**)4)(/-$0!.&!>3$2.+)6!#+)36!P< <)4 b•c!)&-.(!-#$!3$Q).3$4$&-!'+3!

@.&-$3!*#.((.&8!)&.-6!.6!6/-.6'.$0!bWCsatcM!

!" !"# ! ! ! !

!"# ! !" !"# ! ! ! ! ! ! ! ! ! ! ! !!"#
! ! ! ! ! ! ! ! ! ! !!"#

! ! !!" !"# ! !!! ! !" !! ! !!"# ! ! ! ! ! !!"#

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

P#$3$!κJ!ωJ!/&0!ξ!/3$!'.--$0!>/3/4$-$36!0$-$34.&.&8!-#$!6#/>$!+'!-#$!@.&-$3!*#.((.&8!

$''$*-.2$&$66!')&*-.+&!/&0!Tv.min!/&0!Tv.max!/3$!-#$!4.&.4)4!/&0!4/=.4)4!-$4>$3/-)3$6!

'+3!@.&-$3!*#.((.&8M!



!

Ta`!

"#$!6$*+&0!$Q)/-.+&!0$6*3.?$6!#+@!-#$!WCCum!6-/-$!$/*#!#+)3!.6!-#$&!)6$0!-+!

0$-$34.&$!'(+3/(!3$>3$66.+&!($2$(6M!Fi!.6!-#$!.&.-./(!'(+3/(!3$>3$66.+&!($2$(!/&0!Fu!.6!-#$!

)(-.4/-$!($2$(!+'!3$>3$66.+&!/'-$3!-#$!@.&-$3!*#.((.&8!3$Q).3$4$&-!bWCsatc!.6!6/-.6'.$0M!

!"#$%"!!"#!"$$%&' ! !
! ! ! ! ! ! ! ! ! ! !

!" !"# !

!" !" !
!!!!!! ! !" !!" !"# ! !" !"#

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

"#$6$!$Q)/-.+&6!*+4?.&$!-+!0$-$34.&$!-#$!4+0.'.$0!>#+-+-#$34/(!)&.-6!'+3!

'(+@$3.&8!bMPTUFloweringc!-#/-!/**3)$!$/*#! #+)3M!!

!"#$ !"#$%&'() ! ! ! ! 𝑇! !"#$% ! ! ! ! !"!#$%&!' ! ! !"#$%"!!"#!"$$%&' ! !

E(-.4/-$(9J!0$2$(+>4$&-!.6!6)44$0!)>!b FloweringCumc!'3+4!-#$!-.4$!+'!

8$34.&/-.+&!)&-.(!-#$!'(+@$3.&8!-#3$6#+(0!b‚Floweringc!.6!3$/*#$0M!"#$!'(+@$3.&8!-#3$6#+(0!

.6!0$-$34.&$0!)6.&8!4$-#+06!.&!P.(*A$D!$-!/(M!bRSS\cM!

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

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

! ! !

!

922"!"39<2.907!98- @;/"27 !!

H6!-#$3$!@$3$!&+!>)?(.6#$0!0/-/!+&!A.  thaliana!3$>3+0)*-.+&!09&/4.*6J!@$!

0$2$(+>$0!/!6.4>($!4+0$(!+'!-#$!>3+83$66!-+@/30!6$$0!0.6>$36/(!/6!/!')&*-.+&!+'!

-$4>$3/-)3$M!P$!*#+6$!/!-#$34/(!')&*-.+&!?$*/)6$!-#$!3/-$!+'!83/.&!>3+0)*-.+&!.6!+'-$&!

3$(/-$0!-+!-$4>$3/-)3$!.&!*3+>!6-)0.$6!b:/@(+3!/&0!L.-*#$((!RSSSm!H.&6@+3-#!/&0!X3-!

RSTScM!K$$06!/3$!3$($/6$0!@#$&!-#$9!3$/*#!/!0$2$(+>4$&-/(!-#3$6#+(0!-#/-!3$'($*-6!-#$!

-.4$!.-!-/D$6!-#$!'.36-!TSp!+'!6$$06!-+!4/-)3$!b‚ DispersalcM!P$!)6$!-#.6!-.4$!>+.&-!?$*/)6$!



!

Ta\!

4$/6)3$4$&-6!+'!*+4>($-$!>(/&-!6$&$6*$&*$!.&!*#/4?$36!(.D$(9!+2$3$6-.4/-$!

3$>3+0)*-.2$!>$3.+0!?/6$0!+&!+)3!$=>$3.$&*$!@.-#!A.  thaliana  .&!-#$!'.$(0M!!%&!*#/4?$36J!

>(/&-6!$=>$3.$&*$!4+0$3/-$!-$4>$3/-)3$6!/&0!>$34.66.2$!4+.6-)3$!*+&0.-.+&6!)&(.D$!

>(/&-6!.&!-#$!'.$(0M!%&!>3/*-.*$!6$/6+&/(!*#/&8$6!6)*#!/6!-#$!039&$66!+'!6)44$3!@.((!

.&-$33)>-!3$>3+0)*-.+&M  

"#$!3/-$!+'!>3+83$66!-+@/306!6$$0!0.6>$36/(!@/6!4+0$($0!/6!')&*-.+&!+'!

-$4>$3/-)3$J!6)*#!-#/-!-#$!3/-$!+'!>3+83$66!.6!>3+>+3-.+&/(!-+!-#$!0.''$3$&*$!?$-@$$&!-#$!

6+.(!6)3'/*$!-$4>$3/-)3$!bTc!/&0!/!?/6$!-$4>$3/-)3$!'+3!0.6>$36/(!bTb.dcM!N/-$!+'!-#$34/(!

>3+83$66!-+@/30!6$$0!0.6>$36/(!bTSDc!@/6!4+0$($0!/6!/!-#$34/((9!0$>$&0$&-!

0$2$(+>4$&-/(!/**)4)(/-.+&!/?+2$!/!?/6$!-$4>$3/-)3$!b TbcM!!

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

!

"#$!#.8#$3!-$4>$3/-)3$6!/3$!/?+2$!Tb.d!-#$!'/6-$3!0$2$(+>4$&-!+**)36M!

C$2$(+>4$&-!.6!6)44$0!$/*#!#+)3!'3+4!'(+@$3.&8!)&-.(!>(/&-6!3$/*#!-#$!-#3$6#+(0!

b‚ DispersalcM!

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

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

! ! !

!

X)3!3/&8$!+'!6.4)(/-$0!/2$3/8$!4/-)3/-.+&!($&8-#6!b 5.8!<TZc!*+33$6>+&0!@$((!-+!

-#$!3/&8$!+'!/2$3/8$!3$>3+0)*-.+&!($&8-#6!3$>+3-$0!?9!<#./&8!$-!/(M!bRSTRc!.&!/!'.$(0!

$=>$3.4$&-M!L+0$(!>/3/4$-$36!/&0!-#3$6#+(0!@$3$!0$-$34.&$0!?/6$0!+&!'.-!-+!6$$0!



!

T[S!

0.6>$36/(!-.4$6!4$/6)3$0!.&!*#/4?$3!*+&0.-.+&6!/-!T[ B<J!RSB<J!/&0!RUB<!@.-#!-#$!

<+()4?./!8$&+-9>$!/-!/!&$)-3/(!>#+-+>$3.+0!bB)38#/ 30-J!)&>)?(.6#$0!0/-/cM!!

+.20:3/5!/6!2513./5; 25:07!35<8:9E! !

B$*/)6$!-#$!>#$&+(+89!4+0$(6!)6$!#+)3(9!$&2.3+&4$&-/(!.&>)-6J!@$!*+&2$3-$0!

-#$!/2/.(/?($!$&2.3+&4$&-/(!0/-/!-+!-#/-!6*/($M!P$!)6$0!-$4>$3/-)3$!>3$0.*-.+&6!'3+4!RS!

9$/36!+'!/!*(.4/-$!4+0$(!-+!*3$/- $!-$4>$3/-)3$!3$>(.*/-$6!-#/-!$&*/>6)(/-$0!9$/3 ;-+;9$/3!

*(.4/-$!2/3./?.(.-9M!5+3!4+.6-)3$!0/-/J!@$!)6$0!4+&-#(9!*+&-$4>+3/39!4+.6-)3$!

6-/-.6-.*6!'3+4!P+3(0<(.4!/&0!*3$/-$0!6-+*#/6-.*!4+.6-)3$!>3+'.($6!03.2$&!?9!4+&-#(9!

>3$*.>.-/-.+&!/4+)&-!/&0!&)4?$3!+'!>3 $*.>.-/-.+&!$2$&-6M!P$!/(6+!*/(*)(/-$0!(/-.-)0$ ;

6>$*.'.*!>#+-+>$3.+06M!N$>(.*/-$6!+'!-#$6$!$&2.3+&4$&-/(!6$3.$6!@$3$!8$&$3/-$0!?9!bTc!

3/&0+4(9!03/@.&8!-$4>$3/-)3$!'3+4!-#$!6/4>($!+'!9$/36J!bRc!>/.3.&8!-#+6$!>3+'.($6!@.-#!

6.-$;6>$*.'.*!>#+-+>$3.+0J!/&0!bac!*+4?.&.&8!-#+6$!@.-#!6-+*#/6-.*!4+.6-)3$!>3+'.($6M  

Photoperiod:!1Q)/-.+&6!@$3$!)6$0!-+!*/(*)(/-$!-#$!-.4$!+'!0/@&!/&0!0)6D!/-!$/*#!

(/-.-)0$!/&0!>#+-+>$3.+0!($&8-#!b^/4!RSSUcM!

Temperature:!RS!9$/36!b'3+4!RSST;RSRSc!+'!0/.(9!4/=.4)4!/&0!4.&.4)4!

-$4>$3/-)3$!0/-/!@$3$!$=-3/*-$0!'3+4!-#$!]XHH!,5C:!<LRMT!HTBGoT!*(.4/-$!6*$&/3.+!

'3+4!83.0!*$((6!+2$3!$/*#!+'!-#$!'+)3!'+*/(!6.-$6!b]XHH!,5C:!RSS[m!C$(@+3-#!$-!/(M!RSS_cM!

P$!-#$&!.&-$3>+(/-$0!-#+6$!4/=.4)4!/&0!4.&.4)4!0/.(9!-$4>$3/-)3$6!-+!#+)3(9!

4$/6)3$6!/&0!6)?6$Q)$&-(9 !-3/&6(/-$0!-#$4!'3+4!/.3!-+!6)3'/*$!-$4>$3/-)3$6!/6!+)-(.&$0!

?$(+@M!5)3-#$3!0$-/.(6!*/&!?$!'+)&0!.&!P.(*A$D!$-!/(M!bRSTScM!!"#$6$!RS!9$/36!+'!#+)3(9!



!

T[T!

0/-/!/3$!/66$4?($0!/-!3/&0+4!@.-#!3$>(/*$4$&-!@#$&!@$!*3$/-$!$&2.3+&4$&-6!'+3!

4+0$(!3)&6!/-!$/*#!(+*/-.+&M!

Converting  daily  maxima  and  minima  to  hourly  temperatures:  !<+&2$36.+&6!@$3$!

4+0.'.$0!'3+4! <$6/3/**.+ !$-!/(M!bRSSTcM!

! ! ! ! !

! !
!
!

!"# ! !
! ! ! !

! ! ! ! !
! !!!!!!!!!!!! ! ! ! ! ! !

! ! ! ! !"# ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  !!!! ! ! ! ! ! !

! ! ! ! ! ! ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! ! ! ! ! !

!

@#$3$!t!.6!-#$!*)33$&-!#+)3!/&0!HnJ!Hm!/&0!Hs!/3$!-#$!-.4$!+'!0/@&J!0/.(9!

4/=.4)4J!/&0!0)6D!+'!-#/-!0/9M! Tn!/&0!Tm!/3$!-#$!0/9e6!4.&.4)4!/&0!4/=.4)4!

-$4>$3/-)3$J!3$6>$*-.2$(9M!Tp!.6!-#$!&$=-!0/9e6!4.&.4)4!-$ 4>$3/-)3$M!

! ! ! ! ! ! ! !"#
! ! ! ! !

!"#
! ! !!!!!!!!!!!!"# !!!!!!!!!!!!! !

! ! ! ! !

! ! ! ! !
!

H00.-.+&/(!.&-$34$0./-$6!.&*()0$0F!-$4>$3/-)3$!/-!6)&6$-!bTs!c!$6-.4/-$0!/6!Ts  u!

Tm  h  s(Tm  h  Tpcm!c!.6!-#$!/3.-#4$-.*!4$/&!+'! Tm!/&0!Tnm!a!.6!-#$!/4>(.-)0$!+'!.&*3$/6$! Tm!;!

Tnm!k!.6!Tm;Tsm!/&0!-#$!(+8/3.-#4.*!?/6$!j!.6!TƒHs!h!Hmm!/&0!L!u!j!h!b! !;!HmcM!5.&/(!>/3/4$-$3!

2/()$6!@$3$!6$-!-+!x!u!RMSa_a\TJ!y!u!Z\MRRSTUJ!z!u!\MR`UUS[!/&0!s!u!SMRRZUa`!?/6$0!+&!

'.--.&8!-+!#+)3(9!-$4>$3/-)3$6!8/-#$3$0!/-!/((!'+)3!6.-$6!4+0$($0!#$3$!>()6!<+(+8&$J!

,$34/&9M!

Air  to  ground  conversion:!K)3'/*$!-$4>$3/-)3$!b Tgc!.&!D$(2.&6!@/6!6.4)(/-$0!'+3!

$/*#!#+)3!?/6$0!+&!I$(2.&!/.3!-$4>$3/-)3$!b Tac!/**+30.&8!-+!-#$!$Q)/-.+&!

! ! ! ! ! ! !" ! ! ! ! ! ! !"#
! !"

!"#
! ! ! ! !



!

T[R!

@#$3$!aJ!cJ  dJ!eJ!/&0!f!!/3$!>/3/4$-$36!'.-!$4>.3.*/((9!)6.&8!83+)&0!($2$(!0/-/!'3+4!

1)3+>$/&!@$/-#$3!6-/-.+&6!/-!$/*#!+'!-#$!'+)3!6.-$6!6-)0.$0!#$3$!>()6!<+(+8&$J!,$34/&9!

ba  u!SMSS[S\\J!c!u!SM\RS[\aJ!d!u!RRM[__TZ\J!e!u!RTM`_T_[aJ!/&0!f!u!TMU[\\[TcM!W  b#+)3J!0/9!+'!

9$/3c!.6!*($/3!6D9!.33/0./&*$!/6!*/(*)(/-$0!.&!^/4!bRSS[c!/&0! t!.6!b'3/*-.+&/(c!-.4$!6.&*$!

4.0&.8#-!+&!T!O/&)/39!.&!0/96M!

Moisture:!K-+*#/6-.*!4+.6-)3$!>3+'.($6!@$3$!8$&$3/-$0!'+3!$/*#!6.-$M!!P$!+?-/.&$0!

6.-$;6>$*.'.*!4+&-#(9!>3$*.>.-/-.+&!-+-/(6!/&0!3/.&9!0/9!-+-/(6!0$3.2$0!'3+4!-#$!<(.4/-$!

N$6$/3*#!E&.-!.&!1/6-!H&8(./M!1/*#!#+)3J!-#$!*#/&*$!+'!/!3/.&!$2$&-!+**)33.&8!@/6!?/6$0!

+&!-#$!&)4?$3!+'!3/.&9!0/96!8.2$&!-#$!6.-$!/&0!4+&-#!+'!-#$!9$/3M!H'-$3!$/*#!3/.&!$2$&-J!

-#$!6+.(!03.$0!#+)3(9!/**+30.&8!-+!-#$!$Q)/-.+&!! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! − ! ! ! ! ! ! ! ! ! !! ! ! J!

@#$3$!0$*/9!bdc!.6!*+&6-/&-!>/3/4$-$3!/&0!*)4)(/-.2$!>3$*.>.-/-.+&!b pc!.6!0$>$&0$&-!+&!

?+-#!6.-$!bsc!/&0!4+&-#!bmcM!"#$3$'+3$!-#$!6+.(!039.&8!.6!6*/($0!6)*#!-#/-!.-!+**)36!4+3$!

6(+@(9!/'-$3!3/.&!$2$&-6!.&!4+&-#6!/&0!(+*/-.+&6!@#$3$!-#$!-+-/(!/4+)&-!+'!>3$*.>.-/-.+&!

.&!/!4+&-#!@/6!#.8#$3M!!

P#.($!-#$6$!>3$*.>.-/-.+&!.&>)-6!/3$!Q)/(.-/-.2$(9!0.''$3$&-!?$-@$$&!-#$!6.-$6!.&!/&!

/38)/?(9!2/(.0!@/9J!-#$9!/3$!)&(.D$(9!-+!?$!Q)/&-.-/-.2$(9!*+33$*-M!5+3!.&6-/&*$J!-+!

4/.&-/.&!8$&$3/(.-9J!@$!#$(0!d!*+&6-/&-!/*3+66!6.-$6!0$6>.-$!>+-$&-./(!0.''$3$&*$6!.&!6+.(!

-#/-!4/9!.&'()$&*$!6+.( ;039.&8!3/-$6M!P#.($!@$!6/*3.'.*$!6+4$!/**)3/*9!@.- #!-#.6!6.4>($!

4$-#+0J!.-!@.((!?$!&$/3(9!.4>+66.?($!-+!8$-!/**)3/-$J!(+&8;-$34!6)3'/*$!@/-$3!>+-$&-./(!

($2$(6!/*3+66!1)3+>$J!>/3-.*)(/3(9!/6!6)*#!>/3/4$-$36!/3$!6+.(;-9>$!6>$*.'.*M!%&!/&9!$2$&-!



!

T[a!

@$!/3$!>3.4/3.(9!.&-$3$6-$0!.&!#+@!(/&06*/>$!0.''$3$&*$6!.&!4+.6-)3$J!-$4>$3/-)3$J!/&0!

>#+-+>$3.+0!.&>)-6!.&-$3/*-M!!H!6$&6.-.2.-9!/&/(96.6!+'!-#$!0$*/9!>/3/4$-$3!.&0.*/-$6!-#/-!

@$!8$-!6.4.(/3!6.-$;6>$*.'.*!4+0$(!3$6)(-6!)>!-+!/!>+.&-!/6!-#$!/?6+()-$!4+.6-&$66!+'!-#$!

$&2.3+&4$&-!*#/&8$6M!X2$3/((!8$34.&/-.+&!-/D$6!(+&8$3!-+!+**)3!.&!03.$3!6+.(6!/&0!

-#$3$'+3$!-#$!-.4$!.&!@#.*#!6$$06!8$34.&/-$!8.2$&!/!0.6>$36/(!0/9!.6!>)6#$0!(/-$3!.&!-#$!

6$/6+&!/6!-#$!0$*/9!>/3/4$-$3!.&*3$/6$6M!



!

T[[ !

!""#$%&'()*(!%%&+&,$-.(/&012#3(4,2()5-"+#2(67, !

!

5.8)3$!RTF!%(()6-3/-.+&6!+'!+?6$32$0!(.'$!*9*($6!'3+4!'+)3!(+*/-.+&6!.&!1)3+>$M!
<+(+3$0!?(+*D6!.&0.*/-$!0.''$3$&-!6$/6+&6!b3$0!u!'/((J!?()$!u!@.&-$3J!83$$&!u!6>3.&8J!/&0!

+3/&8$!u!6)44$3cJ!/&0!-#$!@.0-#!+'!?(+*D6M!

!

!
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L+0$(!3$6)(-6!@$3$!/2$3/8$0!+2$3!-#$!(/6-![U!9$/36!+'!/!_S;9$/3!6.4)(/-.+&M!
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!""#$%&'( !"# !""#$%&'("') !"#@! ycle  Phenology  on  the  
!"#$%&"'(")*!+,(%$("-(.*./%$"0*1(,%&./-)$&" !

"#$!$&2.3+&4$&-!0)3.&8!3$>3+0)*-.+&!.6!.4>+3-/&-!?$*/)6$!.-!0$-$34.&$6!6$$0!

0+34/&*9!($2$(6!/&0!?$*/)6$!.-!0$'.&$ 6!#+@!4)*#!-.4$!.6!/2/.(/?($!'+3!3$>3+0)*-.+&!

?$'+3$!-#$!$&2.3+&4$&-!?$*+4$6!)&'/2+3/?($M!5.8)3$![S!6#+@6!-#/-!-#$3$!.6!2/3./-.+&!

?$-@$$&!(+*/-.+&6!.&!-#$!/2$3/8$!-$4>$3/-)3$!0)3.&8!3$>3+0)*-.+&M!<+)&-$3;.&-).-.2$(9J!

>(/&-6!3$>3+0)*.&8!.&!4+3$!6+)-#$3&!/&0!+*$/&.*!6.-$6!/3$!>3$0.*-$0!-+!>3+0)*$!6$$06!.&!

*++($3!*+&0.-.+&6!-#/&!-#+6$!.&!-#$!&+3-#M!B$*/)6$!*++(!6$$0;4/-)3/-.+&!-$4>$3/- )3$!

.&0)*$6!6-3+&8$3!0+34/&*9J!-#.6!@+)(0!3$6)(-!.&!4+3$!0+34/&-!6$$06!/-!(+@$3!(/-.-)0$6M!!

"#.6!>/--$3&!3$.&'+3*$6!-#$!+?6$32$0!8$&$-.*!*(.&$!.&!0+34/&*9J!.&!@#.*#!4+3$!0+34/&-!

8$&+-9>$6!/3$!(+*/-$0!/-!(+@$3!(/-.-)0$6M!H(6+!&+-$!-#/-!.&!6+4$!(+*/-.+&6!-#$3$!.6!/!

?.4+0/(!0.6-3.?)-.+&!+'!6$$0 ;4/-)3/-.+&!$&2.3+&4$&-6J!.&0.*/-.&8!-#/-!-#$!6/4$!

8$&+-9>$!.6!4/-)3.&8!6$$06!.&!0.2$38$&-!$&2.3+&4$&-/(!*+&0.-.+&6M!!
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5.8)3$![SF!B$/&!>(+-6!+'!/2$3/8$!-$4>$3/-)3$!$=>$3.$&*$0!0)3.&8!3$>3+0)*-.+&!
'+3!(+@!0+34/&*9g(+@!'(+3/(!3$>3$66.+&!8$&+-9>$6!/-!'+)3!6.-$6!/*3+66!1)3+>$M!B(/*D!?/36!

.&0.*/- $!-#$!4$0./&!-$4>$3/-)3$!$=>$3.$&*$0!/&0!4.33+3$0!0$&6.-9!0.6-3.?)-.+&6!
.&0.*/-$!-#$!&)4?$3!+'! .&0.2.0)/(6!-#/-!$=>$3.$ &*$0!$/*#!/2$3/8$!-$4>$3/-) 3$M!P.0$3!

/3$/6!.&0.*/-$!4+3$!.&0.2.0)/(6M!

<#/&8$6!.&!8$&+-9>$!*/&!#/2$!/!6-3+&8!.&'()$&*$!+&!-#$!/2$3/8$!-$4>$3/-)3$!+' !

6$$0!4/-)3/-.+&M!5+3!.&6-/&*$J!(+@!/&0!#.8#!0+34/&*9!($2$(6!.&!]+3@.*#!($/0!-+!?+-#!

@.&-$3!/&0!6)44$3 ;/&&)/(!(.'$!*9*($6 J!@#$3$/6!4$0.)4!0+34/&*9!($2$(6!($/0!-+!-#$!

*/&/(.A/-.+&!+'!/!@.&-$3;/&&)/(!(.'$!*9*($ !b5.8)3$![T l *.3*($83/>#6cM!"#$6$!(.'$;*9*($!

0.''$3$&*$6!($/0!-+!?+-#!@/34!/&0!*++(!-$4>$3/-)3$6!?$.&8!$=>$3.$&*$0!0)3.&8!6$$0!

4/-)3/-.+&!'+3!(+@!/&0!#.8#!0+34/&*9!8$&+-9>$6J!?)- !)&.'+34!(+@!-$4>$3/-)3$6!?$.&8!

$=>$3.$&*$0!0)3.&8!6$$0!4/-)3/-.+&!?9!4$0.)4!0+34/&*9!8$&+-9>$6 !b5.8)3$![TcM!
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B$*/)6$! 0+34/&*9!($2$(6!/3$!-$4>$3/-)3$ ;0$>$&0$&-J!-#$6$!0.''$3$&*$6!*+)(0!#/2$!(/38$!

$''$*-6!+&!-#$!(.'$;*9*($!>#$&+-9>$6!+'!+''6>3.&8M!!

!

5.8)3$![TF!H2$3/8$!-$4>$3/-)3$! $=>$3.$&*$0!0)3.&8!3$>3+0)*-.+&!'+3!-#3$$!
0+34/&*9 !8$&+-9>$6!.&!]+3@.*#J!1&8(/&0M!B(/*D!(.&$6!.&0.*/-$!4$0./&!-$4>$3/-)3$!

0)3.&8!3$>3+0)*-.+&!/&0!4.33+3$0!0$&6.-9!>(+-6!6#+@!-#$!0.6-3.?)-.+&!+'!.&0.2.0)/(6M!
P.0$3!/3$/6!.&0.*/-$!4+3$!.&0.2.0)/(6!$=>$3.$&*$0!-#/-!3$>3+0)*-.2$ !$&2.3+&4$&-M!

%&6$-6!+'!*.3*($!83/>#6!6#+@!-#$!(.'$!*9*($!$=>3$66$0!.&!$/*#!(+*/-.+&!-#/-!($/06!-+!
0.''$3$&*$6!.&!-#$!3$>3+0)*-.2$!$&2.3+&4$&-l 4)(-.>($!'(+@$3.&8!?+)-6!/-!(+@!/&0!#.8#!
0+34/&*9!($2$(6!/&0!+&(9!+&$!'(+@$3.&8!?+)-!.&!-#$!(/-$!6>3.&8!'+3!4$0.)4!0+34/&*9!

($2$(6M!O/&)/39!6-/3-6!/-!-#$!-#$!ae+*(+*D!>+6.-.+&!/&0!-#$!4+&-#6!4+2$!*(+*D@.6$!
-#3+)8#!-#$!9$/3M!H((!8$&+-9>$6!6#+@&!#/2$!/!(+@!'(+3/(!3$>3$66.+&!($2$(M!
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5.8)3$![R!6#+@6!-#$!/4+)&-!+'!-#$34/(!-.4$!>(/&-6!/3$!>3$0.*-$0!-+!#/2$!

/2/.(/?($!.&!@#.*#!-+! 3$>3+0)*$!.&!$/*#!+'!-#$!'+)3!6.-$6!/*3+66!1)3+>$M!"#$!

*+4?.&/-.+&6!+'!0+34/&*9!/&0!'(+@$3.&8!/(($($6!D&+@&!-+!+**)3!.&!$/*#!(+*/-.+&!/*3+66!

-#$!3/&8$!/3$!'3$Q)$&-(9!-#+6$!-#/-!$=#.?.-!-#$!(+&8$6-!b-#$34/(c!-.4$!/2/.(/?($!'+3!

3$>3+0)*-.+&!.&!-#$.3!#+4$!(+*/-.+&M!%!6#+@!-#$34/(!-.4$!?$*/)6$!.-! 4+3$!#.8#(9!

*+33$(/-$0!@.-#!3$>3+0)*-.2$!+)->)-!-#/&!-.4$! /6!4$/6)3$0! .&!0/96M!"#$6$!*/(*)(/-.+&6!

0.''$3!'3+4!-#$!+&$6!6#+@&!.&!<#/>-$3!a!?$*/)6$!-#$9!)6$!/!($66!6-3.&8$&-!*3.-$3./!'+3!*+(0!

-+($3/&*$!+'!'(+@$3.&8!>(/&-6M!]$@!+?6$32/-.+&6!+'!&/-)3/(!>+>)(/-.+&6!#/2$!($0!-+!-#.6!

3$2.6.+&!+'!*+(0!-+($3/&*$!>/3/4$-$36!b:M!B)38#/30-J!>$36+&/(!+?6McM!,3/>#6!8$&$3/-$0!

)6.&8!-#$!+(0!*3.-$3./!6#+@!-#$!6/4$!8$&$3/(!-3$&06!?)-!-#$!6-3$&8-#!+'!/(($(.*!$''$*-6!.6!

($66!>3+4.&$&-M!!
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5.8)3$![RF!C$&6.-9!>(+-6!+'!-#$34/(!-.4$!/2/.(/?($!'+3!3$>3+0)*-.+&!'+3!6.=!
8$&+-9>$6!/*3+66!-#$!3/&8$!+'!A.  thalianaM!"#$34/(!-.4$!.6 !$66$&-./((9!/!4$/6)3$!+'!

/**3)$0!@/34-#M!%&!X)()J!5.&(/&0!(+@!0+34/&*9g!#.8#!'(+3/(!3$>3$66.+&!8$&+-9>$6!/3$!
$=>$*-$0!-+!+**)3!/&0!.&!Y/($&*./J!K>/.&!#.8#$3!0+34/&*9!8$&+-9>$6!/3$!$=>$*-$0!-+!

+**)3!3$8/30($66!+'!'(+3/(!3$>3$66.+&!($2$(M!%&!-#$!*$&-3/(!1)3+>$/&!6.-$6!4/&9!0.''$3$&-!
*+4?.&/-.+& 6!+'!0+34/&*9!/&0!'(+3/(!3$>3$66.+&!/3$!D&+@&!-+!+**)3M!

! !
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