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! %!/38)$!-#3+)8#+)-14910.66$3-/-.+&!-#/-! -#3$$>3+*$66$6!/3$!+'1*3.-.*/(1.4>+3-/&*$!
+-#$1$=>3$66.+&!+'1(./$9*($12/3 /- +&).&!6$/6+8&/(1$&2.3+&4$&-65 ($.+-3+>915.8)3$! T/cd
$82.3+84%$&- 0$>$&0$&-!/(($(.*1$=>3$66.+8+1m!5.8)3$! T?c1/&0 1$>.6-/6.6!b=,m! 5.8)3$!
T*eMI"#$6$!>3+*$66$6!@.((!1/(6+!8$&$3/-$!*+33$(/-.+&6!?7$-@ $$&!$&2.3+&4$&-I1>#$&+-9>$6J!
/&0!".-&$66!15.8)3$! TOC!-#/-1@. ((\6#/>$!-#S$I$2+()- . +&+'1(.'$1*O*($6 NS 0$6.8&1+'!
$=>$3.4$&-6!/&01*3$/- +&!+'14$-#+06!-#/-1/((+@!>3$0.*-. +&+'1-#$6$!>3+*$66$6!@. (173!
2.-/(1-+1) &0$36-/&0.88!-#$!$=>3$66.+&!/&01$2+()-.+&!+'1(.'$1*9*($6!4+2.&8!'+3@/30!/&0!.6!

-#)6!.6!/14/W+31$4>#/6.6!+'14910.66$3-/-.+&!@+3M

al



! %6&!1-#.6!.8-3+0)*- +&J!". 360863, 234+ @ H#$!$& 2.3+ &4$8-1. &' () $&*$6!(.'$*O*($!

-.4.&8J1+31$=>3%$66.+&M!|$=-J1%!.&-3+0)*$HEBIS6!-#/-1>$32/0$!4910.66$3-/-.+& MIH-!-#$!

$&O+'1$/*#165*-. + &I Bt > (/. & IH#+ @ 1B/ *#!+'1491*#/>-$36!/003$66 36! -#/-1-#$4$ M!5.&/((9J!%!

>3+2.0$!73.$'16)44/3.$6!+"1$/*#1+'1491*#/>-$36M !

I

i TRANSITIONS ya
P3 P1---Germination P3

P2---Flowering
P3---Dispersal

P2

Env.

,----; I_I
EXG pEXC AEXG EXG EXG
xd/ x1/ .x} x4 / x !

P3I----Pll----le------P3 I-----Pl

Vool 37 3
FI ~ "™F2 - F3

Next Gen.
Total Fitness !

Parental Gen.

5.8) 3B TRK*#$4/- ¥+ 1-#$I'/*-+361-# -16#/>$I/! ('$I*9*(SNL/#!(.'$ ;6-/8$!-3/&6.-.+&!b7T7ad
03-$34.8&$6!-#$5!$&2.3+&4$&-111$=>$3.$&*$0!?9!-#3!6)?6$Q) $&-!(.'$!6-/8SM!"#.6!
$8&2.3+84B&-1&-F3/*-6!@.-#!-#$!8&+-9>BlIg!+'-#$!.&0.2.0)/(!-+10$-$34.&$!-# $!-.4.&8!+']
#$16)?6$Q)$&-1(.'§6-/8$!-3/&6.- +&M!"#$.4.&8! +'1$/*#1+'-#$6$!(.'$; 6-/8$!-3/&6.-. +&ET¢
03-$34.&36!-#3!$&2.3+&4$&-1$=>$3.$3&*$0!2885!6) 76 $Q)$&!(.'$!6-/8$!-#)6!-#$!".-&$66!/-!
-#PI1$&O0!I+"1B/*#1(.'$!6-/8$!b5 T 5acM!"#$5!$&2.3+8&43$&-1.6!-#)6!0$>.*-$0!/6!?+-#!18$&F$3/-.&8!
>#$&+-9>$6!b1=,c!/&00$-$34.&.&8!6$($*-.+&!+&!-#+6$I>#F&+-9>$6!b1=78MFE6H6
$=>(+3$0!.&!-#.6!0.66$3-/-.+&!/3$!#.8#(.8#-$OF*+33$(/-. +&612$- @ $SEH/ 8! -3/&6 .. +&6!
*/)6$0129!6$Q)$&-./(1$=>3$66.+&!+'1-3/.-6!.&!6$/6+&/(1$&2.3+&A$ABcM!$& 2. 3+&A$&--

[



0$>$&0$&-(($(1$=>3566.+&IbAN&O!$>.6-/6.6ID'CMHSE$S!>3+*$66$6!/3$!.4>+3-/&-12$+/)6$!
$/3(.$3!(.'$6-/8$!-3/&6 .- +&61*/&IH/2B1*+33(/-$0!$"$*-61+&I-#$!-.4.&81+'1 (/-$3!(.'$!6-/8$6!
2910$-$34.&.&8!-#$16$($*-.23!$82.3+&4$&-1-#$!6)?6$Q)$&-1(.'$!16-/8$!$=>$3.$&*$6!bOCM!
H33+@6!.8.%/-$10.3$*-1>/-#@/96!+'1*/)6/-.+&J10€6!.8&0.*/-$!.&-$3/*- +&6J1/&010/6#$0!(.&$6!
0$> *-1*+33$(/-.+&6!%/)6$01291-#$10.3$*-1>/-#@/96M

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

"#$1$&2.3+&4$&-1.&'()$&*$6!(.'$;*9*($!$=>3$66.+8&!-@+!@/966.36-J!.&!4/&9!
+38/8.6461-#$1-.4.&81+'1(.'$ :6-/85!-3/86.-. +86b+3I>#E&+(+8.*/(1$2$&- 6B -3+88(9!
&'()$&*$0!?9!-#$5!1$8&2.3+&4F&-M!%&!+-#$3! @ +306J!-#3$6$!-3/.-6!/3S!>#$&+-9>.*/((9!>(/6-.*!
bB3/06#/@!T\_UBi33$6-1/&0IL.(($3N)6#.&8IRSTE)*+-3/1$-1/(MIRSTBK)(-/& RSS&H#&0!
-#)6 J/16.&8($!8$&+-9>$!*/&!1>3+0)*$!/10.2$36.-9!+'1>#$&+-9>$6!0$>$&0.&8!+&!
$&2.3+&4$&-/(1*+&0.-.+&6M!5+3!.&6-/&*$J!-#$!6/4$!85&+-9>$!+'1-#$1)&0$36-+391#$37!
Campanulastrum americana!.6!/&!/&&)/(1.".-18$3 4.&/-$6!.&!-#$!'/((1?)-1.6!/1?.$&& ./(1.".-!
8%$34.&/-$6!.&!-#$!6>3.&8!b,/((+@/9!/&0'B)38$66!RSBh!,/((+@/9!/&0!1--$36+&!'RSIK!"#.6!
0.2$36.-91+*%)3612$*/)6$!$=>+6)3$!-+1@.&-$31*#.((.&8!.6!/13$Q).3$4$&-I'+3!'(+@$3.8K(!
63$0(.8&86!3$*$.251#.((.&8!.&!-#3$.3".36-1@.&-$3J17)-16>3.88!6$$00-886 -)&-. (I-#$!
H((+@.&819%/31D,/((+@/9):MI>$36+&/(1*+44)& */- +&CMI"#)BI1-#$1$82. 3+& 4$&-16-3+&8(9!
&O$&*$6!-#$!-.4.881+'1('$ ;6-/8$!-3/&6.-.+&BN!!

K$*+&0J!-#$!1$&2.3+&4$&-!/(6+10$-$34.&$6!65($*-.+&!+&!$=>3 PG 6HB-/8$!
-3/&6.-.+&6!@ .-#!6)**$66')(2/3./&-6!10$-$34.&.&8! @#.*#$&2.3+&A$&-/(!3$6>+&6$6$36.6-M!
HO/>-.23!13$6>+&63$6!-+!$5&2.3+&4$&-/(12/3./- +&!#/2$1?$$& 1054 +8&6-3/-$0!$4>.3.*/((9!'+3!

6>%*." *1(.'$;6-/8$!-3/&6.-.+&6!.&!>(/&-6!6)*#!/6!'(+ @$3.&8!-.4$!/&0!8$34.&/-.+&IbH3+&6+&!
u



$-1/(MITWRMI<(/)6680!Y$&/2($IRSSSMIC+&+#)$IRSSSMIK)(-/& RSSSC!/&0!4+3$1?73+/0(9!'+3!
#$1-.4.881+'1 ('$:6-/8$!-3/86.-.+&6!.&!+-#$31+38/&.6461b<#/34/&-.$3!$-1/(MIREB.66$3!$-!
J(T\" CMI5+31$=/4>($J1-#$!".-&$66!+/8) 3/&16>$+.$6!-#/-1(/9!$886!.&!-$4>+3/39!>+8&06!.6!
0$-$34.8$01291-#$1-.4.&81+'14$-/4+3>#+6.6 MI%'I-#$!>+&0103.$6!)>17$'+3$14$-/4+3>#+6.6!
B15+4>($-$I1-#$1-/0>+($610. 30N . *#-$3B+.=1$-1/(MIRSTIT.QB&-#/-1-$4>+3/(1>++(612/39!
@.0$(9!.&1039.&8!3/-$6H4$16>$* $61#/2$1$2+(2$0H4$!/2.(.-91-+16>$$01)> !
4$-/4+3>H#+ 6.6!.8!36>+8&6$!-+!>++(1039.818183.Q)$SLE3AS(/.1$-1/(MIRSTAL#.6!3$6>+&6S!
B16S($*-$0'+312$*/)6$!.-1/((+@6!.80.2.0)/(61-+14/=.4.A$!6.A$!.&!6(+@039.88!>+&06! @#.($!
$&6)3.&8!6)32.2/(1.&!'/6-;039.&8!>+&06MI%&!-#$6$!6>FH-86!- 4.&8!+'14$-/4+3>H#+6.6 |
b-#$1$=>3FHOHSE+-9>Kand -#S$!'.-&$66!+1-#$!+8/&.64!/3$12+-#10$-$34.&$0179!/!
6.&8(3$82.3+84$&-/(I'*-+31 @/-$3Y/2/.(/?.(.-OM"#)6I1$8&2.3+&AS&-/(1'[*-+36!%/&17+-#!
0$'.&$!/&010$-$34.8$16$($*-.+&!1+&1.80.2.0)/(1(.'$; 6-/8$!-3/&6.-. + &B6M

A+ @$2$3H38/8.64/(! '.-&$66!.6!&+8+(3(90$'.8$0!2/6$0!+&!-#3!-.4.&8!+'1/16.88($!
(.'$;6-/851-3/86.- +&NA-#.&1/18$&$3/- +&I-#$I*+47 &$01$"$*-6!+'16$Q)$&-./(1(.'S ; 6-/8$!
-3/&6.- +&6logetherl0$-$34.&$!-#$I$82.3+8AS&H/-1 $/#1('$ ;6-/18$!$=>$3.$8*HBO!-#)6!
+2$3/((1".-&$685+3!.86-/&*$J614910.66$3-/-.+&10$4+&6-3/-$61-#$!-.4.881+'16$$0!
0.6>$36/(%'1 A. thalianal0$-$34.&$6!-#$1$82.3+&4$&-1-#$!6$$0!$=>$3.$&*$6!/&0!-#)GL#!
-616)32.2/(1/&0!@#$&!.-18$34.&/-$6M!"#$!-.4.881+'18$34.&/-. +&10$-$34.8$6!-#S!
$&2.3+&4$&-1-#$12$8%$-/:2$16-/831$=>$3.$8*$6!/&0!-#)616!6)32.2/(1/&0!-#$!-.4.&8!+']

'(+@$3.&8MIH&O!-#$!-.4.&8!+'1'(+@$3.&8!0$-$34.&$6!-#$!3/-$1+'16 $$0!0$2$(+>4$&-J!



6$&$6*$8*$!-.4$J1/&01-#)610.6>$36/(I-.4. &BMESE!-#S!'.-&$661$"$*-61+'14) (-.>($!(.'$ ;6-/8$!
-3/&6.-.+&6!/8&01+-#$3B6+*./-$0!-3/.-6!#/2$17$$&!$=/4.8&$0!. &' *+8&*$3-J16-3+&8!*+33$(/-.+&6!
[3$1+-$&!'+)&0ID5+)3&.$3:$25(1$-1/(MIRS T&HE-/4+.8&$&!$-1/(MIRSTaviH(.4/D.1$-/(MIRS Teh
P.((.&D'$-1/(MIRSTIEM

E(-.4/-$(9J1-#$!>(/6-.%.-91+'1(.'$ ;6-/8$!-3/&6.-.+&6!6$32$6!-+10$-$3482+-#1-#S$!
6>$$0!+'1>3+83$66.+&!-#3+)8#1-#$!('$I*9*($/&0!-#$5!$&2. 3+8A4$&-/(1*+80.-. +&6\-#]-1$/*#!
('$16-/8%$1.61$=>+6$0!-+MIX2$3!/1(+&BI6$($*-. 281#.6-+391.&I/1>/3- *)(/31(+*/-. +&I @ $!4.8#-!
S=>GH-1HBI>(/6-.41(.'5 0% ($1696-$41+'1/&1+38/8. 641 +1#/2$1$52-+(250 16)#1-#/-1$/*#1(.'$!
6-/8$!.6!$=>3$66$0!/--#$!- 4$1+'19$/31 @#S&!.-1.612$6-1/2($!-+16)32. 28MIN+ @ S 2EBIO*($!
10/>-/-+&1.612$3910." *)(-1-+16-)091$4> 3 */((91/*3+66!8$&$3/- +&B10)$I-+1-$*#& */(!
(4.-1-+&6!/801-#)616-3+&81$4>.3.%/(1$2.0$&*$!.6!(/*D.&8!.&!4+6-1696-$46M!5)3-#$3J!1-#$!
- B#-I*+8&$*- +&6/8&0I'$$0?2/*D6!.&I-#.61696-$412%- @ $$&I-#$!$&2.3+84$&-J18$&+-9>$J!/&0!
SHB&+-9>$I8$8$3/-$1&)4$3+)61*+33$(/-. +&61-#/-16#/>$1-#$1$=>3$66.+&I+'|>H#$&+-9> *!
2/3./-.+&105.8)3BI TCMIC)$!-+1-#$1*+4>($=.-91+'-#$6$!. &-$3/*- . +&6J14+0$(.&8!/>>3+/*#$6!
H-16.4>(.'91-#$6$1696-$46!-+1-#$. 3*+4>+&$&-1>/3-61%/&1>(/91/&) . 4>+3-/&-13+($1.&!

0$* >H#$3.&8IH#+@ IS/ #1+'1-HSES!'/*-+36!4+&-3.7)-$I-+!-H#E=>3$66.+&!+'1(.'$I*O*($BM

9209/507!+08929!/6!< 723/./<> !
B3$*/)6$!6$/6+&/(1$&2.3+&4$&-6!/351*9%(.*/(J1.-1.61>+66.2($t/-1-#3$ *+33$(/-. + &6
4$&-.+&$0!/2+2$1*+)(017$!>3$0.%-/2($!+&*$!-#$14$*#/& .6 46| #/-18$&$3/-$!-#$41/3$!

)&0$36-++0NKES!. 4>+3-/&-1-9>$!+'1¥+33$(/-. +&-#/-1$4$38$6! @HS&I-HS6S$!>(/6-.*1(.'$9*($!
2



-3/&6.-.+&6!/3$1*+47?.8$0!.6!*/(($0$&2.3+&4$&-/((9;.&0)*$0!>($. +-3+>9!bC+&+#)IRSTE!
1801 - 1+%%) 36| @HS&I-HBI>HS&+-0> *I$=>3$66.+&I+'-@+1-3/.-61/3B12+-#1.&'()$&*$01 291-#$!
$&2.3+84%$&15.8)33! TICM!5+31.86-18*$J17$*/)6$!-#$! @/34-#1+'16)44$31/(@/96!"+((+ @6!
6>3.&8/801-#$1*++(1+1@ .&-$3!/(@/96"+((+@'/((I.1/1>(/&-18$34.8/-$6!.81-#$16>3.&8! -!
@.((I'(+@$314)*#1'/6-$31-#/&)." 1.-18$34.&/-$61.&I-#$!'/(MI"#$3$'+3$J10)$!-+!-#$16-3)*-) 3$1+']
H$16$/6+&/(1$82.3+&4$&16>3.8818$34.&/- +&1@.((//(@/96!?$!*+33$(/-$0! @ .-#13/>.0!
'(+@$3.&81/80"'/((18$34.&/-.+&!@.((/(@/96!2$1*+33$(/-$0!@.-#!(/-$!' (+ @$3.88W)6J!
J((S(*1*#/88$61-#]- 1.&'()$&*$IB$34. &/ +&IAIQH2BI>($.+-3+> *I$"$*-61+&-#$1$=>3$66.+&!
H1+-#$31(.'$16-/8$6!-#3+)BH#I*#/&8.&81-#$1$8&2. 3+&AS&-1$=>$3.$&*$01291-#5$16) 76$Q) $&-!
('$16-/83M

" HSI>+66.7.(.-9I+31>($.+-3+>91/4+&8!('$6-/83!-3/86.-. +&61.61&+-13$6-3.*-SOM+
6.8&8($!18$&$3/-.+&MI5+314/8&9!6>$*. $6J1*3BHE&$3/-. +&/(1$"$*-61#/2$12$$&10+*) 4$&-$0!
@#$3$>/3$&-8%/& 1.& () $&*SI+"6>3.88I>HS&+-9>FEM!I"#. 61 >HSE+AS&/H/612$$&!
0+%)4$&-$0!.&!.&2$3-$?3/-$61/&0!12.3061bB/66+!$-1/(IRST[M!I"+(3./& TWUC!/&0!.6!
>/3-%)(/3(91>3$ 2/($&-1.&!>(/&-6! @#$3$!$&2.3+84$&-61$=>$3.$&*$0129!-#$14+-#$310)3.&8!
3$>3+0)*- +&IDCH+&+#)SIRSHS&ESIIRSSUMC!+3I$2$&I$/3(.$31. &!-#$!('SI*O*($Ib<HS&IS-I/(M!
RST[CI*/&I+-$&#/2$!(/6-.881$"$*-61+&18$34.&/-. +&I2$#/2.+3M!15)3-#$3J1-#$6$14/-$3&/(!
$"$*-61/3$16+4%$-.4$6!/0/>-.2$1b3$2. $@$0!.&!L+)66$/)1/&0!5+=1T\\'cMI5+31.&6-/&*$J1.&!
-#$ICampanulastrum!$=/4>($1/2+2$I1-#$14/-$38&/(1(.8#-1$&2.3+&4$8-10$-$34.8&$61#+@

4/891>3+8%$89!/3$1/88)/(12$36)6!2.$8&./(MI1%&I6+4$!$&2.3+8&4$&-6!.-.61/02/&-/8%+)6!-+!



#12$1/88)/(1+"6>3. &81/&0).&!+-#$36!.-1.61/02/&-/8+)6!-+1#/2$1?.$8&./(1+"6>3.&8!
b,/((+@/9!/&0!1--$36+&IRSS\AN#) 6.J!- #$!>3$0.*-/2($1*+4>+8$8&-61+16$/6+&/(!
$&2.3+84$8-6!*3F/-$1-#$1>+-$8-/(I"HBO/>-. 251*3+66; 8$&$3/-.+8&/(1$"$*-6M!

%&A. thalianadl-#$!-.4.881+'1(.'$;6-/83!-3/86 .- +&6!.&!-#$14/-$3&/(18$&$3/- . +&I*/&!
&()$&*$1+"6>3.88!-3/&6.-.+8&61.&14)(-.>($!@/96M!5.36-JI-#$!-.4. &8I +'1-#$14/-$3&/(!('$!
*Q*($II6>$*." */((9V'(+ @$3.88!-.4$ID$-$34.8$6!6$$00.6>$36/(!-.4.881/&01-#)6!-#$!
$&2.3+&4$&-16$$06!@.((1$=>$3.$&*$!+&*$DH3$!0.6>$36$0H8) 3! T*CMIL/-$3&/(1$"$*-6!
#3+)8#10.6>$36/(1-.4.&81#/2$17$$&16#+@&!-+16-3+&8(9!$"$*-1')-)3$! (. $6-/8$!-3/&6.-.+&6!
1&0!".-&$66!DC+&+#)$!$-/(MEBUII<#./&8!$-1/(MIRSTRCMIK$*+8&0(9J1-#$14/-$38&/(1>(/&-1*/&!
/(-$31-#$1(.'5, 6-/8$!-.4.881+'1#$31>3+8$891291/(-$3.&8!-#$A1>H#96 . +(+8.*/((91+3!>#96.*/((9!
15.8)3$! TOCM!5+®&6-/&*$10+34/&*91($2$(6!+'16$$06!/3$!6$-17914/-$3&/(1$&2.3+&4$&/(!
*+80.- +&6!12./1*#/88$6!.8!185855=>3$66.+B&!-#$!6$$MIS&0/((!$-//(MIRSTTcJI6$$0!
>3+2.6.+&.&8J105.8*K/2/831/&01:$)7&$3 ;L$-A8$3IRSS_cJI/&O!6$$0!*+/-1>3+>$3-.$6!
bL/*,3$8+31$-1/(MIRSTHSES!*#/&8$6!6#. - 1#+@!/16$$0!3$6>+&06!-+!-#$1$&2.3+&4$&-!
1&O1-#)61%/&1*#/&8SI-#$!-.4.&81+'18$34.&/- +&MI"#$3$'+3$ J1-+1-3) (91) &0$36-/&OH$!
>#$&+-9> *1$=>3$66.+&!+'1/89!8.2$8!8$&$3/-. 9&.'§ 6-/83!-3/&6 .- +&6+'1>352.+)6!
8$8$3/-.+&64)6-17$!*+&6.0$3$0M

" 4SO +33B(/-.+&6 /&Y (6+1H/2$). 4>+3-/&-1.4>(¥/- +&V'+3!" -&$66!15.8)3$! TOCM!
B$*/)6$!-#$!-.4.881+'1+&$!-3/&6 .- +&10$-$34.8$6!-#$165($*-.25!$& 2. 3+&A4S&-!+'1-#$!

6)?6$Q)$&-1(.'$!6-/85II6S($*-.+&!+&I/1-3/.-14/91/*-)/((91+**) 31-#3+)8#!.-6!*+33$(/-$0!

\!



$"$*-61+&1(/-$31-3/.-6MI"#)6J1-#$!>3+*$66$61-#/-18SE$3/-$I-#SOSI*+33(/-. +&61*/&!/(6-+1H#/2$!
0.3%"I'.-8&$66!*+&6$Q)$&*$6!/801-#$3$'+BYI!>(/91/&1.4>+3-/&-13+($!.&!6#/>.&8!-#$!
$2+()-.+&I+'1('SI*O*($6M

E&'+3-)&/-$(9 JI(.--($!13$6$/3*#1-+10/-$1#/6!.82$6-.8/-$0!-#$!>3+*$B6!-#/-1858$3/-$!
H$6$!+26$32$0+ 335 (/- +&E?$- @ $$&!-3/.-6J1/&0! @$!6-.((10+1&+-1#/2$1/1'. 34183/6>1+&#+@!
4>+3-/&-1-#$6$!$"$*-61/3$!(.DS(9!-+1785)3-#$3IIFH#! @.-#.81/8017%-@$$&!8$&$3/-. +&!
>($.+-3+> B $*-61#/2$13/35(912$$&1*+&6.0$350! @#$&!>3+W$*- &8!+38/8&.64/(13$6>+&6$6!-+!
*(4]-$1#/&8SIDP/(*D  1$-1/(NRST T &IO!'.36-1#/>-$3J1%!/003$66!-#$EH> 61291)6.&8!
$4>.3.%/(10/-/1-+10$-$34.&$!-#$!. 4>+3-/&*$I+1'(+@$ 3.88!-.45!+&!-#$!8534.8/-.+&!
2$#/2.+31+'1+"6>3. & 8MEB!4916$*+& 0 #/>-$31%!*+86.0$3!-#.61Q) $6-JR&S8!/14)(-. |
85853/ +&/(14+0$(.&8!/>>3+/*# 1-#]-1$=>(*.-(91.&*()0$6!2$-@$$&!(.'$!6-/8$!/&0!.&-$3
8$8$3/-.+&/(109&/4.6M%!)6$!-#.61/>>3+/*#1- /6D @#/-1+4 2.&/-.+&61+'1('$;6-/8$!
SHP&+-9>$6!/3$!>+66.2($!'+31-#$16/4$1858+-9>$!. &I-#$10."$3$&-16$/6+8/ (1 +8-$=-61-#/-1
$=.6-1/*3+661/16>$*.$6!3/&80!1:/6-(9!.&H/>-$3!-#3$H/&0!H >>$&0.=1CII%!$=-$&BS!
0.6%)66.+&!-+!*+&6.0$Bt+@!>($.+-3+>912$- @ $$&!-3/&6.- +&BI MR () $&*$!-.451/2/.(/2($!

'+313$>3+0)*-.+& /13+)8#14$/6)3$!+".-&$66M!

?252:3+12662+:9!/517 362@>+7212A<.2993/5!0+. /991.05?29 !
H(($(#12/3./-.+&).&18$&$61-#/-1.8'()$&*S!(.'$; 6-/85!-3/&6.-. +&6!+**) 31/*3+6616>$*.$6!
3/&8$AbH&0$36+&!$-1/(MIRSTTMIBIEAD-//(MIRSTTm!:.1$-/(MIRSTSmIL/!$-/(MYRSTF B

6+4%$-.4$6!7$!4+72.4)6(91*+33$(/-$0! @ .-#1$&2. 3+ &4SE&-/(1*(.&HBX (6+&$-/(NRSTen
TS



73$80$2.(($!$-1/(MIRSTBE-31. &6-/&*$H.&/(12/3 /- +&!.&1-$&IK] 7€6! @/616#+@&!-+!)&0$3(.$!
Populus!>#$&+(+8IMB$SE&!-#$16+)-#133Q).3501%)4) (/- 2$!1$=>+6)3$!-+!@/34$3 !
-$4>$3/-)3$6 17$'+3$12)012)36-1/8016#+3-$31%3 - */(1>#+-+>$3.+06416$-1?) 01-#/&-#+6$!
/0/>-$01-+18+3-#$38!$&2.3+84$&-6!DX (648 !/ (NRSTackI6!/(($(.*12/3./-.+&I1*+47?.8$0!
@ .-HLHSI$&2. 3+&ASE-1-#/-14%%) 361/-1$/#) (+*]-. +&I[*3+66!-#$13/88$J10$-$34.&$6!-#$!
8$+83/>#.%10.6-3.2)-.+&!+'I(.'$I*O*(SEMI@ +1'/*-+361#.8&0$31+)31/?.(.-91-+1) &0$36-/&01H+@!
>/--$3&61+'1/(($(.*12/3 /- +&IZS(/-$!-+1>/--$3&6I+ I>H#$&+-9> *12/3 /- +&1.&!(.'$I*9*($6!
bP$.&.8!$-!/(MIRST[CFI$8P&A$&- 0$>$80$&-1/(($(.*1$=>3$66.+&I8)3$! T?C!/&0!$>.6-/-.*!
&-$3/%-.+8&6!/*3+66!(.'$!6-/856588)3S! T*CM!
5.36-J1-#$!>$32/6.2$&$66882.3+84$&: 6>+ " */(($(.X1$"$*-6 1.61/1-HSAS!-#/-1#/6]
$4$38$0!'3+41-#$I>($-#+3/1+'1V":1/&0! PHKI6-)0.$6!1*+&0)*-$01+&I>HS&+(+8.*/(1-3/.-6]
&I-#$1(/6-1-@$&-9!9%/366$SCH6!L/3/.6!$-/(MIRSTaK+0/1$-1/(MIRST[!'+3!3$2.%6@/&0!
*[&IE+A>(H]-$1.&-$3>BF-/-. +&I+1>/--$3&61+'1/(($(.*12/3 /- +&MIX-$& & (($(.*12/3./&-1+&(9!
& ()$&*$6!/1-3/.-1.&1/1(.4.-$016$-1+'1$82.3+&A$&-6M!5)3-#$3II$2$&).1/(($(.H1$"$*-61/3$!
4/.&-1.&$01/*3+66!$&2.3+&A$&-6JI-H#H/8&.-) 0!+ 1-#$I$"$*-1+'-$&I*#/&BS6M I'#$! Populus!
6-)091#.8#(.8#-$01/2+2$!/(6+!.(()6-3/-$6!-#.6!".&0.&8F0."$3$&-1/(($(.*12/3./8-6! @$3$!
/66+*./-$01@.-#1?)0'()6#9?)016$-1.&! /18+3-#$381+44+&18/30$&! *+4>/330!1-+!/ 16+)-#$38&!
+&$IbX (6+&1$-1/(MIRSTacM!"$EB$E6! /&1 ($/01-+1*+4>($=1>/--$3&6 ! +'1>#$&+-9> *!
$=>3$66.+&!/*3+6613/&88B5+31.&6-/8& BIS(.*12/3./- +&I-#/-1#/618&+>HS&+-9> *1$" $*-1.&!

+&$!>/3-1+'I-#$!3/&8%4.8#-16-3+&8(9!. &' ()$&*$!I>#$&+-9>$6!. &!/&+-#$31>/3-1+'1-#$!3/&. 3¢

T



"#.6!>/--$386!*+)(0 I>+-$&-/((9 1/(6+!($/0!-+ *+&0.-.+&/(1&$)-3/(.-9] @#$3$.&!/(($($6!/3$!
'12+3%$0!.&!+&$B&2.3+&A4$&-1?)-1&+-1. &I +-#$3EM
H&+-#$3!>/3-.%)(/3(9!6/(.$&-1$=/4>($!+'|-#$!.4>+3-/&*$!+'1$&2.3+&4$&- ;
0$>$80$&-!/(($(.H1$=>3$66.+&!"+31-#$!. &-$3>3$-/-. +&I+'1/(($(.*12/3./-. +&!(6-3/-$0129!-#$!
SHE&HAE&+&E!I+*+)&-$3;83/0.8&-12/3./-.+&!b<+&+23$3!/&O0IK*#) (-AI T\WUCM!"#.6!+**) 36!
@#S&I(($(*12/3./-.+&!.&I*+47 .&/- +&) @ .-#1$&2.3+&A$&-/(12/3./-.+&! ($/06!-+!>#$&+-9> *|
6-/6.6!/*3+66!3/&8$6M!%&!-#.61*/6$IV/(($(.*12/3./-.+&!.&#+@!-3/6:6+ZPD!-+!-#$!
$&2.3+8&4%&-!.6!&$*$66/39!-+1*+4>$&6/-$!'+3185+83/>#.*12/3./-.+&!.&!$&2.3+&4F&-/(!
*+&0.-.+&6M!"#.6!/(($(.*12/3./-.+&!*/&1?$10$*. >#$3$0!2./1*+44+&18/30$&!$=>$3.4$&-6M!5+3!
&6-/&*$J1*+&6.053!-@+!8$&+-9>36!-#/-1?2+-#!'(+ @ $3!+&B!4+&-#!/'-$3!8$34 . &/& ! . &!-#S!
(+*/-.+&6! @#B3B!-#B91#/23152+(2$0M!I X &SB! +'1-#+6 B! (+*/-.+&6!.6! @/34$3!-#/&!-#3$+-#F3M!
P#3$&!14%/6)3%0!.&!/"*+44+&1$8&2.3+&4A$&- J-#P!8P&+-9>F!-#/-1$2+(2$0!.&!-#P!*++($3!
(+4/-+&1@.(("(+@$3!'/6-$31-#/&!-#$+&S!'3+AI-#SI @/34$3! (+*/-. +&M!"#.61.612$*/) 6% $!
>(/&-11*-)/((9M#6!-+10$2$(+>1'/6-$31.&I-#$!*++($31$& 2. 3+&A$&-1-+1#/25!-#$16/4%!
'(+@$3.&8!-.45!/6!-#$185&+-9>$! . &I-#$I @/3453! (+*/- +&M!I"#)61/(($(.*12/3./-. +&!4/91+3!
4/91&+-1?7$1$=>33$6630!>#$&+-9>.%/((9!/*3+66!3/&8%$6!/6!$&2.3+&4$&-6!*#/& M
K$*+&0(9J!$:6-/-.*1.&-$3/*-.+&6!b,=,c!/*3+66!(.'$ ; 6-/85!-3/&6.-.+&6!*+)(01/(6+!
*+4>( 4)-$1-#$!. &-$3>3F-/-.+&+1/(($(.*12/3./-. +&!b53.$04/& RS T[H.8) 3$! T*CM!5+3!.&6-/&*$J!
&IA. thalianad V(($(*12/3.1- +&!-#/-1.&' ()$&*$6!8$34.8/-.+&!-.431%/810$-$34.8&$! @#$-#$3!

1(($(*12/3.1-.+&1.&!-#$! FRIGIDA (+*)6!b<#./&8!$-1/(MIRSTacM!%&!-#.6!6*SRIZ$@ !/ (($($!
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4.8#-16@$$>1-+!".=/- +&1.'1.-1.&*3$/6$0!".-&$6G!?)-1+& (1. &!>+>) (/- +&6!-#/-1#/2 $!
>3$2.+)6(9!$2+(2$01/¥$3-/. &Y/ (($($V/-/&+-#$31(.'$; 6-/8$!-3/&6.-. +&MIK)*#1>3+*$66$6!*/&!
BS&B3/-$/1*+4>(*/-$OI>/--$3&I+'1/(($(.*12/3./-.+&I[*3+66!-#$13/&8%S ME(-.4/-$(9J!?9!
4/6D.&81+313$2%/(.&8/(($(.*12/3./-. +81-#$!$&2.3+&4$&-0%'. &$6!8$+83/>#.*10.6-37)-.+&6!
+1/(($($6M

%&-$3>3%-.&BI-#SI>HS&+-9> *1*+&B6$Q)$&*$6!+'1+26$32$0!8%+83/>#.*10.6-3.7)-.+&6!
HU(($(412/3.1-+&I3$4] &6/ H/(($&BSI2$*/)6$!+'-#$1$&2. 3+&4$&-/(16$&6.-. 2.-91+'1(.'$ ;
6-/8%!-3/&6.-.+&6!/&O1-#$I>HS&+-9> *15+33$(/- +&B!-#/-1+7%)3612$- BR!-#$4M1%6&149!
0.66$3-/-.+&J1%!/003$66!-#.6!*#/(($&8$!?79!)6.88!-@+!/>>3+/*#$6M!5.36-J1%!$4>.3.*/((9!
4$/6)3$Y/(($(I$"$*-6 1.814/8910."$3$&-1$&2.3+&A$E&-6/801)6$!-#/-1.8'+34/- +&!-+1.&'$3!
&I@#/-1*+8-$=-61/(($(*2/3./-.+& 1@.((1?$!$=>3$66$50M!%!)6$!-#@#F*#1-+1)& 0$36-/&0!
6+)3*$61+'18$34.8/- +&;-.4.8812/3./- +&!/*3+66!8$&$3/-. +&6M!

1$=-J19610$2$(+>1/14+0$(.&8!"3/4$@+3D!-#/-/((+ @6!-#$!>3$0.*- +&I+'1('SO*($!
$=>3$66.+&1.&I*+4>($=1$82.3+84$&-6MIBI!.&*+3>+3/-. &8ID&+@ ($08$!+'1#+ @ !8$8S$-.*!
2/3./-+81/(-$36!$82.3+84$&-/(16$&6.-.2.-91%1*/&1/**+)&-1'+31$&2.3+ &A$D$>$&0$&-!
1(($(.+1$=>3$66.+&M!IBO!(.&BI4+0$(6!/*3+6614)(-.>($!(.'$ ; 6-/8$!-3/&6.-.+&6J14+3$+2$3J1%!
[#5+)&-1'+31%+33$(/- . +&61/&01$>.6-/- *1.&-$3/*-. +&6!/*3+661(.'$!6-/838M-#ID&+@ ($08$!+'!
H$I8$+83>#.%10.6-3.7)-. +&I+'18$8+-9>$6.1-#.61/>>3+/*#1%/&1>+-$&-./((9!>3$0. *-1-#$!

8$+83/>#.%10.6-3.7)-.+&!+'1*+4>($=!(.'$!#.6-+3.$6!/*3+66!/16>$*.$6! 3/ & 8BiK.! 4916 $*+&0!
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*H]>-$31%61) 6$!-#.614-#+01-+1>3$0 * 1+ @!/(($(*12/3./- +&). &' () $&*$6!-#$I8$+83/>#.*!

0.6-3.2)-.+&6!+'1('§ *9*($!$=>3$66.+&!>/--$3&6!.&!-#$!4+0$(1+38/&.6A! thalianaM!
:/6-(9J1@$!4.8H#-1$=>$*-1/(($(.*10.6-3.7)-. +&6!-+I3$'($*-1-H#$I6$($*-. 28 1#.6-+ 391 &I/

(+4/- +&MI"#)61791.4>($4$&-.&816.4>($16)32.2/(13) ($6J1%!2$8.&I-+1*+&6.0$31#+ @ I(IB($!

$=>3$66.+&14/91.&'()$&*$!" -&$66MI%&149!-#.301*#/>-$31/&OIH>>$&0.=1CI1%!>3+WS*-1H#+@1-#S$!

-.4.8&81+'18$34.&/-.+&!/&0!'(+@$3.&8!6#/>3$61#+@! (+&8!/!1>(/&-1#/6!-+13$>3+0)*$M

7362@>+721<=25/7/?>1"2:2 .;35291:=212513./5;2 5!
2A<2.325+2"1->120+=! 736219:072 !

E>l-+1-#.61>+ &-J1%1#/2$12$$&!1>3.4/3.(91$=>(+3.88#+@ (6 $8$!-3/&6.-. +&6!
“+47 &$I-+1'+341(/BI*O*($6J12)-1+'1+) 36$1-#$6$5!(.'$, 6-/8$!-3/&6.-.+&6!6$-1-#$16-/85!'+3!1-#$!
$&2.3+8AB&-/(1*+&-$=-1+'14/8&91+-#$31-3/.-616)*#1/6]6$8$6*$&*$!/&0183+@-#M!IH!>3+4.6.&8!
)6$!+'1-#$14+ 0$((.&8!'3/4$@+3D10$'. &$0!.&14916%*+&01#/>-$31.61-+1)6$!-#$14+0$(1-+!
0$-$34.&$!-#3$1$&2.3+&4$&-13=>$3.$&*$0129!$/*#1(.'$!6-/83!/&0H) 6!-#$165($*-. 23!
$&2.3+84$&-I'+3-3/.-6!$=>3$66%$0!0)3.&8!-#/-1(.'$16-/8SM!"#.61/6>$*-1+'16$($*-. +&!.6!.8&+3$0!
2914/8914$-#+ 06!l2.g.1& *#$!14+0$((.88¢J10$6>.-5!$2.0$&*$!.&!4/89!1696-$46!-#/-1.-1>(/96!
") &O/A$&-1(13+($!.&O/>-/- +&M |

X&$!6)*#1-3/.-J| @#+6$!$=>3366.+&!#/6!2$$&!6#+ @ &!-+12$!1$& 2. 3+ &AB&$&0$&!
180! @#+6$!$=>3$66.+&!.6!+&-.&)/((9'>)AA(.&8!.616$&$6*SHBRME*$&*FI1-H#S!
0$4+83/>#.*1($2$(J1.614$/6)3$01/61/10$*(.&$!.&!6)32.2/(1b+3I'$3-.(.-9c! @ .-#!/8$!.&!/18.2$&!

$&2.3+&4$&-1/&0!.6!+?6$32$0!.&!4/&9!6>$*.$6!/*3+66!-#$!-38$!+'1(.'$!bOEBEV!RST[m!
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1)66$9!1$-1/(MIRSTad0¥+)8# 1.61*$3-/.&(91&+-1)2.Q).-+)6!>/3-.*)(/3(9 1.&!>(/&-6!bB/)0.6*#!
$-1/(MIRSTM&$3$!/3$16$2$3/(1*(/66. *I$=>(/&/- +&B!"+3I-HSI$2+()-. +&!+'16S&SE6*$&*$16)*#1/6]
4)-I- +&I*)4)(-+&!  b3$2.$@$0!.&I5(/--/&OIK*#4.0-IRSS\MIN+/#RSHAY-I35*$&!
4+0$(6!791B/)0.6*#1#.8#(.8#-1-#$! /00.-.+8&/(13+($!+'1-3/0$;+"6!?$-@ $$&!6)32.2/(1/&0!
'$%)&0.-91.810$-$34.&.&8! -#$10.2$36.-91+'16$&$6*$&*$!>/--$3&6!+?6$3 28N 0.6*#IRSS cM!
"#$16-3+&B8$3-#$B/0S; +"17$-@$$&16)32.2/(1/&013$>3+0)*- +&I-#$I$/3(.$31+38/8.6461/3$!
>3$0.*-$0!-+16$&$6*$J1?)-1-#53$!.6!$2.0$&*$!-#/-1-#SHBEB-#1+'1-#.61-3/0F +"14/912$!
$&2.3+84$&:0$>$80S&M!I"#)6J1-#3+)8#16#/> . &8I-#$6$!-3/0$"6J-#$1$82. 3+&A4$8&-1-#/-1.6!
$=>$3.$8*$010)3.&8!3$>3+0)*-. +&I4/910$" &$!-#$!$2+()-.+&!+'16$&$6*$&*IM!
%&1491-#.304/>-$31/&0IH>>$&0.=ICI1%)-(.&$1H+@16$/6+8/(1$&2. 38 4$&-61/&0!
>/--$3&6!+1>#$8+(+8910$". &$!6-/8F6>F. *I6$($*-.25!$&2.3+84$&-6M1%!/6D!#+@!2/3./2($!
HSIB&2.3+8AB&-6!/3F-#]/-1>(/&-6!/35=>+6S0!-+ @#.($14/-)3.&8!6$$06+1.&'$31.1-3/0%;
+'617$-@$$&16)32.2/(1/&01'$*)&0.-9 14/912/391'3+419$/31-+19$/3  NBOI*/(* )(/-.&8#+@!
2/3.12(BI-#$1-.481/2/.(/2($!'+313$>3+0)*- +&1.612+-#1@.-#.&1/&01?$- @ $$&! (+*/-.+&61/&0!'+3!
0."$3$&-18$&+-9>$6J19%61*/&16>$*)(/-$!/7+)-| @#$-#$31$82.3+8A$S>$&0$&-16$&S6*$&*$!

4.8#-17$1/02/&-/8%+)6!.&!/18.2$&!(+*/-.+&!+3!&+-M!

+=0<:2.198:;:0.329 !
%&A9!' . 36-14#/>-$3 1%B6-| @#$-#PB/-$3&/(1$82.3+8&4B&-/(1$"$*-61.&' () $&*$!-#$!
$=>3$66.+&+'1>#$&+-9>*12/3 /- +&!.&!-#$.31+"6>3.&8!/&0%-$34.&$H+@*+33%$(/-. +&6!

?$-@ 5P '$;6-/83!-3/&6.-.+&BGH/>$!-#$1$=>3$66.+&!+!'6>3.&8!-3/&6.-.+&MIE6.&8!
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4/8.5)(  -.2$1$=>$3.4$&-611%!64#+@!-#/-14/89*+47 &/- +&6!+'18$&$- *JI$&2.3+&4$&-/(J!
1&010$2$(+>4$&-/(!'/*-+36!%/&1*3%/-$16.4.(/3!18$34.&/- +&I>H$&+-9>$6 J/&OI-#/-1-#$ 16$$Q
4/-)3/-.+81$82.3+84%&- >(/9 6!/1(/38$3!3+($!.&!10$-$34.&.&8!8$34.8/-.+&!2$#/2.+31-#/&!
8$&$-.*12/3 /- +&MBOI$=>(.*.-(914$/6)3.881$8&2.3+&4$&= 0$>$&O$&-/(($(.*I$"$*-61/&0!
03$'.8.881/16.4>($14+0$( JI%!64#+@!-#/-14/-$38&/(1$"$*-614/91*/&/( A$!8$34.&/- +&-.4.&8!
$2$8! @HS&!-#$3$!.612/3 /- +&!.&! (+@$3.&8!/&010.6>$36/(!-. ASM!"#.6!#/>-§3B$?9!
0$4+8&6-3/-$6L#/-1>H$&+-9> *12/3 /- +&).61-#$I+)-*+4$1+'] &-$3/*- +&6!/4+&818$&+-9>$6!
1801$&2.3+&4$8&-61$=>$3.$8*$01.&!14+3$!-#/&!+&$!8$8$3/- MED$6.88$0J1.4>($4$8&-$0J!
180! /1&/(9AS0 1-#$1$=>$3.4$&-6!.&!1-#.61"#/>-$3! @ . H##$!/02.6$4$&-1+'1] NC+&+#)$SMIM
10@/306!.6!/&!/00.- +&I(1*+((/2+3/-+31-#/-1"+&-3.2)-$01-+1-#$!. 4> ($4$&-/-. +&J10/-/!
18/(96.6Y/80!@3.-§)>M!"#.6!*#/>-$31#/617$$&16) 74 .--$0!'+31>) 2(.*/- +&M
%&14916$*+&01#/>-$311%!-$6- 14+ @!$82.3+&4$E&-/(1/&018$&S-.*12/3./- +&1*+47 &$)-+]
& ()& BI-#SI69&*#3+89!/&018$+83/>#*10.6-3.7)-.+&I+'1(.'$I*0*($6MIE6.8&8!/14+0$(.&8!
[>>3+/#1-+1>3350.%-1(.'$ ; *9*($I>HS&+(+891. &I +4>($=1$& 2.3+ &4$&-611%!*+&-$=-)/(.A$!
8$+83/>#.*1>/--$3&61+'1/(($(.}12/3./-+&).&1-#.616>$* $6!/-$31-/D. &8B! &-+1/**+)&-!
$&2.3+&4$&: 0$>$80$&-1/(($(*I$"$*-6)I$>6-/6.61/4+&8I(.'$ ;6-/8%$!-3/&6.-.+&81/&0!
“+33%(/-. +&617%-@$$&!(.'$!6-/8$6!8$8$3/-$01291-#$1$&2.3+&4$&-MIBEBBD 1#+@!
A>+3-/8-1982.3+84$8-1(12/3./- +&1/(+&$).61'+310$-$34.8.881(.'$; *O*($! ($&8-#!/&0!
SH$&+(+8IMI%!". &O1-#/-1/16.&8($18$&+-9>$!*/&I3$6$4 HBI 23$/0-#1+'1(.'$; *9%($12/3./-.+8&!

[*3+661-#3$13/&8SMIH00. - +&/((9J1%!6#+@!-#/-17+-# @ :8883/(1/&0'6)44$3  ;/1&&)/(1(.'$!

T!



*0*($6!*/&1?3!$=>3%$66%$0!?9!-#3$!6/45!8$&+-9>$!. &/ (+*/-. +&M!"#.6!0.2$36.-9!+'I(.'$!*9*($6!.6!
*3%$/-$01?910+34/&*912/3./-.+&' @ .-#.&!6$$0!*+#+3-6!.&0)*$0!. &!-#$!>3$2.+)6!8$&$3/-. +&M!!
1$=-J19%!*+&6.0$31#+@!+?26$32$0!>/--$3&6!+'1/(($(.*12/31/&)/*3+66!-#$!3/&8%!. & ) $&*$#$!
8%+83/>#.%10.6-3.7)-.+&!+'1(.'$!*9*($61/&0! %I&O0!-#/-1.&*+3>+3/-.&8!8$&S$-.*12/3./-.+&!
A>3+236!-#/-14]-*#1-+1+26$32$0 I(.'$1*9*($6M!:/6-(919%6- @ #$-#$31$6$!.&0.2.0)/((9!
>(/6-.*1-3/.-6!*+47? &$!-+ *3$/-$I>#$&+-9>.%12/3 /- +&1+36-/6.6!.&!#.8#F$3!+30$3!-3/.-6!6)*#!
161(.'$;*9%($!($&B-#M1%!" . &O!-#/-18$&S-.*12/3 /- +&!/-1-#S ($2$(1+'1+ &S (6H8$!-3/&6 .- +&!.6!
&$*$66/3914/.&-1. &I>HS&+-9> *16-/6.61+'1(.'S :*O*($!($&8-#!8.2$&1$&2.3+8&4$&-/(!
2/3./-.+&!/*3+66!-#$!3/&8SNMF+&6-3)*-$01-#$14+0$ (! /&O!-#$!3$6) (-/&-1*#/>-$31) &0$3!-#$!
6)>$32.6.+&!+'ll NC+&+#)$!/&0! @ .-#!-#$I#S(>!+"1-#3$$!/00.-.+&/(1*+((/?+3/-+36!b< MUDM!
L$-*/('JIH MIP.(*A$DJ!/&OIRQMEA .--cM!1%-1#/6!?2$$&!>) ?(.6#30!.&!-#$kerican Naturalist!
bB)38#/30-!$-1/(MIRSTUCM

:16-(931%!-$6-1."/(($(.*!/&0!$&2.3+8&A$&-I@/3./-.+&!/"$*- &8! $/3(9!(.'$!6-/8$6!*/&!
&()PE&FB!-.4312/.(/?($"'+313$>3+0)*-.+&/&0*+&6.0$31#+ @ -#/-14/9!  6#/>F!-#$!
$2+()-.+&!+'16$&$6* & BBI!. 4>($4$&-.&8!16.4>($!6)32.2/(13) ($6!'+3!'(+ @$3.8&8!>(/&-6!.&!
H#$14+0$(I%0!6#+@-##S!-. 451/2/.(/2($!'+31/1>(/&-1-+13$>3+0)*$  10$>$&06!+&!$/3(9!
0$2$(+>4%5&-/(1-3/.-6/&0!2/3.$6 '@ .0$(9!'3+4!(+*/- .+ &!-+!(+*/- . +&!/&0 18$&+-F>$!-+!
8$&+-9>$MI5+8! thalianall/16$4$(>/3+)616>$* $61& @#. *#B$>3+0)*-.+&!.61'/-/(JI-#$6$
#.8#(912/3./1?($!3$>3+0)*-.2$!@.&0+@6!4/916 $($*-1'+3!10."$3$&*$6!.&!-#$!-.4.&8!+'!

6$ES6*$&*$12$-@SS&!>+>)(/-. +&6M!I5)3-#$3J1.&!1(+*/-.+&6! @ .-#16-3+&BOTB/312/3 /- +&!

T2



&I-HS1- AB1/2/.(/2($"'+313$>3+0)*- +&! +31&I@# . *H4)(-.>($!('$*9*($6!/3$1$=>3$66$0!.&!/!
6.&8($!19$/31.&1/16.&8($!(+*/-.+&J181@+3D!6)88$6-6!-#/-16$&S6*$&*$13/-$6164+) (012$!
$&2.3+84$8:0$>$80$&-M!"#.616)88$6-.+&!.616)>>+3-$0!12913$*$&-13$6$/3*#1+&1-#$!
4+($%)(/31/&0!83&S$-.*12/6.61+'16$4F(>/3.-91/&016$&$6*$&*$!. &!-#.616>F* $6M) 6.)18$&$-.*1
2/3./-+&).&I$/3(.$3!(.'§ 6-/8%3!-3/&6.- +&614.8#-164#/>$| @#S$-#$316$&$6*$&*$13/-$61/3$!
$&2.3+84%$&-/((9!3$6>+&6.2$!+31&+MEI#/>-$31@/6! @3.--$&1291.&I*+((/2+3/-.+&@.-#I<M!
DAMILS-*/(1@.-#1/00.- +&/(16)>>+3-I'3+41l  NC+&+H)SMI%-1.61/**$>-$01'+31>)2(*/-+&!.&!
H#$1$0.-$012++DIi12+()-. +&I+IKSESES&*$!/*3+66!-#$!"3$$!+'1:.'$jM
X2$3/((J1%!10$4+86-3/-$1-#$1.4>+3-/&*$I+'1$82. 3+ &ASEIS>SLOSE&-!/(($(*I$"$*-6
[&O1>($.+-3+>9R /17+-#1$4> 3 */(1/&014+0$(.&B8!/>>3+/*HEEMI%! &OI-#/-1$&2.3+84$&
*)6$0! >($.+-3+>.51.&-$3/*-+&6!2$-@$$&!(.'$!6-/8$6!*/&1*/&/ (A ('F*($12/3./- +&12+-#!
@.-#.&1/8017%- @ $$&!BSE$3/-.+&EMSIA+0$(1*/&! /(6+!>3$0.*-1-#$18$+83/>#.510.6-3.2)-.+&!
1 SI*O*($6!.81-#.616>5* . $618.2$&ID&+@ &' >/--$3&6!+1/(($(12/3./-.+&! . &{BH8S!
-3/&6.- +&B6!/*366!-#$13/&BSM!5.&/((9I1%! 64+ @ HE*9*($610$-$34. &I 2+-#1-#$!

$&2.3+&4%&-1.&!@#.*#1-3/.-6!/3$!8$&$3/-$0!/&0!6$($*-$0M



1. "HSY&H (8)$*+($, (+%6-%6%) . (/' -%60)$%,0(1*)2%, .(%60(
I"HSY6& () 96)*+ #-Yott #

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

73+>$318$34.8/-.+&1-.4.&81.612.-/(1+316>$* $6>$36.6-$8&*$12$*/)6$!.-10$-$34.&$6!
H#$1$&2.3+84$&-/(1*+8&0.- +&6!$=>$3.$8*$0!291(/-$3!(.'$!6-/8BEI+&+#)$!$-I/(MIRSTSm!
1.42/((1$-1/(MIRSTSMI5+314/&916>$* $6J1-#$!-.4.&81+'18$34.&/- . +&10$>$&0616-3+&8(9!+&!
$&2.3+84%$&-/(1/*-+3616)*#1/6!-$4>$3/-)3$! bB/6D.&!&0!B/6D.&IRST[M!5$&&$3!/&0!
"#+4>6+&MIRSSMEP#. ($1>3+83$661.612$.8814/0$!-+@/3061)&0$36-/80.&8H#+@!/1#/&8.&8!
*(.4/-$14/91.&' () $&*$!-#$1- 4. &8I+ (+@$3.881/&01?)0?)36-  Ib<#) &SIRSSSMIL+3.&!$-1/(M!
RSS 3/($66!@+3D#/612$$&!+*)6$0!+&I-#SI>+-$&-/(1'+31*( A1*#/&8$!-+1/(-$3!
8$34.&/-.+&!-.4.&8! bP/(*D!$-!/(MIRSTVE

"$4>$3/-)3$6!$=>$3.$&*$0!29!-#$14/-$3&/(1>(/&-10)3.&8!6$$0!10$2$(+>4$&-1*/&!
&()$8*$18$34.&/-.+&!-.4.&81291+4#/&8.8810+34/&*91($2$(! bC+&+#)SIRSS\mL,/((+@/9!
/&0!1--$36+&!RSSE&O!-$4>$3/-)3$6!$=>$3.$&*$0!29!/16$$0!/-$310.6>$36/(!/(6+!6-3+&8(9!
&'()$&*$!18$34.&/- +&! bB/6D.&!/&0!B/6D.&IRST[MIC+&+#)$!$-1/(MIRSENH@!6$$0
41-)3/-.+&1-$4>$3/-)3$!.&-$3/*-61@.-#1>+6- :0.6>$36/(1-$4>$3/-)3B!-+1.8'()$&*$1-#$!
>3+2/2.(.-91+'18$34.&/-.+&#/61&+-17$$&! @$((16D.$0J1?)-1.-1.61-#.6!.&-$3/*- +&!-#/-1@.((!
0$-$34.8$!-#$!-.4.881+'18$34.8&/-.+&!) &0$316$/6+&/((92/39.&8!*+&0.-.+&6!bK$5!8)3$IR
+31/16*#$4/- *CMHOO0 .- +&/(1'/*-+3616)#1/61>#+-+>$3.+01.&'()$&*$!8$34.&/- +&I+' A,
thalianad!?)-1#12$\14)*#164/(($3!$"$*-1-#/81-$4>$3/-)35!  bC+&+#)$!$-1/(MIRSHIL)&..3!

T\!



$-/(IRSSTNHS3S +351.&1-#.616-) 09 @ $!$=/4.&$!-#B&-$3/*- +&PS- @ $$&I6$$0!4/-)3/-. +&!
1&0!>+6-;0.6>$36/(!-$4>$3/-)3$!)6.&8!-#$!4+0$(!+38/&.64! Arabidopsis thalianaM
182.3+&A$&-/(1'/*-+3616)*#1/61-$4>$3/-)3$1*/&1/(6+16-3+&8(9.&' () $&*$!-#S!
$=>3$66.+&!+'18$&$-.*12/3./-. +EMAMAP!$& 2. 3+&AB&-/(1*+&-$=-6!4/8&.'II>#$&+-9> *|
0."$3$&*$6!25-@$S&/(($(+12/3./8&-61/-1(+* I @#.($!+-#$36!*/8&1350)*$I1+31%/&/( ASII-#/-1
2/3./-.+&!bB9$36!RSSUM!5/(*+&$31/&0!IL/*D/IT\_mIN+"ITWIECS' . &.&8!-#$!$&2.3+&4$&-/(!
*+&-.&8%&*9!+'1-#3$1$=>33$66.+&BB&S-.*12/3./-.+&!.6!.4>+3-/&-1?$*/) 6 $!6 B ($*-. +&!/4+&8!
85&+-9>$6!+**)36!+&(9N&0$3!*+&0.-.+&6!.&! @# . *#!>#S&+-9>.*10."$3$&*$6!/4+&8!
8$&+-9>$6!/3$!$=>33$66$0M!%&!-#.6!6-)09J! @ $!/(6+!$=/4.&3$!#+@I6PF0.+&!/&0!>+6- ;
0.6>$36/(!-$4>%$3/-)3$!.&'()$&*$!-#$!$=>3$66.+&!+'18$&S$-.*12/3./-.+&!.&!8$34.&/-.+&M
%&!16$/6+&/(1$&2.3+&4$&-6J16$$0!0+34/&*9!.6!/14/W+314$*#/&.641)6$0!?9!>(/&-6!
-+10$(/918$34.8/- +&IH-$&I-#+)8H#-1-+1>3$2$818$34.&/-. +&! ) &-.(1 - 4$61+'19$/310)3.&8!
@#.#16$$0(.&8!6)32.2/(1.61#.8HDC+&+#)$!$-1/(MRSTIE!C+34/8*9!.610$'.&$0Y/6!-#$!'/.()3$!
+16$$06!-+18$34.8/-$!)&0$31$82.3+&4$&-/(1*+80.-. +&6!-#/-1@+) (Or-#$3@.6$1$34 -
8$34.8/-.+&MIW/BI2$$8.1'3$Q)$&-(9164+@&I-#/-1($66!0+34/8-16$$068!8$34.8/-$ 1)80$3!
/'@.0$3!3/&8%!+'1-$4>$3/-)3$6M!IX & S!*/& - #F$3$3B!*#/3/*-$3.A$!6$$0!0+34/&*9!?9!
166$66.&8$4>$3/-)3% ;0$>$&0$&-18%$34.&/-.+&!?$#/2.+31b5.&*# K/2/8$!/&0!5++-.--!
RSTRG!I"$33!@$!3$'$3!-+!-#066*3.>-.+&!+18%$34.&/-.+& 1?$#/2.+3!/6!-#$!8$34.&/-.+&!

$&2$(+>$!6.8)3$!RCM!

RS



5+314/8916>$* $6J1.&*()0.&8H#$!4+0$(1+38/&.64! Arabidopsis thalianal6$$06!(+6$!
0+34/&*91+2$3!-.4$!.&I/1>3+*$66!%/(($0!/-$3 ; 3.>$&.&BMIC+34/&*91(+66!2./!/-$B.>$&.&8!
B1+-$&I#/3/*-$3.A$0!1291/1@.0$&.&B!+'-#$!8$34.&/- +&IS&2$(+>$1+2$31-. 485 &*#
K/2/8$/&01:$)?8$3 ;L$-A8$3IRSS MI5+31$=/4>($J.&1'/(B$34.8/-.&8!>+>)(/ -.+&6J16$$06!
/3$10.6>$36$0!.&!-#$16>3.88!/&0!/3B!+'-$&10+34/&-1/-1#.8#1-$4>$3/-) 3$6!6-++&!/'-$3!
0.6>$36/(J1?)-183/0)/((9'8/.&!1-#$1/?.(.-9!-+18$34.&/-$!/-1>3+83$66.2$(0'#.8#$3!
-$4>$3/-)3$6!+2$3!-#$16)44$3! bB/6D.&!/&0!B/6D.&! T\ZRM!B/6D.&!/&0!B/6D.&I T\ am!5#+-
$-/(MIRSTNIEP$!3$'$3!-+!-#$6$1008/4 *1*4#/&8$61.&18$34.&/- +&I$&2$(+>$6!@.-#1/-$3
3.>$&.88!/6!-#$18$34.8/-.+&I1-3/W$*-+3918)3$!RCM

%&-$3$6-.&8(9J!1>+>)(/-. +BB(($*-$01/*3+6611)3+>$10."$31.&1#+@!-#$9!3$6>+&0!-+!
>+6-0.6>$36/(1-$4>$3/-)3$6 bH-@$((1$-//(MIRSTSMI<#./&81$-1/(MNBSINK6-/&*$!$2$&!
) BHI-HBl-@+1*+44+&1(/21$%+-9>$61<+()47?./Ib<+(C//&O!  :/&067$38! erectalb: ercl/3$!
2+-#1'.3(91&+8&; 0+34/&-J1-#$91/ &13$6>+&010."$3$&-(91-+1-$4>$3/-)3$!*)$6!b<#./&8!$-1/(!
RSTTEB-#$3J16+4$18$&$6!-#/-1.&'()$8*$!8$34.&/- +&I?$#/2.+31&012/39 |/ 4+&8 1&/-)3/(!
>45>)(/-.+&6 1#/2$17$$&).08&-." SOMI"#SDELAY OF GERMINATION 1 (DOG1)/(+*)6!'3+4!
H$I</>$IY$30$1966(/&0%R. C!/**$66 +&16-3+8&8(9!.&*3$/6$610+34/&*91*+4>/3$0!-+I-#S!
:/8062$38! erectalb: ercl/(($($bH(+&61B(/&*+1$-1/(MIRSSam!B$&-6.&D!$-1/(MVRER$3!$-M!
/(' RS TB$*$&-(916#+@$0!-#/-1-#.61858$!.6!.82+(2$0!.&!10$'. & &8!-#$13/&8$!+'
-$4>$3/-)3$6!+2$31 @#.*#18$34 &/-.+&!*/&+**)3MIH00.-.+&/(QJFLOWERING LOCUS C

HFLCCIV&I-)3/((912/3.12($!(+*)6!-#/-1@/61+3.8.8/((9).4>(.*/-$0). &' (+@$3.&8!-.4$J1#/6!

RT



&+@1?7$$&I6H+@&!-+1.&'()$&*$10+34/8*91/6! @Bk #./&8!$-/(MIRS ! B +-#18$&$61#/25!

?$$&16#+@&!-+17$!)&0$3!16$($*-.+&M24$.3!$"$*-6!+&!8$34.&/-.+&!-.4.&8!.&!-#$!". $(0!.&!

-#$IE&.-$0IK-/-$6b<#./&8!$-I/(MIRSTTm!<#./&8!$-!/(M!RESY@D $2$3J!-#$!0.2$36$!

*+&0.-.+&6!)&0$3!@#. *#!-#$6$!/(($(.*10."$3$&*$6!/3$!$=>3$66$0!+3!4/6 D$0!/3$! &+-1@ $((!

*#/3/*-$3.AS0M!

a. .
Flowering
Time
Pre-Dispersal Env. Genotype
(Temperature during
seed maturation) 1
Seed Dormancy
Germination Trajectory
[r |
Germination Envelope
I;‘
. 1 1 ] |jo—eo—o—
Post- Dispersal
=5 =9 =5 . .
Env. 2 2 2 Germination
(Germination &~ A~ A~ Time
Temperature) 0
8§ 16 22 3l 8§ 16 22 31 8§ 16 22 31
Temp Temp Temp
Time
b. o
Pre-Dispersal Genotype 1 Pre-Dispersal X Genotype 1
Env: Early X Genotype 2 Env: Late Genotype 2
Spring (14C) l Spring (20C) l
l &l \ # _\\ & \ l g \ é“ g‘
~ ~ & ~ ~ a
Tempﬁ Temp - Temp Temp Temp Temp
Post- X X X Post- X X
Disp. s Month | s Month 2 === Month 3 DiSp. s Month 1 =) Month 2 === Month 3
Env. 14C 16C 18C Env. 22C 26C 28C
3 5 o 4 3 ‘R EEE
~ ~ I & 2 ~ & 2 2 & 2 ]
° =) [} <) =)
Z. Z Z Z Z
Gl G Gl G2 Gl G2 Gl G2 Gl G2 Gl G2
| Time > | Time >I

RR



5.8)3$!IRFI73+*$66$6!-#/-1.8'()$&*$18$34.&/- +&!-.4.&8KIA. thaliana.la, KHS4/-* |
+1-#$14) (- >($1'/*-+361-#/-1/33ID&+@&!-+1.&'()$&*$!18$34.8&/-. +&!-.4.&BMI"#$I3S(/-.+&6#.>6!
2$-@$S&I-HS6$!'/*-B6!/3$I$=>(+3$0!.&!I-#.6!>/>$BMI%(()6-3/.+ &6+ 1#+@!6$$0
4/-)3/-+&Y/&OI>+6- :0.6>$36/(1$82.3+84$&-6!*+47.&$!-+10$-$34.&$!-#$!$=>3$66.+&!+']
8$&$-.*12/3 /- +&MII%&I-#$!'.36-1$=/4>($!0?cI!- @+!8$&+-9>$6!/3$14/-)3$01/&010.6>$36$0!.&!
4+ (1%4+&0.-. +&6! @#.*#13$6)(-61.810."$3$&*$6!.&!8$34.&/- +&I-3/WBDI?7$- @ $S&!-#$!- @ +!
8$&+-9>$6MIPHS&!-#+6S!-3/W$*-+3.$6!.8-$3/*-1@.-#-#$!$82.3+&A$&- '+ 31-#3$$!4+&-#6!/'-$3!
0.6>$36/(J10."$3$&*$6!.&!3$/(.A$0!8$34.8/-.+&!-.4.&81+**)310?/3183/>#6!/-12+--+4CMI%S&!
*+&-3/6-J1-#$16$*+&01$=/4>($!b*CI6#+@6!-#3$16/4$!- @ +!8$&+-9H$§3$0!/&0!0.6>$36$0!
&I@/34$31*+&0.- +&6MIP#.($!8$34.8/-.+&!-3/W$*-+3.$616-.((10."$317$- @ $$&!8$&+-9>$6J!
(+@$310+34/8*91($2$(6!3$6) (1. &!&+10."$3$&*$6!.&18$34.&/- +&!-.4.8812%-@ $$&I-#$!
8$&+-9>$6MIK*/($6!'+3173+>1/801"$4>1. &Y&O! ¢ /3$!-#$!6/4$1/61'+31 aMI%&!I-#$12/3183/>#6!
i]+16$$06j!.80.%/-$6!-#/- TSSpI+'16$$061#/2$!/(3$/09!18$34.&/-$016+1$2$&!.'!
$&2.3+84$8-/(1*+&0.- +&6/3$!'/2+3/2($!&+!8$34.&/-.+&!+*¥)36M

L/-$3&/(1-$4>$3/-)3$1$"$*-61+&16$$010+34/8*91+>$3/-$1-#3+)8H#1-#$16$/6+&/(!
-.4.&81+''(+@$3.&8Mlrabidopsis thaliana #/61/123+/018%+83/>#.%13/&8$1/&010.6>(/961/!
3I&BSI+1(.'$I*O*($6!-#/-14/-)3$!-#$.316$$06!.81/10.2$36.-9!+'1-$4>$3/-) 36 MIK +4$!
>+3)(/-. +&61#/2$12+-#1'1(( ;1/&016>3.88 8%$34.&/-. &BI*+#+3-61-#/-I'(+@$3!.&!-#$16>3.88J!
@¥#.($I+-H$36!2$#/2$1/8-3.*-1@.&-$31/&&)/(6J!@.-#/((1>(/&-618$34.8&/-.&B1.&I-#$!'/(1/&0!
(+@$3.&8!.&!-#$16>3.&BMIK-. ((1+-#$31>+>) (/- +&BIH/2$17+-#1/§016)44$3 :8$34.8/-.&8!
*44+3-61-#/-I'(+@$3/-10."$3$&-1- 4$61/&01-#$3$+3$14/-) 3$16$$061/-10."$3$&!
-$4>$3/-)3$6! bB)38#/30-1$-1/(MIRSTUMI7 *+IRSTRMI7.8(.)* MM\ '

" $4>$3/-)3$1$=>$3.$8*$010)3.&8!6$$014/-)3/- +&#/612$$&!6#+@&I-+1#/23 /!
6-3+&81.&'()$&*$1+&10+34/8*91/&018$34.&/-.+&!06$%6.8) 33! REMIC$*3$/6.&81-#$!
-$4>$3/-)3$10)3.8816$$010$2$(+>4$&-13$6)(-6!.&!.8&*3$/6$0!($25(6!+'10+34/&* 3 e.
0$*3$/6$0!>3+72/2.(.-91+'18534.&/-.&B8MIC+&+#)$I$-1/(MIRS BUKS&O0/((1$-1/(MIRSTTMI 7$&".$(0!
/&O0IK>3.&8-#+3>$IRSTREH#$!*#/&8$6!.&10+34/8&*91/3$14$0./-$0129!/(-$3$018$&S!

Rd



$=>3$66.+&1$&0/((1$-1/(MIRSTIIESS0!>3+2.6.+& . &BBL&*# K/2/8$!/&0!:$)?&$3 ;L$-A8$3!
RSS_H/&0!6$$0!*+/-1>3+>$3-.$BL/*,3$8+31$-1/(MIRS T

C."$3$&*$075- @ $$&!8$&+-9>$BI8$34.&/-. +&!$&2$(+>$6!/&)!-3/W$H*-+3.$6!
4$/6)3$01.&!1-#$1(/?14/91b  5.8)3$!RPC!+314/91&+-115.8) 3SR C!($/0!-+10."$3$8*$6!.&!
8$34.&/-.+&!7$#/2.+3.&1&/-)3/(16$/6+8&/(1$&2.3+&A$&-6M!"#.61.612$*/)6$16$$06!+&(9!
$=>$3.5&*$!/164/((16)26$-1+'1-#$1>+66.2($!>+60.6>$36/(1-54>$3/-)356!.81/&9! (+*/-.+&!/&0!
HP6SI*+&0.-. +&614/91+314/918+-12$1+&$6). &I @# . *#1/(($(.*12/3./-+&!.61$=>3$66$0M!"#$!
“+80.- +&6!-#/-16$$061$=>$3. $&*$!/3$!")3-#$31(.4.-$01291*+33$(/- +&6!?$- @ $$&!-#$!6$$0
4/-)3/-+&Y&0I>+6- ;0.6>$36/(1$&2.3+&ASE&-6!-#/-14*%)31. &16$/6+&/(1$&2.3+&4$&-6M!5+3!
&6-18*$J16$$06!-#/-1/3$14/-)3$0!.8! @/34$31*+&0.-. +&61+'1(/-$16>RK.81/3$14+3$!(.DS(9!-+!
2$10.6>$36$0!.&! @/34!$82.3+&A$&-6M!"H#)6J!.-1.61.4>+3-/&-1-+12. $@!8$&$-.*12/3./- +&!
4$/6)3$01.&!-#$!(/?!. &I-HSI*+&-$=-1+'135($2/&-16$/6+&/(12/3./- +&NHI4+0$(12/6$01+&!(/?!
4$/6)3$4$&-6!*+)>($0! @ .-#".$(010/-/1/&1-3/&6(/-$!(/718$34.8/ - +&IP$H#/2.+31.&-+]
3$/6+8/2($1$=>F*-/- +&6!'BI?2$H#/2.+31.&I-H#S!' $(M

"HSI/0/>-. 2813/ +&/(S!'+31-#SI$=.6-$&*$!+'14/-$3&/(1$"$*-61+&16$$010+34/&*9#/6!
&+-17$$&!". 34(91$6-/2(.6#$0!+3M. thaliana. IX&SI>+66.2.(.-91.61-#/-1-#$!$&2.3+&4$&-!
$=>$3.$&*$010)3.&86$$0!4/-)3/- +&!>3+2.0$6!.&'+34/- +&!/?+)-1 -#$1>+6:0.6>$36/(!
$&2.3+&A$&I-H#/-1$8/2($6!8$34.&/- +&1-+1+*%)31/-1/&1+>- 4/(1-.4$!  b,/((+@/9V/&0!
1--$36+& RSSZMIP/84/8&!$-1/(MIRSMREB!>3++$661+) (0!+>$3/-$12+-#1'+316$$06!4/-)3$0!

+&!-#$16/4$!>(/&-1/*3+66!-#$0.6>$36/(16$/6+&!/&0!"+3!10."$3$&-1>(/&-6!-#/-I'(+ @ $3!/-!

R[!



0."$3$&-1-. 4$6M!5+31.&6-/&*$J!.&1+30$31-+18$34.&/-$!/-1-#$16/4$!-. 4$J16$$063B$0!/&0!
0.6>$36$0!$/3(9!.&I6$/6+&!4/918$$0!1-+12$14+3$10+34/&-)1 @#$3$/616$$06!0.6>$36$0!(/-$3!
4/918$$0!-+12%$!($66!0434/&-M!

%&!-#.616-)09] @$!$=>(+3$! @#S$-#$3IBHYB/-. +&!$"$*-6!%/&I*+4>$&6/-$!'+3!
2/3./-+&!.&!'"(+@%$3.88!-.4$!/&0!/6D1.'10."$3$&-1*+47.&/- +&61+'18$&+-9>$61/&0!
-$4>$3/-)3$6!+/&1>3+0)*$16.4.(/318$34.&/- +&I2$#/2. +36M!"+10+1-#.6 ) @$!-$6-$01#+ @ -#$!
8$34.8/-.+&2$#/2.+31+'1+)318$& +-9>$61D&+@&!-+12/391.&10+34/&*91($2$(13$6>+&0!-+!
H3$S16$S04/-)3/-.+&!-$4>$3/-)3$6!/&01/13/&8$1+'1>+6- ;0.6>$36/(1-$4>$3/-)3$6!/616$$06!
/-$3;3.>$&$OM!"+1-$6-1#+@!8$34.&/-.+&!356>+86$6!-+16GHB/-.+&1/8&0!>+6- ;0.6>$36/(!
-$4>$3/-)3$14.8#-17$14/&.'$6-1/618$34.&/- +&!-.4.&81)&0$316$/6+&/((9!2/3./2($!
-$4>$3/-)3$601@3$!/>>(.$01-#$10/-/1-+1%+&6-3)*-1/16.4>($14-+0$(1-#/-1>3$0.*-61-#$!
8$34.8/-.+&!>3+72/2.(.-. $6!+2$31-#$1*+)36$!+'1/19$/3MIE6.&8!*(.4/-$6!'3+41-@+8$+83/>#.*!
(+*/- +&6 I @$!/>(.$01-#.614+0$(1-+!>3+W$*-1-#$16$/6+&/(1*+&0.-. +&61) &0$3 @#. *#!
8$&+-9>.%10."$3$&*$6!.818$34.8&/-.+&!-.4.&8!@+)(0!17$!$=>3$66$0!/&0!-$6-$01#+@!6$$0
4/-)3/-.+&1-$4>$3/-)33/(-$3$018$34.&/-.+&!-.4.88!/*3+66!8$&+-9>$6!/&0!0.6>$36/(!

* 1 #43-6MIK>S$*." */((9)) @ SDGOFI TCIPH. *#1%+47.&/- +&61+'16$$0 4/-)3/- +&1/&01>+6-
0.6>$36/(1-$4>$3/-)3$!/&0!/-$3 ;3.>$&.&8!($/01-+16.4.(/318$34.&/-. +&I?2$#/2.+31/4+&8!
8$8+-9>$6NIRCIP#$&!@.((1858S$-.*12/3 /- +&12$1$=>3$66%$0!.&!6$/6+8&/(1$&2.3+&4$&-6nlac!
</&I$"$*-61+'16$$0;4/-)3/-.+&!-$ 4>$3/-)35!*+4>$&6/-$!'+310."$3$&*$6!.810.6>$36/(!

-4.&8n!

RU



;0:2.3079!05";2:=/" 9!
Genetic material and seed production conditions

P$!)6$0!'+)3!8$&+-9>$6!D&+@&!-+10."$3!.&!8$34.&/-.+&815.36-J! @$!*+4>/3$0!-#$!
?$#/2 .4+ 31+'-#F!-@+16-/&0/30!(/?!/**$66.+&61/1&06?$38! erecta b: erc!/&0I<+()4?./1b <+(cM
L erl@/61+3.8.&/((9*+(($*-$0!.&!,$34/&91/&0!<+(! 4+6-1(.D$(9!@/6!/6! @ $(HS*+&0(9J!-+!
B+(/-B1-#SIS"$*-14'1>/3- %) (/31/(($($6!+&!0+34/&*9J1 @$!)6$0!- @ +!&$/3!.6+8$&.*!(.&$6!
b]%:6¢!-#/-1*+&-/.&-#SIFLCI+3DOGT(($($!'3+4!-#$!#.8#(910+34/&-1</>$1Y $30$!%6(/&O0!
b<2.c!/**$66.+&!.&-3+83$66$0!.&-+!-#&H?/*D83+)&0!b: erricl/&0!: erpoc1!'3$6>%*-.2$(9m!
bH(+&6+B(/&*+!$-//(MIRSSam!<#./&8!$-!/(M!RESXE6$!%:6! @$3$!+7-/.&$0!'3+4!L//3-$&!
[++3&$$'M!

"+1-$6-14+@!-#5!6$/6+&/(14.&8!+'!'(+@$3.&8!*/&!.&'()$&*$!8$34.&/-.+&!?$#/2.+3]!
@%$!)6$0!-#3$$!0."$3$&-16$5@/-)3/-.+&!-$4>$3/-)3$6!'+316$$0!>3+0)*-.+&M!,3+@.&8!
*+80.-.+&6! @ $3$!6$($*-$0!-+!18$&$3/-$!/13/&8$!+'10+34/&*9!($2$(6!/&0!3$>3$6$&-!-#$!
23$/0-#1+'1*+&0.-. +&6!$=>$3.$&*$01?29833+0)*-.2$! A. thaliana!?+-#1@.-#.&/&01?$-@$$&!
4/-)3/-.+&16$/6+&6!/*3+66!-#$!&/-.2$!1)3+>$/&13/&8$!bT[q<!/&0!RSq<c!/&0!-#$!.82/0$0!
3/&8$!+'1-#$!6+)-#$3&EKIbRUG<CM!7(/&-6! @$3$!83+@8&!)&0$3!-#3$$!*+&6-/&-1-$4>$3/-) 3$!
3$8.4$6!b#+:RU<I!@/32RSq<JV/&O++{q<c!@.-#!/I TR#+)3!>#+-+>$3.+01.&!1,<!
L+0$(1,< ;RI7(/&1,3+@-#!<#/472$36!b<#/83.&!5/((6IIX "cM!" @ $(2$!>(/&-6!>$318$&+-9>$!
@$3$!83+@&!/-1$/*#1-$4>$3/-)3SMINS> (. */-$!>(/&-6! @$3$!3/80+4(9!0.6-3.2)-$01+2$3!-#3$$!

3$>(.*/-$1*#/4?$36M!



K$$0!6+@.&8!@/6!6-/88$3$01-830$3!-+169&*#3+&.AS!-#$16$$01#/32$6-MIH'-$316$2$&!
0/96!+'10/3D!6-3/-.".*/-.+&!/-1[q<J!6$$06! @$3$!6+ @$0!.&-+!>+-6!".(($0!@.-#!L$-3+4.=1a_S!
bK*+--6!K.$33/J1L/3962.(($IIX IIEKHCMIK$$06! @ $3$!-#$&18$34.&/-$01)&0$3!") ((16>$*-3)4!
(.8#-1/-IRSQ<gTR3I>#+-+>$3 +OIH-$3ITS!0/96J16$$0(.&86! @$3$!-3/&6'$33$0!-+!
2$38&/(.Al-+&IbrUq<gT83I>#+-+>$3.+0c!'+3IR 10/9612$'+3$17$.8813/&0+4.A$0!/&0!>(/*$0!
&-+1-#$.313$6>$*-.2$183+@.&8!-$4>$3/-)3$6MIK$$0(.&86! @$3$!'$3-. (. A$0!+&I-@+!++*/6.+&6!
2$'+3$17+(-.&8!b7$-$3€6!73+'$66. +BRERSRS!'$3-.(A$3I"#IK*+--61<+4>/&9J1L/3962.(($J!
XANIEKHCM!7(/8-6! @$3$! @/-$3$0!/61&$$0$01/&01>+-1>+6 - +&6! @$3$!3+-/-$01+&!/! @$$D(9!
2/6.6!@ .-#.&1$/*#!*#/42$3MIH616.(.Q)$6!/>>3+/*#$01Z8Sp!4/-)3.-9J! @/-$3! @/6!
@.-##$(0!I'+31-@+ @$$D6!/&0!>(/&-6!.&!/(E4>$3/-)3$!-35/-4$8-6! @ $3$!#/32$6-$01+&!/!
*4+44+810/-SMIKSS06!"3+41$/*#1>(/&-| @$3$1+(($*-$01.&-+!$>>$&0+3'1-) 2$61/&0!?+-#103.$0!
18&016-+3$0!/-1(+@!3$(/-.2$!#)4.0.-91. &IK$*/0+3S![MSIH)-+; C$66.*/-+31</?.8$-6!bBSH3-!

73+0)*-6J!7$Q)/&&+*DIOJIEKHC!)&-.(1)6$0+3!18$34.8&/-.+&!/66/96M

Germination assays and measures

"+10$-$34.8$!-#$!3/&8$!+'1-$4>$3/-) 3$61) &0$3! @#. *#18$34.&/- +&1*/&1+*) 3] @$!
/66/93016$$06!.&1'+)31*+86-/&-1-$4>$3/-)3$61-#/-16>/&I-#+6$I$=>$3. $&*$0!-#3+)8#+)-1-#$!
('$1*9%($!b JIT_JIRRJIIAT(<C/&DP&&E-/&-ITR#+)3I>H+-+>$3.+0M!, $34.&/-.+&!1/66/96!
@$3$!*+8&0)*-$01+&16$$06!-#/-1#/01/-$3 3.>$&$0!'+31aJ1ZII T\JI/&O![ | @$$D6M!, $34.&/-. +&!
@/61/66$66$01.&*+&-3+(($0J17$3*.2/(IL+0$(!,N[T:0!.&*) ?/-.+&1*#/42$361b7$3*.2/(!

K* $&-. *1%8&*MJ!7$339I@HLEES QL 8#-12)(?6!.&6-/(($0!/-1-#$17$8.&&. &8I+ -#S!

RZ



$=>$3.4$&MI5+31-#$6$!/66/96JI TRI6$$06!>$318$&+-9>$! @ $3$!6+ @& +&-+1aUl441>$-3.1>(/-$6!
*+&-1.&.&BIPH-4/&I7UY' (-$31>/>$316/-)3/-$01@ .-#16-$3.($J10+)2($ ; 0.6-.(($0! @/-$3MI5+3!
$I#18$8+-9>$1=14/-)3/- +8&1-3$/-4$8&-] *+47.8&/- +&II@$!)6$0!-@$(2$!.&0$>$&0$&!
b?.+(+8.%/(CI3$> (£ $!>(/-$6!.&I$2$39!8$34.&/-. +& -$4>$3/-)3$!-3%/-4$&-M7$-3.1>(/-$6!
@$3$!3/80+4.A$01+&1-3/961/&01-3/9613+-/-$01@ .-#.&!*#/42$361$2$39!'$@!0/IBH)6 !
>$-3.1>(/-$6!3$>3$6$&-1+)31)&.-1+'1/&/(96.6MI'BI6$-)>13$6) (-$01. &!/1-+-/(1+'IRaS[1>(/-$6!b[!
[-$3:3.>$&.&8I=I[18$&+-9>$6!=1al4/-)3/- +&I=I[18$34.&/- +&!-$4>$3/-)3$6!=ITR!
3$>(.*/-$6CM!7(/-$6! @$3$!/66$66$0!'+318$34.&/-.+&!I>3+>+3- +&1+&10/961aJ1UI1 J/&OI T[M!
$34.&/- +&IHIOI3S/HSONI*($/31>(-$/).&(( 1-$4>$3/-)3$6!2910/9IT[|@.-#!1-#$!

$=*$>- +&I+1 (< @#$3$! @ $!6/@!#.8#1>3+>+3- +&617)-10.01&+-1D&+@!'+3!6)3$!-#/-!
8$34.8&/-.+&IH#/01>(/-$/)$SOMICS/016$$06!1-#+)8#13/3$J! @$3$!$=*()0$0! @#$&!-#$9!
+4%)33$0MIPS!¥/(*)(/-$0! . &/(18$34.&/-.+&1>3+>+3- +&I+3IS/#1>(/-$! [61-#$18)42$31+'1

8$34.&/&-6!+&!0/9!T[10.2.0$0!29!1-#$!1-+-/(18)42$3!+'12./2($!6$$06M!

Analysis of data!

P$I*+4>/3$018$34.8/- . +&I>3+>+3- +&6!/4+&818$&+-9>$6!/801-3$/-4$8-61)6.88!
8$8$3/(.A$0!(.&$/3!14+0$(6!b8(41>/*D/8$!.&INCM!, $&+-9>$Ib, $&+CJ14/-)3/-. +&!*+&0.- &6!
bL/-cJ!6$$01/8$!+3!/'-$33.>$&.&8!-.4$IbHNCJ!/&0!8$34.&/- +&!-$4>$3/-)3$10"$4>C! @ $3$!
-3$/-$01/6!>3%$0.*-+361.&!-#$!4+0$(J!/&0!.&-$3/*-. +&6! @$3$!$2/()/-$01/610$6*3.2$0! 2$(+@M!
"HS13B(/- . +&6#.>17$-@$S&IS/*#1>3$0.*-+31/8018$34.&/-. +&!>3+72/?.(.-9! @/6!&+& &H3J16+!
>3$0.*-+36! @$3$!4+0$($0!/6!0.6*3$-$!'/*-+36MIK$S>/3/-.+&!0/&OIQ)BE>/3/-. + &CI¥/&1+*+%)3!

R



&I18$&3$3/((A$0!(.&$/3!14+0%(6!'@ .- #!/1?.&+4./(/(.&D'@#P&!*+4? .&/-. +&6!+'1>3$0.*-+3!
2/3./?2($6!($/01-+1/&!/((1+31&+-#.&8!3$6>86$  */6$6!.&!@#.*#!/((1+31&+16$$06!8¥3&/-$ M!
P#.($!16$>/3/-.+&!6#+)(01&+-1.&' ()$&*$IHY%<12/()$6!+3!(.DS(.#++013/-.+1-$6-6J1.-1*/&!?./6!
$6-.4/-$6 1+'14+0$(1*+$".*. $&-6 MII"#$3$'+38!@$!*+&'.34$0!+)3!.&'$3$&*$6!'3+4!8(4!)6.&8!
5.3-#e6!>$&/(.A$0!(.D$(#++01b?38(4!>/*D/83$!.&INCMI"$3$]! @ $!35>+BIN-61$=*$>-1.&!
-#31*/636@ ! &+-FD#E3$!4+385!/**)3/-$1*+$" . * $&-1$6-.4/-.+&!@/6!&$*$66/39J!.&! @#.*#!
*/6$!@$!3$>+3-1*+$".* . $&-6!'3+4!738(4M
5+31/((14+0$(6J!@%$!)6$0!-@+!0."$3$&-14$-#+06!-+1/66$66!-#$!.4>+3-/&*$!+']
.&0.2.0)/(14+0%(!-$346!/&0!.&-$3/*-.+& 6F!Tc!2./10."$3$&*$!.&!H%<*!/&O'Rc!2./1/I(.D$(.#++0!
3/-.+1-$6-MIH%<*1.616.4.(/31-+H%<!?)-1#/61/1(/38$3!>$&/(-9!'+3!.&*3$/6$0!&) 42$31+'!
>/3/4%$-$36!/&0!.6!3$*+44$&03$0! @#$&!-#$!&)4?$3!+'10/-/'>+.&-610.2.0$0!?9!-#3!
&)4?$31+'1>/3/4$-$36!.6!taS! IB)3&#/4!/&0'H& 0$36+&!IRSER!IP#$&!*+4>/3.&8!4+0%(6!
)6.&8!H%<*J1-$3461-#/-1/35!*+8&6.0$3$0!.4>+3-/&-1.&-#$!14+0$(!@.((13$6)(-!.&!&$8/-.2%!
H%<*10."$3$&*$6M
5.36-J!@$%$!)6$0!/1")((14+0$('b9u!L/-1=1,$&+!1=1"$4>I=IHNcI! @#.*#!.&*()0$0!/((!
>+66.7($!.&-$3/*-.+&6J!-+!-$6-!'+3!/16 .88/ &-!'+)3 ;@/9!.&-$3/*-.+&!/4+&86-!-3$/-4$&-!
2/3./1?($6M!"#$!'+)3 @/9!.&-$3/*-.+&!@/6!6.8&." */&-J16+! @ $! &$=-!-$6-$0!-#$!.4>+3-/&*$!+']
-#$!I'+)3; @/9!.&-$3/*-.+&!6$>/3/-$(9!'+3!1$/*#+'-#$!+-#$3-# 3B S&+-9>FH!*+4>/3$0!-+ !
#$135'$358&*$18$&+-93FerMIH((1;2/()$6! @ $3$!*+335*-$0!'+314) (-.>($!*+4>/3.6+8&6!)6.&8!

6$3Q)$&-./(1B+&'$33+& MIPHS&I-#S$!'+)@/9!.&-$3/*- +&! @/6&+-1#.8#(9!.4>+3-/&-1b7IVMSST!

R\!



+31H%<*1@/6!>+6.-. 23 @$!>3+*$$0S0!-+1-$6-1-#$1. 4>+ 3-/ &SI+ 1$/ |- HEHD) . &-$3/*- +&!
&/14+0$(1-#/-1.&*()0$0Y/(  (I-#3$$@/9!.&-$3/*-.+&6M!

"+1-$6-1 @HS-#$318$34.&/-. +&ISE2$(+>$61*#/&8$0! @ .-#1/-$3.>$&.&8!.&!/!
8$8+-9>$1+314/-)3/- +& ;6>%*.' *14/8&&$3 JI@$!/&/(IASOIS/*#1*+4? &/- +&+18$&+-9>$!
18&014/-)3/-.+&1-3$/-4$&-16$>/3/-$(9!/&0!-$6-$0!'+31/16.8&." */&-IHNI=I"$4>].  &-$3/*- +&M!
P$!)6$0!(.D$(.#++013/-.+1-$6-6!@.-#1*+33$*-$012/()$6!2./16$Q) $&-./(IB+&'$33+&.1-+]
0$-$34.8$! @#$-#$314+0$(!".-| @/6!6.8&." */&-(9!.4>3+2$01291-#3$!.&*()6.+&!+'-#.6!
&-$3/%-.+&M

:/6-(9J1.&1+30$3!-+10$-$34.&:$! @#. *#18$&+-9>$6! @$3$!-#$!4+6-10.2388%3+66!/((!
[-$3;3.>$&.881>$3.+061/&014/-)3/-.+&!-$4>$3/-)3$6!/66$66$0J! @$!-$6-$0!'+310."$3$8*$6!
&I2$#/2.+31/*3+668$34.&/-.+&! -$4>$3/-)3$612$- @ $$&!8$&+-9>$!>/.361br126!: erpoc]! er!
26k+(J! er 26! errcCl-#/-|@$3%$!-#$16/4$1/8$1/&014/-)3$0Y/-1-#$16/  4$1-$4>$3/-)3$M!I5+3!
[((1-@$(2$1*+47.8/- +&6!/-1$/41-$4>$3/-)3$I1*+$" * $&-61.80.%/- &BI-#$16-3$&8-#!1+']
858+-9> H$"$*- | @$3$!+72-/.&$01/&0! (. DS(H#++013/-.+1-$6-6! @$3$!>$3+34$0!-+10$-$34.&$!
6.8&." */&*SMIP$I*+33$*-$01+31'/(6$10.6*+2$39!3/-$!)6.881-H#$I0W)6-1')&*-.+&!.&N!
bBS$&W/4.& IWIN+#2$38I TWUCMIK . &*$1-#$1/+*) 3/-$I$6-.4/- +&I+'1*+$" * $8&-6! @/6!

4>+3-/1&-J1@$1)6$0!238(41b+)-(.&$0!/2+2$c!.&6-$/01+'18(4M

Cluster Dendrograms !

H!*()6-$3!/&/(96.6!@/6!)6$0!-+!1$=/4.&$!6.4.(/3.-.$6!.&!8$34.&/-.+&!?$#/2.+31?9!
*()6-$3.&8!?/6$0!+&!-@+!>#$&+-9>$6 8$34.&/-.+&1$&2$(+>$6!/&0!8$34.&/-.+&!

as



-3/W$*-+3.$6MI5+31-#3$!'.36-1/&/(96.6 ! @$!*+4>/3$0!-#$!8$34.&/-. +&BI$&2$(+>$6!+'1[ !
4472 &/ +&6!+'1-#3$S!/*-+361b[!, $&+61=1alL/-I=I[IHNCMI<+47.&/- +&61+', $&+I=IL/-1=]
HN!@.-#16.4.(/ 318$34.&/-.+&!3$6>+8&6$6!-+1-$4>$3/-)3$1b8$34.8&/- +&I$&2$(+>$6¢! @ $3$!
*()6-$3$0!-+8%$-#$3MI%6&I-#$16$*+&0!*()6-$3!/&/(96.6 )| @$!*+8&6.0$3$0!-#$16.4.(/3.-91+']
8$34.&/-.+&1-3/W$H*-+3.$6!+'16$$01*+#-+3-61-#/-10."$3$01.&!-$346!+'18$8+-9>$!/&014/-$3&/(!
*+80.- +&6IbTREA?.&/- +&6F![!, $&+1=1alL/-cM!I<()6-$36! @$3$J1-#$3$'+3$J12/6$0!+&!-#$!
6.4.(/3. -91+'18$34.8&/- +&I1-3/W$*-+3.$6 #+ @8$34.8&/- +&I$&2$(+>$6*#/&8$0! @.-#!/'-$3;
3.>$&.&NI"#.61/8/(96.6!*()6-$361*+472.&/-. +&BI+18$&$-.*1/&014/-)3/-.+&!'[*-+361-+8$-#$3!
H#-1/3$14+3 $1(.DS(9!-+13$6>+8016.4.(/3(9!-+!6$/6+&/(1$&2.3+&A4$&-/(12/3./- +&M!<()6-$3!
0$803+83/46!@$33103/@8&!)6.&8!-#$I4$/->(+-MR!)&*-.+&!.&I-#SINI>/*D/8$!I8>(+-! @ .-#1/!

>3$6>$*.".$01&)47$31+'1*()6-$36!bUc!)6.&8!-#$10.6-14$-#+0M

Germination Projections

P$1)6$01+)3! 4$/6)3$4$&-6!+'18$34.8&/- +&1-3/W$*-+3.$6!'+31$2$3918$&+-9>$!=!
41-)3/- +&IF+47 &) +&1-+1>ZHWG*- | HGI>3+>+3- +&1+16$$06!1$=>$*-$01-+18$34.&/-SI$/*#1
6)?6$Q)$&-U+&-#! /'-$310.6>$36/(MIIE6.&8!+)318$34.&/- +&!$&2$(+>$10/-/ I @$!(.&$/3(9!
&-$3>+(/-$017$-@$$&I-$4$3/-)3$6!-+!$6-.4/-$1-#$18$34.&/- +&I>3+72/?.(.-9!'+31$2$39)!
0$83$$!.&!-#$!-$6-$01-$4>$3/-) 3$13/&8SM!16-.4/-$612$(+ @ !-#$!(+ @ $6-1-$6-$01-$4>$3/-) 33!
b q<cl@$3$!$=-3/>+(/-$0!0+ @&!-+![q<MIP$!>3$6)4$0!8$34.&/-. +&10.01&+-1+*%)312$(+ @!
[0<12/6$0!+&!D&+@ ($08$!+'12/6$$4>$3/-)3$6!"+31+-#$31>#$&+(+8.*/(1-3/&6.-.+&61/&0!
>3$2.+)618$34.&/-. +&I$=>$3.4$&-61.&!-#$!(/?1bB)38#/30-J1)&>)?(.64#$010/-/cCMIH6!/2$3/8$!

an



4+&-#(9!-$4>%$3/-)3%6!'+3!+)3!(+*/-.+&6!0.0 1&+-1$=*$$0!aTg<J!.-|@/6!&+-1&$*$66/39!-+!
$=-3/>+(/-$!$6-.4/-$6!/?+2$!-#.6!-$4>$3/-) IEMIP$!-#$&!*/(*)(/-$0!4+&-#(9!>3+7/?.(.-.$6!
[-1$/*#1-$4>$3/-)3$!?9!.&-$3>+(/-.&8!?$-@ $$&!-.45!>+.&-6M
P3$!/*Q).330!6%/6+&/(1*(.4/-$!0/-/"'3+4!-@+!(+*/-.+&6! @#$3$! A. thaliana'83+@6!
1&0!'+31@# . *#1 @$!D&+@! @#$&!6$$010.6>$36/(1+**)36.&1&/-)3/(1>+>)(/-.+&BMI% &N (($J!
,$34/&9!b(+&8.-)0$F! TTM\aJ! (/-.-) 0$FIUTM\UCI!.&!-#$14.00($!+'1.-61&/-.2$!13/&8$J16$$06!
0.6>$36$!.&!L/9!/&0!0)&$!bH4.-91P.(*A$D!>$36+&/(1*+44) & */- +&c!/&01.&1&/-)  3/(.A$0!
>+>)(/-.+&!.&!IC)3#/4J1|<IEKH!b(+&8.-)0$FlaUM\™_J!I(/-.-)0$FIR TMS\R c!6$$06!0.6>$36%$!.&!
H>3.(1/&0!L/91b:M!B)38#/30-J1>$36+&/(1+?6$32/-.+&CMIP$I$=-3/*-$01#.6-+3.*/(14+&-#(9!

-$4>$3/-)3$1&+346!'3+4! #-->Fgg*(.4$=MDE&4 . MEL#.6!-++(1)6$6!-.4$!6$3.$6!0/-/'+3IT\ST

RSTRI'3+41-#$!<(.4/- IN$6S/3*#IE&.-Ib<NEc!.&!1/6-1H&8(./1b2$36.+&!<NE!"KaMRTcM!P$!
)6$01/((1(/&0 ;2/6$01&$/316)3'/*$14$/6)3$4$&-61.&!-#$1U10$83$$!=1U10$83$$!83.01*5((!
6)33+)80.&B8IS/*#](+*/-.+&1/&0!+&(9! @HS&Y/-|($/6-1USP!+'10/-/!1 @/61/2/.(/2 (SMI5+31/(($J!
4$/&10/.(9!-$4>$3/-)3$6!.810<!7$8.8&.&8!.810/&)/39!@$3SETI TI[INITaIT_JIT IT IT[IN!
[JITY/&O!+3IC)3#/41-#$9! @$3$F!UJ!_JITSITUIRSIR[IIR_JIRUJIRRIT_JITSI M
5.8/((9J!@$!)6$0!-#$!.&-$3>+(/-$0!1$BH-$6!+'18$34.&/- +&!>3+>+3-.+&J10$6*3.2$0!
12+2$1/&0!1-#$6%$14+&-#(91-$4>$3/-)351/2$3/8$6!-+!>3+W$*-18$34.&/- +&12$#/2. +31+']
6$$061+#+3-60.6>$36$0!1$/3(91/&0!(/-$!@.-#.8&!1-#$.31+26$32$0!0.6>$36/(16$/6+&M!PS!
*+80)*-$016$>/3/-$1>3$0.*- +&6!'+316$$06!4/-)3$01/&010.6>$36$0!/-10."$3$&-1-. 4$6M

K>$*." /(931 @$")6$0!-#$!+26$32$01-$4>$3/-)3$!-#$14-+8-#1+10.6>$36/(1/&01-#$!

aR



8$34.&/-+&!$&2$(+>F!+1-#$!16$$06!-+!0$-$34.88+@!4/&9!.&0.2.0)/(6!.&!/' TSS!6$3$0!
*4#+3-|@+)(018$34.&/-$!-#/-14+&-#M!,$34.8/-$01.&0.2.0)/(6! @$3 $!3$4+2$0!'3+41-#$!
6$$0!>++(1/&OI-#$16/4$1*/(*) (/- +&@/6!*+&0)*-$0!'+31$/*#16) 26$Q) $&-14+&-#e6!
+26$32$0!-$4>$3/-)3$1) &-.(I-#$16$$012/&D! @/6!$=#/)6-$0M!,$34.&/-.+&I$&2$(+>$6!
6#.-$0I$/*#14+8-#10)$!-+!/'-$3 ;3.>$&.&8M!
"+1-$6-1'+318$8$-.%1.&'()$&*$6J! @ $!-$D!&/-)3/((9!++%)33.&81*+47.&/-. +&6!+']
6$$04/-)3/-.+&1/&0!>+6- ;0.6>$36/(1$&2.3+&4$E&-6MI5+31.86-/&*$J1.&IC)3#/4J16$$06!
4/-)3$01.&I*++(1-$4>$3/-)3$1*+&0.-. +&6!/3$10.6>$36$01.&IH>3.(1/&016$$0614/-)3$0!.&!
@/341-$4>$3/-)3$6!/3$10.6>$36$0!.&!L/9J16+!-#$16$/6+&'16$$014/-)3/-.+&!.61d4/-*#$0e!
@ .-#1-#3$18/-)3/(16$/6+&1+'10.6>$36/(M!"+1-$6-1-#$!.4>+3-/8&*$1+'1-#$(/6-. 11356 >+86$!-+!
6$$Q4/-)3/-.+&I-$4>$3/-)3$1+&18$34.&/- +&I-.4.&8I1 @S/ (6+!.&*()0$01*+47? &/- +&BI+']
0.6>$36/(1/&014/-)3/-.+&1-$4>$3/-)3S1-#/-1/3314.64]  *#3$01i.c.10+1&+-1+**)31.&1&/-)3M

"#$6$!*+47.&/-.+&6!3$'($*-18$&+-9>$6!-#/-1/3$!.&6$&6.-.2$!-+1$&2.3+&4$&-/(1*)$6M

29879 !
Main effects and overall shape of germination envelopes!

H61>3$2.+)6(910+%)4$&-$0J1*++(16$$04/-)3/-. +&1-$4>$  3/-)3$!.4>+6$0!4#.8#3$3!
0+34/&*91($/0.&8!-+!($66!8$34.&/-.+&J!/&0!(+&8$310)3/-.+&6!+'1/-$33.>$&.&8!3$($/6$0!
0+34/8*9 1($/0.&8!-+14+3$!8$34.&/-.+& 15.8)3$I TZH/?($! TCMIIN$8/30.88!-$4>$3/-)3$
0$>$&0$&-!18$34.&/-.+&J1+31i8$34.&/- +&I$&2$(+>$6]J18$34.&/-. +&!>3+72/?.(.-9! @/6!-#S$!

#.8#$6-1/-1T_q<!@.-#16(.8#-(9!(+ @$3!>3+72/2.(.-9!+'18$34.&/-.+&!/-"q<!/&O'RRq<J!/&O0!/!

aad



4y 41(+@$31>3+2/2.(.-91/-1aTq<!b5.8)3$! TZDCM!,$34.8&/- . +&I$&2$(+>$6!*#/&8%$0!
09&/4.%/((9'@.-#1/-$3 ;3.>$&.8&8M!53$6#16$$06!8$34.&/-$0!>3.4/3.(91/-I"q<!/&0IT_g<!
BY/2($! TcdI?)-1-#$18$34.&/- +&I$&2$(+>$!@.0$&$0! @ .-#!/'-$3.>$&.&8J1/&0!6$$06!2$*/4$!
&*3$/6.88(9!4+3$!(.D$(9!-+18$34.8&/-$!/-1#.8#!-$4>$3/-)3$6!5.8)3$!aF /[;0[cM!!

5+31$2$391%+47 &/ +&I+'18$&+-9>$!/&016$$M/-)3/- +&!-$4>$3/-)3$J| @$!'+) &O!
/16.88..' */&-1-$4>$3/-)3$I=1/-$3 ;3.>$8.&8.&-$3/*- +8I1?)-1-#$!>/--$3&I+'13$6>+&6S!
0."$33$0!/4+&8!-#$4100.6*)66$0! ?$(+@mY?2($! achB)3-#$3J!/610$-$34.8$0!2./1/1(.D$( #++0!
3/-.+1-$6-J1/((1"+)3!'/*-+361b, $&+JIL/-JIHNJII/&OI"$4>C! . &-$3/*-$01-+10$-$34.&$!
8$34.&/-.+&!1>3+2/2.(.-91b0'UU[IXXUT[RISUMSSTCMIN+ @$2$3) @#$&! @ $!*+4>$B$0!
8$&+-9>$10.35%-(91-+1erd@S$!'+)&OI-#/-1-#.616.8&." */&-I'+)3 ; @/9).&-$3/*-.+&!@/6!
0+4.8/-$01291-#$10."$3$8*$!. &I2$#/2.+317$-@$$&! er/&OV: erpoci!B/2($! [ cNI!

"12($! TFK)44/3910$6*3.2.&8!838$3/(1>/--$3&6!+ 1#+@!-#$!'/*-+36!.82$6-.8/-$0!

#$351.80.2.0)/((9!.8'()$8*$!18$34.8/-.+&1>3+>+3- +&6M$6)(-6/3516)44/3. A$0!'3+4!
2+=>(+-6.85.8)3$! T2V

Factor General trend in germination proportion (Fig S1)

Genotype—Geno Landsberg erecta (Ler) accession = high germination
Columbia accession = mid-range germination

Lerg; ¢.c.i=high germination

Lerpogr.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




Seed-Maturation Temperature
—— —_——
Cool (14°C)  Warm (20°C)  Hot (25°C)

3 After-ripening time

Lerprc.cui

R
BN
’\‘\\
N\

Lerpoi-cui

Final Germination Proportion

Col

|

8 16 22 31 22 31 8 16 22 31 8 16 22 31
Germlnatlon Temperature (Celsius) |

5.8)3%lafF'#$!.&' ()$&*$!+'14/-$3&/(1/&0!8$&S-.*!'/*-+361+&!8$34.&/-.+&!
-$4>$3/-)33!$&2$(+>S6MB/*-.+&!&+346!+'18$34.&/-. +&!>3+>+3-.+&!.&!3$6>+&6S!-+!
-$4>$3/-)3%!bi8$34.&/-.+&!-$4>$3/-)3$1$&2$(+>$6jc! /*3+66!/((1/-$3;3.>$&.&810)3/-.+&6!
b*+()4&6¢!"+3!$/*#!18$&+-9>$!b3+@6CcM!:.&$6!@.-#.&!S/*#!>/&$(1.&0.*/-$!-#$5!6$3$0
4/-)3/-.+&1-$4>$3/-)3%!bT[q< ;?(/*D!6Q)/3$6J'RSqR/3D!83$9!*.3*($6JRUHB#-183$9!
-3./&8($6CM!C/-/1>+.&-6!0$>.*-14$/&!8$34.&/-.+&!>3+>+3- +&!/-1$/*#!-$4>$3/-) 3$!'+3!
-@3(2%$!3%>(.*/-$6M!133+3!?/36!.&0.*/-$!-#$!6-/&0/30!$33+3M!:$--$36!.&0.*/-$!/16.8&." . */&-!
0."$33&*$!?$-@$$&! @/344/-)3%0! 6$$06!/&0!#+:4/-)3$0!6$306!b#c!+3!@/344/-)3%$0!
6$$06!/&0!*++(4/-)3$0!6$$06!b*cMIK.8&." */&*$!/-I-#$! 71tISMSU!($2$(! @/6!0$-$34.8$0!)6.&8!
(.D$(#++013/-.+1-$6-61+'18(46!*+4>/3 &8!-#3$!8$34.&/-. +&!>3+72/?.(.-91+'1$.-#$31#+:+3!
*++(;4/-)3$016$$06!0.3%*-(9!-+-#$!@/34 ;4/-)3$016$S06M!IK .8&." */&*$! @/61*+33$*-$0!'+3!
2)(-.>($!-$6-61)6.&816$Q)$&-./(1B+& $33+&.1*+33%*- . H&M



Seed-maturation temperature modified germination trajectories!

<#/8&8%$6!.81-$4>$3/-)3$ ; 0$>$&0$8-18$34.8/- +&1+2$3!-.4$]1+318$34.&/-.+&!
-3/W$*-+3.$@$3$!4+0. . $012916$$04/-)3/- +&!-$4>$3/-)3$J1/61.&0.*/-$017916.8&..' */&-!
L/-I=IHNI=I"$4>1, &-$3/*-.+&6!+31$/4#18$&+-9>$Ib "/2($! LeMII<++(16$$0-)3/-.+&!
-$4>$3/-)3$ IbT[y<cl/(-$3$0!8$34.&/-.+&I3$6>+8&6$6!-+1>3B6>$36/(1-$4>$3/-)3$!15.8) 33!
TZ1/&0! "/2($! Tc1291.4>+6.8816-3+8&8$310+34/8&*91-#$3$29!3$0)*.&818$34.8/- +&!
>3+>+3-.+&6!/8&01&/33+@.8&8!-#$18$34.&/- +&I$&2$(+>SM!I"#$!8$34.&/-. + &I$&2$(+>$!
$=>/&0$0!4+3$!6(+@ (3" ++(;4/-)330!6$$06!-#/&! '+31-#$I$&2$(+>$6!+'16$$06!4/-)3$0!
&#+-1bRUy<c!/&@/34!1bRSy<c!-$4>$3/-)3$6m8)3$!acM
%&-$3$6-.&8(9J1-#$).&' () $&*$!+'16$40)3/- +&!-$4>$3/-) 35! +&18$34.&/-. +&!
>3+72/2.(.-91>$36.6-$01-#3+)8#+)-1-#$10)3/- +&!1+'1/'-$3;3.>$&.&8!6-)0.$01#$3$M!5+314+6-1
8$&+-9>$6J16$$06!4/-)3$0!/-1*++(1-$4>$3/-)3$6#/01(+ @$3!8$34.&/- +&I-#/&I-H+6S!
4/-)3$0 V-1-#$l#.84#$6-1-$4>$3/-)3$ 1/'-$3I[ 1@ $$D6!+'1/-$3;3.>$8. &BS2$&!-#+)8#16$$06!

@$3%$!6-.((12./2(%5.8)3$lacM!

Genotypes differed in germination trajectories!

$&+-9>$610."$3$0!.81+2$3/((18$34.&/-.+&!>3+>$8&6.-9Fkr!/&O! : erric]!
*+86.6-$&-(91H/01-#SI#.8#$6-18$34.&/- +&!>3+>+3- +&6) @#$3$/61<+ (1#&$34$0./-$!
8$34.&/-.+&!>3+>+3-.+&61/&01 erpoci#/01-#$!(+@$6-1b5.8)3IKRCMIH((18$&+-9>$6!
8$34.&/-$01-#$14+6-1/-IT_q<!/&01-#$!($/6-1/-1aTq<J!?)-18$8+-9>$610."$3$0!. & #+@!
8$34.8/-.+&!$82$(+>$6!*#/88$0!@ .-#!/'-$33.>$&.&8!b6.8&." */&-!,$&+!=1"$4>I=IHN!

al



&-$3/*- +&nNiI?($! _CcMIErl/&O!: erricl/*Q).3$01-#$1/?.(.-91-+18$34.&/-$!/-1#.8#$3!
-$4>$3/-)3$6!/61-#$9!/'-$3 ;3.>$8$014)*#14+3$!-#/&! 0.0!: erpoc:!/&0! <+(1t5.8)3$!adVI#.6!
>/--$38&!@/61+26$32$01'+31/((16$$0/-)3/- +&!-$4>$3/-)3$6M "+ @$2$317+-#!: er!/&0!
 errcl8$&+-9>$614/-)3$01. &I-#$!*+(013$8/.&$016+4$10+34/8*9/-I[ |@$$ DEM
%&!8$&$3/(118$&+-9> *10."$3$&*$6!.&!8$34.&/- +&I>3+>+3- +&I @ $3$!4+6-1/>>/3$&-!
1-1-$4>$3/-)3$!$=-3$4$6MC ."$3$&*$6!7$-@$$&!6$$06!+#rp0c1/&O!: er! @$3$!+26$3250!
[*3+6616$$014/-)3/- +&I*+&0.-.+&6J1/&0!-#$14/8&.-)0$!+'10. 2$38$&*$ 17$- @ $$&I8$&+-9>$6
&*35/6$0!@.-#-$4>$3/-)3$!15.8)3$!a]5.8)3$! T  cMI%&!*+&-3/6eiic! @/616)3>3.6.&8(9)!
6.4.(/31-+1: erl/-1/((18$34.8/-.+&!-$4>$3/-)336J! @ .-#16+4$! &+-/2(SI$=*$>-. + &E-1*++(!
-$4>$3/-)386M!I<+()42./12$#/2$01(.D$ -+1: erl/-IT_q<JI?)-1#/01($661884.&/- +&!/- g<!/&0!
RRQ<!/&01*+&6.0$3/2(4$66!8$34.&/-.+&I-1aTq<NI#)6J!/(($(.*12/3./- +& @/6!'3$Q)$&-(9!

3$2%/($0!/-1-$4>$3/-)38!$=-3$4$6J!?)-14/6D$0!.&!.&-$34$0./-$!*+&0.-.+&6M

Highly disparate combinations of factors can produce similar germination envelopes!

"+10$-$34.&$! @# . HI*+47 .&/- +&6!+'1'/*-+36 | 8$&+-9>$]!653@/-)3/-.+&!
-$4>%$3/-)3%J1/&0!/'-$3 ;3.>$&.&8!0)3/-.+&8 >3+0)*$0!-#$!4+6-16.4.(/3!8$34.&/-.+&!
3$6>+&6%$6!-+!-$4>$3/-)38J! @3!*()6-$3$0!+)3!0/-/1?/6$0!+&!6.4.(/3.-91+'18$34.&/-.+&!
$&235(+>%$6!b[10.'$35&-1*+47?.&/-.+&6!+"'/*-+36CcM!P$!.0$&-.". $0!".2$5!14/W+3!8$34.&/-.+&!
3$6>+&6%$6!-+!-$4>$3/-)3$m!*()6-$3@IMH/0!#.8#!18$34.&/-.+&!>3+>+3-.+&6 I @#$3$/6!(.--($!

8$34.&/-.+&!+*%)33$01.&!%()6-$36![; U!5.8)3$![ cMI!

a



K>$*."*/((931.8!%()6-$3! Tlb-#$!(/38$6-1%()6-$3cJ!6$$06!8$34.&/-$0!-+#.84#!
>3+>+3- +&6/-1/((1-$4>$3/-)3$6!$=*$>-1aTq<MIK+4$!+1-#$13$*)33$&-1-3$/-4$&-1'/*-+36!
'+)&0!1.&!-#.6!*()6-$3!.&*()0$0!6$$06!-#/-| @$3$!/'-$33>$&$0!'+3!4.0!bZ!+3I T\| @$$D6C!+3!
(+&8'b[ | @$$D6C!0)3/-. + &6 @/34!/&0H+-8B0; 4/-)3/-.+&1-$4>$3/-)3$6J1+3 I(+@!
0+34/8*918$&+-9>$6!4/-)3$01.&!*++(1-$4>$3/-)3$6M1<()6-$3!R!18$34.&/-$0!-+1#.8#!
>3+>+3-.+&6!/-/((1-$4>$3/-)3$8/&0! .&*()0$0!+&(9!-#$!($/6-10+34/&- 18$&+-9>$6ler!/&O0!

: errecJV&0Y/'-$3;3.>$& 30163306 !-#/- 1@ $3%$!4/-)350!.&!@/34!+31#+-1-$4>$3/-)3$6M!< () 6-$3!
al@/6"*#/3/*-$3.A$0!?791#.8#18%$34.&/-.+&!/-1/((1-$4>$3/-)3$6!$=*$>-1"<J/&0!+& (9! +&$!
-3%/-45&-1*+47? .&/-.+&!>3+0)*$0!-#.6!>#$&+-9>$!b*++(;4/-)3$0!:  er'6$$06!/-!' T\I@$$SD6CM!
$34.8/-.+&!@/6!3$6-3.%-$01-+1"q<//&O'T_g<!.&!*()6-$3![J1/&0!.&*()0$0!'/*-+361/66+*./-$0!
@.-#1#.8#1($2$(6!+'10+34/&*9FI-#$! rpoc1!8$&+-9>$J*++(16$$8/-) 3/- . +&!-$4>$3/-) 3$J!
1&01'3$6#I6SS0BM!: .- ($1-+1&+18$34.&/- +&1+*%)33$01/-1/&9!-$2$3/-) 3$!.&1*()6-$31UM!%-!
>3.4/3.(91.&*()0$0!-#$!: erpoc1!8$&+-9>$J1?)-1/(6+!-#3$FD$$D!+(0!16$$06!+'I-#$l<+(!
8$&+-9>$!4/-)350!.&!*++(1-$4>$3/-)3$6M

"#.61/&/(96.6!6#+@6!-#/-1#.8#(9!0.2$38%&-*+47? .&/-. +&6!+'I'/*-+36!*/&!>3+0)*$!
6.4.(/3!8%34.&/-.+&!>#$&+-9>6M!%&!>/3-.%)(/3]!1$&2.3+&A4$&HH+36!-#/-1.&*3$/6S!
0+34/&*9J!*++(16$$0Q4/-)3/-.+&!-$4>$3/-)3$6!+3!6#+3-!/'-$3 ;3.>$&&8!0)3/-.+&6I*/&!
*/)6$!($66!0+34/&-185&+-9>$6!-+13$6$54?($!4+3$!0+34/&-185&+-9>$6M!!:.D$@.6$J!4+3$!
0+34/&-'18%&+-9>$6!-#/-1#/2$!$=>$3.$&*$0!8$34.&/-.+& >3+4+-.&8!*+&0.-.+&6!b@/34!

4/-)3/-+&1/&01(+&8!/-$3 ;3.>$&.88C!*/&I3$6$472($!($66!0+34/&-18$&+-9>$6!-#/-1#/2$!

a'l



Germination Temp (°C) Summary heuristics
Color Key 8 16 22 31 ARGenoMat  for each cluster:
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E 48 DOG1I C ¢
C § 16 22 31
FLC C Temp
Col C 1
—1 DOG1 &
19 DOGI C £&
—E[ DOGL € o T —e—s
DOG1 C 8 16 22 31

5.8)3$![ FI<()6-$3!10$&03+83/41/&0#S$/-14/>1+'16.4.(/3.-91+'18$34.& /- +&!
$&2$(+>$6!'+3!/((1*+4?.&/-.+&6!+'16$$0!/88!bHNCI!8$&+-9>$!b,$&+cJ!/&0!4/-)3/-.+&!
bL/-cM#$183$9; 6*/($!2+=$01&)47$36!+&!?3/&*#$610$8&+-$14/W+31%()6-$36M!"#$!*+(+38*/(
.&0.%/-$6!8%$34.&/-.+&!>3+>+3- +&J!@ .-#!0/3D$3!*+(+3!6#/0$6!.&0.*/-.&8#.8#$3!
8%$34.&/-.+&!>3+>+3- . +&6M!IX&!-#$!'/3!3.8#-!/35!#$)3.6-.¥6!10$6*3.?.&8!-#$!3$>356 $&-/-.2F!
BH/>$I+'1-#$18$34.&/-.+&I$&2$(+>$6!'+3I$/H#14/W+31%()6-$3M!<()6-$3.&8!.6!2/6$0!+& I#+@!
$/*# 18$&+-9>$13$6>+8&0$0!-+1-$4>$3/-)3$!/*3+661/((16$$8/-) 3/-.+&!-$4>$3/-) 3$6!/&0!
6$$0!/8%6Mbrpoci!/&0!: errcl/3$!/??3%$2./-$0! DOG1Y/&0! FLC!3$6>$*-.2$(IM

a\!



2$$&).&0)*$0!.&-+16-3+&8$310+34/&*OMII5+31$=/4>($J!'3$6#16$$06krikl/&0!: er!
8$&+-9>$6! @#$&14/-)3$0L&I*++(1-$4>$3/-) 356! @ $3$!>#$&+-9>.*/((916.4.(/3!-+!'3$64#!
6S$06!+1-4$! erpoci!8$&+-9>$14/-)3$0!. &I#+-1-$4>$3/-)3$61+3!: erpoci 6$$06-#/-1 @$3S!
4/-)3$01.&1++(1-$4>$3/-)3$6!/&0!/-$3  ;3.>$&$0!'+3!I[ | @$SSDEMI<+47?.&/- +&6!+/*-+36!
*I&U(6+1*/&*S(1$/*#1+-#$31+)-MII5+31$=/4>($II-#$I>#E&+-9>$ 144+ (16$$0614/-) 350! & 1##+-!
-$4>$3/-)3$6!/-$31al @$SD6!+'1/-$313.>$&.&813$6$4?($6!-#/-1+'|<+(16$SAB!) 30! &I*++(1
-$4>$3/-)3$6!/-$31[ | @$SD6!+1/-$3;3.>$&. &BM!I"#)6II-#S$3$!/3$14) (-.>($!13+)-$6179! @#. *#!
I H $2$1-+16.4.(/318$34.&/- +&I$&2$(+>$6!.&A. thaliana.

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

P$I&S$=-1$2/()/-$0! @#.*#*+47.&/- +&61+18$&+-9>$6!/&016$$0 ;4/-)3/- +&!
-$4>$3/-)3$6!>3+0)*$0!-#$!14+6-16.4.(/318$34.&/-.+&I-3/W$*-+3.$6 *#/&8$6!.&!
-$4>$3/-)3$ ;0$>$80$&-18$34.&/-. +&I+2$31-#$1*+)36$!+'1/-$B.>$&.&816.8)3$!LLM!5. 23!
*()6-$36! @$3$!.0$&-. . $OM!I<()6-$3![J1-#$!($/6-10+34/&-1%()6-$3118$34.8/-$0!-+!#.8#!
>3+>+3-.+&6!.8!$2$3918$34.&/-. +&I-$4>$3/-) 3$I$="$>-| @#$&!6$$06! AHEBSSD6!/-$3
3.>$&$0M!"#.6!%()6-$31.&*()0$01#+Y&O0!@/34 ;4/-)3$0!: er /&O0!: errcMII<()6-$31al@/6!
6.4.(/3J12)-1#/013$0)*$018$34.&/- +&!/-1aTq<l/-1/((1/'-$3  ;3.>$&.8&810)3/-. +&6M!I5/*-+3!
2/()$61.&1-#.6!*()6-$31.&*()0$0l#+-; /&0 @/34 ;4/-)3$0! <+(16$$06!/&01#+:4/-)330!
 erpoci!6$$06MI%&I*()6-$31TII8$34.8/- +&1>3+>+3- +&6!@$3$!(+@!)&-.(1Z! @$$DB!+'/-$3

3.>$&.&8J1/&0V/*-+312/()$6!.&!-#.6183+)>1. &*()0$0*++(:4/-)3$0! : erric I&0I<+(!

[S!



8$&+-9>$6!/61@$((1/6!@/344/-)3$0!:  erpociMII<()6-$31U!@/6!#.8#(910.2$38$&-!'3+41 H$
+-#$31%()6-$36M!8$34.8&/-.+&!>3+>+3-. +&6!.&!-#.6!%()6-$31354/.&$0!(+ @ !-#3+)8#+)-1/-$3

3.>$&.8&8!/&0!.&*()0$0!+&(9!: erpoc: 6$$0614/-)3$01. &I*++(1-$4>$3/-)3$6M!

Color Key After ripening time (weeks) After ripening time (weeks)

m 3 7 9T 45 | GenoMat 3 7 19 48
" g :
Germination
Proportion
2

soor . e [NV [N

cH~ (I

—= N A
L] CHO
5 DOG1 C j-, , , l_\

8 16 22 31 8 1622 31 8 16 2231 8 1622 31
Germination Temperature (Celsius) |

5.8)3$!UFI<()6-$3!0$&03+83/46!0$6*3.2.&8!-#$!6.4.(/3.-. $6!.8$34.&/- +&!
-3/W$*-+3.$6!7$- @ $$&!8$&+-9>$61@.-#16$$06!4/-)3301/-10."$3$&-I-$4>$3/-) 3$GB$3.88!
612/6$01+&I-#$14$/&I3$6>+&6S!+I1$/H! $&+-9>$I=IL/-)3/- +&I*+42 &/- +&!-+1$/*#!
8$34.8/-.+&!1-$4>$3/-)3$1+2$31-#$1*+)36$1+'1/-$3; 3.>$&. &BMI"#$14/W+31%() G36!/3$!
.&0.%/-$0179183$9; 6*/($!&)4?$36!0T1-#3+)8#IUC!/-1-#$!-. >61+'1-#$10$80+83/46M!!
$34.&/- +8&!>3+>+3- +8&!.6!.&0.%/-$01 291-#$1*+(+31D$9J! @ .-#10/3D$3!*+(+3!6#/0$6!
&0.%/- &8I#.8#$318$34.&/- +&!>3+>+3- +&B6MII</3-++&6!+&I-#$13.8#-10$>.*-13$>3$6$&-/-. 28!
8334 .&/-.+8&!-3/W$*-+3.$61b-$4>$3/-) 33$>$&0$8-18$34.&/- +&1/-I"+)31- 4$I>+.&-61+']
['-$3;3.>$&.&BCIH+IS/*#1+'1-#S1UI4/W+31%()6-$36Mbioc1!/&O0!: erric!/3$!/2?3$2./-$0! DOGI!
/1&0! FLC!3$6>$*-.2$(IM

15.-#$3185&+-9>$18+316$$01/-)3/- +&!-$4>$3/-)3316+($(910$-$34.8&$0 WH+@!
8$34.8/- +&I$&2$(+>$6!*#/88$0!@ .-#!/'-$33.>$&.&8M!.&6-$/0]16$80)3/- . +&!
-$4>$3/-)3$1.&'()$&*$01#+@!16.4.(/31+310.66.4. (/318$&+-9>$6! @ $3$!. &!13$6>+&6$!-+1/':$3
3.>$8.&8MI5+31$=/4>($J@+#.($!:$3!/&BBs5:< 1¥()6-$3$0!-+8$-#$3! @#$&!6$$06! @$3$!
4/-)3$01.&! @/341/&01H+-1-$4>$3/-)3$6J!-#$910.2$38$0! @#$&!4/-) 30! &I*++(!

-$4>$3/-)386MI%&!'/*-J1*+:4(-)3$0! :$35:< 16$S06!@$3$!4+3$16.4. (/31-+*++4/-)3$0! <+(!

[T!



/&01@/34 ;4/-)3$0! :$3cx1 16$S0E6M!I"#.61.612$*/)6$!*+4/-)3$01:  $I6$S06!$=+.?.-$0!/!
0.6-.&*-.2$10$*(.&$!.&!834.&/- +&!/-1(+ @!-$4>$3/-) 33! @.-#!>3+(+&8$0!/-$3 3.>$&.&BM!
L+3$+2$3J!183&8+-9>$6!0."$3$0!.&!-#$.313$6>+&6.2$8$66!-+!B5$B/- +&!-$54>$3/-)3$M!
K>$*.' */((93:$3cx1 |@/61#.8#(9!13$6>+86.25!-+16$H-)3/- +&!-$4>$3/-)3$J1/&0!.- 1 @/6!
0.6-3.2)-$0!+2$3!-#3$H). 2$38$&-1*()6-$36M!.&!*+&-3/6-J1<+(|@/6!($/6-13$6>+86. 2$!-£16$$0

4/-)3/- +&!-$4>$3/-)3$1/&0!@/613$6-3.*-$0!-+1-@+!/OW/*$&-1*() 6-$36!5.8) 3! LLM

Location and genotype-specific projections of germination timing!
"+1>38$0.*-1-#$!-.4.&81+'18$34.&/-.+&!.&!/16$/6+&/(1-$4>$3/-)3$!$&2.3+&4$&-I @ $!
“+472 &$01+)318$34.&/-.+&!-3/W$*-+3.$6! @ .-#16$/6+&/(1-$4>$3/-)3$10/-/'3+41C) 3#/4J!
]<IbEKHC!/&OM(($!,$34/8&9106$$16*#54/- %1 .&!15.8)3$!_/CMI73+W$*-.+&6!+'18$34.&/-.+&!
- 431 @$3$5!14/0$!"+31*+#+3-61+'16$$0614/-)3$0!/- I T[q<!b*++(cl/&OIRS<!b @/34c!'+31$/*#!
8$&+-9>$MIB/6$0!+&I+76$32/-.+&6!+'1&/-)B6$$0!0.6>$36/(1/-1-#$6$! (+4/-.+8&6I16$$06!
4/-)3$01)&0$3*++(1-$4>$3/-)3$1*+&0.-. +&6! @$3$10.6>$36$0!.&!H>3.(1.&!C) 3#/4J1]<!
b/2$3/8$!-$4>1/-10.6>$36/(1+'ITUG<B.8)3$!_2c!/&0!.&IL/9L.&IN(($J!,$34/&9!b/2$3/8$!
-$4>1+1Taq<J5.8)3$!_0cM!IK$$06!4/-)3$0!)&0$3!@/34!-$4>$3/-)3$6!@$3$!0.6>$36$0!.&!
L/91.&!C)3#/41b/2$3/8$!-$4>1+1RSq<J! 5.8)3$!_*C!/&010)&$!.&!N(($!b/2$3/8$!-$4>1+']
T_q<J.8)3$!_$CMIP#.($!-#$1/2$3/8$!1-4>$3/-)3$!.&10)&S$!. &I (($!.6!(+@$3!-#/&!+) 3! @/34!
6$$04/-)3/-.+&!-$4>$3/-)3$IbRS<CIIA. thaliana!6#+@6!4)#!(+@$310+34/8&*91/2+23!

TUQ<!-#/&1?$(+@!.-IbYMIK>3.&8-#+3&8BB2.$@M!"#$3$'+ 38! @ $! ?$(.$2$!-#/-1 @/3416$$0!

[R!



41-)3/-+&1.61/17$--$313' ($*-.+&!+'1-#S$! 0+34/&*9) ($25(1+'1-#$6S16$S061-#/&!*++(16$SF0
4/-)3/- +&1-$4>$3/-)3$6M !

5+314+6-185&+-S$6J1-#$1>3+W$*-$0!-. 4$8H34.&/-.+&!.61$/3(9!6)44$3!.&!
C)3#/41/&0! 4.0 ;6)44$3 1.&!"N/(($ MP#$&!6$$06!@$3$!10.6>$36$0!$/3(9!b/&0!$=>+6$0!-+!
4+($314/-)3/- +&I*+&0. - +&BCIH(1+'1-#$16$0I* +#+3-18$34.8/-$01+&$14+&-#1>3.+31-+]
6$$06-#/-1$=>$3.$&*$0!@/3414/-)3/- +&!*+&0.- +&6 1/&0!@$3$!0.6>$36$0!+&I4+&-#1(/-$B!
"HEI+-HEIH (1+'1-#S! $/3(916$50*+#+3-18$34.8/-$0!698*#3+&+)6(9!@.-#!-#$! @/34
4/-)3$01+#+3-1 15.8)3B!_FI2$CNK)61#/('1-#$1@/34 ;4/-)3$016$$06!/*-)/((9!8$34.&/-$0!
4+3$1Q).*D(9!/'-$310.6>$36/(I-#/&!-#$1*+(014/-) 38016 $S06 MR . ($1-#.6! @/6!-#$1+2$3/((!
-3$&0J!8&+-9>$60.010."$3 1. &I>3-W$*-$0!18$34.&/-.+&I-.4$6J1/610.6*)66$0!8$+-M

L/91b(/-$3¢!0.6>$36/(1.&!C)3#/41352$/($0!18$34.8&/-.+&10."$3$&*$6!2$-@ $$& er!
1801<+(1-#/-| @$3$1&+-12.6.2($).&!/&OI+1-#$I+-#$316*$&/3.+6MI%&!-#.616*$8/3.+J1 @/3416$$0
4/-)3/- +&1-$4>$3/-)3B1+/)6$0I<+(I-+14+3$1%(+  6$(9!3$6$42($lerpoci!-#/&!: erMI%E!
*+8-3/6-1/16)2-($10."$3$&*$).&!18$34.&/-. +&I-.4$12$-@$$&!er!/&0! : erric!@/6!$=>3$66$0!
+&(9!@#$&16$$06! @$3$!4/-)3$0!/&0!0.6>$36$0!0$/3(9C!. &1 ++(1*+&0.- +&BEM!"#)6 I @$!
>3$0.%-1-#/-1<+(1@.((12$!-#$!4+6-10."$3$&-./-$0I'3+4!: erl/&O!: erricl. &16$/6+&/(1*+&-$=-6!
#1331 @/34$31-#/&1-#/-1+'1*$&-3/(11) 3+>$M!N

H6!@/6!.80.%/-$0!.&I-#$!%()6-$31/&/(96.6J18$34.&/-.+&1-.4.&8!'+3! erpoci!@/6!
0.6-.&*-(910."$3$&-I'3+4!: er| @#$&P+-#!@$3%/-)3$0!/&010.6>$36$0!b$/3(9c!)&0$3!*++(!

*+&0.-.+&EM!%&-$3$6-.&8(9J!.&!C)3#/4dboc1!@/6!-#$!+&(9!8$&+-9>$!-#/-13$6) (-$0!.&! (/-$!

[a!
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5.8)35!_FIN$6)(-6!+'18534.8/- +&!-. A$I>3+ WS- +861.&165/6+8/(1$&2.3+84$8I6M!
"#$16-$>61.&2+(2$01.&1*3$/- &8!-#$18$34.8/-. +&!>3+WS*-. +&BMITC!"+18$8$3/-$1/1>3$0.*-$0!
8$34.8&/-.+&!>3+2/2.(.-91/-1$2$39!-$4>$3/-)3$J| @$!.&-$3>+(/-$01/&0!$=-3/>+(/-$0!
-$4>$3/-)3$!1$82$(+>$6!'3+410/-/1>+.&-61*+(($*-$SOMIRC!"+18$8$3/-$!8$34.&/- +&!
>3$0.%-.+&613+66!/((16$$01/8$61)>1-+1/19$/3]1 @$!. &-$3>+(/-$0!/&0!$=-3/>+(/-$0!/*3+66!
8$34.8&/-.+&I$&2B(+>$6!-#/-| @ $3$!*+(($*-$0!/-1$/*#1- 45!>+.&-Mlacl E6$14+&-#(9!
-$4>$3/-)3$6!/2$3/8$6!.&!1*+47.&/- +&!@ -#-#$!.&'$33$018$34.&/-.+&!>3+7/?.(.-916)3'/*$!
HI>3HWE-18$34/&+&!>$3*$&-/8$6!+'1-@+1*+#+3-61+13$6#16$$50610.6>$36$01/-10."$3$&-!
- 4$61.8-+1-@+10."$3$&-16$/6+&/(1$&2.3+84$8&-6!bCT!/&0!CReMA3+WS*-.+&6!@.-#!
4]-+#$01>3$ ;1/&0I>+6-;10.6>$36/(1$82.3+&4$&-6F!5+31C)3#/4ccI*++(@4/-)3$0!6$$061+'1
$/#18$8&+-9>$10.6>$36$0!.&!H>3.(1/&0!@/344/-)3$0!6$$06!0.6>$36$0!.&IL/OM!I+31M/(($!
bi ecd!*++(4/-)3$016$$06!0.6>$36$0!.&IL/91/&0'@/34 ;4/-)3$0!6$$06!0.6>$36$0!.&!0)&$M!
73+ W$*-.+&6!@$3$!-3)&*/-$0! T19$/3!/-$310.6>$36/(M

1((18$34.8/- +&L9> #/(1+1@.&-$31/8&)/(61D5.8)3$!_*CMI%&IN(($I10)$!-+!(+@$3!
$4>$3/-)3$6JU+6-1*++(;4/-)3$0!6$$06!+'! : erpoci!0.0&e-18$34.8/-$!)&-.(16>3.&8n!
#+@$2%$3) @#$&!14/-)3$0!)&0$3!@/34!1*+&0.-.+&6J!-#$9! @ $3%$!'/3!($66!0."$3$&-./-$0!'3+4!
-#31+-#$318$&+-9>$6!/&0! @$3$!>3$0.*-$0!-+18$34.&/-$(&$!6)44$3 !15.8)3$!_0IbdM!!
"#)6J L&IN(($1-#$16$$04/-)3/-.+&!-$4>$3/-)3$10$-$34.8$0! @H#$S-#$3!-#.618$8&+-9>$!
$=#.2.-$01/)-)4&!+3 16>3.88!8$34.&/-.+&M!!
Effects of seed-maturation temperature on dormancy compensate for differences in
dispersal timing!
"#$1/?7+23$13%6)(-6!6)88%$6-$0!-#/-18$34.&/-.+&!-.4.&8!/*3+66!-#$!0.6>$36/(16$/6+&!
@/6169&*#3+8+)612$*/)6$!-#$14/-$38&/(1$&2.3+84$&-1/((+@$0!(/-$3!0.6>$36$0!6$$06!-+!
8$34.&/-$!'/6-$3MH |-$64."16$$Q 4/-)3/-.+&!-$4>$3/-)3$  1.&0$$0"/)6$6 !-#.6!>/--$3&J @ $!
>3+W$*-$0! @#/-1-#317$#/2.+31@+) (0! ?$18$&+-9>$6! @#+6$!8$34.&/-.+&!?$#/2.+3!@/6!
&6$58&6.-.2$!-+16$%0/-)3/-.+&!1$&2.3+&4$&-17912.6)/(.A.&8!4.64/-*#$0*+47? .&/-.+&6!+']

3$6>+&6$6!-#/-10+1&+-1+**)31.&!&/-)3$!b6*#$4/-.*5.8)3$! Z/cM!BO!*+4>/3.&8!-#$!-@+!?()$!
[u!



>3+ W$*-. +&615R8) 312231 +8$!%/&12.6)/(. A$!8$34.&/- +&!-.4.8810."$3$8*$6!+'1/18$&+-9>$!
H-(@19617$#/2$61/61."1.-! @$3$14/-)3$0!.&*++(1*+&0.-. +&BMIK.4.(/3(9J1-#$19$((+ @ (.&$6!
2.6)/(.AS!/18$8&+-9>$!-#/-1/(@/96!?$#/2$61/6!.") .- | @$3$!4/-)3$0!. & @/34!1*+&0.- +&6 | |
HE6$!/3$14.64/-#$01*+47.&/- +&B6MIBOI*+4>/3.881-#$17+(0!(.&$6!/*3+661*+(+361448+/&!
6SS!-#$18$34.8/-.+&169& #3891+'1/18$&+-9>$I-#/-1/(-$36.-6!8$34.&/- +&I?$#/2.+31.&!
3$6>+865!-+1-54>$3/-)35 -#.6!.6!-#$14/-*#$01*+472.&/-.+&!-#/-1.61+76$32$0!.8!&/-)3$M
HIB$& +-9>$!1-#/-16#."-$018$34.&/- +&!2$#/2.+31.&13$6>+&6$!-+!-#$14/-$3&/(!
$&2.3+84%$8-15.8)3$!1ZCH/014+3$!698#3+&+)618$34.&/- +&!-#/81$.-#$318$&+-9>F!-#/-]
@/6!)&;3$6>+&6.2$!-+16$$/-)3/-. +&I-$4>$3/-)3$  MI"#$3$'+3RB6>+8&6.2$8$66!66$0
4/-)3/- +&1-$4>$3/-)3$!.8*3$/6$ 01-#$16.4.(/ 3.-91.&!18$34.&/- +&!-.4$1+'16$$06!0.6>$36$0!
1-10."$3$&-1-. 4$6M!I"'#.6! @/6!-3)$!-+12/39.&810$83$$6!'+3!/((18$&+-9>$6!$=*$>-I"tBloc1
&I2+-HIN(($I1,$34/891b 5.8)3$1Z2;$C!/&0IC)3#/4J1<IIEKH!b 5.8)3$1T\/ ;0cM!I5+3¢rp0c1J!
HBIS"$*-1+16$$0;4/-)3/- +&!-$4>$3/-)3$! @/614) #16-3+&B$3!-#/&1-#$1$"$*-1+'10.6>$36/(!
- ASMUY&IN($II*++@B60, 4/-)3/-.+&1-$4>$3/-) 31+ 2$3*+4>$&6/-$0!'+31-#$I$"$*-1+'1
$/3(910.6>$36/(1+&!18$34.&/-.+&!-.4$!/&01*/)6$016>3.8818$34.&/-. +&ml#+@$2$3J!.&!
C)3#/4J16$$0 ;4/-)3/-.+&!-$4>$3/-)3$14. - 8/-$01-#$1$"$*-1+'10.6>$36/(1-.4$J1/61.-10.0!
@.-#I-HSI+-H#$318$&+-9>$6J1-H#BPI-#$!- 4.&81+'16$$010.6>$36/(1+&(9!.&'()$&*$0!
8$34.&/-.+&+'1@/34 ;4/-)330!6$$06M!IX2$3/((J-#$6$!>3+W$*-.+&616)88$6->46L.* -O1-+1
6$$Q4/-)3/-.+&I1-$4>$3/-)3$1*/&I3$0)*$12/3./- +&!.&I8$34.&/- +&I-#/-1@+) (01 +-#$3@ .6$!

?$!*/)6$0!79!0."$3$&*$6!.&!0.6>$36/(!-.4.&8M!

!
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5.8)3$1ZF173+W$*-. +861+18$34.8/-. +&!-.4.&81+1/((*+47.&/- +&61+16$$0!
4/-)3/-.+&1/&010.6>$36/(1-.4.&8M! aK*#$4/-.*1.(()6-3/-.&8!-#$IH#I>+-#$6.6!-#/-16$$0;
4/-)3/-+&I$"$*-61*+4>$&6/-$I'+310."$3$8*$6!.810.6>$36/(1-.4.&8!-+1+>-.4. A$!
8$34.8/-.+8!-.4.&8Mb,!,$34.&/-.+8&!>3+WS*- +&6!+1/((1*+47?.&/-.+&6!+16$$04/-)3/-.+&!
1&01>+6-;0.6>$36/(1$&2.3+&A$&-6!"+31$/*#18&+-9>$!. &I (($I!, $34/&IMIB+(0'/*$!
447 8&/- +8&B6V3SI-HSI4/-*4$01*+47 &/~ +&6I+'16$$0 :4/-)3/-.+&!-$4>$3/-)3$1/&0!
0.6>$36/(1-.4$!-#/-1+*%)31.&1&/-)3$J @#.($!&/33+@!(.&$6!/3$!-#$14.64/-#3$0!
*+47.&/-.+&BMIK+(.01/&010/64#$0!(.&$6!3$'$3!-+1L/91/&010)&$!0.6>$368$6>$*-.2$(0! @#.($!
&/291/&018+(0!3$'$3!-+1*++(1/&0!@/34!6$$0,4/-)3/-. +&!-$4>$3/-)3$6M!</3-++&!>(/&-6!
*4)3-$691+'1H4.-9IP.(*A$DM!I5+313$6) (-6!2/6$0!+&!*(.4/- *1*+&0.-. +&6!'+31C) 3#/4J1]<J!
6$$5.8)3$IT\M

"39+8993/5 !

P$I'+)&0!-#/-18$34.&/-.+&1-$4>$3/-) 3$1$&2$(+>$6!*#/&8$0!+2$3!-.4$1@.-#/-$3 ;
3.>$&.88J1/&01-#$6$18$34.&/-.+&!1-3/W$*-+3.$610$>$80$0!+&IBHHB/-. +&!-$4>  $3/-)3$!
/&018$&+-9>SMICSI$&-1*+47.&/- +&6!+' 838+-9>$]16$$@/-)3/-. +&I-$4>$3/-)3$J!/&0!
[-$3:3.>$&.&81*/&!>3+0)*$16.4.(/3!8$34.&/-. +&I$&2$(+>$61/&010."$3$&-18$&+-9>$!/&0!
6$$04/-)3/-+&!-$4>$3/-)3$  6*/&I*+4?.8$!-+1>3+0)*$16.4.(/318$34.&/-.+&!-3/W$*-+3.$6!
+2$31- ASMI"#)6J1.&I*+47.&/-+&1/&0| @#$&I$=+6$0!-+16$/6-+8&/(I-$4>$3/-) 3$!*#/8.8$6!
#$6%$1.&-$3/%-. +&6FITCI3$6)(-1.&!183&$-.#10."$3$8*$6!.&!8$34.&/-.+&17$.&8!4/6D$0!. &6 +43!
$&2.3+84$&-/(1*+8&0.-. +&6J12)-13$2$/($0!.&I+-#$36!/&O0IRC!/((+ @ 6350 3/-. +&I$"$*-61-+!

4.-.8/-$!$"$*-61+&18$34.&/-.+&!-.4%$!*/)  6$0!?910."$3$&*$6!.&!-#$!-.4.&8!+'10.6>$36/(M!!

Dual effects of temperature on germination behavior

N$*$&-!@+3DI#/6!>3+2.0$0!4$*#/8.6-.%1.86.8#-61.&-+I#+@!6$80)3/-.+&!/&0!
>+6+0.6>$36/(1-$4>$3/-)3$!.&'()$&*$!18$34.&/- +&MIL/*,3$8+31$-1/(MIDRSTUC!6#-+ @S0!

*4+4(14/-)3/- +&1-$4>$3/-) 3$6!%/)6SI*#/&8$6!.&!-H#$I6$S0*+/-ID>HS&I(>3+>/&+.018$E&$!

[!



$=>3$66.+&!/8&0!>3+*9/&.0.8!*+8-$&-C!-#/-13$0)*$!>$34$/?.(.-9!/&0!0$*3$/6$!8$34.&/-. +&M!
3/$2$31$-1/(MIbRSTUC!0$4+8&6-3/-$0!-#DOG113$8) (/-$6!-$4>$3/-) 3% ;0$>$80$&-!
$&0+6>$34!@$/D$&.&8!+'.42.2$016$$06!-#3+)8H#1*#/&8.8818.22$3$((.*!/*.014$-/2+(.64m!
#+@$2$30!-#$14S#/&.6-.%1. &-$3/*- +&17$-@ $$&!-#$6$!-54>$3/-)35!$"$*-61/&0!-#$!
>+-$&-./(13+($1+'DOG1!.&13$8) (/- &8!-#$413$4/.&61-+12$1$()*.0/-$OM!!
X)313$6)(-6!6#+@!-#/-1-#$6SIW(1-$4>$3/-) 35! &>)-610+!&+-1#/2$1/00.-. 2$!$"$*-6!
+818$34.&/-.+8&17$#/2.+31/&01/3$!.8'()$&*$0!6-3+&8(91291/(($(.*12/3./- +&MI%&IBSESI/(I*++(!
6$$Q4/-)3/-.+&I-$4>$3/-)3$13$0)*$0!-#$!-$4>$3/-)3$6!)&0$3! @#.*#18$34.&/- . +&!
++%)33$0J1/&01-#.61$"$*-1>$36.6-$0+31-#$10)3/- +&!+'1/-$3 ;3.>$&.&8!/66$66$014$3$M!B)-J!
161#1612$$&!0$6*3.7$0!/*3+66!/**$66.+&BT$&.$(0!/8&0!K>3.&8-#+3>$IRS TR$&+-9>$6!
0."$3$0!.&!-#$14/8&.-)0$!+1-#$. 31>#$8+-9> 113$6>+&6$!-+16$$@/-)3/- +&!-$4>$3/-)3$!

I61@$((1/6!.&1-#$.3!>/--$3&1+3$6>+86$!-+1>+8.6>$36/(1-$4>$3/-) 3$6NI!

Dependence of genetic variation on environmental factors

"#$1$&2.3+& A& (15 +&-$=-1.&-+!@#.*#16$$06!/3$!0.6>$36$0! @.((10$-$34.8$!-#$!
$=-$&-1-+ @#.H#I8$ES-.*10."$3$&*$61.&18$34.&/- +&!/(($($6!@. ((14/&..'$6-1/61>#$€I> *1
2/3./-+&@ .-#.81/16$/6+8&/(1$&2.3+&4$&-MIV":1/&0! PHK14/>>.&81.&!  A. thalianaV/&0!
+-#$316>$* $614#/2$1%+&-.&)/((9!$4>#/6. ASO!-#$! 4>+3-/8&*$I+'1-#$1$&2.3+84$8-1.&!
64#/> &8I @#.*#1(+*.1/3$1/66+* /-$0! @ .-#I>HB&+-9>$6!/&0!-#$16-35&B-#1+'1-#$. 315" $*BS$!
1(;K+0/1$-1/(MIRST[!'+3!13$2. $ICH&$!&S- @ +3D!6-3)*-)3$6!-#/-1($/0!-+1$82.3+&A$&-
0$>$&0$&-1/(((.*1$"$*-61#/2$12$$&!$()*.0/-$0!+3!'(+ @$3.&8!-. 48! &A. thaliana!/&0!/!'$@!

R



+-#$316>$* $BHA/6.&+IRSTSMI7/W+3+1$-1/(MIRST[MIK#3$6-#/1$- I (HRBER!>39. *- . +&!
&IB+HASIY/E6S61+1$&2.3+8458:6>F*.! HI>HE&+-9>$6DP . (*ASDI$-/(MIRS MY &-$3$6-.8.8(9J!
6$$04/-)3/-.+&I$82.3+&A4$&-61#/2$13$*$&-(912$$&I64#+ @ &I-+1.&' () $&*$!-#$1$=>3$66.+& !+
8$8$-.#12/3 /- +&1.&!>3+8$&9!/6! @BV +6-4//&0!283$&).&!>3$66MIB$*/)6$!-8B!
A$*#18.6-%12/6.61+'10+34/&*91/8&018$34.&/-.+&1/3$12$*+4.&8!*($/3$3!  b,3/$2$3!$-1/(M!
RSTRMI]+&+8/D.IRST[B-$3>3$-.&8!-#+6$!85&H- @ +3DA/&I$&2. 3+8AB&-/(1*+&-$=-1 .61
3/>.0(9;0$2%$(+>.88!/&0!$=*.-.&8!".$(0b, 3/$2$3!$-/(MIRST[mIL/*,3$8+3!$-1/(MIRST Uc
E6.&8!8$8&+-9>$6!D&+@&!-+10."$31.&!8$34.&/- +&!7$#/2.+3]| @$!'+)&0!-#/-1858S$- *]
0."$3$8*$6!.8!8$34.8/-.+&!7$#/2.+312%-@$$&!I<+(1/8&01er&O!: ereicl/&O): erl/3$14+6-!
(.D$(9!-+17$!$=>33$66$0! @#$8!6$$06!$5=>$3.$&*$!#.8#1+3!(+@J!?)-1&+-!.&-$34$0./-$J!
-$4>$3/-)386 MI"#.6!.4>(.$6!-#/-16$($*-.+&I*/&I+&(910.6-.88).6#18$&+-9>$61/-1-$4>$3/-) 3$!
$=-3$4$6J!/6!@+)(0!+**)31$/3(91/&0!(/-$!.&!1-#$!83+@.&8!6$/6+&+3!/-1-#$1&+3-#$3&!+3!
6+)-#$38&I$08$6!+'1-#$!3/&8SM1%6&!*+&-3/6-ID@E1!/(($($'3+41<2. 13$0)*$0!8$34.&/-.+&!
>3+>+3-, &I*+4>/3501-+1-#$1: erl/(($($!/-18&$/3(9!$2$39!-$4>$3/-)3$1/&0+31/((14/-)3/-.+&!
+47 &[- +&61-$6-$01/&0!@+)(01-#$3$'+3SH/281/1>H#$&+-9> *I$"$*-1 &14+6-16$/6+&/(!
$&2.3+8AB&-EMI"H B(S($I*+A$6!'3+41-#$1</>$IY$30$ 1966(/8&06!?)-1-#$3$1/351/3$/6!.&!-#$!
&J-.2$13/188$J1>/3-.%)(/3(9.&IK+)-#$38&11)3+>$ 1 @#$3$!>+>)(/-.+&6!/(6+10.6>(/9!6-3+&8!
0+34/&*9! bI3+&#+(41$-1/(MIRSTRIE-1@+)(017$!.8&-3.8).&8!-+1*+4>/3$1-#$1-$4>$3/-)3$

0$>$80$&-1$"$*-61+'1-#$6$!)&.Q)$SDOG 1 #/>(+-9>$6M!

us



"#$1$&2.3+84%8-/(10$>$80$&*$!+'18$&$-.*1$'$*-6! @/61/(6+!352$/($0!.&I>3+W$*-. +&6!
+18$34.8&/-.+&!-.4.881)6.&818/-)3/(16$/6+8&/(12/3./- +&MI"HSH+--$31*+&0.- .+ &6+
C)3#/4J1]<!@$3$!>3$0.*-$01-+13$2$/(10+34/&*910."$3$&*$6!2$- @ $$&I-#$!-@+!/**$66.+&6!
b<+(1/&0!: ercl-#/-1@$3$!.82.6.2($!)&0$31-#$!*++($3E0.- +&6!+'1V(($J!,$34/8&9J!
6)88%$6-.&8!-#/-1@/34.&81*(.4/-$6!4/913$2%$/(1*)33$&-(9!) &$=>3$66$0!8$&$-.*12/3./-. +&M!
5)3-#$3J1-#$1$=>3$66.+&!+'18$&S$-.*12/3./- +&0$>$&0$0!+&10.6>$36/(!-.4.&8J!/6!.-| @/61&+-!
2.6.2($.&1-#$1$/3(9!C)3#/410.6>$36/(I*+#+3-012)-| @/61&!-#$!(/-$3!C) 3#/410.6>$36/(!
“+#43-MIK.4.(/3(9J @$!'+) &0 &-61-#/-1-#$1$"$*-1+'16$$014/-)3/- +&!*/&1.&' () $&*$!
@#S$-#$31/(($(.412/3./-.+&1.61/0/>-.2$1.&1/18. 258! (+*/- +&!+31&+-MI%&IN/(($I1+) 3!3$6)(-6!
6)88$6-$0!-#/-16%($*-.+&!+&DOG11.61(.D$(9!-+10$>$&01 &+ @$3.88!-.49 @/34 ;
4/-)3$016$$06!8$34.8/-$0!.&!I-#$!'/ (! @#$3$/6!*++(4/-)330!6$$06! @$3$!-++!0+34/&-!-+!
8$34.&/-$10)3.881-#$!'/((MI"#)6JI1838&S$- *12/3 /- +&1.&I-#$)-.4.&BI+''(+@$3.&8!%+) (O1#/2$!
/8&1.8&0.3$*-1$"$*-1+&18$34.&/-. +&!-.4.8817$*/)65!+'1.-61.&'() $&*$!+&!0.6>$36/(!-.4.88!

b<#./&81$-1/(MIRSTam!C+&+#)$!$-1/(MIRBISU*

Potential effects of seed-maturation temperature on germination timing

K-3+&816$($*- +&!"+318$34.8/- +&1-.4.&8!@.-#.81/16$/6+&I#/612$$&10+%)4$&-$0!'+3!
4/8916>$* $6!bC+&+#)$1$-/(MIRSTEE6'/16.88($!+>-.4/(1@.&0+@!'+318$34.&/- +&!$=.6-6J!
-#$&1+)313$6)(-616)88$6-1-#/-14/-)3/-.+&1$"$*-61%+) (01*/&/(.A$!8$34.&/-.+&1-.4316)*#!
H-1-@+10.6>$36/(I*+#+3-618$34.&/-$!/-14+3$16.4.(/31- 436!-#/&1-#$91@+) (0! @ .-#+)-!
>(/6-.%.-91-+16$$Q04/-)3/- +&!-$4>  $3/-)3$MIK>$*." */((9J16$$06!-#/-1/3$10.6>$36$0!$/3(.$31.&!

uT



#$16>3.&81/38!/(6+14/-)3$01. &I+ ++($31¥+&0.- +&61/&0JI-#)B6IH/2$!#.8#$310+34/8*91($2$(6J!
@#$3$/6!6$$06!0.6>$36$0!(/-$31.&!-#$!6>3.&8!/3$14/-)3$01)&0$3! @/34$31*+&0.-. +&61/&0!
#12$!(+@$310+34/&+IMI"#613$6>+&6$!@+)(012$/0/>-.2$1.'1.-14/)6$018$34. &/- . +&!-+!

+5%) 315 (+6$31-+1-#$1+>- 4/(18$34.&/- +&I- ASMIK.&F$I-#$1+>-.4)41- 4$1'+318$34.&/-.+&).6!
6$(0+4!D&+@ &I @#S$-#$316)*#14/-$3&/(1*+4>$&6/-+391$"$*-61/3$1/0/>-.2$!3$4/.&6!-+17$!
-$6-$01$4>.3.*/((9M!

$34.8 |- +&I#/612$$&I0+%)4$&-$0!-+1+%)31.&1/)-)4&.116>3.&8J!/8&016)44$3J1/&0!
B+ABI>+>) (/- +&BI$=#.7.-14+3$!-#/8I+&$18$34.&/- +&!*+#+3-1b:MIB)38#/30-1>$36+&/(!
+26$32/-.+&MIP.(*A$D!$-1/(MIRSTEA-#$!+76$32$012/3./- +&!.&18$34.&/- +&)-.4$).6!
[%)I((910/>-.28J1-# .616)88$6-61-#/-1-#$1+>-.4)41- 4.&81+'18$34.&/-.+&!2/3.$6!
83+83/>#.%/((91/&0!>+66.2(9! @ .-#.&!+317$- @ $$&!9$/3. *+ RS TR+ 35!-#/&1+&$!
12+3/2(3! @.80+@!+'18$34.&/- +&1$=.6-68F$3&/(1$"$*-6!%+) (0!$.-#$31*/&/(.A$!
8$34.&/-.+&I-+1+%%)310)3.88! -#$!6++8$6-1'/2+3/2($!@.&0+@!+3J!/(-$3&/-.2$(9J1*+)(O!
6>3$/018$34.&/-.+&!+2$314)(-.>($!6).-/2($!8$34.&/- +&! @ .&0+@6!bL+&-$6.&+6/2/33+!
$-1/(MJIIRSTTcM!

"#$!' 36-16*$8/3.+1.616)>>+3-$01791+)31>3+W$*- +&6!'+316)44$3!8$34.&/- +&!-. 436!
+1(+@,0+34/8*918$8+-9>$6  @$!>3$0.*-$0!-#/-1-#$9!@+)(018$34.&/-$!.&!-#$16)44$3!
3$8/30($66!+'16$$QH-)3/-.+&!*+&0.- +&1/&010.6>$36/(!-. ASM!"#$! @$/D$314/-$38&/(1$"$*-6!
&I-#$6$18$8+-9>$6!0.01.4>3+2$!18$34.&/- +&1698*#3+8&9! @ .-#.&!-#$16)44$3J17)-!

0."$3$&-10.6>$36/(10/-$616-.((13$6)$0!.8!8$34.&/-.+ &!-.4.&8!0."$3$&*$6!+'1/2+)-1-@+!

UR



@$SDBI"#.610."$3$&*$1*+)(016-.((1#/2$16-3+&8!".-&$66!*+&6S$Q)$&*$6!DC+&+#)$I$-1/(MJ!
RSTS¢EM!

%&!*+&-3/6-114/-$3&/(1-$4>$3/-) 3$!$"$*-61+&!-#5 erpoc1!8$&+-9>$10$-$34.8$0!
@#.H+1-#3$$18$34.&/-+&!@.&0+ @@ $3$!)-.(AS0 @/3414/-$38&/(1$&2.3+&A4$&-6!($0!
-+16)44$318$34.8&/- +&1/&O0*++($31$&2.3+&A$E&-6!($0!-+1(/-$!'/((g6>3.88!8$34.&/-. +&M!
"#)6J14/-$38&/(1$"$*-61*+)(01*/)6$10.2$36." %/ +&!.&18$34.&/- +&!-. ASMI%&!'/*-J1-#$! DOG1!
[(($($!'3+41</>$1Y$30.1%6(/&0614/91.80)*$1/10+34/8&*9) ($2$(I-#/-1.61-++16-3+&8!-+!
>3+0)*$1'/((18$34.8/&-61.&1*$&-3/(11)3+>$!b5.8)3$!1ZcM "+ @$2$3J1.&!C) 3#/458) 3$! T\ cJ!
H#$IDOG118$&+-9>$14/-)3$0!. &*++(1*+&0.-.+&613$6)(-$0!.&!?2+-#'/((1/&016>3.&8!
8$34.8/&-61/61.61+76$32$0!.&!>+>)(/-.+&6!&$/31C)3#/41b:M!B)38#/30-1>$36+&/(!
+26$32/-.+&Cl/&O1.&I>+>)(/-.+&6!.&IK>/.&b7 *+ IS TRMIL+3$!D&+@ ($08$!+'1-#$!
0$4+83/>#91+'1 A. thaliana!@.((1?7$!&$*$66/391-+1*(/3.'9|@#. *#1+'|-#$6$!>3+*$66$6.6!

+>$3/-.88!.&!>+>)(/-.+&6!/*3+66!.-613/&83M

Caveats and Future Directions

"H#$16.4>($1>3+W$*- +&61.4>($4$&-$01#$3$!/3$!(.4.-$0!.&16$2$3/(1.4>+3-/&@/96M!
5.36-J1-#$9!.88+3$!-#$I>+-$&- /(13" $*-1+'16-3/-. */- +&!*)$6!+&!0+34/&*9)($2$(BH) 8!$-!
[(M1.&1>3$66M!5++-.-1$-1/(MIRST[MI5++- --1$-1/ KBS TEOI-#$6$!>3+ WS- +&610+1&+-!
[*+)&-1I'+310."$3$&*$6!.&!8$34.&/- . +&I6>$$06!/*3+661$82.3+84$8&-EYB-#$34+3$JI-#3$9!
0+1&+-1/**+)&-I'+310.)3&/(*#/&8$6!.&)-$4>$3/-) 3$I-#3+)8#+)-1-#$10/91+314+.6-) 3$!

%)= +8&6 Y&OISH+-+>$3.+01*#/&8$6I-#3+)8#+)-1-#$19%/3M!"#$10/-/1&$*$66/39!-+!

ud



/003$66!6$2$3/(1+'1-#$6$!/00.-.+&/(1$"$*-61#/2$12$$&!+31/3312$.&81+(($*-$BI0! @. (179!
1&/(9A$0!$(6S@#SISM!"#$!*+/3BB/. & +'1-#$14/-$38/(1-$4>$3/-) 35!$"$*-6!.4>($4$&-$0!
#SBSI5+) (01/(6+1(.4.-1-#$1/*%)3/+01+'1-#$I>3+W$*-.+&6M

:/6-(9J1+)31>3+W$*- +&6! @$3$!18$+83/>#.%/((91(.4.-$0129!/1(*D!+'1D&+@ ($OSSH:'!
thaliana >#$&+(+891.8&18)3/(1>+>)(/-.+&BMI5+3I-#$6$1>/3-.*)(/31>3+W$*-.+&6J!.-1@/6!
$66$&-./(I-+!D&+@!0.6>$36/(I-.4.&8!/&0!-#$!/2$3/8$!-$4>$3/-)3$1$=>$3.$&*$0!0)3.&8!
3$>3+0)%-.+&MI%-1.61/(6+12.-/(312)-1(+8.6-.%/((91*#/(($88.&8J!-+ID&+@ ! @#$&!8$34.8/- +&!
-4.881+%%)361.&1-#$6$!>+5) (/- +&6MI5.$(01$=>$3.4$&-6!-#/-14$/6)3$!8$34.&/-. +&I-.4.&8!
+16$$06!+'|D&+@&!8$&+-9>$6!4/-)3$0!.&IDE&+@&!$&2.3+84$&-6!@.((1?$!&$*$66/39!-+!

2/(.0/-$!-#31#9>+-#$6$6!>3+>+6$01#$3EM!

Conclusions

HE1-#$1*(.4/-$1*#/88$6J1-#$3$1/3$14) (-.>($16*$&/3.+6!'+ 3+ @!>390!>+6-;
0.6>$36/(1$&2.3+&A4$&-6!*+)(01/(-$318$34.&/- +&!>HS&+(+BIMIHE!-HS! ($&B-#!1+'1-#S$!
)&'12+3/2($16$/6+&!'+3183+@-#1b6)44$3C!.61>3+WS*-$0!-+! ($&8-#$8&J1#.8#$310+34/8*9!
($2$(6!4/917$1$66$&-./(1-+!>3$2$&-16$$06!'3+418$34.&/-.&8!/-1-#$! @ 3+&8!-. 4$MIN+@!

*(4]- $I*#/8&8$!6#.-61-#$I*+&0.-. +861$=>$3.$&*$010)3.&8!6$$014/-)3/- +&!-#$&! 2$*+4$6!
*3.- */(F1.'1-#$1-$4>$3/-)3$10)3.8816$$0!4/-) 3/-.+&!.6!.8*3$/6$0J10+34/8*91($2$(6! @.((!
0$*3$/68 -#$I+>>+6.-$1+'|@#/-1.6!/02/&-/8$+)6!8.2$&!(+&8$31)&'/2+3/2($!6$/6+&6M!

A+ @$2$3JL].61&+-18$*$66/3.(91-#$1*/6S!-#/-1. &*35/6.881+2$3/((1-$4>$3/-)3$6!@.((13$6) (-1.&!
#.8#1-$4>$3/-)3$610)3.8816$$014/-)3/-.+&MI5(+@$3.88!-.4$!+'A. thaliana).6!/(6+!

u[!



$=-3$4$(9!3$6>+86.25!-+1$82.3+84$&-/(1*+&0.-. +&B.(*A$D!$-1/(MIRSTRO!6+129!
6. &8!'(+@$3.&8!-.4$!-$4>$3/-)3$6!0)3.88!6$$0!4/-)3/-.+&14/916-/91*+&6-/&-1+31$2$&!
0$*3$/6$!@.-#1%(.4/-$I*#/&BIMIK)*#1#9>+-#$6$6!3$Q) . 35!")3-#$31-$6-.&8! 2+-#1$34>.3.%/((9!
18&012./14+0$(.&8M!

1-)31(12/3 /- +&1.&12+-#!'(+@$3.&8!- 4$ b @#.*#10$-$34.&$6!-#$!$82.3+& 4 $&!
0)3.88!6$$0!4/-)3/-.+&C!/8018$34.&/- +&!-. 45!$=.6-1.&!-#.616>F* SEMIHE!*(.4/-$6!*#/88$J!
HPI$=>3$66.+&!+'18$8$- #12/3./- +&I'+317+-#1+'1-#$6$!-3/.-61@. (/(6+*#/&8$M!5+31.&6-/&*$J!
'1@/34.881-$4>$3/-)3$6!($/01-+1($66!@.&-$31*#.((.&8I!'(+ @$3.88!-.4$614/95*+4$14+3$!
2/3.12($!+31838+-9>$6!@.-#1/1*#.((.&8!3$Q) . 354$&-M!5+3!8$34.&/-.+8!+)313$6)(-6!6)88$6-!
#/-1@/34$31-$4>$3/-)3$610)3.&8!6$$014/-)3/-.+&!/&0!/-$310.6>$36/(1@. ((1#/2$!/!
6-3+8&8%$3!$"$*-1+818$34.8/-. &!-.4.&8!'+316+4$!18$8+-9>$6-#/& ! +-#$36M!"#$68$6)(-6!
6)88%$6-1-#/-14/-)3.881/&0!8$34.&/-.&B8!>(/&-6!.&1*+&0.- +&6!-#/-1/3$16.4.(/31-+1-#$!
6$/6+&/(1*+&0.-. +&B6!-+!@#.*#1-#$9e2$!/0/>-$014/912$].4>+3-/&-I'+310.6*+2$3.&8!
$*+(+8.4/((913$($2/8-18/-)3/(12/3./- +&).&)-3/.-B1/*3+661-#S! (. 'S*O*(SMI<+&-.&)$0!
$=>(+3/- +&I+1H+@14) (-.>($!$82.3+8AB&-/(I'/*-+3616#/>$!-#$1$=>3$66.+&!+'1/(($(*!
2/3./-+&J1/6| @$H/2$10+&$!#$3$J!.6!")&0/4$&-/(1-+!)&0$36-/80.&B!-H#$1*/>/* -91+']

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

uu



L 1"#3%&'()*+9$),'-%.$'/$)"  f Genetic and Environmental
"#$"%P&' (&' (Y0)*(+,-#*..$&'(&/(01"%(2$/*(3451*.("5#&..(
Landscapes!

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

7(/&-1(.'$1*9*($6!/3$!*+4>+6$0!+'14) (-.>($!(.'$!6-/8$6!b$SMBM!6$$0J12$8%$-/-.2$J!
3$>3+0)*-.2%c!-#/-10."$3!.&!$&2.3+&4$&-/(16$&6.-.2.-.$6!/&0!-+($3/&*$6M!% &6 $/6+&/(!
$&2.3+843&-6!-#$!-.4.&8J1+3I>#$&+(+89J1+'1 (.6/8$!-3/&6.-.+&6!bSMBM!8$34.&/-. +&J!
'(+@$3&8J!/&0!6$$0!0.6>$36/(C14/91#/2$!.4>+3-/&-1.4>(*/-. +&6!"+3!".-&$66 !/&0!-#$!
+>- 4/(1>#$&+(+8914/91*#/&8$!-$4>+3/((91+316>/-./(IM!:.'$  ;*O*($I>#S&+(+89!*/&!
&'()$&*$!".-&$66!06)32.2/(1/&0!'$*)&0.-9¢10.3%*-(9179!10$-$34.&.&8!-#3$!$82.3+84$&-I-+!
@#.*#I$/#10." '$38&-./((9'6-3366+($3/&-!(.'$!6-/18$!.6!$=>+6$OC+&+#)$!$-I/(MIRSTSm!
L)&8){/ ;N+6/6!$-1/(MIRSTME +3$+2$3J!?79!*#/&8.&8!-#$!3/-$!/-1@#.*#!+38/&.646!
-3/86.-.+&!-#3+)8#!(.'§ *9*($!6-/8$6 > #$&+(+891*/&!.&' () $&*$!*3)*./(10$4+83/>#.*]
4%$/6)3$6!6)*#!/6!8$&$3/-.+&!($&8-#Ib</6 @$(('T\'am!5+33$6-/&0!L.(($8)6#.&8'RSTSM!
1.42/((1$-Y/(MIRSTSM!B+-#!>#$&+(+89!/8&0!8$&$3/-.+&!-.4$12/39!/*3+66!6>$*.$6€!3/&8$6!/&0!
&'()$&*$!+38/&.64/(13$6>+&6$6!-+1*(.4/-$1*#/&8%! b<#).&$!/&0!B$/) ?.$&!RSSTmIL+3.&!$-!
/(MIRSSZm!H.-D$&!$-//(MIRSS ' m!P.((.6!$-IMM!RSS ¢

$+83/>#.*12/3./-.+&!.&!(.'$I*O*($1*/&!12$!1*/)6$01 29! 2+-#1$& 2. 3+ &4 $&-/(1/&0!
83&$-.*I'/*-+36J12)-1#+@!$8&2.3+84$&-/(1%)$6!*+47.&3! @ .-#!8$&$-.*12/3./-. +&!/*3+66!-#$!

3/&8%!-+10$-$34.&$!-#+6$!3$6>+&6$6!.6!(/38%(9!) &D &+ @ &M!%&!-#.6!$3/1+'13/>.0(91*#/&8.&8!

u!



*(.4]-$710.6$&-/88(.&BI-HSI*+8&-3.7)-.+&BI+1-HSBHIA) (- >($I'/*-+361-+I>HSE+(+8.¥/(!
2/3./-.+&).61$6>$*./((91*3)* /[(MIN$3$! @$!>3$6$&-!/14+0$(.&8!/>>3+/*#1-#/-1>3$0.*-61-#S!
('$1*9*($6!$=>3%$66%$0!79!0."$3$&-./((9!6$&6.-.25!8$&+-9>$6!.&!3$6>+&6F!-+!$&2.3+&4$&-/(!
2/3./-.+&!/&0/>>(9!.-1-+1)&0$36-/&0!(.'$ ;*9*($!2/3./-.+&!.&!-#$!>(/&-! Arabidopsis thalianaM
THS&+(+8.%/(1-3/86 - +&61/3$1+'-$&1$8 2. 3+&A$&-/((916$&B.-. 251+ 31 >HS & +-HHN
>(/6-*J1-+14)(-.>($!6$/6+&/(!'/*-+3616)*#1/614+.6-)3$J1-$4>$3/-)3$JV/&O0I>H#+-+>$3.40 |
bB3/06#/@'T\_Um!K)(-/& RSEBESI$82.3+&4$&-/(16$&6.-.2.-91+'1(.'$0*($12/3./-.+&1.6!
4+6-1(.D$(91/13$6) (-1+'1>/6-16$($*-.+&!-#/-1/((+ @6!$/*#(.'$!6-/183!-+12$!$=>3$66$0!.&!
[243/2($I+8&0.-. +&6.&I-HSIFSI+16>/- /(1+31-$4>+3/(1$& 2. 3+&4$&-/(12/3./- +&!.&!
*(.41-$MII5+31.86-/&*$J1*).&8I((+@6!?)01?)36-1-+1#/>>$8&!(/-$31.&1-#$!6>3.&BC) *+)66-+1$-!
I(MIT\\_Jl/&0!I'$S@$3!.&6F*-18$&$3/-. +&6!-+1+**) IS/ *#I9SMBN+"IT\'SmIN+"IRSSREL.84$3!
(I-.-)0$6! @#$3$!'/2+3/2($1*+&0.-. +&61/33.2$1(/-$31/&0! (/6-I'+3/16#+3-$31>$3.+01+'1-. ASM!
K.4.(/3(91+38/&.6461+'-$&1)6$!/2.+- 1%)$61/6!/|@/91-+1698&*#3+& ASI>HS&+(+891@ .- #$/*#!
+-#$314+31@.-#1>+((.&/-+36!b$SMBM!' (+ @$3.88!18406.&816>$*. $6m!P+(D+2. *#IRSTacM!
X'-$&!-#$6$!>#$&+(+89!>/--$3&6!/3$!&+-1*/)6$0!?29!>(/6-.*13$6>+&6$!-+!/16.&8($!*)$m!
&6-$/01+38/8.646!.8-$83/-$!.&'+34/- +&!'3+414)(-.>($1$82.3+&4$8-/(I'*-+36MII"#$6$!
'1*- +36J!14+3$+2$3J1*/&!/"$*-13$6>+&6$6!/-10."$3$&-1-.4$!6*/($614 1#+)3(9J!0/.(9J!
6$/6+&/((9cM!5+3!.&6-/&*$I!-#P!'(+ @ $3.&8!-3/&6.-. +&! i&kliana'3$6>+& 06! & +-1+&(9!-+!
&6-/&-18$+)6!-$4>$3/-)3$1*+&0.-. +&61?)-/(6+1-+1-#$1)4) (/- 2$1$"$*-61+'1(+&8 ;-$34!

*+(01$=>+6)3$!/&0!10/.(9!>#+-+>$3.+0bP.(*A$D!$-1/(MIRSS\mIH&03|6!/&0!<+)>(/&0IRVRC

vz



HB16)*#J1>(/6-.113$6>+86$6!+'1(.6-/83!-3/86 - +&B!-+1*+4>($=1$&2.3+&A4$&-/(12/3 /- +&!
*&I¥)BSI('S *O*($12/3./- +&!/*3+66!-.4$!/8018$+83/>#IM

$&S - *¥12/3./-.+&1'+31>(/6-.*.-91+'1(.'$ ;6-/8%!-3/&6.-.+&6!*/&$.-#$34/8&.'9! +3
3$0)*$!(.'$;*9*($!2/3./-.+&!/*3+66!#$-$3+85&$+)6!$&2.3+&4$&-6M!, $&$- . *12/3./-. +&!. &!-#3!
$&2.3+84$&-/(16$&6.-.2.-91+'1(.'$6-/85!-3/&6 - +&6!.61*+44+&(91+26$32$03:+&8!$-1/(M!
RSSZm!:.1$-//(MIRSTSMIH&0$36+&!$-1/(MIRSTTm!X (6+&IR(BIRSERGE/-./((9!
6-3)*-)3$0!b7//291$-1/(MIRSTSM!B(/*D4/&!$-/(MIRBITECE/(($(.*12/3./-. +&1*/&!*+&-3.2)-$!
+10."$3$&*$6!.&!(.'I*O*($!/*3+661/16>$*. $6€13/&B8SMI5+3I$=/4>($IV(($(H12/3./- +8&! . &I-#$!
[4+)&-1+"1/4)4)(-$01*+(013$Q).3$0!'+3!'(+ @$3.&8!. 61-#+)8H#-1-+1*/)6$12/3 /- +&!  .&I-#S!
&)4?$31+'185&$3/-.+&6!>+66.?($!$/*#19$/3!.&A. thaliana'bK.4>6+&!/&0!C$/&'RSSRm!
L *#/$(6!$-1/(MIRSSAEN+@$2$3!/(($(.*12/3./-.+&I*I&V(6+13$0)*$I>HE& +-9> *12/3 /- +&!
[*3+66!$&2.3+8&4%5&-/(183/0.$&-@-$3450!*+)&-$383/0.$&-12/3./-.+&!?9!:$2.&6!T\_\m!
352.3@%$0!.&!I<+&+253!/&0K*#)(-AI T\WM!5+3!.&6-/&*$JI8$&S-.*I*(.&$6!.&!83+@-#!3/-$!/*3+66!
(/-.-)0$!.&! Rana temporaria*+4>$&6/-$!'+310."$3$&* $6!.&!/2$3/8$!-$4>$3/-)3$!/&0!($/0!
-+1-#$16/43$!+76$32$0!83+@-#!3/-$6!/*3+66!-#$!3/&BH) 8F&!$-!/(MIRSSad!

L+3$+2$301-#BI$"$*-61+12+-#1/(($(H1/&0!$&2.3+8A$&-/(12/3./- +&I+&I+&S!
SHB&+(+8.%/(1-3/&6 - +&M&IH/2$13/4.'9. &BIS"$*-61+&I-#$!- 4. &8I+ - #SIS&- . 3B! ('$I*O*($!
201#/8.8.8.81-#$16$/6+&/(1$&2.3+&4$8-1$=>$3.$8*$01791(/-$3!(.'$!6-/8$6 I @#.*#1.& () $&*$6!
HPISHS&+-0> XI$=>3$66.+&1+'16) 26$Q)$&-1>(/6-.*1-3/ IBT +&+#)$I$-/(MIRSS! /((+@/9!

/&0'B)38$66!RSS\m!K//3.&$&!$-I/(MIRSTTm!<#./&8!$-!/(MBRGTRe#$3$ +3$!.4>+3-/&-1-+!

U



*+&6.0$3!-#$63!*/6*/0.&8!$"$*-6! @#$&!>3%$0.*-.&8#+@!2/3./-.+&!.&!/&9!8.2$&!6-/8%!
&'()$&*$6!+2$3/((1(.'$*9*($109&/4.*6107+6-1$-1/(IRSS cM!
%&)4J!-+1)&0$36-/&0!8$+83/>#.*1>/--$3&6!+'1/&9!1+&$!(.'$;6-/8%!-3/&6.-.+&!/&0!+'!
$&-.3$!(.'$1*9*($6J! @$!4)6-1*+&6.0$3I TCI-#$14) (-.>($1$&2. 3+&AS&-/ (1 /*-+361-#/-1/"$*-1-#S!
-.4.&8!+'10."$3%$&-!-3/&6.-.+&6M!RC!BP&SP-.*¥12/3./-. +&!-#/-1*+) (0!$.-#$3!/)84$&-1+314/D!-#$!
6$8&6.-.2.-9!1+'/1-3/&6.- . +&!-+!-#+6$!$&2.3+&4$&-/(!'/*-+36m!/&0!ac!*/6*/0.&8!$"$*-6!+'1 +& $!
-3/&6.- . +&!+&!-#$!-.4.&8!+'1+-#3$3!(.'$9*($!-3/&6.-.+&EM
N$35!@%!-/D$!/14+0%$(.&8!/>>3+/*#1-+1>3$0.*-1-#$IW+.&-1*+&-3.?)-.+&6!+'!
$82.3+&A$&-/(1&OV(($(.¥12/3 - +&I+&I(.'$;*9*($I>#$&+(+89!/&0!8$&$3/-.+&!($&8-#MIE6.&8!
/&1.80.2.0)/( ;?/6$0!4+0$(1b%BLCI@$!(.&D!-+8$-#$3I>H#$&+(+89!4+0$(6!b$66$&-./((9!
4+0$(61+'1>(/6-.* -9C!-#/-1>3$0 *-1-#$1-. 4 KB+ HH+1-HSIA) (- >($I('$  ;6-/83!-3/86.-.+&6!
H-IFA>+6S1-H#SI(SI* X (SMIE&(.D$!4+0$(6!-#/-'+*)61+&1/16.&8($!(.'H-/8$!-3/&6.-.+&J1-#.6!
.&-$83/-$0!'3/4$@+3D!.&*+3>+3/-$6!-#3$!.4>+3-/&-109&/4 . *|-#/-1-#$!-.4.&8!+'+&$! (.'$!
6-/8$10$-$34.8&$6!-#$16$/6+&/(1*+&0.-. +&6!$=>$3.$&*$0129!6) 26 $Q)$&-!(.'$!6-/8$6M!!
73$2.4)614+0$(6!'+3-3$$ML+3.&!$-1/(MIRSH&O!*3+>60 N ++8$&2++41$-1/(MIT\[m!P#.-$!
1&OIN++8$&2++AIT\\_C 1#/2$1(.&D$014)(-.>($!(.'$ ;6-/8$!-3/86.-.+&61@.-#.&)/18$&$3/-.+&M!!
A$3$1@BI$=-$&0!6) #1/&1/>>3+/*#1-+1 &2$6-.8/-$109&/4.*61/*3+66!4)( -.>($!8$8$3/-.+&6!
b6$$IK-+$*D(.1$-1/(MIRSTR!'+31/&!$=/4>($!.&!.&AN*-6C
"#.614+0%(.&8!/>>3+/*#!>$34.-6!.&2%6-.8/-.+&!+'#+@!".=$0!>/3/4$-$36!-#/-!

0$6*3.7$!$&2.3+&4$&-/(16$&6.-.2.-.$6!.&-$3/*-1@.-#!1$&2.3+&4$&-/(12/3./-.+&!-+!>3+0)*$!

U\!



*+4>($=! >#$&+-9>$6!be. >#$&+(+89cM!B$*/)6$!8$&+-9>$6!0."$3!4$/6)3/?(9!.&!
$82.3+&4$&-/(16$&6.-.2.-.$6J10."$3$&-14+0$(1>/3/4$-$3.A/l-. +&6!+/&13$>3$6$&-1/(($(.*!
2/3./-.+&!.&!1#+@!+38/&.646!3$6>+&0!-+10.2$36$!$&2.3+&4$&-/(!'/*-+38!+3.&!$-1/(MIRSSZm!
P.(*A$D!$-1/(MIRSS\m!k#/+1$-1/(MIRGTHG!6)*#J1-#.614-+0$(.&8!/>>3+/*#16)>>(.$61/&!
$=-334B(9!'($=.2($!-++(1'+31>3$0.%-. &BI-#$13$/*- +&I&+3461+'1>/3- %) (/3!18$&+-9>$61.&!
3$6>+&6$!-+1*+4>($=1/&012/3./7($!$&2.3+8&4$&-6B)*D($9!/&0!1.&86+(2$3IRSTRU%-1$2$&
>3+2.0$6!/14$-#+0!'+3!1>3$0.*-.&8!$&2.3+&4$&:0$>$&0$&-10."$3$&*$6!/4+&8!8$&+-9>$6M!!
P$!I>3$6$8-13$6)(-6!+'1-#.6!.&-$83/-$0!(./$9*($!14+0$(1?/6$01+&!>/3/4$-$36!
$6-.4/-$0!.&!-#$!/&&)/(1>(/&-I! Arabidopsis thalianaMI!!"#.6!16>$*.$6!0.6>(/96!@.0$!2/3./-.+&!
&I('SIFO*($1/*3+66!.-61&/-.2$!1)3+>$/&13/&8$1/&01/183%/-10$/(1.61D&+ @&/ ?+)-1-#$!
$&2.3+8&4%&-/(16$&6.-.2.-9!+'18$34.&/-.+&J!'(+ @$3.&8J!/&0!6$$0!0.6>$36/(M!E6.&8!-#.6!
.&-$83/-$0!4+0$(J!@$!>3%$0.*-$0!-#$!$"$*-6!+' D&+ @&/ (($(.*12/3./-.+&!.&!8$34 .&/-.+&!/&0!
(+@$3.881- 4B +&1-#BI( SO ($1.&1'+) 31 (+¥/-. +&61/*3+66!-#$1&/-. 251 3/&8SM!
%&!-#.6!>/>33!@3$!$=>(+3!-#3$!*/)6$6!+'18$+83/>#.*12/3./-. +&!.&!(.'"$!*9*($!
>H#$&+(+89!/&0!($&8-#MIK>S$*.". */((9!@$V/6DFITCIN+@10+$6!$82.3+&4$&-/(12/3./-.+&!
&OSEFSI (S *O%($12/3./-. +&!@ .-#.&1/&0V4+&8I(+*/-.+&BNIRCIPH/-1.61-H#$I$ " $*-1+'1858F-.*!
2/3./-.+&.&!-@+!>#$&+(+8.*/(!-3/.-6F!0+34/&*9!/&0!"(+3/(13$>3%$66.+&n'ac!C+!
$&2.3+&4%&-/(1/1&0!8$&$-.*12/3./-.+&!.&-$3/*-1-+14/8&.'9!+3!3$0)*$!2/3./-. +&!.&!(.'$!
*O*($6n!P$!'+)&0!-#/-1/16.&8($!8 $&+-9>$!*/&!1>3+0)*$12$39!0."$3$&-!(.'$!*9*($6!

0$>$&0.&8!+&!(+*/(1*+&0.-.+&6M!5)3-#$3J!18$&$-.*12/3./-.+&!.&-$3/*-$0! @ .- #!$&2.3+&4$&-/(!



2/3./-+&-+10$-$34.8$!(.'$; *0*($!>#$&+(+89  3$0)*.&8!12/3./- +&1.&1(.'S ;*9*($!($&8-#!

[*3+66!-#$!8%+83/>#.*13/&85M

:2:=["9 !
Study System

Arabidopsis thalianal0.6>(/961(.'$;*9%($12/3./- +&12$-@$$E&!>+>) (/- +&6D7.8(.)**.!
RSSRmM!I++388&%$%$'1$-1/(MIRSS[m!:)&0$4+1$-/(MMRSH\t9*($!0$6.8&/-.+8&6!.&!-#.616>$*.$6!
+¥)61+&!-#$!>3.4/3916$/6+&!$=>$3.$&*$0!?9!-#$12$8%-/-. 2$BIM!P.&-$3!/&&)/(6!
8%$34.&/-$!.&!-#$!'/((I1+2$3@.&-$3!/6!/13+6$--$J!/&0!' (+ @$3!.&!6>3.&8M!%&*+&-3/6-16>3.&8J!
6)44$3J1/&0"/((1/&&)/(61/((!'(+@$3!.&!-#$!16/4$!6$/6+&!.&! @#.*#!-#$918$34.&/-$M!
A @$2$531-#$1/&&)/(10$6.8&/-.+&!*/&12$14.6($/0.&812%*/)6$!.-135'$3 6!+&(9!-+1-#B!'/*-1-#/-]
HSI>(/&-1.61/2+2$183+)&0!'+31($66!-#/&!/19$/3MIB$*/)6$! @$! D&+@ ! 2$39!(.--($!/2+)-I-#$!
6$$01098&/4.*61+'! A. thaliana!.&18&-)3/(1>+>)(/-.+&6J1/&).&0.2.0)/(*+)(01H9>+-#$-.*/((9!
6>$&019$/36!/61/10+34/&-16$$012$'+3$!.-18$34.&/-$6!+31*+4X$-$14) (-.>($!8$&$3/-.+&6!.&!
/16.&8($19$/3MIP.-#.816+4$1>+>) (/- +&6J14.=-)3$6!+'1(.'$1*0*($6!+*%) 31 @#$3$29J!'+3!
$=/4>($16+4$!.&0.2.0)/(6!8$34.&/-$!.&!/)-)4&!/&0!+-#$36!.816>3.88! b:/@3$&*$IT\Z_m!
7. *+IRSTRAIP#$-#$318$&$-.*12/3./-.+&1)&0$3(.$6!-#.6!>#S&+(+8.%/(12/3./-.+&! /&0 @#$-#$3!
-#.612/3./-.+&!.61*/)6$0!79!0.6*3$-$!+31+2$3(/>>.&8!8$&$3/-.+&6!/3$!) &D&+@ &M

Y/3./-.+&! . &!I>#H$&+(+891+'1&/-)3/(1>+>)(/-.+&6!+') A. thaliana #/6!?$$&!
0+*)4$&-$0!.&!-#$!'+)311)3+>F/&! (+*/-.+&6!'+3 @# . *#! @ $!>3$6$&-14+0$(!3$6) (-6M!P.(*A$D!

$-1/(MIbRSS\c!'+)&0!-#/-1.&1/1&+3-#$3816.-$1&$/31X)()!5.&(/&0J!18$34.&/-.+&!>3.4/3.(9!
T



++%)33$01.&!1$/3(9!"/((//&O0"'(+ @$3.88!+*%)33$0!.&!$/3(9!6)44$3lb<M!:+>$A/(($8+!/8&0!INM!
7$->/6J1>$36+&/(1*+44)&.*/-. +&CMI%&Y/16+)-#$3&!*+/6-/(16.-$1&$/31Y/($&*./IIK>/.&J!
8$34.&/-.+&1+*%)33$01>3.4/3.(9).&!(/-$!'/ (IbC$3$&! 1/-+&I1>$36+&/(1*+44)&.*/- +&C!/&O!
'(+@$3.&8!+*%)33$01.&!-#$1$/3(916>3.&BMI"#$3$ +3$1.&12+-#1(+*/- A&Blalianal ?$#/2$ 6/6!
N@.&-$31/8&)/(I1?)-1-#$I(.'$I*O*($1+'1-#$1&+3-#$3&I>+>)(/-.+&1.610+4.&/-$01291-#$!3+6$--$!
6-/8SI@H#.($I-#$16+)-#$3&!>+>)(/-.+&1.610+4.8/-$0179!-#$16$$0!6-/SHESS!/(6-+IN/-*(."$!
T\_TmIL+&-$6.&+§2/33+1$-/(MIRSTSMIZ83$&!/&O0IK*#$46DS! R IMRE8.!*+&-3/6-1.&1$/6-$38&!
1)3+>$Ib/-1-#$I*$&-$31+'1-#$1&/-.2$13/88$!. &I (($J!,$34/&9c!/&0!.&I-HSIEI @.&-$3;
18.8)/(116>3.&8; (+@$3.88!(.'$I*I($6!/3$1*+44+8J17)-1'(+ @$3.&8!*/&!/(6-+1+*%)31. &I-#S!
6)44$31/&01(/-8'/((1  bN/-*(."$IT\_TY&O!* -/- +&BI-#$3$.&mI"#+4>6+& T\[M!P.(*A$D!$-!/(M!
RSTIMIK$S!8)3$IRT+31%/3-++&16)44/3.$61+'1-#$6$! +26$32$0!(.'$!*9*($6M
H(($(*12/3./-+&1+*)36!.&IBS&SE!-#/-1. &' () $&*$!-#$!-.4. &8I+ (+@$3.&81/&0!
8$34.&/-.+&M1%&*3$/6.&8!$=>3$66.+&!($2$(1+'1-#$!'(+3/(13$>3BBEVBERING LOCUS C
(FLC)I0$(/96!" (+@$3.88J17)-1.'1-#$1>(/&-1$=>$3.$&*$6!>3+(+&8$0!$=>+6) 38H{0J!
$=>3$66.+&!.6!3$0)*$0!/&0 (+@$3.88!+**) IHK#$(0+&!$-1/(MIRSSSM!B/6-+@!$-!/(MIRSS[MIK)&8!
/&0IHA/6.&+IRSS[M!C$&&..61/&0!17$/*+*DIRSSZe+-$&-./((9!.4>+6.88!/!@.&-$3/&&)/(!
('$1*0*($M! $&+-9>$6! @ -#1#.8H#!'(+3/(13$>3$66.+&++*) 31-#3+)8t+)-1-#$11)3+>$/&13/&8$J!
@#.($!(+@!'(+3/(13$>3$66.+&!858+-9>$61/3$!>3.4/3.(9!3$6-3.*-$01-+1*$&-3/(11)3+>$!

bP.(*A$DJ)&>)?(.6#$0!10/-/c!/&01&+3-#$3&IK>/. &HLS&OSA Y .8+!$-1/(MIRSTNIC



%&1/00.-.+&H. thalianal/**$66.+&610.6>(/9V/1(/-.-)0.8&/(1*(.&S$!.&!>3.4/3916$$0!
0+34/8*91($2$(6!03.2$&!.&!>/3-12912/3 /- +&!.&I-#SDELAY OF GERMINATION 1 (DOG1)!
(+%)61 bI3+&H#+(41$-/(MIRBRE!1>3.4/3910+34/&*91($2$(6!/3$14.8#$3!.&!/*$66.+8&6!'3+4!
(+@$3!(/-.-)0$6bH-@$((1$-/(MIRSTSmI<#./&8!$-1/(MNRSBAL39!6$$0!0+34/8*9!.61/!
6-3+&810$-$34.8/&-1+'18$34.&/-.+&!-.4.&81/&0!3$>3$66$6!8$34.&/-.+&J10$6> .-$!$=>+6)3$!
+1$&2.3+&AS&-61-#/-1)6)/((91>3+4+-$!8$34.&/-.+&MIH616$$06!/8$!b/-$3.>$&cJ1>3.4/39!

0+34/&*9!10 $*3$/6$6b5.&*# K/2/8$!/&0!:$)?&$3 ;L$-A8$3IRSS_m!,3/$?$3!$-I/(MIRHITRC

Developmental Threshold (Phenology) Models

TH$&+(+8.*/(14+0$(6!+'10$2$(+>4$&-J10$3.2$0!".36-1-+1/.01*3+>1>3+0)*- +&HP/&8!
T\_SdI>3$0.%-1-#$!-.4.881+'1('§ 6-/183!-3/86 .- +&B!/61/" &*- +&I+'1-$4>+3/(12/3 /- +&!.&!
4)(-.>($1$82.3+&4$&-/(1'/*-+36! b0.&9+)1$-1/(MIT\Zm!H(2/3/0+!/&0!B3/0'+30!RSSRm!
NAA$3I$-1/(MIRSSUMI7/3/4$-$3. A$014/-#$4/- */(1') &*-.+&610$6*3. 2$!-#$13/-$1+']
0$2B(+>4$8-1.&!3$6>+86$!-+1*)33$&-1/&01*)4) (/-.2$!$&2.3+&A$E&-/(!/*-+36M!
CH2B(+>4$8&-/(-3/&6 .- +&B6!'3+41+&$!('$!6-/8$!-+!-#$I&$=-1+**) 3| @#$&!+38/&.646!/**3)$!
$&+)BHI0$2$(+>4$&-/(1>3+83$66!-+1*3+661/1-3/86.-.+&!-#3SADM!"#$14+0$(6!-#$3$'+3$!
>3$0.*-1-#$1/4+)8-1+'1- 4313$Q).3$0!-+1>3+*$$0!'3+41+8&$10$2$(+>4$&-/(16-/8$!-+1-#$!
8$=-J18.2$&!$82.3+8&AB&-/(1*+&0.-. +&BEMIIK)*#14+0$(61#/2$1 2$$&!)6$0!-+1/+%)3/-$(9!
0$6*3.2$!-#$!-.4.881+'1(.'$, 6-/8$!-3/&6.-. +&616)*#1/6!' (+@$3.&BIPS(*#!$-1/(MIRSSUM!P. (AS$
$-1/(MIRSS\MIK/-/D$IRSTSMIK/-/D$!$-1/(MIRBTAB6-1b</&&$((1/&OIKA.-#I T\ am!N) &-$3!
1&01:$*#+@ *AIT\RmM!<#). &$!RSSSH&0!6$$0!8$34.8/-.+&b,)44$36+&!T\"_m!IH(2/3/0+!

a



/&0!B3/0'+30!RSSRP&O0$31*+&-3+(($01/&0".$(0*+&0.-. +&BEMIIH-I1>3$6$&-J!-#$6$!4+0$(6!
&2$6-.8/-1-HBIS"$*-B1+ 1*(4/- *I'[*-+3612)-1&-+-12 +- *'[*-+3616)*#1/61.&-$39.&-3/ :6>$*.' !
K4 A>$- - +&JHS3?.2+3$6I1>/-#+8IRII+31>+((.&/-+36MI%&*+3>+3/-.&B1 7.+~ *I'/*-+36].&-+16)*#
4+0$(613$4/.861/&1/3$/I'+31)-) 3B10$2$(+>4$&-1/61-#$I>H#9I6 +(+8.%/(13$6>+&6$6!-+!-#$6S!

'[*-+361?2$*+4$!?$--$31*#/3/*-$3.AS0M

Integrated Life-Cycle (ILC) Model

P$I*3$/-$01/&!.&-$83/-$014+0$(I-#/-1>350 .*-6!@#+($!(.'$*9*($6!29!+8&$*- &8
#3$$]. &0$>$&0$&-JI>HE&+(+8.%/(16)2+0$(61-#/-10$6*3.2$ 14+ @!8$34.&/- +&I!'(+ @$3.&8J!
18016$$0;0.6>$36/(!-.4.8810$>$8&0!+&16>$*. 11$82.3+&4$&-/(1'/*-+36!5.8)3$!" cMIP$!
(.&D$0!-#$6$16) 24+0$(616)*#1-#/-1-#$1- 4.&81+18$34.&/- +&10$-$34.8$6!-#$!6$/6+&/(!
*+80.-.+&61$=>$3.$&*$017913+6$--$6J1 @#.*#.&1-)3&). &' () $&*$6!'(+ @$3.&8!-.4$J1-#$!- 4.&8!
+16$$0!10.6>$36/(J!/&0!8$34.&/-.+&1-. 4$!+'1-#H6) ?6$Q) $&-18$&$3/-.+&MIX)314+0$(6!) 6$!
#+)3(91$&2.3+&4$8/(1.&>)-61-+1%/>-)3$ID&+@ &I$"$*-61+'10.)3&/(12/3./-. +&!/&0!

$&2.3+&4$&-/(1$=-3$4$6!+&10$2$(+>4$8&-/(13/-$6M



Environmental Inputs
Moisture Temperature E Photoperiod
Day of the year Day of the year Day of the year
: B ' seed dispersal
flowering
s RS 2
Y«*  germination v .
o —> % _— _—
" — —
Seed stage Vegetative stage Reproductive stage

Germination model  Flowering model  Seed dispersal model

5.8)3$!" FIB/6.%16-3)*-)3$!+'1-#$!.&-$83/-$0!(.'$+9*($!14+0$(MC +--$0!/33+@6!
&0.*/-$I@#.*#1$&2.3+84%&-(1.&>)-6/351)6$0!'+31$/*#16-/8$!.&I-#$14+0$(M!K+(.01/33+@6!
&0.*/-$I-#$10.3$*-.+&1+'1>3+83$66.+&!-#3+)8#!(.'$!6-/8H6M

ILC Model Details

P$12).(-1+)31.80.2.0)/( ;?/6$0!4+0$(!.&!-#$IN16-/-.6-.*/(1$&2.3+&4$&-DN!
C$2$(+>4$&-1<+33!"$/4IRSS cl/&OI#/2$!0$>+6.-$0!-#$!*+0$! . &!-#$!C39/0!C.8.-/(!
N$>+6.-+39F#-->Fgg0=MO0+.M+38gTSMUS_Tg039/0M&2S>TM!"#$!6.4)(/-.+&!7$8.&6!@.-#!/1*+#+3-]
+HITSSSI6$$06!+'1+8$!i85&+-9>Fj1h3F' ($*-$01291/!I'. =$016$-1+'1>#$&+(+8.*/(1>/3/4$-$36CM!
"#$6$!>/3/4$-$36!3%4/.&!*+&6-/&-'+3!-#$1$&-.3$!6.4) (/-.+&!/&O!-#$3$'+3$!*/&!1?$!
.&-$3>3%-30!/6!"'.=$0J!83$&$-.*!/--3.?)-$6!+'//I(.&$/83M!"#$6$!6$$06!/335!?.&&F$0!. &-+!

0+34/&*91*/-$8+3.$6!/**+30.&8!-+!/1&+34/(10.6-3.?)-.+&J!-#$!4$/&!/&0!2/3./&*$! +']



@#.*#1/13$10$".&$0!79!14/-$3&/(1>/3/4$-$312/()$6!b8$&+-9>$CcM!"#.6!0.6-3.7)-.+&!3$'($*-6!
*+44+&(9'+76$32%0!2/3./-.+&!.&!.&.-./(1>3.4/39!0+34/&*9! @ .-#.&!/'4/-$3&/(16 $$0!
*+#+3-I'+)&0!.&!A. thaliana!/&0!4/&9!+-#$316>%$*.$6!b'+310$-/.(6 16 $S! X & (. &F>>$&0.=!BF!
Germination sub-modelcMIH6!-#$!6.4)(/-.+&!>3+*$$06J!-#$!3/-$!+'1>3+83$66.+&!-#3+)8#!$/*#!
('$!6-/8$10$>$&061+&!$&2.3+&A$&-/(1.&>)-6I$/*#1#+)315.8)3$!\ /cM!
K$$06!/)4)(-$10$2$(+>4$58-  (1>3+83566!/-1/13/-$1.8'()$&*$0179!@/-$3!
>+-$&-./(J16+.(1-$4>$3/-)3$J1/&010+34/&*91($2$(J!/**+30.&8!-+!/H#903+-#$34/(14+0$(1+']
8%$34.&/-.+&b,)44$36+&!T\"_m!H(2/3/0+!/&0!B3/0'+30'RSSRM!X&(.&H>>$&0.=!BF
Germination sub-modeldM'K$$06!@.-#10."$3$&-10+34/&*91($2$(6!>3+83%$66!/-10."$3$&-!
0$2$(+>4%$&-/(13/-$6!-+@/306!8$34.&/-.+&!11.e.!6$306! @ .-#!(+ @$3!0+34/&*910$2$(+>14+3 !
Q).*D(9!.&!/18.2$&!$&2.3+&4$&-cJ16+!6$$06!'3+4!-#3$!6/4$!8$&+-9>$!b>/3/4$-$3!6$-C!
0.6>$36%0!+&!-#%!6/4$!0/9!4/9!8%$34.&/-$!+&!0."$3$&-10/96!0)$!-+!1&+34/((9!0.6-3.?)-30!
2/3./-+&!.8&!.&.-./(10+34/&*91($2$(105.8)3$!\ ?m!83$9!(.8&$6!6)33+)&0.&814$/&CM! X HEHO6!
[--1.&!-#$!18$34 .&/-.+&!-#3$6#+(0J!-#$9!8$34.&/-$J!/&0!-#$!12$8%-/-.2$!6-/8$!?7$8.&6M
Y$8$-/-.281>(/8-61/*%)4)(/-$!>3+83$66!-+@/30!3$>3+0)*-.+&!/**+30.&8!-+1/1
SH+-+-#$34/(14+0$(1+'1 (+@$3.&8!bP.(*A$D!$-/(MIRSBAE +&B8!>#+-+>$3 06!/&01#. 84!
0/9-.4$1-$4>$3/-)3$61>3+4+-$10$2$(+>4$&-J| @#$3$/61#.8#1'(+3/(13$>3$66.+&!($2$(6!
330)*$!10$25(+>4$&-/(13/-SM!X2$53!-.4$J!"(+3/(13$>3$66.+&!0$*3$/6$6!/6!/!") &*- . +&!+']
$4)(/-.2$1$=>+6)3$!-+1*+(01-$4>$3/-)3$6!.80.*/-. 2$!+'1@.&-$3!b 5.8)3$!\ *m!'+310$-/.(6J16$$!

X&(.&$H>>$&0.=BFFlowering sub-modelcMIX&*$!'(+@$3.&8!+**)36J!3$>3+0)*-.2$!>(/R-6



o6

y

T ! " !

5.8)3$\ FIK*#$4/- *1+'1'+)318$8+-9>$6!0/((1*4?.8/- +&6!+'|(+ @ g#.8#10+34/&*9!
/&0 (+@g#.8#!'(+3/(13$>3$66.+&C!/**)4) (/- &810$2$(+>4$&-/(1>3+83$66!.&! Y /($&* 1!
K>/.&JI-#3+)BHIS/#1+'1-HSI>HS&+(+89!6)?4+0$(6M 1&2.3+84$8&-/(1.&>)-61/3$1)6$0!-+!
0$-$34.&$1#+)3(9!>3+83$66M!"#$12(/*D!I(.&$!.6!>#+-+>$3.+0J1-#$!(.8#-183/91>/3/(($( (. &$6!/3$!
>3%%.> /- +&1$2$&-6J!/&0!-#$!0/3D!83/9!(.8$6!/33!#+)3(9!-$4>$3/-)3$!.&>)-AMH((16$506!
/3$10.6>$36$0!IL/3*#ITS!/&0!.44$0./-$(917$ 8.&10$2$(+>.8&8!/-!/13/-$10$-$34.&$01?9!-#$!
8$34.&/-.+&14+0$(M!"#$!10/3D$3!(.&$6!.&0.*/-$I-#$14$/&10+34/&*91*(/66! @#+6S!
SHE&+(+89!@. ((1?7$!'+((+ @S$O!-#3+)B#+)-1-#$183/>#.*M!"#$183/9!(.&$616)33+)&0.&8!-#$!
A$/&1*(/6610$>.*-1-#$12$#/2.+31+10."$3$&-1.&.-./(10+34 /&*91($2$(6!@ .-#.&!/1*+#+3-MIB+-#!
'(+3/(13$>3$66.+&!8$58&+-9>$6!6#+@!-#$!6/4$18$34.&/- +&I?2$#/2.+31/&0/3$1-#$3$'+3$!
6)>$3.4>+6$0!+&I1-+>1+'1+&$l/&+-#$3!.&-#$!'. 36-1>/&$(!-#/-16#+@6!8$34.&/-.+&!>3+83$66!
b2cMIK$$06!8$34.&/-$! @#SE&!-#$91/+*)4) (/-$I$&+)BHI0$2$(»4$&-1-+!*3+661-#$!
8$34.&/- +&!-#3$6#+(0M!d, %&0.2.0)/(6'>3+83$66.&8!-#3+)8#-#$12$8$-/-.2$!/&0!
3$>3+0)*-.2$1>#/6$6J13$6>$*-. 25(BM$34.&/- +&!+'|-#$1&$=-18$&$3/-.+&M

2



[+¥)4)(/-$!>3+83$66!-+@/30!6$$010.6>$36/(/-1/13/-$!.&'()$&*$0!?91-$4>$3/-)3$!b 5.8)3$!
\ OmI'+310$-/.(6J16$$!X & (. &4B1>$80.=1BFSeed dispersal sub-modelcMIHB!6++&1/6!-#$16$$06!
0.6>$36$J!1-#$9!/35!/66.88.$0!/10+34/&*9!($2$(12/6$0!+&-#$14/-$38&/(1>/3/4$-$36!/80!
2$8.&1>3+83$66.&8!-+@/3018$34.&/- +&IB)3SN\ SCMI"#$!>3+*$66!3$>$/-61'+314/&9!
8$8$3/-.+&6M!

H-1/10/.(9!6%/($J! @$!-3/*D$0!-#$!&)47$31+'18$34.&/-. +&J!'(+ @$3.&8R0!6$$0;
0.6>$36/(1$2$&-6MIK$$06!>3+0)*$01+&!-#$16/4$10/917910."$3$&-1.&0.2.0)/(6! @$3$!>++($0!
-+8$-#$31'+31/66.8&4$5&-1+1.&.-./(10+34/&*91($2$(J!/&0!-#$33! @/6!&+16>/-./(1#$-$3+8$58.-9!
@.-#.81/16.4)(/-.+&! i.el/((1.&0.2.0)/(6!>3$6%$&-1/-1/18.2$&!-.4$1$=>$3.$&*$0!-#$!6/4$!
$&2.3+84%$&-1.&>)-6NHSI4+0$(!@/616.4)(-$0!+2$3! _S19$/36!)6.88!$&2.3+&4$&-/(!
'[5-+361'3+41/18.2$&!(+*/- +&!b 5.8)3$\ /CFI-#$!'. 36-1TUI9$/3B1$3$!0.6%/8$0J1/&0!-#$!(/6-!
[U19$/361+'10/-/!@$3$!6)44/3. ASOM!"#$1 TU9$/31?)3&; .&!.6!*+&6$32/-.2$M!6$&6.-.2.-9!
18/(96$61.&0.4/-$I-#/-1(.'$ ;*0*($!$=>3$66.+&!6-/?.(.A$0!.&!U!-+ITSI9$/36!b'+314+6-!
8$8+-9>$6CJ!/&0V/(6+!-#/-13$6)(-61/3$13+72)6-1-+1-#$10/-$1+'1.&.-./(16$3M.6>$36/(M!

"H#$1>3$6$8-16-)091+&*$3&61H+@>H#I6.+(+8.%/(1>/3/4$-$361/&0!$&2.3+&A$&-/(!
[r43615+47 &S1-+1>3+0)*BI(.'$ ;*O*($12/3./-. +8I1. &O$>SLOB&-(91+'18/-) 3/ (16H($*- +&!+&!
H+631('BIO*($6MI11&2.3+84B0$>$&0$&-16)32.2/(1/&0!'$%)&0.-9!@. (1 7$!.&2$6-.8/-$01.&!
-#$1)-)3$1/61-#$10/-/13$Q).3$0!'+31>/3/4$-$3.Al-. +&12$*+4$1/2/.(/2($MI%&1+)3!

6.4)(/-. +&6J1$2$39!>(/&-16)32.2$0!/&0!>3+0)*$0!+&$!6$$0!-+14/.&-/.&!/1*+&6-1&-!

>+3>)(/-.+&!16. ASMII"#.61/8/(96.61-#$3%'+3$13$52%/(61-#$1 2/6$(.&$I>#S&+(+8.%/(1$=>3$66.+&1+']



0."$3$&-1858&+-9>$6!/*3+66!-#$1&/-. 25! 3/&BSM!%'1&/-)3/(16$($*-.+&#/6164#/>$0!8$&$-.*]
2/3./-.+8&1.&!1>/3/4$-$3!($2$(6J! @$! @+) (0!1$=>%*-1(.'$!6-/856!+'I (+*/(185&+-9>$6!-+13$'($*-1
10/>-.2$1+)-*+4$6J14/D.&81+)3!3$6)(-6!3$(/-. 2$(91)&?./6$0!?9!1-#$1/66)4>- +&!+'1/I(/* D!

+16$($*-.+&M

Environmental Inputs

P$I3/&".2$13/&0+4(9!/66$42($0!$82.3+84$&-/(13$>(.*/-$612/6$01+&!*(.4/-$10/-/!
'3+41'+)311)3+>$/&1$82. 3+&4$&-616>/8&.&8!/1(/-.-)0.&/(183/0.$&-FIY/($&*./IIK>/.&m!
AI(($,$34/89MI]+3@ . *#J11&8(/&0M!/&O1X)()J!5.&(/&OMIP$1)6$013/80+4(91/66$42($0!
$&2.3+84%$&-61-+1/C/((+@!3$>(.*/-. +&!-+1$&6)3$!-#/-13$6)(-6! @$3$!. &0$>$&O$&-I+'1-#$I$=/*]
6$3.$6!+'1$82.3+&4$&-/(1.&>)-6!/&012¢1/2+.01.&*()0.&BI-HSIS'S*-61+'1*(.4/-$I*#/&8$!. &I-#S!
_S9$/316.4) (/- +&BMIN(($1/&0!]+3@ *#1#/2$16.4.(/31>#  +-+>$3.+01/4>(.-)0$J1?)-!
-$4>$3/-)3$1.614.(0$3!.81]+3@ *#10)$!-+!>3+=.4.-91-+1-#$1+*$/&IDKS$!5.8) 3 RR &!
H>>$80.=1<I"+31$=/4>($!+'1$&2.3+&A$E&-/(1.&>)-61'+3I$/*#1(+*/ -.+&!/&OIH>>$&0.=1B!'+3!
0%-/.(61+&!*(.4/-$10/-/16+)3*$61/&014$-#+06CMIPSI*#+6$I-HSE6$! (+*/-. +8&61&+-1+&(917$*/)6$!
+1-#$123$/0-#1+'1$82.3+8AB&-/(1*+&0.- +8&6J12)-1/(6+17$*/)6$!-#$!'(+ @$3.8814+0$(+'!
P.(*A$D!$-/(MIbRSS\c! @/612/(.0/-$01.&1-#+6$!(+*/-.+&6!/& @B +(+891#/612$$&!+26$32$0!
&!".$(01$=>$3.4$&-6!/-1-#+6$!6.-$BP.(*A$D!S$-1/(MIRSS\MI5+) 3&EAB(1$-/(MIRSTHRO!.&!
&$/3291&/-)3/(1>+>)(/-.+&6! bP.(*A$DI$-I/(MIRSBAL#$!$&2.3+&4$&-/(16$3.$61)6$0!-+1*3$/-$!
-#$13$6)(-6!6)44/3.A$01.&!-#.61>/>$31#/2$12$$&10$>+6.-$01.&!-#$1C39/0!C.8.-/(!
N$>+6.-+39F#-->Fgg0=MO0+.M+38gTSMUS_Tg030/0M&2S>TM

\!



Parameterization

H((16)?;4+0$(6! @$3$!".-1-+I-H#$I*+44+&1(/?2+3/-+3918$&+-9>$Ib<+()4?./c!2./!
$#42$31$=>$3.4$&-6!+31)6.&81$6-.4/-$6!'3+41-#$1(.-$3/-)3$!06$SY2($! R'+310$-/.(61/2+)-!
+)31*+&'.0$&*$!. &S/ *#!>/3/4$-$312/()$cM!"+10$- $34.&3$!>/3/45-$36!'+3!-#$!8$34.&/-.+&!
4+0$(/1*+44+8&14/-$38&/(183+@-#!$&2.3+&4$&-1+'RS B!@/6!)6$0M!"+1$&6)3$!-#/-16$$0!
0.6>$36/(1/&0!8$34.&/-.+&16)? ;4+0$(6! @ $3$!35/6+&/2($!/>>3+=.4/-.+&6 I @$!-$6-$0!$/*#!
4+0$(1+&1/&!.&0$>$&0$&-10/-/6$-18$&$3/-$0!.&!*#/4?7$36!bB)38#/30-J!)&>) ?(.6#$0!0/-/m!
6$$H>>$&0.=!BI'+3!0$-/.(6cM!B$*/)6$!-#$!8$34.&/-.+&!4+0$(!/&0!/'-$3 3.>$&.&8!4+0%(!
@$3P!-#$!($/6-1$4>.3.%/((9!2/(.0/-$0J!' @$!3/&!6.4)(/-. +&6! @#.($!2/39.&8!-#3$$!*3)*./(!
>/3/4$-$36!-+1*+&' . 341-#/-1+)314/ &!3$6)(-6! @$3B!&+-16>F . *I-+1-#$I$=/*|
>/3/4$-$3.A/-.+&!+'1-#+6$!14+0$(6!bK$$5.8)3$!RA/&0! 5.8)3$!R[1.&!H>>$&0.=I<I+3!

3$6)(-6dM

Parameter Levels that Resemble Observed Genotypic Variation

H(-#+)8#1@3$!>/3/4$-$3. AS01-#$!.& - /(14+0$(12/6$01+&I-#$I<+()42./ 1$*+-9>$J1/6!
0$6*3.2$01/2+2$JI@$!*+4>/3$01+)-*+4$61)6.&8!0."$3$&-1>/3/4$-$312/()$6!-#/-16>/&!
D&+@&!&/-)3/(18$&S$-.*12/3./- +&!'+31-@+!D$9!>/3/4$-$36F!'(+3/(13$>3$66.+&1/&01.&.-./(!
0+34/&*9!($2$(M!"#.6/8/(96.6!0+$6!&+-1.8&2$6-.8/-$!+-#$318$&S$-.*|.&-$3/*- +&6!+318$&$-.*
2/*D83+)&0!$"$*-612$*/)6$!1+'1(/*DI+'1.&'+34/- +&!+&I3$/(.6-.*1>/3/4$-$312/()$6M!I5+3! -#$!
'(+3/(13$>3$66.+&!1>/3/4$-$3BCcI @$1)6$0!.&.-./(12/()$610$3.2$0!'3+41P. (*A$D!$-1/(MIbRSS\cM!
"#$6$12/()$6!*+33$6>+80$0!-+1>/3/4$-$31$6-.4/-$6!'+316-3+&8MUMZaZc!/&0!&) (FMU\ c!

Z8



I(($($6!+'1-#SFLCY/*-.2/-+3J FRII$=>3$66$0!.&!-#$!<+(12/*D83+)&0!.&$(0*+&0.-. +&BEM!IP$!
/(6+1$=>(+3$01/&!$=-3$4$(O#.BHEN($2$(IDM Cl-+14.4 X16+4$I1$*+-9>$6!-#/-1/>>$/31-+1
#12$1/&1/(4+6-1+2(.8/-$!@.&-$313$Q).334$&-I'+3!'(+ @$3.&8M
P$IS=>(+3$0!-H#SI>HS&+-9> % 4>/*-1+'1/&1+26$32$0!(/-.-)0.8&/(10+34/&*91*(.&SM!
P#.($1-#$3$!.6!*+&6.0$3/2($!3$8.+&/(12/3./- +&).&0+34/8&*9J| @ $I*#+6$12/()$61-#/-!
*+33$6>+&0$0!-+!-#$1/2$3/8$10+34/&*9!($2$(!'+)&01. &I$/H#1>+3-.+&I+'11)3+>$bH-@ $((1$-!
[(MIRSTSMI<#./&81$-/(MIRSTTM!I3+&#+(41$-/(MIRSTROS($0!>+>)(/-. +&61/-1&+3-#$R.J!
*$8-3/(J1/&016+)-#$3&!(/-.-)0$6!/61&$$0.88!SIIUSIV&OI TSSI0/9613$6>$*-. 2$(9!+'10+34/8*9!
(+66!/-IRRQ<!?$'+3$1USP!8$34.&/- +&!+'1-#$I6$S01*+#+3-MI"#.61*+33$6>+&06!-+1/1>3.4/39!
0+34/&*91>/3/4$-$31b}  memnC!+'1SIb(+@cII TMRU!b4.0cJY/&0!RMU!b#. 8#CMIH (L&6HIB3$!
166)4$0!1-+1#/2$1-#$16/4$1@.-#.& *+#+3-12/3./-+&).&10+34/&*9)($2$(M!"#$16)44/3.A$0!
0/-/1-#/-1)&0$3(.$! 5.8)3$!TS5.8)3$I TR#/2$!1?7$$&10$>+6.-$0!.&!-#$!C39/0!C.8.-/(!

N$>+6.-+39EL->Fgg0=M0+.M+38gTSMUS Tg039MIM&2S>T

ZM



"[2($) REL+0$(1>/3/4$-$310$6*3. >-.+&61/8&012/()$6!'+31-#$1<+()47./1/**$66.+& |

Submodel, parameter  Units Level Description Conbdé
Germination:
Ogerm IC MPa 1,000 Threshold for germination b
Temperature:
Tog IC 3 Base temperature for germination c
T, IC 22 Optimal temperature for germination b
kr MPatC 12 Dormancy increase for eatth aboveT, d
Initial dormancy:
2 MPa 0 Mean dormancy¥,) at dispersal b
Vi readth MPa 1 Difference between lowest and highest dormancy classes
Clyeeq None 10 No. seed dormancy classes b
Yo MPa -1 Minimum dormancy possible NA
Afterripening
Tyar IC 3 Base temperature for afterripening c
Y oax MPa -5 Maximum moisture for afterripening d
v, MPa —-350 Lower moisture limit for afterripening d
v, MPa —50 Upper moisture breakpoint for afterripening d
dgne Days 40 Days from @, to —1 ¥, b
Ve MPa 1 Scalar fo®, loss d
Flowering:
Ogowering ICh 2,604 Threshold for Rowering a
Temperature:
Tos IC 3 Temperature base for Rowering a
Photoperiod:
dy h 10 Critical short photoperiod a
Ds None .626 Rate of development &t a
d, h 14 Critical long photoperiod a
P None 1 Rate of development dt a
Floral repression:
WC,, IC 960 Winter chilling saturation point a
E, None .598 Initial Boral repression a
E, None 0 Floral repression at W a
T, min IC -35 Temperature minimum for winter chilling a
T, max IC 6 Temperature maximum for winter chilling a
K None —5.1748 Parameters for shape of wintkilling effectiveness function a
13 None 2.2256 a
£ None .99590 a
Seed dispersal:
O gispersal IC 8,448 Threshold for dispersal b
Temperature:
Toa IC 3 Temperature base for dispersal b

+-$F17/3/4$-$31($2$(6!3$6$42(.&8!-#$!1<+()47?./1$*+-9>$ @$3$!)6$0!'+31-#$!
6)24+0$(6!+'1(.'$ ;6-/8%$!-3/&6.-. +&BMILS/&I0+34/&*91 ($2$(U/&C!/&O!. &.- /(M (+3/(!
3$>3$66.+&!B@$3$!-#$12/3./2($!>/3/4$-$361.&!-#.6L) 0OM!"#+6$!>/3/4$-$31*#+ *$61/3$!

$=>(/.&$01. &ILS-#+0BMIH((1+-#$36! @ $3SHS(01*+&6-/&-1/-1-#$12/()$612$(+E M) 3!
£+&' 0$&*$!. &I-#$1>/3/4$-$31$6-.4/-$6F1/1U1>3$2.+)6(9!1>) 2(.64#$0!>/3/4$-$3. Al +&1+&!

".$(0!0/-/1/&0!12/(.0/- +&!@ .-#"*#/4?$3!0/-/m!?!u!$6-.4/-

$6!0$3.2$0!'3+41*#/4?$3!

$=>$3.4$&-6!0:M!"M!B)38#/30-J1)&>)?(.6#$010/-/cl+A! thaliana (.-$3/-)3$!6$/3*#m!*Iu!
>/3/4$-$31%+> $0I'3+41/&+-#$3! A. thaliana ('$;6-/1831-3/&6.-.+&MI0IUI$6-.4/-$61-/D$&!"3+4!
4+0$(6!>/3/4 $-$3.A$0"'+3!+-#$316>$* $6MIHEL-1/>>(*/ 2($M

ZR



.2987:9 !

Model Behavior

1=/4.&/- +&!+'1.80.2.0)/(14+0%$(I-3/W$*-+3.$613$2$/($01#+@!-#$16$/6+&/(!
$&2.3+&A$E&-16H/>$6!-H#$1$=>3$66.+&!+'1iI8SES-.*[12/3./-. +&! &I-#3$6#+(01-3/.-6M!"+]
(()6-3/-$I-H#$14$*#/8.*61+'1-#$14+0$(J| @$".36-1>3$6$&-1. &18) 3!\ 13$6)(-6!'3+41/16.88($!
4+0$(13)&!"+31'+)310."$3$8-1>/3/4$-$3.A/-. +&6g8SE+-9>$61.&IY/($&*./IIK>/.&!/6!-#$9!
3$6>+&0!-+!-#$1$82.3+&4$&-1/-$312$.88!0.6>$36S0MB*#I TS “MI%44$0./-$(9J1-#$!-@ +!
(+@0+34/&*918$&+-9>$616-/3-$01/+*)4) (/-.&8!>3+83$66!-+ @/30!8$34.&/-.+&! @#. ($!-#$!
#.8#10+34/&*91+&$610.01&+-1b6+(.0126M10+--$0!?(/*D!(.&$JI3$6>$*-.2$(9cMIN+ @ $2$3J12$*/)6$!
2$391(.--($!13/.81+*%)33$0!.&!-#$16)44$3J18$34.&/- &!>3+83$66!+'1 &+ 8+34/&-16$$06! @/6!
4.8.4/(1@#.($10+34/8&-16$$061*+&-.8)$0!-+!(+6$10+34/8*910)3.&8!-#$6$103914+&-#HEM!I"H#S!
6$/6+&/(1$82.3+&AS&-/(I*+8-$=-1350)*$01-#$!$=>3$66.+&I+'18$&S- *12/3./- +&I6) *#1-#/-]
6$$06!@.-#1#.8#(910.6>/3/-$10+34/8*91($2$(6!8$34.&/$01+&(9!/'$@! @$$D6!/>/3-1.&/((!
£5.8)3$!1\ 2CMIH (6+!&+-$1-#/-14/-$38&/((9&0)*$012/3./- +&1.&10+34/&*91@.-#.8!/16.&8($!
>/3/4$-$3.A/-.+&!(.8#-183/91-3/*$616)33+)&0.88!-#$14$/&C!3$6)(-$0!.&!1(/38$312/3./-. +&!.&!
8$34.8/-.+&!-.4.&8). &-#$!(+@; 0+34/&*018$&8+-9>$!-#/&! &-#$!#.8#: 0+34/8*9!18$&+-9>$M!

H'-$318$34.8&/-.+&J18$&+-9>$6!-#/-10."$3$01.&!.&.- /(1'(+3/(13$>3$66.+&16-/3-$0!-+!
0.2$38$J1/&0! (+@$3.&8!-.4$616>3$/01+)-1/*366!-#3$$!4+&-#6 ] 8) 3N\ *cM!N+@$2$3J179!
#$1-.4$16$$010.6>$36/(1+*%)33$0J18$&+-9>.*10."$3$&*$6!/8/.&10.4.&.6#$0MIBS*/) 6!+

“++($31-$4>$3/-)3$610)3.&8!3$>3+0)*- . +&H/3(9!8$&+-9>$6!0.0!&+-1>3+83$66!4)*#1$/3(9!

Zd



&I-#$165/6+8J16+!-#$.31i#$/016-/3-j10)$!-+!$/3(.$3!'(+@$3.&8!@/6!(.4.-5OM!:/-$31.&!-#$!
6$/6+8&J10$2$(+>4$8-1@/6!'/6-$310)$!-+1@/34$3!-$4>$3/-)3$6J!/((+@.&8!(/-$3!
8$34.&/-.&81+3!'(+@$3.881.&0.2.0)/(6!-+1i*/-*# ;)>] 1.&!*/($&0/3!-.4$!b5.8)3$!\ OcM!
E(-.4/-$(9J16$$0!0.6>$36/(!-. 4$! @/6!'/.3(9169&*#3+&+)6M!+&(9!-#$!(+@!0+34/&*9g! (+@!
'(+3/(13$>3$66.+&18$&+-9>$1#/01/16) 26-/&-./((9!6#+3F (/SO (SMI"#$3$'+3$J1-#$16$/6+&/(!
$&2.3+8A$&-1¥/&1*/)6$1*+4>$86/- +&!/A+&8!-3/&6.- +&6!-#/-13$0)*$6!8$&+-9> *!
0."$3$&*$6!.&18$&$3/-.+&!($&8-#M!

%8&1/00.- +&!-+!-#$I$&2.3+&4A$&-1350)*.&810."$3$&*$617$- @ $$&!8$&+-9>$611 @$!/(6+!
+)&01-#/-1.-15+)(014/8&.'9!  0."$3$&*$6!)&0$3!6+4$!*+&0.-.+&E6MI5+3].&6-/&*$J!
0$2$(+>4$&-/(1>3+83$66!-+@/30!'(+ @$3.&8!.6!$=-334$(9!6(+ @!.&!-#$!@.&-$3J16+164/((!
0."$3$&*$6!.&10$2$(+>4$8&-/(13/-$6!2$- @ $$&I8$&+-9>$6!. &I-#$!'/((1*/&10$-$34.&$! @HS$-#$3!
HBO!'(+@$31.&I-HS!((1+31@/.-1)>1-+& &HA+&-#6!'+316>3.881-+1/33. 2$M!I"#$6$10."$3$8*$6!
@$3$/(6+1$=>3$66$0! @ .-#.&!8$8&+-9>$61/6!6$$06! @ .-#10."$3$&-1.&.-./(10+34/&*9! ($2$(6!
4/918$34.8/-$1/-10."$3$&-1-. 4$6!/&01-#$3$'+3$12$1/-16(.8#-(910."$3$&-10$2$(+>4$&-/(!
6-/8$6! @#$&!@.&-$3!/33.2$67!%388!7.;4+0$(!(.'$ ;6-/8$!($&8-#6!bP.(*A$DIS$-I/(MIRSTSCM!
X2$3/((|@$!'+)&O!-#$!6$/6+8&/(1$82.3+&AS&-1-+12$1/1>+-$&- 1"+ 3*$16#/>.8812/3./- +&!

?$-@%$$&!.&0.2.0)/(6!/&0!8$&+-9>$6M

Life-Cycle Differences within and between Locations
19=-J1@$!>3$6$&-13$6)(-6!'+3!/16.&8($!>/3/4$-$3.A/-. +&!D8SE&+-9>$C!/*3+661/((!'+)3!
(+*/-.+&BMI"#$1>/3/4$-$3.A/-.+&13$6$4 7 (.&8!-#$!<+()4?./1/**$66.+&!b6S$Y?($! R'+3!

Z[!



>/3/4$-$3610$6*3.2.881-#.6!85&+-9>$¢!>3+0)*$0!3$4/3D/2($! (. $9%($12/3./-.+&!/*3+66!
1)3+>$/&1$82.3+&4$&-615.8)3$I TSN!6$BI8)3SIR I'+31(.'$; *9*($!-.4.&81+1/((! (+@!'(+3/(!
3$>3$66.+88&+-9>$6CM1%&!X)()J15.&(/&0J16$$0618$34.&/-$0!.&!(/-$!6)44$3J).&.-./-$0!
'(+@$3.&8!$.-#$31.&!-#$1$/3(91'/((1+3!(/-$!6>3.&8IbEIHISIRZ+310.6-3.7)- +&!+'1'(+ @ $3.&8!
-.4$6!.&1/((16.-$6CJI/&014/-)350!6$$06!.&!-#$16)44$3J1*3%/- &BI/1(.'$I*9*($! @.-#!
/2+2$83+)&0!6-/8$6!>3$6$&-14+6-1+'1-#$19$/3MI%&1*+&-3/6-1.&! Y /(BB2$3 @ .&-$3.88!
>(/&-616>$&-I/1(/38$1>+3- +&!+'-#$.31(.2$6!/6!6$$06M!-#$918$34.&/-$0!. &I (/-$'/((1/&0!
'(+@$3$0!.&1$/3(916>3.&8IB)3$I TICMI%&! Y/($&*./I1-#$3$! @ $I64!6)44$3 ;1/&OV/(( ;!
'(+@$3.881*+#+3-6508)3$IRZ!($/0.&8!-+!@.0$12/3./-. +&!1.&!('$*9*($!($&8-#!5.8) 33! TRcM!
%&I*$&-3/(11)3+>$IbN(($!/&01]+3@ . *#CJ1+)314+0$(1>3$0.*-$0!-#.618$&+-9>$! @+)(014#/29!
'(+@$3.&812+)-61.&16>3.&8J16)44$3J1/&0"/((16.8)3$! TIcM

"#3$$! (+@$3.8812+)-61+*%)33$01. &I +3@ . *#!/&ON(($J1?)-1-#.61.61&+-18&$*$66/3. (9!
2$*/)6$!-#3$$!1858$3/-.+&6!+*%)33$0!$/#19$/3M!I"#$!/2$3/83! (. 39*($! ($&8-#! @/614+3$!
HI&IRSSI0/961/-12+-#+'1-#$6$!6.-$6H8) 3B TP CM!"#.616)88$6-6!-#$14) (-.>($!'(+ @$3.&8!
2+4)-61@$3$1*3$/-$012./1+2$3(/>>.8818$&$3/-. +&6J1&+-13/>.01*0*(.&B!-#3+)8#1-#3$$10.6*3$-$!
8$&$3/-.+8M!5+31$=/4>($J!($66!0+34/&-16$$06!0.6>$36$0!.&16>3.88!4/9!18$34.&/-$!

44$0./-$(9]1>3+0)*.&81/16)44$3!'(+ @$3.&81*+#+3-1@.-#1/16#+3-1(.'$*O*(Sm!-#$14+ 33!
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5.8)3$!I TFL+0$(13$6)(-6!'+31/18$&+-9>$!@.-#(+@!"(+3/(13$>3$66.+&!/&0! (+@!
0+34/&*91. &IS/H1+'1'+)31(+*/- +&B6!/*3+661/1(/-.-)0.&/(183/0.$&-1.&!1)3+>$M! 4, <.3*($!
83/>#6!3$>3$6$&--H#SI>3+>+3- +&1+'1.80.2.0)/(61.&IS/#!(.'$16-/8$!+2$31-#$I*+) 36$!+'1-#S$!
9$/3F16$$0!b?(/*DcJ12$8$-/-.2$1b0/3D!83/9¢V/&013$>3+0)*-.2$1b(.8#-183/9C! (SHEM!
C.6-/&*$!'3+41-#BI*$&-$31+'1-#$I* 3%($).&0.*/-$61-#$!>3+>+3-.+&!+'1.&0.2.0)/(6!.&!-#$!(.'$!
6-/8$1/-1/1>/3- %)(/31-.4$1+'19$/3MIH((183/>#61/3$!6*/($016+1-#/-1-#$1+)-$34+6-10./4$-$3!
3$>3$6$&-6!TSSp!+'1.80.2.0)/(6M!0/&)/39!T16-/3-61/-lal+e*(+*DJ/&OOSB!>3+*$$06!
*(+*D@.6$M53$Q)$8*910.6-3.7)-. +&!+'1+26$32$0! (. BO*($! ($&B-#6!.&I-H#$I>+>) (/- +&M!I"#$!
6+(.01(.&$!.&0.*/-$6!-#$!/2$3/8$!(.'$*O*($!($&8-#J1-#$10/64#$0!(.&$!.&0.*/-$61-#$!14$0./8.J!
1&0!-#$10+--$0!(.&$!.80.%/-$6!/1a_UO/9I(.'$I*O*(SME, 1=/4> ($6!+'I>HS&+(+8.*/(16*$&/3.+6!
-#1-14%%)33$01/614+0$(1+)->)-1-#/-1*/&1*3/-SI-#S1(.'S  ;*9%($!($&8-#6!83/>#$0!.&h. "#$!
($&B-#1+'1-#$12/31. &0 */-$BI-H#$I>3+>+3- +&1+'1- 4BI6>$&-1. &IS/#(.'$I6-/8SMI"#SI*+(+31*+0$!
B1-#3$16/4$1/61.&!2. K$$5.8)3$!RU+3!/1*+(+312$36.+&M

0+34/&- 1+&$614/91@/.-1)&-.(I((1-+18$34.&/-$1*3%/- &BI/I(+&B$3I(.'$I*O*(SMI%&!'/*-J1(.'$!

*Q*($61+'-$&B((!. &-+!-HS6$!6#+3-1/&0! (+&81*/-$8+3.$6J1*3$/-.&8!/12.4+0/(10.6-3.7)- +&!+']

Z!



(.'$;*9*($!($&8-#6!'+3!/16.&8($!8$&+-9>HIB)3$! TS?cMIH!0.2$36.-9!+'1>#$&+(+8.*/(!>/--$3&6!
/&) ($/01-+16.4.(/31(.'S :*O%($!(S&SB-#6!/(-#+)8#/((10+!8&+-1+*)31. &/(((+*/-. +&61D5.8) 3! TS
"+31$=/4>($6!+'1>#S&+(+8.*/(1>/--$3&6cM
"HISP!'/*-+361%+8-3.2)-$01-+1-#$12/3./2.(.-91.&!(.'$I*9*($6!1+26$32$0! @.-#.&!/!
(+*/-.+&M!5.36-J!.&!(+*/-.+&6! @#$3$!'(+ @$3.&8!+**)33$0!.&!4)(-.>($!6$/6+&6J!&$@ (9!
0.6>$36%$0!6$306!$=>$3.$&*$0!H3$&-1$&2.3+&4$&-/(1*+&0.-.+&6!/&0!-#$3$'+3$!
8%$34.&/-$0!/-10."$3%&-!-.4$6!+'19%/3M!K$*+&0J!0."$3$&*$6!.&!.&.-./(10+34/&*9! ($2%(!
?$-@$$&!16$$06! @ .-#.&!/1*+#+3-10.6-3.7)-$0!8$34.&/-.+&!$2$&-6!-$4>+3/((9!/&0!-#$3%$'+3$!
*/)6$010."$3$&*$6!.&!-#$!-.4.&8!+'1'( +@$3.&8!/&0!6$$0!0.6>$36/(M!"#.30I4¢ S ($!
2/3./-.+&!*/&!?$1*/)6$0!?9!1$&2.3+&4$&-/(10."$3$&*$6!?$- @ $$&!9$/36M!5+3!.&6-/&*$J!
@/34$319$/3614/919.$(014+3$!'(+@$3.&8!.&!-#$!'/((1/&0! @$--$3!9$/3614/91*3$/-$! (/38$3!
/1&010."$3$&-(9!-.4$016)44$31*+#+3-61b'+31$ =/4>($6!+'12$-@$$& 9$/312/3 /- +&!I+'1-#.6!
83&+-9>$5!6$H.8)3%!R;5.8)3B!R\NH-3!18$&+-9>F$6!$=>F*-$0!-+1+**) 3| &I S/ *#! (+*/-.+&!6$S!

5.8)3$!aS5.8)3%!laacM

Effects of Varying Phenological Parameters
1$=-1@$!$=/4.&$01-#$!$"$*-6!+&!(.'$I*9%($!+'12/39.&8!-@+!D$9!>/3/4$-$36!-#/-!
&'()$& S (+@$3.88!-.4$1D.&.-./(1'(+3/(13$>3$66.+&! ($2$(c!/&0!8$34.&/-.+&!-.4$!D.&.- /(!
0+34/&*9!($2$(cM!!B+-#1+'I-#$6$!>/3/4$-$36!/3D &+ @ &!-+!$=#.7.-18$&$-.*12/3./-. +&!
14+8&81&/-)3/(1>+>)(/-.+&61+'!  A. thalianadV/&O!-#$!1>/3/4$-$312/()$6!#+6$&!'+31-#.6!
1&1(96.6!13%'($*-1-#$!3/&8$!+'I-#/-12/3./-.+ &M

2



+@!'(+3/(13$>3$66. +&I#/01/164/((1$"$*- 1+&1-+-/(1(.'$ ;*9%($!($&8-#110$*3$/6.&8!.-1?9!
rI TUI0/96!/-14+6-1(+*/-. +&B6!/8010+34/8*91($2$(6!b5.8) 3SI TTICI*+4>/3501-+1#.8#1'(+3/(!
3$>3$66.+&MI<#/88%$6!.814$/8!(; " D*($!($&8-# @$3$!+-$&!*/)6$0! 7+-#1791>(/&-6!
3$4/.8.88).&!-H#$12$8%-/-. 2$16-/8$! (+&8$3!/&01?916#.-61.&I-#$!>3+>+3- +&1+'1.&0.2.0)/(6!
#/-1$=>3$66$0!/16#+3-126M!(+&8!('$*9*55®)3$!a_l/&0! 5.8)3$I TRJIIZ$6>$*-. 2$(9dM!!

H(-#+)8#1'(+3/(13$>3$66.+&I#/01/164/((1$"$*-1+&1-+-/(1('$ ;*9*($!($&8-#J!.-10.0!
&' ()B&*SI-HS! (B&B-#6!+'16+4%$1.8&0.2.0)/(1(.'BI6-/BSEF!.-1#/01/1(/38$I$"$*-1+ &I-H$I2$8$-/-. 28!
&-$32/(J1@#.*#12/3.$0129!(+*/- +&!5.8)3BI TTOCI/&O!/164/(($3!$"$*-1+&I-#$!3$>3+0)*- 28!
&-$32/(115.8)3$! TTHM!6$58)3$!1aU 5.8)3$!aZ'+3'3$Q)$&+910.6-3.2)-.+&6!'+31-#$10) 3/-.+&6!
H(( *+4>+8$8&-(.'$I6-/8$6CMI"HEE$SI3$6)(-6! @ $3BI3+7)6-1-+*#/&8$6). &!-#3$$! . 4>+3-/&-!
8$34.&/-.+&14+0$(1>/3/4$-$36!b6$$15.8)3$!R35.8)3$!R[CM

$&+-9>$6!@.-#1#.8#$31.&.-./(1'(+3/(13$>3$66.+&!>3+0)*$0!6(.8#-(9!4-+3$!
&0.2.0)/(6!$=>3$66.&8!/1@.8&-$F&E)/(1('$*9*($ /6!*+4>/3$01-+1/16>3.88 ;1+316)44$3 ;
1&&)I(1(.$I+O*($17)-1-#.61$"$*- 1 @/6!4.8#(910$>$80$&-1+&10+34/&*91($2$(1b5.8)3$'a’ cMIP$!
/(6+1-$6-$0! @#S$-#$31/12$391#. 8HFUIM " cY+3/(13$>3$66.+&!($2$(14.8#-1*3%/-$1/&!+72(.8/-$!
@.&-$31*#.((.&8!3$Q).3$4$8&-J1/6!'+)&0!.&!/'S @& +3-#$BRY. &O+IRSSURD!6+)-#$38&!

bL$&OSA Y .8+I$-1/(MIRSTIFES66.+&E6MIP#H. ($1$=-3$4F(91#.8#1'(+3/(13$>3$66.+&! ($2$(6!+-$&!
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5.8)3$! TTFIK)44/39! +'1#+@!>3.4/3910+34/&*91($2$(1/&0!'(+3/(13$>3$66.+&!($2$(!
1(-$31(.'$; 9 ($!($&B-#NIH34 /8*91($2$(14$/6)3$0!.&!1&/-)3/(1>+>) (/- +&61H#/612$$&!
+26$32$01-+12$!(+@!.81&+3-#$3&11)3+>$1/&01#.8#! &16+)-#$3&11) 3+ INE/*- +&!8&+346!
1S9 ($($RE#!.&I3$6>+&BSI-+1-H#!+) 3! (+*/-. +&6M!:. &$610$&+-$10."$3$&-1i8$&+-9>$6j!
#/-12/391.810+34/&*9 ($2$(13+4!(+@!-+1#.8#1D?(/*Du#.8#J10/3D!83/9!u!4.0J!(.8#-183/9'L
(+@c!/&012/391.&1'(+3/(13$>3$66. H&2$(!I'3+41(+@!-+#.8#1b6+(.0'U! (+@ J10/6#SBUBHCM!
H2$3/8$6!/3$10$3.2$0!'3+41-#$1(/6-1[U19$/36!+'1/]_S9$/314+0$(13)&Mb, ,3/>#6!+'1-#S!
0$&6.-910.6-3.2)-.+&4'1(.'$ ; *O*($! ($&8-#6!-#/-10$'. &$I-#$14$/&12/()$6!83/>#$0! . &!-#$!
3$/+- +&1&+346!0$>.*-$01.&4. K.4.(/313$/*-.+&1&+346!'+316$$0!6-/8$! ($&8-#HrJ12$8$-/-.2$!
($&8-#1CJI/&013$>3+0)*-.2$!($&8-#HsMIKEHB)3$!a[ h5.8)3$1aZl'+3!*+(+312$36.+&6!+']
83/>#61/8&0!'3$Q)$&*9!0.6-3.?)-.+&6!+'t—¢.!
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($O1-+1#.8H#1>3+>+3- +&61H@ . &-$313+6$--$6J1-#.6! @/6!&+-1/(@/96-#$!*/6$!1568@S!a" J!
A(($cMmn

73.4/3910+34/8&*91($2$(1#/01/1(/38$1$"$*-1+&1('S ;*9*($!($&8-#JI/&O!-#.61$"$*-1@/6!
$&2.3+84%$&;0$>$80$&-11/616#+@&!29!-#$!3$/*-.+&18&+346!+'10."$3$&-10+34/&*9!
8$&+-9>$6!/*3+66!6.-$EIB) IS TTEMIX2$3/((J10+34/8&*9) ($2$(16-3+&8(9!.8'()$&*$0! ($&8-#1+'1
HBI('SI*9%($I12)-10."$3$&*$6!2$- @ $$&I0+34/&*918$&+-9>$6!b>/3/4$-$36C! @$3$!14) *#!
83%/-$31.&!IX)()!br_SSI0/96c!-#/&!.&IY/($&*./IbrTSSI0/96CM!:. B9*($!($&8-#6!+'1($66!-#/&!
+&$I19$/31+8&(91++%)33$0V/-1-#$! (+ @$6-10+34/8*91($2$(J10$6>.-$1-#$1+26$32/- .+ &I-#/-]
4)(->($"'(+@ $3.8817+)-61.&!/19$/31*/&!1+*%)31/-14/8910+34/8&*91($2$(6'b 5.8)3$! TRM!
C+34/8*9)($2$(1&+-1+&(9!/(-$3$0!-#$10)3/-. +&!6>$&-1/61/16$$0J1?)-1/(6+1#/013/4.'9.&8!
$"$*-61+&!#51258%-/-.21/80!-+1/!($66$3!$=-$8-13$>3+0)*-.2$!.&-$32/618) 33! TT*JOcM

"#$1-#35$10+34/8*9!($2$(6!-$6-$01#$3$!35>356$&.-1/18$&$-. *£(286$0J! (/-.-)0.&/(!
*(.&$!.&!>34/3910+34/&*910+*)4$&-$0!.&I-#.616>$* $6MIP#$&! @$!$2/()/-$0!8$8+-9>$6!
&IHSI(+4]- +&6!. &I @# *#1-HSO1+**)3T1-#$14+0$(1>3$0.*-$0!-#.61*(.&$!-+13$6)(-1.&!/15, OLD!
('$;*0%($!($&8-#1/-1/((16.-$6F ! (+ @10+34/&*91.&!IX) () Ib(.8#-183$9cJ14.010+34/&*91. &/(($!
/&0 1+3@ . *#100/3D183$9cJ!/&0#.8#10+34/&*91.&!Y/($&*./Ib?(/*Dc!B.8)3$! TTCM!
"H#$3$'+3$I1-#$-26$32$018$+83/>#.510.6-3.2)- +&I+1/(($(#12/3./- +&.&10+34/&*91($2%(!
419! *+)&-$3/*-1$82.3+84$&-/(1$"$*-6!/&01350)*$!('S ;*9*($!($&8-#12/3./-.+&!/*3+66!-#$!

6>%$*.$6!3/&84M
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C+34/&*91/(6+!>(/9$0!/1*3)*./(13+($!.810$-$34.&.88!-#$I>#E&+(+89!+'1(.'$ ;6-/83!
-3/&6.-. +&6MIC."$3$&-1($2$(6!+'10+34/&*913$6)(-$01.&!/! @ . &/BR)/(1(.'$1*9*( $!.&!
0."$3$&-1(+*/-.+&6!00%$'.&$0!?29!-#$!>3$@ES!+'1/&!1+2$3@ . &-$3.88!3+6$158) 35! TRM!%6&!
X)) IV @ .&-$3;/&&)/(1(.'$+O*($1+*%)33$01+&(9V/-1$=-3$4$(9!(+ @!0+34/&*9 1($2$(6!/&0!
@/614+3$!>3+&+)&*$0!@.-#1#.8#!'(+3/(13$>3$66.+&! ($2$68)3$!R_J15.8)3$!a” cM!1%&!
Y/($&* /1@ .&-$31/8&)/(61+*%)3301/*3+661/((10+34/8&*91/&0!' (+3/(13$>3$66.+&! ($2$(6!
£5.8)3$! TRI5.8)3%!a" cJ!?)-! @$3$!+&(9!(.4.-$O!-+1-#/-1(.'$I*0*($1/-1# .8#$310+34/8*91($25 (B!

%&I|+3@ . *#II-#$14.00+34/8*91($2$(1*/&/ (. ASOI-H#BI (' SI*I*(Bl-+I-#/-1+'1/1 @.&-$3!
18&&)/(M1/((16$$06!(+6-10+34/8*91/&018$34.&/-$010)3.&81-#$!'/((J1($/2.&8!&+1.&0.2.0)/(6!
-+18$34.8/-$!.&1-#$16>3.88M5 8)3$! TRIB.8)3$1a’ CMIN+@$2$31.&N/(($II-#/-16/4)!
>/3/4$-$3.A/l-.+&10.01&+-1($/01-+1/1/&/(.A$0! @ .&-$3/&&)/(1(.'$I*9*($12$*/) 6$!-#$l#.8#!
0+34/&*91%/)6$01>3+83$66.2$(9! (/-$318$34.&/- +&I$/*#19$/3]1($/0.&8!-+1/183/0)/(1*#/&8S!
&I-HSI(BI*O*($I'3+41/1@.&-$3I/&&)/(1-+1/16)44$3!  [&&)/(1+2$31-#$1*+) 365! +'I-#S$!
6.4)(/-.+&!b 5.8)3%laam!-#.6!>#$&+(+8.*/(1.&6-/2.(.-91/(6+1+**)33$01/- /'S @ +-#$3!

(+*/- +&G>/3/4$-$31*+47? &/ +&BCM!+@$3.88!-#$10+34/8*91($2$(1'3+41} meanl+' I TMRUI-+1
SM’ZU!bUS!26M!aU!0/96!-.((IUSp!8$34.&/-. +&BBHAAI0.01*/&/(A$!/ @.&- B /&&)/(1(.'$!
*Q*($M1"#)6J164/((10."$3$&*$6!.&1$82.3+&4$84ly. 17$-@$$&!]+3@ . *#1/& 01 (($C!*/&! ($/0!
-+103/4/-#10."$3$8*$61.&!('$ ;O ($I>HS&+(+891$2$&1 ('S0 ($!($&8-#1.61>3$0.*-$0!-+!

3$4/.&!)&*#/&8%0 M



Comparing Model Results to Observed Life-Cycle Variation

B$*/)6$!@$!D&+@!-#$!>/3/4$-$31*+47.&/- +&BI-H#/-1+'-$&I++%)31.81&/-)3/(!
>+3) (/- +&B6!/-1$/H#! (+]- +& I @$I&S$=-1"+4>/3$01+)31>3$0.*- +&6!-+ID&+@&!(.'$!1*9*($6!+'!
&1-)3/(1>+>) (/- +&EMIY&I-HS!'/31&+3-#I14/&91>+>) (/- +&BH/ 284 8#) . &.-./(1'(+3/(!
3$>3$66.+&!/&0!(+@!0+34/&*HH-@$((1$-1/(MIRSTSMIB3/*#.1$-1/(MURSHBSEH0$(!
>3$0.*-$01-#.61>/3/4$-$3.A/- +&1.&1X)()J15.&(/&0!@+)(0!3$6)(-!.&!/13+6$--$0+4.&/-$0J!
@.&-$J&&)/(1(.'$*9*($!b 5.8)3BI TRI?+--+41($'-Cl4/-*#.881+76$32/- +&61+'1>+>) (/- +&6!
&$/31X)()MI1%'T'(+3/3$>3$66.+&!($2$(6! @$3$! (+@J!14/89!.&0.2.0)/(6!'(+@$3$0!. &!-#S$!'/((!
0)$!-+1-#$16-3+&BI>3+4+- +&I+T'(+@$3.&8179! (+&BI>H+-+>$3.+06M!"#)6J!. &I&+3-#$3&!
1)3+>$l#.8#1'(+3/(13$>3$66. +&14/91>3$2$&-!'/((I'(+ @$3.&8M!!

%&(+@ (/&0!K>/.&J1&/-)3/(1/**$66.+&61/3$14+6-14$&16-3+&8(910+34/&bH-@$((1$-!
[(MIRSTSMI<#./&81$-!/(MIRBDT/2$!#.8 #1.&.-./("'(+3/(13$>3$66.+BLS&OSA Y .8+1$-1/(M!
RSTTMI%&!+)316.4)(/-. +&6J1-#.6!>/3/4$-$3.A/-.+&13$6)(-$0!.8!/16$66-4.&/-$0J! @.&-$3
18&)/1(1(.'$1*9*($!b 5.8)3$!I TRI-+>13.8#-C16.4. (/31-+I-#/-1+26$32$01. &IK>/&.6#1>+>)(/-. +&6M!
+@!0+34/&*913$6)(-$0!.&!1$/3(.$318$34.&/- +&/&O!' (+@$3.&8! @ .-#/164/((1>3+>+3-.+&!+'1
HBI>+>) (/- +&I*+4>($-.&B8/18$&$3/-. +&!.&I-#$16)44$3] @#.($10$*3$/6$61.&!'(+3/(!
3$>3$66.+&!($0!-+1>3+83$66.2$(9!$/3(.$3!'(+@$3.88!.&!-#$! G BYEHIR_cNI!

H-14.00($!(/-.-)0$612/3./- +&1.&!"(+3/(13$>3$66.+&!/&0!0+34/&*9!>/3/4$-$36!.6!
(138$1b:$1<+33$IRSSUMIH-@$((!$-/(MIRSTSMIB3/*#.1$- M MR EFIGE/- +&6I1*/&/(.A$O!

@.&-$I&&)/(1(.'$1*9*($6!/3$!+76$32$0!.&!&/-)3/(I>+>)(/-.+&6!/&0!.&!+-#$36!4) (-.>($!

‘R!



'(+@$3.8812+)-61+*%)31>$319%/3M!I"#$1i4.0j10+34/8*91($2$(! @ $!-$6-$0!>3$0.*-$0!/1a_U
0/91(.'$I*0*($1.&12+-HIN(($/&ON+3@ *#I1?)-1-#SI>HS&+(+89! @/6!-#/-1+'1/| @ .&-$31/&&)/(!
+&(91.&1]+3@ *#MIH-I(+@!0+34/&*91($2$(6J!14)(-.>($!'(+ @$3.&8!2+)-61b/&014) (- (5!
8$8$3/- +&6C!@$3$!>33650J12)-14.=-)3$6!+'1(.'S! *O*($614/&I+++)31.81/1/($80/319$/31$2$&!
[-1#.8#10+34/8&*91($2$(6!05.8)3$I TRM!"#)6! @$!>3$0.*-17+-#! @ . &-$31/&&)/@014) (-.>($!
'(+@$3.&812+)-1(.'$1*9%($61/3$!>+66.2($!/-14.00($!(/-.-) 0$61/&010+34/8*91>/3/4$-$36!@. ((!

2$1D$910$-$34.8/8-61+'1(.'$*9*($!$=>3$66.+&M

“al
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5.8)3$I TREL"$*-1+&!(.'$ : 6-/83!>HS&+(+891+'1/(-$3.&810+34/&*91($2$(1.&!/1#.8#n
'(+3/(13$>3$66.+&!2/*D83+)&AMD. &8!'3+413.8#-1-+1($'-*#/&8$6! (+*/-. + &J1/&014+2.&8!
'3441-+>1-+12+--+412/3.$610+34/&*91($2$(M!5+31$/*#183/>#10.6-/1&*$!'3+41-#$1*$&-$31+']
HSI* 35($1.80.4/-$6!-#$I>3+>+3- +&1+'1.80.2.0)/(6!.8&1/18.2$&!(.'$!6-/8$J10/&)/39! TH)361/-!
al+e*(+*DJI/&0!-#$19$/314+2$6!*(+*D @ .6SMIH ((183/>#61/3$1.0$&-./((9!6*/($016.+!-#/-1-#$!
+)-$34+6-10./4$-$3!3$>3$6$&-6! TSSp!+'1.80.2.0)/(6M!:+@(+3/(13$>3$66.+&!3$6)(-610."$3!
&164/((|@/96!/&0! /3$!.815.8)3$!R_MIK$5.8)3$!a\ '+ 31/1++ (+312$36.+.



"39+8993/5 !

C$6>.-$!$=-$&6.2$!D&+@ ($08%$!+'18$&$-.*12/3./- +&A& thalianad1 2$9!(.--($).6!
D&+@&!/?+)-#+@!-#.612/3 /- +&1.614/8.'$6-1/61>#$&+-9> *12/3 /- +&I/*3+66-#$!6>$*. $6e!
3/&8SMIP$!)6$0!/14+0$(1-+1>3$0.*-13$/*-.+&I&+3461'+316>$*." M. thaliana!8$&+-9>$6!.&!
3$6>+&6F!-+15+4>($=1$82.3+&4$8&-6M!"#$14+0$(1>3$0.*-$0!@.0$!12/3./- &I '$; *9*($!
SHS&+(+891/*3+66!(+*/-.+&61/801>/3/4$-$3.A/-. +&6J1/&O01-#$!>3$0.*-. +&6!'+31i8$8&+-9>$6]!
D&+@&!-+1$=.6-1. &IS/*#1(+*/-. +&123+/0(914/-*#$0I D&+ @ &!>/--$3&61+'1>H#$&+(+89!.&16.-)M!
"#.613$6)(-16)88$6-61#/-1696-$461+1$82.3+&A$&-/((9!3$8) (/-$0I>#$&+(+89!/3$!#.8#(9!
$"$*-.281/-1356-3.*-.&8!(.'$!6-/18$6!-+1+*%)31+&(9!/-1>/3-*)(/31-.4$61+'19$/31$2$8! @ .-#+)-!
6$/6+8&/(1$&-3/.84$8-17914+3-/(.-91/&0!'$*)&0.-91>3+*$66$6M!:.'$*0*($!($&8-#! @/6!
6#/>$01291$82.3+84$&-/(*+&0.-. +&6J!.&..- /(1>3.4/3910+34/8*91($2$(J!/&0-+1//($66$3!
$=-$&-1.&.-./(1'(+3/(13$>3$66. +&MI"#$14-+0$(1/(6+1>3$0.*-$0!-#/-/ID&+ @ &!8SE&S-.*1*(.&$!.&!
0+34/8*91.61$=>$*-$01-+1.&-$3/*-1@ .-#1(+*/(1$&2.3+&ASE&-/(1*+&0 .- +&6!.&!/1 4/ &&S$3-#]-]

3%$0)*$6!2/3./-.+&!.&!8$&$3/-.+&!-.4$!/*3+66!-#$!(/-.-)0.&/(13/&8%!+' | A. thalianaM

Life-Cycle Plasticity of HM!-#/(./&/!
C.2$36$!$82.3+84$&-/(1*+&0.-.+&6!b-$4>$3/-)3$J14+.6-)3$J1/&O0!>#+-+>$3.+0c!

[*3+66/A. thaliana’s 3/&8%$!6-3+&8(9!.&'()$&*$0!>#$&+(+89!/&018$&$3/-.+&!-. ASMI"#$!

$&2.3+8&A4$&-1(16$8&6.-.2.-9!1b>(/6-.*.-9¢!+'|-#.616>5*.$6!&+-1+&(9!8$&$3/-$O{ 9H($!

2/3./- +&1?$-@$$&! (+*/-.+&6J1.-1/(6+!18$&$3/-$0!'+31/16.&8($!8$&+-9>$14.=-)3$6!+'1(.'$!

“Q*($6!@.-#.&!/1(+*/- +&MI"HSESI>HS&+(+8.%/(14.=-) 3$6!+*%) 33$0!/*3+661/10.2$36.-91+'1(.'$

Ul



*Qx($1($&B-#OMI%&!/(((+*/-. +&61-#$14+0$(1>3$0.*-$01-#/-16+4%$1.&0.2.0)/(6!@+) (0!
8$34.&/-$!.&1-#$!'/((/&0" (+@$3!.&!-#$16>3.&8!0/&!+2$3@.&-$3.&8!(.'$*9*($cm!H#+ @ $2$3!-#$.3!
+"6>3.8&810.01&+-R$*$66/3.(91$=>3$66!-#/-16/4%5! (. $I*9*($M!5+3!.&6-/&*$I12$*/)6$!+']

@ .-#.8*+#+3-10+34/8*912/3./- +&I6+4$!4.8#-18$34.8/-$1(/-$!.&1-#$16>3.&8!. & @#.*#!
#$9!@$39$!0.6>$36$0!/&0!+-#$3614/91@/.-) &-.(-#$!'+((+@.&8!'/(M!"#$!.0$/1-#/-1/16.&8(S$!
8$&+-9>$1*/&!>3+0)*$14.=-)3$6!+'1(.'$I*9*($61.616)>>+3-$01$4>.3.*/((9\.&IA. thaliana

>+>)(/-.+&6! b"#+4>6+& T\[MIC+&+H)$IRSS\m!IL+&-$6.&+62/33+!$-1/(MIRSTRm!7 *+IRITRC
18&01#/612$$&16)88$6-$0!/6/12%-; #$08.&8!6-3/-$89!. & +-#$31696-$46B3/0'+30!/&0IN+"
T\ZMIN$!$-1/(MIRSTHE &0$36-/&0.&8!-#$1*/)6$61/801/0/>-.2$!6.88&.' */&*$!+'1-#.6!

2/3./-.+&>3$6$&-61/1*+4>$((.&8I*#/(($&8$!'+3!")-) 3$!3$6$/3*#M

Predicted Effects of Allelic Variation

X2$3/((3).&.-./(I'(+3/(13$>$66.+&! ($2$(1b3$6$42(.&8!/(($(.*12/3./-.+&.&!
FRIGIDA/FLCC!#/01/164/(($31$"$*-1+&1(.'$ ;*9%($!($&8-#!-#/&10+34/&*91>/3-(912$*/)6$!
(+&8$3!12$8%-/-.2$!>$3.+06! @ $3$!*+4>$&6/-$0!'+3179!6#+3-$3!3$>3+0)*-.2$!>$3.+06M!5(+3/(!
3$>3$66.+&!0.0J!1#+@$2$3J!/(-$3!-#$!/ &) +'1- 4$!6>$&-1. & - #$12$8%$-/-.2$!6-/8$M!
68*3$/6.&8!"(+3/(13$>3$66.+&I6#. - $01/1>+3- +&I+'1-#$I>+5) (/- +&1-+11@.&LG&)/(1(.'$!
*g%($12)-1)&($66!'(+3/(13$>3$66.+&!($2$(6! @$3$!$=-354$(91#.8#1.-13/3$(9!*/&/ (. ASO1-#/-1(.'$!
Ok (SMI"#$3$'+3$1+)313$6) (-6 18 -16)>>+3-1-#$I1#9>+-#$6.61-#/-I'(+3/(13$>3$66. +&! ($2$(6!
6.4.(/31-+1-#+6$1-9>*/((91+26$32$0!.&!1&/-)3/(1>+>) (/- +&6/3$!*/>/2($1+'1*/&/(.A.&8!/!

@.&-$I&&)/(I(.'"$!*9*($!/*3+66!-#$!13/&8%!+'| A. thaliana'bK.4>6+&!/&0ICH/&!RSSRm

Tl



L *#/$(6!$-1/(MIRSSa&€3!-#/-13$0)*$0!'(+3/(13$>3$66.+&I#/613$>$/-$0(9!$2+(2$0!-+!*3$/-$!
i3/>.019%(.&8j1>+>) (/- +&6! b"++4/W./&IS-1/(MIRSSMEX&!/1*/)-.+&/3918+-$J1 @$!+&(9!
-$6-$01+&$!>/3/4$-$313$(/$0!-+! @ . &-$3*#. ((.&BF!.&.-./(1'(+3/(13$>3$66.+&M!%-1.61>+66. 2($!-#/-!
+-#$31>/3/4$-$36!6)*#1/61-.4F1-+1@.&-$3!*#.((.&8!6/-)3/-. +&IDK#.&0+IRSSWBI-$4>+3/(!
098/4.*61+'12$3&/(Al-+&!-#/-/331&+-1.8*()0$0 1.&!-#$14+0$(Ib<#$@!$-1/(MIRSTRC!*+)(0!
*+8-3.2)-$1-+1426$32501%(.&/(12/3./- +&). &' (+ @ $3.&8!-. 4! &!&/-)3/(1>+>) (/- +&6D</ *$0+!
RSENIK-.&*#*+42$1$-1/(MIRSSRIO!. &' ()$&*$!(.'$I*9*($6!-+1/1(/38$3!$=-$&-M!
X)313$6)(-6!/00 16)>>+3-1-+14+)&-.&8!$2.0$&8*$!.&!-#.616>$*.$6!-#/-10+34/&*9!
($2$(6!.&'()B&*S!(.'§*9*($!>#$&+(+89!/&0!($&8-#b<#./&81$-1/(MIRSTRMIL +&-$6 32633 +!
$-I/(MIRSTRMI7 *+IRSTRMIG++-.--1$-1/ (MIBS T 4¢>3.4/3910+34/8*91($2$(16-3+&8(9!
&()B&*S0I-H#$!(.'$I*O*($1$=>3$66$0! @ .-#.&!/1>+>) (/- +&!/&OI-#$1&) 42$31+'18$&$3/-.+&6!
*+4>($-$0!.8!/19$/3M15)3-#$3J1+)314+0$(6!/83$$! @ .-#1-#$!>3+>+6 - +&I-#/-16+4$!
8$&+-9>$6!+ 1. thalianal4/9H/2$18$&S$3/- +&!-.4$6!+1)>1-+1a ;[19$/36].&!&+3-#$3&11)3+>S!
b:)&0$4+1$-1/(MIRSS\MIB$*/)6$!+'1-#$16#+3-183+@.&8!6$/6+&!.&1X)()13$(/-. 2$(9!(+ @!
0+34/8*91($2$(6!%/&16-.((13$6) (-1 &18$8&$3/-. +&I-. 456! (+&BS3I-#/&!+&$19$/310$6> HEB!'/*-!
-#-1@$/3$!(.D$(9!)&0$3$6-.4/-.&8!(.'§ *9*($!($&8-#129!'+*)6.88!+&!6$$0109&/4.*61+&!-#$!
6+.(16)3/*$!h.c. | @$!+&(0!4+0$(1>#96. +(+8.*/((910+34/8-16$$06 J1&+-16$$06!-#/-1/3$!
0+34/&-12$*/)6$!+'12)3./(cM
:/6-(9J1+)313$6)(-6!6)88$6-I-#/-1-#$1+26$32$0!]+3-#1-+1K+)-#10+34/&*91*(.&$!.&IA.

thaliana'4/912)"$31-#$I$"$*-1+'1$&2.3+84$&-/(12/3./2.(-OH+&I ('S  ;*0*($!($&8-#b<+&+23$3!

Z!



[&OIK*#) (-AIT\UMII'+31$=/4>($6!H3$80-1/&0!P. (6+& TW\mI<+(/)--.1$-1/(MIRS S\ "#5!
0+34/8*91*(.&S$!.6!>3$0.*-$01-+1>3+0)*$1/&1/&&)/(1(.'$I*9*($1/-1/(("+)3!6.-$6J13$0)*.&8!
0."$3$8*$61.&!(.'$*0*(B!($&B-#1/*3+66!$&2.3+&4$&-6EMIN$*$&-(9!(/-.-)0.8IR/84/8&1$-!
[(MIRSTIR&O!/(-.-)0.&/(! b5$3&~&OBA/6%)/(1$-1/(MIRSTaO+34/&*91*(.8&$6!.&!-#$16/4$!
0.3%*- . +&IH#/2$12$$&!'+)&0!. &I+-#$316>$*. $6!6)88$6-.&8!-#/-1-#.614/912$!/1*+44 +&!
A$H/&.BAHI('S *9*($IF+&-3+(1/*3+661(/-.-)0$6M!1%&!6)4]1%/3$") (HBD!+&10+34/&*91.&!

#.616>$*.$614/91)&-/&8(S!-#$!*/)6$6!+'1('$ ;*9*($12/3./-.+&M

Model Applications
"#$14+0$(.&8!'3/43@+3D!@$!0$4+8&6-3/-$!#$3$!1*/&!*3$/-$!>3$0.*-.+ &6 !+ @#. *#!
$82.3+84$&-613$2%/(1/8&0!@+#.*#14/6D!8$&S-.*10."$3$&*$6J!1>3+2.0.88!/&!)&)6)/(1-+(!'+3!
>3%0.*-.&8!$&2.3+8&4$&0$>$&0$&-185&+-9> . *1$"$*-6MI"#.6!.6!.4>+3-/&-1?$*/) 6 $!-#$!
$82.3+84&-1#/612$$&!'+)&0!-+16-3+8&8(9!.&' () S&*SI-#I>HS&+-9> *1*+&B6SQ) S&*$!+'1/(($(.*!
2/3./-.+&M!5+31.&6-/&*$. & thalianall4/&9!'(+ @$3.&8!/&0!8$34.&/-.+&!V":6!/3$!
$82.3+&AB&: 6>, H1P+-#1.&1*+&-3+(($0!$&2.3+&4$&BH-@$((!$-1/(MIRSTSMIN)/&8!$-1/(M!
RSTSmM!:.!1$-l/(MIRSEBLE.$(0!$=>$3.4$&-61bP.(*A$D!$-//(MIRSS\m!z83$&!/&O0!IK*#$46D$!
RSTRM!5+)3& $2$(1$-1/(MIRSTHE%&!-#.6!6-)09J! @$!>3$0.*-1/(($(.*12/3./-.+&!.&!1>3.4/39!
0+34/&*91($2$(1-+!#/2$!/1(/38$3I>#$&+-9> *1$"$*-1. &1&+3-#$3&!6.-$6!-#/&!6+)-#$3&!6.-$6 M!
BOI>3$0.*-.&814)(-.>($I>H#$&+-9>$6J1-#.61/>>3+/*#1%+)(01/(6+1/.01.8!)&0$36-/&0.&8!
8$+83/>#.*1>/--$3&6!+'1*+,2/3./-.+&!/4+&8!-3/.-6!/&0!-#$.313$(/-. + &6#.>1 @ .- #!

$&2.3+84%8-1(12/3./- +&M!5+31.&6-/8&*$J14+0$(.&814/91#$(>1)&0$36-/&0!-#$13$*$8&-(9!

N



0$6*3.2$0!(/-.-)0.&/((9 ;0$>$80$&-13$(/-. +&6#.>6!/4+&8!' (+@$3.&8!-.4$J!16$$0!0+34/&*9J!
1&0!83+@-#!3/-$!.&!-#.6!16>$* GbC$?.9)!3-/(MIRSTMC

UGS+ &6+ 1>3$0.4-15($.+-3+> S $-61+1/(($(*g>/3/4$-$31*#/88$6!+&!
6)?6$Q)$&-!(.'S 6-/8$!-3/&6.-. +&BMI7($.+-3+>91+*) 36| @#$&!/16.&8($!/(($($!.&' () $&*$6!4+3$!
-#1&1+&$!-3/.-MIP#.($!-#.61*/&!+**)31-#3+)8#!/10.35*-1$"$*-1+'1-#$18$& P! +&! ?+-#!-3/.-6 ]! .-!
*(&U(6+14%%) 312$*)6$1+&$!-3/.-1*#/8&B$6!-#$I$8 2. 3+8AS&-1-#/-10$-$34.8$61/16) 26 $Q) $&-!
>(/6-%1-3/.-MI"#.61s$&2.3+&A4$&-/((9.80)*$01>($.+-3+>9hC+&+#)$!RST[LH!
[**+44+0/-$018/-)3/((91?9!-#$16-3)*-) 3$!+'1-#$!. &-$83/-$014-+0$(M!5+3!. &6-/&*$I1-#$!
4+0$(!+" A. thaliana!>3$0.*-6!-#/-1*#/&8%$6!.&!6$$0!0+34/&*9!@.((!/(-$3!-#$!/4+)&-!+']

- 4$16>$&-1.&!/((1-#3$$!(.'$!6-/8$6!/&0!")3-#$316)88%$6-6!-#/-1350)*-.+&6!.&!3$>3+0)*-. 2!
>$3.+0!@.((I*+4>$&6/-$!'+31.&*3$/6$6!.&!2$8%-/-.2$!>$3.+0!0)$!-+!1.&*3%$/6.&8!"(+3/(!
3$>3$66.+&!($2$(6MHK($.+-3+>9!/&0!*+4>$&6/-+39!3$6>+&6$6!?$- @ $$&!(,&/8$!
($&8-#6!@$3%$!3$>+3-$0!'3+41/138*$&-!".$(0!$=>$3.4$&-| @A#thalianalb<#./&8!$-1/(M!
RSTRd!

:/6-(9J1-#$6$14+0$(6!/35! @$((16).-$0!-+1$&*/>6) (/-$!.&0.2.0)/( ; ($2$(-3/.-!
2/3./-.+&J1/6!@$10+1#$3$!29!.&*()0.&8!28./&*$!.&!.&../(10+34/&*9($2$(MIK) *#12/3./- +&!
*/&I>(/91/&1.4>+3-/&-13+($!.&!1+38/&.64/(16)**$66I1>/3-.%)(/3(9!.&!3$6>+&6$!-+16-+*#/6-.*]
$&2.3+&4%&-/(12/3./-.+&!bB3+@&!/&0Y$&/?($! T\'_m!K.4+&6!RSSZcM!%&!6)4J!.&-$83/-.&8!
>#$&+(+89!4+0$(6!>3+2.0$6!&+2F(I1>83F$*-.236!+&!-#$!3$(/-. +&6#.>1?$- @ $$&!85&$6!/&0!

$&2.3+&43&-M



Future Directions

"#PI>HSE&+(+8.%/(14+0$(6!.4>($45&-$0!#$3$!/3$!.&-$&0$O0!-+!2$!>/3-1+'1/&!
~$3/-.2$14+0$(.&8!>3+*$66M!/6!D&+@ ($08$!+'1)&0$3(9.&8!0$2$(+>4$&-/(1>3+*$66$6!/&0!
?/*D83+)&0!6>%*.".*1$" $*-6!83+@6!-#$9!@.((!?$!3%".&$0!/&0!.4>3+2$0M!%&!'/*-JI-#$!
'(+@$3.8814+0$(1)6$01#$3$!#/6!/(3$/09!1 2$$&!/)84$8&-$0!-+1.&*()0$!/00. . +&/(18$&S-.*!
$"$*-6!b<#$@!$-I/(MIRSYRE+)8#!-#$6$!/00.-.+&6!0+!&+-1Q)/(.-/-.2$(91*#/&8%$!+) 3!
3$6)(-6M!P#.($!16$2$3/(1>3+*S@B$H/-14/91>(/91/13+($1.&1(.'$I*0*($6! @$3$!+4.--$01#$3$J!
6-/3-.&81'3+416.4>($314+0$(6!'/*.(.-/-$6!.8-$3>3$-/-. +&!/&01*3/-$61/1&) (1 2/6$(.&$!'+3!
*+4>/3.6+&!@.-#!4+3$!*+4>($=12$36.+&6M!

H6!@3%$!4+23!'+3@/30J!-#$!&$=-16-$>!.6!-+!/)84$&-!-#$!8$34.&/-.+&!'+34) (/-.+&6J!
-$6-14+0$(1>3$0.*-.+&6!$4>.3.*/((9!)&0$316$/6+&/((9!2/3./2($1*+&0.-. +&6!)6.&8!8$&+-9>$6!
-#/-10."$31.&!>#96.+(+8.*/(16$&6.-.2.-.$6J!/&0!$=>(+3$!8$&+-9>.*I' -&$66!8.2$&!
$82.3+&4$8:0$>$&0$&-16)32.2/(1/&0!'$*)&0.-IMIND>+-#$6$616)88$6-$0!29!-#$14+0% (!
*[&1?7$!-$6-$0!@ .-#!]%:6!.&!-#$!<+()4?./1?/*D83+)&0!@.-#!/(($($6!.&-3+83$66 $0!-#/-1/(-$3!
'(+@%$3.&8!+318%$34.&/-.+&!-.4 . &8M!%&!>/3- %) (/3J1$=>(+3/-.+&6!+'#+@!6$*+&0/39!0+34/&*9!
*0*(.&8h.e.14$*#/&.646!-#/-1*#/&8$!0+34/&*91($2$(6!?/6$0!+&!-#$!$&2.3+&4$&-!/'-$3!
0.6>$36/(Cl/"$*-6I>H#S&+(+8914/912$1>/3-.%)(/3(9!.&'+34/-. 2SM!:/6-(9J12$*/) 6$1+)31%) 33$&-!
D&+@($08%!+'16$$0!09&/4.*6!.&!-#.6!6>$*.$6!.6!$=-3$4$(9!(.4.-$0J!-#$!".-1+'1-#$14+0$(!.6!
4+6-(91/66$66$012./12$#/2.+31+'1/2+2$83+)&0!(.'$!6-/8$6M!</3$') (10$4+83/>#.*1@+3D!-#/-!

(.&D610.6>$36/(1/8&0!8$34.&/- +&I>#$&+-9>$6!@. ((12$1*3.-.*/(1-+1')-)3$!13$". & $4$8-6M

\S!



"4#.614+0$(10+$6!&+-1/003$66!-#$!>+-$&-./(1.&' () S&F*SI+'1?.+- *. &-$3/*- +&6I+&I-#S$!
$=>3$66.+&'I>#$&+(+89!b1(A.&8/!$-1/(MIRSSZMINS2.((/!$-1/(MIRST[CJIV/&O!-#.61+"$361/13. *#!
[3$/1'+31)-)3$10$2$(+>4$8&-MIN+ @ $2$3J1/616)88$6-$0129!P+(D+2.*#1$-1/(MIbRS Tac!>(/&-6!
+-$&)BY?.+- %) $61-+169& H3+&. A$I+31/2+.01.&-$3/*- . +8&61 @.-#1+-#$36 116 +14+0$(.&8!
$"$* -B1+'1/2.+- 415 +361*+)(01>3+2.0$!.&'+34/- +&I+&!-#$.31*+33$6>+&0.881*+&6$Q) $&*$6!
43174 51, &-$3/*- +&610B3/#.15-l/(MIRSTRCMIE (- 4/-$(9J1.&*+3>+3/-.&81$=>(.* .:6&S3/ *]
0$&6.-90$>$80$&-!1>3+*$66$6!@+)(0!2$!&$*$66/39!-+1')((9!1$=>(+3$!-#$6$!09&B1!/&0!
6>$*.$61.&-$3/*-.+&6!*+)(01?$1/003$66$01291(.&D.&8!%: <14+0$(61+'10."$3$&-16>* $6M!

"H#$18$8$3/(1.&-$83/-$0!/>>3+/#1+'1(.&D.&BI>H$&+(+8914+0$(6!/*3+661(.'$!6-/8$6!
*+)(012$1/>>(.$0!-+1/8&91+38/& .64 @#+6$!(.'$1*9%($!.6!3$8) (/-$01291$&2.3+&4$&-/(!'/*- +36M!
P$I#+6$!-+14+0$(1/&!+38/&.641 @# . *#1*/812$1$/6.(91$=>$3.4$&-/((9!4/&.>)(/-$01/&0!

431 @# HIA)HBS&S- ¥ &'+34/- +&1$=.6-6J1?)-1/83+&+4.6-61#/2$1?).(-16)**$66") (14+0$(6!
HI>HB&+(+891'+31&)4$3+)61>(/&-1/&0!. &6$*-16>$*.$6!@.-#+)-10$-/.($018$&S-.*!

D&+@ (B8SM!BS*/)6$!+'1-#.6!'($=.2.(.-9J1-#$!.&-$83/-$014+0$(.&8!/>>3+/*#1*+)(012$!)6$0!
~+1>3$0.%-1>+>) (/- +&1+316>$*.$6!3$6>+86$61-+1")-)3SI*(.4/- *1*+&0.- +&61+31-+1/.0!
>3$0.%- +&6!+1@#.*#16$/6+8&/(1$&2.3+8A4$&-/(1'/*-+361/3$14+6-1(.D$(9!-+1.8'()$&*$!
>/3-%)(/3! ($!6-/18$6M!:/6-(9312$*/)6$1$=>$3.4$8-616-)09.&8! @#+($!('$*9*($6!/3$!
$=-3$4$(9!-.4$;*+&6)4.&81/&OI*#/(($&8.88J1)6.&8!/14+0$(.&8!/>>3+/*#1'. 36-1*+)(O!

6)88%$6-1#9>+-#$6$6!-#/-1*/&!-#$&!?$!-/38$-$0!'+3!-$6-.&8!.&!-#$!".$(OM

\T!



| 'The EI"#$%&"(")(S!"#$!"$1%&"% nnual "#$%&' ()*+(
I"HB06& ()*+$, +- H($/SOL+ (2+& *+-$&*(&3'/+,$%+- lasticity!

35:./"8+:3/5!:/19252 9+25+2 |
K$&S$6*$&*$II/-1-#$10$4+83/>#.*1($2$(J!.6!4$/6)3501/61/10$*(.&$!.&16)32.2/(1b+3!
'$3-.(.-9C!@.-#1/8$!.&!/18.2$8!$&2.3+&4$&-!/&0BI+26$32$0!.&14/8916>$* $6!/*3+661-#$!
-3$$1+'1(.'$1b0O+&$6!$-I/(MIRST[M!])66$9!$-/(MIRSTRH! .-1.61*$3-/.&(9!&+-1)?.Q).-+)6!
>/3-%)(/3(91.&!1>(/&-610B/)0.6*#1$-1/(MIRSTAGI"#.61/-I' 36-16$$4616)3>3.6.88!'3+41/&!
$2+()-.+&/391>$36>$*-.2$12$*/) 6$! @$!4.8H-1$=>$*-16-3+&B8I6$($*-. +&!'+31+38/8.646!-+1(.2$!
18&013$>3+0)*$!'+31(+&8$31/&0! (+&8$3!-.4$1>$3.+06MIB)-1/61.&.- /((9'&+-$0!?9/L$0/@/3J!
H$16. ASI+1/1?.3-#1*+#+3-1.8$2.-/2(910$*(.8&$6! @ .-#!/8$!bL$0/@/3I T\URCJI!/&!+26$32/- +&!
@#.*#1>3+2.0$61-#$12/6.6!'+31%(/66/(1)&0$36-/80.&8!+'1-#$1$2+()- . +&I+'16$&$6*$&*$!
b3$2.$@$0!.&!5(/--/&0IK*#4.0-IRSS\MIN+/*#IRSSacM!I"#$!3/3.-91+'1+(0$31.&0.2.0)/(6!4$/&6!
12904/ &*$I10$($-$3.+)614)-/- +&6!-#/-1. &*3$/6$14+3-/(.-91+310$*3$/6$!'$%)&0.-91.&!
+(0$31.&0.2.0)/(61*/&!8+1-+1" =/ - +&!bd4)-/-.+&I/**)4)(/-.+&eCl.&I/1>+>) (/- +&MIK.4.(/3(9J!
8$&S$- M &BS6!-#/-1'/2+)316)32.2/(1+313$>3+0)*- +&!/-19+)&8$3!/8$6!/- - #$I$=>$&6$!+'!
(I-$316)32.2/(1+3!3$>3+0)*-.+&!Dd/&-/8+&.6-*I1>($.+-3+>0ec! @.((12$!/2($!-+!6>3$/01. &!-#S!
>45) (/- +&172$*/)6$16$ ($*-.+8&1.61&+-1/616-3+&81.&!(/-$31*+#+3-61DP. (/46 T\UZCMI%&!
/00.- +&J13S*$&-14-+0$(61291B/)0.6%#1#.8H#(.B#-1-#$.4>+3-/&*$1+'1-3/0$ ;+"617$-@$$&!

6)32.2/(!1/&0"'$*)&0.-9!.&10$-$34.&.&8! -#$!0.2$36.-9!+'16$&$6*$&*$!>/--$3&6!+76$32$0!

\R!



bB/)0.6*#IRSS CMI%&I-#.6883! @$!+)-(.&$1H+@16$/6+8/(1$&2.3+84$&-6!/&0!-#$6$!-3/0$
+'614/91.8'()$&*$!>/--$3861+'16)32.2/(1@.-#!/8$M!

K$4$(>/3+)6!>(/&-6J @#$3$!3$>3+0)*-.+&1.6!'/-/(J1/3$!/1)6$") (1696-$4!'+ 3!
$=>(+3.&8I-HSI>+-$&-./(1.4>+3-/1&*$1+'1-3/05+"6).&!>(/&-16$&$6*$&*$12$*/)6$]).&16+4$!
63865J1-#$913F'($*-1-#5I$=-3$4$!+'1-#$1-3/0F!*+&-.&))4F12$391#.8#135-) 3&6!+1'$3-.(.-9!
[3$1-#+)8H#-1-+13$6) (- &I(/*DI+'1.&2$6-4$&-1.&16)32.2/(1/&0!-#$3$+3$!'+31$=-3/+30.8&/3.(9!
#.8#13/-$61+'16$8$6*$&*$Ibf+) &8I T\SCMIN+ @$2$3J!13$*$8- 1356 $6IBBS6-6!-#/-1-#$!

-4 881+ 1-#$1+&6$-1/&013/-$1+'16$8$6*$&*$!*/&12/391$2$&!'+316$4$(>/3+)6!>(/&-6MI5+3!
&B-1&*$I16+ABI6>$* $610+1&+-16-+>I>H#+-+69&-#$6.A. &8! @HS&I-#$917$8.&!3$>3+0)*.&8J!/6!
@+)(017$1$=>$*-$01.'1>(/&-61/((+*/-$01/((13$6+)3*$6!-+@/3013$>3+0)* +&!)>+&! (+@$3.&8M!
%&1'[*-16+4$I6$4$(>/3+)6!>(/&-6!8/.&1-#$I4/W+3.-91+'1-#$.31*/32+&I @#. ($!-#$9!/33!
3$>3+0)*.&8!bHE*#/&!/&0!7'/&AIRSSam!1/3($9!$-/(MIRSS\m!,/44$(2.&0!$-1/(MIT\\_cM!
"#$3$'+3$J1$2$&! @ .- #.&1/16$4$(>/3+)6!(.'$1*9*($I1*+&-.&) $0!/?.(.-91-+1692.2$!b0$(/9$0!
+&6%-1+'16$8$6*$8*$C!@. (1) (-.4/-$(91*3$/-$14+3$13$6+)3*$6!"+313$>3+0)*-. +&!I/&0!-#)6!
83$/-$31'$3-.(.-IMI%&!6)4J10$6> -$I-#$!'/*-1-#/-13$>3+0)*-. +&1.6!'/-/(1.&I6$4$(>/3+)6!
+38/&.64611-#$53$!.6!6-.((1-#$!>+-$&-./(I'+316H($*- +&!"+31(/-$3!+ GBS BLS6*$&*$! +31*#/8.8$56!
&16$&$6*$&*$!>3+83$66.4+&M

K$/6+8&/(1982.3+8AB&1(12/3 /- +&I* &I +) &-$3I6F($*-.+&!'+3! (+&8$313$>3+0)*- +&!
/&010$(/9$0!6$8$6*$&*$M1182.3+&4$&-/(1*+&0.-.+&6!/3$!&+-16-/-.*1.&1&/-)3/(!

$82.3+&A4AB&-6J1/&01*+&0.- +&B61-#/-1($/01-+1(+@!6)32/(1+'13$>3+0)* &8!>(/&-6!hr.g.'3+6-6!

\a!



&1@.&-$3J103+)8#-1"+&0.-. +&61.&16)44$3C!+**) 3@ .-#1#.8#1>3$0.*-/2.(.-91.&I6+4$!
#12.-1-6MI"#$6S!*#/&8$6!.&!-#$1$& 2. 3+&A$&-1*/&16#.'-14+3-/(.-91/&0!'$*)&0.-9!3/-$6J!
>+-$&-./((91*3$/-.&8I$8&+34+)BI6$($*-.+&I-+*+4>($-$3$>3+0)*-.+&!@.-#.81/18.2$&!-.4$!
#+3 A+EMI"H#$3$+3B1-#SI$& 2. 3+8AB&-1¥/&1*+)&-$3/*-16F($*-.+&!'+31 (+&8$313$>3+0)*-. 28!
>$3.+06M!

"H#$I($&B-#I+'1- 4$1/1>(/&-1#/6-+13$>3+0)*$1.616-3+&8(91.&'()$&*$0!?9!-#$!-.4.&8!
+1'(+@$3.&8M!"H#)6!' (+@$3.881-. 481*+)(01/(6+!6#+$1-#$I*+&0. - +&610)3.&8! @#.*#!
3$>3+0)*-.+&Ib/&016$&SE*$&*$C!+**) 3RYBH/30-I1$-1/(MIRSTMI%&-3.8).&8(9J18$&$-.*1*3+66
-/(D!#/617$$&!'+)8017$- @ $$&IBS&S6!-#/-1.&' () $&*$!'(+ @ $3.88!-.4$!/&0!-#+6$!.4>(.*/-$01.&!
6S&SE* S BI/-I-HS @#+($13+6$--$!($2$(IbP . &AREBI TCMIB$S/)6$!' (+@$3.88!-.4$!6-3+&8(9)!
0$>$&06!+&18$34.&/-.+&!-.4$!'+314/891/8&)/(16>$*. $6J18$8S$- . *I+31$82.3+&4$&-/(!

213 /- +&1-#-1.8'()$&*$618$34.&/- +&!-. AS1*+)(0V/(6+.&'()$8*$!16$8$6*$&*$100& /4 *6M!"+!
+)3ID&+@ ($08$!&+!+8&$!#/619$-1$=>(+3$0!-#.6!>+66-IN1"$3$! @$!6)88$6-I-#/- Tcl-#$!
$&2.3+&A$&-/(1*+&-$=-1+'13$>3+0)*-. +&I/&OIRC!-#$I>HS&+(+891+'1>3$2.+)6!(.'$16-/8$614/9!
*+8-3.7)-$1-+1+26$32$0!6$8$6*$&*$I>/--$3&6!. &I6$4$(>/3+)6I1/&&)/(1>(/&-6M

C)$!-+1-#$.318$8S-.*1/801$=>$3.4$&-/(1-3/*-12.(.-9I1>(/&-6!>3-2.0$!/&!1)&>/3/(($($0!
+>>+3-)&.-91-+-$/6$I/>/3-I-HSI+4>($=1"/*-+361-#/-10$-$34. &$I-#$I3$ (/- +&6#.>12$-@ $$&!
$&2.3+8AB&-/(1*+&-$=-1/8016$&S6*$&*SMI%&!-#.61*#/>-$3]| @ $!)6$!/&! . &-$83/-$B{ (S
4+0$("'+3! A. thalianal-+1.(()6-3/-$l#+@16$/6+8&/(1/&018$+83/54.%12/3 /- +&I/&O1>H#$&+(+89!

BH/>$1-#516. AS!+1-#$! @ . &0+ @ !+'1+>>+3-)&.-9!'+313$>3+0)*-. + &M "#$6$13$6) (-616)88$6--#$!

\[ !



>+-$&-./('+3!-#$1$&2.3+&4$&-!-+14$0./-$!4$*#/&.646!)&0$3(9.&8!6$&$6*$&*SM![$=-1@ $!
3$>+3-1+&!13$*$&-13$6$/3*#!.&-+14$*#/&.646!+'16$4$(>/3.-80!-.66)$ ;6>$*." *16$&$6*$&*$!
>3+*$66$6J!#.8#(.8#-.&8!-#$!$&2.3+&4$&-/(10$>$&0$&*9!+'-#$6$!14$*#/&.646M!IPS!* (+6$!
?91+)-(.&.&8!&$=-16-$>6!.&!$2/()/-. &8!-#$!4$*#/&.646!?79! @#.*#!-#$!$&2.3+ &4 $&-!

&'()$&*$6!-#$1$2+()-.+&!+'16$&$6*$&*HM!

92;27<0./89!<705:9!0 90!, ["27'6/.1:=2!
2513./5;25:07!"2<25" 25+21/6192529+25+2 !

K$4$(>/3.-91b/(6+D&+@&!/614+&+*/3>91.&!>(/&-6CII+3/1(.'$I#.6-+39! @#$3$!
3$>3+0)*- +&1.61'/-/(J18S&S3/-$61/1%(/66.*('§#.6-+391>/3/0+=| /4+&-1<+($!".36-!
6)88%$6-$01. &I T\U[!-#/-16$4$(>/3.-9113/-#$3I-#/&1.-$3+>/3.-9104) (- >($!3$>3+0)*-. 23!
2+4)-6CJ164#+)(012$1-#$18+34FI/16$4$(>/3+)61>(/&-1+&(91&$FS06!-+1>3+0)*$1+&$!4+3$16$$0!
H&VI&) -$3+>/3+)61>(/&-1-+14]-*#1 -613$>3+0)*-. 2$1+)->)-Ib<+($I T\U[CM!$-J12+-#1(.'$!
#.6-+3.$61*/&17$1+26$32$0!. &1&/-) 3SMI<#/38+21/&OH/$"$31 356 +(2$0!1-#$!>/3/0+=J!
>+ .&-.&81+)-1-#/-16)32.2/(1+'1/0)(-6!.814/&916>$* $6!.61#.8#$31-#/&16)32.2/(1+'TW) 2$&.($6m!
“+86$Q)$&-(9J13$-)3&6!'3+413$-/.&.&8!/0)(-6!/3$!83%/-$3!-#/&1>3+0)*.&8!+&$1$=-3/16$$0!
bT\ZacM!"#.6!-#$+39!6)88$6-6!-#/-1-#$!$&2.3+ & &! @#.*#1/16>$*.$6!.6!'+)&0!*+) (0!

& OB&*SI @HS-#$3).-1#/61/16$4F(>/3+)6!+31.-$3+>/3+)6!(.'$I*O*($MIH6!>3$0.*-$0J!
634$(>/3+)6!+38/&.646/351+'-$&1'+)&01.&!*+8&-$=-6! @#$3$!6)32.2/(1+'/0)(-61.6! (+@!6)*#!
/61.&1039!(+@ (/&06!bI.4!/&0IC+&+#)$IRSTTc!+31.&!(.1$9*($6! @.-#13.6D9! (+&8.6-/&*$!

4.83/-.+&1/6!.6!-#$!*/6$!.&!6/(4+&.0!".6#$6 Ib<3$6>.1/&0!"$+!RSSRCM!HO0.-.+&/((97!$2.0$&*$!

\U!



#/612$$8&)'+)&O01+13$>$/-$0!-3/&6.-.+&6!-+!-HSI6SA$(>/3+)B#/?.-1. &I/66+* /- +&1 @ .-#!
6$/6+8& 6>$*." *1*(.4/-$12/3 /- +&Ib12/&6!$-1/(MIRSSUCM
B$O+&0I-#$!.&-3.8).&BI$2+()-.+&/30!'/*-1+'1-#$.31$=.6-$&*$II-#$16.4>(.*.-O1+'1- #$!
634$(>/3+)6!(.'$I*9*($14/D$6!-#$41/1)&.Q)$!1356+)3*$!'+316-)0.$6!+'1('$ ;#.6-+39!$2+()-.+&!
b®&8!$-1/(MIRSSSM!I(.&D#/A$31$-1/(MIT\\_CMIL)*#1+'1-#.613$6$/3#1#/612$$&+&I-#S$!
$2+()-.+&I+1-#$- 4. &8I+ (+ @ $3.&BMI"H#$! ($88-#1+1- 4516>$& 1. &!-#$12$8%-/-.2$16-/8$!
2$'+3$!'(+@$3.&810$-$34.&$6! @#S-#$31/1>(/&-1.61/16$4$(>/3+)6!/&&)/(1btI TI9$/3c!+31/1
634$(>/3+)6!>$338&./(1bVITI9S/3CMIBS*/)6$!'(+@$3.&8!.6!'/-/(I'(+ @$3.&8!-.4$!.6!2+-#!
)&0$316-3+&816$($*-.+&!/&0!83&$3/((9!-#$13$6)(-1+'1/13$(/-. 2$(916-3/.8#-"+3@/30!-3/0$M!
"#$)(+&8$31.&0.2.0)/(6!(.2$!7$'+3$!'(+ @$3.&8J!-#$! (/38$31-#$9183+@ JI/&O0-#$14+3$16$$0
H$I>3+0)*$JI0)$!-+ /&Y ((+4$-3.¥13$(/-. +&6#.>173-@$$&!6.A$!/&0I6$$0!+)->)-!
bl(.&D#/4$3!$-1/(MIT\RCM!"+@$2$3J1."1-#$10$(/9!2$'+3$!'(+ @$3.&8!.6!-++!(+&8J1-#$3$!.6!/1
3.6D1-#/-1.&0.2.0)/(6!@.((10.$!@.-#+)-1$2$31#/2.&813$>3+0)*$0!bL$-*/('1$-1/(MIRSSacM!64)
8.2$&16)" * $&-10$4+83/>#.*10/-/1+&1/1>/3- *)(/316>$* $6J1-#$16. AS!/-I'(+ @$3.&8!%/&12$!
>3$0.%-$0!@.-#!*+&6.0$3/2($!/**)3/*9IbN$$6!$-1/(MIRSS_cM
H6!/16$4$(>/3+)6!>(/&-J1/&0!/1)&.Q)$(9!8$&S-.*/((9! @$((; *#/3/*-$3.A$016>$* $6!
Arabidopsis thaliana!>3+2.0$6-#$1-/&-1(.A.&81>+66.2.(.-91+'1(.&D.&BI-#$6$!$2+()-.+&/39!
>3$0.*-.+&6'bN$$6!$-/(MIRSS_c!-+!-#$!)80$3(9.&8!8$8$- *I14$*#/&.646!-#/-14$0./-$!-#$6$!
"&0/4$&-/(1-3/0$ ;+"61bLS-*/(&OIL.-#$(( ;X(06IRSS\CMIN+@$2$3J1$2$&!"+31/16>$*.$6!/6!

@$((1)&0$36-++0V/6A. thalianad-#$!*+4>($=.-91+'1-#$14/>1(.&D.&818$&+-9>$1-+I>HS&+-9>$!



*+4>(*/-$61-#.61$"+3-MI5+31.86-/&*$I1+&S$!/(($($10+$6!&+-13$6) (- &!+&$I>/3- %) (/3! (+@$3.&8!
>H$&+-9>$M!-#$1%)33$&-1$82.3+84$&-I1-#$!16$Q) $&*$I+'1>/6-1$82.3+84$&-6J1/&0!-#$18$&$-.*]
4+ &-$=-141-#$!/(($(B!b..1$>.6-/6 .61/ ((16#/>$)-#$!-.4.&81+'I'(+@$3.&8MIN$*$&-(9IBSS!
2+00!+'1$=>$3.4$&-/(10/-/1$&*+4>/66.884/8918$8+-9>$6!/80!$&2. 3+&A$&-61#/61 7$$&!
*+47.8$01.&-+14/-H#$4/- ¥/ (14+0$(6!-#/-1/((+ @!/*)3/-$1>3$0.*- +&!+''(+ @$3.88!-.4$!'+ 3!

/1513 - %)(/3!18$&+-9>$IDP.(*A$D!$-1/(MIRSS\CMIK 4. (/314$-#+061#/2$12$$&1)6$0!-+1>3$0.*-!
'(+@9$3.&8!.&!+-#816>$* $6!DK/-/D$!$-1/(M! R STRAUH -#$3I>H$&+(+8.*/(1-3/&6 .- +&616) #1/6!
8$34.&/-.+&bH(2/3/0+1/&0!B3/0'+30!RSSRC!/&0!1?)0?)36-1b<#).&$!/&0!B$/)?.$&IRSSTCM!
C)$!-+1-#$6%$!/02/&*$6JA. thaliana!.6!/&!.0$/(1696-$4!"+31$=/4.& &8#+@!>#$&+(+8.*/(!

-3/.-61")&*- +&I-+BS-#$3I-+! & [S&*SI-#S!-. 4B!/2/.(/2($!'+3Y  1>(/&-1-+13$>3+0)*$M

05135:2?7.0:2"17362 @>+721,"27:1'2A<7] 21<=25/71?> !

"+10$6*3.251-#$!(.&DI?$- @ $S&I>HS&+OIBO!-#$BI$& 2. 3+8AB&-/(1*+&-$=-164#/>.&8!
HBI$2+()-.+&I+16$&S6*$&*$I @ $I0$2$(+>$01/&! . &-$83/-$0I (S ($!14+0$(1-#/-1>3$0.*-6!
>H$&+(+891/*3+66!8$&$3/-.+&6!291(.&D.&8I4/-#$4/- */(10$6*3.>- +&6!+'#+@!8$34.&/-.+&J!
'(+@$3.&8J1/8016$$0!0.6>$36/(1>3+83$66 1G&*- +& ! +'I-#$1$&2.3+&4$&-1B) 38#/30-1$-1/(M!
RSTEMI"#$6$!>#$&+(+8914+0$(6!/3$!.&6>.3$017914+0$(6!+3.8.&/((9!)6$0!-+1/.01+3+>!
>3+0)*- +&IDP/&BIT\_SCMIL/-#$4/- */(1)&*- +&6!/3$!>/3/4$-$3. AS0!'+31/1>/3-.%)(/3!
8$&+-9>$1/&01/3$1)6$0!-+1%/(*) (/-$l10$2$(+>4$&- 12/6$01+&I-#$!$&2.3+84$&-M!:.'H-/8$!
-3/&6.- +&B6!+*%) 3 @#$&I-#$!+38/8.641/*%)4)(/-$61$&+)8#1>3+83$66!-+1*3+66!-#S!

0$2$(+>4$&-/(1-#3$6#+(OM!
\Z!



P$!(.&D$0!-#$6$!.&0.2.0)/(16)? ;4+0$(6J1>/3/4$-$3.A$0!'+3A. thalianal6)*#!-#/-1
-#$1-.4.&81+'16$$0!0.6>$36/(10$-$34 &$6!-#$!$&2.3+8&4$&-16$$06!$=>$3.$&*$!/&0!-#)6!
8%34.8&/-.+&!-.4%!b5.8)3%! TalJ!-#.30!>/&3$(!'3+4!-+>cm!8$34.&/-.+&!-.4$!10$-$34.&$6!-#3!
$&2.3+8&43&-13+6$--$6!$=>$3.$&*$!/&EB3$'+3F!"'(+ @$3.&8!-.455H8)3$! TalJI6$*+&0!>/&$(!
'3+41-+>cm!l'(+@$3.&8!-.4$10$-$34.&$6!-#$!$& 2. 3+&4$&-! . &! @#.*#!>(/&-6!3$>3+0)*$! @#. *#!
0%$-$34.&%$6!0.6>$36/(!-.4.&8!6.8)3%! TalJ!-+>I>/&$(cm!/&0!6+!+&!'+3!4/&9!85&$3/-.+&EM!
"#$6$14+0$(61/3$103.2$81791#+)3(9!$82.3+84$&-/(1.&>)-61-+1%/>-)3$1#+@!0.)3&/(!
2/3./-+&1/&0!$=-3$4$61.8'()$&*$10$2$(+>4$&-/(13/-$6'h6$IB) 38#/30- 1$-1/(MIRSTHB!
4+0$(!0%-/.(6¢cM

,B&S-.*12/3./- +&!*/&!?$.&*+3>+3/-$0!.&-+!-#$6$14+0$(6!?9!*#/&8.&8!-#$!
>/3/4%5-$36!8+2$3&.&8!#+@!/!(.'$!6-/8$!3$6>+&06!-+!-#$1$&2.3+&4$&-M!5+3!.&6-/&*$J!?9!
*#/&8.&8!-#$!>/3/4%-$3!-#/-10$6*3.7$6!6$$0!0+34/&*9J @ $!*/&!4.4 *ID &+@&!&/-)3/(!
2/3./-.+&!/4+&8!>+>)(/-.+&6M!5.8)3$! Ta/!6#+@6!-#3$$!0."$35&-10+34/&*9!85&+-9>$6!/((!
+**)33.&8!.&!-#3$!6/45!$&2.3+&4$&-1+'|+3@ . *#I!1 1 &8 (/&OM!"#$6 $!*#/&8$6&!0+34/&*9!
*|&I*)6$! (/3831 #/&8$6!.&!(.'SI*O*(SFI-#$! (+ @!0+34/&*918$&+-9>$!d3/>.01*0* ($6e!-#3+)8#!
4)(-.>($!8$&$3/-.+&6!.&!/19$/3]1@#.($!/14.010+34/8*918$&+-9>$10.6>(/96!/1*(/66.*!

@ .&-$I&&)/(I(.'$!*9*($!?9!8$34.&/-.&8!.&!-#$!'/((1/&O!' (+ @$3.&8!.&!-#$!6>3.&8M!"#$!4+6-!

0+34/&-18%&+-9>$!18$34.&/-$6!/&0!'(+ @$36!.&!-#$!6>3.&8!/6!/16>3.&8!/&&)/(M!
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5.8)3$! TalK)44/391+'.&-$83/-$01(.'$ ;*9*($14+0$(16-3)*-)3$1/&013$6)(-6!'+3!
8$&+-9>$616.4)(/-$0!.&!]+3@ *#J!11&8(/&0Mal:.&$6!.&!-#$IS/*#!>/&$(!-3/*D!>3+83$66!
—+@/306!8$34.&/-.+&J!'(+@$3.&8J!/&0!6$$0!0.6>$36/(!'+3!8$&+-9>$6! 35 ($*-.&8!-#3$$!
0."$3$&-!($2$(6!+'10+34/&*9!b(+@6+(.0F!(.8#-183$$&.J14$0.)40/6#$0F10/3D1*9/&J1#.84
0+)?($!0/6#$0F!&/29¢!-#/-| @$3$!0.6>$36$0!H>3M! TmM!6942+(6!.&!$/BUMEH+@'3$($2/&-!
$&2.3+84%&-/(103.2$36!'+31$/*#1(.'$!6-/8SMI-#$! 2+--+41>/&$(16#+@6!-#$1)&0$3(9.&8!
$&2.3+8A%&-/(1*+&0.- +&B6!-#/-1032$!-#$10$2$(+>4$&-/(1>3+83$661<+33$6>+&0.&8!
'(+@$3.&8!-.4$6!/*3+66!/1*+#+3-1+1TSSS!.&0.2.0)/(61/2$3/8$0!/*3+66!-#$!(/6- IR 186! +'1/!
[SI19$/316.4) (/- +&MIcI:.'$ *O*($!83/>H#6!6#+@.&81-#$!>3+>+3-.+&!+'1.&0.2.0)/(6!.&I$/*#!+']
#3$$ID$O!(.'$!6-/8$6!/2$3/8$0!/*3+66!-#$16/4$IRUIOS/36MIBES-/&*$!'3+41-#$I*$&-3F!+']
HBI* 35($1.80.4/-$6!-#$I>3+>+3- +&1+'1.80.2.0)/(6!.&!-#$13+6$--$1083$$&CII3$>3+0)*-. 23!
b8+(0cJ!/&0!6$$0!0?3+@&C!6-/8$61$/*#10/91+'1-#$19$/3100/&)/391.61/-1-#$lal+e*(+*DI>+6.-. +&!
1&01-#$19$/31>3+83$66$6!*(+*D@.6$CMIH((1>(SBHBSO0!6+!-#$!+)-$34+6-1*.3*($13$'($*-6!
TSSp!+'.&0.2.0)/(6M

E6.&8!-#$14+0$(1-+16.4)(/-$1$82.3+&A$&-/(12/3./- +&!/&0IBS&S- *12/3 /- +&-#/-!

+**)36!/*3+66!-#$!&/-.2$!3/&8$!+'A. thalianal!@$!*/&!0$3.2$!'(+ @ $3.&8!>#$&+(+89!+'!
\\ !



0."$3$&- A. thaliana!8$&+-9>%!.&10."$3$&-1$&2.3+&4$&-6H18)3$! Ta?cM!"#$14+03(1.6!
*[>[2($14+'1%/>-) 3. &B1-HE!') ((1++4>($=.-91+'16$/6+&/(1(.'$1#.6-+3.$6!1+76$32$0!.&!-#.616>$*.$6!
b:/@3$&*$IT\Z_m!IT+IRSTRMIP.(*A$D!$-/(MIRSS\CM!"#.610.2$36.-91+'1('$1*9*($6!3$6) (-61. &!-#$!
++9)33$&*$1+T (+@$3.88Y/-14) (-.>($!-.4$61+'19$/3'+ 316 +4$18$8+-9>$6!5.8)3$! Tarc!/&0!
6)88%$6-6!-#/-1-#$13$>3+0)*-.2$1$& 2. 3+&4$&-1*/&12/3917$-@$$&!.&0.2.0)/(6!+1-#$16/4$!
8$&+-9>$M

P$I4)6-18+-$1-#/-1-#$14+0$(14/D$6!&+1/66)4>-.+8&61/7+)-1$8&2.3+84$&
0$>$80$8-13$6+)3*$!/*Q).6.-.+&J16)32.2/(J1+31'$3-.(.-0!3/-$6!+'1-#$1+38/8.641+31-#$.3!
3$(/-. +&6#.> @#16$8S6*S&FSMINGISI+)318+/(1.61-+16$-16+4$16.4>($11*+86-/8&-13) ($61-#/-!
0$'.&$!H#+@!-#$16)32.2/(1+'13$>3+0)*-. 2$!>(/&-610$>$&06!+&!-#$1$8&2. 3+&4$&-!/&0!
0$-$34.&$!#+@!4)#12/3./- +&!.&I3$>3+0)*- 23! @.&0+@6!*/&!+*+)312/6$01+ &!-#$!

SHS&+(+8.4/(12/3 /- +&1$=>3$6$0!29!-#.616>$* $6M

"2635357198.13107!+. 3:2.30!6/.1.2<./"8+: 312!1"#
$%!1&'!(! m

"HI$=>(+3B16S($*-. +&I+&I6SLSE6*$&* S @$!/(6+1&$$0!-+1.8*()0$!.&'+34/-.+&I+&!
6$/6+&/(103.2$36!(.D$(9!1-+13$6)(-!.&!4+3-/(.-OMI"#$6$I*/&1 2$HEFBSH!6>$*.' *16)*#1/6!
'3$$A.&8!-443/&*$I @#. *#10$*3$/6$6!/-$3-#$!-3/&6 .- +&!-+13$>3+0)*- +&& thaliana
bN.*#-$31$-1/(MIRSTam!K$+1$-1/(MIRSS\cM!IB/6$01+&1/&!/33/91+'1$4>.3 . */(1$2.0$&*$!/&0!
$=>$3.$&*$!.&!".$(01*)(-.2/- +&I+"A. thalianal!@3$!6$-1>+B6+@$3.8814+3-/(.-91-+1+*%)31. 1

#9$14.8.4)410/.(91-$4>$3/-)38I'$((1?$(+@!  ;Uy<m!.'1-#$!/2$3/8$10/.(91-$4>$3/-)38!'$((!

TSS



2$(+@!Sy<!+3!1$=*$$0$0!aUy<m!/&O0!."*+&0.-. +&6!@$3$!039M!BS*/)6$103+)8#-1.61/1#3+&.*!
6-3$66+31-#/-1+*)361+2$314) (-.>($!0/96J!>3+83$66!-+@/30610$/-#1/+*)4)(/-$0!1$/*#10/9!
#/- 14+.6-)3$1*+&80.- +&6! @$3$12$(+ @ /14+.6-) 31- #3364+ (QRZUIL7/Cl/&OI3$6S-1-+ I A$3+!
@#$8$2$314+.6-)35! @/61/2+2$!-#/-1-#3$64#+(0M!I73+83$66! @ /6 /@BI$3/-)3$ :0$>$80$&!
18&016%/($012./1-#$1")&*- +&ISMSSUUUE"y<16)*#1-#/-1#.84#$31-$4>$3/-)3$61.&10391*+&0.- +&6!
(H0!-+14+3$!>3+83$66!-+@/3010$/-#M!7(/&-610.$01.'1-#$1*)4) (/- 2$16)413$/*#$0 TMIP$!
%)-14+"1/66$664$&-1+'13$>3+0)*-. 21 &-$32/(1/-I TUSI0/961>+63' (+@$3.&8J12$*/)6$!'. 23!
A+&-#6!+'13$>3+0)*-.+&!.6!)&(.D$(9!.&!-#.616>$* $6M!!

%&I3$/(.-9J1+'1*+)36$J1-#$6S!-+ EHE!4/91&+-12$1$=/*-MI5) 3-#$34+3$J1-#$91/3$!
(.D$(9!-+12/391/4+8&81>+>)(/-.+&6!/0/>-$01-+10."$3$&- ! (+*/-. + &6MI5+31.&6-/&*$J1&/-) 3/(!
>+5) (/- +&6!'3+41]+3-#$3&I*(AS6I$=H.? -1 &*3$/6$0!3+6$--$I*+(01-+($3/&*$! . &I*+44+&!
8/30$&!$=>$3.4$&-6!hz83$&!/&0IK*#$46DSERIRCMI%0$/((9J! @$!@+)(010$2$(+>1/16$-1+'
443-/(-9*+&0.- +&B61')((91>/3/4$-$3. AS0!'3+41" $(010/-/1'+3I$/*#1+'1-#$(+%/- +&61/&0! ('$!
6-/8$6J12)-10/-/6$-613$'($*-.&8I-#$1&/-)3/(1-+($3/&*$6+1 A. thaliana3$4/.8&!3/3$1bLS-*/("
I&OIL.-*#$(( : X(06!RSS\CIV&OI-#6!.&'+34/- +&!.61&+-1/2/.(I2(SMIN+@$2$312$*/)6$!+)3!
>)3>+6%$1.61-+1Q)/(.-/-.2$(91/66$66!b3/-#$31-#/&!Q)/&-.'Ic!#+@1$=-3$4$16$/6+&/(1*+&0.-. +&6!
-3/&6(/-$!. &-+16$($*-.+&I+&I6SES6*$&*$!. &1 2/6-(910."$3$&-I$&2.3+&4$&-6!/&0'+312$39)!

0."$3$&-18$&+-9>$611-#$6$($6!64+)(01>3+2.0$!6+4$10.6%3.4.&/-+39!>+@$3M

TST



C435"/49Dl6/.1.2<./" 8+:3/510+./99!:=2150 :3121.0572 !

182.3+8A%8-/(1"+&0.- +&B6!3$($2/&-1-+-#H. thalianal(.'$1*9*($!0."$3!/*3+6612+-#!
6>/-./(1/&0!-$4>+3/(16%/($6! bB)38#/30-1$-1/(MIRSTEM!"+12.6)/(.A$l#+@!4)*#!-.4$!.6!
121.(/2($V'+313$>3+0)*- +&! @ .-#+)-1.&*+3>+3/-. &BI-#$!. &' () $&*$1+1>#$&+(+89!/*3+66!
8$8%$3/-.+&6JI@$!)6$0!+)314+3-/(.-913) ($6!06$$!/2+2$C!-+10$-$34. & $!-#$14+3-/(.-910/-$6!'+3!
>(/&-612+(-. &BI+&IS/*#10/91+'1-#$19%/3MIP$10.01-#.6!'+31[S9$/31$82.3+&4$&H(135>(.*/-$6!
$=-3/%-$01'3+AI/18(+2/(1*(.4/-$14+0$(1"+ IS/ #1+'1'+)31(+*/- +&B6!/*3+66!-#$11)3+>$/&!
3/&8$I+'1-#$16>$* S6MIPS$!)6$0!*(.4/-$10/-/16>/8:&.&8!-#$19$/36|RSSBRSRS!'3+41-#$IHTB!
6+$&/3.+1.81%67<<I'+)3#/66$664$&-Ib]XHH ; 5C:IRSS[CMK$$!B)38#/30-1$-/(MRSTH+3!
0%$-/.(6!+&!$&2.3+&4$8&-/(16$3.98!P$!$=>3$66$0!-#$!3$6)(-6!.&!-$346!+'12+-#10/96!/&0!
-#$34/(1-.4$1/2/.(/2($!+313$>3+0)*-. +&MI"#$34/(1-. 43! @/6!%/(*) (/-$01/61/1(.&$/3!.&*3$/6$!
&IOS2B(+>4$8-1/2+2$1-#$12/651-$4>$3/-) 35!+ lay<M!I"#$34/(1- 4$14/912$ 1/&).4>+3-/&-!
43/6)3$17$*/)6$!-#$13/-$1+16$$010$2$(+>4$&-1+'-$&0$>$&061+&!-$4>$3/-)3$!
bH.&6@+3-#!/&0!X3-IRSTScJ!?)-1-#$514$/6)3$6!9.5(0!Q)/(.-/-.2$(9!6.4.(/3!>/--$386!6+ @$!
>3$6$&-13$6)(-6!+&(9!.&!1-$346!+'10/96M!

"#$1-.4.881+'103+)8#-J1'3+6-J1/&01$=-3$4$$/-1$2$&-6!-#/-1D.(($0!3$>3+0)*-.2$!
>(/&-6!2/3.$01*+&6.0$3/2(9!/*3+66!9$/3688)3$! T M!83$9!-3/*$6m!4$/&!/*3+66!9$/36!2(/*D!
(.&$cI1?)-1.&1/((16.-$6J1/13/&8$!+ (+@IR8!-.4$6!$=.6-$0!-#/-| @ +) (01>$34.-1-#$14/-)3/- +&!
+148$14+314+3$1'3).-6ID@#. *H#1*+&-1.&61/>>3+=.4/-$(9! TUI6$$06C!-+14/-) 35808)3$! T[m!83$9!

*)32$6!/2+2$!-#$10/6#$01# +3.A+&/(1(.&SCMIP .-#.&!-#.6!3/&88Ithaliana!>(/&-6!.&!

TSR



1+3@ *#J1188(/801/&0!/(($J!,$34/89! @$3$!>3$0.*-$01#/251-#$! (+&836-1b.&!-$346!+!
0/96C!+>>+3-)&.-91'+313$>3+0)*-.+&!5.8)3$I T[ cm!]+3@ . *#1#/01/1?73+/0$3!3/&8$!+'10/-$6!
@.-#14/=.4/(13$>3+0)*- +&I-H/&IN(($10)$!-+14.(0$3! @ .&-$36!/&0!($6616)44$3103+)8#-M!
%&!1X)()J!5.&(/&0J1'3+6-613$6-3.*-$016)**$66') (13$>3+0)*- +&!-+1(/-$!6>3.881/&0!6)44$3M1%&!
YI($&* JIIK> . &II-HSI(+BE6-1+>>+3-)&.- $6!'+313$>3+0)*-. +&1+*%)33$01$/3(9). &!-#$!6>3.88J!
161>(/&-6!"(+@$3.88.&!(/-$!6>3.881/&0!6)44$310.$0!Q).*D(9!0)$!-+103+)8#-!/&O0H$/-M!
"#$3$1/(6+16$$46!-+12$!/|@.&0+@!+'1+>>+3-)&.-9!'+313$>3+0)*.&8!.&I-#$!'/((1.&! Y /($&*./m!
#+@$2$31-#.6133(P$6!8$34.&/-.+&10)3.&8!-#$!6)44$31+316)32.2.&8!-#$16)44$31/61/!

3+6%--$!@#.*#!.61&+-1+?76$32$0!b7.*+IRSTRcM

7362@>+721<=25/7/?>1"2:2 ..352914=0:1</.:3/5! /6!
C435"/4D!39!892" I

"H$6$1*/(*)(/-$016$/6+8&/(| @ .&0+@6!'+313$>3+0)*- +&!/(+&S!@.((1&+-10$-$34.&$!
65($*-. & +&I6$8$6*$&*$I09&/4.*6!'+3A. thaliana).&!/1>/3-.*)(/31$&2.3+&4$&-! h!'(+@$3.&8!
18&018$34.&/- +&I>HS&+(+89!@. ((//(6+17$!.4>+3-/&-J12$*/)6$-#$910$-$34.85! @#$&!
0)3.88!-#$1@.80+@!-#$!>(/&-1@.((1/*-)/((9!2$8.&1-+13$>3+0)*$MIP$!)6$0!-#$!.&-$83/-$0!
4+0$(1+)-(.& $0/2+2$1-+16.4)(/-$H+@!$&2.3+&ASE&-/(1*+8&-$=-1/&0I8S&S-.*12/3./-. +&1.&!
6$$010+34/8*91*+47 &$!-+10$-$34.8$!-#.6!>#$&+(+8IM!!

P$16.4)(/-$0!) ((1(.'$1*9*($6!'+31[SI9$/36!-+!+72-/.&!'(+ @$3.&8!-. 4$6!+31$/#!
&0.2.0)/(1$/4H19$/31. &IS/HH (+4/- +&MIP$!+4.--$01-#$ I'.36-1TUIO$/361+'16.4)(/-.+&B!-+]

(+@'>+>)(/-.+&6!-+16-/?.( ASMIP$!-#$&!>3+WS*-$0!-#$1/4+)&-1+'1-.4$!1$/*#1.&0.2.0)/(!

TS4d



#101/2/.(/2(3"+313$>3+0)*-.+&Ib/&0!-#)6!6$8$6*$&*$C!8.2$&.!.-61>3$0.*-$0!' (+ @ $3.&8!-. 43!
/&01+)314+3-/(.-913) ($6MIH&!/33/91+'1$2.0$&*$!. & 0¥/-$6!-#/-10+34/&*91.612/3./2($!1$2$&!
"+31.0$&-.*/(18$&+-9>$6!/&0!-#$!4-+0$(135 ($*-6!-#.6135/(.-91bC+&+#) $1$-1/(MIRISEH -#/-!
$IHIBS&+-9>$].61>+-$&-./((913$'($*-$01291/10.6-3.7)-.+&I+10/961+'1'(+ @$3.88M!/&0! @ $!-#)6!
$=>(+3$1-#$10.6-3.7)-.+&!+'1-. 4$61/2. (/2($!'+313$>3+0)*-.+&!'+31$/*#10+34/8*918$8+-9>$M

"+ 1%/>-)BB1-HSI) (1 BIO* ($1/*3+6618$&$3/- . +&6-#$14+0$(1)6$6!/1-$4>$3/-) 3% ;
0$>$&0$&-16SS0A/-)3/- +&I")&*- +&1-+1>3F0 *-1-#$]-. 4. &8I+ 1-#$13$($/6$!+'1-#$!'. 36-I TSp!
+16$$06!bB)38#/30-1$-1/(IRSTEM!"#.61$806!-#$13$>3+0)*-. 2$!>#/6$J1/&0!.&../-$6!-#$!&$=-1
8$8$3/-. +&MIN$3$JI @3$!/3$!.&-$3$6-$0!. &I-#$1/4+)&-1+'1- 4$1/2/.(/2($!'+313$>3+0)*- +&!
b/&0!-#)6!6$&$6*$8*$C18.2$&!-#$!-. 4. &8I+ (+@$3.88/&0!-#$1$& 2. 3+&4$&/(1*+&-$=-J1/&0!
&t-1-H#$I6$S04/-)3/- +&! )&*- +&I-#]-1.61%)33$&-(91.4>($4$&-$OMIBS*/)6$!-#$16$/6+&//(!
4 &-$=-1+'1-#$1 (L BIOH($1/&/(AS616+4$1+'1-#$12/3 /- +&1.&18$34.8/- . +&!/&0!' (+@$3.&8!
SHE&+(+89J1-#$6$164/((1*#/88$6!.816$$0.6>$36/(I-. 45164#+) (01&+-1-++183%/-(9!.&'()$&*$!
HBI)((1('$1*9*($IV6!$2.0$8*$012914/-*#.8812$- @ $$&16.4) (/-$0!('$1*9%($6!/&0!+26$32$0!
('$1%9*($6!bB)38#/30-1$-1/(NRSTEMI!

182.3+8A4%8-/(12/3./- +&12%-@$$&!6.-$61#/01/1(/38$!.&' () $&*$I+&I-.4$1/2/.(/2($!'+3!
3$>3+0)*-.+&JI/&0!-#)B!-#$!+>-.4/(16$&$6*$8*$!6-3/-$89M8) 3$! TU!6#+@6!-#$!
0.6-3.2)-.+&!+'1-.4$61/2/.(/2($!'+313$>3+0)*-.+&!'+3!/I(+ @!0+34/&*918$&+-9>$16.4)(/-$0!
[-1((1+)316.-$6MI5+31-#.618$&+-9>$JI Y/($&*./1>3+2.0$0!-#$!'$ @$6-10198!3$>3+0)*- . +&!

@#$3$/6!]+3@. *#1>3+2.0$0!1-#8$14+6-M!B-+-#14/(($1/&0!X) () 1#/012.4+0/(10.6-3.7)-. +&6!+'T |

TS
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5.8)3$! T[F1&2.3+&4$&-/((9!0$-$34.&$0!i3$>3+0)*-.2$!@.&0+@6]J!.M$SMJ!0/96!
121.(/2($!'+313$>3+0)*-.+&! '1/&!.&0.2.0)/(|@$3!-+! '(+@$3!+&!I$/*#10/9J18.2$&I-#$!
166)4>-.+86/2+)-1/-/(1$&2.3+&A$&-/(1*+&0.-. +&610$6*3.7$0!.&!-#$!-$=-J1/&01)6.&8!
$&2.3+8AB&-61.&IS/HI+1-H#BI'+) 3 (+%/- +&61$=-3/*-$0!'3+41/18(+2/(1* (. 4/-$14+0S(MI L/*#!
83$9!(.8&$!6#+@6!/10."$3$&-19$/310+)-1+'1/1-+-/(1+'1[SIOF36.C!/&0!-#$!6+(.01(.&$!.&0.*/-$6!-#$!
A$/&MI"HS10/6#S01H+3 At+&-/(1(.&$!.&0.*/-$6!-H#$!/4+)&-1+'1- 4$I&SS0$0!'+31/-1($/6-1+&$!
'3).-1-+14/-)3$10+&$! A. thaliana!'3).-*+&-1.&6!TS;RS!I6$$06CM

TSUW



- A$1/2/.(/2($!'+313$>3+0)*- +&M!"#.612.4+0/(1>/--$3&!*/&1+**)3I'+3]- @+13$/6+&6FITC!6+4$!
>+3- +&1+'1/16>3.&8!'(+@$3.&8+#+3-14/91'(+ @$3!-++1$/3(91/&01?$!D. (($0!29/1 (/-$!6$/6+&!
'3+6-M16)32.2.&8!3+6$--$6!-#/-1#/2$18+-19$-1'(+ @$3$01*3$/-$!-#$16$*+&01#)4>m!+3IRc!>(/&-6!
+)(012$!'(+ @$3.&81/-10."$3$&-1-. 436! +'19$/31/&0!-#$3$ +3$!$=>$3.$&*.8810.6>/3/-$!
6$/6+&6!@#.($13$>3+0)*. &BB) 3$! TA6#+@6!#+@14)(-.>($!8$&$3/-. +&6!*+) (01++%)31.&!
+&$19$/3CMIB+-#1098/4. *61#/2$12$$&!+26$32$0!.&1&/-)3/(1>+>) (/-. +&61bz83$&!$-/(MIRSTam!
7 *+IRSTRE

"+1/003$66!-#$!.4>+3-/&*$1+'18$8S$- . *12/3 /- +&).&0$-$34.8.&8!-#$13$>3+0)*-. 28!
$&2.3+84$8-J1@3$!>3$0.*-$01-#EH*0*($6!+'1-#3$$10."$3$&-18$&+-9>$6!-#/-12/3.$01.&!
0+34/&*91($28(1 6$$06!@.-#1#.84#$310+34/&*91-/D$!(+&8$3!-+!8$34.&/-$Ib-#$16/4$!
8$&+-9>$61)6$01.85.8)3$! TACM!, $&$.*12/3 /- +&I@/6!%/>-)3$01291/1>/3/4$-$312/6$0!+&!
$4>.3.%/(10/-/F1#.8#$312/()$6!.8*3$/6$!8$34.&/- +&!3$>3$66. +&!)&-.(1/'-$33.>$&.&8J!/!
4+.6-)3$1/&0! -$4>$3/-)3$ ;0$>$&0$&I>3+*$66135($/6$6!-#$!3$>3$66.+&!bB3/0'+30!RSSRCM

<#/88.&810+34/&*91($2$(6!*/&1/(6+! 6#.'-1-#SI/4+)&-1+1- AB1/2/.(/2($!'+3!
3$>3+0)*- +&!/&0!-#)6!6$&$6*$8*$M8) 3! TLPCIb, 3$44$3J1)&>) ?(.64$0 CMIH-1-#$!(+ @ $6-!
0+34/&*91($28(1.&!IY/($&*./IIK>/.&II/((1.&0.2.0)/(6!#/01/164/((!@.&0+@"'+3!3$>3+0)*- +&.J!
?)-1/610+34/8*91($2%$(1.8&*3$/6$0J18$34.&/- +&!+*%)33$01(/-$3.&I-#$!'/((J164."- &8!
'(+@$3.&8!-+1(/-$31.&!-#$!6>3.88!/&0!.&*3$/6.&81-#$!- 4$1/2/.(2($!'+3!3$>3+0)*- +&MIH-/!
4$0.)410+34/8&*91($2$(J14+6-1.&0.2.0)/(6  I'(+@$3$0!/-1/1- 4$1*+33$6>+&0.88!-+1/12$39!

6#+3-1@.80+@!'+313$>3+0)*- +&MI1?)-1-#$3$!/3$16+4$!>$/D6!+'1.80.2.0)/(6! @ .-#!/1(+&8%$3!

TS



@.&0+@!*+33$6>+&0.&8!-+16>%$*.". *19$/36! @#$3$!(/-$!'3+6-6!0.0!&+-1#/>>$&M!"#$6 $!
$=*$>-.+&6!.(()6-3/-$!-#$!.4>+3-/&*$!+'19$/3 -+, 9$/31$&2.3+&4$&-/(12/3./-.+&M!H6E!
0+34/&*9!.&*3%$/6$0!")3-#$3J!14+3%$!.&0.2.0)/(6!" (+@$3$0!/-!/!-.4$!*+33$6>+&0.&8!-+!/!

(+&8!@.&0+@!+"13$>3+0)*-.+&M!
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5.8)3$I TUF'#$!.&')$&*$! +'1>H#$&+(+891+&i-. 4$1/2/.(12($"'+313$>3+0)*-.+&] Ml
C3$&6.-9!>(+-6!+'-#3$!$6-.4/-$0!0/96!3%4/.&.&8!'3+4! @#$&!' (+ @ $3.&8!+**)36!-+!/!
4+3-/(.-91$2$&-'+31$2$39!.80.2.0)/(1.&!RU!6.4) (/-$019$/36!. &IS/*#1+'1'+) 31 (+*/-. + &BMIH((!
83/>#616#+@!/!(+@!0+34/&*9!8$&+-9>3W, $&S-.*12/3./-.+&!-#/-1.&'()$&*$6!8$34.&/-.+&!
-.4.881/(6+1.8'()$&*$6!-#S$1i- 451/2/.(/2($!'+313$>3+0)*-. +&MINS6) (-61/3$!6#+ @ &!'+3!-#3$$!
88&+-9>%$6!-#/-12/39!.&!10+34/&*9!($2$(!.&!/16.&8(B! (+*/-.+&F!Y/($&*./JIK>/.&M

TSZ



</:25:307!6/.1<709:3 +3:>1/6192529+25+2 !

9%&/00.-.+&!-+!.-616$($*-. 25!3+($!.810$-$34.& & G#4$). & @#.*#135>3+0)*-.+&..6!
>+66.2($II-#$1$&2.3+8AS&-1#/61/(6+17$$&I6#+@&!-+1.&' ()& $I-#$!/((+*/-.+&1-3(OF
2$-@$$&16)32.2/(1/&0!3$>3+0)*- +&!01/3($9!$-/(MIRSS\MIN$4.&8-+&!$-1/(MIRSTacM!"#.6!.6!
>$3#/>618+-16)3>3.6.&8!8.2$&!-#/-1-#$1/8$1/&016 AS!{(+@$3.&8!bP.(*A$D!S$-1/(MIRSS\cJ!
>H+-+69&-#$-.*13/-$1/&01-#$3$'+3$!3$6+)3*$!/*Q).6.-.+&!b,/44$(2.&0!$-1/(MIT\\_cJI6$$0!
>3+0)*-.+&!13/-$1bB/&&/9/&!$-1/(MIRSSam!7+88.+1$-I/(MIRSSUCJ!/&0!6)32.2/(1bz83$&!$-!/(M!
RSTamIN$.&60+3'1$-1/(MIRSTac!/((1*/&!0$>$& 05882 3+84$&-M!"#.613$6$/3*#16)88$6-6!
H-1-H#$I$=.6-$8SI+'1-#$1-3/0%+"12$- @ $$&16)32.2/(1/&013$>3+0)*-. +&14/91$2$&! 29!
$&2.3+84$&-/((910$>$80$&-1@ .-#.&!6$/6+&6.J16) #1-#/-18+1-3/08'1$=.6-61.'1*+&0 - +&6!/3$!
'12+)3/2($1/&01&+-#.881(.4.-610$2$(+>4$&-1?)-J 1/61*+&0.- +&6!@+36$&J!-#$!-3/0F!
$4$38$6!0K-$/3&6! T\RJII6$S!>> [eMIKS&S6*$&*S1@. (1+&(917$!'/2+) 30! &!*+&-$=-6! @#$3$!
N-3/0$ ;+"1$=.6-6M

f$/3 ;-+,9$/312/3./-+&).&1-.4$1/2/.(/2($"'+3!3$>3+0)*-.+&Ib 5.8)3$! T[M!83$9!(.&$6cC!
6)88$6-6!-#/-1.'1-#$1$82.3+&A$&-1+++)33.88!>3.+31-+1+310)3.&8!3$>3+0)*-.+&!.6!>3$0.*- 28!
+1-H$|($&B-H#1+'1-#$13$4/.&.8813$>3+0)*-.2$!@.&0+ @I @$! @+)(01$=>$*-1-#$1$2+()-. +&!+']
>(/6-.% -91+'16$&$65&*SIDN+"IRSSaCMI5+31.86-/&*$J1. " (+&BI>#+-+>$3.+06!/3$1/66+* /-$0!
@.-#1.8*3$/6$01>3+72/?.(.-91+'103+)8#-J1>(/&-61-#/-1/**$($3/-$!. & 2$6-4$&-1. & 3$>3+0)*- . +&!
b/&0!-#)6!0$*3$/6$!6)32.2/(1/&0!.&*3$/6$!6$8$6*$&*$C!. &I (+&BI>#+-+>$3.+0614. 8#-1#/2$!

#.8#$3!".-&$606M. thaliana'*/&*+&-.&)P!-+I>#+-+69&-#$6.A$!/&0!8/-#$3!3$6+)3*$6!(+&8!

TS



[-$31-#$1-3/&6.- +&I-+!'(+ @$3.&8!b1/3($9!$-1/(MIRSS\cJ!?)-1-#.614/910.2$3-13$6+)3*$6!'3+4!
H$I13$>3+0)*-. 281>3+*$66MIL$*H#/&.6461-#/-H#$(>1d-) &Sel-#S!/ ((+*/-+&!+'13$6+) 3*$61-+!
*+8-.8&)$0183+@-#12$36)6!3$>3+0)*- +&12/6$0!+&I-#$! ($&8-#1+'1-#$13$>3+0)*-.2$! @.&0+@!
*+)(01*+&6.0$3/2(9!.8*3$/6$!".-&$68M

%8&1/00.- +&!-+19$/3+;9%/312/3./7.(.-93!/&+-#$31>$3#/>614+3$1.&-3.8) . &8JI6S($*-. +&!
>3$66)3$!+31>(/6-.*.-01. &I6S&S6*$&*$!/(6+!$4$38$6 1 HS IS BB/16.8.8($!18$&+-9>$1+/&!
3$>3+0)*$!/-14)(-.>($!-.4$6!+'19$/3!b 5.8)3$! Tam!/(6+!13$>+3-$0!$4>.3.*/((9!b:/@3$&*$!
T\Z_mIP.(*A$DI$-1/(MIRSTSccJ!.&0.2.0)/(61+'1/18.2$8489>$14/91$=>$3.$&*$12$39!
0."$3$&-1*+&0.-.+&610)3.&8!3$>3+0)*- +&!$2$&! . &I-#$!6/4$19$/3M!5+31$=/4>($II*+#+3-6!
H-'(+@$3!.&I-#$1(/-$16>3.&81. &IN(($I#/2$14+3$!- 4$!'+313$>3+0)*- +&I-#H/&-#+6$!-#/-]
'(+@$31.&!(/-$!6)44$3105.8)3$! T[ 2cM!<+&6$Q)$&-(9I1>+>) (/-. +&6!-#/-I'(+ @$3V/-14)(-.>($!
- A$6!+'19$/314/917$1) &0$3!6S($*-.+&!'+31.&*3$/6$0!$82. 3+8&A$E&-/(16$&6.-.2.-91+']
6S&SE*SE*SMIV6& ! *+8&-3/6-JI-H+6S1>+>) (/- +&B!-#/-135>BHBK+& (91+&$!6$/6+&! @+) (0! ?$!
$=>$*-$0I-+1+>- 4 ASI6SLS6*$&*$109&/4.*61-+1/16 &B($!*+&-$=-MI1=>$3.4$&-/(13$6%$/3*#!
*+)(01-$6-| @#$-#$31>(/8-6!"3+4!(+*/-.+&6! @#$3$5!35>3+0)*- +&!+%*)361.814) (-.>($!6$/6+&6!
6$8$6*$10."$358-(9!.8!3$6>+86$!-+I$82.3+8ABE&-/(I*) BEAS/3$0!-+1-#+6$!-#/-13$>3+0)*$!

.&1/16.&8($!6$/6+&M

:2+=0539;9!/6192;27< 0./89192529+25+2!35! "#$%!&"(! !
%&!-#$!")-)3$IL.-1@.((12$!$=-3$4$(9!.&-$3$6-.88!-+!$=-$&0!-#$!4+0$((.&8!3$6)(-6!

[242$1-+1 &*+3>+3/-BI$=>(*.-14+($*) (/31 4$*H#/&.646!-#/-1($/0!-+6$&S6*$&*$!.&! A.
TS\



thalianad!?)-)&'+3-)&/-$(91-#$IAS*#/8&.6461-#/-1($/01-+1 @#+($!+38/&.6410$/-#!/3$!IW)6-!
2$8.8&.88-+12$1$6-/?(.6#$0!.&!>(/&-6!bC/2.$6!/&0!,/&IRSTRCM!IB$(+@! @$!#.8#(.8#-!
>3+83$66!-+10/-$M

N$*$&-(9J!.-1#/617$$&164#+@&1-#/-16$4$(>/3.-91 &! thaliana).6V/--3.2)-12($!-+1-#$!
*447 &[- +&I+1-#3$SI4/W+310$2$(+>4$&-/(1>3+*$66$6!bC/2.$6!/&0! /&IRSTRCM!I"#$!'136-
+4>+8$&-1.61-H#$I0$/-#1+'16+4/- *1+38/&6!/&0!-.66)$6!be.g.[($/2$6C!/&01354+2. (A/- +&!+']
#+6$13$6+)3*$6!-+1&$@1+38/86J13$>3+0)*-.2$16-3)*-)3$6J!/&0!6-+3/8$!-.66)$6!bB/3-#1$-1/(M!
RSS_CMI"#.610$*(.&$!.&1")&*- +&!1+'1.&0.2.0)/(!-.66)$6!+31+38/&613/-#$31-#AEIL+'1-#$!
$&-.3$1+38/&.64!.6!+-$&!35'$3350!-+1/61d6$8$6*$&*$e!. &!-#$I>#96.+(+8.%/(1/&014+($*) (/3!
(-$3/-)3$!0"#+4/6|RSTaCI!/&).&*+8&6.6-$&*91.&1-$34.&+(+89!/*3+6610.6*.>(.&$6!-#/-1*/&17$!
*+8")6.881D]++0$& J1)&>)?(.64#S0CM!"#.61-.66)$!06$E$6*$&* S+ (SIXBB3+6$--$6!4/6!
2$$&1$5=-$&6.25(9!6-)0.$019.$(0.&8!$2.0$&*$!'+312/3./-.+&I/4+&81&/-)3/(1>+>)(/-. +&6!
bB/(/A/0$#1$-1/(MIRSS /Cl/&010$-$34.&/- . +&1291&)4$3+)61#.8#(913$8) (/-$0!8$&$6J!
*48-3+(($O-1-#S*#3+4/-.&1/&01-3/&6*3.>-.+&1/61 @$((1/6!-#$!>+6-3/&6*3>-.+&/(J!
-3/&6(/-.+&/(IN/&OI>+6-3/&6 (/- +&/(1($2$(6!b:.41$-1/(MIRSSZmIP++1$-1/(MIRSTacM!%&!/00.-. +&J!
4.%3+/33/916-)0.$6!#/2$!. 0$&-.". $01#)&03$06!+'18$8$6!/66+*./-$0! @ .-#!-.66)$!6$&$6*$&*$!
b$M8MIKH, TR!,32.*IRSSam"$&6$(1$-1/(MIT\ac!/&01*+44$&6)3/-$16%&14$-/2+(.64!
bP/-/&/?$!$-1/(MIRSTacMIP#.($!-#$6$!>3+*$66$614/9! @$((1*+&-3.7)-$I-+J1+312$1%+33$(/-$0!
@ .-#I-H#$I0$*(.8$!. &I @#+($!+38/&.6416)32.2/(!@ .- #!/8$!D6S&S6*$&*$! . &I-H#BI$2+()-.+&/39!

6$&6$CII-#$9!/3$!1($/3(91+&(9!1>/3-1+'1-#$!6-439M

TTS



%&1/00.-.+&BB4$(>/3.-91.&IA. thaliana!3$Q).3$6!2+-#1-#$16)>>3$66.+&!+'1/=.((/39!
4$3.6-$46!-+1>3$2$8-1-#$!'+34/- +&1+'1&$@16#++-6/&0!-#$/33$6-1+'13$>3+0)*-. 23!
4$3.6-$46MIH6!>(/&-6183+@!-#$9!($/2$12$#.&01/=.((/3914$3.6-$46!-#/-18$&$3/((9!3$4/.&!
&[*- 2$1)&($66!-#$!>34/3914$3.6-$4!1.610/4/830!1+31-#$164#++-1/> */(14$3.6-$4!.61-++1'/3]
1@/916>/-./((9!-+13$>3$6610."$3$&-./- +&MIA&thaliana)-#$I8S&$A MY B2 1#/612$$&!
6H+@8&I-+1/*-.2$(916)>>3$66!/)=.(./39123/&*#$6!6>$*." */((9!(/-$!.&10$2$(+>4$&-Ib,)+1/&0!
J&IRSTTCMIP#$&!-#6!8$8$!.614)-/-$0J1>(/&-6!*+&-.&)/((918$&$3/-$! &S @123/ &*#$61/&0!
#.61$=-$&06!-#$13$>3+0)*-. 2$!(.'$16>/8M!

E(-.4/-$(91-#$6$!.80.2.0)/(1>3+*$66$6!*+42.&$!/*3+66!4)(-.>($!($2$(6!+'
+38/&.Al- &I+ (/01 +-HSI+4>($=1-3/ -1+ @#-+($!+38/&.6416$8$6*$&*$IbC/26/&0! /&!

RSTRcM!"#$!>3%$*.6$!4/&&$3!.&!@#.*#!-#.6!.&-$83/-.+&!+**)36!.6!/&!/*-.2$!/3$/!+'I 3$6 $/B*#M!

213"25+216/.12513./5 :25:07192593:313:>!/ 6!:39982!
92529+25+2 !

HI-#$4$!-#/-154$38$6!'3+41-#$13$6%/3*#1#.8#(.8#-$01/2+23$!.61-#/-1- 66)$!
6$8$56*$&*$).61#.8#(9108EOSE-1+&I-#$I$&2.3+&4$&-1h3$2.$@$0!.&!:.4!1$-1/(MIRSSZm!
V).3.&+1$-1/(MIRSSSm!"#+4/61RSTam!P++1$-1/(MIRSTacM!5+31$=/4>($J!aSp!+'1-3/&6*3.>-.+&!
'[*-+361/66+*./-$0!@.-#!($/'16$8$6*$&*S! @ $3$10."$3$&-./((9!$=>3$66$0!.&!3$6>+&6H!-+!
$&2.3+8&4%&-/(1*)$6!bB/(/A/0$#1$-1/(MIRSS 2cMIBSIBS! T _I'+31/16)44/391+']
$&2.3+&4$&-/(!/*-+36ID&+@&!-+17$!135($2/&-!'+312/3.+)6!-.66)$6\& !t halianaM!

182.3+8&4$8&-/(10$>$&0$8*91+'1-.66)$I6S&B*SE*SIH/61/(6+12$$& +)&O!/-1-#$1($2$(1+'!

TTT



.&0.2.0)/(1+38/&6!.&1&)4$3+)61+-#$3!>(/&-6!b, +42$3-1$-//(MIRSS_m!:.

/(MIRSTakcM!

Env. factors

External cue

Examples of

responsive genes

Tissue

type

I$-1/(MIRSSSmM!L$&8!$-!

Citations

Photosynthetic FRI/PSII-3 Rosette Wingler et al., 2010
. rate (sugar levels)
" Biotic Timing of SAG12 Leaf Noh and Amasino, 1999
act}(l)rs (e.g. reproduction Cold FLC/FRI Rosette Wingler et al., 2010
pat ogens) WRKY53 Leaf Zentgraf et al., 2010
l l Light Rosette Weaver and Amasino, 2001
CRY2&CIB1 Leaf Weaver and Amasino, 2001,
AtXDHL Brychkova et al., 2008
Leaf Rosette
Salt ORE1 Leaf Balazadeh et al., 2010, Wu
senescence senescence JuB1 etal., 2012
A4 Nitrogen 4-5 QTL Bay x Sha Leaf Diaz et al., 2006
RILs
Ole plant Drought NTL4 Leaf Leeetal., 2012
senescence Pathogens ELI3-2(SAG25) Leaf Quirino et al., 1999, Quirino
(death of all NIT2(SAG27 et al., 2000
meristems)

5.8)3$!T_FI$&$-.*1$2.0$&*$! +31-#$1$82.3+&4$&-/(10$>$&OS&*$!+'1-#$ 6$& $6*$&*S!

>3+ SBMIK#$4/- 1+ D&+ @& *+&&S*-. +&617$- @ $$&I-#$!$&2.3+&4$&-1-.66)$16$8$6*$&*$M!
"HPI$&2.3+&ABE-1H/&). &' ()$&*SI6SE&BE*$&*$10.38*-(91+31.80.3F*-(9!-#3+)8#1/(-$3.&81+-#$3!

0$2$(+>4$&-/(1>3+*$66$616)*#1/6!'(+ @$3.&8!-. 4B!-#/-1#/2$1%/6*/0.88!$"$*-61+&13+6$--$!
638$6*SEEMIPH. (- #$!16$&$6*$&*$!+'1.&0.2.0)/(1-.66)$6!1*($/3(01*+&-3.7)-$!-+| @H#H1L/&-!
6$8$6*$&*$II-HBIS=/*-13B(/-.+&6#.>12%-@$$&I-#.61>3+*$66!/&O0!-H#$!+-#$314/W+31*+4>+&$&-6!
+H1@#+($>(/&-16$&$6*$&*$13$4/.86!4)3D9/6!@$((1/6J1H+@!/&0).1$&2.3+&4$&-/(!'/*--86!

& (B8 BI-HS6$I>3+*S66S6MI?($1+1$82.3+&4A$&-/(1%)$61/&01$=/4>($61+'1-#$!
0+@&6-3$/4!18$&$6!-#$9!.&'()$&*$!.&A. thalianaM!1=/4>($6!/3$!+&(91>3+2.0$0"'+3!($/'!/&0!
3+6$--$16$8$6*$8*$JI/61-#+6$!-.66)$6!/35!-#$14+6-1$=-$86.2$(9!6-)D.$0M

<.[?.299!/5!;2+=0539 ;9 135!13:2./<0./8919<2+3 29!
"H$16/416$/6+8&/(1$&2.3+8AB&-(16*$&/3. +10$6*3.2$0!'+316$4$(>/3+)6!>(/&-61/(6+!

>(/96!+)-I'+31.-$3+>/3+)6!>(/&-6!$/#19$/3! @#$&!-#$9!3$>3+0)*$M!73+83$66!.6!2$.8.:8!4/0$!

+&I-H#$1A$##/&.6461)80$3(9.&8!.-$3+>/3+)6!3$>$/-$0!'(+ @$3.&8MIL+B+$*. $61bSMEM!

Lenolium +3MaluscJ!3$-/.&12$8%$-/-.2$!+31Q).$6*$&-!/=.((/39!4$3.6-$4610)3.&8!
TTR



3$>3+0)*-.+&Ib5+6-$3!$-1/(MIRSSam!X&.6#.1$-/(MIRSSac! @#.($/!'$@!6>$* I B)HH16!
balsaminad\#12$13$>3+0)*-.2$14$3.6-$461-#/-1*/&13$2$3-12/*D1-+12$8$-/-. 2383+ @-#!
bH(?/&.1/&0!<+)>(/&0IRSTSCcM

<+4>/3.88!.-$3+>/3+)614$*#/&.646!-+-#+6$ID&+@&!. &16$4$(>/3+)6!(.'$I*0*($6!
#161>3+2$&1$&(.8#-$&.&8!DH(?/&.1/&01<+)>(/&0!RSTSMIH&03$6!/&0!<+)>(/&0IRSTRCM!5+3!
&6-18*$1.8&1/&).-$3+>/3+)6!6>$*.$6!35(/-$0!1-A! thalianad/I>+3- +&1+14$3.6-$46!$/*#19$/3!
0+$6!8+-1-3/86.- +&!-+!'(+@$3.&8J!/((+ @.&8!83+@-#!.&!-#$!6) ?6$Q) $&-19$/3M!"#$!8$8$6!
PEP1Y&0! ARFLCI-#/-1/3$1+3-#+(+861+'18$&$6!.4>+3-/&-1-+1-#$!'(+ @$3.88!-3/&6 .- +&!.&I-#S$!
1&&)/(! A. thalianaV/3$!D$9!-+1-#.6!>3+*$66!bH.D/@/'KMIRSTSM!P/&8!$-/(MIRSS\CM!"#$6$!
6.4.(/3.-. $61.&1-#$I*+&-$=-1+'16)#1/" &0/4$&-/((910."$3$&-!(.'$*9*($14/91>3+2.03!
($2$3/8$!-+16$>/3/-$I-#$!$"$*-61+'16$($*-.+&!'+314/=.4.A.&8!3$>3+0)*-.+&10)3.&8!/!
>/3-.%)(/31-.4$).&-$32/(1'3+41-HSIS"$*-61+14)-/- +& /) 4)(/- +&)-#/-13$0)*$!") &*- +&!

161/&1+38/&.641/8$6!bB3+44$3!RST[m!7)W+(1$-1/(MIRST[cM!

+/5+7893/59 |
P$!'.&0!-#/-1)&0$3!3$/6+8&/2($!/66)4>-.+8&61/7+)-16$/6+8&/(103.2$36!+'14+3-/(.-9J!
#$1@.&0+@!'+313$>3+0)*- +&ID/&0I-#$3$'+3$16$&$6*$&*$C!. &!/14-+0$(16$4SEB6>$.$6
B1(+4/- +&I0$>$&0S&-M!"#.6!". &0.8816)88$6-61-#/-1-#$3$!.61-#$1+>>+3-)&.-OI'+316H($*- . +&I-+!
6H/>$lH+@V'6-1A. thalianal0.2$3-613$6+)3*$6!'3+414/.&-$8&/&*$/&016)32.2/(1-+16$$06!
[-$31-#$).& - /- +&I+13$>3+0)*- +&MIH00.- +&/(V @$!". &O0!-#/-18$8S$-.12/3 /- +&)-#/-!

&'()$&*$6!-#$!-.4.&8!+'1/&!$/3(9!(.'$ ;6-/8$!-3/&6.-.+&!b8$34.&/-.+&!-.4.&8c!*/&!#/2$!
TTd



3/4.'9.881$"$*-61+&I-#$!-.4$1/2/.(/2($!'+313$>3+0)*-.+&I@.-#.&I$/*#1$82.3+&4$&-MI"#.6!
6)88%$6-6!-#/-1-#$1+>-.4/(1>/--$3&1+'16$8$6*$&*$! @.((10$>$&0! +&I>#$&#B9J!/&O!") 3-#$3J!
H-18$&S-*12/3 /- +&!.&IS/3(9(.'S; 6-/8$!-3/.-614/91.&' ()& $I6S($*-. +&I+&I6$&$6*$&*$!+3!
2.*$12$36/M!1X)314+0%$(1/&/(96.61-#$3$'+3$!6)88$6-61-#$!-$6-/2($1#9>+-#$6.61-#/-!
8%$34.&/-.+&!/(($($6!4/9'#/2$!*+33%5(/-$0!$"$*-6!+&!6$&$6*$&*IM

L+($ *)(/3!$2.0$&*$!.&IA. thaliana!$4>#16 A$6!-#$1$82.3+&4$&-/(10$>$&0$&*$!+!
4/89I+'1-#$16)? ;>3+*$66$6!-#/-1)(-.4/-$(9)($/0!-+16$&S6*$&*SM!"#.6!3$6$/3*#1/(6+!>+.&-6!
13 8#1($2$(1+'13$8) (/- +&I/&OI*+&-3+(1+'-#$6$!696-$46M! 1=>$3 . 4$&-61-#/-I'+*)61+&#+@!
-.66)$;6>%*. 1I6$&S6* & $I*+8&-3.7)-$6!-+1 @#-+(H/&-16$8$6*$&*$I1/6! @$((!/6!-#$!
4+($)(/312/6.61/8&0!$&2.3+84$&-10$>$&0$&*$1+'1-3/0$; +"612$- @ $$&!6)32.2/(1/&0!
'$%)&0.-9J1@.((17$1>/3-.%) (/3(9!$&(.8#-$& . &BMI%&I6)4J12+-#14+($*) (/31/&014+0$((.&8! @+3D!
6)88$6-1-#/-1-#$1$&2.3+&4%&-/(10$>$80$&*9!+'1-3/0$ +"614/91>(/91/&1.4>+3-/&-J1?)-1
)&0$3;$=>(+3$0!3+($!.&!0$-$34.8.&8!+?6$32$0!6$8$6*$&*$!>/--$3&6!.&!6$4$(>/3+)6J!
18&8)/(1>(/&-6M!

B+-#1-#$14+0$((.&8!/&0!+)313$2.$@!+'14+($*)(/314$*#/&.64616)88$6-1-#$!
>+-$&- /(1 +31$82.3+& 4B (16$&6.-.2.-91D>(/6-.* -9+ |- S/ ((+*]-.+&I+'13$6+) 3*$6!-+!
6)32.2/(! vs. 3$>3+0)*-.+&ID@.-#1.-61/**+4>/89.&8!$"$*-6!+&6$E&$6*$&*SCMI%&/&.4/(6J!
>(/6-.%.-91+'16$&$6*$&*$!.6!*+44+&(9!3$>+3-$0!b:. 2$3-1$-1/(MIRSSZmIL/.31$-/(MIRSSac!/&0!
$()*.0/-.&B8I-#$!8$ &$-.*12/6.6!+1-#$6$!>3+*$66$6! @/6!3$*$&-(9!.0$&-.".$01/61/14/W+3!

0.3%*-.+&!'+3!')-)3$!@+3D!b5(/--1/&0!'K*#4.0-IRSS\cM!%&!>(/&-6!-#$3$!.6!/(6+!$2.0$&*$!'+3!

TT[!



>(/6-.% -91.&!(+&8$2.-91bB+38$6!/RSS\cJ!/&H3$! . 61$4>.3.%/(16)>>+3-I'+3103+)8#-
0$>$&0$&-6$8$6*$&*$!.&!-#3$5!6345(>/3+)65$* SMIC$6$3-1>(/&-1>+>) (/- +&6!
[$($3/-$016$&$6*$8*$!.&I3$6>+&6$!-+103+)8#-1 @#$3$/6!L$0.-$33/&$/&!>+>) (/-.+&6!0.0!
&+-1DH3+&6+&!$-1/(MIT\RCMIX'1*+)36$J1$&2.3+&4$&-/(10$>$80$&*$1+ 16 $&$6*$&*$14/918+-1
2$1/0/>-.2$1/61.-14/9  1/(6+13%'($*-1&+8&/0/>-.2$!>(/6-.*.-91b0$2$(+>4$&-/(1*+&6-3/.&-6CM!
5+31$=/4>($J1.&!3$010$$31$=>+6)3$!-+1#/36#1$/3(9! ('$!*+&0.-. +&6!*+&6-3/.&$0!

0$2$(+>4$&-1/&01$=/*$37/-$0!-#$!/8.&8!>3+*$66!b])66$9!$-//(MIRSSZcM

68:8.21"3.2+:3/59 !

"#$3$1/3$1/1&)42$31+' 14#/( ($&B$6!.&I$=>(+.-. &84S @$/(-#!+'D&+@ ($08$A&!
thaliana -+1)8&0$36-/&01(.'$;#.6-+391$2+()-.+&MI%&!>/3- ¥)(/3]!.-61$*+(+89!.&!&/-) 3/(16$--.&86!
613$(/-.2$(9!>++3(9!D&+@&J!-#$3$!/3$!'S@10$4+83/>#.#10/-/6$-61.&1&/-)3/(1#/?.-1-6!b?)-!
6$SH7. *HRSTRCCI!/&OIDE&+@ ($08S!+'1-#$12$#/2.+)31+'12$( 8@ ) &0!6$$0!/&0!
8$34.&/-.+&109&/4.*6!.6!$6>$*./((9!3/3$MIB$*/)6$!+)313$6)(-61.&0.*/-$!-#/-18$&$-.*1
*#/88%$61-#/-1)8&0$3(.$!(.'S; 6-/83!-3/86.-.+&61+**)33.&814)HI$/3(.$3!-#/816$&$6*$&*$1*/&!
#12$1/1(/38$1.8'()$& *$I+&1-.4$1/2/.(/2($!'+313$>3+0)*- +&J14+3$10$-/.(1+&I-#.61>/3-1+'1-#$!
('$1#.6-+391@+)(01?$!+'183%/-12/()$M!

L/&9!.8&-3.8).&8!/2$&)$6!'+31.&2$6-.8/- &BI-HS!'/*-+36-#/-1. &' () $&*$!-#$!
$2+()-.+&I+'16$4%$(>/3.-91/801.8$2.-17($!6$&S6*$8*$!334/. &+ 2$1$=>(+3$046!0/-/16$-6!
2$*+4$1/2/.(2($I+&I>HS&+(+891/&010$4+83/>#91+'1&/-)3/(1>+>) (/- +&61+'I-#.616>F* $6!

H$I>3$0.*- +&6!+'1+)314+0$(1*/&12$!-$6-SOM!5) 3-#$3J1+) 314+0$((.&8!/>>3+/*#1*+) (012!
TTU



4+0." $01-+I$=>(*.-(913$'($*-1>+-$&-./(1$&2.3+&A4$&: 6>$*. *I-3/0%$; +"6 /&0!
“+44$86)3/-$I#/88$6!.&16$&S6*$&*$!-+1-$6-1/0/>- 23 1#I>+-#$ESOMI1=>(+3/-.+&I+'1-#$!
8$&%-.*1/&010$2$(+>4$&-/(12/6.61+1-#$16)32.2/(g3$>3+0)*-. +&I1-3/0F +"1.&!-#.616>$*.$6!
@+)(0183%/-(9!/.01-#.61$80%$/2+)3M!:/6-(9J1/&+-#$3!ID$910.3%*- . +&!.&*() 0$6!6$($*&H
$=>$3.4$&-6!-#/-1-$6-1-#$13$6>+&BS!-+16$($*-.+&'+312+-#1(/-$1(.'$!6)32.2/(1/&0!

3$>3+0)*-.2$!3/-$!6.4)(-/&$+)6(9M

TT!



"#$%&'("# |

/12.077198;:0.> I

"H#3+)BH+)-1 -HBI3S6S/3HH-#/-1%+4>3.6$64910.66$3-/-. + &IV #/2$16+)8#-1-+1
)&0$36-/&0!1-#$!>3+*$666!-#/-18$E$3/-SI>HS&+-9> *12/3 /- +&MI%! (G- -H$6$!>3+*$66$6!
H3+)BHI-H#SI($&6!+'[.'$I*0*($6! @H#$S3$!-3/86.-.+ &BB- @ $S&! (.'$!6-/85B3$!+'-$&!.&'()$&*$O0!
6)76-/&-./((912917+-#1$8&2.3+84%&-/(1/&OV/(($(*12/3 /- +&MI%&I-#$1>3$2.+)6H/>-$36 %!
$=>(*.-(91%+&6.0$3$0 -+ @ ($.+-3+>91/*3+66!(.'$!6-/8$6! @ .-#.&1/&01?$- @ $$&!8$8$3/-. 486]
$&2.3+&4$&:0$>$80$&-1/(($(*I$"$*-6]!/&01$>.6-/6.618$&$3/-$!>/--$3&61+'1(.'$9*($!
2/3./-.+&1/*3+6613/8&8$6M

LOI'.36-14#/>-$316#+@S$O!-#/-I>HS&+-9> *12/3 /- +&1.BI-#$!+)-*+4$1+'.& -$3/*- +&6!
/4+8818$&+-9>$6!/8&0!$&2.3+&4$8&-61$=>$3.$&*$0!.&14+3$!-#/&+&$!8$8$3/-. W&

K>$*.' */((9'+*)6.&8!+&1#+@!'(+@$3.&8!-.4$1/&010.6>$36/(!-. 4$!+'1/1>3$2.+) 618$&$3/-. +&!
*/&1.8&' () $&*$!8$34.&/- +&IP$#/2.4+3J1%!%+&0)*-$01/&IS=>$3.4$&-|-#/-16#+@$O!-#/-14/89 !
4472 &/ +&6!+'18$8$- *J1$&2.3+&AB&-/(JV/&O0I0$2$(+>A$&-/(1/*-+361*/&!*3%/-$16.4. (/3!
8$34.&/- +&I>HB&+-9>$6I/&OI-#/-14/-$3&/(1$"$*-6!*/&#/2$1/1(/38$31.&' () $&*S!  -#/&!
8$&+-9>F+&ISHSE+-9>$10."$3S&*SONE-(9 JI-H#$6$14/-$3&/(1$"$*-6!%/&13$0)*$12/3./- +& !
&18$34.&/-.+&!-.4.88]1$23& @HS&I-#$3$!.612/3 /- +&1.&!'(+@$3.88!/&010.6>$36/(!-. ASM!

PH$E&! -#$I$&-. 3HL'$I*0%($!.6!*+&6.0$3$01%!". &O!I-#/-1$&2.3+&4$&-/(12/3./-. +&).61/!
4/W+3103.2$31+'1>#$8&+-9> *12/3 /- +&!/*3+661-#$!3/&8$]!/&8*+3>+3/-.&8!D&+ @&

8+83/>#.*15/--$3&6+ 1/ (($(#12/3./-.+&).4>3+2$61-#SI4/-*#1+'1 (. $I*O*($6!-+!-#+6$!

TTZ



+26$32$0!/*3+66!-#$13/&8B!H00.-.+&/((91%!6#+@!-#/-12/3./-.+&!.&10+34/&*918$8$3/-$0!.&!
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8(41b>3+>+3-.+&10/-/cl4+0$(13)&/-1$/*#18$34.&/- +&!-$4>$3/-)3$1+&14/-)3/-.  +&!
*+&0.-.+&1/&01/'-$3 ;3.>$8.8816)26$-6M!])42$36!.&0.*/-$1-#$1&) 4 2$31+'1-3%/-4$&-61b+)-1+']
TRI-+-/(Cl.& @#.*#18$&+-9> *10."$3$&*$6! @$3$!6.8&." . */&-ID'+3!(.D$(#++0!13/-.+1-$6-6!
3$8)(/3!18(46!@$3%$!)6$0CMIK .8&." */&*$!($2$(6! @ $3$!*+33%*-$0!'+31'/(6$10.6 #2539 +1-#$!

7IUISMSU!($2$(M

TRU



Germination Germination Germination

Germination

1+ -
MaturationEnv.
~.8 Col — 14C
S .6- - 20iC
a 4 A\ Dlspersal| time
~" N April
2 e - — - May
0_ - ;’—======-__
| T T | | |
1‘ M%/ 1 Jul. 1 Sep.1 Nov.1 Jan. 1 Mar. 1 May 1
1 —]
~8 - Ler
& .6-
Q4
27 .
0- ’ T == = == = ===
1‘ M4y 1 Jul. 1 Sep.1 Nov.1 Jan.1 Mar.1l May 1
1 4
—~.8 4
S .6
Q4+
2
0 - - SR
| T T | | |
1‘ M% Jul. 1 Sep.1 Nov.1 Jan.1 Mar.1l May 1
1 —]
—~.8 Leroe:
o
0.6 7
Q 4
2 o
0- T T T T T T
T ng 1 Jul. 1 Sep.1 Nov.1 Jan.1 Mar.1 May 1
Time of year

5.8)33! T\, $34.&/-.+&!>3+WSF*- +&6!+"/((1*+4?.&/-.+&6!+'163$$04/-) 3/-.+&!/&0!

*+47 &/ +8&B6/3BI-HSI4/- 401 +47.8/- +&B!+']
0.6>$36/(1-.4$!-#/-1+*%)31.&1&/-)3$I @#.($!&/33+@(.&$6/3$!-#$14.64/-#30!
*+47? &/- +&BMIK+0/&010/6#$0!(.&$6!3$'$3!-+IH>3.(1/&0!IL/9 10.6>$36/(13$6>$*-.2$(9!

@#.($!8/291/8018+(0!3$'$3!-+1*++(1/&0! @/3416$$04/-)3/-.+&!1-$4>$3/

TR!

>+6+0.6>$36/(1$&2.3+84$8-6!"+31$/*#18&+-9>$!.&IC)3#/4 J|<IIEKH MB+(0'/*$!

6$$04/-)3/-.+&!-$4>$3/-)3$!/&0!

1)3$6



"I2($! aF!:. DS(H#++013/-.+1-$6-6!'+31-#516.8&." /&*SI+1-#S1"$4>I1=IHNI-$B!'+ 31$/*#!
447 &/- +8&I+'18$&+-9>$1/&016$$0: 4/-)3/-.+&!1-$4>$3/-)3$M! K$Q)$&-./(!B+&'$33+&.1@/6!
)B$0!I-+1++33$*-132/()$6!'+314) (-.>($!-$6-6! b TRCNBU >$3/-) 3$1$&2$(+>$6!'+318$34.&/-. +&!
#/88$01@.-#1/-$3;3.>$8.88!'+31$2$391*+47. &/- +&!+'1858+-9>$1/&016$5@/-)3/-.+&!
-$4>$3/-)3$M

Maturation Corrected
Gendype temperature| DF LR. Chisqg P-value P-value

Ler Hot 9 102 5.33E18 2.13E17
Ler Warm 9 295 2.37E58 2.13E57
Ler Cold 9 430 6.34E87 7.61E86
Lerpoct Hot 9 314 2.46E62 2.71E61
Lerpoct Warm 9 174 6.82E33 4.09E32
Lerpoct Cold 9 61 8.85E10 1.47E09
Lergc Hot 9 129 2.34E23 1.17E22
Lerg c Warm 9 95 1.46E16 4.37E16
Lergc Cold 9 306 1.78E60 1.78E59
Col Hot 9 202 1.58E38 1.11E37
Col Warm 9 268 1.71E52 1.37E51
Col Cold 9 61 7.33E10 1.47E09

TRZ



"[?2($! [ F.D$(A#++0!3/-.+!-$6-6!/&0!H%<!0."$3$&*$6!-$6-.&8!'+3!6.8&.".*/&-!
$&+-9>81=I1L/-)3/- . +&!I=1"$4>$3/-)3%!=IH"-$3 ;N.>$&.&8!.&-$3/*-.+&6!'+3!8$34.&/-.+&!
>3+2/2.(-OMAI4+0$ (1@ .-#!-#$). &-$3/*- +&I@/6!*+4>/3$0!-+1/14+0$(! @ .-#+)-1-#S!
&-$3/%- +&12)-1@.-#/((1+-#$3!'/*-+361/80!.&-$3/*- +&BEM!"$6-6! @$3$!*+&0)*-$0!+&!I-#$!") (!
0/-/6%-J1/&0!-#$&!"+31F*#!185&+-9>$!1*+4>/3$0!-+!:$3M

Dataset DF AlCc LR Chisq Pr>Chisq
Full 54 -16 142| >.000001
Lervs Col 18 18 23.8 0.16
Lervs. Lergc 18 12 64.3 0.034
LervsLerpog: 18 -22 64.3]| >.000001

"1?2($! UFL:.D$(A#++0!3/-.+!1-$6-6!/&0!H%<!0."$35&*$6!-$6-.&8!'+3!6.8&." */&-!L/-!=!
"$4>1=IHN!.&-$3/*-.+&6!'+3!8$34.&/-.+&!>3+2/?.(.-9!+"1$/*#18$&+-9>$MN$6) (-6!/3B!6#+@ &!
'+314+0$(6!@.-#!/&0'@.-#+)-1-#$IL/-1=1"$4>1=IHN!.&-$3/*- +&M!K$$Q 4/-)3/-.+&!
-$4>%$3/-)3%!14+0)(/-S01#+@!-$4>$3/-)3B!$&2F5(+>$6!*#/&830!'@.-#!/'-$3 ;3.>$&.&8!'+3!
$2%$39!8%&+-9>3M

Subset DF AlCc LR Chisq | Pr>Chisq
Ler 18 -81 122 | >.000001
Lerg; ¢ 18 -63 104 [ >.000001
Lerpogi 18 -58 100.25 | >.000001
Col 18 -35 76| >.000001

“I2($! _Fl:.DS(H#++013/-.+1-$6-6!/&0IH%<!10."$3$&*$6!-$6-.&8!'+316.8&." */&-!, $&+!=!
"$ 4>1=IHNIL&-$3/*- +&6!"+318$34.&/-. +8&!>3+72/2.(-91+'1$/*#16$$014/-)3/-.+&16) ?6$-M!
N$6)(-61/3316#+ @& +314+0$(6!@.-#!/&0! @ .-#+)-1-#$!, $&+I=1"$4>I=IHN!
&-$3/*- +&M!,$&+-9>$14+0)(/-$01#+@!-$4>$3/-) 3515825 (+>$61*#/88$0! @ .-#1/'-$3

3.>$&.&8!'+31$2$39!6$$0-)3 /-.+&!6)?6$-M

Subset DF AlCc LR Chisq | Pr>Chisq
Cool 27 -37 99| >.000001
Warm 27 -128 190 | >.000001
Hot 18 -48 110 [ >.000001

TR



" H#$%E&()* I"HS%&%'()*$+),$-.[%S0HS1*&) 2% +#&)IH1*.&A!

?2.;350:3/5!98- @27 I
"$4>$3/-)3$1/&014+.6-)3$!/3$14/W+316$/6+8&/(1'/*-+36!-#/-10$-$34.8$18$34.&/-. +&!
-4.881.81%+47 &/- +&I@ .-#1-#$I0$>-#1+'1>3.4/3910+34/&*9! b,)-.$33$AI$-/(MIRSSZm!
A+(06@+3-#1$-1/(MIRSS m!, 3/$2$3!1$-1/(MIRETRE3+WS*-1-#$!-.4.881+18$34.&/- +&!@$!
)6$0!/1#903+-#$34/(18$34.&/-.+&16)? ;4+0$(I-#/-1.&*+3>+3/-$612+-#10+34/&*912/3./-. +&!
@ .-#.8&!*+#+36DH(2/3/0+1/&0!B3/0'+30!RSSRE&O!/1) &*- +&10$6*3.7.&8!I-#$13/-$!+'1
>3.4/3910+34/&*91(+66! bB/.31$-1/(MIRS BN186&!-#$1#903+-#$34/(16)P+0$(J!>3+83$66!
—+@/30618$34.&/-.+&!.61/N&*- +&I+'1#+)3(916+.(1-$4>$3/-) 3W4+.6-)3$!($2$(J/&0!
0+34/8*91($2$(1@#.*#13$0)*$6!18$34.&/-.+&!>3+83$6655.&*# K/2/831/&0!:$)?2&$3 ;
L$-A8$3IRSS_m!B/-((/!//&0!BS$&FHI&+(0IRSTSU 1/*#1#+)31%)4)(/-.2$!>3+83$66!-+@/306!
8$34.&/-.+&1.616)44$0!)&-.(-#$!8$34.&/- +&!-#3$6#-+(0!.6!3$/*#SOM!%&!8$&$3/(J!
8$34.&/-.+&1>3+83$66!.61'/6-HB 1#.8#$3!-$4>$3/-)3$6!/&01#.8#$314+.6-)3$!($2$(6!b) >1-+!
H$14>-.4)41-$4>$3/-)3$!/&016/-)3/- +&!>+.&-J13$6>$*-. 2$(9CMIN903+-#$34/(14+0$(6!
>$3+341@$((1.&!" $(01*+&0.- +&B6I1>/3-.*)(/3(9!'+3!-#$1$/3(.$6-1ZSp!+'18$34.8/&-6!
bA/30$83$$!/&0!Y/&IY /*-+3ITW\MIL$9$3!/&OH(($&!IRSS\M
H!6-/&0/301'$/-)3$!+'14/8918$34.&/- +&!4+0$(6!6-3+&8(9!6)>>+3-$0179!
$4>.3.%/(16-)0.$6 +'1A. thalianad!.6!-#/-1858&$-.*/((9.0$&-.*/(1+"6>3.&816-/3-1(.'$!@.-#!/!
0.6-3.7)-.+&!+'1.&.-./(10+34/8&*91($2$(6!bB3/0'+30!RSSRM!5.&K#2/8$!/&0!:$)?2&$ 3
L$-A8$3IRSS_m!"/30$83$$!RIBR$!4+0$(1-#$!>3.4/3910+34/8&*910.6-3.7)-.+&!+'1

TRV



+'6>3.&81/612%$.&8!0$-$34.8$0!2914/-$3&/(1>/3/4$-$361b8$&+-9>$C!/&0!. &B6$&6 .- 2$!-+!
4/-$38/(1$&2.3+&A$&-MIBOIS=>(.*-(914+0$(.&8!-#.6!2/3./- +8&I1 @$!.&*+3>+3/-$!/!
)2.Q).-+)6I># $&+4$&+&ID&+@&!-++*)31.84. thaliana!/&014/&9!+-#$316>$* $6M!
"3/0.-.+&/(18$34.&/- +&4+0$(61)6$!>+>)(/-. +&6!+'16$$06!/61-#$1)&.-1+'1/&/(96.6MIX) 3!
[>>3+/*#10."$361.81-#/- @$!-3/*DI-#$12$#/2.+31+'1.80.2.0)/(16$S06M!"#.61'+34) (/- +&!10+$6!
(--(BI-+I*H#/&BSI H$1Q)/&- .- 2$13$6) (-6 J12)-1#/614/891>3/*- */(1/02/&-/8S6M!I5+31. &6-/&*$J!
2/3./-+&1.8&1.&.-./(1>3.4/3916$$0!0+34/8*914/912$10$'.&$0!/**+30.&8!-+1/&9!6-/-$!
0.6-3.2)-.+&MIL+6-1.4>+3-/&-(9JL.-1/((+@6!)6!-+D$$>1-3/*D!+'1.&0.2.0)/(16$$0!/-$6!/*3+66!
8$&$3/-.48.6M

NQO3+-#$34/(14+0$(6!/3$12/6$0!+&1$4> .3 %/(1+26$32/-. +&61-#/-1#+(01/*3+66!
4/8916>$* $6FITCI%E&!I3$6>+&6S!-+!(+@$3!4+.6-)38!($2$(6!0)3.&81.472.2.- +&I'$@$316$$06!
8$34.&/-$!/&0!-#$910+!6+/-1/16(+ @$3!3/-SMIRCIKSS$06! @.-#.&!/1>+>) (/- +&I0+1&+-1/((!
3$6>+&0!-#+.6-)3$!*+&0.-. +&6!.&!-#$!6/4$! @/IM!ac!, $34.&/- +&!I3/-$61.8*3F/6$!)>1-+1/&!
+>-.4)41-$4>$3/-)3$1/&016) ?76$Q) $&-(9!10$*(.&SM!"#$E6S!+?6$32/-.+&6!6)88$6-1-#/-1$/*#!
6$$01#/61/12/6$!@/-$31>+-$&-./(1D}:CIV&/(+8+)B1-+1/12/6$1-$4>$3/-)33J17$(+ @ @#.*#!.-!
*/&&+-14/D$ 1>3+83$66!-+@/30!8$34.&/-.+&M!C)3.8818$34.&/-. +&1/-16)2>-.4/(!
-$4>$3/-)3$6J16$$06!858$3/((914/.&-1.&!1-#$!6/4$12/6$14+.6-)3$!'+318$34.&/-.+&Ib} 1C!
3$8/30($66!+'1-$4>$3/-)3$312)-1/-16)>3/ ; +>-.4/(18$34.&/-.+&1*+&0.- +&6I1-#$12/6$!
4+.6-)3$1($2$(1b} +C!.&*3$/68!@.-#1.&*3$/6.&8!-$4>$3/-)3$J16(+ @ .&818$34.&/-. +&!3/-SMI"#S$!

H((+@.8&8!$Q)/-. +&!'+34/( AS6!-H#S$6$!+26$32/- +&6/((+@ . &8I +4>)-/- +&I+'I-#S!

TaS



#903+-#$34/(1)&.-6!/**3)$0!-+@/30!8$34.&/-.+&!$/*#1#+)3IDN"'E s34 prcdb/0/>-$0!'3+4!

H(2/3/0+!/&0!B3/0'+30!RSSR&

=P (TE —1pg) ! Lhenlly ) 1 TQ) ST 1y 1 11
P s (DD MO @) DU ) e e (1) > Tl r 1!
LT e e e e e e v ey v neenm | otherwise

"#$!'.36-1N&*-.+&!1.61)6$0!/-16)? ;+>-.4/(1-$4>$3/-)3$6!/&0!-#$!6$*+&0!") &*-.+&!.6!
)6$0!/-16)>3/ ;+>-.4/(1-$4>$3/-)3$6M!T /&0! }1/3$!-#$!-$4>$3/-)3$!bg<c!/&0!4+.6-)3$!b.&!
L7/c!0)3.&8!/18.28&!#+)3M! T,!.6!-#$!+>-.4/(1-$4>$3/-)3$!'+318$34.&/-.+ & |b-#/-| @#.*#!
4/=. 4.A$6!-#3$!8$34.&/-.+&!3/-$cN!.6!/1*+&6-/&-1>/3/4$-$3!.&0.%/-.&8!-#$!-$4>$3/-)3$!
2$(+@! @# . *#1&+1>3+83$66!-+@/3018$34.&/- +&!+**)36MIH&/(+8+) 6 (UG -#$!2/6$!
4+.6-)381($2$(1+'1/1>/3-.%)(/316$$012$(+ @ | @# . *#1&+1>3+83$66!-+@/30!8$34.&/-.+&!+**)36M!

H-16)>3/ ;+>-.4/(1-$4>%$3/-)3%$6J!-#3$!} »!+'1/16$350!.6!4+0.".$0!?/650!+&!#+@!4)*#!
HI*)33B&-1-$4>$3/-)3$!.61/2+2$1-#$!+>-.4)41-$4>$3/-)3$J1/**+30.&8!-+1-#$!'+((+@.&8!
$Q)/-.+&F!

mW¥y (1) = ¥p + k(T (1) — Tp)!
kr!.61/&!$4>.3.%/((910$3.2%0!6*/(/3!-#/-10$'.&$6!-#$!6#.-1.&1} »I'+31$/*#10$83$$!-#$!
*)33$&-1-$4>$3/-)3$!.6!/2+2$!-#$l+>-.4/(1-$4>$3/-) 3SMIP$I$6-.4/-$0! kr!'3+41/12/-*#1+']
/'-$3:3.>$&$0!<+()42./16$$06!bB)38#/30-J1)&>)?(.6#$0!0/-/c!79!14$/6)3.88!8$34.&/-.+&!
[*3+66!/13/&8%!+'1#.8#!-$4>$3/-)3$6 M
$34.&/-.+&!>3+83$66!.616)44$0!$/#I#+)31)&-. (1-#$18$34.&/-. +&!-#3$6#+(0!

b, GermC!.613$/*#$0!/&0!-#$!8$34.&/-.+&!-3/&6.-.+&!+**)36M

TaT



Germgyum( ! ! 1ug

R > I gy (1)

P3$!*+4>/3$0!-#$!>3$0.*-.+&6 |+'|-#$!6-/&0/30'#903+-#$34/(18$34.&/-.+&!4+0$(!
@.-#!>/3/4$-$36!0$3.2$80!'3+4!-#3$A. thalianal(.-$3/-)3B!-+!/1?2/-*#!+'1<+()4?./16 $$06!-#/-!
@$3$!IT\!@3$3$D6!+(014/-)3$0!.&!ABIN5.8)3$!REM!IH-I-#.61/8$J16$506!#/2$! (+6-14+6-!+'1-#$.3!
>3.4/3910+34/&*9MI%&!+)314-+0$(J1-#$3$!.61/14.8.4)410+34/&*91($2$(1b} ninJ!16$-1-£TC!
18&01-#$3$'+3$1/61>3.4/3910+34/8*91.6!(+6-J1} 112/()$6!.&I/N6 SO +#+3-16-/3-1-+1> ($1)>1/-1;
T!($/0.&8!-+1/'6D$@0!0+34/&*9!10.6-3.?)-.+&M!"#$3%$'+3$! @ $!)6$0!/! 7+.66+&!0.6-3.?)-.+&!
161/&1$6-.4/-$!+'1-#3$!0+34/&*9!0.6-3.7)-.+&!/-!-#.6!/8%!b 5.8!BT/cNB.8!BT?!6#+@6!+)3!
>3$0.*- +&6!6)>$3.4>+6$0!+&!-#$I1$=>$3.4$&-/((914$/6)3$0!8$34.&/- +&!-. ASEM!]+-$!-#/-!
#$1%)33$8-14+0$(1*+&6.6-$&-(9!+2$3$6-.4/-$6!-.4$!-+18$34.&/- +&!'+31<+()4?./16$$06!/-!
44+ (1-$4>$3/-)3$612)-1-#$16-/&0/3014+0$(1.61&+-1'($=. 2($I$&+)8#1-+I[**+44+0/-$!-#.6!
>/--$3&M!%&-$3$6-.&8(9J!-#$6$!>3$0.*-.+&6!/-1*+(0!-$4>$3/-)3$6!/3$1/14)*#1?$--$314/-*#1-+]
-#$!18$34.&/-. +&!?$#/2.+31+'1/&+-#$3!,$34/&!$*+-9>$J!:/&06?2$38M!!!!

%&A. thaliana!/&0'4/&9!1+-#3$316>$*.$6J10+34/&*9!($25(6!*#/&8%! @ .-#!/8%$!2./!/!
>3+*$66!4/(($0!/-$33.>$&.&8b</33$3/1$-1/(MIRSSZm!5, &/H8$!$-1/( MIRSSZm!%8($6./6
5$3&~&03$A!$-I/(MIRSVITE.6!>3+*$66!.6!3/35(9!.&*+3>+3/-$0!.&!8$34.&/-.+&!4+0%(63!
$=*$>-.+&6!6$3$!B/-((/'/&0'BS&S*#H3&+(0IRSSam!<#/&-33!$-!/(M'REPSE+47?.&F50!-#S$!
8%$34.&/-.+&!14+0%(1/?+23'@.-#!/1>3.4/39!0+34/&*9!(+66!")&*-.+&!+3.8.&/((9!0$25(+>3$0!
"+3Bromus tectorum!bB/.3!$-1/(MIRSS_m!L$9$3!/&OIH (($&! RBSE - #$!#903+-#$34/(!

8%34.8&/-.+&!4+0%(1+)-(.&$0Y/?+25J!-#$!?2/6$! @/-$3!>+-$&-./(Ib} oc!+'1-#3$16$50!4+0.". $6!-#$!
TaR



0$2$(+>48&-/(13/-$!/& 0!.6!-#$3%'+3$!*+&6.0$3$0!/14$/6)3$!+'1-#$10+34/&* 91 ($2$ (! +'!-#$!
6$$0bB3/0'+30'RSSRmM!B/-((//&0!B$&$KB&+(0IRSTHUY'H.6!/?+2$!SJ!&+!>3+83566!
-+@/306!8$34.&/-.+&!*/&!?$!4/0$!.&!1/&9!$&2.3+&4$&-/(1*+&0.-.+&M!14>.3.*/(10/-/!
0$4+8&6-3/-$1-#/-1} 112/()$6!'+31/1>+>) (/- +&1+16$$0610$*3$/6$6!/6!>3.4/3910+34/8*9!. 6!
(+6-1/801-#.61.6!/(6+1-3)$!.&A. thalianalb5++-.—-1$-1/(MIRSTTm!B)38#/30-J1)8>)?(.6#$0!0M/c
H'-$3;3.>$&.&8!4+0$(6!0$6*3.7$!14/-#B4/- */(O#H+@!} »1*#/&8%$6!+2$3!-.4$!/-$3!
6$3$06!/3%!6#S0M!P$!14+0$(!I-#$5!>3+*$66!+'/'-FB>$&.&8!b>3.4/39!0+34/&*9!(+66!/6!/!
83/0)/(31)&.0.3$*- +&/(1(+66!+'10+34/&*9J1 @ .-#1-#$13/-$!+'10+34/8&*9! (+66!0$>$80$&-1+&!
#+)3(916+(16)3'/*$1-$4>$3/-)3$! Thrc!/&014+.6-)3$1b 7C!*+&0.-.+&6M!"#.614+0$(1@/6!
*3%/-$0!'+3!Bromus tectorum!?$*/)6$!-#$3$!/3!(.--($10/-1'/121.(/?($!"+3  A. thalianaM!H6!
0$6*3.2$0!. &I-#$!'+((+@.&BI$Q)/-. +&IIS/H#1H+)31-#$1/4+)&-1+1/'-$3:3.>$&.&8!- 4$!
[**3)$01.61%/ (*)(/-$01/&01/00$0!-+1-#$13)&&.8816)41+1-#$1/-$3  :3.>$&. &8I RcunC!

$=>$3.$&*$0!6.&*$!6$$0!0.6>$36/(M

"y () +TE@) = Tpgr when ¥, ., = ¥(1) =2 ¥,
" g (11 1)1 ARsum(T)+—Z}i__q;fT; (T(T) ! Ly e I L1 () <1
" ey (!)!!!!!!!!!f!!!! ﬁ!!!!!!!!!!!!!!!!!! e ()0 b 1ty ey

} LBI-#SI(+@9$3!4+.6-)38!(4.-17$(+ @ @#. HHE&+!/-$3.>$&.&81+*) 36mMI}.61-#$!
4+.6-)33!($25(1/-| @#.#1/-$3;3.>$8.&8!$"$*-. 25& OGS 25(6!+"M!%&! 356> +865!-+!
-$4>$3/-)3$613.6.881/2+2$!-#$12/6$1-$4>$3/-) 3$!'+31/-$3; 3.>$&. &8I D1 CJ!/-$33.>$8.&8!
3/-$1.8*3$/6$6!(.&$/3(IM!I%&I3$6>+8&6$!-+14+.6-) 3$IFHR.. &8!3/-$!'+((+ @6!/123+D$&!6-.*D!

4+0$(J16)#1-#/-1/-1$=-3$4F(9! (+ @!4+.6-)3$II&H!/'-$3; 3.>$&.&BI+**)36M!/2+2$-#/-JI-#$!
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3/-$1.8*3$/6$6!(.&$/3(91)>)&-.(1/16/-)3/-.+&!>+.&-1b} .CMIN.8#-$4>$3/-)3$6!.8&14+.6-!
*+80.- +&6!/3BI-H#$14+6-1"$*-. 281/-1>3+4+-.&8!/-$3 : 3.>$8.&EMIH'-$3.>$&. &8B!0+ $6!8+-!
++%)31.&I$=-3$4$(914+.6-15+&80.- +&6!DV}nexOM!"#.614+0%(1.61-/D$&I0.3$*-(91'3+41B/.31$-1/(M!
bRSS_cl/&0!4#/618&+-12$$&!".-10.3%*-(9"'#BthalianaM!

1$=-J1@$!)6$0!-#$!8)42$31+'10/96! b d:uiC!.-1-/D$6I6$S06!-+18+1'3+4ISIP-+1: T} 4!
)&0$31(/216-+3/831*+&0.- +&B 3++41-$4>$3/-)3$IbRBXC!/&0!039!bt; RSSIL7/CI*+&0.-.+&6!
1&O1-H#$ISQ)/-.+&/2+2BI-+1*/(*) (-BI-#S1¥)4) (/- 2$1/-$3  :3.>$&.&BI-#/-1+**)33$01+2$3!-#/-!
- 4$1>$3 +OM!IB$*/) 6$!-#$14+0$(!@+3D6!.&!#+)36!8+-10/96H.614)(-.>(.$0129!R[M!

"+10$-$34.&$I-#$!>3+>+3- +&I+'1/-$33.>$&.&8!*+4>($-$01/&01-#$1%) 33$&!6$$0!
0+34/8*91($2$(1b} 1CII-#$1*)33$&-1%)4)(/-.2$!/'-$3 ;3.>$&.&8!6)41.610.2.0$0129!/!
N4)(-.2$1-$3  :3.>$&.&816)41-#/-1($/06!-+!/ID&+@&!/4+)&-1+"10+34/8&*01 (+66!.&1-#$!
Y

g " e () e LI ()L T
P e (TSR 1y L - .

O LTI RRTR G W
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L, ()1

K$$0!0+34/&*91} 1l/-1-.4$1b 7C!.6!%/(*)(/-$0!7916)?-3/*- &8!-#$!/4+)&-1+']
[*%)4)(-$01/-$3  ;3.>$&.&8I'3+41-#$!.&.-./(10+34/&*91($2$(Ib} ic!+1-#$16$$0!/&0!.6!
&*3$A$&-/((914+0.".$01#+)3(9!)&-.(1-#$16$S0!3$/#$61/&1$4>.3.%/((91/>>3+=.4/-$0!
i4.8.4)4]10+34/8&-16-/-$Ib}  winCMIP$I/66)4$!-#/-1/((16$$061*/&I3$/*#!-#.614.&.4)4]

0+34/&*91($2$(1/'-$3!$&+)8#1-. 4SM1} 1inl @/6!$6-.4/-$0!'+31<+()472./16$$06!6-+3$0!.&!(/?!
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*+&0.-.+&6!79!0$-$34.&.&8!#+@!(+&8!.-I-++D!'+314+6-16$$06!-+!8$34.&/-$!) &."+34(9!/-1/!
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5.8)3%!RF,$34.&/-.+&!4+05(! >/3/45-$3.A/-.+& 1aJ!7+.66+&!0.6-3.?)-.+&!+'!

0+34/&*9!($2%$(6!b}? 1N6$0!'+3!8$34.&/-.+&!4+0%$(!>3%$0.*-.+&6¢cMI!,$34.&/-.+&!4+0F(!
>3%0.*-.+&6!6)>$3.4>+6$0!+2$3I TRI3$>(.*/-$0!$=>$3.4$&-/(1-.4$!*+)36$6!/-1$/*#!+'1'+) 3!
8%$34.&/-.+&!-$4>%$3/-)3%$6!b qJ!T_qJ'RRqJIN&Dg<cM!<.3*($6!6#+@!/((!3$>(.*/-$6!b&+-F!-#/-!
-#$63!2/()$6!/3$!W.--$3$0!+&!?+-#HBH/&0 If ;/=$6!"+3!12.6)/(.A/-.+&!>)3>+6$6cM!K+(.0!(.&F6!
6#+@!4%0./&!8%34.&/-.+&!/-1$/*#!- . 4$!>+.&-11/&0!0/6#$0!(.&$6!6#+@!4+0$(!>3%50.*-.+&6M!

"#$635!6$$06! @3B! T\!|@$$D6!+E@3$>3$6$&-! TR!4/-$3&/(13%>(.*/-$!>(/&-6!4/-)3$0!/-!

RSq<!.&!T&!I0/96M
Tau



67/42.35?198- @'27! !

%&A. thalianad\#.8#1-$4>$3/-)3$!/&0(+&BI>H-+-+>$3.+06!/3$!-#$14/W+3!
$&2.3+8A4$&-/(1/*-+361-#/-1>3+4+-$I'(+@$3.&8bL. -*#$((;: X(06!/&0IK*#4.--IRSS_m!
1+2/9/6#.1/&01P$.83(IRSSZmIL *#/$(6!RSS\H/&O!-#$!1$=>3$66.+&+'I'(+3/(13$>3$66+36!
0/4>$&6!3$6>+8&6$6!-+1-#+6$1%)$610$(/9.88! (+@$3.&8MIP$!)6$!/1>3$2.+)6(910$2$(+>$0!
'(+@$3.&8-.4314+0$(I-#/-1>3$0.*-$0 (+@$3.&812$#/2.+31+'14 )(-.>($!8$&+-9>$6!@.-#!\Rp!
/*%)3/%91.&10.2$36%$!".$(01*+&0.-.+&6!bP.(*A$D!$-I/(MIRSS\M!P.(*A$D!S$-1/(MIRSTSmI<#$@!$-1/(M!
RSTRAP$!?3.$'(9!+)-(.&$!-#.B-+0$(1/&0!-#$!$Q)/-. +&6125(+@J!?)-1>($/6$16 $$!-#$!/2+2!
3$'$35&*$6!+31/14+3$1.80$>-#1-3$/-4$&-M!

C$2$(+>4$&-/(1>3+83$66!-+@/30!"(+@$3.&BMP TUkoweringCl$/*#1#+)31brC! 611
8)(->(4-. 281" &*- +&I+'1-#3$$!'/*-+36F! ThermalbrcIPhotoperiodbrcdV/&OFloral repressionbrcM
P/341-$4>$3/-)3$61/&0!(+&B8I>#+-+>$3.+01.&*3$/6$10$2$(+>4$&-| @#$3$/61#.8#!'(+3/(!
3$>3$66.+&!($2$(6!3$0)*$!-#$18)42$31+'14+0." $OI>#+-+-#$34/(1)&.-61-#/-1/*3)$!-+@/30!
'(+@$3.&8M

"H#PI-#$34/(1*+4>+&$&-1.6!8.25&!79 !

TN e

LS9 (1) [(! )0 Ty )Ty g M L0 () Ly

@#$3PI.6!-$4>$3/-)3$!-#/-1#+)3! Tof.6!-#$!2/6$!-$4>$3/-)3$!'+3!'(+ @ $3.&8J!/&0!

Brours) 611" (-$316+1-#/-1+&(91-#$34/(1-. 4$!-#/-1+*%)3610)3.&81-#$10/9!-.4$!.61.8&*()0SOM! diouwrs!
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3/&8$6!.&12/()$!'3+41S10&+1(.8#-1$=>$3.$&*$0I-#/-1#+)3CI-+ITIb.-1.61(.8#-I'+31-#$| @#+($!
#+)3cM

! "HSISH-+>$3.+01*+4>+&$&-10$6*3.2$61/173+D$&!6-. *DI4+0$(! @#$3$!
0$2$(+>4%$&-/(13/-$1.610.2.0$0!.&-+1-#3$5!6$*-. + &BMIN/-$!.61/-1/14.8.4)41bp.C! @#$&!-#$!
0/9($&8-#1hDC!.61($66!-#/&!-#$1*3 - */(16#+3-10/9($&8-#IT!/&O0Y-14/=.4)4lb  pic! @HS&D!
61/ 2+281-#$1%3 - */(1(+&810/9($&B-#ICM!1%&12$- @ FSRO! diJ10$2$(+>4$&-/(13/-$!

&*35/6$6!(.&$/3(9!'3+4psl-+piM

| !III|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIHIIIIII||||IIIIIIIIIHIIIIIIIIIII I (I) I |

nrgoest (1)1 [y 0 ORI e e w0 @) wm

"HSI'(+3/(13$>3$66.+& 1 *+4>+&$&-1.618.25&1291/1>/.31+'18&$6-$01$Q) /- +&BMI"#$!'. 36-!
0$6*3.2$61#+@!@.&-$31*#.((.&8!/**)4)(I-$6!BVCcunCMI1/*#1#+)3lbc!*+(01-$4>$3-) 336!
$=>$3.$8*$01/3$1-3/&6(/-$0!.&1-+1@.&-$31*#.((.&B8)&.-612./1/12$-/1")&*-.+&1/&01/3$!/00$0!
@ .&-$31*#.((.&8!/*)4)(-$01.&!>3$2.4)6!#+)36IP< 94 becl)&-.(-#$!3$Q).3$34$&-1'+3!
@.8&-$31*#.((.&81)&.-6!.6!6/-.6'. SOWCsuiCM!

" e (11 1)1

L O W I (R L W T T L N O R T Y o 1T I T I B I T
[ " -!,,# (!)lIIIIII|IIHIIIIIIIIHIIIIlliIII-IIlIIIIIIIIHIIIIII||||IIIIIIIIIHI-II.I.IIIIIHIIIIII|||||II.IIII|IHIIIIIIIIIIIIIIIiIi.IHI" | I"#$0/0I

P#$3%!xJwJ!/&OIE!/3$!".--$0!>/3/4$-$36!0$-$34.&.&8!-#$16#/>$!+'-#$! @ . &-$3!*#.((.&8!
$"$*-.2$&$66!") &*-.+&!/&O! To.min//&0! Tomax!/3$!-#$14.&.4)41/&0'4/=.4)4!-$4>$3/-)3$6!

+31@.&-$31*#.((.&8M
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"#$16$++&0ISQ)/-.+&10$6*3. 2561+ @ I-HBVCunl6-/-$1$/#1#+)3].61-#$&1)6$0!-+!
0$-$34.&$!'(+3/(13$>3$66.+&! ($2$ BMII-#3$!.&.-./(1'(+3/(13$>3$66.+&! ($2$(1/&BY.61-#$!
)(-.41-$1($2$(1+'13$>3$66. +&!/'-$31-#$! @.&-$3!*#.((.&8!3$Q) . 3$4$8ANT<x:C!.616/-.6'. SOM

" (1
P HSYEHISS68 (1) | l!! AU !1)!(—' !,,'#!"!( ))!!!m R A

"H$6$I$Q)/- . +&61*+47. &FI-+10$-$34.&S$!-#$14+0." $OI>#+-+-#$34/(1)&.-6!'+3!
'(+@$3. &8I P T UrioweringCl-#1-1**3)$I$/*#] #+)3M!

S pgsego 11! TUIHS% (1) 11 IMHS6&Y (1) 1MHS96 N H"$$%8, (1))!

E(-.4/-$(9J10$2$(+>4$&-1.616)44$0!)>Ib  FloweringcunCl'3+41-#$1- 41+
8$34.&/-.+&1)&-.(I-#$! (+ @$3.&8!-#3$6#+(0!DgioueringC!. 6! 3S+HSOMI"HS! (+ @ $3.8&8!-#3$6#-+ (0!

.610$-$34.&%0!)6.&8!4$-#+06!.&!P.(*A$D!$-//(MIbRS$\cM

E$8() re 1! ugose)

HSNE'() 1y ! Z #$ rugoeeg (1!

922"1"39<2.907!98- @'27 ]

H6!-#$3$!@$3$!&+1>)2(.64$010/-A&IA. thalianal3$>3+0)*- +&109&/4 *6J1@$!
0$2$(+>$01/16.4>($14+0$(1+'1-#$!>3+83$66!-+@/3016$$010.6>$36/(1/6!/1') &*-. +&I+'
-$4>$3/-)3SMIPSIH#+6$/1-#$34/(1) &*- +&12$*/) 6$1-#$13/-$1+'183/.&!1>3+0)*- +&!.61+-$&!
3$(/-$0!1-+1-$4>$3/-)3$!.&1*3+>16-)0.$6b:/@ (+3!/&OIL.-*#$((IRSSSMIH.&B6 @+3-#/&0IX3-!
RSTIMIKSS06!/35!135($/6$0! @#S&!-#$9135/*#1/10$ 2 B&-/(1-#3$6#+(01-#/-135' ($*-61-#$!

-.49$!.-1-/D$6!-#$!".36-1TSp!+'16$$06!-+14/-)3$!b, pispersaCMIPS!)6$!-#.61-.4$!>+.&-17$*/)6$!
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4$/6)3$4$8-61+'1%+4>($-$1>(/&-16$E&S6*S&*$!. & *#/42$36!(.D$(9!+2$3$6-.4/-$!
3$>3+0)*-.2$!>$3.+0!?/6$0!+&!+)31$=>$3.$&*$! @ . At! thaliana .&!-#$!". $(OM!!%&!*#/4?$36J!
>(/&-6!$=>$3.$&*$14+0$3/-$!-$4>$3/-)3$6!/80!>$34.66.2$!4+.6-)3$!*+&0.-.+&61)&(.D$!
>(/&-61.&I-#$!" $(OM!I%&!>3/*- *$16$/6+&/(1*#/8&8$6!6)*#1/6!-#$10398$66!+'16)44$31@.((!
.&-$33)>-13$>3+0)*-.+&M
"#$13/-$1+'1>3+83%$66!-+@/306%%$0!0.6>$36/(!@/6!4+0$($0!/6!") &*-. +&!+'!
-$4>$3/-)3$J16)*#!-#/-1-#$!3/-$!+'1>3+83$66!.6!>3+>+3-.+&/(1-+!-#3$!0."$3$&*$!?$- @ $$&!-#$!
6+.(16)3'/*$1-$4>$3/-)3$!b Tcl/&0!/12/6$!-$4>$3/-)3$!'+310.6>$36/(I6T5..CMIN/-$I+1-#$34/(!
>3+83$66!-+@/30!6$$0!0.6>$361¢hc! @/6!4+0$($0!/6!/1-#$34/((9!10$>$&0$&:!
0B2B(+>4B&-1(1**)A)(/-.+&\/?+2$!/1?/6$!-$4>$3/-)3%b  TwcN!

PQ) T Tyt e (e o,y L

Hengoeeray (1) ! LTI R R o

"#$!#.8#$31-$4>$3/-)3$6!/3$!/?+2$! Tv.a!-#$!'/6-$310$2$(+>4$&-!+**)36M!
CP25(+>43&-1.616)44%50!$/*#!#+)31'3+4!'(+ @ $3.&8!) &-.(1>(/&-6!3%/*#!-#$!-#3$6#+(0!

b, DispersalC M

I HS%EH (i 11 pagopa(

I HSY&H (1 ! Z Levagoeargy (1)

[N

X)313/&8$!+'16.4)(/-$01/2$3/8$!4/-)3/-.+&!($&8-#6!b  5.81< TZc!*+33$6>+&0!@S$((!-+!
H$13/&B$I+'1/2$3/8$!13$>3+0)*-. +&! ($&8-H!3$>+3-$01291<#./&8!$-1/(MIbRSTRc!.&!/!'.$(O!

$=>3$3.43$&-MIL+03$(!>/3/4$-$36!/&0!-#3$6#+(0! @$3%$!0$-$34.&$0!?/6$0!+&!".-1-+16 $$0!
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0.6>$36/(!-.4$6!4%$/6)3%0!.&*#/4?$3!*+&0.-.+&6!/-IT[ BIIREJIV/&O'RIB! @ .-#!-#$!

<+()472./18$8+-9>$!/-1/1&$)-3/(1>#+-+>$3.+0!0B)38#/ 30-J1)&>)?(.64#$010/-/cM!

+.20:3/5!/6!12513./5; 25:07!35<8:9E! !

B$*/)6BI-#SI>HS&+(+8914+0$(61)6$1#+)3(91$82.3+84$&-/(1.&>)-6J @$!*+&2$3-$0!
HBU21.(/2($1$82.3+&A$&-/(10/-/1-+1-#/-16%/(SMIP$!)6$0!-$4>$3/-)3$!>3$0.*- +&6!'3+4IRS!
9$/361+'1/1%(.4/-$14+0$(1-+1*3$/-  $1-$4>$3/-)3$I3$>(.*/-$6!-#/-1$&*/>6)(/-$019$/3 ;-+;9$/3!
*(.41-$12/3.12.(.-OMI5+314+.6-)3310/-/J!@$!)6$0!4+&-#(9!*+8-$4>+3/3914+.6-) 33!
6-/-.6-.*61'3+41P+3(0<(.41/&01*3$/-$0!6-+*#/6- *14+.6-)3$!1>3+'.($6103.2$&17914+&-#(9!
>3$*.>.-/- +&1/4+)&-1/&01&)A?$31+'1>3  $*.> /- +&I$2$&-6MIPS!/(6+4/(*)(/-$0!(/-.-)0$ ;
6>$*." I>#+-+>$3.+06MINS>(.H/-$61+'1-#$6$!$&2.3+84$&-/(16$3.$6! @$3$!8$8$3/-$0!?91bTc!
3/&0+4(9103/@.&8!-$4>$3/-)3$!'3+41-#$16/4>($1+'19$/36 I bRC!>/.3.&8!-#+6$!1>3+".($6!@.#!
6.-§6>$*. *I>H#+-+>$3.+0J1/&0Ibat+4? & &BI-#+6$! @ -#16-+*#/6- 14+ 6-)3$!>3+ ($6M

Photoperiod:11Q)/-.+&6!@$3$!)6$01-+1*/(*)(/-$!-#$!-. 4$1+'10/ @&!/&010)6 DI/-1$/*#1
(I-.-)0$Y/ &0 >#+-+>$3.+0!($&8-#! bN4IRSSUM

Temperature::RS!9$/3610'3+4IRSSTSRSC!+'10/.(914/=.4)41/8&014.&.4) 41
-$4>$3/-)3$10/-/! @$3$!$=-3/*-$0I'3+41-#$I|XHH! 5C:I<LRMTIHTBGOT!*(.4/-$16*$&/3.+!
'3+4183.01%$((61+2$31$/#1+'1-#$1'+) 3I'+*/(16.-$6 D] XHH! 5C:IRSS[MICH(@+3-#1$-1/(MIRSME
P$I-#$&!.&-$3>+(/-$01-#+6$14/=.4)41/&014.8.4)410/.(91-$4>$3/-) 386 1-+1#+)3(9!
4$/6)3$6!/8016)?6$Q)$&-(9 -3/&6(/-$01-#$41'3+41/.31-+16)3'/*$1-$4>$3/-) 3$61/61+)-(.&$0!

2$(+@MI5)3-#$310$-/.(6!%/&!12$!'+)&01.&IP.(*ASDI$-1/(MIbRSTSCMII"#$6$IR S19$/361+1#+)3(9!
T[S!



0/-//13$!/66$4?($0!/-13/&0+4! @ .-#!3$>(/*$4$& - @#$&! @ $!*3$/-$!$&2.3+&4$&-6!"+3!
4+0$(!13)&6Y/- 1S/ #(+*/-.+&M!
Converting daily maxima and minima to hourly temperatures: 1<+&2$36.+&6!@$3$!

4+0.".$0!'3+4! <$6/3/**.+ 1$-I/(MIRSSTE

M !I—!"# (! ! %!)!!!!!!!!!!!!! pren |

N !.! I"#, 1 I AR

@#$3§.6!-#$!*)33$&-1#+)31/&0H \JH»!/&O0! Hs!/3$!-#$!-.4$!+'10/@&J!0/.(9!
4/=.4)4J/&0!0)6D!+'1-#/-10/9M!  T,!/&O0! T:n/3$!-#$!0/9€6!4.&.4)41/&014/=.4)4!

-$4>$3/-)3$J13$6>%*-. 2$(9WH.6!-#$1&$=-10/9€6!4.&.4)41-$ 4>$3/-)3$M

HOO.-.+&/(!.&-$34$0./-$6!.8&*( 0$OF!-$4>$3/-)3$!/-16)8:6%$-1b TIC!$6-.4/-$01/6! T: ul!
T hs(To 1 T,Crol.61-#$1/3.-#4$- M14$/&I+'T Tl/&O! Tl 61-#$1/4>(.-)0$!+'.&*3$/6$! Tonl;!

Tundd.6!Tm; Tsm!/&O!-#$!(+8/3.-#4.*1?2/6$41.6! T fHshIHmm!/&OLIuYthid I} 1HnChB. &/ (1>/3/4$-$3!

2/()$6!@$3%$!6$-!-wu'RMSa_a\Jll!Z\MRRSTAUWIN\MR " UUS[!/&6W!SMRRZUa 1?/6$0!+&!
' - &81-+1#+)3(91-$4>$3/-) 3$618/-#$3$01/-1/((I'+)316.-$614+0$(SOHS3$!>()61<+(+88$J!
,$34/&9M !

Air to ground conversion:\K)3'/*$!-$4>$3/-)3%!b T,c!.&!D$(2.&6!@/6!6.4)(/-$0!"+3!

$/41#+)312/6$01+&11$(2.81/.31-$4>$3/-)38!b TaCl/**+30.88!-+#$1$Q)/-. +&!

e rrr !!"#(%! !)! I

T



@#$3%10IdILI&ONY3SI>/3/4$-$36!".-1$4>.3.%/((91)6.88183+)&0! ($2$(10/-/'3+4!
1)3+>$/&! @S$/-#$316-/-.+&6!/-1$/*#1+'1-#$'+)316.-$616-)0.$01#$3$!>()6!<+(+8&$J!, $34/89!
br uISMSS[S\IUISM\RS[\adlu!RRM[__TZAMIRTM'_T_[aJV/&@uI TMUN[TCMI b#+)3J10/91+'1
9%$/3¢!.6!%($/316D9!.33/0./&*$1/6!%/(*)(I-$0!.&!NAIDRSS[c!/&O! 1.6!b'3/*- +&/(C!-.4$!6.&*$!
4.0&.8#-1+&!1T10/&)/39!.&!10/96M

Moisture:\K-+*#/6-.*14+.6-)3$!>3+".($6! @$3$5!8358$3/-$0!"+31$/*#16.-FEI+?-/.&$0!
6.-5 6>$*." H14+&-H#(91>3$*.> /- +&!-+-/(61/8013/.8910/9!-+-/(610$3.2$0!'3+41-#$1<(.4/-$!
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