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

 
General Introduction  
 
1.1!Thesis O utline  
!
#$!%&'(!%&)('(*!#!+,)()$%!%&)!,)(-.%(!/0!()1),2.!2$2.3()(!2$4!%&)!2((/5'2%)4!6)$/7'5!,)(/-,5)(!
%&2%!4)1)./+!!"#$%&'(%()$*+,-.)"$,'/..+ 2(!2!7/4).!0/,!)1/.-%'/$2,3!6)$/7'5(!,)()2,5&8!
9('$6!:&/.) ;6)$/7)!,) ;()<-)$5'$6!42%2!0,/7 !! 0+,-.)"$,'/.. +0').4!'(/.2%)(*!#!'$1)(%'62%)!%&)!
+/+-.2%'/$!(%,-5%-,)!/0!%&)!(+)5')(8!#!-()!./$6!,)24!()<-)$5'$6!%/!-+42%)!%&)!!0+,-.)"$,'/..+
,)0),)$5)!6)$/7)!2$4!%/!+,/4-5)! &'6&;<-2.'%3!6)$/7)!2(()7=.')(!0/,!%&,))!5./().3!,).2%)4!
(+)5')(8!9('$6!%&)()!$/1).!2$4!'7+,/1)4!6)$/7)!2(()7=.')( *!#!5&2,25%),'()!()1),2.!0)2%-,)(!
/0!6)$/7)!2,5&'%)5%-,)!2$4!)1/.-%'/$!'$!!0+,-.)"$,'/..+ 2$4!'%(!,).2%'1)(8!#!+),0/,7!)>&2-(%'1)!
72$-2.!5-,2%'/$!/0!%,2$(+/(2=.)!).)7)$%(!?@A(B!'$!!0+,-.)"$,'/.. !2$4!4)(5,'=)!2!$):!5.24)!/0!
,)%,/%,2$(+/(/$(!%&2%!2,)!2=-$42$%!'$!6,))$!2.62)!2$4!'$1),%)=,2%)!2$'72.(*!2$4!2,)!2.(/!
+,)()$%!'$!2%!.)2(%!2!(72..!$-7=),!/0!+.2$%!2$4!+,/%'(%!(+)5')(8!!0+,-.)"$,'/..+ +/(()(( )(!()1),2.!
0)2%-,)(!%&2%!72C)!'%!2$!2%%,25%'1)!(%-43!(3(%)7!0/,!)1/.-%'/$2,3!,)()2,5&8!@&)!:/,C!+,)()$%)4!
'$!%&'(!%&)('(!(-=(%2$%'2..3!'7+,/1)(!/-,!-$4),(%2$4'$6!/0!!"#$%&'(%()$*+6)$/7'5(!2$4!
)1/.-%'/$2,3!='/./63*!2$4!%&)!,)(/-,5)(!+,)()$%)4!2,)!)>+)5%)4!%/! 0/,7!2!=2('( !0/,!0-%-,)!
,)()2,5&!'$!%&'(!2,)28!#$!%&'(!5&2+%),*!#!'$%,/4-5)!!0+,-.)"$,'/..+ 2$4!!"#$%&'(%()$*+2(!(%-43!
(3(%)7(!2$4!+,/1'4)!2$!/1),1'):!/0!%&)! !0+,-.)"$,'/..+ 6)$/7) 8!#!2.(/!+,)()$%!4)%2'.)4!
=25C6,/-$4!'$0/,72%'/$!/$!%&,))!7)%&/4/./6'52.!2++,/25&)(!%&2%!2,)!5)$%,2.!%/!%&)!,)()2,5&!#!
&21)!+),0/,7)4 *!$27).3!:&/.) ;6)$/7)!,) ;()<-)$5'$6!2$4!12,'2$%!52..'$6*!./$6!,)24!6)$/7)!
2(()7=.3*!2$4!@A!2$$/%2%'/$!2$4!5.2(('0'52%'/$8!D'$2..3*!#!=,')0.3!/-%.'$)!%&)!:'4),!5/$%)>%!/0!
%&)!:/,C!+,)()$%)4!'$!%&'(!%&)('(8!!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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1.2!Chlamydomonas reinhardtii and the Genus 
Chlamydomonas  

 
1.2.1 Chlamydomonas reinhardtii as a model organism !
!
!0+,-.)"$,'/.. *!5/77/$.3!,)0),,)4!%/! 2(!F&.2734/7/$2(! ?:'%&/-%!'%2.'5(B!/, !('7+.3 !G5&.273H!
'$!)1),3423!5/77-$'52%'/$( *!'(!2!-$'5)..-.2,!6,))$!2.62!%&2%!'(!:'4).3!(%-4')4!25,/(( !()1),2.!
,)()2,5&!2,)2(8!I)0'%%'$6!'%(!+,/7'$)$5)*!%&)!(+)5')(!&2(!=))$!%&)!(-=J)5%!/0!)>5)..)$%!6)$),2.!
,)1'):(! ?K2,,'(!ELL"M!N,O(5&/.4!)%!2.8!ELLPM!Q2./7R!2$4!S),5&2$%!EL"TB!2$4!%:/!)4'%'/$(!/0!
2!4)4'52%)4!%)>%=//C*!%&)!!"#$%&'(%()$*+Q/-,5)=//C! ?K2,,'(!"TUTM!K2,,'(!ELLTB*!2$4!%&)!
'$%,/4-5%'/$!+,)()$%)4!'$!%&'(!()5%'/$!'(!)>+2$4)4!'$!02,!6,)2%),!4)%2'.!'$!%&/() !(/- ,5)(8!!0+
,-.)"$,'/..+ 5)..(! 7)2(-, ) !VP!>!"L!µ7*!2,)!)$52()4!'$!2!6.35/+,/%)'$W52,=/&34,2%)!5)..!:2..!
2$4!5/$%2'$!%:/!5'.'2!%&2%!+,'72,'.3!0-$5%'/$!'$!7/%'.'%3!?'$5.-4'$6!+&/%/%2>'(B!2$4!5)..;5)..!
,)5/6$'%'/$!4-,'$6!()>-2.!,)+,/4-5%'/$8!!0+,-.)"$,'/..+ '( !&2+./'4!2$4!025-.%2%'1).3!()>-2.*!
4'1'4'$6!7'%/%'52..3!'$!,)(/-,5) ;,'5&!5/$4'%'/$(!2$4!-$4),6/'$6!()>!:&)$!,)(/-,5)(!2,)!
.'7'%)4!?(+)5'0'52..3!$'%,/6)$!.'7'%2%'/$!'$!%&)!.2=/,2%/,3B8!X-,'$6 !1)6)%2%'1)!6,/:%&*!7-.%'+.)!
7'%/%'5!4'1'('/$(!?0,/7!/$)!%/!0'1)*!7/(%!/0%)$!%:/B!/55-,!:'%&'$!%&)!5)..!:2..!/0!%&)!7/%&),!
5)..*!,)(-.%'$6!'$!%&)!,).)2()!/0!=)%:))$!%:/!2$4!YE!42-6&%),!5)..(8!#$!%&)!()>-2.!535.)*!5)..(!
4'00),)$%'2%)!%/!)<-2.;('Z)4!?'8)8!'(/627/-(B!627)%)(!/0!%:/!6)$)%'52..3!4)%),7'$)4!72%'$6!
%3+)(*!1#2*+?34 ! B!2$4!%.)2*+?34 "B*!2$4!+2',(!/0!/++/('%)!72%'$6!%3+)+627)%)(!+2',!2$4!0-()!
%/!0/,7!2!4'+./'4!Z36/%)8!@&)!Z36/%)!0-,%&),!4)1)./+(!%/!2!4)('552%'/$!2$4!0,/(%;,)('(%2$%!
Z36/(+/,)*!:&' 5&!-$4),6/ )( !7)'/('(!%/!+,/4-5)!0/-,!1)6)%2%'1)!5)..(*!%:/!/0!)25&!72%'$6!
%3+)8!!0+,-.)"$,'/..+ &2(!=))$!'(/.2%)4!0,/7!(/'.!'$!5/$%'$)$%2.!2$4!%)7+),2%)!5.'72%)(*!
2.%&/-6&!'%!'(!)>+)5%)4!%/!2.(/! )>'(%!'$!%)7+/,2,3!:2%),!=/4')(8!A5/./6'52.!C$/:.)46)!/0!%&)!
(+)5')(!'(!()1),).3!.'7'%)4! ?Q2((/!)%!2.8!EL"UB*!&/:)1),!'%!'(!.'C).3!%&2%!()>!2$4!Z36/(+/,)!
0/,72%'/$!2,)!2!,)<-',)7)$%!/0!(-,1'12.!'$!241),()!5/$4'%'/$(!(-5&!2(!4,/-6&%!2$4!5/.48!
K2(2$!2$4![)((!?ELELB!)(%'72%)4!%&)!,2%)!/0!()>!'$!!0+,-.)"$,'/..+ 2(!2++,/>'72%).3!/$)!
()>-2.!6)$),2%'/$!+),!U\L!2()>-2.!6)$),2%'/$(8!!
!
]! $/:!-$C$/:$! (+)5')(! 4)(5,'=)4!2(!!"#$%&'(%()$*+12#5.*62#2*+:2(!0',(%!'$%,/4-5)4!=3!
A&,)$=),6!?"UYUB*!)(%2=.'(&'$6!%&)!6)$-(!!"#$%&'(%()$*+?())!"8E8EB*!:&'.) !2$/%&),!./$6!
('$5)!./(%!'(/.2%)!:2(!0',(%!4)(5,'=)4!2(!! 0+,-.)"$,'/.. !=3!X2$6)2,4!?"UUUB8!A2,.3!5-.%-,)(!/0!
/%&),!-$C$/:$!!"#$%&'(%()$*+(+)5')(! :),)!-()4!%/!(%-43!+&/%/%2>'(!2$4!()>-2.!
,)+,/4-5%'/$*!:'%&!N2(5&),!?"T"UB!'$%,/4-5'$6!%)%,24!2$2.3('(!2(!2!+/:),0-.!2++,/25&!%/!(%-43!
S)$4).'2$!()6,)62%'/$8!@&)!5/$%)7+/,2,3!&'(%/,3!/0!!0+,-.)"$,'/..+ 5/77 )$5)4!:'%&!%&)!
+,/+/()4!'(/.2%'/$!2$4!(-=()<-)$%!6),7'$2%'/$!/0!2!Z36/(+/,)!0,/7!2!+/%2%/!0').4!$)2,!
]7&),(%*!S2((25&-()%%(!'$!"T\P!=3!^'.=),%!S8!Q7'%&*!6'1'$6!,'()!%/!=/%&!34 ! +2$4+34 "+
&2+./'4!+,/6)$3!%&2%!.)4!%/!%&)!)(%2=.'(&7)$%!/0!%&)!G.2=/,2%/,3!(%,2'$(H!?"8E8YB8!_1),!%&)!
0/../:'$6!4)524)(*!0-$427)$%2.!:/,C!/$!%&)()!(%,2'$(!)(%2=.'(&)4!!0+,-.)"$,'/..+ 2(!2!7/4).!
/,62$'(78!@&)!(+)5')(!'(!)>+),'7)$%2..3!%,25%2=.)!2$4!:)..!(-'%)4!%/!.2=/,2%/,3!5-.%-,)M!'%!52$!
=)!6,/:$!2>)$'52..3!:'%&!2!4/-=.'$6!%'7)!/0! ;̀U!&/-,( *!%&)!5)..!535.)!52$!=)!(3$5&,/$'()4*!
2$4!%&)!()>-2.!535.)!5/$%,/..)48!#%!'(!&'6&.3!27)$2=.)!%/!5.2(('52.!6)$)%'5(*!2$4!'%(!&2+./'4!
(%2%)!7)2$(!%&2%!./((;/0;0-$5%'/$!7-%2%'/$(!2,)!'77)4'2%).3!(5/,2=.)8!9$.'C)!.2$4!+.2$%(!2$4!



! Y!

/%&),!)2,.3!!"#$%&'(%()$*+7/4).( !?)868!!"#$%&'(%()$*+%(-72*.. B*!!0+,-.)"$,'/..+ 52$!-()!
25)%2%)!2(!2!(/.)!52,=/$!(/-,5)*!72C'$6!'%!2!+/:),0-.!(3(%)7!'$!:&'5&!%/!(%-43!
+&/%/(3$%&)('(*!('$5)!C$/5C/-%!7-%2%'/$(!2,)!$/$;.)%&2.8!S2$3!6,))$!2.62)+&21)!2.(/!
72'$%2'$)4!5),%2'$!5)..-.2,!0)2%-,)(!+,)()$%!'$!2$'72.!5)..(!=-%!./(%!'$!.2$4!+.2$%(*!2$4!7/(%!
$/%2=.3!!0+,-.)"$,'/..+ '(!-()4!2(!2!7/4).!0/,!%&)!='/6)$)('(!2$4!0-$5%'/$!/0!5'.'28!@&)!(+)5')(!
&2(!=))$!-()4!%/!(%-43!%&)!5)..!535.)*!5&./,/+.2(%!='/./63*!5)..!7)%2=/.'(7*!+&/%/,)5)+%/,(!
2$4!2!12,')%3!/0!/%&),!+&)$/7)$28!#%(!,/.)!2(!%&)!=)(%!(%-4')4!2.62.!(+)5')(!2.(/!72C)(!!0+
,-.)"$,'/..+ 2$!'7+/,%2$%!,)0),)$5)!(3(%)7!0/,!2.62.!='/%)5&$/./63!2$4!'$4-(%,'2.!2++.'52%'/$(!
(-5&!2(!%&)!+,/4-5%'/$!/0!='/0-).(!2$4!='/+,/4-5%(!?Q5,2$%/$!)%!2.8!EL"PB8!].%&/-6&!
4)1)./+7)$%!/0!2!7/.)5-.2,!%//.C'%!+,/1)4!7/,)!5/7+.'52%)4!%&2$!'$!72$3!/%&),!5.2(('52.!
7/4).(*!6)$)%'5!%,2$(0/,72%'/$!'(!$/:!+/(('=.)*!2$4!'$!%&)!.2(%!%:/!4)524)(!%&)!()<-)$5'$6!/0!
%&)!!0+,-.)"$,'/..+ 6)$/7)! ?"8YB!&2(!)$2=.)4!72$3!$):!)>+),'7)$%2.!2++,/25&)(*!7/(%!
$/%2=.3!&'6&;%&,/-6&+-%!%,2$(5,'+%/7'5(8!_1),2..*!'%(!%,25%2='.'%3!2(!2$!)>+),'7)$%2.!2$4!
5.2(('52.!6)$)%'5(!(3(%)7!&2(!.)4!%/!5/7+2,'(/$(!:'%&!/%&),!'7+/,%2$%!7'5,/='2.!7/4).(*! :'%&!
!0+,-.)"$,'/..+ /552('/$2..3!,)0),,)4!%/!2(!%&)!G6,))$H!/,!G+&/%/(3$%&)%'5!3)2(%H!?^//4)$/-6&!
"TTEM!a/5&2'>!"TTPB8!
 
1.2.2 The genus Chlamydomonas and the wider systematics of green algae !
!
!"#$%&'(%()$*+6,))$!2.62)!=)./$6!%/!%&)!+&3.-7!F&./,/+&3%2*!5.2((!F&./,/+&35)2)*!2$4!
/,4),!b/.1/52.)(!?cF&.2734/7/$242.)(B8! @&)!5&./,/+&3%)(*!%/6)%&),!:'%&!%&)!(%,)+%/+&3%)(!
?.2$4!+.2$%(!d!%&)',!6,))$!2.62.!,).2%'1)(B*!,)4!2.62)!2$4!6.2-5/+&3%)(*!2,)!7)7=),(!/0! %&)!
],5&2)+.2(%'42*!2!72J/,!5.24)!/0!)-C2,3/%)(!%&2%!)1/.1)4!0/../:'$6!%&)!&3+/%&)('()4!+,'72,3!
)$4/(37='/('(!)1)$%! %&2%!621)!,'()!%/!+.2(%'4(!V"8P!='..'/$!3)2,(!26/!?N2,0,)3!)%!2.8!EL""B8!
@&)!5&./,/+&3%)(!2$4!(%,)+%/+&3%)(!.'C).3!4'1),6)4!7/,)!%&2$!/$)!='..'/$!3)2,(!26/*!2$4!
5/..)5%'1).3!0/,7!%&)!5.24)!b','4'+.2$%2)!?e).'2),%!)%!2.8!EL"EB8!@&)!F&./,/+&35)2)!2,)!/$)!/0!
%&)!%&,))!72J/,!.'$)26)(!%&2%!,)+,)()$%!%&)!5/,);F&./,/+&3%2*!%/6)%&),!:'%&!%&)!
@,)=/->'/+&35)2)!2$4!9.1/+&35)2)*!:&'5&!.'C).3!.2(%!(&2,)4!2!5/77/$!2$5)(%/,!'$!%&)!
[)/+,/%),/Z/'5!),2!fgLL!7'..'/$!3)2,(!26/! ?X).!F/,%/$2!)%!2.8!ELELB8!!
!
@&)!b/.1/52.)(!'(!2!&'6&.3!4'1),()!/,4),!/0!7/(%.3!0,)(&:2%),!2$4!%),,)(%,'2.!(+)5')(*!
'$5.-4'$6!=/%&!-$'5)..-.2,!2$4!7-.%'5)..-.2,*!7/%'.)!2$4!$/$;7/%'.)*!2$4!&)%),/%&2..'5!2$4!
&/7/%&2..'5!(+)5')(*!2(!:)..!2(!2!$-7=),!/0!)>%,)7/+&'. )(!?)868!%&)!&2./%/.),2$%!82)$#.-##$!
*$#.)$*!25'4/+&'.)!!"#$%&'(%()$*+-2*/.9%$!2$4!+(35&,/+&'.)!!"#$%&'(%()$*+).5$#.*B8!
]./$6('4)! !"#$%&'(%()$* *!/$)!/0!%&)!7/(%!,)5/6$'(2=.)!6,/-+(!'$!%&)!b/.1/52.)(!2,)!%&)!
5/./$'2.!1/.1/5'$)!2.62)*!:&'5&!'$5.-4)(!(+)5')(! (+2$$'$6!2!.2,6)!,2$6)!/0!/,62$'(72.!
5/7+.)>'%')(*!0,/7!%&)!0/-,;5)..)4!'(/627/-(! 4-/,$:$-)$ +*(6.$#.*+%/!%&)!7-.%'5)..-.2,!
2$'(/627/-(! ;(#5(<+6$,/-,.8!@&)!6,/-+!&21)!%&),)0/,)!2%%,25%)4!('6$'0'52$%!2%%)$%'/$!2(!
7/4).(!%/!(%-43!72J/,!)1/.-%'/$2,3!%,2$('%'/$(*!'$5.-4'$6!%&)!)1/.-%'/$!/0!7-.%'5)..-.2,'%3*!
2$'(/6273*!2$4!%&)!4'00),)$%'2%'/$!/0!(/72!2$4!6),7!.'$)!?97)$!ELELB8!@&)!1/.1/5'$)!2.62)!
2,)!2.(/ !C$/:$!2(!%&)!@^b!5.24)*!:&'5&!,)0),( !%/!%&)!%&,))!72J/,!5/$(%'%-)$%!027'.')(*!%&)!
@)%,2=2)$25)2)*!^/$'25)2)!2$4!b/.1/525)2)8!
!



! \ !

@&)!%,24'%'/$2.!6)$-(! !"#$%&'(%()$* !5/$%2'$(!7/,)!%&2$!`LL!4)(5,'=)4 !(+)5')(!/0!
='0.26)..2%)!-$'5)..-.2,!2.62)*!2.%&/-6&!'%!:2(!2.,)243!5/$('4),)4!%/!=)!2$!2,%'0'5'2.!
2(()7=.26)!=3!A%%.!?"Tg`B8!@&)!(3(%)72%'5(!/0!!"#$%&'(%()$*+2$4!'%(!,).2%'1)(!&21)!('$5)!
=))$!5&2,25%),'()4!-('$6!72,C),!6)$)!+&3./6)$')(*!7/(%!5/77/$.3!%&)!"UQ!,'=/(/72.!a[]!
?,a[]B!6)$)8! N,O(5&/.4!)%!2.8!?ELL"B!5/$0',7)4!%&2%!!"#$%&'(%()$* !'(!&'6&.3!+/.3+&3.)%'5!
2$4!=)62$!%&)!2,4-/-(!%2(C!/0!,)1'('$6!%&)!6)$-(!2$4!%,2$(0),,'$6!(+)5')(!%/!$):!6)$),28!
[2C242!)%!2.8!?ELLUB!4)0'$)4!()1),2.!72J/,!5.24)(!:'%&'$!%&)!b/.1/52.)(!?)868!=-.)"$,'/.).$ *!
3(-72*.).$ *!82)$#.-##.).$B*!()1),2.!/0!:&'5&!'$5.-4)4!(+)5')(!4)(5,'=)4!2(!!"#$%&'(%()$* 8!
!0+,-.)"$,'/..+ =)./$6(!%/!2!(-=5.24)!/0!%&)!=-.)"$,'/.).$+ %),7)4!%&)!5/,);=-.)"$,'/.).$ *!
:&'5&!2.(/!'$5.-4)(!%&)!@^b!5.24)!2$4!72$3!(+)5')(!4)(5,'=)4!2(! !"#$%&'(%()$*+?)868!
!"#$%&'(%()$*+*1"$-,(.'-* *!!"#$%&'(%()$*+>-:,$ *!!"#$%&'(%()$*+6,.:2%B!2$4!
;./,-(6"#$%&*!?[2C242!)%!2.8!EL"`B8!@&)!:'4),!=-.)"$,'/.).$+ '$5.-4)(!()1),2.!/%&),!
!"#$%&'(%()$*+(+)5')(!2$4!,)+,)()$%2%'1)(!/0!/%&),!6)$),2!(-5&!2(!?-(6"#(,(*$,6.)$+ 2$4!
%&)!$/$+&/%/(3$%&)%'5!@(#&/(%-##$8!@&-(*!!0+,-.)"$,'/..+ '(!7/,)!5./().3!,).2%)4!%/!%&)!@^b!
5.24)!%&2$!%&)!12(%!72J/,'%3!/0!4)(5,'=)4!!"#$%&'(%()$*+(+)5')(*!2$4!!"#$%&'(%()$*+2(!2!
%,24'%'/$2.!6)$-(!(+2$(!()1),2.!&-$4,)4!7'..'/$!3)2,(!/0!)1/.-%'/$8 !
!
!0+,-.)"$,'/..+ '(!%&)!%3+)!(+)5')(!/0!!"#$%&'(%( )$**!2$4!%&),)0/,)!!0+,-.)"$,'/..+ 2$4!'%(!
'77)4'2%)!,).2%'1)(!5/7+,'() !%&)!7/$/+&3.)%'5!6)$-(!!"#$%&'(%()$* +?'8)8!*-)*2+*/,.6/(B!
?N,O(5&/.4!2$4!Q'.12!ELLgB8!K/:)1),*!:&'.)!%&)!7/,)!5/$(+'5-/-(!@^b!5.24)!5/$%2'$(!VPL!
4)(5,'=)4!(+)5')(*!%&)!-$'5)..-.2,!.'$)26)!%&2%!'$5.-4)(!!0+,-.)"$,'/..+ 5/$%2'$(!/$.3!%:/!/%&),!
4)(5,'=)4!(+)5')(*! !"#$%&'(%()$*+.)6-,/$+2$4!!"#$%&'(%()$*+*6"#(-**-,.+?N,O(5&/.4!)%!2.8!
ELLPM!N,O(5&/.4!)%!2.8!EL"UB8!h/,C!5/$%'$-)(!%/!,)2(('6$!7/,)!4'(%2$%.3!,).2%)4!
!"#$%&'(%()$*+(+)5')(!'$!%&)!5/,);=-.)"$,'/.).$+ %/!$):!6)$),2*!0/,!)>27+.) *!
!"#$%&'(%()$*+'-:$,&$)$ *!/$)!/0!%&)!7/(%!:)..;(27+.)4 !(+)5')( *+:2(!,)5)$%.3!,)$27)4!
A'$1"(6"#$%&*+'-:$,&$)$+?N,O(5&/.4!)%!2.8!EL"UB8!S2,C),!6)$)!+&3./6)$')(!&21)!=))$!.)((!
(-55)((0-.!2%!5&2,25%),'('$6!0'$);(52.)!+&3./6)$)%'5!,).2%'/$(&'+(*!2$4!'%!'(!-$5.)2,!:&)%&),!
-$'5)..-.2,!(+)5')(!(-5&!2(! A0+'-:$,&$)$+2,)!7/,)!5./().3!,).2%)4!%/!!"#$%&'(%()$* +?*-)*2+
*/,.6/( B*!%&)!@^b!5.24)*!/,!2,)!/-%6,/-+(!%/!=/%&8!].%&/-6&!!"#$%&'(%()$* +?*-)*2+*/,.6/(B+
5-,,)$%.3!5/$%2'$(!J-(%!%&,))!(+)5')(*!'%!'(!.'C).3!%&2%!72$3!-$4)(5,'=)4!5./()!,).2%'1)(+)>'(%8!]!
i/,)2$!0,)(&:2%),!'(/.2%)!:2(!4)(5,'=)4!=3! K/$6!)%!2.8!?EL"YB!%&2%!)>&'='%)4!2!('$6.)!
$-5.)/%'4)!(-=(%'%-%'/$!,).2%'1)!%/!!0+,-.)"$,'/..+ '$!%&)!"UQ!,a[]!6)$)!?0/,!5/7+2, '(/$!%&)!
5./()(%!C$/:$!,).2%'1)!!0+.)6-,/$+5/$%2'$(!%:/!(-=(%'%-%'/$(B*!2.%&/-6&!-$0/,%-$2%).3!%&'(!
'(/.2%)!:2(!./(%!%/!5-.%-,)8!i&2:!)%!2.8!?ELELB!'(/.2%)4!2!$):!(%,2'$!0,/7!S2.23('2!%&2%!:2(!
'4)$%'0')4!2(!!0+,-.)"$,'/..+ =2()4!/$!"LLj!()<-)$5)!('7'.2,'%3!=)%:))$!"U Q!,a[]!6)$)(*!2$4!
2!+,).'7'$2,3!2$2.3('(!=2()4!/$!2!'-+)(5(+ %,2$(5,'+%/7)!2(()7=.3!&2(!(-66)(%)4!%&2%!%&'(!
'(/.2%)!,)+,)()$%(!2!$):!(+)5')(!?F,2'6*!I2./6-$!k![)((*!-$+-=.'(&)4B8! ]!(72..!$-7=),!/0!
"UQ!,a[]!()<-)$5)(!0,/7!-$4)(5,'=)4!(+)5')( !7/,)!('7'.2, !%/!%&)!"UQ!,a[]!()<-)$5)!/0! !0+
,-.)"$,'/.. !%&2$!%/!%&/()!/0!%&)!@^b!5.24)!&21)!=))$!-+./24)4!%/!^)$I 2$C*!$27).3!'(/.2%)!
9S@;I" \! ?255)(('/$!S[UgTEgY8"B*!(%,2'$!,()7(-!F&.27;"PW""!?i9TE`YYYP8"B!2$4!(%,2'$!
&//E!?SK`TTL\Y8"B8!D/(('.!52.'=,2%)4!7/.)5-.2,!5./5C!2$2.3()(!&21)!)(%'72%)4!%&2%!%&)!@^b!
5.24)!.2(%!(&2,)4!2!5/77/$!2$5)(%/,!:'%&!-$'5)..-.2,!(+)5')(!VEYL!7'..'/$!3)2,(!26/!?K),,/$!
)%!2.8!ELLTB*!2$4!!"#$%&'(%()$*+ ?*-)*2+*/,.6/(B!'(!%&),)0/,)!)>+)5%)4!%/!&21)!)1/.1)4!'$!
2++,/>'72%).3!%&)!.2(%!/$)!&-$4,)4!7'..'/$!3)2,(!?Y8\ 8gB8!
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1.2.3 Chlamydomonas reinhardtii laboratory strains !
!
h'%&!0):!)>5)+%'/$(*!,)()2,5&!'$!!0+,-.)"$,'/..+ '(!+),0/,7)4!/$!2!.2,6)! 5/..)5%'/$!/0!5./$2..3!
72'$%2'$)4!5-.%-,)(!%&2%!2,)!5/..)5%'1).3!C$/:$!2(!%&)!(%2$42,4!.2=/,2%/,3!(%,2'$(8!](!
'$%,/4-5)4!'$!"8E8"*!%&)()!(%,2'$(!2,)!2..!%&/-6&%!%/!=)!4)(5)$4)4!0,/7!2!('$6.)!4'+./'4!
Z36/(+/,)!'(/.2%)4!'$!S2((25&-()%%(*!"T\P8!K/:)1),*!%&)!) 2,.3!&'(%/,3!/0!%&)!(%,2'$(!'( !
5/7+.'52%)4!2$4!/0%)$!+//,.3!4/5-7)$%)48!@&)!%,24'%'/$2.!7/4).!(+.'%(!%&)!.2=/,2%/,3!(%,2'$(!
'$%/!%&,))!(-=.'$)(!=2()4!/$!%&)!4'(%,'=-%'/$!/0!+2',(!/0!(%,2'$(!/0!/++/('%)!72%'$6!%3+)!%/!
4'00),)$%!,)()2,5&!6,/-+(!'$!%&)!"TPL(*!$27).3!%&)!Q26),*!F27=,'46)!2$4!A=),(/.4We)1'$)!
(-=.'$)( !?N,O(5&/.4!)%!2.8!ELLPM!K2,,'(!ELLTB8!@&)()!(%,2'$(!&21)!=))$!72'$%2'$)4!2(!5./$)(!'$!
12,'/-(!.2=/,2%/,')(!2$4!5-.%-,)!5)$%,)(!0/,!2++,/25&'$6!gL!3)2,(!2$4!2,)!(/7)%'7)(!,)0),,)4!
%/!2(!G:'.4!%3+)H!.2=/,2%/,3!(%,2'$(*!2.%&/-6&!(/7)!.'$)(!&21)!25<-',)4!7-%2%'/$(*!:'%&!%&)!
./((!/0!%&)!2='.'%3!/0!%&)!A=),(/.4We)1'$)!(%,2'$(!%/!-%'.'()!$'%,2%)!=)'$6!%&)!7/(%!:).. ;C$/:$ !
)>27+.)8!S2$3!244'%'/$2.!(%,2'$(!&21)!=))$!+,/4-5)4!=3!5,/(()(!=)%:))$!%&)!:'.4!%3+)!
.2=/,2%/,3!(%,2'$(!2$4!%&)',!+,/6)$38!D-,%&),!5/$0-('$6!72%%),(*!(%,2'$(!52$!=)!,)0),,)4!%/!=3!
&'(%/,'52.!$27)(!?)868!"Yg5*!E"!6,B*!(/7)!/0!:&'5&!,).2%)!%/!7-%2$%!+&)$/%3+)(!?)868!&B*!
67CDB*!/,!=3!(%,2'$!#X(!0,/7 !5-.%-,)!5/..)5%'/$(8!#$!5/$%)7+/,2,3!.'%),2%-,)*!(%,2'$(!2,)!7/(%!
/0%)$!,)0),,)4!%/!=3!%&)',!GFF!$-7=),H!2(!52%2./6-)4!=3!%&)!F&.2734/7/$2(!a)(/-,5)!
F)$%,)!?:::85&.2735/..)5%'/$8/,6 B!)868!%&)!Q26),!(-=.'$)!(%,2'$(!E"!6,!2$4!&B+2,)!,)0),,)4!%/!
2(!FF;"`TL!2$4!FF;"`T"*!,)(+)5%'1).38!K/:)1),*!2(!(%,2'$(!2,)!0,)<-)$%.3!72'$%2'$)4!'$!
7-.%'+.)!5/..)5%'/$(*!7-.%'+.)!(3$/$37/-(!#X(!52$!=)!)$5/-$%),)4!)868!%&)!F27=,'46)!
(-=.'$)!(%,2'$!FF;"L"L!'(!2.(/!72'$%2'$)4!2(!9@Al!TL!?F-.%-,)!F/..)5%'/$!/0!].62)!2%!%&)!
9$'1),('%3!/0!@)>2(!2%!]-(%'$B*!Q]^!"";YE=!?F-.%-,)!F/..)5%'/$!/0!].62)!2%!^O%%'$6)$!
9$'1),('%3B!2$4!FF]N!""WYE]!?F-.%-,)!F/..)5%'/$!/0!].62)!2$4!N,/%/Z/2*!Q5/%%'(&!
]((/5'2%'/$!0/,!S2,'$)!Q5')$5)B8!@2=.)!Q"!+,/1'4)(!'$0/,72%'/$!/$!2..!.2=/,2%/,3!(%,2'$(!
,)0),,)4!%/!'$!%&'(!%&)('(8!
!
@/!=)%%),!,)(/.1)!%&)!6)$)%'5!,).2%'/$(&'+(!=)%:))$!.2=/,2%/,3!(%,2'$(*!^2..2&),!)%!2.8!?EL"PB!
+),0/,7)4!:&/.) ;6)$/7)!,) ;()<-)$5'$6!/$!YT!(%,2'$(*!'$5.-4'$6!=/%&!%&)!34 ! +2$4!34 "+
,)+,)()$%2%'1)(!/0!%&)!:'.4!%3+)!(-=.'$)(8!#$!.'$)!:'%&!%&)!)>+)5%2%'/$!%&2%!%&)!(%,2'$(!2,)!
4),'1)4!0,/7!2!('$6.)!Z36/(+/,)*!%&)3!,)+/,%)4!%&2%!%&)!6)$/7)(!/0!2..!(%,2'$(!2,)!5/7+,'()4!
/0!%:/!2.%),$2%'1)!&2+./%3+)(!4'1),6)$%!2%!VEj!/0!('%)(8!@&'(!+2',:'()!4'1),6)$5) !'( !
2++,/>'72%).3!)<-2.!%/!6)$)%'5!4'1),('%3!27/$6(%!'(/.2%)(!(27+.)4!0,/7!%&)!(27)!('%)!?"8E8\*!
E8\8B̀*!2$4!%&)!%:/!&2+./%3+)(!+,)(-72=.3!,)+,)()$%!%&)!6)$)%'5!4'00),)$5)(!=)%:))$!%&)!
+2,)$%2.!&2+./'4!'$4'1'4-2.(!%&2%!/$5)!)>'(%)4!2%!%&)!(27+.'$6!('%)8!K/:)1),*!/$)!&2+./%3+)!
:2(!0/-$4!%/!=)!4/7'$2$%*!:'%&!2..!(%,2'$(!(&2,'$6!2%!.)2(%!VgPj!/0!%&)',!6)$/7)(!?2$4!
-(-2..3!02,!&'6&),B!'4)$%'52.!=3!4)(5)$%!'$!2$3!+2',:'()!5/7+2,'(/$8!D-,%&),7/,)*!%&)!:'.4!
%3+)!(%,2'$(!4'4!$/%!5/,,)(+/$4!%/!0/-,!&3+/%&)%'52.!7)'/%'5!+,/4-5%(8!@&'(!,)(-.%!'7+.')(!%&2%!
2%!.)2(%!(/7)!/0!%&)!:'.4!%3+)!(%,2'$(!2,)!%&)!+,/4-5%!/0!244'%'/$2.!.2=/,2%/,3!5,/(()(!%&2%!
:),)!+),0/,7)4!'$!%&)!(72..!$-7=),!/0!3)2,(!=)%:))$!%&)!/,'6'$2.!'(/.2%'/$!2$4!%&)!
0/-$42%'/$!/0!%&)!(-=.'$)(8!S/,) /1),*! 2(!2!,)(-.%!'%!:2(!$/%!+/(('=.)!%/!,)5/$(%,-5%!%&)!
2$5)(%,2.!+2,)$%2.!&2+./%3+)(!0,/7!%&)!:'.4!%3+)!(%,2'$(8!K2+./%3+)(!:),)!%&),)0/,)!2,='%,2,'.3!
4)0'$)4!,).2%'1)!%/!%&)!,)0),)$5)!6)$/7)!?(%,2'$!FF;PLY*!"8Y8"B*!:'%&!%&)!)$%',)%3!/0!%&)!
,)0),)$5)!6)$/7)!4)0'$)4!2(!&2+./%3+)!"*!2$4!2$3!,)6'/$!0)2%-,'$6!%&)!2.%),$2%'1)!&2+./%3+)!
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,).2%'1)!%/!%&)!,)0),)$5)!6)$/7)!'$!2$3!/%&),!(%,2'$!4)0'$)4!2(!&2+./%3+)!E8!^2..2&),!)%!2.8!
?EL"PB!2.(/!,)+/,%)4!()1),2.!+&)$/%3+'5!4'00),)$5)(!=)%:))$!(%,2'$(*!2$4!6)$),2..3!5/$5.-4)4!
%&2%!,)()2,5&),(!(&/-.4!$/%!5/$('4),!.2=/,2%/,3!(%,2'$(!%/!=)!)'%&),!'(/6)$'5 !/,! )>+),'7)$%2..3!
)<-'12.)$%8!
!
1.2.4 Chlamydomonas reinhardtii field isolates !
!
@&)!&'(%/,3!/0!!0+,-.)"$,'/..+ 0').4!(27+.'$6!'(!-$0/,%-$2%).3!=,')0*!:&'5&!7/(%.3!,)(-.%(!0,/7!
2!.25C!/0!)5/./6'52.!C$/:.)46)!2$4!%&)!4'00'5-.%3!'$!4'(%'$6-'(&'$6!!0+,-.)"$,'/..+ 0,/7!/%&),!
!"#$%&'(%()$*+(+)5')(8!@&'(!'(!)>)7+.'0')4!=3!%&)!0').4!'(/.2%)!FF;"YgY*!:&'5&!:2(!
(27+.)4!=3!^8!S8!Q7'%&!0,/7!2!%/=255/!0').4!'$!S2((25&-()%%(!2%!2!('7'.2,!%'7)!2(!%&)!
.2=/,2%/,3!(%,2'$(!?"8E8YB8!].%&/-6&!'%!'(!'$%),0),%'.)!:'%&!.2=/,2%/,3!(%,2'$(!2$4!&2(!('$5)!=))$!
6)$)%'52..3!5/$0',7)4 !2(!!0+,-.)"$,'/.. !?F/.)72$!2$4!S2'!"TTgB*!FF;"YgY!:2(!./$6!
5/$('4),)4 !2(!%&)!()+2,2%)!(+)5')(!!"#$%&'(%()$*+*%./"..+=2()4!/$!7/,+&/./6'52.!
4'00),)$5)(!?K/(&2:!2$4!A%%.!"T``B8!Q-=()<-)$%!(27+.'$6!)00/,%(!&21)!6)$),2..3!,).')4!/$!
(-55)((0-. !72%'$6!:'%&!.2=/,2%/,3!(%,2'$(!%/!'4)$%'03!$):!'(/.2%)(!/0!!0+,-.)"$,'/.. 8!@:/!
'(/.2%)(*!C$/:$!2(!Q"!XE!?FF;EETLB!2$4!QE!FP!?FF;"TPEB*!:),)!'(/.2%)4!0,/7!2!(/'.!(27+.)!
'$!S'$$)(/%2!=3!̂ ,/((!)%!2.8!?"TUUB8!].%&/-6&!%&)!%:/!(%,2'$(!2,)!%&/-6&%!%/!=)!5./$)(! ?m2$6!
2$4!A&,)$,)'5&!EL"EB*!%&)3!2,)!=3!02,!%&)!7/(%!:)..;(%-4')4!0').4!'(/.2%)(*!2$4!5,/(()(!
=)%:))$!FF;EETLWFF;"TPE!2$4!.2=/,2%/,3!(%,2'$(!:),)!%&)!=2('(!/0!%&)!!0+,-.)"$,'/..+
7/.)5-.2,!72+(! ?i2%&',!)%!2.8!ELLYM!a372,<-'(!)%!2.8!ELLPB8!@:/!'(/.2%)(!0,/7!N)$$(3.12$'2!
2$4!/$)!0,/7!D./,'42!:),)!(27+.)4!=3! Q+2$'),!)%!2.8!?"TTEB*!:&'.)!A.'Z2=)%&!K8!K2,,'(!
'(/.2%)4!%&,))!(%,2'$(!0,/7!62,4)$!(/'.!'$![/,%&!F2,/.'$2!'$!"TT"8!^,2&27!I)..n(!,)()2,5&!
6,/-+!'(/.2%)4!7/,)!%&2$!EL!$):!(%,2'$(!0,/7!%:/!0').4(! VUL!C7!2+2,%!'$!o-)=)5 !'$!"TTY!2$4!
"TT\*!0/-,!/0!:&'5&!:),)!4)(5,'=)4!=3! Q25C!)%!2.8!?"TT\B8!S/(%!,)5)$%.3*![2C242!)%!2.8!?EL"LB!
'(/.2%)4!%:/!$):!(%,2'$(!0,/7!2!,'5)!+2443!'$!i26/(&'72*!m2+2$*!,)+,)()$%'$6!%&)!0',(%!
'(/.2%)(!/0!!0+,-.)"$,'/..+ 0,/7!/-%('4)![8!]7),'528! #$0/,72%'/$!/$!2..!!0+,-.)"$,'/..+ 0').4!
'(/.2%)(!'( !+,/1'4)4!'$!]++)$4 '>!I*!@2=.)!Q"8!@&)!(27+.'$6!&'(%/,3!/0!5./()!,).2%'1)(!/0!!0+
,-.)"$,'/..+ '(!)1)$!7/,)!.'7'%)4!2$4!'(! '$%,/4-5)4!'$!Y8\ 8" 8!
!
@:/!(%-4')(!=3!m2$6!2$4!A&,)$,)'5&!?EL"EB!2$4!D./:),(!)%!2.8!?EL"PB!&21)!+),0/,7)4!:&/.) ;
6)$/7)!,) ;()<-)$5'$6! /$!(-=()%(!/0!%&)![8!]7),'52$! 0').4!'(/.2%)(8!@&)()!(%-4')(!,)1)2.)4!
%:/!72J/,!,)(-.%(8!D',(%*!D./:),(!)%!2.8!?EL"PB!)(%'72%)4!(+)5')(;:'4)!6)$)%'5!4'1),('%3!?! B!%/!
=)!VE8Uj!6)$/7) ;:'4)*!2!12.-)!%&2%!'(!27/$6(%!%&)!&'6&)(%!,)+/,%)4!'$!)-C2,3/%)(!?e)00.),!)%!
2.8!EL"EB8!Q-=(%2$%'2.!12,'2%'/$!'$!+,/%)'$;5/4'$6!()<-)$5)!:2(!2.(/!,)+/,%)4*!:'%&!
$/$(3$/$37/-(!4'1) ,('%3!)(%'72%)4!2(!L8`Tj!2$4!/1),!2!%&/-(2$4!6)$)(!+,)4'5%)4!%/!5/$%2'$!
2!./(( ;/0;0-$5%'/$!7-%2%'/$!'$!2%!.)2(%!/$)!(%,2'$8!Q)5/$4*!=/%&!(%-4')(!,)+/,%)4!%&)!+,)()$5)!
/0!6)$)%'5!+/+-.2%'/$!(%,-5%-,)!%&2%!5/,,)(+/$4)4!%/!%&)!(27+.'$6!./52%'/$(!/0!'(/.2%)(8!@&'(!
+,'$5'+2..3!4'1'4)4!'(/.2%)(!0,/7!%&)![/,%&!A2(%!?.2=/,2%/,3!(%,2'$(!2$4!FF;"YgY!0,/7!
S2((25&-()%%(*!2$4!%&)!o-)=)5!'(/.2%)(B!0,/7!%&/()!(27+.)4!0,/7!0-,%&),!(/-%&!2$4!:)(%!'$!
%&)!9Q]8!](!+/+-.2%'/$!(%,-5%-,)!52$!5/$0/-$4!+/+-.2%'/$!6)$)%'5(!'$0),)$5)(! ?Q%p4.),!)%!2.8!
ELLTB*!%&)!VEL!o-)=)5!'(/.2%)(!.'C).3!,)+,)()$%!%&)!=)(%!/++/,%-$'%3!%/!)(%'72%)!2$4!(%-43!
0-$427)$%2.!+/+-.2%'/$!6)$)%'5(!7)%,'5(!'$!%&)!(+)5')(8!9$0/,%-$2%).3*!/$.3!0/-,!/0!%&)()!
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'(/.2%)(!:),)!()<-)$5)4!=3!%&)!%:/!(%-4')(8!#!0-,%&),!)>+./,)!%&)!+/+-.2%'/$!(%,-5%-,)!/0!!0+
,-.)"$,'/..+ -('$6!42%2!0,/7!2..!C$/:$!0').4!'(/.2%)(!'$!F&2+%),!E8!
!
1.2.5 Chlamydomonas reinhardtii as a study system  in evolutionary biology !
!
X)(+'%)!'%(!)>%)$('1)!-()!'$!/%&),!0').4(*!!0+,-.)"$,'/..+ &2(!$/%!=))$!:'4).3!(%-4')4!0,/7!2$!
)1/.-%'/$2,3!+),(+)5%'1)8!]!$/%2=.)!)>5)+%'/$!'(!%&)!0').4!/0!)>+),'7)$%2.!)1/.-%'/$*!%/!:&'5&!
!0+,-.)"$,'/..+ '(!:)..!(-'%)4!?02(%!6)$),2%'/$!%'7)(*!5/$%,/.!/0!%&)!()>-2.!535.)*!)%58B8!@/!6'1)!2!
$/$;)>&2-(%'1)!.'(%!/0!)>27+.)(*!)>+),'7)$%(!-('$6!!0+,-.)"$,'/..+ &21)!=))$!+),0/,7)4!%/!
'$1)(%'62%)!%&)!,/.)!/0!()>!'$!242+%2%'/$!%/!$/1).!)$1',/$7)$%(!?F/.)6,21)!ELLEM!F/.)6,21)!)%!
2.8!ELLEM!i2.%Z!2$4!I)..!ELLEB*!)1/.-%'/$!'$!0.-5%-2%'$6!)$1',/$7)$%(!?a)=/-4!2$4!I)..!"TTgM!
i2(()$!2$4!I)..!"TTUB*!242+%2%'/$!%/!).)12%)4!.)1).(!/0!F_! !?F/..'$(!2$4!I)..!ELL\M!F/..'$(!
)%!2.8!ELL`B!2$4!(2.'$'%3!?e25&2+)..)!)%!2.8!EL"PB*!%&)!)1/.-%'/$!/0!&),='5'4)!,)('(%2$5)!
?b/6:'..!)%!2.8!EL"EM!e262%/,!)%!2.8!EL"YB*!2$4!%&)!)1/.-%'/$!/0!7-.%'5)..-.2,'%3!?a2%5.'00!)%!2.8!
EL"YM!K),,/$!)%!2.8!EL"TB8!S2$3!/0!%&)!244'%'/$2.!2++.'52%'/$(!/0!!0+,-.)"$,'/..+ '$!
)1/.-%'/$2,3!='/./63!&21)!2.(/! (%)77)4!0,/7 !'%(!)>+),'7)$%2.!27)$2='.'%38!@&)!(+)5')(!'(!2$!
)>5)..)$%!(3(%)7!0/,!(%-43'$6!'-+)(5(+ 7-%2%'/$!'$!7-%2%'/$!255-7-.2%'/$!?S]B!)>+),'7)$%(!
?[)((!)%!2.8!EL"EM!Q-$6!)%!2.8!EL"EM![)((!)%!2.8!EL"PM![)((!)%!2.8!EL"`B*!('$5)!'%(!V"""!S=!
6)$/7)! ?"8YB!+,/1'4)(!2!02,!.2,6),!%2,6)%!0/,!7-%2%'/$!,).2%'1)!%/!/%&),!)>+),'7)$%2.!7/4).(!
(-5&!2(!3)2(%(8!@&)!,).2%'/$(&'+!=)%:))$!0'%$)((!2$4!%&)!$-7=),!/0!'-+)(5(+ 7-%2%'/$(!&2(!
=))$!)>+./,)4! ?i,2)7),!)%!2.8!EL"gB*!2$4!7/(%!,)5)$%.3!0-,%&),!)>+),'7)$%2.!:/,C!/$!)>'(%'$6!
S]!.'$)(!)$2=.)4! IO$4).!)%!2.8!?EL"TB!%/!'$0),!%&)!4'(%,'=-%'/$!/0!0'%$)((!)00)5%(!/0!'-+)(5(+
7-%2%'/$(!'$!%&)!(+)5')(8!h&/.) ;6)$/7)!,) ;()<-)$5'$6!/0! !0+,-.)"$,'/..+ %)%,24(!:2(!
+),0/,7)4!=3! e'-!)%!2.8!?EL"UB!%/!)>+),'7)$%2..3!2(()((!^F;='2()4!6)$)!5/$1),('/$!?"8Y8\ B8!!
!
I)3/$4!)>+),'7)$%2.!:/,C*! 2$2.3()(!2%!%&)!+/+-.2%'/$!2$4!=)%:))$;(+)5')(!.)1).(!&21)!=))$!
()1),) .3!'7+)4)4!=3!2!.25C!/0!='/./6'52.!(27+.)(!2$4!6)$/7'5!,)(/-,5)(8!](!,)+/,%)4! '$!
"8E8\*!m2$6!2$4!A&,)$,)'5&!?EL"EB!2$4!D./:),(!)%!2.8!?EL"PB!5&2,25%),'()4!6)$),2.!0)2%-,)(!/0!
6)$)%'5!4'1),('%3!'$!%&)!(+)5')(*!2.%&/-6&!%&)',!2$2.3()(!:),)!+),0/,7)4!/$!(-=()%(!/0!%&)!
212'.2=.)!0').4!'(/.2%)(!%&2%!)>&'='%)4!(-=(%2$%'2.!+/+-.2%'/$!(%,-5%-,)8!S/,)!,)5)$%.3*!K2(2$!
2$4![)((!?ELELB!2(()(()4!,)5/7='$2%'/$!,2%)!12,'2%'/$!'$!!0+,-.)"$,'/..+ ?"8Y8\ B!-('$6!%&)!
o-)=)5!0').4!'(/.2%)(!2(!2!+/+-.2%'/$!42%2()%8!@&)!72%'$6!%3+)!./5-(!&2(!=))$!(%-4')4!'$!7/,)!
4)%2'.*!2$4!X)!K/00!)%!2.8!?EL"YB!2$4!K2(2$!)%!2.8!?EL"TB!-()4!+/+-.2%'/$!42%2!%/!5&2,25%),'()!
6)$)%'5!4'00),)$%'2%'/$!=)%:))$!%&)!34 ! +$)'+34 "+&2+./%3+)(!?"8Y8` B8!Q7'%&!2$4!e))!?ELLUB!
+),0/,7)4!2!5/7+2,2%'1)!2$2.3('(!/0!6)$)%'5!4'1),('%3!=)%:))$!%&)!$-5.)2,!2$4!7'%/5&/$4,'2.!
6)$/7)(8! !
!
I,/24 ;(52.)!5/7+2,2%'1)!6)$/7'5(!2$2.3()(!&21)!=))$!+),0/,7)4!=)%:))$! !0+,-.)"$,'/..+ 2$4!
7)7=),(!/0!%&)!@ b̂!5.24)*!7/(%!$/%2=.3!;0+6$,/-,.!?D),,'(!)%!2.8!EL"LM!N,/5&$'C!)%!2.8!EL"LB8!
K/:)1),*!2(!4'(5-(()4!'$!F&2+%),!Y*!%&)!4'1),6)$5)!=)%:))$! !0+,-.)"$,'/..+ 2$4!%&)!1/.1/5'$)!
2.62)!'(!%// !6,)2%!%/!+),0/,7 !$-5.)/%'4);.)1). !2.'6$7)$%*!.'7'%'$6!%&)!(5/+)!/0!2$2.3()(8!D),,'(!
)%!2.8!?"TTgB!()<-)$5)4!%&)!()>!4)%),7'$'$6!6)$)!3E8+?3E?FG+8H3E?I?!A B+'$!!0+.)6-,/$*!
,)+/,%'$6!%&2%!'%!)>&'='%)4!(-=(%2$%'2.!$/$(3$/$37/-(!?V"YjB!2$4!(3$/$37/-(!?VPUjB!
4'1),6)$5)!,).2%'1)!%/!%&)!!0+,-.)"$,'/..+ /,%&/./68!e'((!)%!2.8!?"TTgB!,)+/,%)4!2$!21),26)!
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4'1),6)$5)!/0!VPEj!=)%:))$! !0+,-.)"$,'/..+ 2$4!!0+.)6-,/$+=2()4!/$!%&)!()<-)$5'$6!/0!%&,))!
'$%,/$(8!N/+)(5-!)%!2.8!?ELL`B!-()4!2! !0+.)6-,/$!)>+,)(()4!()<-)$5)!%26!?AQ@B!.'=,2,3!%/!
<-2$%'03!4'1),6)$5)!,).2%'1)!%/!!0+,-.)"$,'/..+ 2$4!)>+./,)! +2%%),$(!/0!(3$/$37/-(!5/4/$!
-(26) !?"8Y8\ B!=)%:))$!%&)!(+)5')(*!)(%'72%'$6!(3$/$37/-(!4'1),6)$5)!2(!VYgj!0,/7!2!()%!/0!
`g!/,%&/./6(8!D'$2..3*!N/+)(5-!2$4!e))!?ELLgB!2$4!K-2!)%!2.8!?EL"EB!+),0/,7)4!5/7+2,2%'1)!
2$2.3()(!/0!%&)!7'%/5&/$4,'2.!6)$/7)(!2$4!/0!()1),2.! +.2(%'4!6)$)(!=)%:))$!!0+,-.) "$,'/..+
2$4!!0+.)6-,/$*!,)+/,%'$6!%&2%!(3$/$37/-(!4'1),6)$5)!'$!%&)!/,62$)..)!6)$/7)(!:2(!
5/7+2,2=.)!%/!%&2%!0/-$4!'$!$-5.)2,!6)$)(8!h'%&!%&)!)>5)+%'/$!/0!+&3./6)$)%'5!72,C),!6)$)(*!
$/!5/7+2,2%'1)!6)$)%'5(!/,!6)$/7'5(!2$2.3()(!&21)!=))$!+),0/,7)4!-('$6 !!0+*6"#(-**-,. 8!!
 

1.3!The Chlamydomonas reinhardtii Genome  

 
1.3.1 The history of the Chlamydomonas  Genome Project  
 
A00/,%(!%/!()<-)$5)*!2(()7=.)!2$4!2$$/%2%)!2!!0+,-.)"$,'/..+ ,)0),)$5)!6)$/7) +=)62$!'$!%&)!
)2,.3!ELLL(8!]!5)..!:2.. ;.)((!7-%2$%*!FF;PLY!?c67CDB!:2(!5&/()$!2(!%&)!,)0),)$5)!(%,2'$*!
('$5)!%&'(!+&)$/%3+)!('7+.'0')4!X[]!)>%,25%'/$!2$4!)$2=.)4!%&)!&'6&!3').4!,)<-',)7)$%(!/0!
.'=,2,3!+,)+2,2%'/$!2%!%&)!%'7)!%/!=)!7)%8!FF;PLY!:2(!4),'1)4!0,/7!%&)!:'.4!%3+)!34 ! +
.2=/,2%/,3!(%,2'$!FF;"EP!?c"Yg5B!/0!%&)!A=),(/.4We)1'$)!(-=.'$)!?"8E8YB*!:'%&!%&)!5)..!:2..;
.)((!+&)$/%3+)!'$4-5)4!=3!7-%26)$)('(!?K327(!2$4!X21')(!"TgEB8!N,)5)4)4!=3!%:/!
+,).'7'$2,3!1),('/$(!?1"!2$4!1E*!())! ^,/((72$!)%!2.8!?ELLYBB*!%&)!0',(%!&'6&;<-2.'%3!4,20%!
2(()7=.3!?1YB!:2(!2(()7=.)4!0,/7!"Y>!5/1),26)!/0!Q2$6),!()<-)$5)4!,)24(!0,/7!+.2(7'4(*!
0/(7'4(!2$4!/$)! I]F !.'=,2,3!?S),5&2$%!)%!2.8!ELLgB8!@&)!1Y!2(()7=.3!5/$('(%)4!/0!7/,)!%&2$!
"*PLL!(5200/.4(*!:2(!"EL8E!S=!2$4!5/$%2'$)4!2$!)(%'72%)4!"E8Pj!62+(8!@&'(!:2(!<-'5C.3!
0/../:)4!=3!%&)!,).)2()!/0 !%&)!""E8Y!S=!1\ !2(()7=.3 !'$!ELLU*!2!5/7+.)%)!,)2(()7=.3!%&2%!
:2(! 2(()7=.)4!2(!"g!5&,/7/(/7)(!2$4!g"!-$+.25)4!(5200/.4( !1'2!5/7+2,'(/$!%/!7/.)5-.2, !
72++'$6!42%2!?"8Y8YB8!@&)!1\!2(()7=.3!2.(/!'$5/,+/,2%)4!%2,6)%)4!Q2$6),!()<-)$5'$6!/0!
2(()7=.3!62+(*!,)4-5'$6!%&)!)(%'72%)4!+,/+/,%'/$!/0!62+(!%/!g8Pj8!h'%&!%&)!/$()%!/0!$)>%;
6)$),2%'/$!()<-)$5'$6!?[^QB*!%&)!1P!2(()7=.3!,).)2()4!'$!EL"E!-%'.'()4!=/%&!\P\!2$4!
244'%'/$2.!Q2$6),!()<-)$5'$6!%/!%2,6)%!2..!,)72'$'$6!62+(*!(-55)((0-..3!0'..'$6!2++,/>'72%).3!
&2.0!/0!%&/()!+,)()$%!'$!1\8!]%!"""8"!S=*!:'%&!VY8gj!62+(*!Yg!-$+.25)4!(5200/.4(!2$4!2!
5/$%'6;.)1).![PL!/0!VEEL!C=!?'8)8!&2.0!/0!%&)!2(()7=.)4!6)$/7)!'(!+,)()$%!/$!5/$%'6(!/0!EEL!
C=!/,!6,)2%),B*!%&)!1P!2(()7=.3!&2(!=))$!%&)!7/(%!./$6;(%2$4'$6!2$4!(%2=.)!,).)2()!%/!42%)!
?I.2=3!)%!2.8!EL"\B8!!
!
](!:'%&!%&)!6)$/7)!2(()7=.3*!%&)!(%,-5%-,2.!2$$/%2%'/$(*!:&'5&!4)0'$)!%&)!6)$/7'5!
5//,4'$2%)(!/0!6)$)(!2$4!%&)!+,/%)'$(!%&)3!)$5/4)*!&21)!2.(/!-$4),6/$)!()1),2.!,/-$4(!/0!
'7+,/1)7)$%! ?I.2=3!)%!2.8!EL"\M!I.2=3!2$4!I.2=3;K22(!EL"gB8!] $$/%2%'/$(!+),0/,7)4!/$!%&)!
1Y!2(()7=.3!5/7='$)4! $:+.)./.(+6)$)!+,)4'5%'/$!:'%&!Q2$6),!()<-)$5)4!AQ@(!2$4!5/7+.)%)!
5/7+.)7)$%2,3!X[]( !?5X[](B *!,)(-.%'$6!'$!%&)!2$$/%2%'/$!/0!"P*"\Y!+,/%)'$;5/4'$6!6)$)(8!
@&)!0'$2.!2$$/%2%'/$!1),('/$!?1\8YB!=2()4!/$!%&)!1\!2(()7=.3!-()4!%&)!] 9^9Q@9Q!6)$)!
+,)4'5%'/$!2.6/,'%&7!?Q%2$C)!)%!2.8!ELLUB!'$!5/7='$2%'/$!:'%&!\P\!()<-)$5)4!AQ@(!2$4!
+,/%)'$!&/7/./63!%/!%&)!$):.3!212'.2=.) !; 0+6$,/-,.+6)$)!2$$/%2%'/$(!?N,/5&$'C!)%!2.8!EL"LB*!
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,)(-.%'$6!'$!"g*""\!6)$)(8!@&)!2$$/%2%'/$(!+),0/,7)4!0/,!1P!724)!0-..!-()!/0![^Q!
%)5&$/./63!1'2!%&)!'$5/,+/,2%'/$!/0!/1),!/$)!='..'/$!a[] ;()<!,)24(*!,)(-.%'$6!'$!()1),2.!
72J/,!5&2$6)(!%/!6)$)!7/4).(!?)868!(+.'%%'$6!/,!0-('/$!/0!6)$)!7/4).(!?I.2=3!2$4!I.2=3;K22(!
EL"gBB8!@&)!5-,,)$%!1P!2$$/%2%'/$!?1P8`B!5/$%2'$(!"g*g\"!+,/%)'$;5/4'$6!6)$)!7/4).(! 2$4!
"*gUP!2.%),$2%'1)!%,2$(5,'+%(8!!
!
@&)!!0+,-.)"$,'/..+ 6)$/7)!2(()7=.3!2$4!2$$/%2%'/$!2,)!72'$%2'$)4!2%!N&3%/Z/7)!?^//4(%)'$!
)%!2.8!EL"EB*!:&'5&!2.(/!+,/1'4)(!2!6)$/7)!=,/:(),!:'%&!()1),2.!0-$5%'/$2.!42%2!%,25%(!?)868!
6)$)!)>+,)(('/$B8!].%&/-6&!%&)()!,)(/-,5)(!2,)!0-$427)$%2.!%/!2.7/(%!2..!7/4),$!2(+)5%(!/0!
!0+,-.)"$,'/..+ ,)()2,5&*!%&)3!&21)!$/%!=))$!-+42%)4!-('$6!%&)!.2%)(%!2412$5)(!'$!()<-)$5'$6!
%)5&$/./63!?"8\8EB8!@&)!(52.)!/0!'7+,/1)7)$%!%&2%!'(!$/:!+/(('=.)!:2(!,)5)$%.3!4)7/$(%,2%)4!
=3!2!'-+)(5(+ 2(()7=.3!/0!%&)!.2=/,2%/,3!(%,2'$!FF;"`TL!?cE"!6,B!=2()4!/$!2$!-.%,2;./$6!,)24!
[2$/+/,)!42%2()%!?e'-!)%!2.8!EL"TB*!'$!:&'5&!%&)!"g!5&,/7/(/7)(!:),)!2(()7=.)4!2(!J-(%!E"!
5/$%'6(!?_qX/$$)..!)%!2.8!ELELB8!#$!F&2+%),!\*!#!+,)()$%!b ),('/$!`!/0!%&)!F&.2734/7/$2(!
^)$/7)!N,/J)5%8!!
 
1.3.2 Genome architecture and organisatio n 
!
@&)!!0+,-.)"$,'/..+ $-5.)2,!6)$/7)!'(!2++,/>'72%).3!"""!S=!'$!.)$6%&*!^F;,'5&!?`\8"j!
6)$/7) ;:'4)B!2$4!2,,2$6)4!/$!"g!5&,/7/(/7) (!,2$6'$6!0,/7!Y8U!S=!%/!T8U!S=!'$!.)$6%&8!
X)(+'%)!'%(!,).2%'1).3!.2,6)!('Z)*!%&)+6)$/7)!'(!&'6&.3!5/7+25%*!:'%&!6)$'5!()<-)$5)!
5/7+,'('$6!V UPj!/0!%&)!1P!2(()7=.3!2$4!2!7)4'2$!'$%),6)$'5!4'(%2$5)!/0!/$.3!"Y\!=+!
=)%:))$!6)$)(8!@&)!&'6&!6)$)!4)$('%3!'(!.2,6).3!2!,)(-.%!/0!2$!-$-(-2.!'$%,/$;,'5&$)((8!
#$%,/$'5!()<-)$5)!5/7+,'( )( !2++,/>'72%).3!/$)!%&',4!/0!%&)!6)$/7)!2$4!)25&!6)$)!5/$%2'$(!
)'6&%!'$%,/$(!/$!21),26)*!2!$-7=),!%&2%!'(!7/,)!('7'.2, !%/!%&)!&-72$!6)$/7)!%&2$!(+)5')(!
: '%&!5/7+2,2=.)!6)$/7) !('Z)(!?S),5&2$%!)%!2.8!ELLgB8!#$%,/$(!2,)!2.(/ !-$-(-2..3!./$6*! :'%&!2!
7)4'2$!.)$6%&!/0!EET!=+8!#$4))4*!%&)!(&/,%!'$%,/$(!/0!`L;""L!=+!%&2%!%3+'52..3!4/7'$2%)!%&)!
'$%,/$!.)$6%&!4'(%,'=-%'/$(!/0!(72..),!)-C2,3/%'5!6)$/7)(! (-5&!2(!8,(*(1".#$+%-#$)(9$*/-,+
2$4!I,$:.'(1*.*+/"$#.$)$+ 5/$(%'%-%)!/$.3!VPj!/0!'$%,/$(!'$!!0+,-.)"$,'/.. !?S),5&2$%!)%!2.8!
ELLgB0+@&)!6)$/7)!&2(!=))$!,)+/,%)4!%/!5/$%2'$!2!,).2%'1).3!-$'0/,7!4)$('%3!/0!6)$)(*!@A(!
2$4!('7+.)!,)+)2%(!?S),5&2$%!)%!2.8!ELLgB8!
!
S/(%!6)$/7'5(!,)()2,5&!'$! !0+,-.)"$,'/..+ &2(!0/5-(()4!/$!6)$)!0-$5%'/$*!2$4!%&),)!&21)!=))$!
1),3!0):!(%-4')(!5&2,25%),'('$6!(+)5'0'5!0)2%-,)(!/0!6)$/7)!2,5&'%)5%-,)!/,!)>+. /,'$6!%&)',!
)1/.-%'/$8!#$!%&)!6)$/7)!+2+),*!S),5&2$%!)%!2.8!?ELLgB!+,/1'4 )4!2!6,)2%!.)1).!/0!4)%2'.*!
2.%&/-6&!-$0/,%-$2%).3!%&)!1Y!2(()7=.3!:2(!$/%!)$%',).3!2(()7=.)4!%/!5&,/7/(/7)(!2$4!:2(!
VT!S=!.2,6),!%&2$!%&)!5-,,)$%!1P!2(()7=.38!D-,%&),7/,)*!72$3!/0!%&)!0'$);(52.)!2$$/%2%'/$(!
+),0/,7)4!&21)!$/%!=))$!52,,')4!/1),!%/!(-=()<-)$%!1),('/$(!2$4!2,)!$/%!,)24'.3!212'.2=.)8!
D/,!)>27+.)*!S),5&2$%!)%!2.8!?ELLgB!2$$/%2%)4!EPT!%,2$(0),!a[]!?%a[]B!6)$)(!:&'5&!:),)!
,)+/,%)4!%/!=)!&'6&.3!5.-(%),)4*!2.%&/-6&!%&)!./52%'/$(!/0!%&)()!6)$)(!2,)!$/%!2$$/%2%)4!'$!1P!
2$4!$/!2(()((7)$%!/0!%&)',!5&,/7/(/72.!4'(%,'=-%'/$!&2(!=))$!,)+/,%)48!A1)$!5)$%,/7),)(*!
/$)!/0!%&)!7/(%!0-$427)$%2.!6)$/7'5!0)2%-,)(!%&2%!4)0'$)!5&,/7/(/7)!2,7(*!&21)!+,/1)4!
4'00'5-.%!%/!72+!+,)5'().38!]++,/>'72%)!5)$%,/7),)!./52%'/$(!:),)!C$/:$!0,/7!7/.)5-.2,!
72++'$6!?N,)-((!2$4!S)%(!ELLEB*!=-%!/$.3!2!,)5)$%!(%-43!=3!e'$!)%!2.8!?EL"UB!4)0'$)4!+-%2%'1)!
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5)$%,/7),'5!5//,4'$2%)(8!@&)3!,)+/,%)4!%&2%!,)6'/$(!C$/:$!%/!=)!%'6&%.3!.'$C)4!%/!
5)$%,/7),)(! /$!"P!/0!%&)!"g!5&,/7/(/7)(! :),)!5&2,25%),'()4!=3!%&)!+,)()$5)!/0!ELL;ULL!C=!
(%,)%5&)(!/0!()<-)$5)!5/$%2'$'$6!7-.%'+.)!6)$)(!)$5/4'$6!+,/%)'$(!0)2%-,'$6!,)1),()!
%,2$(5,'+%2()!?a@B!4/72'$( 8!@&)3!2.(/!+),0/,7)4!244'%'/$2.!5,/(()(!=)%:))$!2!.2=/,2%/,3!
(%,2'$!2$4!%&)!S'$$)(/%2!0').4!'(/.2%)!FF;"TPE!?"8E8\B*!2$4!,)+/,%)4!1),3!.'%%.)!,)5/7='$2%'/$!
=)%:))$!%&)!+-%2%'1)!5)$%,/7),)(!2$4!72,C),(!%'6&%.3!.'$C)4!%/!%&)()!,)6'/$(8!@&)()!,)(-.%(!
(-66)(%!%&2%!5)$%,/7),)(!'$!!0+,-.)"$,'/..+ .'C).3!5/$%2'$!,)%,/%,2$(+/(/$(!2(!2!72J/,!
5/$(%'%-)$%*!2(!'(!%&)!52()!'$!72$3!%2>2!'$5.-4'$6!%&)!4'(%2$%.3!,).2%)4!6,))$!2.62)!!(66(%&<$+
*2:-##.1*(.'-$+?I.2$5!)%!2.8!EL"EB!2$4!!",(%(6"#(,.*+>(J.)9.-)*.* !?a/%&!)%!2.8!EL"gB*!
2.%&/-6&!%&)()!()<-)$5)(!&21)!$/%!3)%!=))$!5&2,25%),'()48!#$!F&2+%),(!Y!2$4!\*!#!2'7!%/!
)>%)$4!/-,!C$/:.)46)!/0!6)$/7)!2,5&'%)5%-,)!'$!!0+,-.)"$,'/.. *!:'%&!2!(+)5'0'5!0/5-(!/$!
5)$%,/7),)( *!'$%,/$!)1/.-%'/$!2$4!,)+)2%!5/$%)$%8!!
 
1.3.3 Genetic and molecular  mapping    
 
F3%/./6'52.!2++,/25&)(!&21)!+,/1)4!5&2..)$6'$6!'$!!0+,-.)"$,'/.. +4-)!%/!%&)!4'00'5-.%3!/0!
1'(-2.'('$6!7)'/ %'5!5&,/7/(/7)( !'$!%&)!Z36/%)*!2$4!%&),)!:2( !7-5&!&'(%/,'52.!4)=2%)!/1),!
%&)!5&,/7/(/7)!$-7=),!/0!%&)!(+)5')(! ?K2,,'(!ELLTB8!I3!2++.3'$6!).)5%,/$!7'5,/(5/+3 !%/!
6),7'$2%'$6!Z36/%)(*!Q%/,7(!2$4!K2(%'$6(!?"TggB!)(%'72%)4!5&,/7/(/7)!$-7=),!%/!=)!"U;
EL8!S/,)!,) 5)$%.3*!]/3272!)%!2.8!?ELLUB!0.-/,)(5)$%.3!(%2'$)4!X[] !'$!Z36/%)(!2$4!/=(),1)4!
"U!5&,/7/(/7)(*!:'%&!%&)!.2,6)(%!=)'$6!Y;`!%'7)(!./$6),!%&2$!%&)!(&/,%)(%8!!
!
#$!5/$%,2(%*!2(!'$%,/4-5)4!'$!"8E8"*!!0+,-.)"$,'/..+ '(!&'6&.3!27)$2=.)!%/!5.2(('52.!6)$)%'5(!
,)()2,5&!2$4!&2(!=))$!%&)!0/5-(!/0!5,/(('$6!)>+),'7)$%(!('$5)!'%(!'(/.2%'/$8!A2,.3!6)$)%'5!
72+(!:),)!=-'. %!=3!+),0/,7'$6!%)%,24!2$2.3('(!/ $!5,/(()(!=)%:))$! /++/(' %)!72%'$6!%3+)!
.2=/,2%/,3!(%,2'$(!?"8E8YB!%&2%!52,,')4!(5/,2=.)!7-%2%'/$(8!A>27+.)(!/0!7-%2$%!+&)$/%3+)(!
'$5.-4)4!2->/%,/+&3*!'77/='.'%3!2$4!4,-6!,)('(%2$5)!?A1),(/.)!"TP`M!K2(%'$6(!)%!2.8!"T`PB8!
I3!/=(),1'$6!%&)!'$4)+)$4)$%!()6,)62%'/$!/,!5/;()6,)62%'/$!/0!72$3!7-%2$%!+&)$/%3+)(!
,).2%'1)!%/!/$)!2$/%&),*!.'$C26)!6,/-+(!:),)!)(%2=.'(&)48!@&)!+,/5)((!/0! 4)%),7'$'$6!.'$C26)!
/0!$):!7-%2%'/$(!%/!)>'(%'$6!7-%2%'/$( !2$4!%&)',!2((/5'2%)4!.'$C26)!6,/-+(!:2(!6,)2%.3!
025'.'%2%)4!=3!%&)!5,)2%'/$!/0!%)(%!(%,2'$(!52,,3'$6!7-.%'+.)!7-%2$%!+&)$/%3+)(!?Q73%&!)%!2.8!
"TgPB8!@&'(!:/,C!.)4!%/!%&)!)(%2=.'(&7)$%!/0!"g!255)+%)4!.'$C26)!6,/-+(!%),7)4!#!%/!l#l*!
('$5)!%:/!+2',(!/0!&'(%/,'52..3!$27)4!6,/-+(! :),)!5/7='$)4!?l##!:'%&!l###*!2$4!lb#!:'%&!
lb##B!?X-%5&),!)%!2.8!"TT"B8!!
!
A2,.3!2%%)7+%(!2%!7/.)5-.2,!72++'$6!-%'.'()4!,)(%,'5%'/$!0,267)$%!.)$6%&!+/.37/,+&'(7(!
?aDeN(B!=)%:))$!.2=/,2%/,3!(%,2'$(!2$4!%&)!S2((25&-()%%(!0').4!'(/.2%)!FF;"YgY!?'8)8!!0+
*%./"..*!" 8E8\B!%/!72+!5./$)4!0.26)..2,!6)$)(!?a2$-7!)%!2.8!"TUUB8!D2,!7/,)!)>%)$('1)!
72++'$6!:2(!+),0/,7)4!=2()4!/$!5,/(()(!=)%:))$!%&)!.2=/,2%/,3!(%,2'$!FF;"`TL!2$4!%&)!
S'$$)(/%2!0').4!'(/.2%)!FF;"TPE*!5-.7'$2%'$6!'$!%&)!7/.)5-.2,!72+!/0!i2%&',!)%!2.8!?ELLYB8!
@&'( !72+!0)2%-,)4!E`\!72,C),(!(5/,)4!=3!)'%&),!aDeN(!/,!NFa *!-%'.'('$6!%&)!)>%)$('1)!
+/.37/,+&'(7!+,)()$%!=)%:))$! %&)!%:/!(%,2'$(8!@&)!7/.)5-.2,!72+!:2(!(-55)((0-..3!
2$5&/,)4!%/!%&)!"g!.'$C26)!6,/-+(!/0!%&)!6)$)%'5!72+!-('$6!72,C),(!%&2%!5/,,)(+/$4)4!%/!



! "" !

6)$)(!-$4),.3'$6!6)$)%'52..3!72++)4!7-%2$%!+&)$/%3+)(*!:&'5&!:),)!212'.2=.)!0/,!7/(%!
.'$C26)!6,/-+(8!@&)!%/%2.!72+!.)$6%&!:2(!"*LEP!5S*!2$4!2$3!+/('%'/$!'$!%&)+6)$/7)! :2(!
)(%'72%)4!%/!=)!VE!5S!0,/7!2!7/.)5-.2,!72,C),*!/$!21),26)8! a372,<-'(!)%!2.8!?ELLPB!
4)1)./+)4!244'%'/$2.!72,C),(!2$4!+,/4-5)4!2$!'7+,/1)4!7/.)5-.2,!72+! /0!PL`!72,C),(*!
:&'5&!:2(!(-=()<-)$%.3!-()4!%/!(5200/.4!%&)!1\!6)$/7)!2(()7=.3!%/!5&,/7/(/7)(!?I.2=3!)%!
2.8!?EL"\B*!"8Y8"B8!A1'4)$5)!0,/7!6)$)%'5!72++'$6*!7/.)5-.2,!72++'$6!2$4!6)$/7) !2(()7=.3!
(-++/,%(!%&)!)>'(%)$5)!/0!"g!5&,/7/(/7)(!'$!!0+,-.)"$,'/.. *!2$4!%&)!4'(5,)+2$53!:'%&!
53%/./6'52.!)(%'72%)(!/0!"U!/,!7/,)!5&,/7/(/7)(!,)72'$(!-$5.)2,8! !
 
1.3.4 Base composition, mutation  and recombination    
 
@&)!/1),2..!^F!5/$%)$%!/0!%&)!!0+,-.)"$,'/..+ 6)$/7)!'(! `\8"j8! D-,%&),7/,)*!%&)!&'6&!^F!
5/$%)$%!'(!,).2%'1).3!-$'0/,7M!'0!%&)!6)$/7)!'(!(+.'%!'$%/!$/$/1),.2++'$6!EL!C=!:'$4/:(*! ^F!
5/$%)$%!'$!TUj!/0!6)$/7)!02..(!=)%:))$!PU8Pj!2$4!`T8`j 8!K/:)1),*!:&)$!5/$('4),'$6 !('%)!
5.2(()(!'$4)+)$4)$%.3*!12,'2%'/$!'$!̂F!5/$%)$%!'( !7/,)! +,/$/-$5)4 8!̂F!5/$%)$%!'(!&'6&)(%!'$!
5/4'$6!()<-)$5) !?FXQB!?gL8YjB*!./:)(%!'$!Pn!-$%,2$(.2%)4!,)6'/$(!?9@a(B!?P\8gjB!2$4!Yn!
9@a(!?PU8YjB*!2$4!'$%),7)4'2%)!'$!'$%,/$'5!?`E8LjB!2$4!'$%),6)$'5!?̀"8YjB!()<-)$5)(8!
I,)2C'$6!4/:$! FXQ!=3!('%)!4)6)$),253*!^F!5/$%)$%!'(!gT8Pj!'$!0/-, ;0/.4!4)6)$),2%)!?\XB!
('%)(*!UP8`j!'$!%:/ ;0/.4!4)6)$),2%)!?EXB!('%)(!2$4!`\8" j!'$!Z),/ ;0/.4!4)6)$),2%)!?LXB!('%)(8!
^F!5/$%)$%!'(!)>+)5%)4!%/!)1/.1)!-$4),!%&)!'$0.-)$5)(!/0!7-%2%'/$*!^F;='2()4!6)$)!
5/$1),('/$*!().)5%'/$!2$4!4,'0%*!2$4!(/7)!/0!%&)!/=(),1)4!12,'2%'/$!52$!=)!2%%,'=-%)4!%/!%&)()!
0/,5)(!'$!!0+,-.)"$,'/.. 8!!
!
!0+,-.)"$,'/..+ &2(!=))$!%&)!0/5-(!/0!()1),2.!S]!)>+),'7)$%(!?"8E8PB*!'$!:&'5&!5./$2.!.'$)(!2,)!
72'$%2'$)4!0/,!72$3!6)$),2%'/$(!2%!2!7'$'72.!)00)5%'1)!+/+-.2%'/$!('Z)*!2../:'$6!7-%2%'/$(!
%/!255-7-.2%)!25,/((!%&)!6)$/7)!?K2..'62$!2$4!i)'6&%.)3!ELLTM!i2%J-!2$4!I),6%&/,((/$!
EL"TB8![)((!)%!2.8!?EL"PB!!+),0/,7)4!2$! )>+),'7)$%!:'%&!UP!S]!.'$)( !%&2%!'4)$%'0')4!`*U\Y!
7-%2%'/$(!=3!:&/.) ;6)$/7)!,) ;()<-)$5'$6 *!:&'5&!:2(!%&)!.2,6)(%!('$6.)!()%!/0!7-%2%'/$(!
4)(5,'=)4!0,/7!2$3!(%-43!2%!%&)!%'7)8!@&)3!)(%'72%)4!2$!/1),2..!7-%2%'/$!,2%)!?µB!/0!""8P!>!
"L"#$!+),!('%)!+),!6)$),2%'/$*!2$4!2!('$6.)!$-5.)/%'4)!7-%2%'/$!,2%)!?µ%&' B!/0!T8`Y!>!"L"#$8!@&)!
7-%2%'/$!,2%)!2%!Fr^!('%)(!:2(!E8\>!&'6&),!%&2$!%&2%!2%!]r@!('%)(*!2$4!7-%2%'/$(!0,/7!Fr^!%/!
@r]!:),)!%&)!7/(%!5/77/$ !5.2((!/0!7-%2%'/$*!/55-,,'$6!2%!2!,2%)!2.7/(%!E>!&'6&),!%&2$!
)>+)5%)4!-$4),!2!=2.2$5)4!7-%2%'/$!(+)5%,-78!]@;='2()4!7-%2%'/$!(+)5%,2!&21)!=))$!
/=(),1)4!25,/((!2!:'4)!,2$6)!/0!)-C2,3/%)(!2$4!+,/C2,3/%)(!?K),(&=),6!2$4!N)%,/1!EL"LM!
s&-!)%!2.8!EL"\M!i,2(/1)5!)%!2.8!EL"gB*!2$4!723!=)!$)2,;-$'1),(2.8!@&)!)(%'72%)4!)<-'.'=,'-7!
^F!5/$%)$%!-$4),!%&)!'$0),,)4!7-%2%'/$!(+)5%,-7!'( !ETj*!'7+.3'$6!%&2%!^F;='2()4!6)$)!
5/$1),('/$ !/, !().)5%'/$*!/,!=/%&*!+.23!2!72J/,!,/.)!'$!(&2+'$6!^F!5/$%)$%!'$!!0+,-.)"$,'/.. 8!
I 3!7/4)..'$6!%&)!6)$/7'5!+,/+),%')(!/0!%&)',!7-%2%'/$!42%2()%*![)((!)%!2.8!?EL"PB!52.5-.2%)4!
%&)!+,/=2='.'%3!/0!7-%2%'/$!?/,!7-%2='.'%3B!2%!2..!('%)(!'$!%&)!6)$/7)8!@&)3!)(%'72%)4!%&2%!
7-%2='.'%3!:2(!&'6&)(%!'$!Pn!2$4!Yn!9@a(!?µ!c!"8Yg!>!"L"(B!2$4!./:)(%!'$!LX!2$4!\X!('%)(!?µ!
c!g8TE!>!"L"#$B8!
!



! "E!

a)5/7='$2%'/$!52$!4',)5%.3!'$0.-)$5)!^F!5/$%)$%!1'2!^F;='2()4!6)$)!5/$1),('/$*!2!+,/5)((!
'$!:&'5&!^FW]@!&)%),/Z36/-(!('%)(!$)2,!%&)!4/-=.)!(%,2$4!=,)2C(!?XQI(B!%&2%!'$'%'2%)!
,)5/7='$2%'/$!2,)!+,)0),)$%'2..3!5/$1),%)4!%/!^F!/1),!]@!?X-,)%!2$4!^2.%'),!ELLTB8!^F;
='2()4!6)$)!5/$1),('/$! '(!2((/5'2%)4!:'%&!=/%&!5,/((/1),!?F_B!2$4!$/$;5,/((/1),! ?[F_B!
,)5/7='$2%'/$!)1)$%(!2$4!'( !4'(%'$6-'(&)4!=3!%&)!$/$;,)5'+,/52.!)>5&2$6)!/0!+2,)$%2.!2..).)(8!
]44'%'/$2..3*!'0!^F!5/$%)$%!'(!-$4),!().)5%'/$*!%&)$!:)!723!)>+)5%!2!+/('%'1)!5/,,).2%'/$!
=)%:))$!,)5/7='$2%'/$!,2%)!2$4!^F!5/$%)$%!4-)!%/!'$5,)2()4!().)5%'/$!)00'5253!?S-..),!"T`\M!
K'..!2$4!a/=),%(/$!"T`UM!D).()$(%)'$!"Tg\B8!e'-!)%!2.8!?EL"UB!+),0/,7)4!:&/.) ;6)$/7)!,) ;
()<-)$5'$6!/$!E"!%)%,24(!0,/7!%:/!5,/(()(!?=)%:))$!%:/! o-)=)5! 0').4!'(/.2%)(!2$4!=)%:))$!2!
.2=/,2%/,3!(%,2'$!2$4!2!o-)=)5! 0').4!'(/.2%)B!2$4!/=(),1 )4!E\8\!F_ (!+),!%)%,24!+),!7)'/('(*!/,!
V"8\!F_ (!+),!5&,/7/(/7) !?)<-'12.)$%!%/!V"E!5SWS=B8!K2(2$!2$4![)((!?ELELB!)(%'72%)4!%&)!
+/+-.2%'/$!,)5/7='$2%'/$!,2%)!?" B!2$4!.'$C26)!4'()<-'.'=,'-7!?eXB!=2()4!/$!:&/.) ;6)$/7)!
,) ;()<-)$5'$6!/0 !%&)!o-)=)5!0').4!'(/.2%)(!?"8E8\B8!@&)3!,)+/,%)4!2!+/('%'1)!5/,,).2%'/$!
=)%:))$!" !2$4!%&)!F_ !,2%)!2(!)(%'72%)4!=3!e'-!)%!2.8!?EL"UB*!2$4!2!+/('%'1)!5/,,).2%'/$!
=)%:))$!F_ !,2%)!2$4!6)$)%'5!4'1),('%3!?! B*!5/$('(%)$%!:'%&!(%,/$6),!)00)5%(!/0!().)5%'/$!2%!
.'$C)4!('%)(!'$!./:),!,)5/7='$2%'/$!,)6'/$( 8!@&)3!0/-$4!%&2%!7)2$!" !+),!5&,/7/(/7)!:2(!
$)62%'1).3!5/,,).2%)4!:'%&!5&,/7/(/7)!.)$6%&*!'$!.'$)!:'%&!%&)!)>+)5%2%'/$!%&2%!(&/,%),!
5&,/7/(/7)(! )>+),')$5) !&'6&),!,)5/7='$2%'/$!,2%)(!+),!=+!4-)!%/!%&)!,)<-',)7)$%!/0!2%!.)2(%!
/$)! F_ !+),!7)'/('(8!eX! :2(!,)+/,%)4!%/!4)523!%/!=2().'$)!.)1).(!=)%:))$!('$6.)!$-5.)/%'4)!
+/.37/,+&'(7(!?Q[N(B! 2%!4'(%2$5)(!/0!2++,/>'72%).3!"L!C=!/,!.)((8!a)5/7='$2%'/$!,2%)(!
:),)! 0/-$4!%/!=)!&'6&)(%!'$!'$%),6)$'5!,)6'/$(!?(+)5'0'52..3!'$!,)6'/$(! '77)4'2%).3!-+(%,)27!
/0!6)$)(!'$!./$6), !'$%),6)$'5!%,25%(B!2$4!FXQ*!2$4!./:)(%!'$!9@a(8!#%!'(!+/(('=.)!%&2%!2!./:),!
,2%)!/0!,)5/7='$2%'/$!'$!9@a(!723!5/$%,'=-%)!%/!%&)',!./:!^F!5/$%)$%8!D./:),(!)%!2.8!?EL"PB!
,)+/,%)4!%&2%!eX!:2(!).)12%)4!%/:2,4(!%&)!)$4(!/0!5&,/7/(/7)!2,7(*!:&'5&!5/'$5'4)4!:'%&!
,)4-5)4!6)$)%'5!4'1),('%3!'$!%&)()!,)6'/$(8!!
!
F/$('4),'$6!6)$)!5/$1),('/$ *!e'-!)%!2.8!?EL"UB!0/-$4!%&2%!/$!21),26)!L8LL\Yj!/0!Q[N(!:),)!
5/$1),%)4!+),!%)%,24!+),!7)'/('(!'$!!0+,-.)"$,'/.. *!2$4!%&2%!%&)!,2%)!/0!6)$)!5/$1),('/$!2%!F_ (!
:2(!"Y>!&'6&),!%&2$!2%![F_( 8!@&'(!12.-)!5/7+2,)4!%/!"8Tj!/0!Q[N(!'$!('7'.2,!5,/(()(!
+),0/,7)4!'$! G0+6-,-5.*.$-8!@&)!./:),!12.-)!'$! !0+,-.)"$,'/..+ ,).2%'1)!%/!3)2(%!:2(!2%%,'=-%)4!
%/!2!./:),!,)5/7='$2%'/$!,2%)!2$4!(&/,%),!6)$)!5/$1),('/$!%,25%(*!:&'5&!:),)!)(%'72%)4!%/!
&21)!2!7)4'2$!.)$6%&!/0!Y`\!=+!0/,!F_ (!2$4!gY!=+!0/,![F_ (!?"*U\"!=+!2$4!"*`U"!=+*!
,)(+)5%'1).3*!'$!3)2(%B8!_0!7/(%!'$%),)(%*!%&)3!,)+/,%)4!$/!('6$'0'52$%!^F!='2(!2%!F_ (*!=-%!2!
(%,/$6!^F!='2(!/0!`U8`j!2%![F_ (!?$/!('6$'0'52$%!='2(!:2(!/=(),1)4!0/,!)'%&),!)1)$%!5.2((!'$!
3)2(%B8!I/%&!e'-!)%!2.8!?EL"UB!2$4!K2(2$!2$4![)((!?ELELB!,)+/,%)4!:)2C!=-%!('6$'0'52$%!
+/('%'1)!5/,).2%'/$(!=)%:))$!%&)',!7)2(-,)(!/0!,)5/7='$2%'/$!,2%)!2$4!^F!5/$%)$%!2%!./52.!
(52.)(!?E;PL!C=B*!:&'.)!/$.3!%&)!5/,,).2%'/$!=)%:))$![F_ (!2$4!^F!5/$%)$%!:2( !('6$'0'52$%!2%!
=,/24),!(52.)(!?"LL;ELL!C=B8!^'1)$!%&2%!%&)!^F;='2()4![F_ !6)$)!5/$1),('/$!)1)$%(!2++)2,!
%/!=)!02,!7/,)!-$5/77/$!%&2$!%&)!-$='2()4!F_ !)1)$%(*!'%!,)72'$(!%/!=)!())$!&/:!(%,/$6!2$!
)1/.-%'/$2,3!0/,5)!^F ;='2()4!6)$)!5/$1),('/$!'(!'$! !0+,-.)"$,'/.. 8!!
!
F/$('4),'$6!().)5%'/$*!%&)!).)12%)4!^F!5/$%)$%!/0!EX!2$4!\ X!('%)(!52$!2%!.)2(%!+2,%'2..3!=)!
2%%,'=-%)4!%/!().)5%'/$!25%'$6!/$!(3$/$37/-(!5/4/$!-(26) !?'8)8!%,2$(.2%'/$2.!().)5%'/$*!())!



! "Y!

I-.7),!?"TT"B *!a/5&2!?ELL\B*!N./%C'$!2$4!i-4.2!?EL""B*!K2$(/$!2$4!F/..),!?EL"UB*!2$4!
,)0),)$5)(!%&),)'$B8![232!)%!2.8!?ELL"B!4)0'$)4!2!()%!/0!/+%'72.!5/4/$(!'$!!0+,-.)"$,'/..+ 2$4!
4)7/$(%,2%)4!%&2%!%&)!72J/,!%,)$4!'$!5/4/$!-(26)!=)%:))$!6)$)( !:2( !5/ ,,).2%)4!:'%&!6)$)!
)>+,)(('/$*!2!+2%%),$!5&2,25%),'(%'5!/0!%,2$(.2%'/$2.!().)5%'/$8!_0!%&)!E"!/+%'72.!5/4/$(*!"Y!
5/$%2'$)4!2!F!'$!%&)!Y)*!+/('%'/$*!0'1)!2! !̂2$4!%&,))!2!@*!:&'.)! $/!/+%'72.!5/4/$(!)$4)4!'$!] 8!
F/6$2%!)%!2.8!?ELLUB!4)7/$(%,2%)4!2$/%&),!5.2(('52.!+,/+),%3!/0!%,2$(.2%'/$2.!().)5%'/$*!
0'$4'$6!2!+/('%'1)!,).2%'/$(&'+!=)%:))$!/+%'72.!5/4/$(!2$4!%&)!6)$)!5/+3!$-7=),!2$4!
2=-$42$5)!/0!%&)!%a[](!$))4)4!%/!4)5/4)!%&)78!I2,2&'7'+/-,!)%!2.8!?EL"PB!(&/:)4!
)>+),'7)$%2..3!%&2%!/+%'7'('$6!5/4/$!-(26)!'$!2!%,2$(6)$)!,)(-.%)4!'$!&'6&),!%,2$(.2%'/$2.!
)00'5')$53!2$4!7a[]!(%2='.'%38!N/+)(5-!)%!2.8!?ELL`B!0/-$4!%&2%!6)$)(!)1/.1'$6!-$4),!
'$5,)2()4!%,2$(.2%'/$2.!().)5%'/$!)>&'='%)4!,)4-5)4!(3$/$37/-(!4'1),6)$5)!=)%:))$! !0+
,-.)"$,'/..+ 2$4!!0+.)6-,/$8!_$)!'7+.'52%'/$!/0!%&'(!'(!%&2%!(3$/$37/-(!('%)(!2,)!-$.'C).3!%/!
+,/1'4)!2$!-$='2()4!)(%'72%)!/0!$)-%,2.!4'1),('%3!2$4!4'1),6)$5)!'$!!0+,-.)"$,'/..0+
9$0/,%-$2%).3*!%&),)!&2(!=))$!$/!(3(%)72%'5!2$2.3('(!/0!5/4/$!-(26)!'$!!0+,-.)"$,'/.. !('$5)!
%&)!6)$/7)!:2(!+-=.'(&)4*!2$4!%&)!,).2%'/$(&'+!=)%:))$!,)5/7='$2%'/$!,2%)!2$4!%,2$(.2%'/$2.!
().)5%'/$!&2(!$/%!=))$!)>+./,)48!!
!
D'$2..3*!'%!'(!+/(('=.)!%&2%!%&)!!0+,-.)"$,'/..+ 6)$/7)!'( !)1/.1'$6 !-$4),!().)5%'/$!0/,!&'6&),!^F!
5/$%)$%!'$!6)$),2.8!Q).)5%'/$!'(! .'C).3!,)<-',)4!%/!)>+.2'$!^F!5/$%)$%!12,'2%'/$!'$!=25%),'2!'$!
%&)!025)!/0!]@;='2()4!7-%2%'/$!(+)5%,2!?K),(&=),6!2$4!N)%,/1!EL"LM!K'.4)=,2$4!)%!2.8!EL"LB*!
2.%&/-6&!%&)!().)5%'1)!2412$%26)!/0!&'6&),!^F!5/$%)$%!,)72'$(!-$5.)2,8!h)'((72$!)%!2.8!
?EL"TB!4)1)./+)4!2!&3+/%&)('(!%&2%!.'$C)4!().)5%'/$!0/,!&'6&),!̂ F!5/$%)$%!%/!X[]!,)+2',!'$!
+,/C2,3/%)(8!@&)3!$/%)4!%&2%!=25%),'2.!(+)5')( !:'%&!&'6&!^F!5/$%)$%(!:),)!2((/5'2%)4 !:'%&!
5),%2'$!)$1',/$7)$%(!%&2%!'$4-5)!&'6&),!,2%)(!/0!X[]!42726)!2$4!XQI(!?)868!(/'.!7'5,/=)(!
4-)!%/!4)('552%'/$!2$4!(+/,)!0/,72%'/$B8!@&)3!,)+/,%)4!2!+/('%'1)!2((/5'2%)4!=)%:))$!^F!
5/$%)$%!2$4!%&)!+,)()$5)!/0!%&)!$/$;&/7/./6/-(!)$4!J/'$'$6!?[KAmB!XQI!,)+2',!725&'$),3*!
:&'5&!723!=)!021/-,)4!'$!(+)5')(!%&2%!)>+),')$5)!72$3!XQI(!,).2%'1)!%/!%&)!(./:),!2$4!
7/,)!255-,2%)!&/7/./6/-(!,)5/7='$2%'/$!?KaB!+2%&:238!I2()4!/$!%&)()!/=(),12%'/$(*!%&)3!
&3+/%&)('()4!%&2%!&'6&),!^F!5/$%)$%!723!'$5,)2()!%&)!)00'5')$53!/0![KAm!?2$4!/%&),!('7'.2,!
,)+2',!+2%&:23(B!2$4!%&),)0/,)!+,/1'4)!2!().)5%'1)!2412$%26)!0/,!^F!/1),!]@!2..).)(8!
].%&/-6&!%&'(!,).2%)4!(+)5'0'52..3!%/!+,/C2,3/%)(*!'%!'(!2!+2,%'5-.2,.3!2%%,25%'1)!&3+/%&)('(!
6'1)$!%&2%!!0+,-.)"$,'/..+ '(!2.(/!0/-$4!'$!(/'.!2$4! %&2%!Ka !/55-,(!2%!1),3!./:!,2%)(!'$!%&)!
(+)5')( !?s/,'$!)%!2.8!ELLPB8!#$%),)(%'$6.3*!^F!5/$%)$%!'(!%&/-6&%!%/!$)62%'1).3!5/,,).2%)!:'%&!
/,62$'(72.!5/7+.)>'%3!'$!%&)!1/.1/5'$)!2.62)!?K2$(5&)$!)%!2.8!EL"`B*!2$4!'%!:/-.4!=)!
'$%),)(%'$6!%/!244,)((!:&)%&),!7-.%'5)..-.2,!(+)5')(!(-5&!2(!;0+6$,/-,.+&21)!./:),!)00)5%'1)!
+/+-.2%'/$!('Z)(!?/,!2.%),$2%'1).3!)>+),')$5)!.)((!X[]!42726)!/,!&21)!&'6&),!,2%)(!/0!KaB8!
#$4))4*!6)$)%'5!4'1),('%3!'(!2++,/>'72%).3!('>!%'7)(!./:),!'$! ;0+6$,/-,.+%&2$!!0+,-.)"$,'/..+
?Q7'%&!2$4!e))!EL"LB*!(-66)(%'$6!%&2%!%&'(!723!=)!%&)!52()8!a)62,4.)((!/0!%&)!7)5&2$'(7*!'0!
().)5%'/$!'(!25%'$6!%/!'$5,)2()!^F!5/$%)$%!'$!!0+,-.)"$,'/.. *+%&'(!&2(!()1),2.!)1/.-%'/$2,3!
'7+.'52%'/$(*!'$5.-4'$6!%&2%!$/!('%)!'$!%&)!6)$/7)!723!=)!%,-.3!)1/.1'$6!-$4),!$)-%,2.'%38!
]44,)(('$6!%&)!,).2%'1)!,/.)(!/0!().)5%'/$!2$4!^F;='2()4!6)$)!5/$1),('/$!%/!^F!5/$%)$%!
)1/.-%'/$!'(!)>+)5%)4!%/!=)!5&2..)$6'$6*!6'1)$!%&2%!2!+/('%'1)!2((/5'2%'/$!:'%&!,)5/7='$2%'/$!
:/-.4!=)!)>+)5%)4!0/,!=/%&!0/,5)(8!#%!2.(/!,)72'$(!%/!=)!())$!:&3!^F!5/$%)$%!4/)(!$/%!
5/,,).2%)!:'%&!,)5/7='$2%'/$!2%!=,/24!(52.)(8!!



! "\ !

1.3.5 Genome -wide patterns of methylation !
!
I/%&!53%/('$)!2$4!24)$'$)!7)%&3.2%'/$!&21)!=))$!5&2,25%),'()4!'$!!0+,-.)"$,'/.. 8!F3%/('$)!
7)%&3.2%'/$!?(+)5'0'52..3!F+;7)%&3.53%/('$)*!/,!P7FB!/0!%&)!$-5.)2,!6)$/7)!&2(!=))$!
)(%'72%)4!%/!/55-,!2%!./:!.)1).(*!V" ;Pj!0/,!F^!('%)(*!2$4!VL8EP;E8Pj!0/,!FK^!2$4!FKK!
('%)(!?D)$6!)%!2.8!EL"LM!e/+)Z!)%!2.8!EL"PB8!#$!5/$%,2(%!%/!+.2$%(*!FK^!2$4!FKK!7)%&3.2%'/$!
'(!$/%!%2,6)%)4!%/!@A(!2$4!/%&),!,)+)2%(*!2$4!'$(%)24!2++)2,(!%/!=)!-$'0/,7.3!4'(%,'=-%)4!
25,/((!5&,/7/(/7)(!:'%&!)$,'5&7)$%!'$!)>/$(! ?D)$6!)%!2.8!EL"LB8!F/$1),().3*!F^!
7)%&3.2%'/$!(&/:(!2!(.'6&%!)$,'5&7)$%!'$!6)$)!=/4')(!2$4!2!02,!7/,)!(-=(%2$%'2.!)$,'5&7)$%!
'$!,)+)2%(8!e/+)Z!)%!2.8!?EL"PB!'4)$%'0')4!EY!&'6&.3!,)+)%'%'1)!./5'!:&),)!F^!7)%&3.2%'/$!
,)25&)4!ULj8!Q2./7R!2$4!S),5&2$%!?EL"TB!&3+/%&)('()4!%&2%!72$3!/0!%&)()!,)6'/$(!723!
5/'$5'4)!:'%&!%&)!5)$%,/7),)(*!2.%&/-6&!%&'(!&2(!$/%!3)%!=))$!%)(%)48!9('$6!%&)!&'6&.3;
5/$%'6-/-(!FF ;"`TL!2(()7=.3!?"8Y8"B*!F&2->;m-C'5!)%!2.8!?ELE"B!,)+/,%)4!&3+),7)%&3.2%'/$!
/0!(-=%)./7),'5!,)6'/$(!=2()4!/$!'4)$%' 03'$6!P7F!4',)5%.3!0,/7![2$/+/,)!,)24(*!:&'5&!2,)!
72++2=.)!'$!02,!7/,)!,)+)%'%'1)!,)6'/$(!%&2$!(&/,%!,)24!='(-.0'%)!()<-)$5'$6!42%28!].%&/-6&!
)>+),'7)$%2.!(-++/,%!'(!12,'2=.)!?e/+)Z!)%!2.8!EL"PB*!%&)()!,)(-.%(!+/%)$%'2..3!(-66)(%!2!,/.)!
0/,!F^!7)%&3.2%'/$!'$!%,2$(5,'+%'/$2.!('.)$5'$6*!2(!'(!%&/-6&%!%/!=)!%&)!52()!'$!;0+6$,/-,.+
?I2='$6),!)%!2.8!ELLgB8!a)5)$%.3*!%&)!$/1).!=2()!7/4'0'52%'/$!F+;6.35),3.;7)%&3.53%/('$)!
?P67FB!:2(!4'(5/1),)4!'$! !0+,-.)"$,'/..+ ?l-)!)%!2.8!EL"TB8!].%&/-6&!+,)()$%!2%!/$.3!V"*LLL!
('%)(!6)$/7) ;:'4)*!P67F!2++)2,(!%/!=)!2$!'$%),7)4'2%)!'$!2!$/1).!P7F!4)7)%&3.2%'/$!
+2%&:23!52%2.3()4!=3!@A@WmIN!?%)$;).)1)$!%,2$(./52%'/$Wm;='$4'$6!+,/%)'$B!)$Z37)(!
?],21'$4!)%!2.8!EL"TB8!!
!
]4)$'$)!7)%&3.2%'/$!?? , ;7)%&3.4)/>324)$/('$)*!`7]B!'$! !0+,-.)"$,'/..+ &2(!=))$!
5&2,25%),'()4!'$!,)72,C2=.3!0'$)!4)%2'.!=3!D-!)%!2.8!?EL"PB8!`7]*!:&'5&!'(!5)$%,)4!/$!]@!
4'$-5.)/%'4)(*!'(!&'6&.3!./52.'()4!2%!+,/7/%),(!2$4!0/,7(!2!='7/42.!4'(%,'=-%'/$!:'%&!+)2C(!
)'%&),!('4)!/0!%&)!%,2$(5,'+%'/$!(%2,%!('%)!?@QQB8!@&)!`7]!)$,'5&7)$%!:'%&'$!%&)!+)2C(!(&/:(!2!
+),'/4'5'%3!/0!"YL;"\L!=+*!:&'5&!5/,,)( +/$4(!+,)5'().3! %/!%&)!.'$C),!,)6'/$(!=)%:))$!24J25)$%!
$-5.)/(/7)(8!@&)!@QQ!='7/42.!4'(%,'=-%'/$!:2(!/=(),1)4!'$!7/,)!%&2$!ULj!/0!6)$)(!2$4!
:2(!6)$),2..3!2((/5'2%)4!:'%&!25%'1)!%,2$(5,'+%'/$!2$4!&'6&),!6)$)!)>+,)(('/$8!
 
1.3.6 The mating type loc us!
!
](!' $%,/4-5)4!'$!"8E8"*!!0+,-.)"$,'/..+ '(!&)%),/%&2..'5!2$4!%&)!72%'$6!%3+)!/0!1)6)%2%'1)!
&2+./'4!5)..(!'(!6)$)%'52..3!4)%),7'$)48!@&)!72%'$6!%3+)!./5-(!'(! ./52%)4!/$!%&)!.)0%!2,7!/0!
5&,/7/(/7)!` !2$4!5/$('(%(!/0!%&,))!4/72'$(*!%&)!VUE!C=!@!?%)./7),);+,/>'72.B*!VEL\;YT`!
C=!a!?,)2,,2$6)4B!2$4!V""`!C=!F!?5)$%,/7),);+,/>'72.B!4/72'$(! ?X)!K/00!)%!2.8!EL"YB8!
D),,'(!)%!2.8!?EL"LB!()<-)$5)4!%&)!34 "+./5-(!/0!%&)!S'$$)(/%2!0').4!'(/.2%)!FF;EETL!%/!
025'.'%2%)!2!4',)5%!5/7+2,'(/$!%/!%&)!34 ! +./5-(! +,)()$%!'$!%&)!,)0),)$5)!6)$/7) 8!@&)!@!2$4!F!
4/72'$(!2,)!(3$%)$'5!=)%:))$!34 ! !2$4!34 "*!:&'.)!%&)!a!4/72'$!0)2%-,)(!()1),2.!
,)2,,2$6)7)$%(!2$4!5/$%2'$(!%&)!/$.3!72%'$6!%3+);(+)5'0'5!6)$)(8!@&)!a!4/72'$!/0!34 ! !'(!
V"TE!C=!.2,6),!%&2$!34 " !('$5)!'%!5/$%2'$(!2!(72..!$-7=),!/0!72%'$6!%3+);(+)5'0'5!2-%/(/72.!
'$(),%'/$(!2$4!2$!V"`L!C=!%2$4)7.3!,)+)2%)4!,)6'/$!C$/:$!2(!%&)!G"`!C=!,)+)2%(H!?X)!K/00!



! "P!

)%!2.8!?EL"YB!2$4!\8\ 8PB8!S2%'$6!%3+)!'(!4)%),7'$)4!'$!2!4/7'$2$%!72$$),!=3!%&)!+,)()$5)!/0!
%&)!34 " ;(+)5'0'5!6)$)!3E8+?D),,'(!2$4!^//4)$/-6&!"TTgB8+K/:)1),*!%&)!'$25%'12%'/$!/0!
3E8+2./$)!'(!$/%!(-00'5')$%!%/!+,/4-5)!1'2=.)! 34 ! +627)%)(*!('$5)!0-$5%'/$2.!5/+')(!/0!34 ! ;
(+)5'0'5!6)$)(!(-5&!2(!KFGB+?KFGEH?+BB!2,)!,)<-',)4!?D),,'(!)%!2.8!"TT`B8!D'6-,)!Q"!(&/:(!
%&)!4/72'$!2$4!6)$)!/,62$'(2%'/$!/0!%&)!34 ! !2$4!34 " !./5'8!
!
D,/7!2$!)1/.-%'/$2,3!+),(+)5%'1)*!%&)!72%'$6!%3+)!./5-(!'(!%&)!=)(%!(%-4')4!,)6'/$!/0!%&)!!0+
,-.)"$,'/..+ 6)$/7)8! F_ !,)5/7='$2%'/$!'(!(-++,)(()4!25,/(( !%&)!a!4/72'$*!2.%&/-6&!%&)!
(&2,)4!6)$)(!/0!34 ! +2$4!34 "+?'8)8!627)%/./6(B!&21)!$/%!-$4),6/$)!('6$'0'52$%!4'00),)$%'2%'/$!
2(!2!,)(-.%!/0!6)$)!5/$1),('/$!?X)!K/00!)%!2.8!EL"YM!K2(2$!)%!2.8!EL"TB8!X)(+'%)!).)12%)4!eX!
25,/((!%&)!a!4/72'$*!72%'$6!%3+)!6)$)(!:'%&!627)%/./6(!4/ !$/%!2++)2,!%/!=)!)1/.1'$6!-$4),!
,)4-5)4!().)5%'/$!)00'5253!,).2%'1)!%/!2-%/(/72.!6)$)(*!(-66)(%'$6!%&2%!6)$)!5/$1),('/$!'(!
(-00'5')$%!%/!21),%!%&)!4)6)$),2%'1)!)00)5%(!/0!F_ !(-++,)(('/$! ?K2(2$!)%!2.8!EL"TB8!
F/$1),().3*! 72%'$6!%3+);(+)5'0'5!6)$)(!&21)!./$6!=))$!C$/:$!%/!+/(()((!-$-(-2.!
5&2,25%),'(%'5(*!2$4!=/%&!3E8+2$4!KFGB+)>&'='%!1),3!./:!12.-)(!0/,!/+%'72.!5/4/$!-(26)!2$4!
./:!^F!5/$%)$%!'$!=/%&!5/4'$6!()<-)$5)!2$4!'$%,/$(!?D),,'(!)%!2.8!"TT`M!D),,'(!2$4!
^//4)$/-6&!"T TgB*!'$!.'$)!:'%&!%&)!,)4-5)4!().)5%'/$!)00'5253!2$4!.25C!/0!^F;='2()4!6)$)!
5/$1),('/$! ,)(-.%'$6!0,/7!%&)!2=()$5)!/0!=/%&!F_!2$4![F_!,)5/7='$2%'/$!?"8Y8\ B8!
!
I,')0.3*! %&)!72%'$6!%3+)!./5'!/0!1/.1/5'$)!2.62)*!:&'5&!2,)!&/7/./6/-(!%/!%&2%!/0!!0+
,-.)"$,'/.. *!&21)!2.(/!=))$!(%-4')4!0,/7!2!5/7+2,2%'1)!6)$/7'5(!+),(+)5%'1)8!#$!;0+6$,/-,.*!
%&)!72%'$6!%3+)!./5-(!'(!0'1)!%'7)(!.2,6),!%&2$!%&2%!/0!!0+,-.)"$,'/.. *!5/$%2'$(!7/,)!72%'$6!
%3+);(+)5'0'5!6)$)(*!2!&'6&),!,)+)2%!5/$%)$%*!2$4!)>&'='%(!(-=(%2$%'2..3!&'6&),!6)$)%'5!
4'00),)$%'2%'/$!=)%:))$!627)%/./6(!?D),,'(!)%!2.8!EL"LB8!@&)()!0'$4'$6(!2,)!'$!.'$)!:'%&!
%&)/,)%'52.!)>+)5%2%'/$(!/0!'$5,)2()4!72%'$6!%3+)!5/7+.)>'%3!,)(-.%'$6!0,/7!%&)!)1/.-%'/$!/0!
2$'(/6273!2$4!9b!()>!5&,/7/(/7)(! ?F&2,.)(:/,%&!"TgUM!I25&%,/6!)%!2.8!EL""M!#77.),!2$4!
_%%/!EL"PB8!K/:)1),*!,)5)$%!72%'$6!%3+)!()<-)$5)(!0,/7!%&)!'(/627/-(!(+)5')(! L().2%+
1-6/(,$#-+2$4!M$%$9.*".-##$+2).6(66$*!2$4!%&)!2$'(/627/-(!A2'(,.)$+ (+8*!&21)!,)1)2.)4!2!
7/,)!5/7+.)>!+'5%-,)! ?K272J'!)%!2.8!EL"`=M!K272J'!)%!2.8!EL"UB8!h&'.)!%&)!72%'$6!%3+)!./5'!
/0!L0+1-6/(,$#-+2$4!M0+2).6(66$+2,)!5/7+2,2=.)!'$!('Z)!%/!%&2%!/0!!0+,-.)"$,'/.. *!%&)!72%'$6!
%3+)!./5-(!/0!A2'(,.)$+ (+8!'( !5/7+2,2%'1).3!%'$3!?a!4/72'$!TL!C=!'$!0)72.)!2$4!g!C=!'$!72.)*!
[8I8!0)72.)!'(! 2$2./6/-( !:'%&!34 ! +2$4!72.)!:'%&!34 "B*!(-66)(%'$6!%&2%!2$'(/6273!52$!
)1/.1)!:'%&/-%!'$5,)2()4!5/7+.)>'%3!/0!%&)!72%'$6!%3+)!./5-(!?K272J'!)%!2.8!EL"UB8!@&)()!
(%-4')(!2.(/!/=(),1)4 !1),3!.'%%.)!(3$%)$3!25,/((!72%'$6!%3+)!./5'!/0!%&)!4'00),)$%!(+)5')(*!
'7+.3'$6! ,)5-,,)$%!&2+./%3+)!,)0/,72%'/$!2$4!2!.25C!/0!)1/.-%'/$2,3!t(%,2%2n8![/!72%'$6!%3+)!
./5'!/0!(+)5')(!7/,)!5./().3!,).2%)4!%/! !0+,-.)"$,'/..+ &21)!=))$!()<-)$5)4*!2!('%-2%'/$!%&2%!'(!
+2,%'2..3!244,)(()4!'$!F&2+%),!Y8!!
 
1.3.7 Transposable elements  
 
!0+,-.)"$,'/..+ &2(!2!,'5&!=-%!-$4),(%2%)4!,/.)!'$!%&)!&'(%/,3!/0!@A!,)()2,5&8!^'1)$!'%(!
+&3./6)$)%'5!4'(%2$5)!0,/7!/%&),!7/4).!(+)5')(*!@A(!4'(5/1),)4!'$!!0+,-.)"$,'/..+ &21)!/0%)$!
=))$!27/$6(%!%&)!0',(%!,)+,)()$%2%'1)(!/0!)$%',).3!$):!@A!5.24)(!?())!" 8\8Y!0/,!'$0/,72%'/$!/$!



! "` !

@A!4'1),('%3!2$4!5.2(('0'52%'/$B8!#$!%&)!+,);6)$/7)!),2*!2!(72..!$-7=),!/0!25%'1)!@A(!:),)!
)>+),'7)$%2..3!5&2,25%),'()4!2$4!0-..3!/,!+2,%'2..3!()<-)$5)48!X23!)%!2.8!?"TUUB!2$4!X23!2$4!
a/5&2'>!?"TT"B!4)(5,'=)4!4H!B *!2$!-$-(-2.!P8g!C=!,)%,/%,2$(+/(/$!%&2%!)>&'='%)4!'$(),%'/$!
+/.37/,+&'(7(!2$4!(-=(%2$%'2.!5/+3!$-7=),!12,'2%'/$!=)%:))$!(%,2'$(*!2$!2=()$5)!/0!%2,6)%!
('%)!4-+.'52%'/$(!?@QX(B!-+/$!'$(),%'/$*!2$4!(+.'%!%),7'$2.!,)+)2%(!%&2%!:),)!-$.'C)!2$3!/%&),!
4)(5,'=)4!@A!2%!%&)!%'7)8!D),,'(!?"TUTB!4)(5,'=)4!L2##.5-,*!2!"E8E!C=!X[]!%,2$(+/(/$!
5&2,25%),'()4!=3!"P!=+!%),7'$2.!'$1),%)4!,)+)2%(!?@#a(B!2$4!U!=+!@QX(*!:&'5&!)>&'='%)4!
'$(),%'/$!+/.37/,+&'(7(!=)%:))$!.2=/,2%/,3!(%,2'$(!2$4!5/7+.)%)!2=()$5)!'$!5),%2'$!0').4!
'(/.2%)(8!4H!B+2$4!L2##.5-,+&21)!0,)<-)$%.3!=))$!-()4!2(!)>+),'7)$%2.!7/4).(!/0!
%,2$(+/('%'/$!'$!!0+,-.)"$,'/.. *!0/,!)>27+.)!'$!(%-4')(!)>+./,'$6!6)$)!('.)$5'$6!7)5&2$'(7(!
?h- ;Q5&2,0!)%!2.8!ELLLM!m)/$6!)%!2.8!ELLEM!F2(2(;S /..2$/!)%!2.8!ELLUB8!]!&2$40-.!/0!/%&),!
@A(!0/../:)4 r!%&)!X[]!%,2$(+/(/$(!46,B!?Q5&$)..!2$4!e)0)=1,)!"TTYM!D),,'(!)%!2.8!"TT`B*!
4H!D !?X23!"TTPB!2$4!46,N!?h2$6!)%!2.8!"TTUB*!2$4!2!()5/$4!-$-(-2.!,)%,/%,2$(+/(/$!
@.()--,B!?^,2&27!)%!2.8!"TTPB8!e2%),!)>+),'7)$%2.!:/,C!5&2,25%),'()4!%&)!L&1*&!./$6!
%),7'$2.!,)+)2%!?e@aB!).)7)$%!=A3B!?N),)Z;].)6,)!)%!2.8!ELLPB*!%&)!$/$;2-%/$/7/-(!X[]!
%,2$(+/(/$!O.##!2$4!%&)!$/$;2-%/$/7/-(!,)%,/%,2$(+/(/$! 3=!B !?i'7!)%!2.8!ELL`B8!!
!
@&)!212'.2='.'%3!/0!+,).'7'$2,3! !0+,-.)"$,'/.. !2(()7=. 3!1),('/$ (!?^,/((72$!)%!2.8!ELLYB!
)$2=.)4!,)()2,5&),(!%/!4',)5%.3!'4)$%'03!2$4!5-,2%)!,)+)%'%'1)!()<-)$5)(!/0!'$%),)(%8!].%&/-6&!
$/$2-%/$/7/-(*! 4H!B !:2(!0/-$4!%/!=)!,).2%)4!%/!/%&),!@A(!?)868!4H!N B!%&2%!5/$%2'$)4!
('7'.2,! (+.'%!%),7'$2.!,)+)2%(!2$4!)$5/4)4!+,/%)'$(!:'%&!a@!2$4!%3,/('$)!,)5/7='$2()!?uaB!
4/72'$(*!+.25'$6!%&)()!).)7)$%(!:'%&'$!%&)!)7),6'$6!8.6/&(*/-#.2%+'$%),7)4'2%)!,)+)2%!
()<-)$5) ;.'C)!?X#aQB!6,/-+! ?^//4:'$!2$4!N/-.%),!ELL\B8!].%&/-6&!'%!.25C(!(+.'%!%),7'$2.!
,)+)2%(*!@.()--,B!:2(!2.(/!5.2(('0')4!2(!2!X#aQ!).)7)$%!=2()4!/$!%&)!'4)$%'0'52%'/$!/0!2!ua!
4/72'$! ?^//4:'$!2$4!N/-.%),!ELL"M!N/-.%),!2$4!^//4:'$!ELLPB8!i/J'72!2$4!D-J':2,2!
?ELLPB!4)(5,'=)4!()1),2.!027'.')(!/0 !./$6!'$%),(+),()4!$-5.)2,!).)7)$%(!?e#[A(B!0/,7'$6!%&)!
$):!5.24)! 82$#-)*!:&'5&!-$.'C)!2..!/%&),!e#[A(!)$5/4)!=/%&!,)(%,'5%'/$;.'C)!)$4/$-5.)2()!
?aeAB!2$4!2+-,'$'5W2+3,'7'4'$'5!)$4/$-5.)2();.'C)!)$4/$-5.)2()!?]NAB8!F/6$2%!)%!2.8!?ELLUB!
2$$/%2%)4!(&/,%!'$%),(+),()4!$-5.)2,!).)7)$%(!?Q#[A(B*!7/(%!/0!:&'5&!,).3!/$!82$#-)!
).)7)$%(!0/,!%&)',!25%'1'%38!@&)!7/(%!%&/,/-6&!2$$/%2%'/$!)00/,%!:2(!+),0/,7)4!=3!i2+'%/$/1!
2$4!m-,C2!2(!+2,%!/0!%&)!1Y!6)$/7)!2(()7=.3!?S),5&2$%!)%!2.8!ELLgB*!:'%&!%&)',!5/$()$(-(!
()<-)$5)(!0/,7'$6!%&)!12(%!72J/,'%3!/0!%&)!""T !!0+,-.)"$,'/..+ @A(!4)+/('%)4!'$!a)+=2()!
?&%%+(rWW:::86','$(%8/,6W,)+=2()WB8!@&'(!:/,C!,)(-.%)4!'$!%&)!4)(5,'+%'/$!/0!?(5(*.: *!2!$):!
(-+),027'.3!/0!X[]!%,2$(+/(/$(! ?i2+'%/$/1!2$4!m-,C2!ELLUM!u-2$!2$4!h)((.),!EL""B8!
]$$/%2%'/$(!/0!/%&),!'7+/,%2$%!@A(!:),)!2.(/!'7+,/1)4*!0/,!)>27+.)!L2##.5-,!:2(!5.2(('0')4!
2(!2$!2-%/$/7/-(!7)7=),!/0!%&)!"I4 !(-+),027'.3!=2()4!/$!%&)!'4)$%'0'52%'/$!/0!'%(!
%,2$(+/(2()!?i2+'%/$/1!2$4!m-,C2!ELL`2B8!@&)!1\!2$4!1P!2(()7=.')(!&21)+5/$%'$-)4!%/!=)!
(/-,5)(!/0!='/./6'52.!$/1).%3*!7/(%!,)5)$%.3!4)7/$(%,2%)4!=3!%&)!5/$%,'=-%'/$!/0!!0+
,-.)"$,'/..+ ()<-)$5)(!%/!%&)!4'(5/1),3!/0!%&)!P-#./,()D!6,/-+! ?I2/!2$4!m-,C2!EL"YB!2$4!%&)!
Q&$R2S$T8.#--,$ TU.*21/()+VQ8UW+(-+),027'.3!/0!X[]!%,2$(+/(/$(! ?IO&$)!)%!2.8!EL"EM!#3),!
)%!2.8!EL"\B8!!
 
9$0/,%-$2%).3*!%&),)!&2(!=))$!1),3!.'%%.)!2%%)$%'/$!+2'4!%/!%&)!6)$/7) ;:'4)! 4'(%,'=-%'/$!/0!
@A(!'$!!0+,-.)"$,'/.. *!2$4!$/!(3(%)72%'5!(%-43!/0!@A(!0,/7!2!+/+-.2%'/$!+),(+)5%'1)8!



! "g!

N&'.'++()$!)%!2.8!?EL"`B!,)+/,%)4!2$!-$4),,)+,)()$%2%'/$!/0!@A(!'$!!0+,-.)"$,'/..+ '$%,/$(*!
(-66) (%'$6!%&2%!%&)!./$6!'$%,/$!.)$6%&(!0/-$4!'$!%&)!(+)5')(!?"8Y8EB!52$$/%!=)!2%%,'=-%)4!%/!
,)5)$%!'$12('/$!=3!@A(8!@&)3!2.(/!0/-$4!%&2%!'$%,/$(!./52%)4!$)2,!%&)!(%2,%!/0!6)$)(!5/$%2'$)4!
0):),!@A!'$(),%'/$(!%&2$!%&/()!'$!5)$%,2.!/,!Yn!./52%'/$(8!#$!F&2+%),!P*!#!+,)()$%!2!72J/,!
-+42%)!%/!@A!2$$/%2%'/$!'$!!0+,-.)"$,'/.. !2$4!4)(5,'=)! 2!$):!5.24)!/0!@-)-#(1-;.'C)!).)7)$%(!
?NeA(B!4'(5/1),)4!'$!%&)!(+)5')(8!#!(-772,'()!%&)!6)$/7'5!4'(%,'=-%'/$!/0!@A(!2$4!/%&),!
,)+)%'%'1)!()<-)$5)(!'$!F&2+%),!\8!
!
1.3.8 Structura l variation between laboratory strains and field isolates !
!
Q%,-5%-,2.!12,'2%'/$!?QbB!'(!/0%)$!4)0'$)4!2(!12,'2$%(!fPL!=+*!2$4!'$5.-4)(!.2,6)!'$4).(*!
'$1),('/$(*!4-+.'52%'/$(*!5/+3!$-7=),!12,'2$%(!?F[b(B!2$4!%,2$(+/('%'/$(8!I/%&!D./:),(!)%!
2.8!?EL"PB!2$4!̂ 2..2&),!)%!2.8!?EL"PB!+),0/,7)4! =,')0!2$2.3() (!/0!Qb!-('$6!%&)',!,);()<-)$5'$6!
42%28!F/$('4),'$6!0').4!'(/.2%)(*!D./:),(!)%!2.8!?EL"PB!)(%'72%)4!%&2%!/$!21),26)!0').4!'(/.2%)!
6)$/7)(!5/$%2'$)4!YE!6)$)(!)$5/4'$6!+,/%)'$(!:'%&!,)5/6$'(2=.)!4/72'$(!%&2%!2,)!2=()$%!
0,/7!%&)!,)0),)$5)!6)$/7) !?'8)8!+,)()$5);2=()$5)!12,'2$%(*!N]b(B8!S2$3!/0!%&)()!N]b !6)$)(!
:),)!0,/7!.2,6)!6)$)!027'.')(!'$! !0+,-.)"$,'/.. *!(-5&!2(!%&)!(521)$6),!,)5)+%/,!53(%)'$);,'5&!
?QaFaB!2$4!F;%3+)!.)5%'$!?F@eB!4/72'$!027'.')(! ?h&)).),!)%!2.8!ELLUB8!9('$6!2!5/1),26) ;
=2()4!2$2.3('(*!%&)3!2.(/!'4)$%'0')4!()1),2.!.2,6)! ,)6'/$(! )>&'='%'$6!F[b 8!F/$('4),'$6! Qb!
=)%:))$!.2=/,2%/,3!(%,2'$(*!'%!'(!)>+)5%)4!%&2%!4'00),)$5)(!=)%:))$!%&)!%:/!4'00),)$%!
&2+./%3+)(!?"8E8YB!.'C).3!,)+,)()$%!12,'2$%(!()6,)62%'$6!'$!%&)!+/+-.2%'/$*!:&'.)!4'00),)$5)(!
=)%:))$!5/+')(!/0!%&)!(27)!2$5)(%,2.!&2+./%3+)!,)+,)()$%!7-%2%'/$!'$!%&)!.2=/,2%/,38!^2..2&),!
)%!2.8!?EL"PB!'4)$%'0')4!7/,)!%&2$!\*LLL!+-%2%'1)!Qb(!+,)()$%!=)%:))$!2.%),$2%)!&2+./%3+)(*!
V"`j!/0!:&'5&!:),)!+,)4'5%)4!%/!4'(,-+%!6)$)( *!2$4!2!0-,%&),!ULL!=)%:))$!5/+')(!/0!%&)!(27)!
&2+./%3+)8!@&)3!2.(/!72%5&)4!%&)!()<-)$5)(!/0!)'6&%!@A(!(&/:$!)>+),'7)$%2..3!%/!=)!25%'1)!
?"8Y8gB!%/!4).)%'/$(!'4)$%'0')4!'$!(%,2'$(!,).2%'1)!%/!%&)!,)0),)$5)*!52..'$6!U\!@A!
+/.37/,+&'(7( !'$!%/%2.8!D./:),(!)%!2.8!?EL"PB!'4)$%'0')4!2!(72..!$-7=),!/0!,)6'/$(!%&2%!2++)2,!
%/!&21)!-$4),6/$)!4-+.'52%'/$!'$!%&)!.2=/,2%/,3*!0/,!)>27+.)!2$!V\LL!C=!()67)$%!/0!
5&,/7/(/7)!"!'$!FF ;\Lg8!#!5-,2%)!(%,-5%-,2.!7-%2%'/$(!%&2%!&21)!/55-,,)4!'$!%&)!.2=/,2%/,3!
1'2!2!4',)5%!5/7+2,'(/$!=)%:))$!./$6!,)24!6)$/7)!2(()7=.')(!'$!F&2+%),!\8!!
 
1.3.9 Organelle genomes !
!
I,')0.3*!%&)!!0+,-.)"$,'/..+ +.2(%'4!6)$/7)!'(!5',5-.2,*!ELP8P!C=!'$!.)$6%&*!:'%&!2!^F!5/$%)$%!/0!
Y\8`j! ?S2-.!)%!2.8!ELLEM!Q7'%&!2$4!e))!ELLTM!^2..2&),!)%!2.8!EL"UB8!#%!'(!)(%'72%)4!%/!=)!
+,)()$%!'$!VUL;TL!5/+')(!+),!5)..!?S'(-7'!)%!2.8!"TTTM!^2..2&),!)%!2.8!EL"UB8!@&)!/1),2..!
7-%2%'/$!,2%)!'$!%&)!+.2(%'4!6)$/7)!&2(!=))$!)(%'72%)4!2(!µ!c!T8EY!>!"L"#$-?[)((!)%!2.8!EL"`B*!
:&'5&!'(!$/%!('6$'0'52$%.3!4'00),)$%!0,/7!%&)!$-5.)2,!6)$/7)!?"8Y8\ B8!@&)!+.2(%'4!6)$/7)!'(!
-$'+2,)$%2..3!'$&),'%)4!0,/7!%&)!34 ! ++2,)$%*!2.%&/-6&!%&),)!'(!)1'4)$5)!0/,!,)5/7='$2%'/$!/,!
G.)2C3H!'$&),'%2$5)!=)%:))$!%&)!72%'$6!%3+)(!?I/3$%/$!)%!2.8!"TUgM!Xv,,)$=),6),!)%!2.8!"TT`M!
K2(2$!)%!2.8!EL"TB8!
!
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@&)!7'%/5&/$4,'2.!6)$/7)!'(!.'$)2,*!"P8U!C=!'$!.)$6%&*!&2(!2!^F!5/$%)$%!/0!\P8Ej !2$4!'(!
+,)()$%!'$!f"LL !5/+')(!+),!5)..! ?b2&,)$&/.Z!)%!2.8!"TTYM!^2..2&),!)%!2.8!EL"UB8!@&)!
7'%/5&/$4,'2.!6)$/7)!'(!'$&), '%)4!0,/7!%&)!34 "++2,)$%*!2$4!-$.'C)!%&)!+.2(%'4*!'$&),'%2$5)!
2++)2,(!%/!=)!(%,'5%.3!-$'+2,)$%2.!?[2C27-,2!EL"LM!K2(2$!)%!2.8!EL"TB8!].%&/-6&!=)3/$4!%&)!
(5/+)!/0!%&'(!'$%,/4-5%'/$*!'%!'(!'$%),)(%'$6!%/!$/%)!%&2%!=/%&!.'$)2,!2$4!5',5-.2,!7'%/5&/$4,'2.!
6)$/7)(!2,)!/=(),1)4!'$!%&)!1/.1/5'$)!2.62)!2$4!%&),)!2++)2,!%/!&21)!=))$!()1),2.!
)1/.-%'/$2,3!%,2$('%'/$(!=)%:))$!%&)!%:/!2,5&'%)5%-,)(!?K272J'!)%!2.8!EL"gM!Q7'%&!2$4!F,2'6!
ELELB8!
 
1.3.10 Genome assemblies of related species !
!
].62.!6)$/7'5(!'(!2!,2+'4.3!6,/:'$6!0').4! ?I.2=3;K22(!2$4!S),5&2$%!EL"TB8!@&),)!:),)!J-(%!
('>!5&./,/+&3%)!6)$/7)!2(()7=.')(!-+./24)4!%/!^)$ I 2$C!=3!%&)!)$4!/0!EL"L*!2!$-7=),!%&2%!
&24!,'()$!%/!EE!=3!%&)!)$4!/0!EL"P*!2$4!"Y"!=3!%&)!)$4!/0!ELEL8!@&)()!2(()7=.')(! ,2$6)!0,/7!
&'6&.3!5/$%'6-/-(!,)0),)$5)!<-2.'%3!2(()7=.')( !?)868!h/,4)$!)%!2.8!?ELLTB*!I.2$5!)%!2.8!?EL"EB*!
a/%&!)%!2.8!?EL"gBB!%/!&'6&.3!0,267)$%)4!4,20%!2(()7=.')(!?V`Lj!/0!5&./,/+&3%)!2(()7=.')(!'$!
^)$ I 2$C!&21)!2!5/$%'6;.)1).![PL!wPL!C=B8!a)5)$%!(%-4')(!&21)!5/..)5%'1).3!()<-)$5)4!/1),!
"LL!6)$/7 )(!2%!/$5)!?[).(/$!)%!2.8!EL"TM![).(/$!)%!2.8!ELELB!2$4!%&)!$-7=),!/0!2.62.!
6)$/7)(!'(!)>+)5%)4!%/!5/$%'$-)!%/!,'()!(-=(%2$%'2..38!@&'(!6,/:%&!&2(!.)4!%/!%&)!
)(%2=.'(&7)$%!/0!N&35/F/(7*!2!4)4'52%)4!2.62.!6)$/7)!=,/:(),! ?^,'6/,')1!)%!2.8!ELE"B8!!
!
F/$('4),'$ 6!(+)5')(!7/,)!5./().3!,).2%)4!%/!!0+,-.)"$,'/.. *!()<-)$5'$6!)00/,%!&2(!.2,6).3!
0/5-(()4!/$! %&)!7-.%'5)..-.2,!1/.1/5'$)!2.62)*!:'%&!,)5)$%!3)2,(!())'$6!2(()7=.')(!0/,!;0+
6$,/-,.+?N,/5&$'C!)%!2.8!EL"LB*!L0+1-6/(,$#-!?K2$(5&)$!)%!2.8!EL"`B*!40+*(6.$#.*+?D)2%&),(%/$!)%!
2.8!EL"UB*!2$4!M0+2).6(66$+2$4!A2'(,.)$+ (+8!?K272J'!)%!2.8!EL"UB8!X,20%!2(()7=.')(!0/,!%:/!
-$'5)..-.2,!5/,) ;=-.)"$,'/.).$+ ?"8E8EB!(+)5')(*!A0+'-:$,&$)$+ 2$4!! 0+*1"$-,(.'-* *!:),)!
+,/4-5)4!=3!K',2(&'72!)%!2.8!?EL"`B*!:&'.)!2!%&',4!2(()7=.3!0/,!2$!-$4)(5,'=)4!
!"#$%&'(%()$*+(+)5')(!:2(!'$5.-4)4!'$!%&)!.2,6)!42%2()%!/0![).(/$!)%!2.8!?EL"TB8!@&)()!
2(()7 =.')(!&21)!,2$6)4!=)%:))$!V"" L!S=!2$4!"UP!S=*!:'%&!6)$/7) ;:'4)! 21),26)!^F!
5/$%)$%(!/0!P`j!%/!`Uj8!@&)!2(()7=.')(!%&2%!&21)!=))$!2$$/%2%)4!2,)!2.(/!2..!'$%,/$;,'5&*!
(-66)(%'$6!5),%2'$!0)2%-,)(!/0!6)$/7)!2,5&'%)5%-,)!2,)!.'C).3!%/!=)!:'4).3!5/$(),1)4!25,/((!
%&)!5.24)8!#$!F&2+%),!Y*!#!+,/4-5)!%&)!0',(%!6)$/7)!2(()7=.')(!0/,!5./()!,).2%'1)(!/0!!0+
,-.)"$,'/..+ 2$4!5&2,25%),'()!6)$/7)!2,5&'%)5%-,)!2$4!6)$)!5/$%)$%!'$!!"#$%&'(%()$*+?*-)*2+
*/,.6/( B!2$4!%&)!1/.1/5'$)!2.62)8!!

 
1.4!Introduction to Core Methodology  

 
1.4.1 Whole -genome re -sequencing and variant calling !
!
_-,!2='.'%3!%/!()<-)$5)!$-5.)'5!25'4(!&2(!=))$!,)1/.-%'/$'()4 !/1), !%&)!+2(%!%:/!4)524)(8!@&)!
%)5&$/./6'52.!2412$5)(!%&2%!&21)!,)(-.%)4!'$!&'6&),!255-,253!2$4!%&,/-6&+-%*!2$4!5,-5'2..3!
+.-77)%'$6!5/(%(*!&21)!%,2$(0/,7)4!()1),2. !0').4(!/0!='/./6 '52.!,)()2,5&8!h,'%'$6!'$!ELL*̀!
I)$%.)3!)(%'72%)4!%&)!5/(%!/0!()<-)$5'$6!2!&-72$!6)$/7)!%/!=)!x"L!7'..'/$*!:&' .)!%&)!



! "T!

/,'6'$2.!K-72$!^)$/7)!N,/J)5%! 5/7+.)%)4!%&,))!3)2,(!)2,.'),!:2(!)(%'72%)4!%/!&21)!5/(%!x"!
='..'/$8!h)!2,)!$/:!2%!/,!2++,/25&'$6!%&)!x"*LLL!&-72$!6)$/7)!?[2%'/$2.!K-72$!^)$/7)!
a)()2,5&!#$(%'%-%)!ELELB*!2.%&/-6&!%&'(!0'6-,) !(/.).3! ,)0.)5%(!%&)!+,'5)!/0!()<-)$5'$6!2$4!
)>5.-4)(!()1) ,2.!2((/5'2%)4!5/(%(!?Q5&:2,Z)!)%!2.8!ELELB8!@&'(!(%266),'$6!,)4-5%'/$!'$!5/(%!'$!
%&)!.2(%!"P!3)2,(!&2(!=))$!4,'1)$ !=3!%&)!%,2$('%'/$!0,/7!5.2(('52.!Q2$6),!()<-)$5'$6!?Q2$6),!
)%!2.8!"Tgg=B!%/!$)>%;6)$),2%'/$!()<-)$5'$6!?[^QB*!,)1'):)4!=3! ^//4:'$!)%!2.8!?EL"`B!2$4!
e)13!2$4!S3),(!?EL"`B8![^Q!'(!5-,,)$%.3!4/7'$2%)4!=3!#..-7'$2!()<-)$5'$6!?I)$%.)3!)%!2.8!
ELLUB*!:&'5&!/00),(!,)24!.)$6%&(!/0!PL;YLL!=+!?7/(%!5/77/$.3!"LL;"PL!=+B!:'%&!21),26)!
),,/,!,2%)(!/0!(-=(%2$%'2..3!.)((!%&2$!"W"*LLL!=+8!a)24(!52$!=)!('$6.)!/,!+2',)4 ;)$4*!: &),) !
+2',)4;)$4!,)0),(!%/!%&)!()<-)$5'$6!/0!=/%&!0.2$C(!/0!2!('$6.)!X[]!0,267)$%!?6)$),2..3!wPLL!
=+*!2.%&/-6&!0,267)$%(!/0!()1),2.!C=!52$!=)!()<-)$5)4!'$!G72%)!+2',H!.'=,2,')(B8!@&),)!'( !2!
73,'24!/0!+/%)$%'2.![^Q!2++.'52%'/$(*!'$5.-4'$6!:&/.);6)$/7)!()<-)$5'$6! 0/,!'-+)(5(+
2(()7=.3*!%,2$(5,'+%/7) !()<-)$5'$6!?a[] ;()<B*!5&,/72%'$!'77-$/+,)5'+'%2%'/$!()<-)$5'$6!
?F&#N;()<B*!='(-.0'%)!()<-)$5'$6!2$4!)>/7)!()<-)$5'$68!h&)$![^Q!'(!+),0/,7)4!/$!
6)$/7'5!X[]!:'%&!2!1'):!%/!5/7+2,'$6!%&)!()<-)$5)4!(27+.)!%/!2$!)>'(%'$6!,)0),)$5)!
6)$/7)*!'%!'(!,)0),,)4!%/!2(!:&/.) ;6)$/7)!,) ;()<-)$5'$68!!
!
@&)!2412$5)(!/0![^Q!&21)!4,'1)$!)1/.-%'/$2,3!='/./63*!2$4!+2,%'5-.2,.3!+/+-.2%'/$!6)$)%'5(*!
%/!4)1)./+!0,/7!2!.2,6).3!%&)/,3;=2()4!4'(5'+.'$)!%/!2!0').4!'$!:&'5&!)$/,7/-(!42%2!()%(!2,)!
,)6-.2,.3!+,/4-5)4!2$4!2$2.3()4!?N//.!)%!2.8!EL"LB8!N,'/,!%/![^Q*!/=%2'$'$6!)(%'72%)(!/0!
6)$)%'5!4'1),('%3!2$4!/%&),!2((/5'2%)4!7)%,'5(!)'%&),!,)<-',)4!Q2$6),!()<-)$5'$6!/0!7-.%'+.)!
./5'!0,/7!7-.%'+.)!'$4'1'4-2.(!?/,!,2,).3!:&/.)!6)$/7)( !)868!I)6-$!)%!2.8!?ELLgBB!/,!
4)1)./+'$6!Q[N!2,,23( !0/,!6)$/%3+'$6*!2((-7'$6!%&)!212'.2='.'%3!/0!2!,)0),)$5)!6)$/7)8!#$!
/%&),!0').4(!(-5&!2(!7/.)5-.2,!)5/./63*!,)0),)$5) ;0,))!2++,/25&)(!'$5.-4'$6!7'5,/(2%)..'%)!
2$2.3('(!2$4!]DeN!:),)*!2$4!'$!(/7)!52()(!(%'..!2,)*!:'4).3!-()4! ?Q5&.O%%),),!2$4!N)7=),%/$!
"TTUM!I)$(5&!2$4!]C)((/$!ELLPB8!]%!2$!2++,/+,'2%)!5/1),26)!?())!=)./:B*!:&/.);6)$/7)!,) ;
()<-)$5'$6!)$2=.)(![^Q!,)24(!%/!=)!72++)4!%/!2!,)0),)$5)!6)$/7)*!2$4!(-=()<-)$%.3!
12,'2$%(!?6)$),2..3!Q[N(!2$4!(72..!'$4).(B!%/!=)!52..)4!=)%:))$!%&)!,)0),)$5)!2$4!%&)!
()<-)$5)4!(27+.)8!@&)()! 12,'2$%(!52$!%&)$!=)!-()4! 2(!%&)!=2('(!0/,!+),0/,7'$6!+/+-.2%'/$!
6)$)%'5(!2$2.3()(8!].%&/-6&!$/%!4'(5-(()4!&),)'$*!%&),)!'(!5/$('4),2=.) !0.)>'='.'%3!'$!%&'( !
+,/5)((*!0/,!)>27+.)!:'%&!./:),!5/1),26)!42%2()%(!,)()2,5&),(!52$!:/,C!:'%&!6)$/%3+)!
.'C).'&//4(!,2%&),!%&2$!12,'2$%!52..(!?i/,$).'-(()$!)%!2.8!EL"\B*!2$4!,)0),)$5);0,))![^Q!
2++,/25&)(!(-5&!2(!,)(%,'5%'/$!('%);2((/5'2%)4!X[]!()<-)$5'$6!?a]X()<B!&21)!=))$!
4)1)./+)4! ?]$4,):(!)%!2.8!EL"`B8!!
!
@&)!+,/5)((!/0!:&/.) ;6)$/7)!,) ;()<- )$5'$6!2$4!12,'2$%!52..'$6!52$!=)!(-772,'()4!'$!0'1)!
72J/,!(%)+(8!D',(%*!2$!2++,/+,'2%)!,) ;()<-)$5'$6!(%,2%)63!7-(%!=)!().)5%)4!2$4!+),0/,7)4 8!@&)!
4)(',)4 !5/1),26)!:'..!4)+)$4!/$!%&)!+./'43!2$4!&)%),/Z36/('%3!/0!%&)!(27+.)!'$!<-)(%'/$*!2(!
2%!./:),!5/1),26) (!%&),)!52$!=)!(-=(%2$%'2.!(27+.'$6!12,'2%'/$!'$!%&)!+,/+/,%'/$!/0!,)24(!
/=%2'$)4!0,/7!)25&!&2+./%3+)8!i'(&'C2:2!)%!2.8!?EL"TB!)(%'72%)4!%&2%!:'%&!5/$%)7+/,2,3!
()<-)$5'$6!2$4!12,'2$%!52..'$6!2++,/25&)(*!2$!21),26)!5/1),26)!/0!V"P>!:2(!2++,/+,'2%)!0/,!
Q[N!52..'$6!'$!&-72$(*!2.%&/-6&!4)+%&(!()1),2.!%'7)(!&'6&),!:),)!,)<-',)4!%/!52..!'$4).(!
255-,2%).38!]((-7'$6!)<-2.!),,/,!,2%)(*!+2',)4 ;)$4!()<-)$5'$6!2$4!./$6),!,)24!.)$6%&(!2,)!
=/%&!)>+)5%)4!%/!'7+,/1)!,)24!72++'$6!4-)!%/!%&)!244'%'/$2.!'$0/,72%'/$!%&)3!+,/1'4) 8![ ^Q!
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()<-)$5'$6!'(!2.(/!='2()4! '$!,)6'/$(!/0!)>%,)7)!=2()!5/7+/('%'/$! ?X/&7!)%!2.8!ELLUM!K'..'),!
)%!2.8!ELLUB*!2$4!'$!(+)5')(!:'%&!&'6&!^F!/,!]@!5/$%)$%(!'%!'(!'7+/,%2$%!%/!5/$('4),!24J-(%'$6!
.'=,2,3!+,)+2,2%'/$*!0/,!)>27+.)!=3!27)$4'$6!NFa!5/$4'%'/$(!/,!,)7/1'$6!%&)!NFa!(%)+!
)$%',).3!?]',4!)%!2.8!EL""B8!](!2!()5/$4!(%)+*!()<-)$5'$6!,)24(!(&/-.4!=)!5&)5C)4!0/,!6)$),2.!
<-2.'%3!7)%,'5(*!:&'5&!52$!=)!+),0/,7)4!-('$6!%//.(!(-5&!2(!D2(%oF!
?&%%+(rWW:::8='/'$0/,72%'5(8=2=,2&278258-CW+,/J)5%(W02(%<5WB8!@&)!,2:!,)24(!52$!=)!+,);
+,/5)(()4!%/!,)7/1)! ./:!<-2.'%3!=2()(!/,!()<-)$5'$6!242+%),(*!2.%&/-6&!%&)!'7+/,%2$5)!/0!
,)24!%,'77'$6!/$!12,'2$%!52..'$6!&2(!=))$!<-)(%'/$)4!?I-(&!ELELB8!
!
@&',4*!,)24(!2,)!72++)4!%/!%&)!,)0),)$5)!2(()7=.3*!:&'5&!'(!25&')1)4!-('$6!,)24!2.'6$),(!
(-5&!2(!I/:%')!E! ?e2$67)24!2$4!Q2.Z=),6!EL"EB!2$4!7/(%!5/77/$.3!Ih] ;SAS! ?e'!2$4!
X-,='$!ELLTM!e'!EL"YB8!a)24!2.'6$7)$%(!2,)!(%/,)4!'$!%&)!Q)<-)$5)!].'6$7)$%WS2+!?Q]SB!
/,!I' $2,3!].'6$7)$%WS2+!?I]SB!0/,72%!?e'!)%!2.8!ELLTB*!:&'5&!+,/1'4)(!,'5&!'$0/,72%'/$!
0/,!)25&!'$4'1'4-2.!,)24!2.'6$7)$%*!'$5.-4'$6!%&)!6)$/7'5!5//,4'$2%)(!2$4!(%,2$4!/0!72++'$6*!
7'(72%5&)(!=)%:))$!%&)!,)24!2$4!,)0),)$5)*!%&)!72++'$6!<-2.'%3*!:&)%&),!%&)!,)24!72+(!
-$'<-).3*!:&)%&),!%&)!72%)!/0!%&)!,)24!'(!2.'6$)4!2(!2!+,/+),!+2',*!2$4!'0!%&)!,)24!'(!G5.'++)4H!
?'8)8!/$.3!+2,%!/0!%&)!,)24!2.'6$(!%/!2!6'1)$!,)6'/$!2$4!=2()(!0,/7!%&)!Pn!2$4!Yn!/0!%&)!,)24!2,)!
$/%!+2,%!/0!%&)!2.'6$7)$%B8!Q27%//.(!?e'!)%!2.8!ELLTB!'(!2!:).. ;4)1)./+)4!='/'$0/,72%'5(!
%//.C'%!0/,!72$'+-.2%'$6!Q]SWI]S!0'.)(!?)868!(/,%'$6!2$4!7),6'$6!0'.)(*!)>%,25%'$6!(+)5'0'5!
,)6'/$(*!52.5-.2%'$6!2.'6$7)$%!4)+%&*!)%58B8!]44'%'/$2.!+/(%;2.'6$7)$%!+,/5)(('$6!(%)+(!2,)!
,)5/77)$4)4!=3!5),%2'$!+'+).'$)(*!/$)!/0!%&)!7/(%!5/77/$!=)'$6!%&)!'4)$%'0'52%'/$!/0!
G4-+.'52%)H!,)24(!%&2%!2,)!2((-7)4!%/!=)!4),'1)4!0,/7!%&)!(27)!X[]!0,267)$%!2$4!%&),)0/,)!
,)+,)()$%!$/$;'$4)+)$4)$%!/=(),12%'/$(8!
!
D/-,%&!2$4!0'0%&*!%&)!'$0/,72%'/$!5/$%2'$)4!:'%&'$!%&)!,)24!2.'6$7)$%(!'(!5/$1),%)4!%/!12,'2$%!
52..(*!:&'5&!2,)!(-=()<-)$%.3!0'.%),)4!=2()4!/$!2(()((7)$%(!/0!%&)',!<-2.'%38!Q)1),2.!+'+).'$)(!
2,)!5/77/$.3!-()4!0/,!12,'2$%!52..'$6*!'$5.-4'$6!%&)!^)$/7)!]$2.3('(!@//.C'%!?^]@iB!
?S5i)$$2!)%!2.8!EL"LM!X)N,'(%/!)%!2.8!EL""B*!0,))=23)(!?^2,,'(/$!2$4!S2,%&!EL"EB!2$4!
(27%//.(!'%().08!N,);12,'2$%!52..'$6!+,/5)4-,)(!2,)!-(-2..3!'7+.)7)$%)4!%/!21/'4!='2()(!0,/7!
2.'6$7)$%!2,%)025%(*!)(+)5'2..3!2,/-$4!'$4).(8!D/,!)>27+.)*!^]@i!+),0/,7(!./52.!,);
2.'6$7)$%!2,/-$4!'$4).(!2$4!,)52.'=,2%)(!=2()!<-2.'%3!(5/,)(*!:&'.)!(27%//.(!52.5-.2%)(!2!=2()!
<-2.'%3!(5/,)!?I]oB!%&2%!,).2%)(!%/!%&)!+,/=2='.'%3!%&2%!%&)!=2()!'(!7'(2.'6$)48!S/,)!,)5)$%.3*!
%//.(!(-5&!2(!^]@i!K2+./%3+)F2..),!?N/+.'$!)%!2.8!EL"UB!+),0/,7!./52.!,) ;2(()7=.3 !2,/-$4!
12,'2$%!,)6'/$(*!(-=()<-)$%.3!52..'$6!12,'2$%(!0,/7!'$0),,)4!&2+./%3+)(!,2%&),!%&2$!4',)5%.3!
0,/7! %&)!,)24!2.'6$7)$%(8!b 2,'2$%!52..'$6!'(!'7+,/1)4!=3! 2$2.3('$6!7-.%'+.)!(27+.)(!
5/..)5%'1).3*!('$5)!+/+-.2%'/$;.)1).!'$0/,72%'/$!/$!12,'2$%(!52$!=)!'$5/,+/,2%)4!)868!2!./:!
5/1),26)!12,'2$%!4)%)5%)4!'$!2!6'1)$!(27+.)!'(!7/,)!.'C).3!%/!=)!6)$-'$)!'0!%&2%!12,'2$%!&2(!
=))$!52..)4!2(!&'6&;<-2.'%3!'$!/%&),!(27+.)(8!@&)!,)(-.%'$6!12,'2$%!2$4!'$12,'2$%!('%)(!2,)!
,)+,)()$%)4!'$!2!b2,'2$%!F2..!D/,72%!?bFDB!0'.)!?X2$)5)C!)%!2.8!EL""B*!2$4!)25&!12,'2$%!&2(!
()1),2. !2((/5'2%)4!7)%,'5(*!:&'5&!'$!^]@i!'$5.-4) (!%&)!$-7=),!/0!,)24(!(-++/,%'$6!%&)!
,)0),)$5)!2$4!2.%),$2%'1)!2..).)(*!<-2.'%3!(5/,)(!?=/%&!0/,!%&)!)$%',)!('%)!2$4!'$4'1'4-2.!
6)$/%3+)!52..(B!2$4!'$0/,72%'/$!/$!,)24!72++'$6!='2()(!%&2%!723!'$%,/4-5)!02.()!+/('%'1)(!
?)868!(%,2$4!2$4!,)24!+/('%'/$!='2()(B8!h&'.)!'%!'(!+/(('=.)!%/!+),0/,7!12,'2$%!0'.%),'$6!,).2%'1)!
%/!2!()%!/0!&'6&.3!%,-(%)4!12,'2$%(!0/,!5),%2'$!7/4).!/,62$'(7( *!0/,!7/(%!(+)5')(!12,'2$%!



! E"!

0'.%),'$6!'(!+),0/,7)4!$'+"( 6!=2()4!/$!%&)!12,'2$%!<-2.'%3!7)%,'5(8!@&'(!/0%)$!,)<-',)(!52,)0-.!
42%2!)>+./,2%'/$!%/!2(()((!%&)!4'(%,'=-%'/$!/0!12,'2$%!<-2.'%3!7)%,'5(!'$!%&)!(27+.)!'$!<-)(%'/$!
2$4!%/!21/'4!'$%,/4-5'$6!='2()(8!F,-5'2..3*!'%!'(!'7+),2%'1)!%&2%!5/$('(%)$%!0'.%),'$6!5,'%),'2!2,)!
2++.')4!%/!=/%&!12,'2$%!2$4!'$12,'2$%!('%)(8!
!
D'$2..3*!2.%&/-6&!(-5&!2$2.3()(!2,)!$/%!0)2%-,)4!'$!%&'(!%&)('(*!'%!'(!'7+/,%2$%!%/!$/%)!%&2%!
()1),2.!+'+).'$)(!&21)!=))$!4)1)./+)4!%/!52..!Qb(!0,/7![^Q!42%2!?i/(-6'!)%!2.8!EL"TM!
S2&7/-4!)%!2.8!EL"TB8!@&)()!2++,/25&)(!/0%)$!-()!%&)!'$0/,72%'/$!+,/1'4)4!=3!4'(5/,42$%!
,)24!+2',(!2$4!5.'++)4!,)24(*!2.%&/-6&!4-)!%/!%&)!'$&),)$%!5/7+.)>'%3!/0!Qb(!=/%&!02.()!
+/('%'1)!2$4!$)62%'1)!,2%)(!2,)!6)$),2..3!&'6&!2$4!52$!2++,/25&!TLj!0/,!5),%2'$!%3+)(!/0!Qb(!
?S2&7/-4!)%!2.8!EL"TB8!e/$6!,)24!()<-)$5'$6!%)5&$/./6')(!2,)!)>+)5%)4!%/!(-=(%2$%'2..3!
'7+,/1)!Qb!52..'$6!?"8\8EB8!]$/%&),!4)1)./+7)$%!'(!%&)!+,/4-5%'/$!/0!6,2+&;=2()4!
+2$6)$/7)(*!:&'5&!'$5/,+/,2%)!()1),2.!6)$/7)(!0,/7!%&)!(27)!(+)5')(!2$4!,)7/1)!7-5&!/0!
%&)!,)0),)$5)!='2(!'$!,)24!72++'$6!2$4!12,'2$%!52..'$6!?A'Z)$62!)%!2.8!ELELB8!!
!
#$!F&2+%),!E*!#!-()!:&/.);6)$/7)!,) ;()<-)$5'$6!2$4!12,'2$%!52..'$6!%/!'4)$%'03!Q[N(!2$4!
(-=()<-)$%.3!5&2,25%),'()!+2%%),$(!/0!+/+-.2%'/$!(%,-5%-,)!27/$6(%!0').4!'(/.2%)(!/0!!0+
,-.)"$,'/.. 8!#!2.(/!-()!)(%'72%)(!/0!6)$)%'5!4'1),('%3!'$!F&2+%),(!Y!2$4!\!%/!2(()((!%&)!5/4'$6!
+/%)$%'2.!/0!6)$)(8!
!
1.4.2 Genome assembly using long read sequencing !
!
](!:'%&!:&/.) ;6)$/7)!,) ;()<-)$5'$6!?"8\8"B*![^Q!&2(!%,2$(0/,7)4!6)$/7)!()<-)$5'$6!2$4!
2(()7=.38!A2,.3!6)$/7)!2(()7=.')( !:),)!=2()4!/$!Q2$6),!()<-)$5'$6 *!'$5.-4'$6!%&)!0',(%!
6)$/7)! 2(()7=.3!/0!2!=25%),'/+&26)!?Q2$6),!)%!2.8!"Tgg2B*!%&)!0',(%!7-.%'5)..-.2,!)-C2,3/%)!
6)$/7)!'$! !0+-#-9$)*!?!0+-#-9$)*!Q)<-)$5'$6!F/$(/,%'-7!"TTUB*+2$4!'$4))4!%&)!!0+
,-.)"$,'/..+ 6)$/7)!'%().0!?"8Y8"B8!Q2$6),;=2()4!6)$/7)!+,/J)5%(!:),)!.2,6) ;(52.)*!)>+)$('1)!
2$4!%'7)!5/$(-7'$6*!2.%&/-6&!0/,!()1),2.!,)2(/$(! %&)!2(()7=.')(!%&)3!+,/4-5)4!:),)!
6)$),2..3!/0!&'6&!<-2.'%3!?2$4!'$!(/7)!52()(!5/7+.)%)!)868!3)2(%!?S):)(!)%!2.8!"TTgBB8!
D-,%&),7/,)*!('$5)!Q2$6),;=2()4!2(()7=.')(! :),)!6)$),2..3!+,/4-5)4!0/,! :).. ;(%-4')4!
/,62$'(7(*! '$!72$3!52()(!%&)!2(()7=.)4! (5200/.4(!5/-.4! =)!+.25)4!/$ !5&,/7/(/7)(!=3!
'$5/,+/,2%'$6!)>%,'$('5!)1'4)$5)!0,/7!.'$C26)!72+(8!#$!5/$%,2(%*!%&)!./:;5/(%!2$4!&'6&;
%&,/-6&+-%!/0![^Q!&2(!/+)$)4!6)$/7)!()<-)$5'$6!%/!2!:'4) !,2$6)!/0!$/$;7/4).!/,62$'(7(!
?"8Y8"LB8!K/:)1),*![^Q ;=2()4!2(()7=.') (!2,)!/0%)$!&'6&.3!0,267)$%)4*!('$5)!'%!'(!'7+/(('=.)!
%/!2(()7=.)!25,/((!,)+)%'%'1)!()<-)$5)(!:'%&!(&/,%!,)24!.)$6%&(8!!
!
a)5)$%.3*!$):!2++,/25&)( !&21)!=))$!4)1)./+)4!%&2%!()<-)$5)!('$6.)!7/.)5-.)(!/0!X[]8!
_0%)$!52..)4!%&',4!6)$),2%'/$!()<-)$5'$6*!=/%&!%&)!N25'0'5!I'/(5')$5)(!?N25I'/B!2$4!_>0/,4!
[2$/+/,)!@)5&$/./6')(!?_[@ *!2.(/ !G[2$/+/,)H B!+.2%0/,7(!2,)!52+2=.)!/0!()<-)$5'$6 !,)24(!
%)$(!/0!C=!'$!.)$6%&!?12$!X'JC!)%!2.8!EL"UB*!2$4!'$!5),%2'$!'$(%2$5)(![2$/+/,)!()<-)$5'$6!52$!
()<-)$5)!-.%,2;./$6!,)24(!&-$4,)4(!/0!C=!'$!.)$6%&!?m2'$!)%!2.8!EL"U=B8!K/:)1),*!%&)()!
%)5&$/./6')(!&21)!02,!&'6&),!),,/,!,2%)(!?P;"PjB!%&2$![^Q!?h2%(/$!2$4!h2,,!EL"TB8!
[/$)%&).)((*!('$5)!%&)!,)24;.)$6%&(!2,)!./$6),!%&2$!72$3!/0!%&)!,)+)%'%'1)!()<-)$5)(!+,)()$%!
'$!6)$/7)( *!%&)!2(()7=.3!5/$%'6-'%3!%&2%!52$!=)!25&')1)4!-('$6!./$6!,)24!()<-)$5'$6!'(!/0%)$!



! EE!

()1),2.!%'7)(!&'6&),!%&2$!%&2%!/0![^Q ;=2()4!2(()7=.')(8!Q-5&!'7+,/1)7)$%(!&21)!72$3!
0-$5%'/$2.!'7+.'52%'/$(!=)3/$4!('7+.3!2(()7=.'$6 !,)+)%'%'1)!()<-)$5)*!0/,!)>27+.) !72$3!
6)$)(!52$!=)!0,267)$%)4!/,!)$%',).3!-$2(()7=.)4!4-)!%/!62+(!'$![^Q!2(()7=.')(! ?@&/772!)%!
2.8!EL"`B8!a2+'4!%)5&$/./6'52.!2412$5)(!'$!%&',4!6)$),2%'/$!()<-)$5'$6!5/$%'$-)!%/!,)(-.%!'$!
'$5,)2()4!%&,/-6&+-%*!./$6),!,)24!.)$6%&(!2$4!,)4-5)4!),,/,!,2%)(*!2$4!'%!'(!)>+)5%)4!%&2%!./$6!
,) 24(!:'..!0/,7!%&)!=2('(!/0!&'6&;<-2.'%3!6)$/7)!2(()7=.')(!25,/((!2$! )1), ;'$5,)2('$6!2,,23!
/0!/,62$'(7(!'$!%&)!5/7'$6!3)2,(8!S/(%!,)5)$%.3*!N25I'/!&21)!4)1)./+)4!K'D'!()<-)$5'$6*!
:&'5&!'(!52+2=.)!/0!()<-)$5'$6!,)24(!fEL!C=!:'%&!),,/,!,2%)(!w"j8!K'D'!,)24(!&21)!=))$!-()4!
%/!+,/4-5)!2$!'$=,)4!7/-()!6)$/7)!:'%&!2$![PL!fEL!S=*!2$4!)1)$!2(()7=.)!2!fYP!^=!
2(()7=.3!/0!%&)!6'2$%!,)4://4!:'%&!2$![PL!fP!S=! ?F&)$6!)%!2.8!ELELB8!h)!2,)! $/:!)$%),'$6!
2$!),2!:&),)!5/7+.)%)!%)./7),) ;%/;%)./7),)! 5&,/7/(/72.! 2(()7=.')(!2,)!+/(('=.)*!)1)$!0/,!
.2,6) !2$4!7/4),2%).3!,)+)%'%'1)!6)$/7)(!(-5&!2(!&-72$!?S'62!)%!2.8!ELELB8!
!
] !$-7=),!/0!./$6 !,)24!2(()7=.),( !&21)!=))$!4)1)./+)4*!'$5.-4'$6!F2$-!?i/,)$!)%!2.8!EL"gB!
2$4!:%4=6E!?a-2$!2$4!e'!ELELB*!(/7)!/0!:&'5&!2,)!&2+./%3+)!2:2,)!2$4!2%%)7+%!%/!+,/4-5)!
+&2()4!2(()7=.')(!)868!D]eF_[ ;9$Z'+!?F&'$!)%!2.8!EL"`B8!a).2%'1).3!&'6&!5/1),26)!'(!
6)$),2..3!,)<-',) 4!%/!25&')1)!5/$%'6-/-(!2(()7=.')(*!0/,!)>27+.)!F2$-!2(()7=.')(!5/$%'$-)!
%/!'7+,/1)!-+!%/!VPL>!5/1),26)!?i/,)$!)%!2.8!EL"gB8!S/(%!./$6!,)24!2(()7=.),(!0/../:!%&)!
G/1),.2+;.23/-%;5/$()$(-(H!+2,24'678!I,')0.3*!%&)!G/1),.2+H!(%26)!'$1/.1)(!5/7+2,'$6!,)24(!
2$4!'4)$%'03'$6!/1),.2+(*!%&)!G.23/-%H!(%26)!'4)$%'0')(!5/$%'6-/-(!(%,)%5&)(!/0!/1),.2++'$6!
,)24(!%/ !0/,7 !5/$%'6(*!2$4!%&)!G5/$()$(-(H!(%)+!2%%)7+%(!%/!52..!%&)!7/(%!.'C).3!()<-)$5)!
6'1)$!%&)!-$4),.3'$6!),,/,(!2$4!12,'2%'/$!'$!%&)!,)24(8!@&'(!2++,/25&!4'00),(!0,/7![^Q!
2(()7=.),(!%&2%!2,)!6)$),2..3!=2()4!/$!4)!I,-'J$!6,2+&(!?F/7+)2-!)%!2.8!EL""B8!].%&/-6&!%&)!
,)(-.%'$6!2(()7=.')(!52$!=)!&'6&.3!5/$%'6-/-(*!%&)!5/$()$(-(!()<-)$5)!&2(!2!&'6&!),,/,!,2%)!
?)(+)5'2..3!0/,!'$4).(B!2$4!,)<-',)(!244'%'/$2.!G+/.'(&'$6H!?h2%(/$!2$4!h2,,!EL"TB8!A,,/,!
5/,,)5%'/$!'(!6)$),2..3!+),0/,7)4!0',(%!=3!72++'$6!%&)!,2:!./$6!,)24(!%/!%&)!'-+)(5(+
2(()7=.3!%/!'7+,/1)!5/$()$(-(!52..( *!:&'5&!0/,!N25I'/!2(()7=.')(!'(!+),0/,7)4!=3! %&)!
^)$/7'5!F/$()$(-(!7/4-.) !?&%%+(rWW6'%&-=85/7WN25'0'5I'/(5')$5)(W^)$/7'5F/$()$(-(B8!
Q)5/$4*![^Q!42%2!52$!=)!72++)4!%/!%&)!+/.'(&)4!2(()7=.3!2$4!244'%'/$2.!),,/,!5/,,)5%'/$!
+),0/,7)4!-('$6!%//.(!(-5&!2(!N'./$! ?h2.C),!)%!2.8!EL"\B8!I/%&!+/.'(&'$6!(%)+(!52$!=)!
'%),2%)4*!2.%&/-6&!,)+)2%)4!+/.'(&'$6!723!,)4-5)!2(()7=.3!<-2.'%3!?S'..),!)%!2.8!EL"UB8!@&)!
0'$2.!+/.'(&)4!2(()7=.3!52$!=)!(5200/.4)4!-('$6!2$3!212'.2=.)!.'$C26)!42%2!/,!)>%,'$('5!
)1'4)$5)8!].%&/-6&!$/%!-()4 !'$!%&'(!%&)('(*!$):!G.'$C)4!,)24H!%)5&$/./6')(!?)868!"Ll!2$4!K';
FB!+,/1'4)!&'6&;%&,/-6&+-%!2.%),$2%'1)(!%/!6)$)%'5!72++'$6!0/,!/=%2'$'$6!.'$C26)!'$0/,72%'/$!
?12$!X'JC!)%!2.8!EL"UB8!!
!
D'$2..3*!'%!'(!'7+/,%2$%!%/!$/%)!%&2%!./$6!,)24(!2,)!$/%!/$.3!-()4!0/,!'-+)(5(+ 2(()7=.38!](!
('$6.)!7/.)5-.)(!/0!X[]! 2,)!()<-)$5)4! :'%&/-%!27+.'0'52%'/$*!'%!'(!+/(('=.)!%/!4)%)5%!
)+'6)$)%'5!=2()!7/4'0'52%'/$(!0,/7!%&)!,2:!()<-)$5)!42%2!?D.-(=),6!)%!2.8!EL"LM!e'-!)%!2.8!
EL"TB8!e/$6!,)24!()<-)$5'$6!52$!=)!+),0/,7)4!/$!5X[]! ?N25I'/!2$4![2$/+/,)B!/,!4',)5%.3!
/$!a[]!?[2$/+/,)B!%/! ()<-)$5) !0-..;.)$6%&!%,2$(5,'+%(8!@&'(!52$!6,)2%.3!2'4!6)$)!2$$/%2%'/$!
2$4!&2(!=))$!-()4!%/!,)1)2.!$/$ ;52$/$'52.!0)2%-,)(!(-5&!2(!+/.35'(%,/$'5!6)$)(!?^/,4/$!)%!2.8!
EL"PM!^2..2&),!)%!2.8!ELE"B8!](!2.,)243!'$%,/4-5)4!?"8\8" B*!./$6!,)24(!2.(/!5/$('4),2=.3!
/-%+),0/,7![^Q!42%2!'$!52..'$6!Qb(!?S2&7/-4!)%!2.8!EL"TB8!h'%&!%&)!/$()%!/0!&'6&.3!



! EY!

255-,2%)!./$6!,)24!()<-)$5'$6!7)%&/4(!(-5&!2(!K'D'*!:)!52$!2.(/!)>+)5%!%/!())!./$6!,)24(!
-()4!%/!52..!Q[N(!2$4!(72..!'$4).(*!('$5)!255-,2%)!./$6!,)24(!:'..!)$2=.)!12,'2$%(!%/!=)!
4)%)5%)4!'$!,)+)%'%'1)!/,!G42,CH!6)$/7'5!,)6'/$(!:&),)![^Q!42%2!4/)(!$/%!(-55)((0-..3!72+8!!
!
#$!F&2+%),!Y*!#!-()!N25I'/!()<-)$5'$6!%/!+,/4-5)!&'6&.3!5/$%'6-/-(!6)$/7)!2(()7=.')(!0/,!
%&,))!-$'5)..-.2,!,).2%'1)(!/0!!0+,-.)"$,'/.. *!+,/4-5'$6!6)$/7'5!,)(/-,5)(!%&2%!)$2=.)!
5/7+2,2%'1)!6)$/7'5(!2$2.3()(8!#$!F&2+%),!\*!#!-()!N25I'/!()<-)$5'$6!%/!-+42%)!%&)!!0+
,-.)"$,'/..+ ,)0),)$5)!6)$/7)*!+,/4-5'$6!$)2, ;5/7+.)%)!2(()7=.')(!0/,!%:/!.2=/,2%/,3!(%,2'$(8!
#$!F&2+%),!P*!#!+,/4-5)!2!N25I'/!2(() 7=.3!0/,!2!0').4!'(/.2%)!/0!!0+,-.)"$,'/..X+:&'5&!#!-()!%/!
'4)$%'03!2$4!2$$/%2%)!+/.37/,+&'5!@A(8!
 
1.4.3 Transposable element classification and a nnotation !
!
@A(!2,)!().0'(&!7/='.)!-$'%(!/0!X[]!%&2%!2,)!+,)()$%!'$!2..!4/72'$(!/0!.'0)!2$4!2,)!2!$)2,!
-$'1),(2.!5/$(%'%-)$%!/0!)-C2,3/%'5!6)$/7)(8!@A(!2,)!)1/.-%'/$2,3!2$5')$%!2$4!&21)!
/,'6'$2%)4!()1),2.!%'7)(!'$4)+)$4)$%.3*!4'(+.23'$6!2$!/-%(%2$4'$6!4'1),('%3!/0!0/,7!2$4!
7)5&2$'(78!^'1)$!%&)',!-='<-'%3*!@A(!+.23!2!0-$427)$%2.!,/.)!'$!6)$/7)!)1/.-%'/$!2$4!&21)!
=))$!'7+.'52%)4!'$!$-7),/-(!)1/.-%'/$2,3!+&)$/7)$28!b'2!%&)',!2='.'%3!%/!,)+.'52%)!2$4!
'$5,)2()!'$!5/+3!$-7=),*!@A(!52$!=)!2!4,'1),!/0!6)$/7)!('Z)!)1/.-%'/$! ?e3$5&!ELLgB8!@A!
'$(),%'/$(!2,)!2!72J/,!(/-,5)!/0! Qb!=/%&!:'%&'$!2$4!=)%:))$!(+)5')(*!2$4!=/%&!25%'1)!2$4!
'$25%'1)!@A(!2,)!2((/5'2%)4!:'%&!6)$/7'5!,)2,,2$6)7)$%(!?I/-, <-)!)%!2.8!EL"UB8!@&)!5/;
/+%'/$!/0!@A!()<-)$5)!&2(!=))$!4)7/$(%,2%)4!%/!=)!2!+),12('1)!0)2%-,)!/0!,)6-.2%/,3!
()<-)$5)!)1/.-%'/$! ?F&-/$6!)%!2.8!EL"gB!2$4!$-7),/-(!)>27+.)(!/0!@A!+,/%)'$(!-$4),6/'$6!
&/(%!4/7)(%'52%'/$!&21)!=))$!4/5-7)$%)4!?m2$627!)%!2.8!EL"gB8!@A(!&21)!2.(/!=))$!
&3+/%&)('()4!%/!+.23!2!,/.)!'$!&3=,'4!'$5/7+2%'='.'%3!2$4!(+)5'2%'/$!?m-,C2!)%!2.8!EL""B8!S/,)!
6)$),2..3*!C$/:.)46)!/0!%&)!@A!()<-)$5)!'$!2!6)$/7)!52$!=)!2$!'$12.-2=.)!,)(/-,5)!0/,!
)>+./,'$6!0)2%-,)(!/0!6)$/7)!2,5&'%)5%-,)8!D/,!)>27+.)*!%&)!'4)$%'0'52%'/$!/0!,)6'/$(!,'5&!'$!
@A(!?/,!+2,%'5-.2,!%3+)(!/0!@A(B!52$!=)!'$4'52%'1)!/0!&)%),/5&,/72%'$!?e'++72$!)%!2.8!ELL\B!
2$4!72J/,!6)$/7'5!0)2%-,)(!(-5&!2(!5)$%,/7),)(!?h/$6!2$4!F&//!ELL\B8!D'$2..3*!,)+)2%!
72(C'$6!2!6)$/7)!'(!2!+,),)<-'('%)!/0!6)$)!2$$/%2%'/$!2$4!%&),)0/,)!2$!'$%)6,2.!+2,%!/0!
6)$/7)!+,/J)5%(8!#$!/,4),!%/!(%-43!@A(!2$4!%&)',!:'4),!='/./6'52.!'$%),25%'/$(*!@A!
2$$/%2%'/$(!0/,!%&)!(+)5')(!/0!'$%),)(%!?/,!2!5./().3!,).2%)4!(+)5')(B!2,)!,)<-',)48! ](!4)(5,'=)4!
'$!4)%2'.!=)./:*!%&'(!6)$),2..3!'$1/.1)(! %&)!+,/4-5%'/$!/0!2!.'=,2,3!/0!@A!5/$()$(-(!
()<-)$5)(*!:'%&!)25&!()<-)$5)!'4)2..3!5.2(('0')4!=3!@A!%3+)8!!
!
](!2!,)(-.%!/0!%&)',!4'1),('%3*!()1),2.!@A!5.2(('0'52%'/$!(3(%)7(!&21)!=))$!+,/+/()4!?h'5C),!
)%!2.8!ELLgM!i2+'%/$/1!2$4!m-,C2!ELLUM!],C&'+/12!EL"gB*!:&'5&!6)$),2..3!2'7!%/!6,/-+!@A(!
=2()4!/$!%&)',!+&3./6)$)%'5!,).2%'/$(&'+(!2$4!(&2,)4!7)5&2$'(7(8!@&)!&'6&)(%!,2$C!'$!
%,24'%'/$2.!5.2(('0'52%'/$(!'(!5.2((*!:&'5&!4'1'4)(!@A(!=2()4!/$!%&)',!%,2$(+/('%'/$!
'$%),7)4'2%)*!a[]!?5.2((!#*!2.(/!,)%,/%,2$(+/(/$(B!/,!X[]!?5.2((!##B!?D'$$)62$!"TUTB8!
D-,%&),7/,)*!7/(%!%3+)(!/0!@A(!52$!=)!)'%&),!2-%/$/7/-(*!:&'5&!)$5/4)!%&)!+,/%)'$(!
$)5)((2,3!0/,!%&)',!%,2$(+/('%'/$*!/,!$/$;2-%/$/7/-(*!:&'5&! -%'.'()!+,/%)'$(!+,/4-5)4!=3!
'$4)+)$4)$%!2-%/$/7/-(!@A(!?S5F.'$%/5C!"TP`B8!a)%,/%,2$(+/(/$(!%,2$(+/()!1'2!2!5/+3;
2$4;+2(%)!7)5&2$'(7!2$4!2..!2-%/$/7/-(!,)%,/%,2$(+/(/$(!)$5/4)!+,/%)'$(!5/$%2'$'$6!2$!a@!



! E\!

4/72'$8!].%&/-6&!%&)!a@!4/72'$ !'(!7/$/+&3.)%'5!?],C&'+/12!EL"gB*!,)%,/%,2$(+/(/$(!52$!=)!
4'1'4)4!'$%/!0/-,!)1/.-%'/$2,3!2$5')$%!2$4!4'(%'$5%!6,/-+(!?(/7)%'7)(!52..)4 !/,4),( !/,!
(-=5.2(()( B*!$27).3!e#[A(*!e@a(*!X#aQ!2$4!NeA(*!)25&!/0!:&'5&!'(!5.)2,.3!4'00),)$%'2%)4!=3!
%&)!+,)()$5)!/0!-$'<-)!244'%'/$2.!+,/%)'$!4/72'$(*!(%,-5%-,2.!7/%'0(!2$4!7)5&2$'(7(!/0!
%,2$(+/('%'/$8!]!0'0%&!6,/-+*!Q#[A(*!2,)!(%,'5%.3!$/$;2-%/$/7/- (!2$4!,).3!/$!%&)!25%'1'%3!/0!
e#[A(! ?i,27),/1!2$4!b2(()%ZC3!EL""B8!]44'%'/$2..3*!2!$):!6,/-+!/0!$/$ ;2-%/$/7/-(!
,)%,/%,2$(+/(/$(!%),7)4!,)%,/Z37)(!&2(!=))$!4)(5,'=)4*!:&'5&!723!=)!6,/-+)4!:'%&!Q#[A(!
4)+)$4'$6!/$!'$%),+,)%2%'/$!?4)!.2!N)y2!)%!2.8!ELELB8!a)%,/Z37)(!,).3!/$!%&)!725&'$),3!/0!
2-%/$/7/-(!e@a!).)7)$%(!'$!+.2$%(!?F),1),2!)%!2.8!EL"`B!2$4!7/(%!.'C).3!NeA(!'$!2$'72.(!
?F),1),2!2$4!4)!.2!N)y2!ELELB8!F.2((!##!).)7)$%(!/,'6'$2..3!,)0),,)4!(+)5'0'52..3!%/!X[]!
%,2$(+/(/$(*!2$!)>%,)7).3!4'1),()!@A!6,/-+!%&2%!%,2$(+/()!1'2!2!5-%;2$4;+2(%)!7)5&2$'(7!
025'.'%2%)4!=3!2!%,2$(+/(2()!)$Z37)8!K/:)1),*!2(!6)$/7)(!/0!7/,)!4'1),()!(+)5')(!&21)!=))$!
2(()7=.)4!2$4!2$$/%2%)4*!%&,))!244'%'/$2.!'$4)+)$4)$%!5.2((!##!6,/-+(!&21)!)7),6)4*!%&)!
K).'%,/$(!?i2+'%/$/1!2$4!m-,C2!ELL"B*!S21),'5CWN/.'$%/$(!?D)(5&/%%)!2$4!N,'%&27!ELLPM!
i2+'%/$/1!2$4!m-,C2!ELL`=B!2$4!F,3+%/$(!?^//4:'$!)%!2.8!ELLYB8!!
!
]..!72J/,!6,/-+(!/0!=/%&!5.2((!#!2$4!##!@A(!52$!=)!0-,%&),!4'1'4)4!'$%/!2$5')$%!72J/,! 5.24)(*!
/0%)$!%),7)4!(-+),027'.')( 8!S2$3!(-+),027'.')(!)>&'='%!4'(%'$6-'(&'$6!0)2%-,)(!%&2%!52$!=)!
-()4!0/, !5.2(('0'52%'/$8!D/,!)>27+.)*!%&),)!2,)!7/,)!%&2$!EL!4)(5,'=)4!(-+),027'.')(!/0!X[]!
%,2$(+/(/$(!?i/J'72!ELELB*!72$3!/0!:&'5&!52$!=)!4'(%'$6-'(&)4!=2()4!/$!%&)!.)$6%&(!/0!
@QX(*!%&)!.)$6%&!2$4!()<-)$5)!/0!@#a(*!2$4!'$(),%'/$!='2()(8!3$,.)-,+ ).)7)$%(!&21)!
Gua88uaH!'$!%&)',!@#a!%),7'$'*!'$(),%!2%!G@]H!('%)(!2$4!+,/4-5)!E!=+!G@]H!@QX(M!"I4+
).)7)$%(!&21)!Gu]88@aH!%),7'$'!2$4!+,/4-5)!@QX(!/0!P;U!=+M!A)G1%+).)7)$%(!&21)!
GF]F88^@^H!%),7'$'!2$4!+,/4-5)!@QX(!/0!E;\!=+*!2$4!(/!/$8!F),%2'$!,)%,/%,2$(+/(/$!
(-+),027'.')(!52$!=)!4'(%'$6-'(&)4!=3!%&)!+,)()$5)!/,!/,4),!/0!+,/%)'$!4/72'$(8!](!
'$%,/4-5)4!'$!"8Y8g*!82$#-)+e#[A!).)7)$%(!)$5/4)!+,/%)'$(!:'%&!%:/!)$4/$-5.)2()(*!-$.'C)!
2$3!/%&),!e#[A(8!!(1.$+e@a!).)7)$%(!52$!=)!4'(%'$6-'(&)4!0,/7!2..!/%&),!e@a(!2(!%&)!
'$%)6,2()!4/72'$!'(!./52%)4!-+(%,)27!/0!a@!,2%&),!%&2$!2%!%&)!F;%),7'$-(!/0!%&)!+,/%)'$8!
K/:)1),*!$ /%!2..!(-+),027'.')(!52$!=)!(/!5.)2,.3!4'(%'$6-'(&)4*!2$4!'$!72$3!52()(!
+&3./6)$)%'5!2$2.3()(!/0!+,/%)'$!4/72'$(!723!=)!,)<-',)48!@&)!/$.'$)!%//.!a@5.2(("!
?i2+'%/$/1!)%!2.8!ELLTB!2-%/72%)(!%&'(!+,/5)((!0/,!e#[A(8!Q-5&!2$!2++,/25&!'(!/=1'/-(.3!
/$.3!2++.'52=.)!%/!2-%/$/7/-(!@A(*!2$4!%&)!5.2(('0'52%'/$!/0!$/$2-%/$/7/-(!@A(!52$!/0%)$!
=)!5&2..)$6'$6!2(!2!,)(-.%8!!
!
h'%&'$!(-+),027'.')(*!7-.%'+.)!5/+')(!/0!1),3!5./().3!,).2%)4!@A(!52$!=)!6,/-+)4!2(!2!027'.3!
/,!(-=027'.38!A25&!027'.3!52$!=)!,)+,)()$%)4!2(!2!('$6.)!5/$()$(-(!()<-)$5)*!:&'5&!2'7(!%/!
,) ;5,)2%)!%&)!2$5)(%,2.!()<-)$5)!/0!2!@A!:&)$!'%!:2(!25%'1).3!%,2$(+/('$6!2$4!5,)2%'$6!$):!
5/+')(!'$!2!6'1)$!6)$/7)!/,!6)$/7)(8!@&),)!'(!$/!5.)2,!4)0'$' %'/$!/0!:&2%!5/$(%'%-%)(!2!@A!
027'.3*!2.%&/-6&!%&)!GUL;UL;UL!,-.)H!'(!/0%)$!2++.')4!?h'5C),!)%!2.8!ELLgB8!@&'(!,-.)!(%2%)(!
%&2%!%:/!@A(!=)./$6!%/!%&)!(27)!027'.3!'0!%&)3!)>&'='%!2%!.)2(%!ULj!()<-)$5)!('7'.2,'%3!/1),!
2%!.)2(%!ULj!/0!%&)!'$%),$2.!,)6'/$*!%),7'$'!?%/!255/-$%!0/,!(/./!e@a(*!Pn!%,-$52%'/$*!)%58B*!/,!
=/%&*!2$4!0'$2..3!2,)!2%!.)2(%!UL!=+!'$!.)$6%&8!@&)!(-=027'.3!5.2(('0'52%'/$!/$.3!=)5/7)(!
,).)12$%!'0!%&),)!2,)!%:/!/,!7/,)!(-=+/+-.2%'/$(!/0!@A(!:'%&'$!%&)!(27)!027'.38!@/!6'1)!2$!
)>27+.)*!'0!%&),)!:),) !%:/!25%'1)!@A!+/+-.2%'/$(!'$!2!6)$/7)!%&2%!2,)!4'1),6)$%!=3!"Lj!/$!



! EP!

21),26)!=)%:))$!%&)!+/+-.2%'/$(!2$4!02,!.)((!%&2$!"Lj!:'%&'$!%&)!+/+-.2%'/$(*!%&)$!%&)()!
:/-.4!,)+,)()$%!2!('$6.)!027'.3!-$4),!%&)!UL;UL;UL!,-.)*!=-%!4'(%'$5%!(-=027'.')(8!!
!
D27'.3!/,!(-=027'.3!@A!5/$()$(-(!()<-)$5)(!0/,7!%&)!=2('(!/0!@A!.'=,2,')(8!F/$()$(-(!
()<-)$5)(!52$!=)!+,/4-5)4!=3!()1),2.!7)2$(*!:&'5&!52$!.2,6).3!=)!5/$('4),)4! 2(!)'%&),!
2-%/72%)4!/,!72$-2.8!_$)!/0!%&)!7/(%!5/77/$!2-%/72%)4!2++,/25&)(*!'7+.)7)$%)4!'$!%&)!
:'4).3!-()4!a)+)2%S/4).),! ?Q7'%!2$4!K-=.)3!ELLU;EL"PB*!'(!%/!'4)$%'03!2$4!5.-(%),!
,)+)%'%'1)!()<-)$5)(!=2()4!/$!%&)',!/55-,,)$5)!'$!%&)!'$+-%!6)$/7)8!K/:)1),*!4-)!%/!%&)!
5/7+.)>'%3!/0!@A(!%&'(!2++,/25&!&2(!()1),2.!(&/,%02..(8!D',(%*!%&)!5/$()$(-(!027'.')(!2,)!/0%)$!
0,267)$%)4*!0/,!)>27+.)!4-)!%/!Pn!%,-$52%'/$!'$!e#[A(!/,!%&)!+,)()$5)!/0!(/./!e@a(! ?D.3$$!
)%!2.8!ELELB8!Q)5/$4*!./:!5/+3!$-7=),!@A(!52$$/%!=)!4)%)5%)48!@&',4*!%&),)!'(!$/!,)<-',)7)$%!
%&2%!%&)!,)+) 2%(!2,)!@A(!2$4!.2,6)!6)$)!027'.')(!(-5&!2(!&'(%/$)(!52$!=)!'$5.-4)48!D/-,%&*!%&)!
,)(-.%'$6!()<-)$5)(!(%'..!$))4!%/!=)!5.2(('0')4*!:&'5&!'(!-(-2..3!=2()4!/$!&/7/./63!%/!C$/:$!
5-,2%)4!@A(8!@&'(!'$%,/4-5)(!2!(-=(%2$%'2.!+&3./6)$)%'5!='2(*!2$4!5.2(('0'52%'/$!'(!)>+)5%)4!%/!
=)!02,!.)((!,).'2=.)!'$!(+)5')(!%&2%!2,)!1),3!4'(%2$%.3!,).2%)4!%/!2$3!(+)5')(!0/,!:&'5&!%&),)!2,)!
5-,2%)4!@A!.'=,2,')(8!]$!2.%),$2%'1)!2-%/72%)4!2++,/25&!'(!%/!'4)$%'03!'$4'1'4-2.!5/+')(!/0!
@A(!=2()4!/$! (%,-5%-,2.!7/%'0(*!:&'5&!52$!.2%),!=)!5.-(%),)4!2$4!,)+,)()$%)4!2(!5/$()$(-(!
()<-)$5)(!'0!4)(',)48 !A>27+.)(!/0!%&'(!2++,/25&!'$5.-4)!e@a&2,1)(%!?A..'$6&2-(!)%!2.8!ELLUB*!
e@az,)%,')1),!?_-!2$4!m'2$6!EL"UB!2$4!K).'%,/$Q52$$),!?l'/$6!)%!2.8!EL"\B8!h&'.)!%&'(!
2++,/25&!&2(!%&)!2412$%26)!/0!52+%-,'$6!7/,)!5/7+.)%)!@A!()<-)$5)(*!%&),)!2,)!/$5)!262'$!
()1),2.!.'7'%2%'/$(8!D',(%*!$/%!2..!@A(!5/$%2'$!(%,-5%-,2.!7/%'0(!%&2%!52$!=)!7/4)..)48!Q)5/$4*!
4)6,24)4!@A!5/+')(!723!$/%!=)!'4)$%'0')48!@&',4*!'%!'(!/$.3!+/(('=.)!%/!7/4).!:&2%!'(!C$/:$*!
:&'5&!/$5)!262'$!'$%,/4-5)(!5',5-.2,'%3!:'%&!,)(+)5%!%/!72$-2.!5-,2%'/$8!D/,!)>27+.)*!'%!'(!
$/%!5.)2,!%&2%!%&)!,)5)$%.3!4)(5,'=)4!P-#./,()D+(-+),027'.3!+,)()$%!'$!!0+,-.)"$,'/..+ ?"8Y8gB!
52$!=)!'4)$%'0')4!=3!K).'%,/$Q52$$),8!a)5)$%.3*!a)+)2%S/4).),!:2(!)>%)$4)4!%/!'$5/,+/,2%)!
(%,-5%-,2.!'4)$%'0'52%'/$!/0!e@a(!?D.3$$!)%!2.8!ELELB*!2$4!2!5/7='$)4!2++,/25&!'(!.'C).3!%/!
3').4!%&)!=)(%!,)(-.%(!'0!+-,(-'$6!2-%/72%'/$8!S 2$-2.!5-,2%'/$!,)72'$(!%&)!6/.4!(%2$42,4!0/,!
@A!2$$/%2%'/$*!)(+)5'2..3!'$!(+)5')(!/%&),!%&2$!1),%)=,2%)(!2$4!2$6'/(+),7(8!F-,2%)4!
5/$()$(-(!()<-)$5)(!2,)!212'.2=.)!0,/7!,)+/('%/,')(!'$5.-4'$6!a)+=2()!2$4!X027 !
?&%%+(rWW40278/,6WB8!
!
@/!72$-2..3!5-,2%)!@A(*!/$)!7-(%!0',(%!/=%2'$!@A!52$4'42%)(8!@&'(!52$!=)!25&')1)4!=3!
,-$$'$6!2!%//.!(-5&!2(!a)+)2%S/4).),8!].%),$2%'1).3*!'0!%&)!6)$/7)!'(!2.,)243!2$$/%2%)4!'%!
723!=)!+/(('=.)!%/!'4)$%'03!52$4'42%)!6)$)(!%&2%!)$5/4)!+,/%)'$(!:'%&!+-%2%'1)!@A!4/72'$(8!#0!
2!6)$/7)!2(()7=.3!0/,!2!4'00),)$%!'$4'1'4-2.!/0!%&)!(27)!(+)5')(!?/,!2!1),3!5./().3!,).2%)4!
(+)5')(B!'(!212'.2=.)*!'%!'( !2.(/!+/(('=.)!%/!%,)2%!.2,6)!'$4).(!'4)$%'0')4!=)%:))$!%&)!2(()7=.')(!
2(!+/%)$%'2.!@A(8!Q'7'.2,.3*!'0!+/+-.2%'/$!,);()<-)$5'$6!42%2!'(!212'.2=.)!'%!'(!+/(('=.)!%/!52..!
4).)%'/$(!,).2%'1)!%/!%&)!,)0),)$5)!?:&'5&!2,)!'4)$%'0')4!02,!7/,)!255-,2%).3!%&2$!/%&),!Qb(!
:'%&![^Q!42%2B*!:&'5&!52$!=)!%,)2%)4!2(!+/%)$%'2.!@A!'$(),%'/$(!'$!%&)!,)0),)$5)!?/,!)>5'('/$(!
'$!%&)![^Q!(27+.)B!?9Z-$/1'{!)%!2.8!EL"TB8!]!42%2()%!/0!52$4'42%)(!52$!%&)$!=)!<-),')4!
262'$(%!%&)!%2,6)%!6)$/7)!-('$6!7)62=.2(%!?F2725&/!)%!2.8!ELLTB!'$!/,4),!%/!,)%,')1)!7-.%'+.)!
5/+')(8!](!%&)!'$+-%!()<-)$5)(!723!=)!%,-$52%)4*!%&)!5//,4'$2%)(!/0!&'%(!52$!=)!)>%)$4)4!2%!
%&)!0.2$C(!=3!()1),2.!C=*!=)0/,)!=)'$6!2.'6$)48!@&)!,)(-.%'$6!2.'6$7)$%!'(!%&)$!1'):)4!'$!2!
()<-)$5)!)4'%/,!2$4!5-,2%)48!#0!%&)!()<-)$5)!2++)2,(!%/!=)!2!@A!2$4!%&)!()<-)$5)!'(!5/7+.)%)!



! E`!

?%&)!0.2$C(!52$!=)!)>%)$4)4!'0!$/%B*!%&)$!20%),!,)7/1'$6!2$3!+//,.3!2.'6$)4!()<-)$5)( !2!
5/$()$(-(!()<-)$5)!52$!=)!+,/4-5)4!-('$6!2!$-7=),!/0!212'.2=.)!%//.(8! D'$2..3*!%&)!
5/$()$(-(!()<-)$5)!(&/-.4!=)!5&)5C)4!,).2%'1)!%/!%&)!/,'6'$2.!2.'6$7)$%!%/!)$(-,)!'%(!
255-,2538!@A(!52$!%&)$!=)!5.2(('0')4!2(!+,)()$%)4!2=/1)8!@&'(!2++,/25&!2++,/>'72%).3!
0/../:(!%&2%!+),0/,7)4!=3!Q-&!)%!2.8!?EL"\B8!
!

 
!
"#$%&'!()!"#$%&'()*!+!'$),-),&,!,-.&-)'-!/$#!01-!+'0(2-!345!0#+),6$,$)! !"#$ 7!
*+, !8($-%(0!91006,:;;<($-%(07,$/0=+#-7()/$#>-#7'$>!?!,'#--),1$0!$/!01-!'$),-),&,!,-.&-)'-%90$6!#$=?!
+)%!01-!+@(*)>-)0!$/!()%(2(%&+@!'$6(-,!9,&<,-.&-)0!#$=,?7!A)@B!01-!@-/0!+)%!#(*10!0-#>()(!$/!01-!
+@(*)>-)0!+#-!,1$=)7!CD3,!+)%!01-!0-#>()(!>$0(/,!+#-!1(*1@(*10-%7!
*-, !EFG!2(-=!$/!+!,()*@-!6$@B>$#61('!'$6B!$/!!"#$%$)!'1#$>$,$>-!H!$/!01-!#-/-#-)'-!*-)$>-!901(,!
'$6B!(,!1(*1@(*10-%!<B!+!<@+'I!<$J!()!6+)-@!5?7!C1-!0$6!0#+'I!,1$=,!KLMH>-L!N1E"O,-.!%+0+P!
/$@@$=-%!<B!E,$OD-.!%+0+P!+@(*)>-)0!$/!01-!NNOQRST!*-)$>-P!+)%!*-)-!+)%!#-6-+0!+))$0+0($),7!4$0-!
01+0!01-!E,$OD-.!#-+%,!+#-!+@@!>&@0(>+66-#,!9,()'-!01-!CU!(,!6#-,-)0!()!>+)B!'$6(-,?!+)%!(0!'+))$0!<-!
'$)/(#>-%!01+0!01(,!6+#0('&@+#!'$6B!(,!+'0(2-@B!-J6#-,,-%7!!
!
@/!+,/1'4)!2$!)>27+.)*!D'6-,)!"]!(&/:(!%&)!.)0%!2$4!,'6&%!0.2$C(!/0!%&)!!0+,-.)"$,'/..+ X[]!
%,2$(+/(/$!46,N*!:&'5&!'(!25%'1)!'$!.2=/,2%/,3!(%,2'$(!?h2$6!)%!2.8!"TTUB8!@&)!5/$()$(-(!
()<-)$5)!'(!(&/:$!/$!%&)!%/+!,/:!/0!%&)!2.'6$7)$%*!2$4!%&)!2.'6$)4!@A!5/+')(!)>%,25%)4!0,/7!
%&)!6)$/7)!2$4!-()4!%/!+,/4-5)!%&)!5/$()$(-(!2,)!(&/:$!=)./:8!@&)!()<-)$5)!=)3/$4!%&)!
0.2$C(!'(!-$2.'6$2=.)*!:&'5&!'(!'$4'52%'1)!/,!2!,)+)%'%'1)!).)7)$%*!2.%&/-6&!2!E!=+!@QX!52$!=)!
/=(),1)48!@&)!@#a(+%),7'$2%)!'$!%&)!GF]F88^@^H!7/%'0*!:&'5&!%/6)%&),!:'%&!%&)!E!=+!@QX(!
(-66)(%(!%&2%!46,N!'(!2!7)7=),!/0!%&)!A)G1%+(-+),027'.3!?())!2=/1)B8!](!46,N+'(!25%'1)*!'%!'(!
2.(/!+/(('=.)!%/!5&)5C!'$4'1'4-2.!5/+')(!0/,!)1'4)$5)!/0!+/.37/,+&'(7!2$4!)>+,)(('/$!-('$6!
6)$/7)!=,/:(),(!(-5&!2(!%&)!#^b! ?a/='$(/$!)%!2.8!EL""B8!D'6-,)!"I!(&/:(!2!('$6.)!5/+3!/0!
46,N+%&2%!'(!+,)()$%!/$!5&,/7/(/7)!\!/0!%&)!,)0),)$5)!6)$/7)!2$4!'(!+/.37/,+&'5!=)%:))$!
%&)!,)0),)$5)!2$4!%&)!FF;"`TL!6)$/7)! ?_qX/$$)..!)%!2.8!ELELB8!].%&/-6&!'$!%&'(!52()!%&)!
%),7'$'!/0!46,N+:),)!2.,)243!/=1'/-(!0,/7!%&)!2.'6 $7)$%!?D'6-,)!"]B*!'$!72$3!52()(!%),7'$'!
723!=)!.)((!4)0'$)4!2$4!+/.37/,+&'(7(!52$!+,/1'4)!-()0-.!5/$0',72%/,3!)1'4)$5)8! 46,N+2.(/ +
2++)2,(!%/!5/$%2'$!%&,))!)>+,)(()4!6)$)(*!2(!(&/:$!=3!%&)!KYi\7)Y!F&#N;()<!+)2C(!?:&'5&!



! Eg!

72,C!25%'1)!+,/7/%),(!'$!!0+,-.)"$,'/ ..!?[62$!)%!2.8!EL"PBB!2$4!0-..;.)$6%&!N25I'/!()<-)$5)4!
5X[](!?'8)8!G#(/;Q)<HB8!I2()4!/$!%&)!#(/;Q)<!,)24(!'%!'(!+/(('=.)!%/!4)%),7'$)!/+)$!,)24'$6!
0,27)(!?_aD(B!0/,!)25&!6)$)*!2$4!'$!%&'(!52()!/$)!/0!%&)!6)$)(!:2(!'$5.-4)4!'$!%&)!6)$)!
2$$/%2%'/$!'%().08!@&)!+,)4'5%)4!+,/%)'$(!52$!%&)$!=)!5&)5C)4!262'$(%!C$/:$!@A!+,/%)'$(!
-('$6!&/7/./63!()2,5&)(!?)868!=.2(%+B!/,!+&3./6)$)%'5!2$2.3('(!'0!,)<-',)48!](!)>+)5%)4*!%&)!
0',(%!6)$)!'$!46,N+)$5/4)(!2!%,2$(+/(2()!:'%&!&/7/./63!%/!C$/:$!A)G1%+%,2$(+/(2()(*!
5/$0',7'$6!5.2(('0'52%'/$8!].%&/-6&!0/,!72$3!(+)5')(!%&)!0-$5%'/$2.!42%2!-()4!'$!D'6-,)!"I!'(!
-$212'.2=.)*!%&)!'$'%'2.!2.'6$7)$%!/0!5/+')(!'(!(-00'5')$%!'$!7/(%!52()(!%/!+,/4-5)!2!5/$()$(-(!
()<-)$5)!2$4!+),0/,7!5.2(('0'52%'/$8!
!
#$!F&2+%),!P*!#!+),0/,7!2$!)>&2-(%'1)!2$$/%2%'/$!/0!@A(!'$!!0+,-.)"$,'/.. *!('6$'0'52$%.3!
)>%)$4'$6!%&)!)>'%'$6!2$$/%2%'/$(!?"8Y8gB8!#$!F&2+%),!Y*!#!+),0/,7!%2,6)%)4!2$$/%2%'/$!/0!%&)!
7/(%!2=-$42$%!@A(!'$!%&)!!0+.)6-,/$*!!0+*6"#(-**-,.+2$4!A0+'-:$,&$)$*!:&'5&!#!-()!%/!
'7+,/1)!6)$)!2$$ /%2%'/$!2$4!%/!5&2,25%),'()!+-%2%'1).3!5)$%,/7),'5!()<-)$5)(8!!

 
1.5!Chlamydomonas  in a wider evolutionary context  

 
](!+,)()$%)4!&),)'$*!!0+,-.)"$,'/..+ '(!2$!)(%2=.'(&)4!2$4!'7+/,%2$%!7/4).!(3(%)7!'$!+.2$%!
='/./63!2$4!()1),2.!/%&),!(+)5'0'5!2,)2(8!K/:)1),*!1),3!.'%%.)!'(!C$/:$!2=/-%!%&)!)1/.-%'/$2,3!
='/./63!/0!%&)!(+)5')(!'$!6)$),2.!2$4!()1),2.!C)3!6)$/7'5(!,)(/-,5)(!2,)!.25C'$6!,).2%'1)!%/!
7/,)!)(%2=.'(&)4!7/4).!(3(%)7(!(-5&!2(!8,(*(1".#$+%-#$)(9$*/-,+2$4!I,$:.'(1*.*+/"$#.$)$ 8!
@&),)!2,)!%:/!+,'72,3!2'7(!/0!%&)!:/,C!+,)()$%)4!'$!%&'(!%&)('(8!D',(%*!#!2'7!%/!244,)((!()1),2.!
<-)(%'/$(!,).2%'$6!%/!%&)!)1/.-%'/$2,3!6)$)%'5(!2$4!6)$/7'5(!/0!!0+,-.)"$,'/.. *!(/7) !/0!:&'5&!
&21)!:'4),!,).)12$5)!%/!/%&),!%2>28!Q)5/$4*!#!2'7!%/!+,/4-5)!%&)!$)5)((2,3!6)$)%'5!2$4!
6)$/7'5!,)(/-,5)(!%/!)$2=.)! !0+,-.)"$,'/.. +2$4!!"#$%&'(%()$* +%/!=)!0-,%&),!4)1)./+)4!2(!2!
(%-43!(3(%)7!'$!)1/.-%'/$2,3!,)()2,5&8!#$!2!:'4),!5/$%)>%*!#!2'7!%/!=,'$6!!0+,-.)"$,'/..+ 7/,)!
5./().3!'$!.'$)!%/!/%&),!7/4).!(+)5')(!:'%&!,)(+)5%!%/!%&)()!/=J)5%'1)(8!#$!%&'(!()5%'/$*!#!/-%.'$)!
%&)!<-)(%'/$(!244,)(()4!2$4!,)(/-,5)(!+,/4-5)4!'$!%&'(!%&)('(*!=)0/,)!=,')0.3!'$%,/4-5'$6!(/7)!
/0!%&)!7/(%!'$%),)(%'$6!)1/.-%'/$2,3!<-)(%'/$(!%&2%!5/-.4!=)!244,)(()4!-('$6!!0+,-.)"$,'/..+ '$!
%&)!0-%-,)8!@&)!:/,C!+,)()$%)4!'$!%&'(!%&)('(!'(!7/,)!(-=(%2$%'2..3!5/$%)>%-2.'()4!'$!%&)!
'$%,/4-5%'/$!()5%'/$(!/0!)25&!(-=()<-)$%!,)(-.%(!5&2+%),!?E;PB!2$4!'(!4'(5-(()4!'$!2!=,/24!
()$()!'$!F&2+%),!`8!!!
!
](!'$%,/4-5)4!'$!"8E8\*!%&),)!'(!5-,,)$%.3!$/!(-'%2=.)!+/+-.2%'/$!6)$)%'5(!42%2()%!0/,!!0+
,-.)"$,'/.. *!:'%&!2%!7/(%!0/-,!'(/.2%)(!()<-)$5)4!0,/7!/$)!./52%'/$!2$4!+/+-.2%'/$!(%,-5%-,)!
)1'4)$%!=)%:))$!'(/.2%)(!0,/7!4'00),)$%!./52%'/$(8!@&'(!'(!'$!(%2,C!5/$%,2(%!%/!72$3!/%&),!
7/4).!(3(%)7(*!'$!:&'5&!%)$(!/,!)1)$!&-$4,)4(!/0!'$4'1'4-2.(!&21)!=))$!(-=J)5%!%/!:&/.);
6)$/7)!,) ;()<-)$5'$68!#$!F&2+%),!E*!#!244,)((!%&'(!4)0'5'%!=3!'$%,/4-5'$6!:&/.);6)$/7)!,) ;
()<-)$5'$6!42%2!0/,!7/,)!%&2$!EL!'(/.2%)(!(27+.)4!0,/7!2!('$6.)!('%)!'$!o-)=)58!#!)>+./,)!
&/:!6)$)%'5!4'1),('%3!'(!6)/6,2+&'52..3!(%,-5%-,)4!27/$6!%&)!5-,,)$%.3!212'.2=.)!0').4!
'(/.2%)(*!4,2:'$6!'$0),)$5)(!/$!%&)!4)7/6,2+&3!2$4!)5/./63!/0!%&)!(+)5')(8!@&'(!'(!'7+/,%2$%!
'$!2!:'4),!5/$%)>%!('$5)!%&),)!2,)!1),3!0):!+/+-.2%'/$!6)$/7'5(!42%2()%(!212'.2=.)!0,/7!



! EU!

7'5,/='2.!)-C2,3/%)(*!2$4!%&),)!&2(!=))$!./$6(%2$4'$6!4)=2%)!5/$5),$'$6!%&)!$2%-,)!/0!
+/+-.2%'/$!(%,-5%-,)!2$4!4)7/6,2+&'5!+,/5)(()(!'$!(-5&!(+)5')(8!!
!
]$/%&),!(&/,%02..!,).2%'1)!%/!7/(%!7/4).!(3(%)7(!'(!%&)!5/7+.)%)!.25C!/0!6)$/7'5!,)(/-,5)(!
0/,!2$3!5./()!,).2%'1)(!/0!!0+,-.)"$,'/.. 8!@&'(!&2(!5/$%,'=-%)4!%/!2!,).2%'1).3!+//,!
-$4),(%2$4'$6!/0!%&)!+&3./6)$)%'5!,).2%'/$(&'+(!27/$6!,).2%)4!(+)5')(!?"8E8EB!2$4!/0!6)$/7)!
2,5&'%)5%-,)!2$4!)1/.-%'/$!'$!6)$),2.!?"8Y8EB8!@&)!212'.2='.'%3!/0!/-%6,/-+!6)$/7)(!'(!5)$%,2.!
%/!()1),2.!C)3!2$2.3()(!'$!7/.)5-.2,!)1/.-%'/$*!2$4!5/7+2,2%'1)!6)$/7'5(!'(!2!+/:),0-.!%//.!
0/,!'4)$%'03'$6!0-$5%'/$2.!()<-)$5)8!#$!F&2+%),!Y*!#!+,/4-5)!6)$/7)!2(()7=.')(!2$4!
2$$/%2%'/$(!0/,!5./()!,).2%'1)(!/0! !0+,-.)"$,'/..+ :'%&!2!1'):!%/!)$2=.'$6!5/7+2,2%'1)!
6)$/7'5(!2$2.3()(!%/!=)!+),0/,7)48!#!-()!%&)()!,)(/-,5)(!%/!5&2,25%),'()!()1),2.!0)2%-,)(!/0!
%&)!!0+,-.)"$,'/..+ 6)$/7)!:'%&'$!2$!)1/.-%'/$2,3!0,27):/,C*!'$5.-4'$6!5)$%,/7),)(*!02.()!
+/('%'1)!2$4!+,)1'/-(.3!-$5&2,25%),'()4!6)$)!2$$/%2%'/$(*!2$4!5/$(),1)4!$/$5/4'$6!
).)7)$%(8!!
!
X)(+'%)!=)'$6!27/$6!%&)!0',(%!)-C2,3/%'5!6)$/7)(!%/!=)!()<-)$5)4*!%&)!!0+,-.)"$,'/..+
2(()7=.3!2$4!2$$/%2%'/$(!2,)!$/%!/0!5/7+2,2=.)!<-2.'%3!%/!%&/()!/0!7/(%!7/4).!/,62$'(7(*!
2$4!%&)3!&21)!$/%!=))$!-+42%)4!-('$6!./$6!,)24!()<-)$5'$6!2++,/25&)(8!@&)!<-2.'%3!/0!%&)!
6)$/7)!2(()7=.3!2$4!255-,253!/0!%&)!6)$)!7/4).!2$$/%2%'/$(!-$4),.3!7/(%!5/$%)7+/,2,3!
,)()2,5&!-('$6! !0+,-.)"$,'/.. *!2$4!'$4))4!6,))$!2.62)!'$!6)$),2.*!2$4!%&)',!'7+,/1)7)$%!
:/-.4!=)!)>+)5%)4!%/!&21)!'7+25%!02,!=)3/$4!)1/.-%'/$2,3!='/./638!#$!F&2+%),!\*!#!2(()7=.)!
$)2,;5/7+.)%)!6)$/7)!()<-)$5)(!0/,!=/%&!34 ! +2$4!34 "+.2=/,2%/,3!(%,2'$(!2$4!'$%,/4-5)!
'7+,/1)4!6)$)!2$$/%2%'/$(8!@&)()!2(()7=.')(!,)1)2.!()1),2.!),,/,(!'$!+2(%!6)$/7)!1),('/$(!
%&2%!:/-.4!=)!)>+)5%)4!%/!5/$0/-$4!2$2.3()(!,)<-','$6!%&)!255-,2%)!2(()7=.3!/0!
5&,/7/(/7)(8! !
!
D'$2..3*!%&)!6)$/7'5(!/0!5&./,/+&3%)(*!2$4!'$4))4!7'5,/='2.!)-C2,3/%)(!'$!6)$),2.*!2,)!
()1),).3!-$4),(%-4')4!,).2%'1)!%/!7/(%!2$'72.!2$4!+.2$%!.'$)26)(*!2$4!72$3!0-$6'8!@&-(*!/$)!
/0!%&)!7/(%!)>5'%'$6!2(+)5%(!/0!4)1)./+'$6!!0+,-.)"$,'/..+ 2(!2$!)1/.-%'/$2,3!7/4).!'(!%&)!
+/%)$%'2.!4'(5/1),3!/0!$/1).!6)$)%'5!2$4!6)$/7'5!0)2%-,)(!2$4!+&)$/7)$2!%&2%!&21)!=))$!
/1),.//C)4!'$!/%&),!%2>28!@&)!!0+,-.)"$,'/..+ 6)$/7)!'(!C$/:$!%/!&2,=/-,!2!(-=(%2$%'2.!
4'1),('%3!/0!@A(!?"8Y8gB*!72$3!/0!:&'5&!:),)!0',(%!4'(5/1),)4!'$!%&)!(+)5')(8!#$!F&2+%),!P*!#!
+),0/,7!)>&2-(%'1)!5-,2%'/$!/0!@A(!'$!%&)!(+)5')(*!(-=(%2$%'2..3!)>+2$4'$6!-+/$!+,)1'/-(!
2$$/%2%'/$(8!#!4'(5/1),!2$4!4)(5,'=)!2!72J/,!$):!5.24)!/0!NeA(!%&2%!2,)!+,)()$%!'$!/%&),!6,))$!
2.62)*!+.2$%(*!+,/%'(%(!2$4!2$'72.(8!@&'(!0'$4'$6!&2(!()1),2.!'7+.'52%'/$(!0/,!6)$/7)!
)1/.-%'/$!'$!%&)()!%2>2*!2$4!(-=(%2$%'2..3!).)12%)(!%&)!)1/.-%'/$2,3!'7+/,%2$5)!/0!NeA(!
,).2%'1)!%/!7/,)!:'4).3!(%-4')4!@A(8!!
!
F/$('4),'$6!0-%-,)!,)()2,5&*!72$3!/0!%&)!7/(%!+,/7'('$6!2++.'52%'/$(!/0!!0+,-.)"$,'/..+ (%)7!
0,/7!'%(!)>+),'7)$%2.!27)$2='.'%3*!+2,%'5-.2,.3!'$!5/7='$'$6!)>+),'7)$%2.!2$4!()<-)$5'$6!
2++,/25&)(8!](!4)(5,'=)4!'$!"8E8P*!(-5&!2++,/25&)(!&21)!(/!02,!=))$!-()4!%/!5&2,25%),'()!%&)!
7-%2%'/$!,2%)!2$4!(+)5%,2!/0!Q[S(!2$4!(72..!'$4).(*!%/!)(%'72%)!%&)!4'(%,'=-%'/$!/0!0'%$)((!
)00)5%(!/0!%&)()!7-%2%'/$(*!2$4!%/!(%-43!^F;='2()4!6)$)!5/$1),('/$8! @&),)!'( !(-=(%2$%'2.!
+/%)$%'2.!%/!'$1)(%'62%)!,)5/7='$2%'/$!2$4!,).2%)4!+&)$/7)$2!-('$6!)>+),'7)$%2.!4)('6$(!



! ET!

'$1/.1'$6!%&)!,);()<-)$5'$6!/0!+,/6)$3!+,/4-5)4!0,/7!&'6&.3!,)+.'52%)4!5,/(()(8!@&)!&'6&!
6)$)%'5!4'1),('%3!=)%:))$!(%,2'$(!+,/1'4)(!&'6&!72,C),!4)$('%3!,).2%'1)!%/!%&)!,)24!.)$6%&(!/0!
(%2$42,4![^Q!?VE;Y!Q[N(!+),!"LL!=+!,)24B!2$4!%&)!&2+./'4!(%2%)!('7+.'0')(!2$2.3('(!2$4!
$)62%)(!%&)!$))4!0/,!&2+./%3+)!+&2('$68!]%!.)2(%!%:/!+,/J)5%(!2,)!5-,,)$%.3!-$4),:23!%/!
5&2,25%),'()!0'$);(52.)!12,'2%'/$!'$!,)5/7='$2%'/$!,2%)*!:'%&!+/(('=.)!2++.'52%'/$(!'$5.-4'$6!
%&)!'4)$%'0'52%'/$!/0!6)$/7'5!0)2%-,)(!%&2%!5/,,)(+/$4!%/!,2%)!12,'2%'/$!2$4!%)(%'$6!0/,!2!
7-%26)$'5!)00)5%!/0!,)5/7='$2%'/$8!D-,%&),7/,)*!5/7='$'$6!)7+','52.!42%2!/0!7-%2%'/$*!
().)5%'/$!2$4!,)5/7='$2%'/$!:'%&!+/+-.2%'/$!6)$)%'5(!42%2()%(!723!+,)()$%!/++/,%-$'%')(!%/!
=)%%),!-$4),(%2$4!%&)!'$%),+.23!/0!)1/.-%'/$2,3!0/,5)(!%&2%!'$0.-)$5)!6)$/7);:'4)!12,'2%'/$!'$!
6)$)%'5!4'1),('%38!Q'7'.2,.3*!%&)!S]!.'$)(!6)$),2%)4!0/,!!0+,-.)"$,'/..+ +,)()$%!2!,2,)!
/++/,%-$'%3!%/!<-2$%'03!%&)!,2%)!/0!%,2$(+/('%'/$!0/,!()1),2.!4'00),)$%!%3+)(!/0!@A(8!@&'(!'(!
5-,,)$%.3!=)'$6!2++,/25&)4!-('$6!=/%&!(&/,%!2$4!./$6!,)24!()<-)$5'$6!%)5&$/./6')(8!#%!:/-.4!
2.(/!=)!+/(('=.)!%/!<-2$%'03!%,2$(+/('%'/$!,2%)(!'$!7-.%'+.)!)$1',/$7)$%2.!5/$4'%'/$(!?)868!
%)7+),2%-,)*!(2.'$'%3B!1'2!244'%'/$2.!S]!)>+),'7)$%(8!@&),)!'(!27+.)*!2.%&/-6&!(/7)%'7)( !
5/$0.'5%'$6*!)1'4)$5)!/0!%&)!)00)5%!/0!)$1',/$7)$%2.!5/$4'%'/$(!/$!%,2$(+/('%'/$!'$!80+
%-#$)(9$*/-,+?^-),,)',/!EL"EB !2$4!I0+/"$#.$)$+?o-24,2$2!)%!2.8!EL"`B*!2.%&/-6&!%/!73!
C$/:.)46)!%&'(!&2(!$)1),!=))$!%)(%)4!-$4),!S]!5/$4'%'/$(8!].%&/-6&!%&)()!)>27+.)(!
4)7/$(%,2%)!%&2%!!0+,-.)"$,'/..+ &2(!+/%)$%'2.!0/,!12.-2=.)!)1/.-%'/$2,3!,)()2,5&!'$!(+)5'0'5!
2,)2(*!%/!0-..3!'$%),+,)%*!5/$%)>%-2.'()!2$4!4)1)./+!%&)!,)(-.%(!3').4)4!0,/7!(-5&!)>+),'7)$%(!
:)!,)<-',)!2!02,!6,)2%),!6)$),2.!-$4),(%2$4'$6!/0!%&)!)1/.-%'/$2,3!6)$)%'5(!2$4!6)$/7'5(!/0!
%&)!(+)5')(!2$4!'%(!5./()(%!,).2%'1)(8!@&)!:/,C!'$!%&'(!%&)('(!%2C)(!(/7)!/0!%&)!0',(%!(%)+(!
%/:2,4(!25&')1'$6!%&'(!6/2.8!!

 
 
 
 
 
 
 
 
 
 

 
 
 



! YL!

Chapter 2 

 
Patterns of Population Structure and Complex 
Haplotype Sharing Among Field Isolates of the 
Green Alga Chlamydomonas reinhardtii   
 
2.1! Preface  
!
@&)!:/,C!'$!%&'(!5&2+%),!&2(!=))$!+-=.'(&)4!2(!2!72$-(5,'+%!'$!3(#-62#$,+A6(#(9&!2$4!%&)!
0',(%;+),(/$!+.-,2.!'(!-()4!%&,/-6&/-%!%/!72'$%2'$!5/$('(%)$538!S'$/,!5&2$6)(!&21)!=))$!
724)!%/!%&)!+-=.'(&)4!1),('/$!%/!+,)(),1)!0/,72%%'$6!25,/((!%&)!%&)('(8!#!+),0/,7)4!2..!
2$2.3()(*!:,/%)!%&)!0',(%!4,20%!/0!%&)!72$-(5,'+%*!2$4!+,/4-5)4!2..!0'6-,)(!2$4!%2=.)(8!
i2%&2,'$2!IO$4).!+),0/,7)4!+,).'7'$2,3!2$2.3()(!2$4!4'(5/1),)4!%&)!+,)()$5)!/0!%&)!
'4)$%'52.!=3!4)(5)$%!%,25%(8!@2C2(&'![2C242*!@2C-,/!#%/!2$4!^,2&27!I)..!+),0/,7)4!'(/.2%)!
(27+.'$68!a/=![)((*!i2Z-&2,-!],2C2:2!2$4!#!+), 0/,7)4!X[]!)>%,25%'/$!2$4!()<-)$5'$68!!
!
F'%2%'/$r!!
!
"#$%&!'(*!IO$4).!iI*!],2C2:2!i*![2C242!@*!#%/!@*!I)..!^*!F/.)6,21)![*!i)'6&%.)3!NX*!

[)((!ah8!EL"T8!N2%%),$(!/0!+/+-.2%'/$!(%,-5%-,)!2$4!5/7+.)>!&2+./%3+)!(&2,'$6!
27/$6!0').4!'(/.2%)(!/0!%&)!6,))$!2.62!!"# $%&'(%()$*+,-.)"$,'/.. 8!S/.!A5/.! )* r!
YTgg;YTTY8!

!
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2.2! Abstract  
!
@&)!$2%-,)!/0!+/+-.2%'/$!(%,-5%-,)!'$!7'5,/='2.!)-C2,3/%)(!&2(!./$6!=))$!4)=2%)48!F/7+)%'$6!
7/4).(!&21)!2,6-)4!%&2%!7'5,/='2.!(+)5')(!2,)!)'%&),!-='<-'%/-(*!:'%&!&'6&!4'(+),(2.!2$4!./:!
,2%)(!/0!(+)5'2%'/$*!/,!%&2%!0/,!72$3!(+)5')(!6)$)!0./:!=)%:))$!+/+-.2%'/$(!'(!.'7'%)4*!
,)(-.%'$6!'$!)1/.-%'/$2,3!&'(%/,')(!('7'.2,!%/!%&/()!/0!725,//,62$'(7(8!K/:)1),*!+/+-.2%'/$!
6)$/7'5!2++,/25&)(!&21)!().4/7!=))$!2++.')4!%/!%&'(!<-)(%'/$8!K),)*!:)!2$2.3()!:&/.)|
6)$/7)!,)()<-)$5'$6!42%2!0/,!2..!Y`!5/$0',7)4!0').4!'(/.2%)(!/0!%&)!6,))$!
2.62!!"#$%&'(%()$*+,-.)"$,'/.. 8!]%!2!5/$%'$)$%2.!(52.)*!:)!,)+/,%!)1'4)$5)!0/,!+-%2%'1)!
2../+2%,'5!4'1),6)$5)*!=)%:))$!=/%&![/,%&!]7),'52$!2$4!m2+2$)()!'(/.2%)(*!2$4!%:/!&'6&.3!
4'00),)$%'2%)4!.'$)26)(!:'%&'$![8!]7),'528!F/$1),().3*!2%!2!./52.!(52.)!:'%&'$!%&)!7/(%!
4)$().3!(27+.)4!.'$)26)*!:)!0'$4!.'%%.)!)1'4)$5)!0/,!)'%&),!(+2%'2.!/,!%)7+/,2.!(%,-5%-,)8!
@2C)$!%/6)%&),!:'%&!)1'4)$5)!0/,!/$6/'$6!247'>%-,)!=)%:))$!%&)!%:/![8!]7),'52$!.'$)26)(*!
%&'(!.25C!/0!(%,-5%-,)!(-++/,%(!2!,/.)!0/,!(-=(%2$%'2.!4'(+),(2.!'$!!0+,-.)"$,'/.. !2$4!'7+.')(!%&2%!
=)%:))$|.'$)26)!4'00),)$%'2%'/$!723!=)!72'$%2'$)4!=3!,)+,/4-5%'1)!'(/.2%'/$!2$4W/,!./52.!
242+%2%'/$8!_-,!,)(-.%(!%&),)0/,)!(-++/,%!2!,/.)!0/,!2../+2%,'5!4'1),6)$5)!'$!7'5,/='2.!
)-C2,3/%)(*!:&'.)!2.(/!'$4' 52%'$6!%&2%!(+)5')(!723!=)!-='<-'%/-(!2%!./52.!(52.)(8!X)(+'%)!%&)!
&'6&!6)$)%'5!4'1),('%3!/=(),1)4!:'%&'$!%&)!7/(%!:)..|(27+.)4!.'$)26)*!:)!0'$4!%&2%!+2',(!/0!
'(/.2%)(!(&2,)!/$!21),26)!VTj!/0!%&)',!6)$/7)(!'$!./$6!&2+./%3+)(*!)1)$!:&)$!'(/.2%)(!:),)!
(27+.) 4!4)524)(!2+2,%!2$4!0,/7!4'00),)$%!./52%'/$(8!@&'(!+,/+/,%'/$!'(!()1),2.!/,4),(!/0!
726$'%-4)!&'6&),!%&2$!%&)!h,'6&%} D'(&),!)>+)5%2%'/$*!,2'('$6!72$3!0-,%&),!<-)(%'/$(!
5/$5),$'$6!%&)!)1/.-%'/$2,3!6)$)%'5(!/0!!0+,-.)"$,'/.. !2$4!7'5,/='2.!)-C2,3/%)(!6)$),2..38!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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2.3! Introduction  
!
YA5-,&/".)9+.*+-5-,&7"-,-Z+:2/+/"-+-)5.,()%-)/+*-#-6/*[!?I22(!I)5C'$6!"TY\B!&2(!=))$!2!
./$6;(%2$4'$6!%)$)%!/0!7'5,/='/./63!?_qS2..)3!ELLUB8!9$4),!%&'(!+2,24'67*!4'(+),(2.!'(!
5/$('4),)4!%/!=)!)00)5%'1).3!-$.'7'%)4*!2$4!%&)!='/6)/6,2+&3!2$4!)1/.-%'/$2,3!&'(%/,')(!/0!
7'5,/='2.!(+)5')(!(&/-.4!%&),)0/,)!=)!4)%),7'$)4!=3!)5/./63*!,2%&),!%&2$!6)/6,2+&38!D/,!
7'5,/='2.!)-C2,3/%)(!?'8)8!+,/%'(%(!2$4!/%&),!-$'5)..-.2,W5/./$'2.!)-C2,3/%)(B*!%&'(!&2(!=))$!
)>%)$4)4!%/!%&)!2:.\2./&+%('-#!?D'$.23!2$4!D)$5&).!"TTTM!D'$.23!ELLEM!D)$5&).!2$4!D'$.23!
ELL\B*!:&'5&!+,)4'5%(!=/%&!5/(7/+/.'%2$!4'(%,'=-%'/$(!2$4!./:!,2%)(!/0!(+)5'2%'/$*!4-)!%/!%&)!
)>%,)7).3!.2,6)!+/+-.2%'/$!('Z)(!2$4!&'6&!4'(+),(2.!/0!(+)5')(8!@&'(!1'):!&2(!=))$!5/-$%),)4!
=3!%&)!%('-,$/-+-)'-%.6./&+%('-#+?D/'(($),!"TTTM!D/'(($),!ELL`M!D/'(($),!ELLUBX+:&'5&!
+/('%(!%&2%!4'(+),(2.!'(!.'7'%)4!0/,!72$3!(+)5')(*!2$4!2(!(-5&!%&)!%2>/$/7'5!4'1),('%3*!
='/6)/6,2+&3*!2$4!)1/.-%'/$!/0!7'5,/='2.!)-C2,3/%)(!'(!6)$),2..3!)>+)5%)4!%/!=)!7/,)!('7'.2,!
%/!%&2%!/0!725,//,62$'(7(8!A>+./,'$6!%&)!12.'4'%3!/0!%&)()!/++/('$6!7/4).(!'(!%&-(!5,-5'2.!0/,!
4)%),7'$'$6!7'5,/='2.!)-C2,3/%'5!='/4'1),('%3*!0/,!-$4),(%2$4'$6!%&)!,2%)!2$4!7/4)!/0!
(+)5'2%'/$!'$!-$4),(%-4')4!.'$)26)(*!2$4!0/,!+,/1'4'$6!'$('6&%(!'$%/!%&)!)5/./63!2$4!
)1/.-%'/$2,3!&'(%/,')(!/0!'$4'1'4-2.!(+)5')(!/0!'$%),)(%8!
!
A7+','52.!%)(%(!/0!%&)!%:/!5/7+)%'$6!7/4).(!&21)*!&/:)1),*!.2,6).3!=))$!=2()4!/$!
7/,+&/./63*!2$4!%&)',!'$%),+,)%2%'/$!&2(!=))$!&'6&.3!4)+)$4)$%!/$!%&)!(+)5')(!5/$5)+%!
)7+./3)4! ?F2,/$!ELLTB8!X[]!()<-)$5) ;=2()4!(%-4')(!/0!7'5,/='2.!)-C2,3/%)(!2,)!%&),)0/,)!
/0!6,)2%!'7+/,%2$5)*!+,'72,'.3!%/!=,/24.3!4).'$)2%)!(+)5')(!?4-)!%/!%&)!+,)12.)$5)!/0!5,3+%'5!
(+)5'2%'/$!?e2&,!)%!2.8!EL"\BB*!=-%!7/,)!(+)5'0'52..3!%/!5&2,25%),'()!%&)!$2%-,)!/0!+/+-.2%'/$!
(%,-5%-,)!:'%&'$!(+)5')(8!^)$)%'5!(%,-5%-,)!52$!2,'()!2(!2!,)(-.%!/0!=2,,'),(!%/!6)$)!0./:!
0/,7)4!=3!.'7'%)4!4'(+),(2.!?2../+2%,3!/,!'(/.2%'/$!=3!4'(%2$5)B*!,)4-5)4!)(%2=.'(&7)$%!/0!
7'6,2$%(!?t'(/.2%'/$!=3!242+%2%'/$nB*!/,!7/,)!5/7+.)>!+2%%),$(!52-()4!=3!0/-$4),!)1)$%(!
?t'(/.2%'/$!=3!5/./$'(2%'/$nB!?_,('$'!)%!2.8!EL"YB8!A>+./,'$6!%&)!)>%)$%!/0!+/+-.2%'/$!(%,-5%-,)!
2$4!'%(!52-()(!52$!=)!-()4!%/!%)(%!=)%:))$!%&)!2:.\2./&+2$4!%('-,$/-+-)'-%.6./&+7/4).(*!
('$5)!%&)!0/,7),!+,)4'5%(!2!.25C!/0!4'1),6)$5)!'$!2../+2%,3!/,!'(/.2%'/$!=3!4'(%2$5)*!2$4!.'%%.)!
)1'4)$5)!0/,!,)5)$%!(+)5'2%'/$!)1)$%(*!'$!5/$%,2(%!%/!:&2%!'(!/=(),1)4!'$!72$3!+.2$%(!2$4!
2$'72.(8!A1'4)$5)!0/,!6)$)%'52..3!(%,-5%-,)4!+/+-.2%'/$(!&2(!,)5)$%.3!=))$!,)+/,%)4!25,/((!2!
12,')%3!/0!%2>2!2$4!&2='%2%(*!'$5.-4'$6!)>27+.)(!0,/7!5'.'2%)(!?s-02..!)%!2.8!EL"YB*!27/)=2)!
?X/-6.2(!)%!2.8!EL""M!K)6),!)%!2.8!EL"YB*!4'2%/7(!?F2(%).)3$!)%!2.8!EL"LM!QJO<1'(%!)%!2.8!EL"PM!
b2$/,7).'$6)$!)%!2.8!EL"PM!h&'%%2C),!2$4!a3$)2,(/$!EL"gB*!4'$/0.26)..2%)(!?e/:)!)%!2.8!
EL"EM!a)$6)0/,(!)%!2.8!EL"EB*!,2+&'4/+&3%)(!?e)=,)%!)%!2.8!EL"PB*!2$4!0-$6'!?F2,,'5/$4)!)%!2.8!
ELLUM!A..'(/$!)%!2.8!EL""B8!h&'.)!72$3!/0!%&)()!(%-4')(!(&/:)4!5.)2,!)1'4)$5)!0/,!
6)/6,2+&'52.!(%,-5%-,)!?(-++/,%'$6!%&)!%('-,$/-+-)'-%.6./&+%('-# B*!%&)!72J/,'%3!:),)!.'7'%)4!
'$!,)(/.-%'/$!4-)!%/!%&)!(72..!$-7=),!/0!72,C),!./5'!-()48!S'5,/='2.!)-C2,3/%)(!,)72'$!
()1),).3!-$4),(%-4') 4!,).2%'1)!%/!%&)',!2=-$42$5)!2$4!+&3./6)$)%'5!4'1),('%3!?N2:./:(C'!)%!
2.8!EL"EB*!2$4!5-,,)$%.3!1),3!0):!+/+-.2%'/$!6)$/7'5(!42%2()%(!)>'(%!0/,!0,));.'1'$6!(+)5')(!
?m/&,'!)%!2.8!EL"gB8!Q-5&!42%2()%(!2,)!,)<-',)4!%/!0-..3!52+%-,)!+2%%),$(!/0!6)$)%'5!4'1),('%3!
:'%&'$!2$4!=)%:))$!+/+-.2%'/$(*!%/!,)1)2.!5/7+.)>!+2%%),$(!/0!7'6,2%'/$!2$4!6)$)!0./:*!2$4!
%/!'4)$%'03!./5'!+-%2%'1).3!5/$%,'=-%'$6!%/!./52.!242+%2%'/$!2$4!(+)5'2%'/$8!
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!
](!'$%,/4-5)4!'$!F&2+%),!"*!4)(+'%)!'%(!'7+/,%2$5)!2(!2!7/4).!(3(%)7!%&)!(27+.'$6!/0!!0+
,-.)"$,'/..+ '(!.'7'%)4!2$4!.'%%.)!'(!C$/:$!/0!%&)!(+)5')(n!)5/./638!D/,!72$3!3)2,(*!!0+
,-.)"$,'/.. !&24!/$.3!=))$!'(/.2%)4!0,/7!)2(%),$![/,%&!]7),'52*!(-66)(%'$6!%&2%!%&)!(+)5')(!
723!=)!)$4)7'5! ?N,O(5&/.4!)%!2.8!ELLPB8!K/:)1),*!'(/.2%)(!%&2%!2,)!'$%),0),%'.)!:'%&![8!
]7),'52$!.2=/,2%/,3!(%,2'$(!&21)!('$5)!=))$!4'(5/1),)4!'$!m2+2$*!'7+.3'$6!2!7/,)!
5/(7/+/.'%2$!4'(%,'=-%'/$!?[2C242!)%!2.8!EL"LM![2C242!)%!2.8!EL"\B8!@:/!+,)1'/-(!(%-4')(!
&21)!,)+/,%)4!)1'4)$5)!0/,!+/+-.2%'/$!(%,-5%-,)!'$!0').4!'(/.2%)(!/0!!0+,-.)"$,'/.. !?m2$6!2$4!
A&,)$,)'5&!EL"EM!D./:),(!)%!2.8!EL"PB*!=-%!(27+.'$6!:2(!.'7'%)4!%/![8!]7),'52*!2$4!=)%:))$!
%&)!(%-4')(!2!%/%2.!/0!/$.3!"E!'(/.2%)(!:),)!2$2.3()4*!.'7'%'$6!%&)!'$0),)$5)(!%&2%!5/-.4!=)!
4,2:$8!D-,%&),7/,)*!%&)!./:!$-7 =),!/0!()<-)$5)4!'(/.2%)(!&2(!&'$4),)4!%&)!(%-43!/0!%&)!
+/+-.2%'/$!6)$)%'5(!/0!%&)!(+)5')(8!!
!
#$!%&'(!5&2+%),*!:)!2$2.3()!:&/.) ;6)$/7)!,) ;()<-)$5'$6!42%2!0/,!2..!Y`!C$/:$! ! 0+,-.)"$,'/.. !
0').4!'(/.2%)(8!h )!)>+./,)!+2%%),$(!/0!+/+-.2%'/$!(%,-5%-,)!2%!%&,))!(52.)(*!?'B!./52.*!=/%&!
=)%:))$!2$4!:'%&'$!('%)(!2$4!%'7)!+/'$%(!'$!o-)=)5*!?''B!:'%&'$!5/$%'$)$%*!=)%:))$![8!
]7),'52$!'(/.2%)(*!2$4!?'''B!=)%:))$!5/$%'$)$%*!(+)5'0'52..3!=)%:))$![8!]7),'52$!2$4!
m2+2$)()!'(/.2%)(8!_1),2..*!:)!,)+/,%!)1'4)$5)!0/,!2../+2%,'5!4'1),6)$5)*!=/%&!=)%:))$![8!
]7),'52$!2$4!m2+2$)()!'(/.2%)(*!2$4!+-%2%'1).3!=)%:))$!%:/!&'6&.3!4'00),)$%'2%)4!.'$)26)(!'$!
[8!]7),'52*!(-++/,%'$6!%&)!%('-,$/-+-)'-%.6./&+%('-#+0/,!%&)!(+)5')(8!h)!0'$4!)1'4)$5)!0/,!
(-=(%2$%'2.!247'>%-,)!=)%:))$!%&)![8!]7),'52$!.'$)26)(*!+,/1'4'$6!(/7)!/0!%&)!0',(%!'$('6&%(!
'$%/!%&)+)5/./63!2$4!4'(+),(2.!52+2='.'%3!/0!!0+,-.)"$,'/.. 8!D-,%&),7/,)*!:'%&'$!o-)=)5!:)!
0'$4!.'%%.)!('6$2%-,)!/0!(%,/$6!6)/6,2+&'5!/,!%)7+/,2.!(%,-5%-,)8!D'$2..3*!:)!,)+/,%!%&)!
)>%)$('1)!(&2,'$6!/0!-$)>+)5%)4.3!./$6!6)$/7'5!%,25%(!.'C).3!%/!&21)!=))$!'$&),'%)4!'4)$%'52.!
=3!4)(5)$%!=)%:))$!+2',(!/0!'(/.2%)(!2%!./52.!(52.)(*!2$4!4'(5-((!()1),2.!+/%)$%'2.!52-()(!/0!
%&'(!(-,+,'('$6!,)(-.%8!
!

2.4! Results  

!
2.4.1 Whole -genome  re-sequencing of Chlamydomonas reinhardtii field 
isolates !
!
9('$6!)>'(%'$6!2$4!$):.3!()<-)$5)4!:&/.) ;6)$/7)!,) ;()<-)$5'$6!42%2*!:)!2(()7=.)4!2!
(+)5')( ;:'4)!(27+.)!5/$('(% '$6!/0!\E!'(/.2%)(*!(27+.)4!0,/7!""!('%)(W%'7)!+/'$%(!?D'6-,) !"*!
@2=.)!Q"!0/,!4)%2'.)4!(27+.'$6!2$4!()<-)$5'$6!'$0/,72%'/$B8!@&,))+'(/.2%)!+2',(!2$4!/$)!
'(/.2%)!%,'/*!2..!/0!:&'5&!:),)!(27+.)4!'$!o-)=)5*!:),)!0/-$4!%/!=)!5./$2.!? E8g8Y*!@2=.)!QEB8!
].%&/-6&!)25&!'(/.2%)!:2(!4),'1)4!0,/7!2$!'$4)+)$4)$%!(/'.!(27+.)*!2..!'4)$%'0')4!5./$)!
72%)(!:),)!(27+.)4!2%!%&)!(27)!('%)!2$4!%'7)*!:&'5&!&2(!=))$!/=(),1)4!+,)1'/-(.3!'$!%&)!
52()!/0!%&)!5./$2.!+2',!FF;"TPE!2$4!FF;EETL!?m2$6!2$4!A&,)$,)'5&!EL"EB8!]44'%'/$2..3*!FF;
YLgU!:2(!0/-$4!%/!=)!'4)$%'52.!%/!%&)!.2=/,2%/,3!(%,2'$!FF;"L"L*!:&'5&!:2(!-()4!'$!72%'$6!
%,'2.(!0/../:'$6 !(27+.'$6!?Q25C!)%!2.8!"TT\B!2$4!%&),)0/,)!.'C).3!,)+.25)4!%&)!/,'6'$2.!'(/.2%)!
2%!%&2%!%'7)8!]$!244'%'/$2.!"E!'(/.2%)(*!(27+.)4!'$!o-)=)5!"TTYWT\*!:),)!0/-$4!$/%!%/!=)!!0+
,-.)"$,'/.. !?E8g8\*!@2=.)!QYB8!]0%),!,)%2'$'$6!/$.3!/$)!'(/.2%)!0/,!)25&!5./$2.!+2',W%,'/*!%&)!
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0'$2.!(+)5')(;:'4)!42%2()%!5/7+,'()4!Y`!'(/.2%)(!2$4!P8UU!7'..'/$!('$6.)!$-5.)/%'4)!
+/.37/,+&'(7(!? Q[N(B*!:'%&!~./012/ "34*/-c!L8LE"L*!~56!c!L8LEUU*!2$4!~$6!c!L8LL`Pg!?\X!2$4!
LX!,)0),!%/!0/-,;0/.4!2$4!Z),/;0/.4!4)6)$),2%)!('%)(*!,)(+)5%'1).3B8!@/!/-,!C$/:.)46)*!%&'(!
42%2()%!)$5/7+2(()(!2..!6)$)%'52..3!-$'<-)!0').4!'(/.2%)(!/0!!0+,-.)"$,'/.. 8!
!
!

!
 
"#$%&'!(7!D+>6@()*!@$'+0($),!+)%!B-+#,!/$#!+@@!/(-@%!(,$@+0-,!()'@&%-%!()!+)+@B,-,7!!
V$#>+0!(,!W,(0-!X!)&><-#!$/!(,$@+0-,!X!B-+#YP!=1-#-!01-!)&><-#!$/!(,$@+0-,!#-/-#,!0$!*-)-0('+@@B!&)(.&-!
9(7-7!)$)O'@$)+@?!,+>6@-,7!Z$'+0($)!+<<#-2(+0($),!+#-!+,!/$@@$=,:![N!X![&-<-'P!\5! X!\+,,+'1&,-00,P!
"5! X!"-)),B@2+)(+P!4N!X!4$#01!N+#$@()+P!\4!X!\())-,$0+P!VZ!X!V@$#(%+P!M*!X!M+*$,1(>+!
"#-/-'0&#-7![&-<-' !#-/-#,!0$!0=$!,-6+#+0-!,(0-,P!V+#)1+>!9[NQP!]Q!0$0+@!(,$@+0-,?!+)%!\+'3$)+@%!
N$@@-*-!9[N]P! /$&#!(,$@+0-,?7!C1-!\+,,+'1&,-00,!(,$@+0-,!+#-!+@,$!/#$>!0=$!,(0-,!^QL!I>!+6+#0P!+)%!
$)-!,(0-;(,$@+0($)!(,!#-6#-,-)0-%!<B!0=$!@+<$#+0$#B!,0#+(),!()!01-!,6-'(-,O=(%-!%+0+,-0!9]7_7Q?7!
!

2.4.2 Patterns of continental population structure !
!
Q+)5')( ;:'4)!2$2.3()(!/0!+/+-.2%'/$!(%,-5%-,)!'$4'52%)4!%&2%!6)$)%'5!12,'2%'/$!'$!!0+
,-.)"$,'/..+ '(!6)/6,2+&'52..3!+2,%'%'/$)4!=/%&!=)%:))$![8!]7),'52!2$4!m2+2$*!2$4!:'%&'$![8!
]7),'528! I/%&!2!$)'6&=/-,!J/'$'$6!%,))!?D'6-,) !E] B!2$4!+,'$5'+.)!5/7+/$)$%!2$2.3('(!?NF]*!
D'6-,)!EIB!:),)!5/$('(%)$%!:'%&!2..!'(/.2%)(!5.-(%),'$6!2(!%&,))!4'(%'$5%!.'$)26)(*!?'B!2!$/,%&!
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2.4.3 Population structure inferences from the organelle genomes !
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-$(27+.)4!)1/.-%'/$2,3!.'$)26)(!/0! !0+,-.)"$,'/.. 8!
!
2.4.4 Admixture profiling and the identification of putatively introgressed 
genomic regions !
!
@/!0-,%&),!)>+./,)!%&)!+/(('='.'%3!/0!/$6/'$6!247'>%-,)!=)%:))$![]"!2$4![]E*!:)!2++.')4!
2$!$'+"(6+2++,/25&!%/!'4)$%'03!2$4!1'(-2.'()!+-%2%'1).3!'$%,/6,)(()4!6)$/7'5!,)6'/$(!4),'1)4!
0,/7!247'>%-,)!=)%:))$![]"!2$4![]E !'$4'1'4-2.(8!h)!'4)$%'0')4!72,C),!Q[N(!0/,![]"!2$4!
[]E!2(!2$3!Q[N!:&),)!%&)!5/$()$(-(!2..).)!4'00),)4!=)%:))$!%&)!%:/!.'$)26)(!?E8g8UB8!@&)!
+,/+/,%'/$(!/0!72,C),!Q[N(!72%5&'$6!)'%&),!%&)![]"!/,![]E!5/$()$(-(!2..).)(!0/,!)25&!
'(/.2%)!'$!EL!C=!:'$4/:(!:),)! %&)$!+./%%)4!2(!2!&)2%!72+!2./$6!)25&!5&,/7/(/7)!
?5&,/7/(/7)!Y! D'6-,) !\ ] *!2..!5&,/7/(/7)(! D'6-,) !QYB8!D/,!2..![]"!'(/.2%)(*!.2,6)!
&2+./%3+)!=./5C(!'$4'52%'1)!/0!,)5)$%!'$%,/6,)(('/$!0,/7![]E!:),)!/=(),1)4!?4)0'$)4!2(!
5/$()5-%'1)!:'$4/:(!:&),)!%&)!72J/,'%3!/0!72 ,C),!Q[N(!72%5&)4!%&)![]E!2..).)*!E8g8UB*!2$4!
%&)!%/%2.!+,/+/,%'/$!/0!'$%,/6,)(()4!6)$/7)!+),![]"!'(/.2%)!,2$6)4!0,/7!P8\j!%/!E"8Tj!
?7)2$!"E8gj*!D'6-,) !\ I B8!@&)![]"!'(/.2%)(!4)('6$2%)4!2(!&'6&.3!247'>)4!0,/7!%&)!
0'$)Q@a9F@9aA!2$2.3('(!:),)!0/-$4!%/!&21)!('6$'0'52$%.3!7/,)!'$%,/6,)(()4!()<-)$5)!%&2$!
%&)!,)72'$'$6![]"!'(/.2%)(!?7)2$(!"g8Yj!2$4!T8Lj*!,)(+)5%'1).3M!h'.5/>/$!,2$C!(-7!%)(%*!
] !c!"UL*!1+c!wL8L"B*!2$4!'$!+,25%'5)!%&'(!52%)6/,'52.!4'1'('/$!()+2,2%)4!%&)!'(/.2%)(!'$%/!%:/!
6,/-+(!:'%&!.)((!%&2$!/,!6,)2%),!%&2$!"P!S=!/0!'$%,/6,)(()4!()<-)$5)!?V"\j!/0!%&)!6)$/7)B8!
@&)!7)2$!+,/+/,%'/$!/0!'$%,/6,)(()4!6)$/7)!0/,![]E!'(/.2%)(!:2(!./:),!2%!g8gj*!:'%&!/$.3!
FF;YLgT!?"g8`jB!2$4!FF;EY\\!?"\8TjB!)>&'='%'$6!('7'.2,.3!(-=(%2$%'2.!('6$2%-,)(!/0!
247'>%-,)8!K/:)1),*!%&'(!4/)(!$/%!$)5)((2,'.3!'7+.3!%&2%!'$%,/6,)(('/$!0,/7![]E!%/![]"!'(!
7/,)!+,)12.)$%!%&2$!'$!%&)!/++/('%)!4',)5%'/$*!6'1)$!%&2%!%&)!5-,,)$%!(27+.'$6!/0![]E!'(/.2%)(!
'(!(/!.'7'%)4*!2$4!%&2%!&'6&.3!247'>)4![]E!+/+-.2%'/$(!'$!5./()!+,/>'7'%3!%/!
S2((25&-()%%(Wo-)=)5!723!)>'(%8!
!
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!
"#$%&'!1)!Z$'+@!+)'-,0#B!6#$/(@()*!+)%!6&0+0(2-!*-)$>- O=(%-!()0#$*#-,,($)7!
*+, !V$#!-+'1!(,$@+0-P!01-!6#$6$#0($)!$/!45Q!+)%!45]!>+#I-#!D4",!()!]T!I<!=()%$=,!(,!6@$00-%!+,!+!
1-+0!>+6!+@$)*!'1#$>$,$>-!LP!=(01!T!9%+#I!<@&-?!#-6#-,-)0()*!QTTc!45Q!D4",!+)%!Q!9%+#I!#-%?!
#-6#-,-)0()*!QTTc!45]!D4",7!f()%$=,!'$)0+()()*!)$!,(0-,;D4",!+#-!,1$=)!()!*#-B7! !
*- ,!" -#!(,$@+0-!0$0+@!$/!()0#$*#-,,-%!,-.&-)'-P!=(01!45Q!(,$@+0-,!()!<@&-!9<+#,!#-6#-,-)0!01-!0$0+@!
@-)*01!$/!()0#$*#-,,-%!,-.&-)'- !/#$>!45]?P!+)%!45]!(,$@+0-,!,1$=)!()!#-%7!C1-!45Q!(,$@+0-,!0$!01-!
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#(*10!$/!01-!%+,1-%!@()-!+#-!01$,-!01+0!=-#-!%-,(*)+0-%!+,!1(*1@B!+%>(J-%!/#$>!01-!/()-DCdeNCedU!
+)+@B,(,!9V(*&#-!]N?7!
!
]!7/(2'5!+2%%),$!:2(!/=(),1)4!25,/((!%&)!6)$/7)!/0!FF;YLgT!?D'6-,)!Q\B*!:&),)!/$!72$3!
5&,/7/(/7)(!7)62=2() ;(52.)![]"!&2+./%3+)(!:),)!'$%),(+),()4!/$!2$![]E!6)$/7'5!
=25C6,/-$4!?)868!5&,/7/(/7)(!Y*!\*!`*!g*!2$4!TB8!K/:)1),*!02,!(&/,%),!%,2$('%'/$(!=)%:))$!
[]" ;!2$4![]E ;.'C)!()<-)$5)(!:),)!2.(/!/=(),1)4*!5/ $5)'12=.3!4-)!%/!/.4),!247'>%-,)!
)1)$%(8!^'1)$!%&2%!FF;YLgT!:2(!%&)!/$.3![]E!'(/.2%)!(27+.)4!'$!o-)=)5*!'%!'(!(-,+,'('$6!%&2%!
/$.3!"g8`j!/0!%&)!6)$/7)!:2(!'4)$%'0')4!2(!'$%,/6,)(()48!#$4))4*!(/7)!5&,/7/(/7)(!?)868!"*!
U*!"L!2$4!"`B!&24!$/![]"!&2+./%3+)(!/0!2!('Z)!'$4'52%'1)!/0!1),3!,)5)$%!247'>%-,)8!Q-5&!2!
+2%%),$!/0!'$%,/6,)(('/$!'(!5/$('(%)$%!:'%&!2%!.)2(%!/$)!247'>%-,)!)1)$%!2!(72..!$-7=),!/0!
()>-2.!6)$),2%'/$(!'$!%&)!+2(%*!2.%&/-6&!2((-7'$6!2..!5&,/7/(/7)(!-$4),6/!2%!.)2(%!/$)!
5,/((/1),!+),!7)'/('(*!%&)! +,)()$5)!/0!)$%',).3![]E ;.'C)!5&,/7/(/7)(!(-66)(%(!0-,%&),!
72%'$6!:'%&![]E!'$4'1'4-2.(!('$5)!%&)!+-%2%'1)!247'>%-,)!)1)$%?(B8!D,/7!%&)!
0'$)Q@a9F@9aA!2$2.3('(*!FF;YLgT!:2(!7/(%!5./().3!,).2%)4!%/!%&)!S'$$)(/%2!2$4!
N)$$(3.12$'2!'(/.2%)(*!+/%)$%'2..3!'$4'52%'$6!2!$/,%&),$!(/-,5)!+/+-.2%'/$!0,/7!:&'5&!2!
7'6,2%'/$!)1)$%!5/-.4!&21)!/55-,,)48!
!!
2.4.5 Identity by descent sharing and patterns of local population structure !
!
@/!<-2$%'03!,).2%)4$)((!2$4!)>+./,)!+2%%),$(!/0!+/+-.2%'/$!(%,-5%-,)!2%!2!./52.!(52.)*!:)!-()4!
&77#IX! ?Q5&200$),!)%!2.8!EL"UB!%/!'4)$%'03!'4)$%'52.!=3!4)(5)$%!%,25%(!(&2,)4!=)%:))$!+2',(!
/0!'(/.2%)(8!@&)!+,/+/,%'/$!/0!%&)!6)$/7)!(&2,)4!'4)$%'52.!=3!4)(5)$%!=)%:))$!)25&!'(/.2%)!
+2',!?'8)8!%&)!%/%2.!(&2,'$6B!:2(!%&)$!)(%'72%)4!-('$6!%&,))!7)%,'5(!?'B!!" $%&*!%&)!%/%2.!(&2,'$6!
)(%'72%)4!4',)5%.3!=3!&77#IX!0,/7!%&)!21),26)!+),;Q[N!+,/=2='.'%3!/0!'4)$%'%3!=3!4)(5)$%!
?E8g8TB*!?''B!%/%2.!(&2,'$6!0/,!%,25%(!f"LL!C=*!2$4!?'''B!%/%2.!(&2,'$6!0/,!%,25%(!fPLL!C=8!@&)!
)(%'72%)(!4'00),)4!(-=(%2$%'2..3!=)%:))$!7)%,'5(*!('$5)!%&)!2=()$5)!/0!(&/,%),!%,25%(!'$!%&)!
f"LL!C=!2$4!fPLL!C=!42%2()%(!,)(-.%)4!'$!./:),!%/%2.!(&2,'$6!,).2%'1)!%/!!" $%&!?@2=.)!"*!D'6-,) !
P] !0/,![]"!/$.3B8!K/:)1),*! 2..!%&,))!7)%,'5(!:),)!('6$'0'52$%.3!2$4!&'6&.3!5/,,).2%)4!?=+c!
L8U\U!} !L8T`UB*!2$4!%&)!'$%),+,)%2%'/$!/0!,)(-.%(!:2(!5/$('(%)$%!25,/((!7)%,'5(8!@&)!0/../:'$6!
,)(-.%(!2,)!6'1)$!0/,!%,25%(!f"LL!C=8!!
!
](!'$4'52%)4!=3!%&)!0'$)Q@a9F@9aA!2$2.3('(!?D'6-,)!EFB*!%&),)!:2(!(-=(%2$%'2.!12,'2%'/$!'$!
,).2%)4$)((!=)%:))$!+2',(!:'%&'$!=/%&![]"!2$4![]E8!]5,/((!2..! []"!+2',(*!%&)!4'(%,'=-%'/$!
/0!%/%2.!(&2,'$6!0/,!%,25%(!f"LL!C=!:2(!2++,/>'72%).3!$/,72.*!2.%&/-6&!2!./$6!%2'.!/0!%&)!
4'(%,'=-%'/$!'$4'52%)4!%&)!+,)()$5)!/0!+2',(!:'%&!2!&'6&),!6)$/7'5!0,25%'/$!/0!(&2,)4!%,25%(!
?D'6-,) !P] B8!@/%2.!(&2,'$6!:2(!6,)2%),!%&2$!Z),/!0/,!2..!YEP![]"!+2',( !?,2$6)!L8Yj!} !PE8LjB*!
2$4!:2(!T8"j!/$!21),26)*!2$!-$)>+)5%)4.3!&'6&!0'6-,)!6'1)$!%&)!1),3!.2,6)!)00)5%'1)!
+/+-.2%'/$!('Z)!/0!!0+,-.)"$,'/.. !?E8\ 8̀*!E8P8B̀8!@&)!12,'2%'/$!=)%:))$!'(/.2%)!+2',(!723!+2,%.3!
=)!)>+.2'$)4!=3!12,'2%'/$!'$!247'>%-,)*!('$5)!'$%,/6,)(('/$!'(!)>+)5%)4!%/!,)4-5)!%/%2.!(&2,'$6!
?F2,7'!)%!2.8!EL"YB8!](!)>+)5%)4!-$4),!%&'(!(5)$2,'/*!%&)!5/&/,%;21),26)4!(&2,'$6!?2!+),!
'(/.2%)!'4)$%'%3!=3!4)(5)$%!(-772,3!(%2%'(%'5*!E8g8TB!0/,![]"!'(/.2%)(!:2(!('6$'0'52$%.3!
$)62%'1).3!5/,,).2%)4!:'%&!%&)!'$0),,)4!+,/+/,%'/$!/0!'$%,/6,)(()4!6)$/7)!0,/7![]E!?=+c!;
L8`gP*!1+w!L8L"B8!@&),)!:2(!$/!('6$2%-,)!%&2%!'4)$%'52.!=3!4)(5)$%!%,25%(!:),)!&'6&.3!



! \" !

5/$5)$%,2%)4!'$!+2,%'5-.2,!6)$/7'5!,)6'/$(*!2(!VTTj!/0!%&)!6)$/7)!:2(!'$5.-4)4!'$!2%!.)2(%!
/$)!+2',:'()!%,25%*!2$4!%&)!4'(%,'=-%'/$!/0!%&)!21),26)!(&2,'$6!25,/((!2..![]"!+2',(!'$!"LL!C=!
5&,/7/(/72.!:'$4/:(!:2(!2++,/>'72%).3!$/,72.!? D'6-,) !PI B8!!
!
+$,-.!/ 8!]1),26)!6)$/7'5! +,/+/,%'/$(!(&2,)4!'4)$%'52.!=3!4)(5)$%!0/,!'(/.2%)!+2',(!:'%&'$!
2$4!=)%:))$!(27+.)(8!
!

!"#$%&'(")*+",#&-(.") / !" !"# ///
012-&32/'"'&%/.4&-()3/

5677/89/'-&:'./;<= /
012-&32/'"'&%/.4&-()3/

5>77/89/'-&:'./;<= / ?!" /
@$,92-/"A/
(."%&'2/#&(-./

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

-.//.012/344/ ! &('%! $(') ! &',+! +'+$55! $!

623730! %&'*! )'$5! %'85! +'+%&8! %8(!

9.:;1.<!$))& ! %%'%! 8'$&! $'$5! +'+%*%! )$!

-.0=>;.?@!A>??3B3!$))*! &,'%! %+'5! $+'%! +'+$)&! &!

9.:;1.<!%+$( ! %)'&! $8'&! )'+* ! +'+%$5! %$!

-.//.012/344/! C!623730! %*'&! 5',, ! $'8( ! D! *5!
9.:;1.<!$))&! E!

-.0=>;.?@!A>??3B3!$))*! %&'%! 5'&$! %',%! D! *%!
9.:;1.<!$))&! E!9.:;1.<!

%+$(! %$'5! 8')) ! %'++! D! )5!

!! !! !! !! !! !!

"#% ! )'*$ ! %'88! +'),) ! +'+&+(! %5!

">:41!A.:>?F;.! &%'(! %&'%! 5'), ! +'+$)+! &!

"#%!734G33;!?>0.4F>;/! +'+,), ! +'%$8! +'++! D! $%!
!
"#$6$#0($),!$/!01-!*-)$>-!,1+#-%!(%-)0('+@!<B!%-,'-)0!9(7-7!0$0+@!,1+#()*?!+#-!,1$=)!/$#!01-!0$0+@!
6#-%('0-%!<B!1>>E83!9!" !"# ?P!/$#!0#+'0,!bQTT!I<P!+)%!/$#!0#+'0,!b!gTT!I<7!C1-!)&><-#!$/!(,$@+0-!6+(#,!
#-/-#,!0$!01-!0$0+@!)&><-#!$/!6+(#=(,-!'$>6+#(,$),!'$)0#(<&0()*!0$!01-!+2-#+*-!0$0+@!,1+#()*7!V$#!-+'1!
@()-+*-P!+2-#+*-!0$0+@!,1+#()*!(,!,1$=)!/$#!01-!,&<,-0, !$/!(,$@+0-,!%(,'&,,-%!()!]7H7g!9-7*7!4$#01!
N+#$@()+!/$#!45]?P!+)%!'$>6+#(,$),!<-0=--)!,&<,-0,!+#-!@+<-@@-%!+,!01-!0=$!,&<,-0,!,-6+#+0-%!<B!+!
1B61-)!9-7*7!V+#)1+>!QSSL!X!V+#)1+>!]TQR?7!V$#!01-!45]!<-0=--)!@$'+0($),!'$>6+#(,$)!+@@!6+(#=(,-!
'$>6+#(,$),!=(01()!4$#01!N+#$@()+!=-#-!-J'@&%-%7!
!
^'1)$!%&)!+,)12.)$5)!/0!'4)$%'%3!=3!4)(5)$%!%,25%(!'$![]"*!'%!'(!-$5.)2,!%/!:&2%!)>%)$%!%/%2.!
(&2,'$6!52$!=)!-()4!2(!2!+,/>3!0/,!,).2%)4$)((8![/$)%&).)((*!0/../:'$6!%&)!2((-7+%'/$!%&2%!
%&)!%/%2.!(&2,'$6!'(!2%!.)2(%!+2,%'2..3!'$4'52%'1)!/0!%&)!,).2%)4$)((!=)%:))$!2!+2',!/0!'(/.2%)(*!
%&'(!,).2%'/$(&'+!52$!=)!-()4!%/!)>+./,)!./52.!+/+-.2%'/$!(%,-5%-,)!:'%&'$![]"*!2$4!
(+)5'0'52..3!:'%&'$!o-)=)58!#0!6)$)%'5!4'1),('%3!'(!(+2%'2..3!/,!%)7+/,2..3!(%,-5%-,)4!2%!./52.!
(52.)(!'$!!0+,-.)"$,'/.. *!'%!'(!)>+)5%)4!%&2%!%/%2.!(&2,'$6!:/-.4!=)!&'6&),!0/,!:'%&'$;('%)!'(/.2%)!
+2',(!?D2,$&27!2$4!S25X/$2.4!F/..)6)*!VUL!C7!2+2,%B!,).2%'1)!%/!=)%:))$;('%)!+2',(*!2$4!0/,!
:'%&'$;%'7)!+/'$%!+2',(!2%!%&)!(27)!('%)!?D2,$&27!"TTY!2$4!EL"`B!,).2%'1)!%/!=)%:))$;%'7)!
+/'$%!+2',(8!@&),)!:2(*!&/:)1),*!$/!(-++/,%!0/,!)'%&),!/0!%&)()!,).2%'/$(&'+(*!:'%&!$/!
4'00),)$5)!'$!%/%2.!(&2,'$6!0/,!:'%&'$;('%)!+2',(!,).2%'1)!%/!=)%:))$;('%)!+2',(!?h'.5/>/$!,2$C!
(-7!%)(%*!] !c!EEEU*!1+c!L8EYB*!2$4!$/!4'00),)$5)!0/,!:'%&'$;%'7)!+/'$%!+2',(!,).2%'1)!%/!
=)%:))$;%'7)!+/'$%!+2',(!?h'.5/>/$!,2$C!(-7!%)(%*!] !c!PUPT*!1+c!L8\LB8!S/,)/1),*!%&),)!:2(!
2.(/!$/!4'00),)$5)!'$!%/%2.!(&2,'$6!0/,!+2',(!:'%&'$!o-)=)5!2$4!S2((25&-()%%(*!,).2%'1)!%/!+2',(!
=)%:))$!o-)=)5!2$4!S2((25&-()%%(!?h'.5/>/$!%)(%!,2$C!(-7!%)(%*!] !c!gLP\*!1+c!L8PLB*!
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:&),)!%&)!'(/.2%)(!:),)!(27+.)4! VYEL;YPL!C7!2$4!VPL;gL!3)2,(!2+2,%8!@&),)0/,)*!%2C)$!
%/6)%&),!:'%&!%&)!.25C!/0!'(/.2%'/$!=3!4'(%2$5)!?D'6-,)!YB*!%&),)!2++)2,(!%/!=)!$/!(%,/$6!('6$2.!
/0!+/+-.2%'/$!(%,-5%-,)!:'%&'$!%&)!5-,,)$%!(27+.'$6!/0![]"8!!
!

!
"#$%&'!2)!E%-)0(0B!<B!%-,'-)0!,1+#()*!()!45Q7!!
*+, !3-),(0B!6@$0!,1$=()*!01-!%(,0#(<&0($),!$/!-,0(>+0-,!$/!0$0+@!,1+#()*!+'#$,,!+@@!L]g!(,$@+0-!6+(#!
'$>6+#(,$),!/$#!45QP!,1$=)!/$#!01-!01#--!%-/()(0($),!$/!(%-)0(0B!<B!%-,'-)07!!
*-, !3- ),(0B!6@$0!,1$=()*!01-!%(,0#(<&0($)!$/!01-!>-+)!,1+#()*!+'#$,,!+@@!L]g!45Q!6+(#,!6-#!QTT!I<!
*-)$>('!=()%$=P!,1$=)!/$#!0#+'0,!bQTT!I<!+)%!bgTT!I<7!!!!!
!
F/$1),().3*!%&),)!:),)!4'00),)$5)(!=)%:))$!%&)!(27+.)(*!:'%&!%&)!21),26)!%/%2.!(&2,'$6!
:'%&'$!S25X/$2.4!F/..)6)!"TT\!?EL8UjB!2$4!D2,$&27!EL"`!?"g8YjB!7/,)!%&2$!%:'5)!%&2%!/0!
D2,$&27!"TTY!?g8"jB8!Q27+.)(!:'%&!6,)2%),!21),26)!%/%2.!(&2,'$6!)>&'='%)4!./:),!+-%2%'1).3!
$)-%,2.!6)$)%'5!4'1),('%3!?~56B*!,)(-.%'$6!'$!%&)!-$)>+)5%)4!/=(),12%'/$!%&2%!4'1),('%3!:2(!
72,6 '$2..3!&'6&),!:'%&'$!2!('$6.)!(27+.)!?D2,$&27!"TTY!~56!c!L8LE\EB!%&2$!:'%&'$!%&)!)$%',)!
(27+.)4!.'$)26) !?[]"!~ 56!c!L8LEY`*!@2=.)!"B8!@&)!./:),!21),26)!%/%2.!(&2,'$6!:'%&'$!
D2,$&27!"TTY!723!=)!)>+.2'$)4!=3!2$!'$5,)2()4!,2%)!/0!247'>%-,)!:'%&'$!%&'(!(27+.)*!2(!%&)!
21),26)!+,/+/,%'/$!/0!'$%,/6,)(()4!6)$/7)!:2(!&'6&),!?"\8UjB!,).2%'1)!%/!S25X/$2.4!
F/..)6)!"TT\!?g8"jB!2$4!D2,$&27!EL"`!?"E8UjB!?D'6-,) !\ I B8!@&)!D2,$&27!"TTY!'(/.2%)!
+2',(!72C)!-+!%&)!72J/,'%3!/0!%&)!:'%&'$;(27+.)!+2',(!'$!%&)!2=/1)!:'%&'$!1(!=)%:))$!(27+.)!
(%2%'(%'52.!5/7+2,'(/$(*!(/!%&)!,)4-5%'/$!'$!%/%2.!(&2,'$6!0/,!%&'(!(27+.)!723!)>+.2'$!%&)!
,)+/,%)4!.25C!/0!('6$'0'52$5)8!a)62,4.)((!/0!%&'(*!%&)!21),26)!%/%2.!(&2,'$6!=)%:))$!D2,$&27!
2$4!S25X/$2.4!F/..)6)!?U8YjB*!2$4!=)%:))$!D2,$&27!"TTY!2$4!EL"`!?U8LjB*!,)72'$!02,!
6,)2%),!%&2$!:/-.4!=)!)>+)5%)4!'0!%&),)!:2(!(%,/$6!(+2%'2.!/,!%)7+/,2.!(%,-5%-,)!:'%&'$!
o-)=)58!!
!
#$!5/$%,2(%!%/![]"*!%&),)!:2(!1),3!.'%%.)!('6$2%-,)!/0!5./()!,).2%)4$)((!=)%:))$![]E!'(/.2%)(!
0,/7!4'00),)$%!./52%'/$(8!@/%2.!(&2,'$6!0/,!=)%:))$!./52%'/$![]E!+2',(!:2(!/$.3!L8Ej!/$!
21),26)!?@2=.)!"B*!5/,,/=/,2%'$6!%&)!+,)()$5)!/0!+/+-.2%'/$!(-=;(%,-5%-,)!'$!%&)!.'$)26)8!
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K/:)1),*!:'%&'$!%&)![/,%&!F2,/.'$2!(27+.)!?%&)!/$.3!('%)!:'%&!7/,)!%&2$!/$)![]E!'(/.2%)B*!
%&)!21),26)!%/%2.!(&2,'$6!:2(!EY8Ej8!@2C)$!%/6)%&),!:'%&!%&)!,)(-.%(!0/,![]"*!%&)!
'$4)+)$4)$%!0'$4'$6!/0!1),3!&'6&!%/%2.!(&2,'$6!=)%:))$![/,%&!F2,/.'$2!'(/.2%)!+2',(!(-66)(%(!
%&2%!!0+,-.)"$,'/.. !&2+./'4!'$4'1'4-2.(!723!6)$),2..3!(&2,)!2!(-=(%2$%'2.!+,/+/,%'/$!/0!%&)',!
6)$/7)(!'4)$%'52.!=3!4)(5)$%!2%!./52.!(52.)(8!
!
2.4.6 Genetic diversity within lineage, and genetic differentiation and 
divergence between lineages !
!
^)$)%'5!4'1),('%3!12,')4!(-=(%2$%'2..3!=)%:))$!.'$)26)(!?D'6-,) !` ] B*!:'%&!~56!)(%'72%)(!/0!
L8LEY`*!L8LYL`*!2$4!L8LL"EY!0/,![]"*![]E*!2$4!mN[*!,)(+)5%'1).38!I2()4!/$!%&)()!)(%'72%)(!
/0!+-%2%'1).3!$)-%,2.!4'1),('%3!2$4!2!Q[N!7-%2%'/$!,2%)!/0!T8`Y!>!"L"#$!+),!('%)!+),!6)$),2%'/$!
)(%'72%)4!=3!,);()<-)$5'$6!/0! !0+,-.)"$,'/..+ 7-%2%'/$!255-7-.2%'/$!.'$)(+=3![)((!)%!2.8!
?EL"PB*!%&)!)(%'72%)4!)00)5%'1)!+/+-.2%'/$!('Z)(!?? ' B!0/,!)25&!.'$)26)!:),)!\8T"!>!"L7!?[]"B*!
`8YP!>!"L7!?[]EB*!2$4!E8P`!>!"L, !?mN[B!?0/../:'$6!~!c!E? ' ^8B!@&-(*!2%!.)2(%!0/,!%&)![8!
]7),'52$!.'$)26)(*!%&)()!)(%'72%)(!2,)!5/$('(%)$%!:'%&!!0+,-.)"$,'/.. !6)$)%'5!4'1),('%&+=)'$6!
27/$6(%!%&)!&'6&)(%!,)+/,%)4!'$!)-C2,3/%)(!?e)00.),!)%!2.8!EL"EB8!#%!'(!4'00'5-.%!%/!5/$5.-4)!%/!
:&2%!)>%)$%!%&)!&'6&),!4'1),('%3!/0![]E!,).2%'1)!%/![]"!,)0.)5%(!(27+.'$6!&'(%/,3*!('$5)!%&)!
[]E!'(/.2%)(!&21)!=))$!(27+.)4!/1),!2!02,!.2,6),!2,)2!:'%&!6)$),2..3!/$.3!/$)!'(/.2%)!+),!('%)!
?)>5)+%!0/,!%&)!%&,))![/,%&!F2,/.'$2!'(/.2%)(B8!#$4))4*!5/$('4),'$6!('$6.)!(27+.'$6!./52%'/$(*!
~56!)(%'72%)4!0/,!/$.3!%&)!%&,))![/,%&!F2,/.'$2!'(/.2%)(!:2(!L8L"TL*!./:),!%&2$!%&2%!
52.5-.2%)4!0/,!%&)!D2,$&27!"TTY!'(/.2%)(!?L8LE\EB*!2$4!72,6'$2..3!./:),!%&2$!%&2%!0/,!%&)!
%&,))!S25X/$2.4!F/..)6)![]"!'(/.2%)(!?L8L"TYB*!:&'5&!&21)!2!5/7+2,2=.)!'$5'4)$5)!/0!
'4)$%'%3!=3!4)(5)$%!(&2,'$6!%/!%&)![/,%&!F2,/.'$2!'(/.2%)(!?@2=.)!"B8!
!
Q%,'C'$6.3*!6)$)%'5!4'1),('%3!0/,!mN[!:2(!2$!/,4),!/0!726$'%-4)!./:),!%&2$!%&2%!0/,!%&)![8!
]7),'52$!.'$)26)(*!:'%&!%&)!)(%'72%)4!~56-/0!L8LL"EY!2++,/>'72%).3!"T!2$4!EP!%'7)(!./:),!
%&2$!%&)!)(%'72%)4!12.-)(!0/,![]"!2$4![]E*!,)(+)5%'1).38!].%&/-6&!=2()4!/$.3!/$!%:/!
'(/.2%)(*!%&'(!4'4!$/%!2++)2,!%/!=)!2$!2,%)025%!52-()4!=3!&'6&!,).2%)4$)((8!D',(%.3*!%&)!'(/.2%)(!
2,)!/0!/++/('%)!72%'$6!%3+)(*!2$4!(/!2,)!5),%2'$.3!$/%!5./$2.8!Q)5/$4.3*!6)$)%'5!4'1),('%3!
2++)2,)4!%/!=)!-$'0/,7.3!./:),!25,/((!%&)!6)$/7)!,).2%'1)!%/![8!]7),'52$!'(/.2%)(*!:'%&!$/!
/=1'/-(!./$6!'$12,'2$%!%,25%(!2(!/=(),1)4!0/,!+2',(!/0![]"!'(/.2%)(!?D'6-,) !` I B8!#$4))4*!)1)$!
0/,!%&)!)>%,)7)!/0!&'6&.3!,).2%)4!'(/.2%)!+2',(!?)868!^I""T!2$4!^I"\"*!(&2,'$6!VPLj!/0!%&)',!
6)$/7)(B*!2$4!0/,!%&)!.2=/,2%/,3!(%,2'$(!FF;"LLT!2$4!FF;"L"L!?(&2,'$6!VgPj!/0!%&)',!
6)$/7)(B*!+2',:'()!6)$)%'5!4'(%2$5)(!6,)2%.3!)>5))4)4!%&2%!/=(),1)4!=)%:))$!%&)!%:/!mN[!
'(/.2%)(*!2(!(&/:$!=3!%&)!=,2$5&!.)$6%&(!/0!%&)!$)'6&=/-,!J/'$'$6!%,))!?D'6-,) !E] B8!!
!
!
!
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!
"#$%&'!37!D&>>+#B!$/%*-)-0('!%(2-#,(0B!=(01()!&'%#()*+,#-.))%@()-+*-,7!!
*+, !F-)$>- O=(%-!+)%!H3!=(01()O@()-+*-!*-)-0('!%(2-#,(0B!/$#!45QP!45]!+)%!a"47!!
*-, !5 !'$>6+#(,$)!$/!6+(#=(,-!*-)-0('!%(2-#,(0B!-,0(>+0-%!+@$)*!'1#$>$,$>-!S!()!QTT!I<!=()%$=,P!
/$#!01-!a"4!(,$@+0-,P!+)%!/$#![&-<-' !(,$@+0-!6+(#, !-J1(<(0()*!+!@$=!9NNOLTgS!X!NNOLTRL?!+)%!1(*1!
9NNOLThH!X!NNOLThR?!()'(%-)'-!$/!(%-)0(0B!<B!%-,'-)0!,1+#()*7!
!
@&)![]"!2$4![]E!.'$)26)(!:),)!&'6&.3!4'00),)$%'2%)4*!=/%&!6)$/7);:'4)!? K()!c!L8EPB!2$4!2%!
\X!('%)(!?K()!c!L8E\B!?@2=.)!EB8!_$.3!YL8`j!/0!%&)!g8"T!7'..'/$!Q[N(!()6,)62%'$6!'$!%&)![8!
]7),'52!(27+.)!:),)!(&2,)4!=)%:))$!%&)!.'$)26)(*!:'%&!Yg8Yj!+,'12%)!%/![]"*!2$4!Y"8Uj!
+,'12%)!%/![]E8!a)(-.%(!:),)!('7'.2,!0/,!\X!Q[N(*!:'%&!2!(.'6&%.3!&'6&),!+),5)$%26)!(&2,)4!
=)%:))$!%&)!.'$)26)(!?YY8LjB8!X)(+'%)!%&)!72J/,'%3!/0!Q[N(!=)'$6!+,'12%)!%/!)'%&),!.'$)26)*!
/$.3!L8Yj!?6)$/7) ;:'4)B!2$4!L8Ej!?\XB!/0!Q[N(!:),)!0'>)4*!5/$('(%)$%!=/%&!:'%&!247'>%-,)!
2$4!%&)!)>+)5%)4!:)2C!0/,5)!/0!6)$)%'5!4,'0%!4-)!%/!%&)!&'6&!)00)5%'1)!+/+-.2%'/$!('Z)!/0!%&)!
(+)5') (8!@&)!21),26)!$-7=),!/0!+2',:'()!4'00),)$5)(!=)%:))$!%&)!.'$)26)(!?' *+B!:2(!)(%'72%)4!
2(!L8LEg\!?6)$/7);:'4)B!2$4!L8LY`\!?\XB*!2$4!%&-(!%:/!()<-)$5)(!4,2:$!,2$4/7.3!=)%:))$!
[]"!2$4![]E!5/$%2'$)4!P\8Ej!7/,)!4'00),)$5)(!%&2$!%:/![]"!()<-)$5)(*!2$4! "T8Lj!7/,)!
4'00),)$5)(!%&2$!%:/![]E!()<-)$5)(!?0/,!\X!('%)(*!=2()4!/$!5/7+2,'(/$!%/!:'%&'$;.'$)26)!
~56B8!]0%),!72(C'$6!'$%,/6,)(()4!,)6'/$(!0/,!=/%&!.'$)26)(*!%&)!/1),2..!+),5)$%26)!/0!(&2,)4!
Q[N(!4)5,)2()4!%/!"T8Uj!2$4!EE8`j*!K()!'$5,)2()4!%/!L8Y\!2$4!L8YE*!2$4!' *+-'$5,)2()4!%/!
L8LEU"!2$4!L8LYg\!?2..!0/,!6)$/7);:'4)!2$4!\X!('%)(*!,)(+)5%'1).3B8!Q-,+,'('$6.3*!%&)!mN[!
.'$)26)!:2(!$/!7/,)!6)$)%'52..3!4'(%2$%!0,/7![]"!?\X! ' *+-c!L8LY\YB!2$4![]E!?\X!' *+-c!
L8LYg`B*!%&2$![]"!2$4![]E!:),)!0,/7!)25&!/%&),8!!
!
!
!
!
!

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

0.
03

0
�I�

ø
�J

ge
ne

tic
 d

iv
er

si
ty

NA1 JPNNA2

genome
4D

0 2 4 6 8

0.
00

0.
01

0.
02

0.
03

0.
04

pa
irw

is
e 

ge
ne

tic
 d

iv
er

si
ty

�I�
ø

�J

chromosome 9 (Mb)

CC-3084 / CC-3086
CC-3059 / CC-3063
NIES-2463 / NIES-2464

A B



! \P!

+$, -.!) 8!X'00),)$%'2%'/$!2$4!4'1),6)$5)!=)%:))$!!0+,-.)"$,'/.. !.'$)26)(!?[]"!E`!'(/.2%)(*!
[]E!)'6&%!'(/.2%)(*!mN[!%:/!'(/.2%)(B8!

!
V$#!6#(2+0-!D4",P!5!(,!01-!/(#,0!@()-+*-!()!01-!'$>6+#(,$)P!+)%!8!01-!,-'$)%7!E)0#$*#-,,($)!>+,I-%!
#-/-#,!0$!01-!45Q!X!45]!'$>6+#(,$)!+/0-#!#->$2()*!*-)$>('!#-*($),!(%-)0(/(-%!+,!()0#$*#-,,-%!/$#!
-+'1!()%(2(%&+@7!!
!

2.5! Discussion  

!
2.5.1 Overview !
!
#$!%&'(!(%-43!:)!&21)!-()4!6)$/7);:'4)!42%2!%/!)>+./,)!+2%%),$(!/0!+/+-.2%'/$!(%,-5%-,)!
25,/((!0').4!'(/.2%)(!/0!!0+,-.)"$,'/.. 8!@2C'$6!2412$%26)!/0!%&)!&2+./'4!(%2%)!/0!%&)!'(/.2%)(*!
:) !2++.')4!&2+./%3+);=2()4!2$2.3()(!%/!5&2,25%),'()!(%,-5%-,)!2%!=/%&!5/$%'$)$%2.!2$4!./52.!
(52.)(*!2$4!%/!'$0),!+2%%),$(!/0!247'>%-,)!=)%:))$!%&)!%:/!'4)$%'0')4![8!]7),'52$!.'$)26)(8!#$!
:&2%!0/../:(*!:)!5/$%)>%-2.'()!%&)()!0'$4'$6(!:'%&'$!%&)!/$6/'$6!4)=2%)!5/$5),$'$6!%&)!
$2%-,)!/0!='/6)/6,2+&3!2$4!(+)5'2%'/$!'$!7'5,/='2.!)-C2,3/%)(*!2$4!4'(5-((!0-,%&),!'$('6&%(!
5/$5),$'$6!%&)!)1/.-%'/$2,3!&'(%/,3!2$4!)5/./63!/0!!0+,-.)"$,'/.. 8!D'$2..3*!:)!4'(5-((!%&)!
(-,+,'('$6!+,)12.)$5)!/0!'4)$%'%3!=3!4)(5)$%!(&2,'$6!=)%:))$+'(/.2%)(!(27+.)4!2%!./52.!(52.)(8!
!
2.5.2 The North American b iogeography of Chlamydomonas reinhardtii +
!
I2()4!/$!5-,,)$%!(27+.'$6*!%&)!)1'4)$5)!0/,!%&,))!6)/6,2+&'52..3!4'(%'$5%!.'$)26)(!/0!!0+
,-.)"$,'/.. !5/$%,24'5%(!%&)!+,)4'5%'/$(!/0!%&)!2:.\2./&+%('-#*!-$4),!:&'5&!.'%%.)!6)/6,2+&'5!
+/+-.2%'/$!(%,-5%-,)!'(!)>+)5%)48!#$%),)(%'$6.3*!%&),)!2,)!$/%2=.)!('7'.2,'%')(!=)%:))$!%&)!
/=(),1)4!='/6)/6,2+&3!/0! !0+,-.)"$,'/.. !2$4!%&)!=)(%!(%-4')4!7'5,/='2.!)-C2,3/%)!'$!%&'(!
5/$%)>%*!G$66"$,(%&6-*+1$,$'(<2*0+@&'(!:'.4!3)2(%!&2(!=))$!(&/:$!%/!0/,7!2!(+)5')(!
5/7+.)>*!5/7+,' ('$6!&'6&.3!4'00),)$%'2%)4!.'$)26)(!/$!4'00),)$%!5/$%'$)$%(*!(-66)(%'$6!

! // @06/B/@0C/ @06B/D!@/ @0C/B/D!@/
@06/B/@0C/

;()'-"3-2..(")/,&.82E= /

H"I/ !

B3;><3EGF@3! 8J$55J)%)! *J*)(J,5( ! *J$(8J)+&! (J&8)J&5$!

*= ! 55$J)5*! ,)5J%($! ,(%J85%! 8)5J*+8!

/1.:3@!KLM!

B3;><3EGF@3! &+'(! +'%8)! +'%%%! $)'5 !

*= ! &&'+! +'&$,! +'%($! %%'(!

N:FO.43!#!KLM!

B3;><3EGF@3! &8'&! 55') ! 5*'* ! &('$!

*= ! &(', ! )+'$! 5,'8 ! &,'( !

N:FO.43!P!KLM!

B3;><3EGF@3! &$'5! $'%%! $'&%! *%'+!

*= ! &+'*! $'++! $'$%! *+'$!

QFR3@!KLM!

B3;><3EGF@3! +'&+$! )'(8 ! $*'+! %'%$!

*= ! +'$)* ! 5'(+! $%')! $'(* !

! !""

B3;><3EGF@3! +'%,! +'(* ! +',) ! +'&*!

*= ! +'%*! +'(&! +',5 ! +'&%!

##$!

B3;><3EGF@3! +'+%8*! +'+%,(! +'+%5&! +'+%5$!

*= ! +'+&(*! +'+&*&! +'+&8(! +'+&8*!
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2../+2%,'5!4'1),6)$5)!2$4!(+)5'2%'/$!?i/-0/+2$/-!)%!2.8!ELL`M!i-)&$)!)%!2.8!ELLgM!e'%'!)%!2.8!
ELLTB8!h'%&'$![8!]7),'52*!%:/!2../+2%,'5!.'$)26)(!/0!G0+1$,$'(<2*+&21)!=))$!4)(5,'=)4*!
:&'5&!)>&'='%!('6$2%-,)(!/0!./52.!242+%2%'/$!2$4!,)+,/4-5%'1)!'(/.2%'/$!5&2,25%),'(%'5!/0!
'$5'+')$%!(+)5')(!?F&2,,/$!)%!2.8!EL"\M!e)4-5<!)%!2.8!EL"\M!e)4-5<!)%!2.8!EL"`B8!Q'7'.2,!%/!!0+
,-.)"$,'/.. *!/$)!.'$)26)!&2(!2!7/,)!,)(%,'5%)4!,2$6)!'$!%&)!$/,%&!)2(%*!:&'.)!%&)!/%&),!'(!:'4).3!
4'(%,'=-%)4!%/!%&)!(/-%&!2$4!:)(%*!:'%&!2!(37+2%,'5!Z/$)!/55-,,'$6!2./$6!e2C)!_$%2,'/!2$4!%&)!
Q%8!e2:,)$5)!a'1),!?F&2,,/$!)%!2.8!EL"\B8!@&'(!='/6)/6,2+&3!'(!5/$('(%)$%!:'%&!2../+2%,'5!
4'1),6)$5)!'$!%&)!]%.2$%'5!2$4!S'(('(('++'2$!6.25'2.!,)0-6'2!4-,'$6!%&)!.2(%!6.25'2.!72>'7-7!
?V""L*LLL!} !"E*LLL!3)2,!26/B*!:&'5&!&2(!=))$!4/5-7)$%)4!'$!$-7),/-(!+.2$%(!2$4!2$'72.(!
?F&2,,/$!)%!2.8!EL"\B8!@&-(*!2.%&/-6&!2(!2!7/,+&/./6'52.!)$%'%3!G0+1$,$'(<2*+0-.0'.(!%&)!
t-5-,&/".)9+.*+-5-,&7"-,-[+72>'7*!'%!'$!025%!5/$('(%(!/0!()1),2.!5,3+%'5!(+)5')(!%&2%!&21)!
-$4),6/$)!2../+2%,'5!(+)5'2%'/$!)1)$%(*!'$5.-4'$6!2!+-%2%'1)!)1)$%!'$!6.25'2.!,)0-6'2!
5/$%)7+/,2$)/-(!:'%&!()1),2.!+.2$%(!2$4!2$'72.(8!
!
h&)%&),!6.25'2.!,)0-6'2!52$!)>+.2'$!%&)!='/6)/6,2+&3!/0!%&)!%:/![8!]7),'52$!!0+,-.)"$,'/..+
.'$)26)(! :'..!.2,6).3!=)!5/$%'$6)$%!/$!0-,%&),!(27+.'$6*!)(+)5'2..3!'$!:&2%!:/-.4!=)!)>+)5%)4!
%/!=)!%&)!$/,%&!)2(%),$!.'7'%(!/0!%&)![]E!,2$6)!?'8)8!(/-%&!:)(%!/0![):!A$6.2$4!2$4!%&)!Q%8!
e2:,)$5)!a'1),B8!K/:)1),*!%&)!/=(),1)4!='/6)/6,2+&3!'(!5/$('(%)$%!:'%&!(-5&!2!(5)$2,'/*!
-$4),!:&'5&![]"!:/-.4!&21)!+),('(%)4!'$!%&)!]%.2$%'5!,)0- 6'-7!?./52%)4!)2(%!/0!%&)!
]++2.25&'2$(B*!=)0/,)!,);5/./$'('$6!S2((25&-()%%(!2$4!o-)=)58!@&'(!5/-.4!2.(/!)>+.2'$!%&)!
(-= ;(%,-5%-,)!/=(),1)4!0/,![]E*!:&'5&!723!&21)!2!72,C)4.3!4'00),)$%!)1/.-%'/$2,3!&'(%/,3!%/!
[]"*!:'%&!%&)!+/(('='.'%3!/0!7-.%'+.)!,)0-6'2!?)868!S'(('(('++'2$*!b',6'$'2WF2,/.'$2(!]%.2$%'5!
5/2(%*!2$4!0-,%&),!(/-%&B!5/$$)5%)4!=3!12,3'$6!27/-$%(!/0!6)$)!0./:!2%!4'00),)$%!%'7)(8!
D-,%&),7/,)*!%&)!%:/!.'$)26)(!52$$/%!)2('.3!=)!)>+.2'$)4!=3!5.'72%)!/,!/%&),!)$1',/$7)$%2.!
025%/,(*!('$5)![]E!'$5.-4)(!=/%&!/$)!/0!%&)!7/(%!$/,%&),.3!?FF;"TPE*!S'$$)(/%2B!2$4!%&)!
7/(%!(/-%&),.3!?FF;EY\Y*!D./,'42B!'(/.2%)(*!2$4!%&)!S2((25&-()%%(!2$4!N)$$(3.12$'2!('%)(!
+,)(-72=.3!(&2,)!('7'.2,!)$1',/$7)$%(8!K/:)1),*!:)!&21)!$/%!)>+.'5'%.3!%)(%)4!2$3!
)$1',/$7)$%2.!12,'2=.)(!'$!%&'(!(%-43*!2$4!%&'(!:'..!0/,7!2$!'7+/,%2$%!2(+)5%!/0!0-%-,)!
,)()2,5&8!
!
@&2%!)(()$%'2..3!2..![]"!'(/.2%)(!)>&'='%!('6$2%-,)(!/0!247'>%-,)!:'%&![]E!'$4'1'4-2.(!
(-++/,%(!2!,/.)!0/,!(-=(%2$%'2.!4'(+),(2.!'$!!0+,-.)"$,'/.. 8!^'1)$!%&2%!%&)!.)$6%&!/0!%&)!
/=(),1)4!'$%,/6,)(()4!&2+./%3+)(!2,)!5/$('4),2=.3!./$6),!%&2$!%&)!+&3('52.!4'(%2$5)!/1),!
:&'5&!.'$C26)!4'()<-'.'=,'-7!? eXB!4)523(!'$!%&)!(+)5')(!?V"L;EL!C=!?D./:),(! )%!2.8!EL"PM!
K2(2$!2$4![)((!ELELBB*!247'>%-,)!'(!.'C).3!%/!&21)!/55-,,)4!'$!%&)!,).2%'1).3!,)5)$%!+2(%8!
D-,%&),7/,)*!%&2%!2!('$6.)!&'6&.3!247'>)4![]E!'(/.2%)!?FF ;YLgTB!:2(!+,)()$%!:'%&'$!/-,!
(72..!o-)=)5!(27+.)!(-66)(%(!%&2%!=/%&!7'6,2%'/$!2$4!6)$)!0./:!2,)!/$6/'$68!9$4),!(-5&!2!
(5)$2,'/*!%&)!0'$4'$6(!%&2%!%&)!%:/!.'$)26)(!,)72'$!(/!&'6&.3!4'00),)$%'2%)4!'$!%&)!025)!/0!
7' 6,2%'/$!2$4!6)$)!0./:!+/%)$%'2..3!'$4'52%)(!%&)!+,)()$5)!/0!,)+,/4-5%'1)!'(/.2%'/$!2$4W/,!
./52.!242+%2%'/$8!].%&/-6&!2..!%&,))!'4)$%'0')4!.'$)26)(!5,/((!(-55)((0-..3!'$!%&)!.2=/,2%/,3!
?N,O(5&/.4!)%!2.8!ELLPM![2C242!)%!2.8!EL"\B*!%&)!5,/(('$6!(-55)((!/0!%&)!D./,'42!2$4!
N)$$(3.12$'2!'(/.2%)(!:'%&!.2=/,2%/,3!(%,2'$(!&2(!=))$!,)+/,%)4!%/!=)!,)4-5)4 !,).2%'1)!%/!%&2%!
=)%:))$!.2=/,2%/,3!(%,2'$(!?Q+2$'),!)%!2.8!"TTEB8!@&),)!2,)!2.(/! (-=(%2$%'2.!+&)$/%3+'5!
4'00),)$5)(!=)%:))$!'(/.2%)(!?D./:),(!)%!2.8!EL"PB*!2$4!'%!(&/-.4!=)!+/(('=.)!%/!,);1'('%!(-5&!
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12,'2%'/$!'$!%&)!5/$%)>%!/0!%&)!%:/![8!]7),'52$!.'$)26)(*!2$4!%/!0-,%&),!%)(%!0/,!,)+,/4-5%'1)!
'(/.2%'/$!'$!%&)!.2=/,2%/,3!?)868!1'2!0'%$)((!2((23(!/0!t&3=,'4n!+,/6)$3B8!!
!
@&)!7/(2'5!6)$/7)!/0!FF ;YLgT!2.(/!+,/1'4)(!0-,%&),!'$('6&%(!'$%/!%&)!)5/./63!/0!!0+
,-.)"$,'/.. 8!@&)!/=(),1)4!+2%%),$!52$$/%!('7+.3!=)!)>+.2'$)4!=3!2$![]E!7'6,2$%!2,,'1'$6!'$!
o-)=)5!2$4!(-=()<-)$%.3!72%'$6!:'%&!/$.3![]"!'$4'1'4-2.(*!('$5)!()1),2.!5&,/7/(/7)(!
(&/:!$/!('6$2%-,)!/0!,)5)$%!'$%,/6,)(('/$*!'7+.3'$6!%&2%!72%'$6!=)%:))$!/%&),![]E!
'$4'1'4-2.(!/55-,,)4!20%),!%&)!'$0),,)4!247'>%-,)!)1)$%?(B8!@&'(!5/-.4!=)!)>+.2'$)4!'0!FF;
YLgT!:),)!'%().0!2!7'6,2$%!0,/7!2$!-$(27+.)4!./52%'/$!'$!:&'5&!=/%&![]"!2$4![]E!
'$4'1'4-2.(!/55-,!'$!(37+2%,3!2$4!&3=,'4'()8!].%),$2%'1).3*!2$![]E!2$5)(%/,!/0!FF;YLgT!723!
&21)!7'6,2%)4!%/!o-)=)5*!'7+.3'$6!%&)!+,)()$5)!/0!/%&),![]E!'$4'1'4-2.(!2%!%&)!('%)8!].7/(%!
$/%&'$6!'(!C$/:$!2=/-%!%&)!4'(+),(2.!52+2='.'%3!2$4!7)5&2$'(7(!'$!!0+,-.)"$,'/.. *!2.%&/-6&!
%&),)!'(!2=-$42$%!)1'4)$5)!0/,!%&)!+2(('1)!4'(+),(2.!/0!4/,72$%!+,/+26-.)(!?(-5&!2(!%&)!!0+
,-.)"$,'/..+ Z36/(+/,)B!/0!12,'/-(!(+)5')(! ?X)!S))(%),!)%!2.8!ELLEB8!](!(-5&!+,/+26-.)(!2,)!
,)('(%2$%!%/!)$1',/$7)$%2.!(%,)(()(*!%&)3!52$!=)!%,2$(+/,%)4!/1),!./$6!4'(%2$5)(!1'2!='/%'5!?)868!
=',4(!2$4!'$()5%(B*!2='/%'5!?)868!:'$4!2$4!:2%),B*!/,!2$%&,/+/7/,+&'5!1)5%/,(8!]44'%'/$2..3*!2(!
!0+,-.)"$,'/..+ Z36/(+/,)(!2 4&),)!%/!)25&!/%&),!?K2,,'(!ELLTB*!2!('$6.)!7'6,2%'/$!)1)$%!723!
&21)!%&)!+/%)$%'2.!%/!'$%,/4-5)!72$3!7'6,2$%!'$4'1'4-2.(!/0!=/%&!72%'$6!%3+)(*!:&'5&!5/-.4!
)>+.2'$!%&)!'7+.')4!+,)()$5)!/0!/%&),![]E!'$4'1'4-2.(!2%!%&)!(27+.'$6!('%)8!!
!
2.5.3 The Japanese isolates and the wider biogeography of Chlamydomonas 
reinhardtii !
!
].%&/-6&!%&)!)1/.-%'/$2,3!&'(%/,3!/0!%&)!m2+2$)()!'(/.2%)(!'(!)(()$%'2..3!-$,)(/.1)4!=2()4!/$!
5-,,)$%!(27+.'$6*!%&)',!'$5.-('/$!'$!%&'(!(%-43!2%!.)2(%!'$4'52%)(!%&2%!!0+,-.)"$,'/..+ /$!4'00),)$%!
5/$%'$)$%(!723!=)!)>+)5%)4!%/!0/,7!(-=(%2$%'2..3!4'1),6)$%!.'$)26)(8!K/:)1),*!-$4),!2!7/4).!
/0!2../+2%,'5!4'1),6)$5)!=)%:))$![8!]7),'52$!2$4!m2+2$)()!!0+,-.)"$,'/..X+'%!'(!(-,+,'('$6!
%&2%!%&)!mN[!.'$)26)!'(!$/!7/,)!6)$)%'52..3!4'(%'$5%!0,/7!)'%&),![]"!/,![]E*!%&2$![]"!2$4!
[]E!2,)!0,/7!)25&!/%&),8!_$)!(+)5-.2%'1)!)>+.2$2%'/$!'(!%&2%!%&)!m2+2$)()!'(/.2%)(!:),)!
4),'1)4!0,/7!2!%&',4!-$(27+.)4![8!]7),'52$!.'$)26)!%&2%!-$4),:)$%!4'1),6)$5)!0,/7![]"!
2$4![]E!('7-.%2$)/-(.3!?)868!'$!N25'0'5!/,!I),'$6'2$!,)0-6'2B*!=)0/,)!7'6,2%'/$!%/!m2+2$8!
h2%),!=',4(!2,)!%&/-6&%!%/!=)!2!72J/,!7)5&2$'(7!/0!2.62.!4'(+),(2.!?i,'(%'2$()$!"TT`B*!2$4!
:)(%),$![8!]7),'52*!2$4!'$!+2,%'5-.2,!].2(C2*!'(!.'$C)4!%/!m2+2$!=3!%&)!0.3:23(!/0!()1),2.!
7'6,2%/,3!=',4!(+)5')(8!].%),$2%'1).3*!6,24-2.!4'(+),(2.!25,/((!%&)!I),'$6!.2$4!=,'46)!5/-.4!
2.(/!6'1)!,'()!%/!2!('7'.2,!+2%%),$*!.)24'$6!%/!%&)!+,)4'5%'/$!%&2%!2$3!A2(%!]('2$!2$4!].2(C2$!
!0+,-.)"$,'/.. !723!=)!6)$)%'52..3!('7'.2,8!@&)!(%,'C'$6.3!./:!6)$)%'5!4'1),('%3!/0!%&)!%:/!
m2+2$)()!'(/.2%)(!,).2%'1)!%/!%&)![8!]7),'52$!.'$)26)(!'(!2.(/!(-,+,'('$68!#0!%&)!.'$)26)!:2(!
)(%2=.'(&)4!0,/7!2!.2,6),!+/+-.2%'/$!=3!7'6,2%'/$!?:&'5&!5/-.4!'$!+,'$5'+.)!/55-,!0,/7!2!
('$6.)!Z36/(+/,)B*!%&)$!(-5&!2!0/-$4),!)00)5%!:/-.4!=)!)>+)5%)4!%/!,)4-5)!4'1),('%3!1'2!2!
()1),)!=/%%.)$)5C!?X)!S))(%),!)%!2.8!ELLEB8!Q-++/,%'$6!%&'(!&3+/%&)('(*!2$3!+/+-.2%'/$!
+,)()$%!'$!i26/(&'72!7-(%!=)!6)/./6'52..3!3/-$6*!2(!2!,)(-.%!/0!%&)!0/,72%'/$!/0!%&)!]',2!
F2.4),2!VYL*LLL!3)2,(!26/*!2$4!%&)!]C2&/32!),-+%'/$!Vg*LLL!3)2,(!26/!?S25&'42!2$4!],2'!
ELLYB8!!
!
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](!2!,)(-.%!/0!%&)!&'(%/,'5!4'00'5-.%3!'$!'(/.2%'$6!!0+,-.)"$,'/..+ ?N,O(5&/.4!)%!2.8!ELLPB*!'%!'(!
.'C).3!%&2%!%&)!5-,,)$%!(27+.'$6!+,'72,'.3!,)0.)5%(!%&)!4'(%,'=-%'/$!/0!,)()2,5&),(8!
#$%),5/$%'$)$%2.!4'(%,'=-%'/$(!/0!7/,)!5/$(+'5-/-(!b/.1/52.)2$!2.62)!&21)!=))$!4/5-7)$%)4!
?)868!i2:2(2C'!)%!2.8!?EL"PBB*!2$4!6'1)$!%&)!6)/6,2+&'5!4'(%2$5)!=)%:))$!)2(%),$![8!]7),'52!
2$4!m2+2$*!'%!:/-.4!$/%!=)!(-,+,'('$6!'0! !0+,-.)"$,'/..+ '(!(&/:$!%/!&21)!2!5/$('4),2=.3!:'4),!
4'(%,'=-%'/$!'$!%&)!0-%-,)8!K/:)1),*!02,!7/,)!)>%)$('1)!(27+.'$6!25,/((!7-.%'+.)!,)6'/$(!2$4!
&2='%2%(*!2./$6('4)!'7+,/1)7)$%(!'$!(27+.'$6!7)%&/4/./63*!:'..!=)!,)<-',)4!%/!244,)((!%&'(8!!
!
2.5.4 Patterns of population structure and genetic diversity at a local scale !
!
#$!025-.%2%'1).3!()>-2.!/,62$'(7(*!-$4),!5),%2'$!5/$4'%'/$(!5./$2.!),/('/$!52$!6)$),2%)!
+/+-.2%'/$!(%,-5%-,)!2$4!,)4-5)!6)$)%'5!4'1),('%3!2%!./52.!(52.)(!?b2$/1),=)C)!2$4!X)!
S))(%),!EL"LB8!N,'/,!%/!%&'(!(%-43*!2.7/(%!$/%&'$6!:2(!C$/:$!2=/-%!%&)!./52.!(%,-5%-,)!/0!
6)$)%'5!4'1),('%3!'$!!0+,-.)"$,'/..X+2$4!'%!:2(!-$C$/:$!:&)%&),!2!('$6.)!('%)!:/-.4!=)!
4/7'$2%)4!=3!5./$2.!.'$)26)(8!].%&/-6&!/-,!(27+.)!5/$%2'$)4!2!(72..!$-7=),!/0!5./$2.!
+2',(W%,'/(*!7/(%!'(/.2%)(!(27+.)4!2%!('$6.)!('%)(!:),)!6)$)%'52..3!4'(%'$5%*!2$4!4'1),('%3!2%!
('$6.)!('%)(!2$4!%'7)!+/'$%(!:2(!/0!%&)!(27)!726$'%-4)!2(!%&)!%/%2.!.'$)26)!4'1),('%38!
].%&/-6&!%&)!)>%)$%!/0!'4)$%'%3!=3!4)(5)$%!(&2,'$6!2++)2,)4!%/!12,3!=)%:))$!('%)(!2$4!%'7)!
+/'$%(!'$!o-)=)5*!:)!0/-$4!$/!)1'4)$5)!0/,!(%,/$6!+/+-.2%'/$!(%,-5%-,)!2%!%&'(!(52.)8!@&)!.25C!
/0!(%,-5%-,)!/=(),1)4!'$!(+25)!0-,%&),!(-++/,%(!%&)!5/$('4),2=.)!4'(+),(2.!+/%)$%'2.!/0!!0+
,-.)"$,'/.. 8!@&)!.25C!/0!(%,-5%-,)!/=(),1)4!'$!%'7)!5/-.4!+/%)$%'2..3!=)!)>+.2'$)4!=3!./$6;
%),7!Z36/(+/,)!4/,72$53*!:&'5&!:/-.4!,)(-.%!'$!'(/.2%)(!(27+.)4!72$3!3)2,(!2+2,%!=)'$6!
()+2,2%)4!=3!02,!0):),!()>-2.!6)$),2%'/$(!%&2$!:/-.4!/%&),:'()!=)!)>+)5%)48!Q-5&!2!
+&)$/7)$/$!'(!C$/:$!'$!/%&),!5&./,/+&3%)!2.62)*!:&),)!4/,72$%!Z36/(+/,)(!2,)!52+2=.)!/0!
0/,7'$6!+,/+26-.)!=2$C(!?D,3>)..!"TUYB*!2$4!'%!'(!C$/:$!%&2%!!0+,-.)"$,'/..+ Z36/(+/,)(!2,)!
,)('(%2$%!%/!=/%&!./$6;%),7!0,))Z'$6!2$4!4)('552%'/$!?K2,,'(!ELLTB8!N,/+26-.)!=2$C(!&21)!2.(/!
=))$!&3+/%&)('()4!%/!5/$%,'=-%)!%/!&'6&!.)1).(!/0!6)$)%'5!4'1),('%3*!2(!+/+-.2%'/$(!52$!=)!,);
())4)4!:'%&!&2+./%3+)(!+,)()$%!2%!+,)1'/-(!%'7)!+/'$%(!?a)$6)0/,(!)%!2.8!EL"gM!Q&/)72C),!
2$4!e)$$/$!EL"UB*!2$4!%&),)0/,)!./$6 ;%),7!Z36/(+/,)!4/,72$53!5/-.4!=)!2!5/$%,'=-%'$6!
025%/,!%/!%&)!&'6&!4'1),('%3!)(%'72%)4!0/,!!0+,-.)"$,'/.. 8!
!
!0+,-.)"$,'/..+ +/+-.2%'/$!6)$)%'5(!2$2.3()(!&21)!=))$!&'$4),)4!=3!%&)!2=()$5)!/0!2!(-'%2=.)!
()%!/0!'(/.2%)(*!2$4!%&)!.25C!/0!-$4),(%2$4'$6!2(!%/!:&2%!5/$(%'%-%)(!2!t+/+-.2%'/$n!'$!%&)!
(+)5')(8!@&)!&'6&!6)$)%'5!4'1),('%3!0/-$4!2%!('$6.)!('%)(!'$!%&'(!(%-43!$/:!+,)()$%(!%&)!
/++/,%-$'%3!%/!-()!(27+.)(!0,/7!('$6.)!('%)(!?)868!D2,$&27!"TTYB!0/,!0-%-,)!2$2.3()(8!
D-,%&),7/,)*!6'1)$!%&)!.25C!/0!(%,-5%-,)!=)%:))$!('%)(W%'7)!+/'$%(*!%&)!)$%',)!o-)=)5!(27+.)!
5/-.4!5/$5)'12=.3!=)!2$2.3()4!%/6)%&),8!].%&/-6&!%&)!)>%)$%!/0!'4)$%'%3!=3!4)(5)$%!(&2,'$6!
=)%:))$!%&)()!'(/.2%)(!,)<-',)(!0-,%&),!)>+.2$2%'/$!?E8P8B̀*!%&)!4).'$)2%'/$!/0!2!6,/-+!/0!
'(/.2%)(!(-'%2=.)!0/,!+/+-.2%'/$!6)$)%'5(!2$2.3()(!&2(!%&)!+/%)$%'2.!%/!6,)2%.3!)$&2$5)!%&)!-()!
/0!!0+,-.)"$,'/.. !'$!)1/.-%'/$2,3!='/./63!,)()2,5&8!
!
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2.5.5 Broader perspectives on microbial biogeography and speciation !
!
@2C)$!%/6)%&),!:'%&!%&)!)1/.-%'/$2,3!&'(%/,3!/0!G0+1$,$'(<2**!/-,!'$%),+,)%2%'/$!/0!!0+
,-.)"$,'/..+ 5/$%'$)$%2.!+/+-.2%'/$!(%,-5%-,)!(-++/,%(!2!,/.)!0/,!2../+2%,'5!4'00),)$%'2%'/$!?2$4!
+/%)$%'2..3!(+)5'2%'/$B!'$!7'5,/='2.!)-C2,3/%)(8!@&'(!+),7'%(!%&)!,)J)5%'/$!/0!%&)!2:.\2./&+
%('-#+'$!%&)()!52()(*!(-++/,%'$6!%&)!7/,)!('7'.2,!,2%)(!/0!(+)5'2%'/$!=)%:))$!7'5,/='2.!
)-C2,3/%)(!2$4!725,//,62$'(7(!+,)4'5%)4!=3!%&)!%('-,$/-+-)'-%.6./&+%('-# *!2$4!'7+.3'$6!
%&2%!7'5,/='2.!(+)5')(!723!=)!02,!7/,)!(+)5'/()!%&2$!)>'(%'$6!%2>/$/7'5!4)(5,'+%'/$(!
(-66)(%8!#%!'(!:/,%&!$/%'$6*!&/:)1),*!%&2%!%&)!%('-,$/-+-)'-%.6./&+%('-#+4/)(!$/%!+,)4'5%!
0,)<-)$%!2../+2%,'5!(+)5'2%'/$!?'$(%)24!021/-,'$6!12,'/-(!0/,7(!/0!$/$;2../+2%,'5!(+)5'2%'/$B!
?D/'(($),!ELLUB*!2$4!'$!%&'(!()$()!%&)!7/4).!723!$))4!%/!=)!,)1'()48!X)!S))(%),!)%!2.8!?ELLEB!
4)%2'.)4!%&)!,/.)!/0!6.25'2.!,)0-6'2!'$!(+)5'2%'/$!)1)$%(!0/,!12,'/-(!Z//+.2$C%/$*!2$4!'%!723!=)!
%&2%!('7'.2,!2../+2%,'5!)1)$%(!2,)!2.(/!5/77/$+.25)!'$!7'5,/='2.!)-C2,3/%)(8!K/:)1),*!'%!'(!
-$5.)2,!%/!:&2%!)>%)$%!%&)!,)(-.%(!0/,!%:/!%),,)(%,'2.!(+)5')(!52$!=)!)>%,2+/.2%)4*!2$4!%&)!
)>+./,2%'/$!/0!('7'.2,!+2%%),$(!25,/((!2!02,!.2,6),!,2$6)!/0!(+)5')(!'(!/=1'/-(.3!,)<-',)4!%/!
0-..3!244,)((!%&'(!<-)(%'/$8!!
!
2.5.6 Identity by descent sharing between Chlamydomonas reinhardtii isolates !
!
@&)!/,'6'$2.!7/%'12%'/$!0/,!'4)$%'03'$6!'4)$%'52.!=3!4)(5)$%!%,25%(!:2(!%/!<-2$%'03!=)%:))$;
+2',!,).2%)4$)((!2$4!)>+./,)!+2%%),$(!/0!./52.!+/+-.2%'/$!(%,-5%-,)8!K/:)1),*!%&)!7/(%!
(-,+,'('$6!,)(-.%!/0!%&)()!2$2.3()(!:2(!%&2%!/$!21),26)!2!+2',!/0![]"!'(/.2%)(!(&2,)!T8"j!/0!
%&)',!6)$/7)(!'$!%,25%(!f"LL!C=*!2$4!%&2%!2$!)1)$!&'6&),!+,/+/,%'/$!:2(!'$4)+)$4)$%.3!
/=(),1)4!=)%:))$!%&)!%&,))!'(/.2%)(!(27+.)4!'$![/,%&!F2,/.'$28!A1)$!7/,)!-$)>+)5%)4.3*!
'(/.2%)(!0,/7!S2((25&-()%%(!2$4!o-)=)5!?(27+.)4!VPL;gL!3)2,(!2+2,%B!(&2,)!U8`j!/0!%&)',!
6)$/7)(!'4)$%'52.!=3!4)(5)$%!/$!21),26)8!@&'(!&'6&.'6&%(!2!(%,'C'$6!4'5&/%/73r!&/:!52$!
)(()$%'2..3!%&)!)$%',)!(27+.)4!+/+-.2%'/$!2++)2,!%/!(&2,)!,)5)$%!2$5)(%,3*!3)%!6)$)%'5!4'1),('%3!
=)!72'$%2'$)4!2%!2!&'6&!.)1).€!].%&/-6&!7-5&!/0!/-,!-$4),(%2$4'$6!/0!'4)$%'%3!=3!4)(5)$%!'$!
+/+-.2%'/$(!&2(!=))$!=-'.%!-+/$!+)4'6,))(!?@&/7+(/$!EL"YB*!+/+-.2%'/$;.)1).!%&)/,3!&2(!
,)5)$%.3!=))$!4)1)./+)4!0/,!%,25%(!4)0'$)4!=3!2,='%,2,3!6)$)%'5!.)$6%&!5-%;/00(!?N2.272,2!)%!2.8!
EL"EM!F2,7'!)%!2.8!EL"YM!F2,7'!)%!2.8!EL"\B8!9('$6!)<-2%'/$!\!/0!F2,7'!)%!2.8!?EL"YB*!2$4!
=2()4!/$!%&)!)(%'72%)4!? ' !0/,![]"!2$4!2!7'$'7-7!%,25%!.)$6%&!/0!"LL!C=!?V"8E!5SB*!%&)!
21),26)!+,/+/,%'/$!/0!%&)!6)$/7)!(&2,)4!'4)$%'52.!=3!4)(5)$%!=)%:))$!2!+2',!/0!'$4'1'4-2.(!'$!
2!h,'6&%;D'(&),!+/+-.2%'/$!'(!)>+)5%)4!%/!=)!VL8LLL"gj*!0/-,!/,4),(!/0!726$'%-4)!./:),!
%&2$!/=(),1)48!!
!
].%&/-6&!:)!5-,,)$%.3!.25C!2$!)>+.2$2%'/$!0/,!%&'(!4'(5,)+2$53*!%&),)!2,)!()1),2 .!+/(('='.'%')(!
%&2%!52$!5-,,)$%.3!=)!5/$('4),)48!D',(%*!!0+,-.)"$,'/.. !)1'4)$%.3!4/)(!$/%!7))%!%&)!2((-7+%'/$(!
/0!2!h,'6&%;D'(&),!+/+-.2%'/$*!2$4!%&),)0/,)!2!(%/5&2(%'5!+,/5)((!723!=)!,)(+/$('=.)8!F./$2.!
,)+,/4-5%'/$!'(!)>+)5%)4!%/!,)(-.%!'$!2!&'6&!12,'2$5)!'$!,)+,/4-5%'1)!(-55)((!?@)..'),!2$4!
e)72',)!EL"\B *!2$4!Z36/(+/,)!4/,72$53!:/-.4!,)(-.%!'$!/1),.2++'$6!6)$),2%'/$(*!2.%&/-6&!
0-,%&),!%&)/,)%'52.!:/,C!:'..!=)!$))4)4!%/!244,)((!%&)!)00)5%(!/0!(-5&!+,/5)(()(!/$!'4)$%'%3!=3!
4)(5)$%8!Q)5/$4*!'%!'(!5/$5)'12=.)!%&2%!72$3!./$6!(&2,)4!6)$/7'5!%,25%(!5/-.4!2,'()!'$!2!
+/+-.2%'/$!2(!2!,)(-.%!/0!+),12('1)!+/('%'1)!().)5%'/$!5/7='$)4!:'%&!./$6;,2$6)!)00)5%(!/0!
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().)5%'/$!/$!.'$C)4!('%)(8!D,)<-)$%!242+%'1)!)1/.-%'/$!2$4!%&)!,)(-.%'$6!)00)5%(!/0!&'%5&&'C'$6!
/$!.'$C)4!('%)(!&2(!,)5)$%.3!=))$!)1/C)4!%/!)>+.2'$!%&)!./:!/=(),1)4!4'1),('%3!'$!%&)!
-='<-'%/-(!+&3%/+.2$C%/$!(+)5')(!A%.#.$).$+"2<#-&.!?D'.2%/1!EL"TB8!].%&/-6&!!0+,-.)"$,'/..+
/=1'/-(.3!4'00),(!0,/7!%&'(!52()!:'%&!,)(+)5%!%/!6)$)%'5!4'1),('%3*!'0!+),12('1)!+/('%'1)!
().)5%'/$!25%)4!7/(%.3!/$!(%2$4'$6!12,'2%'/$!'$!%&)!(+)5')(*!'%!'(!+/(('=.)!%&2%!(/0%!().)5%'1)!
(:))+(!5/-.4!,)(-.%!'$!7-.%'+.)!&2+./%3+)(!,'('$6!%/!&'6&!0,)<-)$53*!:&'.)!72'$%2'$'$6!&'6&!
6)$)%'5!4'1),('%38!@&',4*!'0!%&),)!'(!2!&'6&!4'1),('%3!/0!(%,-5%-,2.!12,'2$%(!()6,)62%'$6!'$!!0+
,-.)"$,'/.. !+/+-.2%'/$(!%&),)!723!=)!,)5/7='$2%'/$!(-++,)(('/$!=)%:))$!5),%2'$!&2+./%3+)(8!
N&3('52.!,)5/7='$2%'/$!&2(!/$.3!=))$!(%-4')4!=)%:))$!2!1),3!(72..!$-7=),!/0!!0+,-.)"$,'/..+
'(/.2%)(!?i2%&',!)%!2.8!ELLYM!e'-!)%!2.8!EL"UB*!2$4!244'%'/$2.!)>+),'7)$%2.!:/,C!:'..!=)!
,)<-',)4!%/!0-,%&),!)>+./,)!,)5/7='$2%'/$!'$!%&)!(+)5')(8!#$!2!=,/24),!()$()*!)7+','52.!(%-4')(!
/0!/%&),!(+)5')(!:'%&!('7'.2,!.'0)!535.)(!:'..!2.(/!=)!5,-5'2.!%/!4)%),7'$'$6!%&)!6)$),2.'%3!/0!
%&'(!,)(-.%8!Q'7'.2,!+2%%),$(!723!)2('.3!&21)!=))$!7'(()4!'$!4'+./'4!(+)5')(!4-)!%/!2!.25C!/0!
+&2()4!&2+./%3+)(8!!
 

2.6! Conclusions  
!
!0+,-.)"$,'/..+ '(!4'1'4)4!'$%/!%&,))!6)/6,2+&'52..3!4'(%'$5%!.'$)26)(!=2()4!/$!5-,,)$%!
(27+.'$6*!(-++/,%'$6!%&)!%(' -,$/-+-)'-%.6./&+%('-#+/0!7'5,/='2.!)-C2,3/%)!='/6)/6,2+&38!
!0+,-.)"$,'/.. !'(!.'C).3!%/!&21)!(-=(%2$%'2.!4'(+),(2.!52+2='.'%3*!'7+.3'$6!%&2%!,)+,/4-5%'1)!
'(/.2%'/$!2$4W/,!./52.!242+%2%'/$!723!=)!72'$%2'$'$6!6)$)%'5!4'00),)$%'2%'/$!=)%:))$!%&)!%:/!
[8!]7),'5 2$!.'$)26)(!'$!%&)!025)!/0!/$6/'$6!7'6,2%'/$!2$4!6)$)!0./:8!K'6&!4'(+),(2.!723!
2.(/!+,)1)$%!%&)!)1/.-%'/$!/0!+/+-.2%'/$!(%,-5%-,)!2%!./52.!6)/6,2+&'5!(52.)(8!h'%&'$!%:/!
'$4)+)$4)$%!+/+-.2%'/$(!2$!)>%,)7).3!&'6&!'$5'4)$5)!/0!'4)$%'%3!=3!4)(5)$%!(&2,'$6!:2(!
/=(),1)4*!,2'('$6!()1),2.!'$%),)(%'$6!<-)(%'/$(!,)62,4'$6!%&)!)1/.-%'/$2,3!6)$)%'5(!/0!!0+
,-.)"$,'/.. 8!
!

2.7! Methods  

!
2.7.1 Sampling and whole -genome re -sequencing !
!
Q27+.'$6!2$4!:&/.) ;6)$/7)!,) ;()<-)$5'$6!/0!%&)!0').4!'(/.2%)(!212'.2=.)!0,/7!%&)!
F&.2734/7/$2(!a)(/-,5)!F)$%,)!?&%%+(rWW:::85&.2735/..)5%'/$8/,6B!&2(!7/(%.3!=))$!
4)(5,'=)4!+,)1'/-(.38!I,')0.3*!()<-)$5'$6!42%2!0/,!""!'(/.2%)(!(27+.)4!2%!)'6&%!./52%'/$(!
=)%:))$!"T\P!2$4!"TT\!:),)!+,/4-5)4!=3! D./:),(!)%!2.8!?EL"PB*!:'%&!%&)!)>5)+%'/$!/0!FF;
ETYE!?m2$6!2$4!A&,)$,)'5&!EL"EB8!h)!/=%2'$)4!2$4!()<-)$5)4!%&)!'(/.2%)!FF;YE`U*!('$5)!'%!
:2(!$/%!'$5.-4)4!'$!+,)1'/-(!(%-4')(8!]!%/%2.!/0!Y"!'(/.2%)(!?FF;YLPT!} !FF;YLUT!'$!%&)!
5/..)5%'/$B*!(27+.)4!'$!"TTYWT\!0,/7!%:/!()%(!/0!0').4(!VUL!C7!2+2,%!'$!o-)=)5!?D2,$&27!
2$4!S25X/$2.4!F/..)6)B*!:),)!0',(%!(5,))$)4!=3!Q2$6),!()<-)$5'$6!/0!'$%,/$(!b#!2$4!b##!/0!
%&)!M@4_+6)$)*!:&'5&!2,)!(+)5')( ;(+)5'0'5!72,C),(!'$!1/.1/5'$)!2.62)!?e'((!)%!2.8!"TTgB8!
A'6&%))$!'(/.2%)(!:),)!5/$0',7)4!2(!2-%&)$%'5!!0+,-.)"$,'/.. *!()<-)$5'$6!/0!:&'5&!:2(!
4)(5,'=) 4!=3![)((!)%!2.8!?EL"`B8!]!0-,%&),!)'6&%!+,)1'/-(.3!-$4)(5,'=)4!'(/.2%)(!?,)0),,)4!%/!2(!
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^I•!'$!%&'(!(%-43B!:),)!(27+.)4!0,/7!D2,$&27!'$!EL"`*!-('$6!%&)!+,/%/5/.!/0!Q25C!)%!2.8!
?"TT\B8!!
!
X2%2!+,/4-5)4!=3!^2..2&),!)%!2.8!?EL"PB!0/,!%&)!.2=/,2%/,3!(%,2'$(!FF;"LLT!2$4!FF;"L"L!
:),)!2.(/!'$5.-4)48!Q'$5)!2..!.2=/,2%/,3!(%,2'$(!2,)!4),'1)4!0,/7!2!('$6.)!Z36/(+/,)!(27+.)4!
'$!S2((25&-()%%(!'$!"T\P*!%&)!6)$/7)(!/0!%&)()!(%,2'$(!5/$('(%!/0!%:/!+2,)$%2.!&2+./%3+)(*!
2.%&/-6&!25,/((!2..!(%,2'$(!VgPj!/0!%&)!6)$/7)!2++)2,(!%/!&21)!/,'6'$2%)4!0,/7!/$)!+2,)$%!
?^2..2&),!)%!2.8!EL"PB8!FF;"LLT!2$4!FF;"L"L!&21)!'$&),'%)4!/++/('%)!+2,)$%2.!&2+./%3+)(*!
2$4!(/!%/6)%&),!72>'7'()!%&)!6)$)%'5!12,'2%'/$!+,)()$%!27/$6(%!%&)!.2=/,2%/,3!(%,2'$(8!I/%&!
(%,2'$(!:),)!'$5.-4)4!'$!%&)!2$2.3()(!/0!+/+-.2%'/$!(%,-5%-,)!2$4!247'>%-,)*!:&),)!%&)3!52$!
=)!2$2.3()4!2(!6)$)%'52..3!4'(%'$5%!2%!VEPj!/0!6)$/7'5!('%)(8!D/,!2$2.3()(!:&),)!%&)!
'$4)+)$4)$5)!/0!'(/.2%)(!:2(!,)<-',)4!?'8)8!%&)!52.5-.2%'/$!/0!+/+-.2%'/$!6)$)%'5(!(%2%'(%'5(!
2$4!%&)!'4)$%'0'52%'/$!/0!'4)$%'%3!=3!4)(5)$%!%,25%(B*!FF;"LLT!:2(!)>5.-4)48!
!
D/,!%&)!EL"`!D2,$&27!'(/.2%)(!2$4!FF;YE`U*!X[]!:2(!)>%,25%)4!=3!+&)$/.;5&./,/0/,7!
)>%,25%'/$!0/../:'$6![)( (!)%!2.8!?EL"EB8!h&/.) ;6)$/7)!,) ;()<-)$5'$6!:2(!+),0/,7)4!/$!%&)!
#..-7'$2!K'Q)<!ELLL!+.2%0/,7!?"LL!=+!+2',)4;)$4!,)24(B!0/,!%&)!D2,$&27!'(/.2%)(*!2$4!/$!%&)!
#..-7'$2!K'()<!\LLL!+.2%0/,7!?"PL!=+!+2',)4;)$4B!0/,!FF;YE`U*!=/%&!2%!I^#!K/$6!i/$68!
@&)!7/4'0')4!NFa!5/$4'%'/$(!/0!]',4!)%!2.8!?EL""B!:),)!-()4!4-,'$6!.'=,2,3!+,)+2,2%'/$!%/!
255/77/42%)!%&)!&'6&!^F;5/$%)$%!/0!!0+,-.)"$,'/..+ ?7)2$!$-5.)2,!^F!c!`\8"jB8! @&)!
m2+2$)()!'(/.2%)(![#AQ;E\`Y!2$4![#AQ;E\`\!:),)!()<-)$5)4!-('$6!%&)!#..-7'$2!S'Q)<!
+.2%0/,7!?YLL!=+!+2',)4;)$4B8!X)%2'.)4!(27+.'$6!&'(%/,3!2$4!()<-)$5'$6!7)%,'5(!0/,!2..!
'(/.2%)(!2,)!+,/1'4)4!'$!@2=.)!Q"8!!
!
2.7.2 Read mapping and variant calling !
!
a)24!72++'$6!2$4!'$'%'2.!12,'2$%!52..'$6!:),)!+),0/,7)4!2(!4)(5,'=)4!=3![)((!)%!2.8!?EL"`B8!
I,')0.3*!,)24(!:),)!72++)4!%/!1P!/0!%&)!!0+,-.)"$,'/..+ ,)0),)$5)!6)$/7)! ?I.2=3!)%!2.8!EL"\B!
-('$6!Ih] ;SAS !1L8g8P2;,\LP!?e'!EL"YB!:'%&!4)02-.%!()%%'$6(8!@&)!+.2(%'4!?[FI#!255)(('/$!
[FzLLPYPYB!2$4!7'%/5&/$4,'2.!?[FI#!255)(('/$![FzLL"`YU B!6)$/7)(!:),)!2++)$4)4!%/!
%&)!,)0),)$5)*!2(!:2(!%&)!34 " !./5-(!?[FI#!255)(('/$!^9U"\L"PB*!('$5)!%&)!,)0),)$5)!
6)$/7)!'(/.2%)!'( +34 ! 8!^)$/%3+)(!:),)!52..)4!-('$6!%&)!^]@i!1Y8P!?X)N,'(%/!)%!2.8!EL""B!
%//.!K2+./%3+)F2..),*!2$4!%&)!,)(-.%'$6!+),!'(/.2%)!^)$/7'5!b2,'2$%!F2..!D'.)(!?6bFDB!:),)!
5/7='$)4!%/!2!(+)5')(;:'4)!b2,'2$%!F2..!D'.)!?bFDB!-('$6!^)$/%+3)^bFD(!:'%&!%&)!
0/../:'$6!$/$ ;4)02-.%!()%%'$6(r!(27+.)z+./'43c"*!'$5.-4)[/$b2,'2$%Q'%)(c%,-)*!
&)%),/Z36/('%3cL8LE*!'$4).z&)%),/Z36/('%3cL8LLE8!
!
_$.3!'$12,'2$%!2$4!='2..).'5!('%)(!:),)!5/$('4),)4!0/,!2$2.3()(8!D'.%),(!:),)!2++.')4!
'$4)+)$4)$%.3!/$!%&)!6)$/%3+)!52..(!/0!)25&!'(/.2%)*!2(!/++/()4!%/!+),!('%)8!a)%2'$)4!
6)$/%3+)(!,)<-',)4!2!7'$'7-7!/0!%&,))!72++)4!,)24(*!:'%&!%&)!%/%2.!4)+%&!$/%!)>5))4'$6!%&)!
21),26)!4)+%&!0/,!%&)!'(/.2%)!'$!<-)(%'/$!+.-(!0/-,!%'7)(!%&)!(<-2,)!,//%!/0!%&)!21),26)!4)+%&!
?%/!,)7/1)!,)6'/$(!:'%&!5/+3!$-7=),!12,' 2%'/$!?F[bB!?e'!?EL"\BB8!^)$/%3+)(!./52%)4!P!=+!
)'%&),!('4)!/0!2$!'$4).!:),)!0'.%),)4*!%/!21/'4!02.()!+/('%'1)(!4-)!%/!7'(2.'6$)4!,)24(8!Q[N(!
:'%&!2!6)$/%3+)!<-2.'%3!?^oB!wEL*!/,!:'%&!wTLj!/0!%&)!'$0/,72%'1)!,)24(!(-++/,%'$6!%&)!
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52..)4!6)$/%3+)*!:),)!0'.%),)48!]..!('%)(!0,/7!%&)!V`LLC=!34 ! !?=)%:))$!%&)!?E!` !2$4!4PEBa!
6)$)(! ?X)!K/00!)%!2.8!EL"YBB!2$4!34 "+./5'!:),)!0'.%),)48!D/,!%&)!+/+-.2%'/$!(%,-5%-,)!2$2.3()(!
$/!7'(('$6!6)$/%3+)!42%2!:),)!2../:)4*!,)(-.%'$6!'$!%&)!2$2.3('(!/0!"8\\!7'..'/$!Q[N(8 !D/,!
2$2.3()(!5/7+2,'$6!%&)!4'00),)$%!'4)$%'0')4!!0+,-.)"$,'/..+ .'$)26)(*!%/!72>'7'()!%&)!$-7=),!
/0!52..2=.)!('%)(!2!7'$'7-7!/0!PLj!/0!'(/.2%)(!:'%&'$!)25&!.'$)26)!:),)!,)<-',)4!%/!&21)!
6)$/%3+)(!%&2%!+2(()4!0'.%),'$6!?)>5)+%!0/,!%&)!m2+2$)()!'(/.2%)(*!:&),)!=/%&!:),)!,)<-',)4B*!
,)(-.%'$6!'$!%&)!2$2.3('(!/0!PU8Lj!/0!('%)(!6)$/7);:'4)!?`"8gg!S=B!2$4!g\8\j!/0! \ X!('%)(!
?`8"U!S=B8!
 
2.7.3 Identification of clonal isolates !
!
F./$2.!+2',(W%,'/(!/0!'(/.2%)(!:),)!'4)$%'0')4!=2()4!/$!%&)!)>%,)7).3!./:!$-7=),!/0!52..)4!
12,'2$%(!/=(),1)4!=)%:))$!%&)!'(/.2%)(!'$!<-)(%'/$!?@2=.)!QEB8!@&)!Q[N(!%&2%!:),)!52..)4!0/,!
)25&!+2',W%,'/!:),)!72$-2..3!5&)5C)4!-('$6!#^b!1E8P8E!?a/='$(/$!)%!2.8!EL""B8!].7/(%!2..!
52..)4!Q[N(!2++)2,)4!%/!=)!&)%),/Z36/-(!:&)$!1'):)4!2(!,)24!2.'6$7)$%(*!2$4!(/!:),) !
5.)2,.3!02.()!+/('%'1)!52..(!?('$5)!!0+,-.)"$,'/.. !'( !&2+./'4B8!@&'(!'(!7/(%!.'C).3!4-)!%/!F[b !
=)%:))$!%&)!,)0),)$5)!6)$/7)!(%,2'$!2$4!%&)!'(/.2%)(!'$!<-)(%'/$8!#$!(-++/,%!/0!%&'(*!%&)!
./:)(%!$-7=),!/0!52..)4!Q[N(!'$!2!5./$2.!+2',!?E\PB!:2(!/=(),1)4 !0/,!%&)!.2=/,2%/,3!(%,2'$!
FF;"L"L !2$4!'%(!5./$)!FF;YLgU*!:&' 5&!2,)!5./().3!,).2%)4!%/!%&)!,)0),)$5)!6)$/7)!2$4!
:/-.4!=)!)>+)5%)4!%/!&2,=/-,!0):), !F[b(8!F/$1),().3*! %&)!&'6&)(%!$-7=),!?"*`ULB!:2(!
/=(),1)4!0/,!%&)!5./$2.!+2',!FF;YLgPWFF;YLgT*!:&'5&!2,)!%&)!7/(%!6)$)%'52..3!4'(%2$%!0,/7!
%&)!,)0),)$5)!6)$/7)!/0!2$3!/0!%&)!5./$2.!+2',(W%,'/(!?E8\8EB!2$4!2,)!%&),)0/,)!%&)!7/(%!.'C).3!
%/!&2,=/-,!2!&'6&),!$-7=),!/0!F[b( 8!
!
2.7.4 Quebec isolates found not be Chlamydomonas  reinhardtii +
!
]0%),!NFa!27+.'0'52%'/$!2$4!Q2$6),!()<-)$5'$6!/0!%&)!&'6&.3!12,'2=.)!72,C),(!M@4_!'$%,/$(!
b#!2$4!b##!?E8g8"B*!"E!'(/.2%)(!(27+.)4!'$!o-)=)5!'$!"TTYWT\!:),)!0/-$4!$/%!%/!=)+!0+
,-.)"$,'/..+ ?@2=.)!QYB8!@/!2%%)7+%!%/!'4)$%'03!%&)()!'(/.2%)(!%/!%&)!(+)5')(!.)1).*!:)!Q2$6),!
()<-)$5)4!%&)!+.2(%'4!,:6b !./5-(*!-('$6!%&)!+,'7),!+2',!D"!2$4!aU!0/,!27+.'0'52%'/$*!2$4!%&)!
D"*!DT*!aU!2$4!a"L!+,'7),(!0/,!()<-)$5'$6! ?[/Z2C'!)%!2.8!"TTgM![/Z2C'!)%!2.8!"TTTB8!@:/!
'(/.2%)(!?FF;YL`g!2$4!FF;YLU"B!6,):!+//,.3!-$4) ,!(%2$42,4!.2=/,2%/,3!5/$4'%'/$(*!2$4!
()<-)$5'$6!:2(!$/%!+),0/,7)4!0/,!%&)()!'(/.2%)(8!_$.3!%:/!'(/.2%)(!?FF;YLg\*!FF;YLUUB!
:),)!0/-$4!%/!=)!7)7=),(!/0!%&)!5/,) ;=-.)"$,'/.).$ *!%&)!5.24)!5/$%2'$'$6!!0+,-.)"$,'/.. *!
;(#5(<+6$,/-,.*!2$4!%&)',!,).2%'1)(!?[2C242!)%!2.8*!EL"`B8!@&)!=)(%!7)62=.2(%!&'%!0/,!FF;YLg\!
&24!/$.3!TP8`j!'4)$%'%3!%/!@$)'(,.)$+2).6(66$!?2!7-.%'5)..-.2,!(+)5')(B*!+/%)$%'2..3!
'$4'52%'$6!%&2%!%&'(!'(/.2%)!,)+,)()$%(!2!$/1).!-$'5)..-.2,!=-.)"$,'/.).$+ (+)5')(*!/,!2%!.)2(%!2!
(+)5')(!0/,!:&'5&!$/! ,:6b !()<-)$5)(!&21)!=))$!+,/4-5)48!
!
2.7.5 Genomic site class annotations !
!
^)$/7'5!5//,4'$2%)(!0/,! FXQ!:),)!4/:$./24)4!0/,!%&)! !0+,-.)"$,'/..+ 6)$/7)!2$$/%2%'/$!
1P8Y!0,/7!N&3%/Z/7)!?&%%+(rWW+&3%/Z/7)8J6'84/)86/1W+ZWB8!h'%&'$!FXQ*!LX!2$4!\X!('%)(!
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:),)!4)0'$)4!,).2%'1)!%/!%&)!,)0),)$5)!6)$/7)8!]..!G[H!=2()(!'$!%&)!,)0),)$5)!6)$/7)!?V\!
S=B!:),)!,)7/1)48!]$3!5/4/$(!%&2%!/1),.2++)4!7/,)!%&2$!/$)!,)24'$6!0,27)*!/,!%&2%!
5/$%2'$)4!7/,)!%&2$!/$)!Q[N*!:),)!0'.%),)4!4-)!%/!%&)!4'00'5-.%3!'$!4)%),7'$'$6!%&)!
4)6)$),253!/0!('%)(!'$!(-5&!52()(8!!
!
2.7.6 Population structure analyses !
!
0'$)Q@a9F@9aA!1E8"8Y!:2(!,-$!'$!G.'$C)4H!7/4)*!-('$6!%&)!0.26!G;+./'43!"H*!2$4!/%&),:'()!
4)02-.%!+2,27)%),(8!^)$)%'5!4'(%2$5)(!=)%:))$!)25&!Q[N!:),)!52.5-.2%)4!2((-7'$6!2!-$'0/,7!
,)5/7='$2%'/$!,2%)*!=2()4!/$!%&)!6)$/7);:'4)!)(%'72%)!/0!"8E!>!"L"+!5SW=+!/=%2'$)4!=3!e'-!
)%!2.8!?EL"UB!0,/7!:&/.) ;6)$/7)!,) ;()<-)$5'$6!/0!%&)!+,/6)$3!/0!5,/(()(!=)%:))$!%&)!
o-)=)5 !'(/.2%)(!FF;ETYP!2$4!FF;ETY`8!0'$)Q@a9F@9aA!52$!=)!-()4!%/!+,/=2='.'(%'52..3!
2(('6$!'$4'1'4-2.(!%/!+/+-.2%'/$(*!&/:)1),!:)!'$%),+,)%)4!%&)!,)(-.%(!(/.).3!=2()4!/$!%&)!
5/2$5)(%,3!72%,'>*!('$5)!0'$)Q@a9F@9aA!4'4!$/%!5.-(%),!'(/.2%)(!)00)5%'1).3!'$%/!
+/+-.2%'/$(8!@&'(!'(!.'C).3!4-)!%/!)>%)$('1)!eX!2$4!%&)!./:!$-7=),!/0!'(/.2%)(*!,)(-.%'$6!'$!
$)2,.3!2..!/0!%&)!'(/.2%)(!)>&'='%'$6!2!-$'<-)!,).2%'/$(&'+!%/!)25&!/%&),!'$!%),7(!/0!6)$)%'5!
2$5)(%,38!!
!
Q@a9F@9aA!1E8Y8\!:2(!,-$! /$ !2!42%2()%!/0!\X !Q[N(!(-=(27+.)4!)1),3!EL!C=*!=2()4!/$!%&)!
21),26)!4)523!/0!eX!'$!!0+,-.)"$,'/.. !?D./:),(!)%!2.8!EL"PB8!@&)!247'>%-,)!7/4).!:'%&!
5/,,).2%)4!2..).)!0,)<-)$5')(!:2(!-()4*!:'%&!EL!,)+.'52%'/$(!0/,!)25&!12.-)!/0!i!?";"L*!:'%&!
%&)!72>'7-7!=2()4!/$!%&)!%)$!(27+.'$6!./52%'/$(B*!2!=-,$;'$!/0!PLL*LLL!'%),2%'/$(*!2$4!,-$!
.)$6%&!/0!"*LLL*LLL!'%),2%'/$(8!X-)!%/!%&)!-$=2.2$5)4!(27+.'$6!?E"!'(/.2%)(!0,/7!D2,$&27*!
o-)=)5*!,).2%'1)!%/!2%!7/(%!%&,))!'(/.2%)(!0,/7!2$3!/%&),!('%)B*!%&)!+2,27)%),!2.+&2!?%&2%!
,)0.)5%(!,).2%'1)!247'>%-,)!=)%:))$!+/+-.2%'/$(B!:2(!()%!2(!12,'2=.)!0/,!)25&!+/+-.2%'/$*!
0/../:'$6! h2$6!?EL"gB8!Q@a9F@9aA!K]abAQ@Aa!1L8`8T\!?A2,.!2$4!b/$&/.4%!EL"EB!:2(!
-()4!%/!4)%),7'$)!%&)!/+%'72.!i!-('$6!%&)!•i!7)%&/4!?A12$$/!)%!2.8!ELLPB8!Fe9SNN!1"8"8E!
?m2C/=((/$!2$4!a/()$=),6!ELLgB!:2(!-()4!%/!2.'6$!+/+-.2%'/$!2(('6$7)$%(!25,/((!,)+.'52%)(!
/0!)25&!i!12.-)*!-('$6!%&)!6,))43!2.6/,'%&7!:'%&!4)02-.%!+2,27)%),(8!
!
](!2!5/7+.)7)$%2,3! 2++,/25&!%/!1'(-2.'()!7-.%'./5-(!+2%%),$(!/0!6)$)%'5!('7'.2,'%3!=)%:))$!
'(/.2%)(*!NF]!:2(!+),0/,7)4!/$ !%&)!\X!Q[N !42%2()%!-()4!0/,!%&)!Q@a9F@9aA!2$2.3('(*!
-('$6!%&)!a!+25C26)(!Q[Na).2%)!1"8U8L!2$4!64(07%!1"8"L8"!?s&)$6!)%!2.8!EL"EB8!]!$)'6&=/-,!
J/'$'$6!%,))!:2(!+,/4-5)4!-('$6!SA^]!1g8L8E`! ?i-72,!)%!2.8!EL"`B!0,/7!2..!\X!('%)(*!-('$6!
%&)!@27-,2;[)'!(-=(%'%-%'/$!7/4).*!2$4!"LLL!=//%(%,2+!,)+.'52%)(8!@/!%)(%!0/,!%&)!+,)()$5)!/0!
'(/ .2%'/$!=3!4'(%2$5)!:'%&'$![]"!2$4![]E *!2!S2$%).!%)(%!?$cTTT!+),7-%2%'/$(B!:2(!
+),0/,7)4!'$4)+)$4)$%.3!0/,!)25&!.'$)26)!/$!2!+2',:'()!72%,'>!/0!\X!6)$)%'5!4'(%2$5)!
?52.5-.2%)4!-('$6!SA^]*!@27-,2;[)'!7/4).B!2$4!6)/6,2+&'5!4'(%2$5)*!-('$6!1)62$!1E8\;P!
?_C(2$)$!)%!2.8!EL"gB8!!
!
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2.7.7 Mitochondrial and plastid haplotype networks !
!
Q'%)(!%&2%!+2(()4!0'.%),'$6!:),)!)>%,25%)4!0/,!%&)!)$%',)!7'%/5&/$4,'2.!6)$/7)!?g8YT!C=B!2$4!
+.2(%'4!FXQ!?"U8EP!C=B8!N/+]a@!?e)'6&!2$4!I,32$%!EL"PB!:2(!-()4!%/!+,/4-5)!&2+./%3+)!
$)%:/,C(!0/,!)25&!/,62$)..)!-('$6!%&)!@FQ!2.6/,'%&7!?F.)7)$%!)%!2.8!ELLEB8!!
!
2.7.8 Admixture profiling and identification of putatively introgressed genomic 
regions !
!
S2,C),!Q[N(!:),)!2(('6$)4!%/!)25&!.'$)26)!=3!'4)$%'03'$6!('%)(!:&),)!%&)!:'%&'$;.'$)26)!
5/$()$(-(!2..).)!?4)0'$)4!2(!2$!2..).)!:'%&!‚!`Lj!0,)<-)$53B!4'00),)4!=)%:))$!%&)!%:/!
.'$)26)(8!@&'(!,)(-.%)4!'$!2!%/%2.!/0!gPU*\EL!72,C),!Q[N(*!/,!/$!21),26)!V"YP!Q[N( !+),!EL!
C=8!D/,!)25&!'(/.2%)*!%&)!+,/+/,%'/$(!/0!72,C),!Q[N(!72%5&'$6!%&)![]"!/,![]E!5/$()$(-(!
:),)!%&)$!52.5-.2%)4!'$!EL!C=!(.'4'$6!:'$4/:(!?:'%&!\!C=!'$5,)7)$%(B8!#$%),12.(!/0!2%!.)2(%!
0'1)!/1),.2++'$6!:'$4/:(!)>&'='%'$6!2!72J/,'%3!/0!72,C),!Q[N(!0/,!%&)!2.%),$2%)!.'$)26)!%/!
:&'5&!%&)!'(/.2%)!=)./$6)4!:),)!%&)$!7),6)4!%/!0/,7!+-%2%'1).3!'$%,/6,)(()4!6)$/7'5!
'$%),12.(8!@/!1'(-2.'()!%&)!247'>%-,)!2$2.3('(*!0/,!)25&!'(/.2%)!'$!4'(5,)%)!EL!C=!:'$4/:(!%&)!
+,/+/,%'/$(!/0!Q[N(!:'%&![]"!2$4![]E!'4)$%'%')(!:),)!+./%%)4!2(!2!&)2%!72+!2./$6!)25&!
5&,/7/(/7)8 !
!
2.7.9 Identification of genomic tr acts inherited identical by descent !
!
h)! '4)$%'0')4!6)$/7'5!%,25%(!%&2%!2,)!.'C).3!%/!&21)!=))$!'$&),'%)4!:'%&/-%!,)5/7='$2%'/$!
0,/7!2!5/77/$!2$5)(%/,!?'8)8!'4)$%'52.!=3!4)(5)$%B!-('$6!%&)!&2+./'4;(+)5'0'5!&'44)$!S2,C/1!
7/4).!&77#IX! ?Q5&200$),!)%!2.8!EL"UB8!@&'(!2++,/25&!'$0),(!'4)$%'52.!=3!4)(5)$%!%,25%(!
(&2,)4!=)%:))$!+2',(!/0!'$4'1'4-2.(!2(!6)$/7'5!,)6'/$(!%&2%!2,)!'4)$%'52.!=3!(%2%)!?2../:'$6!
0/,!6)$/%3+'$6!),,/,B*!=2()4!/$!Q[N!2..).)!0,)<-)$5')(*!%&)!4'(%2$5)!=)%:))$!Q[N(!'$!=2()(*!
2$4!2!6)$/7) ;:'4)!,)5/7='$2%'/$!,2%)8!]44'%'/$2..3*!%&)!+,/6,27!)(%'72%)(!%&)!)>+)5%)4!
+,/+/,%'/$!/0!%&)!6)$/7)!'$&),'%)4!'4)$%'52.!=3!4)(5)$%!=)%:))$!+2',(!?!" $%&B!=2()4!/$!%&)!
21),26)!+),;Q[N!+,/=2='.'%3!/0!'4)$%'%3!=3!4)(5)$%*!'$4)+)$4)$%!/0!%&)!4)('6$2%'/$!/0!%,25%(!
?@23./,!)%!2.8!EL"gB8!&77#IX!:2(!,-$! '$4)+)$4)$%.3!0/,!)25&![8!]7),'52$!.'$)26)!
?[]"W[]EB*!2((-7'$6!2!,)5/7='$2%'/$!,2%)!/0!"8E!>!"L"+!5SW=+!?e'-!)%!2.8!EL"UB!2$4!
/%&),:'()!4)02-.%!+2,27)%),(8!](!:)!/=(),1)4!%&2%!%&)!72J/,'%3!/0!'4)$%'0')4!%,25%(!:),)!
:'%&'$!%&)!,2$6)!/0!%&)!4)523!/0!eX!'$!!0+,-.)"$,'/.. !?VEL!C=B*!%,25%!.)$6%&!0'.%),(!/0!f"LL!C=!
?V"8E!5SB!2$4!fPLL!C=!?V`8L!5SB!:),)!2++.')48!#4)$%'52.!=3!4)(5)$%!%,25%(!&21)!,)5)$%.3!
=))$!4)0'$)4!-('$6!('7'.2,!.)$6%&!5-%;/00(!%/!)>+./,)!+/+-.2%'/$;.)1).!%,25%!(&2,'$6!?h2C).)3!
2$4!h'.%/$!EL"`B8!D/../:'$6! F2,7 '!)%!2.8!?EL"YB*!%&)!5/&/,%;21),26)4!(&2,'$6!:2(!52.5-.2%)4!
0/,!)25&!'(/.2%)!2(!%&)!7)2$!+,/+/,%'/$!/0!%&)!6)$/7)!(&2,)4!'4)$%'52.!=3!4)(5)$%!=)%:))$!
%&)!'(/.2%)!'$!<-)(%'/$!2$4!2..!/%&),!'(/.2%)(!'$!%&)!(27+.)8!
 
 
!
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2.7.10 Calculation of population genetics statistics within and between 
lineages !
!
^)$)%'5!4'1),('%3!:2(!52.5-.2%)4!2(!%&)!21),26)!$-7=),!/0!+2',:'()!4'00),)$5)(!+),!('%)!?~*!
[)'!2$4!e'!?"TgTBB!0/,!)25&!/0!%&)!.'$)26)(!?[]"W[]EWmN[B*!2$4!0/,!)25&!(27+.'$6!('%)!2$4!
%'7)!+/'$%!5/$%2'$'$6!%:/!/,!7/,)!'(/.2%)(8!](!2!7)2(-,)!/0!4'00),)$%'2%'/$*!D89!:2(!52.5-.2%)4!
=)%:))$!)25&!.'$)26)!-('$6!%&)!2++,/25&!/0!K-4(/$!)%!2.8!?"TTEB*!:&),)!:'%&'$ ;+/+-.2%'/$!~!
:2(!52.5-.2%)4!2(!2$!-$:)'6&%)4!7)2$!/0!~!0/,!%&)!%:/!.'$)26)(!'$!%&)!5/7+2,'(/$8!](!2!
7)2(-,)!/0!6)$)%'5!4'(%2$5)!=)%:))$;.'$)26)( X+:)!52.5-.2%)4!%&)!$-7=),!/0!+2',:'()!
4'00),)$5)(!=)%:))$!%:/!,2$4/7!()<-)$5)(!4,2:$!0,/7!)2 5&!.'$)26)!?' *+*![)'!2$4!e'!
?"TgTBB8@&)!+,/+/,%'/$(!/0!0'>)4*!(&2,)4!2$4!+,'12%)!+/.37/,+&'(7(!:),)!52.5-.2%)4!0/,!)25&!
=)%:))$!.'$)26)!5/7+2,'(/$8!]..!52.5 -.2%'/$(!:),)!+),0/,7)4!-('$6!5-(%/7!N),.!(5,'+%(8!
!
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Chapter 3 

 
Comparative Genomics of Chlamydomonas  
 
3.1 Preface  
!
@&)!:/,C!'$!%&'(!5&2+%),!&2(!=))$!+-=.'(&)4!2(!2!72$-(5,'+%!'$!4"-+@#$)/+!-##!2$4!%&)!0',(%;
+),(/$!+.-,2.!'(!-()4!%&,/-6&/-%!%/!72'$%2'$!5/$('(%)$538!S'$/,!5&2$6)(!&21)!=))$!724)!%/!
%&)!+-=.'(&)4!1),('/$!%/!+,)(),1)!0/,72%%'$6!25,/((!%&)!%&)('(8!#!+),0/,7)4!2..!2$2.3()(*!:,/%)!
%&)!0',(%!4,20%!/0!%&)!72$-(5,'+%!2$4!+,/4-5)4!2..!0'6-,)(!2$4!%2=.)(!:'%&!%&)!)>5)+%'/$!/0!
()5%'/$!Y8\8` !?GA1/.-%'/$!/0!%&)!72%'$6!%3+)!./5-(!'$!!"#$%&'(%()$* HB8!@&)!0',(%!4,20%!2$4!
'$'%'2.!-$4),.3'$6!2$2.3()(!/0!Y8\8` !:),)!:,'%%)$!2$4!+),0/,7)4!=3!]&7)4!K2(2$*!:&/!2.(/!
+,/4-5)4!D'6-,)! ` !2$4!X2%2()%!Qg8!#!5/$%,'=-%)4!%&)!2$2.3('(!/$!5/4/$!-(26)!='2(*!%&)!
2((/5'2%)4!%)>%!2$4!D'6-,)!Qg!%/!()5%'/$!Y8\8` 8!a/=![)((!+,)+2,)4!(27+.)(!2$4!+),0/,7)4!
X[]!)>%,25%'/$!0/,!%&)!#..-7'$2!()<-)$5'$6!/0!/$)!/0!%&)!(+)5')(8!^)$),2.!,)0),)$5)(!%/!
F&2+%),!E!2,)!5'%)4!2(!F,2'6!)%!2.8!?EL"TB8!
!
F'%2%'/$r!!
!
"#$%&!'(*!K2(2$!]a*![)((!ah*!i)'6&%.)3!N X8!ELE"8!F/7+2,2%'1)!6)$/7'5(!/0!

!"#$%&'(%()$* 8!@#$)/+!-##!00r!"L"` ;"L\" 8!!
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3.2 Abstract  
 
X)(+'%)!'%(!,/.)!2(!2!5.2(('52.!7/4). !/,62$'(7!'$!+.2$%!(5')$5)(*!%&)!6,))$!2.62!
!"#$%&'(%()$*+,-.)"$,'/.. !)$%',).3!.25C(!6)$/7'5!,)(/-,5)(!0/,!2$3!5./().3!,).2%)4!(+)5')(8!
h)!+,)()$%!&'6&.3!5/$%'6-/-(!2$4!:)..;2$$/%2%)4!6)$/7)!2(()7=.')(!0/,!%&,))!-$'5)..-.2,!
,).2%'1)(!/0!%&)!(+)5')(*!!"#$%&'(%()$*+.)6-,/$ *!!"#$%&'(%()$*+*6"#(-**-,. !2$4!%&)!7/,)!
4'(%2$%.3!,).2%)4!A'$1"(6"#$%&*+'-:$,&$)$8!@&)!%&,))!!"#$%&'(%()$* !6)$/7)(! 2,)!&'6&.3!
(3$%)$/-(!:'%&!('7'.2,!6)$)!5/$%)$%(*!2.%&/-6&!%&)!"ET8E!S=!!0+.)6-,/$!2$4!"YL8E!S=!!0+
*6"#(-**-,.+2(()7=.')(!2,)!7/,)!,)+)2% ;,'5&!%&2$!%&)!"""8"!S=!!0+,-.)"$,'/.. !6)$/7)8!h)!
'4)$%'03!%&)!72J/,!5)$%,/7),'5!,)+)2%!'$!!0+,-.)"$,'/..+ 2(!2!e#[A!%,2$(+/(2=.)!).)7)$%!
&/7/./6/-(!%/! U-11!?%&)!5)$%,/7),'5!,)+)2%!'$!!(66(%&<$+*2:-##.1*(.'-$B!2$4!'$0),!%&2%!
5)$%,/7),)!./52%'/$(!2$4!(%,-5%-,)!2,)!.'C).3!5/$(),1)4!'$!!0+.)6-,/$!2$4!!0+*6"#(-**-,.8!h)!
,)+/,%!)>%)$('1)!,)2,,2$6)7)$%(*!=-%!.'7'%)4!6)$)!%-,$/1),*!=)%:))$!%&)!%.)2*!72%'$6!%3+)!
./5'!/0!%&)!!"#$%&'(%()$* !(+)5')(8!h)!+,/4-5)!2$!U ;(+)5')(!5/,) ;=-.)"$,'/.).$+ :&/.) ;
6)$/7)!2.'6$7)$%*!:&'5&!:)!-()!%/!'4)$%'03!()1),2.!&-$4,)4!02.()!+/('%'1)!2$4!7'(('$6!6)$)(!
'$!%&)!!0+,-.)"$,'/..+ 2$$/%2%'/$!2$4!fE`L*LLL!)1/.- %'/$2,3!5/$(),1)4!).)7)$%(!'$!%&)!!0+
,-.)"$,'/.. !6)$/7) 8!#$!(-772,3*!%&)()!$/1).!,)(/-,5)(!)$2=.)!5/7+2,2%'1)!6)$/7'5(!
2$2.3()(!%/!=)!+),0/,7)4!0/,!!0+,-.)"$,'/.. *!('6$'0'52$%.3!4)1)./+'$6!%&)!2$2.3%'52.!%//.C'%!0/,!
%&'(!'7+/,%2$%!7/4).!(3(%)71
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3.3 Introduction !
!
h'%&!%&)!,2+'4!'$5,)2()!'$!6)$/7)!()<-)$5'$6!/1),!%&)!+2(%!%:/!4)524)(*!5/7+2,2%'1)!
6)$/7'5(!2$2.3()(!&21)!=)5/7)!2!0-$427)$%2.!%//.!'$!='/./6'52.!,)()2,5& 8!](!%&)!0',(%!()%(!/0!
6)$/7)(!0/,!5./().3!,).2%)4!)-C2,3/%'5!(+)5')(!=)527)!212'.2=.)*!+'/$)),'$6!5/7+2,2%'1)!
(%-4')(!.)4!%/!,)0'$)4!)(%'72%)(!/0!6)$)!5/$%)$%!2$4!/,%&/./63*!+,/1'4)4!$/1).!'$('6&%(!'$%/!
%&)!)1/.-%'/$!/0!6)$/7)!2,5&'%)5%-,)!2$4!%&)!)>%)$%!/0!6)$/7'5! (3$%)$3!=)%:))$!(+)5')(*!2$4!
)$2=.)4!%&)!+,/+/,%'/$(!/0!6)$/7)(!)1/.1'$6!-$4),!)1/.-%'/$2,3!5/$(%,2'$%!%/!=)!)(%'72%)4!
0/,!%&)!0',(%!%'7)!?S/-()!^)$/7)!Q)<-)$5'$6!F/$(/,%'-7!ELLEM!F.'0%)$!)%!2.8!ELLYM!Q%)'$!)%!
2.8!ELLYM!a'5&2,4(!)%!2.8!ELLPB8!](!244'%'/$2.!6)$/7)(!:),)! ()<-)$5)4 !'%!=)527)!+/(('=.)!%/!
+,/4-5) !7-.%'+.)!(+)5')(!:&/.) ;6)$/7)!2.'6$7)$%(!?h^]B !2$4!%/!'4)$%'03!5/$(),1)4!
).)7)$%(!?FA(B!'$!$/$5/4'$6!,)6'/$(! 0/,!()1),2.!/0!%&)!7/(%!:)..;(%-4')4!.'$)26)(!?Q')+).!)%!
2.8!ELLPM!Q%2,C!)%!2.8!ELLgM!^),(%)'$!)%!2.8!EL"LM!e'$4=.24;@/&!)%!2.8!EL""B8!S2$3!/0!%&)()!
5/$(),1)4!$/$5/4'$6 !()<-)$5)(! /1),.2+ !,)6-.2%/,3!).)7)$%(*!2$4!%&)!'4)$%'0'52%'/$!/0!FA(!
&2(!+,/1)4!%/!=)!27/$6! %&)!7/(%!255-,2%)!2++,/25&)(!0/,!4'(5/1),'$6 !0-$5%'/$2.!6)$/7'5!
()<-)$5)(! ?].0O.4'!2$4!e'$4=.24;@/&!EL"YB8!h^](!2,)!2.(/!+/:),0-.!,)(/-,5)(!0/,!4',)5%.3!
'7+,/1'$6!6)$)!2$$/%2%'/$(*!:'%&!2++.'52%'/$(!'$5.-4'$6!%&)!'4)$%'0'52%'/$!/0!$/1).!6)$)(*!
(+.'5)!0/,7(!2$4!)>/$(! ?e'$!)%!2.8!ELLgM!S-46)!)%!2.8!EL"TB*!4'(%'$6-'(&'$6!=)%:))$!+,/%)'$;
5/4'$6!2$4!./$6!$/$5/4'$6!a[]!?.$5a[]B!6)$)(! ?N2-.'!)%!2.8!EL"EB*!2$4!%&)!'4)$%'0'52%'/$!/0!
$/$;(%2$42,4!+,/%)'$;5/4'$6!0)2%-,)(!(-5&!2(!%,2$(.2%'/$2.!0,27)(&'0%(!2$4!(%/+!5/4/$!
,)24%&,/-6&!?e'$!)%!2.8!ELLgM!m-$6,)'(!)%!2.8!EL""B8!
!
@&)!2='.'%3!%/!+),0/,7!5/7+2,2%'1)!2$2.3()(!'(!5/$%'$6)$%!/$!%&)!212'.2='.'%3!/0!6)$/7)!
2(()7=.')(!0/,!(+)5')(!%&2%!(+2$!2!,2$6)!/0!2++,/+,'2%)!)1/.-%'/$2,3!4'(%2$5)(8!h&'.)!%&'(!
(%2%)!&2(!=))$!25&')1)4!0/,!7/(%!7/4).!/,62$'(7(*!%&),)!,)72'$!()1),2.!(+)5')(!/0! &'6&!
='/./6'52 .!('6$'0'52$5)!%&2%!)$%',).3!.25C!6)$/7'5!,)(/-,5)(!0/,!2$3!5./().3!,).2%)4!(+)5')(8!
K'..),!)%!2.8!?EL"YB!4)(5,'=)4!(-5&!52()(!2(!t+&3./6)$)%'52..3!'(/.2%)4!6)$/7)(n*!(+)5'0'52..3!
,)0),,'$6!%/!(+)5')(!0/,!:&'5&!%&)!7/(%!5./().3!,).2%)4!6)$/7)(!=)./$6!%/!(+)5')(!4'1),6)$%!
=3!/$)!/,!7/,)!(-=(%'%-%'/$(*!/$!21),26)*!+),!$)-%,2..3!)1/.1'$6!('%)8!]%!%&'(!(52.)!/0!
4'1),6)$5)!2$!'$5,)2('$6.3!$)6.'6'=.)!+,/+/,%'/$!/0!%&)!6)$/7)!52$!=)!2.'6$)4!2%!%&)!
$-5.)/%'4);.)1).! ?S2,6-.')(!)%!2.8!ELL`B*!.'7'%'$6!5/7+2,2%'1)!2$2.3()(!%/!%&)!+,/%)'$;.)1).!
2$4!'7+)4'$6!%&)!4)1)./+7)$%!/0!(-5&!(+)5')(!2(!7/4). !(3(%)7(!'$!$-7),/-(!,)()2,5&!2,)2( 8!!!
!
].%&/-6&!%&)!V""" !S=!&2+./'4!6)$/7)!/0! !0+,-.)"$,'/..+ :2(!27/$6!%&)!)2,.')(%!)-C2,3/%'5!
6)$/7)(!%/!=) !()<-)$5)4 !?^,/((72$!)%!2.8!ELLYM!S),5&2$%!)%!2.8!ELLgB*!'%!5-,,)$%.3!7))%(!%&)!
t+&3./6)$)%'52..3!'(/.2%)4n!4)0'$'%'/$8!@&)!5./()(%!5/$0',7)4! ,).2%'1)(!/0!!0+,-.)"$,'/.. !%&2%!
&21)!6)$/7)!2(()7=.' ) (!=)./$6!%/!%&)!5.24)!/0!7-.%'5)..-.2,!2.62)!%&2%!'$5.-4)(!;(#5(<+
6$,/-,. *!%&)!4-/,$:$-)$6-$- TL().$6-$- T;(#5(6$6-$- *!/,!@^b!5.24)8!](!'$%,/ 4-5)4!'$!"8E8E*!
!0+,-.)"$,'/..+ 2$4!%&)!@^b!5.24)!2,)!5/..)5%'1).3!+2,%!/0!%&)!&'6&.3!4'1),()!/,4),!b/.1/52.)(*!
2$4!%&)!7/,)!%2>/$/7'52..3!.'7'%)4!5.24)(!=-.)"$,'/.).$+ 2$4!5/,);=-.)"$,'/.).$+ ?[2C242!)%!
2.8!ELLUM![2C242!)%!2.8!EL"`B8!].%&/-6&!%&)()!(+)5')(!2,)!,)6-.2,.3!5/$('4),)4!5./()!,).2%'1)(*!
7-.%'5)..-.2,'%3!.'C).3!/,'6'$2%)4!'$!%&)!@^b!5.24)!/1),!ELL!7'..'/$!3)2,(!26/!?K),,/$!)%!2.8!



! PT!

ELLTB*!2$4!! 0+,-.)"$,'/..+2$4!;0+6$,/-,.+2,)!7/,)!4'1),6)$%!0,/7!/$)!2$/%&),!%&2$!&-72$!'(!
%/!5&'5C)$!?N,/5&$'C!)%!2.8!EL"LB8!!
!
h'%&/-%!2!5/7+2,2%'1)!6)$/7'5(!0,27):/,C*!%&)!:'4),!2++.'52%'/$!/0!!0+,-.)"$,'/..+ 2(!2!
7/4).!(3(%)7!'(!'7+)4)48!h&'.)!%&'(!=,/24.3!2++.')(!%/!%&)!6)$),2.!0-$5%'/$2.!2$$/%2%'/$!/0!
%&)!6)$/7)!2(!/-%.'$)4!2=/1)!?)868!,)0'$)7)$%!/0!6)$)!7/4).(!2$4!2$$/%2%'/$!/0!FA(B*!'%!'(!
+2,%'5-.2,.3!,).)12$%!%/!%&)!0').4!/0!7/.)5-.2,!)1/.-%'/$8!h '%&/-%!6)$/7'5!,)(/-,5)(!0/,!
5./().3!,).2%)4!(+)5')(!'%!'(!5-,,)$%.3!'7+/(('=.)!%/!+),0/,7!()1),2.!C)3!2$2.3()(*!(-5&!2(!%&)!
5/7+2,'(/$!/0!(-=(%'%-%'/$!,2%)(!2%!(3$/$37/-(!2$4!$/$;(3$/$37/-(!('%) (!/0!+,/%)'$;5/4'$6!
6)$)(!?'8)8!52.5-.2%'$6!4[W4QB*!2$4!%&)!'$0),)$5)!/0!2$5)(%,2.!(%2%)(!2%!+/.37/,+&'5!('%)(!?2!
,)<-',)7)$%!/0!()1),2.!+/+-.2%'/$!2$4!<-2$%'%2%'1)!6)$)%'5(!7/4).(!?i)'6&%.)3!2$4!m25C(/$!
EL"UBB8!!
!
D-,%&),7/,)*!;0+6$,/-,.+2$4!%&)!:'4), !@^b!5.24)!2,)!)>%)$('1).3!-()4!%/!(%-43!%&)!)1/.-%'/$!
/0!7-.%'5)..-.2,'%3!2$4!/%&),!72J/,!)1/.-%'/$2,3!%,2$('%'/$(!?)868!'(/6273!%/!2$'(/6273B*!2$4!
0'1)!6)$/7)(!/0!7-.%'5)..-.2,!(+)5')(!(+2$$'$6!2!,2$6)!/0! /,62$'(72. !5/7+.)>'%')(!&21)!$/: !
=))$!2(()7=.)4! ?N,/5&$'C!)%!2.8!EL"LM!K2$(5&)$!)%!2.8!EL"`M!D)2%&),(%/$!)%!2.8!EL"UM!K272J'!
)%!2.8!EL"UB8!@&)()!(%-4')(!&21)!/0%)$!'$5.-4)4!2$2.3()(!/0!6)$)!027'.3!)1/.-%'/$*!,)+/,%'$6!
)>+2$('/$(!'$!027'.')(!%&/-6&%!%/!=)!0-$5%'/$2..3!,).2%)4!%/!7-.%'5)..-.2,'%38!h&'.)!%&)()!
2$2.3()(!&21)!-$4/-=%)4.3!724)!'7+/,%2$%!5/$%,'=-%'/$(*!%&)3!2,)!$/$)%&).)((!.'7'%)4!'$!
%&)',!+&3./6)$)%'5!,/=-(%$)((*!('$5)!!0+,-.)"$,'/..+ '(!%&)!/$.3!-$'5)..-.2,!,).2%'1)!:'%&'$!
&-$4,)4(!/0!7'..'/$ (!/0!3)2,(!212'.2=.)!0/,!5/7+2,'(/$ 8!@&-(*!%&)!212'.2='.'%3!/0!2$$/%2%)4!
6)$/7)(!0/,!-$'5)..-.2,!,).2%'1)(!/0! !0+,-.)"$,'/..+ :'..!2.(/!(),1)!2(!2$!'7+/,%2$%!,)(/-,5)!
%/:2,4(!,)5/$(%,-5%'$6!%&)!2$5)(%,2.!5/,);=-.)"$,'/.).$+ 6)$)!5/$%)$%*!+/%)$%'2..3!+,/1'4'$6!
$/1).!'$('6&%(!'$%/!%&)!72J/,!)1/.-%'/$2,3!%,2$('%'/$(!%&2%!&21)!/55-,,)4!'$!%&'(!.'$)26)8!!!
!
#$!%&'(!5&2+%),!:)!+,)()$%!&'6&.3!5/$%'6-/-(!2$4!:)..;2$$/%2%)4!6)$/7)!2(()7=.')(!0/,!%&)!
%:/!5./()(%!C$/:$!,).2%'1)(!/0!!0+,-.)"$,'/.. *!$27).3!!"#$%&'(%()$*+.)6-,/$+2$4!
!"#$%&'(%()$*+*6"#(-**-,. *!2$4!2!7/,)!4'(%2$%.3!,).2%)4!-$'5)..-.2,!(+)5')(*!A'$1"(6"#$%&*+
'-:$,&$)$ 8!b'2!5/7+2,'(/$!%/!%&)!6)$/7)(!/0!!0+,-.)"$,'/..+ 2$4!%&)!@^b!5.24)!(+)5')(!:)!
+,)()$%!%&)!0',(%!'$('6&%(!'$%/!%&)!5/7+2,2%'1)!6)$/7'5(!/0!!"#$%&'(%()$* *!0/5-(('$6!
(+)5'0'52..3!/$!%&)!5/$(),12%'/$!/0!6)$/7)!2,5&'%)5%-,)!=)%:))$!(+)5')(!2$4!%&)!.2$4(52+)!/0!
()<-)$5)!5/$(),12%'/$!'$!!0+,-.)"$,'/.. 8!h&'.)!0/,7'$6!/$.3!/$)!/0!%&)!'$'%'2.!(%)+(!'$!%&'(!
+,/5)((*!=3!+,/1'4'$6!%&)!0',(%!5/7+2,2%'1)!6)$/7'5(!0,27):/,C!0/,!%&)!(+)5')(!:)!2$%'5'+2%)!
%&2%!%&)()!$/1).!,)(/-,5)(!:'..!6,)2%.3!2'4!'$!%&)!5/$%'$-)4!4)1)./+7)$%!/0!!0+,-.)"$,'/..+ 2(!2!
7/4).!/,62$'(78 !

 
3.4 Results and Discussion !
!
3.4.1 The closest known relatives of Chlamydomonas reinhardtii  
!
].%&/-6&!%&)!6)$-(!!"#$%&'(%()$*+5/$('(%(!/0!()1),2.!&-$4,)4!-$'5)..-.2,!(+)5')(!'%!'(!
&'6&.3!+/.3+&3.)%'5!?N,O(5&/.4!)%!2.8!ELL"B*!2$4!!0+,-.)"$,'/..+ '(!7/,)!5./().3!,).2%)4!%/!%&)!



! `L !

7-.%'5)..-.2,!@^b!5.24)!%&2$!%&)!72J/,'%3!/0!!"#$%&'(%()$*+(+)5')(8!^'1)$!%&)',!7/,)!
5/$(+'5-/-(!7/,+&/./63*!%&)!@^b!5.24)!5/$%2'$(!VPL!4)(5,'=)4!(+)5')(!?K),,/$!)%!2.8!ELLTB*!
:&'.)!%&)!-$'5)..-.2,!.'$)26)!.)24'$6!%/!!0+,-.)"$,'/..+ '$5.-4)(!/$.3!%:/!/%&),!5/$0',7)4!
(+)5')(*!!0+.)6-,/$+2$4!!0+*6"#(-**-,.!?N,O(5&/.4!)%!2.8!ELLPM!N,O(5&/.4!)%!2.8!EL"UB0+](! !0+
,-.)"$,'/..+ '(!%&)!%3+)!(+)5')(!/0!!"#$%&'(%()$* *!%&)()!%&,))!(+)5')(!5/..)5%'1).3!5/7+,'()!
%&)!7/$/+&3.)%'5!6)$-(+?D'6-,)!"]*!I*!FB*!2$4!%&,/-6&/-%!%&'(!5&2+%),!!"#$%&'(%()$*+:'..!
=)!-()4!(+)5'0'52..3!%/!,)0),!%/!%&'(!5.24)8!!
!

!
!
"#$%&'!()!E>+*-,!$/!&+/,01-202*,3%+)%!4-,5+2"+/,01 3%,6-'(-,7 !
*+,%&'%#()*+,#-.))7!
*-, !&'%)*"(#.,%D5F!_7_L!
*/, !&'%3"+/2(33(#)%D5F!]HhR!9iNN5"!QQ;Q_L?7!
*4, !4'%-(6,#1,*,%D5F!QQ7_L!9iNN5"!QQ;_T?7!
5@@!(>+*-,!6#$2(%-%!<B!C1$>+,!"#j,'1$@%7!!
!
!0+.)6-,/$+'(!%&)!5./()(%!C$/:$!,).2%'1)!/0!!0+,-.)"$,'/.. *!2$4!2!(72..!$-7=),!/0!5/7+ 2,2%'1)!
6)$)%'5(!2$2.3()(!&21)!=))$!+),0/,7)4!=)%:))$!%&)!%:/!(+)5')(!?D),,'(!)%!2.8!"TTgM!N/+)(5-!
)%!2.8!ELL`M!Q7'%&!2$4!e))!ELLUB8!!0+.)6-,/$+'(!C$/:$!0,/7!/$.3!%:/!'(/.2%)(*!2$4!:)!().)5%)4!
%&)!/,'6'$2.!'(/.2%)!Q]^!g8gY!0/,!()<-)$5'$68!9$0/,%-$2%).3*!2.%&/-6&!!0+.)6-,/$+Q]^!g8gY!'(!
$/7'$2..3!0,/7!F-=2*!%&)!6)/6,2+&'5!/,'6'$!/0!%&)!'(/.2%)!'(!-$5),%2'$!4-)!%/!2!+,/+/()4!
&'(%/,'52.!5-.%-,)!,)+.25)7)$%!:'%&!!0+9#(:(*$+Q]^!U"8gE!0,/7!%&)![)%&),.2$4(!?K2,,'(!)%!2.8!
"TT"B8!](!%&)!4',)5%'/$!/0!,)+.25)7)$%!'(!-$C$/:$*!%&)!(%,2'$!723!=)!0,/7!)'%&),!./52%'/$8!
Q]^!g8gY!'(!5-,,)$%.3!.'(%)4!2(!!0+9#(:(*$+=2()4!/$!%&)!%2>/$/7'5!,)2(()((7)$%!/0![2C242!)%!
2.8!?EL"LB*!2.%&/-6&!N,O(5&/.4!2$4!X2,')$C/!?EL"UB!5/$%)(%)4!%&'(!5&2$6)8!h)!,)0),!%/!Q]^!
g8gY!2(!!0+.)6-,/$+6'1)$!'%(!)>'(%'$6!-()!'$!%&)!6)$)%'5(!.'%),2%-,)8!!0+*6"#(-**-,.+:2(!,)5)$%.3!
4)(5,'=)4!=3!N,O(5&/.4!)%!2.8!?EL"UB*!:'%&!%&,))!'(/.2%)(!0,/7!2!('$6.)!('%)!'$!i)$32!'$!5-.%-,)8!
h)!().)5%)4!FF]N!""W"gY!0/,!()<-)$5'$68!!
!

10 µm 10 µm

10 µm 10 µm



! `" !

I)3/$4! !"#$%&'(%()$*+%&),)!2,)!2!(-=(%2$%'2.!$-7=),!/0!-$'5)..-.2,!5/,);=-.)"$,'/.).$+
(+)5')(!:'%&!-$5),%2'$!+&3./6)$)%'5!,).2%'/$(&'+(!?'8)8!%&2%!723!=)!+2,%!/0!%&)!.'$)26)!
'$5.-4'$6!!"#$%&'(%()$* *!%&)!.'$)26)!'$5.-4'$6!%&)!@^b!5.24)*!/,!/-%6,/-+(!%/!=/%&B8!
]7/$6!%&)()*!%&)!=)(%!(%-4')4!'(!A0+'-:$,&$)$*!:&'5&!:2(!,)5)$%.3!,)$27)4!0,/7!
!"#$%&'(%()$*+'-:$,&$)$+ ?N,O(5&/.4!)%!2.8!EL"UB8!A0+'-:$,&$)$ !2++)2,(!%/!=)!&'6&.3!
2=-$42$%!'$!$2%-,)!?-$.'C)!%&)!%&,))!!"#$%&'(%()$*+(+)5')(B*!:'%&!7/,)!%&2$!EL!'(/.2%)(!
0,/7!25,/((!%&)![/,%&),$!K)7'(+&),)!'$!5-.%-,)*!(-66)(%'$6!%&2%!'%!5/-.4!=)!4)1)./+)4!2(!2!
7/4).!0/,!(%-43'$6!2.62.!7/.)5-.2,!)5/./638!X, 20%!6)$/7)(!/0!%&)!'(/.2%)(![#AQ;EE"E!0,/7!
m2+2$!?K',2(&'72!)%!2.8!EL"`B!2$4!hQg!0,/7!%&)!9Q]!?[).(/$!)%!2.8!EL"TB!:),)!,)5)$%.3!
2(()7=.)4*!:&'.)!:)!().)5%)4!FF]N!""WgL!0,/7! %&)!FZ)5&!a)+-=.'5!0/,!()<-)$5'$6!?D'6-,)!
"XB8!!
!
3.4.2 The genomes of Chlamydomonas incerta , Chlamydomonas schloesseri 
and Edaphochlamys de baryana  
!
9('$6!2!5/7='$2%'/$!/0!N25'0'5!I'/(5')$5)(!?N25I'/B!()<-)$5'$6!0/,!'-+)(5(+ 2(()7=.3!?\L;
\T>!5/1),26)*!@2=.)!Q"B!2$4!#..-7'$2!()<-)$5'$6!0/,!),,/,!5/,,)5%'/$!?\Y;U`>!5/1),26)*!
@2=.)!QEB*!:)!+,/4-5)4!5/$%'6;.)1).!6)$/7)!2(()7=.')(!0/,! !0+.)6-,/$*!!0+*6"#(-**-,. !2$4!A0+
'-:$,&$)$ 8!]..!%&,))!2(()7=.')(!:),)!&'6&.3!5/$%'6-/-(*!:'%&![PL(!/0!"8`!S=!?!0+.)6-,/$B*!
"8E!S=!?!0+*6"#(-**-,.B!2$4!L8gY!S=!?A0+'-:$,&$)$B*!2$4!ePL(!/0!E\*!YL!2$4!P`!5/$%'6(*!
,)(+)5%'1).3!?@2=.)!"B8!^)$/7);7/4)!I9QF_! ?I)$5&72,C'$6!9$'1),(2.!Q'$6.);F/+3!
_,%&/./6B!(5/,)(! ?h2%),&/-()!)%!2.8!EL"UB!(-++/,%)4!2!&'6&;.)1).!/0!2(()7=.3!5/7+.)%)$)((*!
:'%&!%&)!+),5)$%26)!/0!-$'1),(2.!5&./,/+&3%)!('$6.);5/+3!/,%&/./6(!'4)$%'0')4!'$!)25&!6)$/7)!
,2$6'$6!0,/7!TP8Tj!%/!TU8"j8!@&)()!7)%,'5(!5/7+2,)!021/-,2=.3!%/!%&)!=)(%!)>'(%'$6!5/,);
=-.)"$,'/.).$ !?@2=.)!"B!2$4!b/.1/52.)(!2(()7=.')(!?X2%2()%!QEB8!].%&/-6&!%&)!!0+,-.)"$,'/..+
2$4!;0+6$,/-,.+2(()7=.')(!&21)!6,)2%),!(5200/.4;.)1).![PL(!%&2$!%&)!%&,))!$):!2(()7=.')(*!
%&)3!2,)!=/%&!5/$('4),2=.3!7/,)!0,267)$%)4!2%!%&)!5/$%'6!.)1).*!:'%&![PL(!/0!E"P!C=!2$4!UP!
C=*!,)(+)5%'1).38!h&'.)!%&'(!'(!$/%!(-,+,'('$6!6'1)$!/-,!2++.'52%'/$!/0!./$6!,)24!()<-)$5'$6*!'%!
$/$)%&).)((!4)7/$(%,2%)(!%&2%!%&)()!'7+/,%2$%!7/4).!6)$/7)(!5/-.4!=)!(-=(%2$%'2..3!
'7+,/1)4!=3!244'%'/$2.!()<-)$5'$6!)00/,%8!@&)!5/$%'6;.)1).![PL(!/0!%&)!%&,))!$):!2(()7=.')(!
2.(/!)>5))4)4!%&/()!/0!,)5)$%!@^b!5.24)!2(()7=.')(*!$27).3!L().2%+1-6/(,$#-!?K2$(5&)$!)%!
2.8!EL"`B!2$4!%&)!N25I'/;=2()4!2(()7=.')(!/0! M$%$9.*".-##$+2).6(66$+2$4!A2'(, .)$+(+8!
EL"`;gLY;A- ;"P!?&),)20%),!A2'(,.)$+ (+8B!?K272J'!)%!2.8!EL"UB8!
!
](()7=.)4!6)$/7)!('Z)!12,')4!7/4),2%).3!25,/((!%&)!)'6&%!(+)5')(*!,2$6'$6!0,/7!"""8"!S=!
?!0+,-.)"$,'/.. B!%/!"U\8L!S=!?A2'(,.)$+ (+8B!?@2=.)!"B8!I/%&!!0+.)6-,/$+?"ET8E!S=B!2$4!!0+
*6"#(-**-,.+?"YL8E!S=B!&24!5/$('(%)$%.3!.2,6),!2(()7=.')(!%&2$!!0+,-.)"$,'/.. *!2$4!%&)!A0+
'-:$,&$)$+ 2(()7=.3 +?"\E8"!S=B!:2(!.2,6),!%&2$!%&/()!/0!M0+2).6(66$+2$4!;0+6$,/-,.8!
].%&/-6&!244'%'/$2.!6)$/7)!2(()7=.')(!/,!0./:!53%/7)%,3!)(%'72%)(!:'..!=)!,)<-',)4!%/!0-..3!
)>+./,)!6)$/7)!('Z)!)1/.-%'/$!'$!%&)!5/,) ;=-.)"$,'/.).$ *!%&)()!,)(-.%(!(-66)(%!%&2%!!0+
,-.)"$,'/..+ 723!&21)!-$4),6/$)!2!,)5)$%!,)4-5%'/$!'$!6)$/7)!('Z)8!D-,%&),7/,)*!:&'.)!
)2,.'),!5/7+2,'( /$(!=)%:))$!7-.%'5)..-.2,!(+)5')(!2$4!!0+,-.)"$,'/..+ .)4!%/!%&)!/=(),12%'/$!
%&2%!5),%2'$!7)%,'5(!/0!6)$/7'5!5/7+.)>'%3!?)868!6)$)!4)$('%3!2$4!'$%,/$!.)$6%&*!())!=)./:B!
5/,,).2%)!:'%&!/,62$'(72.!5/7+.)>'%3*!%&)()!,)(-.%(!'$4'52%)!%&2%!6)$/7)!('Z)*!2%!.)2(%!0/,!
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! `Y!

%&)()!(+)5')(*!4/)(!$/%8!F/$1),().3*!2(!+,/+/()4!=3!K2$(5&)$!)%!2.8!?EL"`B*!^F!5/$%)$%!4/)(!
2++)2,!%/!4)5,)2()!:'%&!'$5,)2('$6!5)..!$-7=),*!:'%&!6)$/7) ;:'4)!12.-)(!,2$6'$6!0,/7!`\8"!
%/!`g8"j!0/,!%&)!-$'5)..-.2,!(+)5')(!2$4!0,/7!`\8P!%/!P`8"j!'$!%&)!@^b!5.24)!?@2=.)!"B8!!
!
@&)!.2,6),!6)$/7)!('Z)(!/0!%&)!-$'5)..-.2,!(+)5')(*!,).2%'1)!%/!!0+,-.)"$,'/..X+52$!.2,6).3!=)!
2%%,'=-%)4!%/!4'00),)$5)(!'$!%&)!5/$%)$%!/0!%,2$(+/(2=.)!).)7)$%(!?@A(B!2$4!(2%)..'%)!X[]!
?4)0'$)4!2(!%2$4)7!,)+)2%(!:'%&!7/$/7),(!f"L!=+B8!h)!+,/4-5)4!,)+)2%!.'=,2,')(!0/,!)25&!
(+)5')(!=3!5/7='$'$6!72$-2.!5-,2%'/$!?X2%2()%!Q" B!:'%&!2-%/72%)4!,)+)2%!'4)$%'0'52%'/$8!D/,!
!0+,-.)"$,'/..X+:)! +,/4-5)4!2$!)>&2-(%'1).3!5-,2%)4!.'=,2,3!%&2%!-+42%)(!2..!()<-)$5)(!'$!%&)!
)>'(%'$6!.'=,2,3!212'.2=.)!0,/7!a)+=2()!?&%%+(rWW:::86','$(%8/,6W,)+=2()WB!2$4!7/,)!%&2$!
4/-=.)(!%&)!%/%2.!$-7=),!/0!2$$/%2%)4!@A(!?E`T!1(!" "T!(-=027'.')(B*!4)%2'.(!/0!:&'5&!2,)!
+,)()$%)4!'$!P8\8"8!D/,!%&)!%&,))!$):!2(()7=.')(*!:)!+),0/,7)4!%2,6)%)4!5-,2%'/$!/0!%&)!7/(%!
2=-$42$%!@A(!'$!)25&!(+)5')(*!('7'.2,!%/!%&)!2$$/%2%'/$!+),0/,7)4!0/,!%&)!;0+6$,/-,.+6)$/7)!
+,/J)5%!?N,/5&$'C!)%!2.8!EL"LB8!]..!%&,))!/0!%&)!$):!2(()7=.')(!5/$%2'$)4!6,)2%),!%/%2.!
27/-$%(!?EL8";Eg8P!S=B!2$4!&'6&),!6)$/7'5!+,/+/,%'/$(!?"\8";E"8"jB!/0!5/7+.)>!,)+)%'%'1)!
()<-)$5)!%&2$!!0+,-.)"$,'/..+ ?"P8Y!S=!2$4!"Y8UjB!?@2=.)!"B8!](!4'(5-(()4!=)./:*!%&)!.2,6),!
6)$/7)!('Z)!/0! A0+'-:$,&$)$+52$!2.(/!=)!+2,%.3!2%%,'=-%)4!%/!%&)!(-=(%2$%'2..3!&'6&),!$-7=),!
/0!6)$)(!+,)()$%!'$!%&)!(+)5')(8!D/,!2..!%&,))!2(()7=.')(*!,)+)2%!5/$%)$%!:2(!,).2%'1).3!
5/$('(%)$%!25,/((!5/$%'6(*!)>5)+%!0/,!(72..!5/$%'6(!?wV"LL!C=B*!:&'5&!)>&'='%)4!&'6&.3!
12,'2=.)!,)+)2%!5/$%)$%(!2$4!.'C).3!,)+,)()$%!0,267)$%(!/0!5/7+.)>!,)6'/$(!%&2%!&21)!,)('(%)4!
2(()7=.3! ?D'6-,)!Q"B8!@&)!&'6&),!,)+)2%!5/$%)$%(!/0!%&)!%&,))!2(()7=.')(!:),)!=,/24.3!
5/$('(%)$%!25,/((!@A!/,4), (!?D'6-,)!QEB*!2.%&/-6&!2!4',)5%!5/7+2,'(/$!/0!%&)!@A(!+,)()$%!'$!
)25&!6)$/7)!'(!5/7+.'52%)4!=3!+&3./6)$)%'5!='2(8!@&)!'$5.-('/$!/0!2!5-,2%)4!,)+)2%!.'=,2,3!
0/,!!0+,-.)"$,'/..+ 4',)5%.3!5/$%,'=-%)(!%/!72(C'$6!2$4!,)+)2%!5.2(('0'52%'/$!'$!,).2%)4!(+)5')(*!
&/:)1),!%&'(!)00)5%!:'..!=)5/7)!'$5,)2('$6.3!$)6.'6'=.)!2(!4'1),6)$5)!'$5,)2()(8!@&'(!'(!.'C).3!
%/!2%!.)2(%!+2,%.3!)>+.2'$!%&)!./:),!,)+)2%!5/$%)$%!2$4!&'6&),!+,/+/,%'/$!/0!G-$C$/:$H!
5.2(('0'52%'/$(!/=(),1)4!0/,!A0+'-:$,&$)$+,).2%'1)!%/!!0+.)6-,/$+2$4!!0+*6"#(-**-,.+?@2=.)!"*!
D'6-,)! QEB8!
!
[/$)%&).)((*!=2()4!/$!%&)!72$-2.!5-,2%'/$!/0!%&)!7/(%!2=-$42$%!@A!027'.')(*!2!<-2.'%2%'1)!
5/7+2,'(/$!'(!+/(('=.)8!]..!5-, 2%)4!@A(!=)./$6)4!%/!/,4),( !2$4!(-+),027'.')(!%&2%!2,)!+,)()$%!
'$!/$)!/,!=/%&!/0!!0+,-.)"$,'/..+ 2$4!;0+6$,/-,.*!(-66)(%'$6!2!.2,6).3!5/77/$!,)+),%/',)!/0!@A(!
25,/((!%&)!5/,);=-.)"$,'/.).$ 8!]./$6('4)!7/,)!:'4).3!,)5/6$'()4!).)7)$%(!(-5&!2( +bB!e#[A(!
2$4!L&1*&!e@a(*!2..!(+)5')(!5/$%2'$)4!027'.')(!/0!%&)!5/7+2,2%'1).3!/=(5-,)!82$#-)!e#[A!
).)7)$%(!?i/J'72!2$4!D-J':2,2! ELLPB*!@I4;.'C)!X#aQ!).)7)$%(!?N/-.%),!2$4!I-%.),!EL"PB!
2$4!P-#./,()D!,/..'$6 ;5',5.)!).)7)$%(!?I2/!2$4!m-,C2!EL"YB8!h)!2.(/!'4)$%'0')4!U.*21/()!2$4!
Q&$R2S$!X[]!%,2$(+/(/$(*!=/%&!/0!:&'5&!:),)!,)+/,%)4!2(!+/%)$%'2..3!+,)()$%!'$!!0+
,-.)"$,'/..+ -+/$!%&)',!,)5)$%!4'(5/1),3! ?IO&$)!)%!2.8!EL"EM!#3),!)%!2.8!EL"\B8!].%&/-6&!$/%!%&)!
0/5-( !/0!%&'(!(%-43*!%&)!2$$/%2%'/$!/0!).)7)$%(!0,/7!(-5&!-$4),(%-4')4!(-+),027'.')(!
&'6&.'6&%(!%&)!'7+/,%2$5)!/0!+),0/,7'$6!72$-2.!@A!5-,2%'/$!'$!+&3./6)$)%'52..3!4'1),()!
.'$)26)(8!]./$6('4)!'7+,/1'$6!/-,!-$4),(%2$4'$6!/0!@A!='/./63*!%&)()!).)7)$%(!2,)!)>+)5%)4!
%/!5/$%,'=-%)!%/:2,4(!7/,)!)00)5%'1)!,)+)2%!72(C'$6W5.2(('0'52%'/$!2$4!6)$)!7/4).!2$$/%2%'/$!
'$!,).2%)4!(+)5')(*!:&'5&!:'..!=)!/0!'$5,)2('$6!'7+/,%2$5)!6'1)$!%&)!.2,6)!$-7=),!/0!
5&./,/+&3%)!6)$/7)!+,/J)5%(!5-,,)$%.3!'$!+,/6,)((!?I.2=3;K22(!2$4!S),5&2$%!EL"TB8!



! `\ !

3.4.3 Phylogenomics of the core -Reinhardtinia and Volvocales  
!
X-)!%/!%&)!./:!$-7=),!/0!212'.2=.)!6)$/7)(!2$4!6)$)!2$$/%2%'/$(*!%&)!+&3./6)$)%'5(!/0!%&)!
b/.1/52.)(!&2(!2.7/(%!)>5.-('1).3!=))$!(%-4')4!-('$6!,'=/(/72.!2$4!+.2(%'4!72,C),!6)$)(8!
@&)()!2$2.3()(!&21)!(-55)((0-..3!4).'$)2%)4!()1),2.!=,/24!5.24)(!?)868!=-.)"$ ,'/.).$ *!
3(-72*.).$ *!82)$#.-##.).$B!?[2C242!)%!2.8!ELLUB*!=-%!/0%)$!3').4)4!'$5/$('(%)$%!%/+/./6')(!
0/,!7/,)!5./().3!,).2%)4!%2>28!9%'.'('$6!=/%&!/-,!/:$!2$4!()1),2.!,)5)$%.3!+-=.'(&)4!6)$/7'5!
,)(/-,5)(*!:)!0-,%&),!)>+./,)4!%&)!+&3./6)$/7'5!(%,-5%-,)!/0!%&)!5/,);=-.)"$,'/.).$+ 2$4!
b/.1/52.)(8!](!()1),2.!6)$/7)(!5- ,,)$%.3!.25C!6)$)!2$$/%2%'/$(*!:)!0',(%!-()4!2$!2$$/%2%'/$;
0,))!2++,/25&!=2()4!/$!%&)!'4)$%'0'52%'/$!/0!5&./,/+&3%)!('$6.);5/+3!/,%&/./6(!:'%&!I9QF_8!
@&'(!42%2()%!5/$('(%)4!/0!"*`E\!6)$)(*!+,)()$%!'$!2%!.)2(%!"P!/0!%&)!"U!'$5.-4)4!(+)5')(!?"E!
=-.)"$,'/.).$ *!%&,))!/%&),!b/.1/52.)(*!2$4!%&,))!/-%6,/-+(!0,/7!%&)!Q+&2),/+.)2.)(*!X2%2()%!
QEB8!D/,!%&)!""!(+)5')(!:'%&!6)$)!2$$/%2%'/$(!?X2%2()%!QYB*!:)!+,/4-5)4!2!()5/$4!42%2()%!
=2()4!/$!%&)!/,%&/./63!5.-(%),'$6!/0!)25&!(+)5')(n!+,/%)/7)*!:&'5&!3').4)4!"*`U"!('$6.);5/+3!
/,%&/./6(!(&2,)4!=3!2..!(+)5')(8!D/,!=/%&!42%2()%(*!:)!+),0/,7)4!72>'7-7;.'C).'&//4!?SeB!
2$2.3()(!-('$6!#o;@aAA!?[6-3)$!)%!2.8!EL"PB8!]$2.3()(!:),)!+),0/,7)4!/$!=/%&!
5/$52%)$2%)4!+,/%)'$!2.'6$7)$%(!?+,/4-5'$6!2!(+)5')(;%,))B!2$4!'$4'1'4-2.!2.'6$7)$%(!/0!)25&!
/,%&/./6!?+,/4-5'$6!6)$)!%,))(B*!:&'5&!:),)!%&)$!(-772,'()4!2(!2!(+)5')(;%,))!-('$6!
]Q@a]e ;###!?s&2$6!)%!2.8!EL"UB8!
!
]..!0/-,!/0!%&)!,)(-.%'$6!+&3./6)$')(!)>&'='%)4!)$%',).3!5/$6,-)$%!%/+/./6')(*!:'%&!$)2,!
72>'72. !(-++/,%!12.-)(!2%!2..!$/4)(!?D'6-,)!E*!D'6-,)!QYB8!a//%'$6!%&)!%,))!/$!%&)!
Q+&2),/+.)2.)(!(+)5')(*!%&)!7/$/+&3.3!/0!%&)!b/.1/52.)(*!=-.)"$,'/.).$ !2$4!5/,);
=-.)"$,'/.).$+ 5.24)(!:),)!,)5/1),)48! !"#$%&'(%()$*+:2(!,)5/1),)4!:'%&!%&)!)>+)5%)4!
=,2$5&'$6!/,4),!?N,O(5&/.4!)%!2.8!EL"UB*!2(!:2(!%&)!7/$/+&3.3!2$4!)>+)5%)4!%/+/./63!/0!%&)!
@^b!5.24)!?[ 2C242!)%!2.8!EL"TB8!@&)!7/(%!5/$%)$%'/-(!+&3./6)$)%'5!,).2%'/$(&'+(!2,)!%&/()!
/0!%&)!,)72'$'$6!-$'5)..-.2,!5/,);=-.)"$,'/.).$ *!:&'5&!'$5.-4)!A0+'-:$,&$)$+2$4!%&)!,)5)$%.3!
+-=.'(&)4!6)$/7)(!/0! !"#$%&'(%()$*+*1"$-,(.'-*+ ?K',2(&'72!)%!2.8!EL"`B+2$4!
!"#$%&'(%()$*+(+8!Y""E+?[).(/$!)%!2.8!EL"TB8!#$!%&)!7/(%!6)$);,'5&!2$2.3('(!%/!42%)*!A0+
'-:$,&$)$ !6,/-+)4!'$!2!:)2C.3 ;(-++/,%)4!5.24)!:'%&!!"#$%&'(%()$*+?%),7)4!7)%25.24)!FB*!
:&'.)! !0+*1"$-,(.'-*+ 6,/-+)4!:'%&!2!(72..!$-7=),!/0!/%&),!-$'5)..-.2,!(+)5')(!/$!%&)!.'$)26)!
'$5.-4'$6!%&)!@^b!5.24)!?[2C242!)%!2.8!EL"TB8!#$!/-,!2$2.3('(*!A0+'-:$,&$)$+2$4!!0+
*1"$-,(.'-* !:),)!,)5/1),)4!2(!('(%),!%2>2!/$!%&)!.'$)26)!'$5.-4'$6!!"#$%&'(%()$* *!7))%'$6!
%&)!+,'/,!4)0'$'%'/$!/0!7)%25.24)!F!2(!%&)!('(%),!5.24)!/0!%&)!@^b!5.24)!2$4!'%(!-$'5)..-.2,!
,).2%'1)(8!X-)!%/!'%(!,)5)$%!4'(5/1),3*!! "#$%&'(%()$*+(+8!Y""E+&2(!$/%!=))$!'$5.-4)4!'$!
+,)1'/-(!+&3./6)$)%'5!2$2.3()(8!h)!5.2(('0')4! !"#$%&'(%()$*+(+8!Y""E+2(!2!7)7=),!/0!%&)!
5/,) ;=-.)"$,'/.).$ !=2()4!/$!()<-)$5)!('7'.2,'%3!/0!,'=/(/72.!2$4!+.2(%'4!6)$)(*!:&'5&!
(-66)(%)4!%&2%!'%!'(!.'C).3!2!5./()!,).2%'1)!/0!!"#$%&'(%()$*+>-:,$+?@2=.)!QYB8!^'1)$!'%(!
=2(2.!+&3./6)$)%'5!+/('%'/$!,).2%'1)!%/!7)%25.24)!F!2$4!%&)!@^b!5.24)*!(+)5')(!(-5&!2(!
! "#$%&'(%()$*+(+8!Y""E+5/-.4!+,/1)!+2,%'5-.2,.3!-()0-.!'$!0-%-,)!)00/,%(!%/!,)5/$(%,-5%!%&)!
2$5)(%,2.!6)$)!5/$%)$%!/0!%&)!5/,);=-.)"$,'/.).$ 8!!



! `P!

!
"#$%&'!.)!\+J(>&>!@(I-@(1$$%!61B@$*-)B!$/!Qg!G$@2$'+@-,!,6-'(-,!+)%!01#--!$&0*#$&6,7!
C1-!61B@$*-)B!=+,!()/-##-%!&,()*!01-!ZFlVldR!>$%-@!+)%!+!'$)'+0-)+0-%!6#$0-()!+@(*)>-)0!$/!
QPR]H!'1@$#$61B0-!8eDNA!*-)-,7!5@@!&@0#+/+,0!<$$0,0#+6!2+@&-,!mSSc7!D6-'(-,!()!<$@%!1+2-!*-)-!
>$%-@!+))$0+0($),!+)%!=-#-!()'@&%-%!()!01-!A#01$V()%-#O<+,-%!61B@$*-)(-,!9V(*&#-,!DL8P!N?7!
"1B@$*-)B!=+,!#$$0-%!$)!01-!01#--!D61+-#$6@-+@-,!,6-'(-,!91(*1@(*10-%!()!6()I?7!!
!
3.4.4 Conserved genome architecture and centromeric structure in 
Chlamydomonas  
!
].7/(%!$/%&'$6!'(!C$/:$!2=/-%!C2,3/%3+)!)1/.-%'/$!2$4!%&)!,2%)!/0!5&,/7/(/72.!
,)2,,2$6)7)$%(!'$!!"#$%&'(%()$*+2$4!%&)!5/,);=-.)"$,'/.).$ 8!N,/5&$'C!)%!2.8!?EL"LB!
,)+/,%)4!%&2%!%&)!(3$%)$'5!6)$/7'5!()67)$%(!'4)$%'0')4!=)%:))$!!0+,-.)"$,'/..+ 2$4!;0+6$,/-,.+
5/$%2'$)4!0):),!6)$)(!%&2$!&-72$!2$4!5&'5C)$!(3$%)$'5!()67)$%(*!'$!+2,%!4-)!%/!2!6,)2%),!
$-7=),!/0!(72..!'$1),('/$(!4'(,-+%'$6!(3$%)$38!](!%&)!./$6)(%!5/$%'6(!'$!/-,!2(()7=.')(!:),)!
)<-'12.)$%!'$!.)$6%&!%/!!0+,-.)"$,'/..+ 5&,/7/(/7)!2,7(!?`8\*!\8P!2$4!\8E!S=!0/,! !0+.)6-,/$*!
!0+*6"#(-**-,.+2$4!A0+'-:$,&$)$*!,)(+)5%'1).3B*!:)!)>+./,)4!+2%%),$(!/0!(3$%)$3!=)%:))$!%&)!
%&,))!(+)5')(!2$4!!0+,-.)"$,'/.. 8!h)!-()4!Q3$F&,/! ?X,'../$!)%!2.8!EL"\B!%/!'4)$%'03!(3$%)$'5!
()67)$%(*!:&'5&!0',(%!-()(!+,/%)'$!()<-)$5)!,)5'+,/52.!=)(%;&'%(!%/!2$5&/,!(3$%)$'5!()67)$%(*!
=)0/,)!)>%)$4'$6!()67)$%(!1'2!%&)!'$5.-('/$!/0!&/7/./6(!%&2%!2,)!(3$%)$'5!=-%!$/%!,)5'+,/52.!
=)(%;&'%(8!]..!%&,))!!"#$%&'(%()$*+6)$/7)(!:),)!&'6&.3 !(3$%)$/-(*!:'%&!TT8P!S=!?UT8PjB!
/0!%&)!!0+,-.)"$,'/..+ 6)$/7)!.'$C)4!%/!Y"P!(3$%)$'5!()67)$%(!(+2$$'$6!"LU8"!S=!?UY8`jB!/0!
%&)!!0+.)6-,/$+6)$/7)*!2$4!TU8P!S=!?UU8`jB!/0!%&)!!0+,-.)"$,'/..+ 6)$/7)!.'$C)4!%/!\LT!
(3$%)$'5!()67)$%(!(+2$$'$6!"LU8"!S=!?UY8"jB!/0!%&)!!0+*6"#(-**-,.+6)$/7)8! !
!
^'1)$!%&)!&'6&!4)6,))!/0!(3$%)$3*!'%!:2(!+/(('=.)!%/!/,4),!2$4!/,')$%2%)!%&)!5/$%'6(!/0!!0+
.)6-,/$+2$4!!0+*6"#(-**-,.+,).2%'1)!%/!%&)!2(()7=.)4!5&,/7/(/7)(!/0!!0+,-.)"$,'/..+ ?D'6-,)!
YB8!]!(-=(%2$%'2.!+,/+/,%'/$!/0!%&)!!0+,-.)"$,'/..+ C2,3/%3+)!2++)2,)4!%/!=)!5/$(),1)4!'$!!0+
.)6-,/$ *!:'%&!('>!/0!%&)!"g!5&,/7/(/7)(!?"*!Y*!\*!g*!"\!2$4!"`B!(&/:'$6!$/!)1'4)$5)!/0!'$%),;
5&,/7/(/72.!,)2,,2$6)7)$%(*!2$4!2!0-,%&),!%&,))!?P*!"Y!2$4!"PB!(&/:'$6!)1'4)$5)!0/,!/$.3!
7'$/,!%,2$(./52%'/$(!w"PL!C=!'$!.)$6%&!?D'6-,)!Y]B8!F/$('(%)$%!:'%&!'%(!6,)2%),!4'1),6)$5)!
0,/7! !0+,-.)"$,'/.. *!!0+*6"#(-**-,.+)>&'='%)4!(-5&!/$);%/;/$)!5/$(),12%'/$!=)%:))$!/$.3!0/-,!
5&,/7/(/7)(!?P*!g*!""!2$4!"\B!?D'6-,)!YIB8!D/,!=/%&!(+)5')(*!+2%%),$(!/0!(3$%)$3!'$4'52%)4!2%!

0.1 substitutions 
per site

Dunaliella salina

Yamagishiella unicocca

Chlamydomonas eustigma

Chromochloris zofingiensis

Gonium pectorale

Chlamydomonas asymmetrica

Chlamydomonas sp. 3112

Eudorina sp. 2016-703-Eu-15

Chlamydomonas applanata

Chlamydomonas sphaeroides

Tetradesmus obliquus

Raphidocelis subcapitata

Volvox car teri

TGV Clade

Metaclade-C
co

re
-R

e
in

h
a

rd
tin

ia

R
e

in
h

a
rd

tin
ia

V
o

lvo
ca

le
s

Polytomella parva

Edaphochlamys debaryana

Chlamydomonas schloesseri

Chlamydomonas incerta
Chlamydomonas reinhardtii

Sphaeropleales



! `` !

.)2(%!/$)!'$%),;5&,/7/(/72.!,)2,,2$6)7)$%!200)5%'$6!%&)!,)72'$'$6!5&,/7/(/7)(*!2.%&/-6&!
:'%&/-%!244'%'/$2.!(5200/.4'$6!/0!5/$%'6(!'%!'(!4'00'5-.%!%/!5/77)$%!/$!%&)!)00)5%!/0!(-5&!
,)2,,2$6)7)$%(!/$!C2,3/%3+)8!D-,%&),7/,)*!=3!4',)5%!5/7+2,'(/$!%/!!0+,-.)"$,'/..+
5&,/7/(/7)(!:)!723!&21)!/1),)(%'72%)4!C2,3/%3+)!5/$(),12%'/$!4-)!%/!-$4)%)5%)4!
5&,/7/(/7)!0-('/$W0'(('/$!)1)$%(!?'8)8!'0!2!!0+,-.)"$,'/..+ 5&,/7/(/7)!'(!+,)()$%!2(!%:/!
5&,/7/(/7)(!'$!/$)!/0!%&)!,).2%)4!(+) 5')(B8!D/,!=/%&!!0+.)6-,/$+2$4!!0+*6"#(-**-,.*!2..!
5&,/7/(/7)(!?)>5)+%!5&,/7/(/7)!"P!'$!%&)! !0+.)6-,/$+5/7+2,'(/$B!5/$%2'$)4!'$%,2;
5&,/7/(/72.!,)2,,2$6)7)$%(!,).2%'1)!%/!!0+,-.)"$,'/.. *!7/(%!/0!:&'5&!:),)!(72..!'$1),('/$(!
(+2$$'$6!w"LL!C=!?D'6-,)!Q\]*!IB8!Q3$%)$3!:2(!02,!:)2C),!=)%:))$! !0+,-.)"$,'/..+ 2$4!A0+
'-:$,&$)$ *!:'%&!PU8`!S=!?PE8UjB!/0!%&)!!0+,-.)"$,'/..+ 6)$/7)!.'$C)4!%/!"*TgP!(3$%)$'5!
()67)$%(!(+2$$'$6!`\8U!S=!?\P8`jB!/0!%&)!A0+'-:$,&$)$+6)$/7)!?D'6-,)!Q\FB8!@2C)$!
%/6)%&),!:'%&!%&)!+,)1'/-(!2(()((7)$%!/0!(3$%)$3!=)%:))$!!0+,-.)"$,'/..+ 2$4!;0+6$,/-,.*!%&)()!
,)(-.%(!(-66)(%!%&2%!C2,3/%3+)!)1/.-%'/$!'$!%&)!5/,);=-.)"$,'/.).$+ '(!)>+)5%)4!%/!=)!43$27'5*!
:'%&!6)$),2..3!&'6&!.)1).(!/0!(3$%)$3!=-%!2!$/$;$)6.'6'=.)!,2%)!/0!'$%),;5&,/7/(/72.!
,)2,,2$6)7)$%(!+,)()$%!=)%:))$!5./().3!,).2%)4!(+)5')(*!2$4!.'C).3!02,!6,)2%),!C2,3/%3+'5!
4'1),('%3!+,)()$%!=)%:))$!7/,)!4'(%2$%.3!,).2%)4!(+)5')(8!!
!
^'1)$!%&)!&'6&;5/$%'6-'%3!2$4!(3$%)$3!/0!%&)!2(()7=.')(*!'%!:2(!+/(('=.)!%/!2(()((!0)2%-,)(!/0!
6)$/7)!2,5&'%)5%-,)!%&2%!,)6-.2,.3!,)('(%!2(()7=.3!'$!(&/,%;,)24!2(()7=.')(8!@)./7),'5!
,)+)2%(!:),)!/=(),1)4!'$!2..!%&,))!2(()7=.')(*!:'%&!('>!!0+.)6-,/$+2$4!"T!!0+*6"#(-**-,.+
5/$%'6(!%),7'$2%'$6!'$!%&)!()<-)$5)!?@@@@]^^^B0*!2$4!"P!A0+'-:$,&$)$+5/$%'6(!%),7'$2%'$6!
'$!?@@@]^^^B0!?X2%2()%!Q\ B8!@&)!I,$:.'(1*.* T%3+)!()<-)$5)!?@@@]^^^B0!'(!2$5)(%,2.!%/!
6,))$!2.62)!2$4!:2(!+,)1'/-(.3!5/$0',7)4!2(!%&)!%)./7),'5!,)+)2%!'$!A0+'-:$,&$)$*!:&'.)!%&)!
4),'1)4! !"#$%&'(%()$* T%3+)!()<-)$5)!?@@@@]^^^B0!'(!0/-$4!'$!=/%&!!0+,-.)"$,'/..+ 2$4!
;0+6$,/-,.+?D-.$)ƒC/1„!)%!2.8!EL"EB8+̂ '1)$!%&)!+&3./6)$)%'5!,).2%'/$(&'+(!'$!D'6-,)!E*!%&'(!
'7+.')(!)'%&),!%:/!'$4)+)$4)$%!%,2$('%'/$(!%/!%&)!4),'1)4!()<-)$5)!/,!2!,)1),('/$!%/!%&)!
2$5)(%,2.!()<-)$5)!'$!%&)!.'$)26)!'$5.-4'$6!A0+'-:$,&$)$*!+,/1'4'$6!0-,%&),!)1'4)$5)!0/,!%&)!
,).2%'1).3!0,)<-)$%!%,2$('%'/$(!%&2%!&21)!+,/4-5)4!)>%)$('1)!12,'2%'/$!'$!%)./7),)!5/7+/('%'/$!
'$!6,))$!2.62)!2$4!.2$4!+.2$%(!?N)(C2!2$4!^2,5'2!ELELB8!a'=/(/72.!X[]!,)+)2%(!?,X[]B!
:),)!2(()7=.)4!2(!+2,%!/0!%&,))!.2,6),!5/$%'6(!'$!=/%&!!0+.)6-,/$+2$4!!0+*6"#(-**-,.*!=-%!:),)!
0/-$4!/$.3!2(!0,267)$%)4!5/$%'6(!)$%',).3!5/$('(%'$6!/0!,X[]!'$!A0+'-:$,&$)$8!].%&/-6&!
+//,.3!2(()7=.)4!'$! !0+,-.)"$,'/.. *!%&)!,X[]!2,,23(!2,)!./52%)4!2%!(-=%)./7),'5!./52%'/$(!/$!
5&,/7/(/7)(!"*!U!2$4!"\*!:&),)!5-7-.2%'1).3!%&)3!2,)!)(%'72%)4!%/!=)!+,)()$%!'$!EPL;\LL!
%2$4)7!5/+')(!?K/:)..!"TgEM!S2,5/!2$4!a/5&2'>!"TULB8!@&)!2(()7=.)4!!0+.)6-,/$+2$4!!0+
*6"#(-**-,.+,X[]!2,,23(!?:&'5&!2,)!$/%!5/7+.)%)!2$4!2,)!+,)()$%!'$!0'1)!%2$4)7!5/+')(!2%!
7/(%B!:),)!)$%',).3!(3$%)$/-(!:'%&!%&/()!/0!!0+,-.)"$,'/.. *!(-66)(%'$6!5/$(),12%'/$!/0!
(-=%)./7),'5!,X[]!/,62$'(2%'/$!'$! !"#$%&'(%()$*+?D'6-,)!YB8!@&)!2,5&'%)5%-,)!2$4!
)1/.-%'/$!/0!(-=%)./7),'5!,)6'/$(!'$! !0+,-.)"$,'/..+ 2$4!%&)!%&,))!$):!2(()7=.')(!+,)()$%)4!
&),)!&21)!,)5)$%.3!=))$!4)(5,'=)4!=3!F&2->;m-C'5!)%!2.8!?ELE"B8!!
!



! `g !

!
!
!
"#$%&'!0)!DB)0-)B!<-0=--)!&'%#()*+,#-.))%+)%!(0Y,!'@$,-!#-@+0(2-,7!!
N(#'$,!6@$0,!9M#nB=(),I(!-0!+@7!]TTS?!<-0=--)! &'%#()*+,#-.))%+)%!&'%)*"(#.,%*+, !+)%!&'%#()*+,#-.))%+)%!
&'%3"+/2(33(#)%*-, 7!&'%#()*+,#-.))%'1#$>$,$>-,!+#-!#-6#-,-)0-%!+,!'$@$&#-%!,-*>-)0,!+)%!,6@(0!+'#$,,!
01-!@-/0!+)%!#(*10!6@$0,!()!-+'1!6+)-@P!+)%!&'%)*"(#.,%;!&'%3"+/2(33(#)%'$)0(*,!+#-!,1$=)!+,!*#-B!
,-*>-)0,7!N$)0(*,!+#-!+##+)*-%!+)%!$#(-)0+0-%!#-@+0(2-!0$!&'%#()*+,#-.))%'1#$>$,$>-,P!+)%!+%`+'-)0!
'$)0(*,!=(01!)$!,(*)+0&#-!$/!#-+##+)*->-)0!+#-!6@$00-%!=(01$&0!*+6,7!3+#I!*#-B!<+)%,!1(*1@(*10!
6&0+0(2-!&'%#()*+,#-.))%'-)0#$>-#-,!+)%!+,0-#(,I,!#-6#-,-)0!#3457!4$0!01+0!01-!'$@$&#,!#-6#-,-)0()*!
,6-'(/('!'1#$>$,$>-,!%(// -#!<-0=--)!01-!6+)-@,7!!!
!
D'$2..3*!:)!:),)!2=.)!%/!2(()((!%&)!5/7+/('%'/$!2$4!+/%)$%'2.!(3$%)$3!/0!5)$%,/7),)(!'$!
!"#$%&'(%()$* 8!@&)!5)$%,/7),'5!./52%'/$(!/0!"P!/0!%&)!"g!!0+,-.)"$,'/..+ 5&,/7/(/7)(!:),)!
,)5)$%.3!72++)4!=3!e'$!)%!2.8!?EL"UB*!:&/!/=(),1)4!%&2%!%&)()!,)6'/$(!:),)!5&2,25%),'()4!=3!
7-.%'+.)!5/+')(!/0!6)$)(!)$5/4'$6!,)1),() !%,2$(5,'+%2()8!9+/$!'$(+)5%'/$!/0!%&)()!,)6'/$(*!:)!
0/-$4!%&2%!%&)!72J/,'%3!/0!%&)()!6)$)(!2,)!)$5/4)4!=3!5/+')(!/0!%&)!bB!e#[A!).) 7)$%!bBT



! `U!

Bc!= +?i2+'%/$/1!2$4!m-,C2!ELL\2B8!].%&/-6&!%&)()!,)6'/$(!2,)!5-,,)$%.3!$/%!:)..;)$/-6&!
2(()7=.)4!%/!5/$5.-('1).3!4)0'$)!%&)!(%,-5%-,)!/0!5)$%,/7),'5!,)+)2%(*!bBTBc!= !'(!+,)()$%!'$!
7-.%'+.)!5/+')(!2%!2..!"P!+-%2%'1)!5)$%,/7),)(!2$4!2++)2,(!%/!=)!%&)!72J/,!5)$%,/7),'5!
5/7+/$)$%+?:'%&!5&,/7/(/7) ;(+)5'0'5!5/$%,'=-%'/$(!0,/7!/%&),!@A(*!)(+)5'2..3!82$#-)!
e#[A!).)7)$%(B!?@2=.)!Q\ *!D'6-,)!QP]B8!a)72,C2=.3*!+&3./6)$)%'5!2$2.3('(!/0!2..!5-,2%)4!bB!
).)7)$%(!0,/7!6, ))$!2.62)!'$4'52%)4!%&2%!bBTBc!= !'(!7/,)!5./().3!,).2%)4!%/!%&)!U-11!
).)7)$%(!/0!!(66(%&<$+*2:-##.1*(.'-$+%&2$!%/!2$3!/%&),!bB!).)7)$%(!2$$/%2%)4!'$!!0+
,-.)"$,'/..+ ?D'6-,)!\]B8!@&)!4'1),6)$5)!/0!%&)!5.2(()(!@,)=/->'/+&35)2)!?%/!:&'5&!!0+
*2:-##.1*(.'-$ !=)./ $6(B!2$4!F&./,/+&35)2)!?%/!:&'5&!!0+,-.)"$,'/..+ =)./$6(B!/55-,,)4!'$!%&)!
)2,.3![)/+,/%),/Z/'5!),2!?'8)8!gLL;"*LLL!7'..'/$!3)2,(!26/B!?X).!F/,%/$2!)%!2.8!ELELB*!
'7+.3'$6!%&2%!bBTBc!= !&2(!=))$!)1/.1'$6!'$4)+)$4)$%.3!0,/7!2..!/%&),!!0+,-.)"$,'/..+ bB!
).)7)$%(!0/,!7/,)!%&2$!&2.0!2!='..'/$!3)2,(8!U-11!).)7)$%(!2,)!%&/-6&%!%/!5/$(%'%-%)!%&)!
5)$%,/7),)(!'$! !0+*2:-##.1*(.'-$*!:&),)!%&)3!2,)!(%,'5%.3!+,)()$%!2(!/$)!5.-(%),!+),!
5&,/7/(/7)! ?I.2$5!)%!2.8!EL"EB8!@&)!5.-(%),'$6!+2%%),$!/0!U-11!2,'()(!4-)!%/!2!$)(%)4!
'$(),%'/$!7)5&2$'(7!%&2%!%2,6)%(!)>'(%'$6!5/+')(*!5,)2%'$6!%2$4)7!2,,23(!5/$('(%'$6!7/(%.3!/0!
%&)!Yn!)$4!/0!%&)!).)7)$%(!?4-)!%/!0,)<-)$%!Pn!%,-$52%'/$(!-+/$!'$(),%'/$B!?K'62(&'3272!)%!2.8!
"TTgB8!F&,/7/(/7) ;(+)5'0'5!5.-(%),'$6!/0!bBTBc!= !:2(!2.(/!)1'4)$%!'$!!0+,-.)"$,'/.. *!:'%&!
&'6&.3!./52.'()4!5.-(%),(!/=(),1)4!2%!2..!"P!/0!%&)!+-%2%'1)!5)$%,/7),)(!?D'6-,)!\IB8!@&)!
4/-=.) ;+)2C(!'$!bBTBc!= !4)$('%3!+,)()$%!/$!5&,/7/(/7)(!E*!Y!2$4!U*!2$4!%&)!('$6.)!(-=;
%)./7),'5!5.-(%),!+,)()$%!/$!5&,/7/(/7)!P*!2,)!2..!%&)!,)(-.%!/0!7'(2(()7=.')(!'$!%&)()!&'6&.3!
,)+)%'%'1)!,)6'/$(!?F&2+%),!\B8!@&-(*!/-%('4)!%&)!+-%2%'1)!5)$%,/7),)(*!bBTBc!= !2++)2,(!%/!=)!
)$%',).3!2=()$%!0,/7!%&)!!0+,-.)"$,'/..+ 6)$/7)8!@/!4'(%'$6-'(&!%&)!-+42%)4!2$$/%2%'/$!/0!bBT
Bc!=+'$!/-,!,)+)2%!.'=,2,3!0,/7!%&)!/,'6'$2.!a)+=2()!1),('/$*!:)!+,/+/()!%&)!$27)! U-11bT
Bc6=-.*!:&),)! U-11b!,)+,)()$%(!U-11;.'C)8!
!
A1),3!+-%2%'1)!5)$%,/7),'5!./52%'/$!'$!!0+,-.)"$,'/..+ 5/'$5'4)4!:'%&!=,)2C(!'$!(3$%)$'5!
()67)$%(!2$4!%&)!%),7'$2%'/$!/0!5/$%'6(!'$!!0+.)6-,/$+2$4!!0+*6"#(-**-,.!?D'6-,)!YB*!
(-66)(%'$6!%&2%!%&)()!,)6'/$(!2,)!2.(/!.'C).3!%/!=)!,)+)%'%'1)!'$!=/%&!(+)5')(8!@&)!+&3./6)$)%'5!
2$2.3('(!,)1)2.)4!%&)!+,)()$5)!/0!/$)+2$4!%:/!U-11bTBc6=-.!&/7/./6(!'$! !0+.)6-,/$+2$4!!0+
*6"#(-**-,.X!,)(+)5%'1).3!?D'6-,)!\]B8!_0!%&)!YL!5/$%'6!)$4(!2((/5'2%)4!:'%&!%&)!"P!!0+
,-.)"$,'/..+ 5)$%,/7),)(*!EU!5/$%'6(!'$!=/%&!(+)5')(!5/$%2'$)4!2!U-11b!).)7)$%!:'%&'$!%&)',!
0'$2.!EL!C=!?D'6-,)!QPI*!FB*!2$4!6)$/7);:'4)!%&)!U-11b!).)7)$%(!)>&'='%)4!('7'.2,.3!
./52.'()4!5.-(%),'$6!%/!%&2%!/=(),1)4!'$!!0+,-.)"$, '/..+?D'6-,)!Q̀ ]*!IB8!@&-(*!'%!2++)2,(!%&2%!
=/%&!%&)!./52%'/$!2$4!5/7+/('%'/$!/0!%&)!!0+,-.)"$,'/..+ 5)$%,/7),)(!2,)!.'C).3!5/$(),1)4!'$ !!0+
.)6-,/$+2$4!!0+*6"#(-**-,.8!h)!'4)$%'0')4!%:/!027'.')(!/0!U-11b+).)7)$%(!'$!%&)!A0+'-:$,&$)$+
6)$/7)!2$4!/$)!027' .3!/0!U-11b!).)7)$%(!'$!%&)!A2'(,.)$+ (+8+6)$/7)*!2.%&/-6&!:)!4'4!$/%!
0'$4!2$3!)1'4)$5)!0/,!U-11b!).)7)$%(!'$!)'%&),!M0+2).6(66$+/,! ;0+6$,/-,.8!^'1)$!%&)!.25C!/0!
(3$%)$3!=)%:))$!!0+,-.)"$,'/..+ 2$4!A0+'-:$,&$)$+'%!:2(!$/%!+/(('=.)!%/!2(('6$!+-%2%'1).3!
5)$%,/7),'5!5/$%'6(8![/$)%&).)((*!&'6&.3!./52.'()4!6)$/7'5!5.-(%),'$6!/0!U-11b!).)7)$%(!:2(!
/=(),1)4!0/,!=/%&!A0+'-:$,&$)$+2$4!A2'(,.)$+ (+8!?D'6-,)!Q̀F*!XB*!(-66)(%'$6!%&2%!%&)()!
).)7)$%(!723!+.23!2!('7'.2,!,/.)!%/!%&2%!'$!!"#$%&'(%()$* 8!
!



! `T!

!
!
"#$%&'!1)!"1B@$*-)-0('!#-@+0($),1(6!+)%!'-)0#$>-#('!'@&,0-#()*!$/!7(55O@(I-%-@->-)0,7!
*+, !\+J(>&>!@(I-@(1$$%!61B@$*-)B!$/!'1@$#$61B0-!89%-@->-)0,!()/-##-%!&,()*!01-!ZFlVldR!>$%-@!
+)%!+@(*)>-)0!$/!-)%$)&'@-+,-!+)%!#-2-#,-!0#+),'#(60+,-!%$>+(),7!8$$0,0#+6!2+@&-,!o_Tc!+#-!,1$=)7!
"1B@$*-)B!=+,!#$$0-%!$)!01#--!6@+)0!89%-@->-)0,7!D6-'(-,!+#-!6#$2(%-%!<B!,&//(J-,:!&: ;":()%i! &'%
#()*+,#-.))p!;&%i! ;'%",#.(#)p!"<*"%i! &'%)*"(#.,p!"="+%i! &'%3"+/2(33(#)p!(>(6 !i! 4'%-(6,#1,*, p!(?-%i!
4?-2#)*,%,67!]TQRO_TLOU&OQg7!
*-, !3-),(0B!9TOQTTc?!$/!7(558@9A":()%()!gT!I<!=()%$=,!+'#$,,!&'%#()*+,#-.))%'1#$>$,$>-,7!3+#I!
<+)%,!#-6#-,-)0!6&0+0(2-!'-)0#$>-#-,P!JO+J(,!0('I,!#-6#-,-)0!QTT!I<!()'#->-)0,!+)%!BO+J(,!0('I,!]Tc!
()'#->-)0,7!"@$0!6#$%&'-%!&,()*!I+#B$6@$0-d!9F-@!+)%!D-##+!]TQ_?7!4$0-!01+0!7(558@9A":()%(,!+!
,B)$)B>!$/!01-!d-6<+,-!-@->-)0!89@9A&:7!!
!!!!
F)$%,/7),)(*!%&)!5&,/7/(/72.! ,)6'/$(!2%!:&'5&!C'$)%/5&/,)(!2(()7=.)!4-,'$6!5)..!4'1'('/$ *!
)>&'='%!(-=(%2$%'2.!(%,-5%-,2.!4'1),('%3!25,/((!)-C2,3/%)(8!#$!7/(%!(+)5')(!2!(+)5'0'5!
$-5.)/(/7) *!5)$%,/7),) ;(+)5'0'5!&'(%/$)!KY!?5)$KY*!2.(/!C$/:$!2(!FA[N ;] !/, !FA[KY*!
27/$6(%!/%&),(B*!'(!./52.'()4!2%!%&)!5)$%,/7),)!2$4!'(!,)<-',)4!0/,!C'$)%/5&/,)!2(()7=.3 !
?@2.=),%!2$4!K)$'C/00!ELELB8!]%!/$)!)>%,)7)*!+/'$%!5)$%,/7),)(!2,)!4)%),7'$)4!=3!(&/,%!
(+)5'0'5!()<-)$5)( *!(-5&!2(!2$!V"EP!=+!()<-)$5)!'$!G$66"$,(%&6-*+6-,-5.*.$-+%&2%!0)2%-,)(!2!
('$6.) !5)$KY!$-5.)/(/7)! ?D-,-3272!2$4!I'66'$(!ELLgB8!S2$3!(+)5')(!&21)!(&/,%!,)6'/$2.!

0.5 substitutions
per site

putatively centromeric clusters

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

ZeppL-1_cRei density
0-100%

Zepp

ZeppL-1_cRei

ZeppL-1_cInc

ZeppL-1_cSch

ZeppL-2_cSch

ZeppL-2_eDeb

ZeppL-1_eDeb

ZeppL-1_eud

L1-2_CR

L1-6_CR

L1-7_CR

LINE-8_CR

L1-4_VC

L1-3_VC

L1-2_VC

L1-1_VC

L1-1A_VC

L1-5_VC

L1-1_cInc

L1-2_cInc

L1-3_cInc

L1-4_cInc

L1-5_cInc

L1-5_cSch

L1-4_cSch

L1-3_cSch

L1-2_cSch

L1-1_cSch

L1-1_eDeb

L1-2_eDeb

L1-3_eDeb

CIN4E_ZM (Zea mays)

OSLINE-2 (Oryza sativa)

ATLINE1_1 (Arabidopsis thaliana)
70

57

55

61

63

unannotated clusters

! "



! gL!

5)$%,/7),)(!()1),2.!C=!'$!.)$6%&*!0/,!)>27+.)!'$! @#$*%('.2%+J$#6.1$,2%+5)$KY!'(!./52.'()4!
%/!\;\8P!C=!,)6'/$(!5)$%,)4!/$!]@;,'5&!()<-)$5)(! ?K/)'J72C),(!)%!2.8!EL"EB8!]%!%&)!/%&),!
)>%,)7)*!'$!72$3!+.2$%!2$4!2$'72.!6)$/7)(!5)$%,/7),)(!2,)!4)0'$)4!=3!5/7+.)>! 2,,23(!/0!
(2%)..'%)!X[]!%&2%!52$!,)25&!.)$6%&(!/0!V"!S=*!2.%&/-6&!5)$KY!'(!$/%!+,)()$%!2%!2..!(2%)..'%)!
7/$/7),(! ?@2.=),%!2$4!K)$'C/00!ELELB8!X'00),'$6!2.%/6)%&),!0,/7!,)6'/$ 2.!5)$%,/7),)(*!
&/./5 )$%,/7),)( !2,)!./52%)4!2%!7-.%'+.)!./52%'/$(!2./$6!%&)!.)$6%&!/0!G&/./5)$%,'5H!
5&,/7/(/7)(! ?S2$4,'/.'!2$4!S2$'52,4'!ELELB8!̂ )$),2..3! 02..'$6!(/7):&),)!=)%:))$!(&/,%!
,)6'/$2.!5)$%,/7),)( !2$4!(2%)..'%)!5)$%,/7),)(!'$!.)$6%&!?'8)8!"L(!%/!"LL(!/0!C=B*!%,2$(+/(/$;
,'5&!5)$%,/7),)(!0)2%-,)!@A(!2(!%&)',!72'$!(%,-5%-,2.!5/$(%'%-)$%8!@&)()!5)$%,/7),)(!52$!=)!
+,'72,'.3!=2()4!/$!2!('$6.)!@A!027'.3!/,!/$!()1) ,2.!4'00),)$%!@A(!:'%&/-%!2$3!2++2,)$%!
/,6 2$'(2%'/$8!D/,!)>27+.)*!'$!%&)!(.'7)!7/.4!8.6/&(*/-#.2%+'.*6(.'-2%+%&)!X#aQ!
,)%,/%,2$(+/(/$!8E=GTB+5/$(%'%-%)(!VPLj!/0!5) $%,/7),'5!()<-)$5) !2$4!'(!2=()$%!0,/7!%&)!,)(%!
/0!%&)!6)$/7)!?^.O5C$),!2$4!K)'4).!ELLTB*!:&'.) !'$!?-2,(*1(,$+6,$**$+%&)!5)$%,/7),)(!2,)!
4)0'$)4!=3!]@;,'5&!,)6'/$(!)$,'5&)4!0/,!12,' /-(!4)6)$),2%)4!@A(!?Q7'%&!)%!2.8!EL""B8!_%&),!
,)5)$%!)>27+.)(!,)1)2.)4 !=3!./$6;,)24!()<-)$5'$6!'$5.-4)! 8,(*(1".#$+%-#$)(9$*/-,*!:&),)!
5)$%,/7),)(!:),)!+,)1'/-(.3!%&/-6&%!%/!5/$('(%!/0!(2%)..'%)!X[]!=-%!:),)!(&/:$!%/!5/'$5'4)!
:'%&!,)6'/$ (!0)2%-,'$6!2!(+)5'0'5!e#[A!).)7)$%!LDde(6R-&TN!?F&2$6!)%!2.8!EL"TB*!2$4!%&)!
//735)%)!@"&/(1"/"(,$+*(S$-*!:&),)!5)$%,/7),)(! :),)!4)0'$)4!=3 !2!!(1.$+e@a!).)7)$%!
!(b4 !?D2$6!)%!2.8!ELELB8!#$!=/%&!52()(*!&/7/./6/-(!@A(!:),)!0/-$4!2%!%&)!+-%2%'1)!
5)$%,/7),)(!/0!5./().3!,).2%)4!(+)5')(8!!
!
#%!%&),)0/,)!())7(!.'C).3!%&2%!5)$%,/7),)(!'$!!"#$%&'(%()$*+52$!=)!52%)6/,'()4!2(!
%,2$(+/(/$;,'5&*!2$4!+,'72,'.3!=2()4!/$!2!(+)5'0'5!@A!'$!%&)!U-11b+).)7)$%(8!@&)!.)$6%&(!2$4!
,)+)2%!5/$%)$%!/0!%&)!+-%2%'1)!!0+,-.)"$,'/..+ 5)$%,/7),)(!2,)!,)1'('%)4!'$!6,)2%),!4)%2'.!'$!\ 8\8Y!
-('$6!./$6 ;,)24!=2()4!2(()7=.')( 8!̂ '1)$!%&)!)1/.-%'/$2,3!4'(%2$5)!=)%:))$!!0+*2:-##.1*(.'-$+
2$4!!"#$%&'(%()$*X+'%!'(!%)7+%'$6!%/!+,)4'5%!%&2%!U-11b!).)7)$%(!723!=)!+,)()$%!2%!%&)!
5)$%,/7),)(!/0!72$3!/%&),!(+)5')(!/0!6,))$!2.62)8!K/:)1),*!'%!'(!-$.'C).3!%&2%!5)$%,/7),)(!
2,)!5/$(),1)4!=)%:))$!(+)5')(!0,/7!%&)!@,)=/->'/+&35)2)!2$4!F&./,/+&35)2)8!D',(%*!
5)$%,/7),'5!,)+)2%(!'$!%&)!F&./,/+&35)2)!(+)5')(!!" ,(%(6"#(,.*+>(J.)9.-)*.*+5/$('(%!/0!
)$%',).3!-$,).2%)4!!(1.$+e@a!).)7)$%(!?a/%&!)%!2.8!EL"gB8!Q)5/$4*!%&)!2++2,)$%!2=()$5)!/0!
U-11b!).)7)$%(!0,/7! M0+2).6(66$+2$4!;0+6$,/-,.+(-66)(%!%&2%!%&)()!).)7)$%(!2,)!$/%!,)<-',)4!
0/,!5)$%,/7),)!0/,72%'/$!'$!%&)()!(+)5')(8!#$(%)24*!'%!'(!+/(('=.)!%&2%!%&)!+,/+)$('%3!0/,!U-11!
2$4!U-11b!).)7)$%(!%/!0/,7!5.-(%),(!723!+.23!2!,/.)!'$!%&)',!,)5,-'%7)$%!2(!5)$%,/7),'5!
()<-)$5)(*!:&'5&!'(!.'C).3!%/!&21)!&2++)$)4!'$4)+)$4)$%.3!'$!!0+*2:-##.1*(.'-$+2$4!
!"#$%&'(%()$* 8!](!7/,)!&'6&.3!5/$%'6-/-(!5&./,/+&3%)!2(()7=.')(!=)5/7)!212'.2=.)*!'%!
:'..!=)!'7+/,%2$%!%/!()2,5&!%&)()!6)$/7)(!0/,! U-11b!5.-(%),(!%/!2(()((!:&)%&),!%&)()!
).)7)$%(!52$!=)!-()4!7/,)!6)$),2..3!2(!5)$%,/7),'5!72,C),(8! !
!
3.4.5 Gene and gene family evolution in the core -Reinhardtinia  
!
h)!+),0/,7)4!6)$)!2$$/%2%'/$!0/,!)25&!(+)5')(!-('$6!g8\;U8E!^=!/0!(%,2$4)4!a[] ;()<!
?@2=.)!QPB8!N,/%)'$!7/4)!I9QF_!(5/,)(!(-++/,%)4!2!&'6&!.)1).!/0!2$$/%2%'/$!5/7+.)%)$)((!
25,/((!2..!%&,))!(+)5')(!?Tg8L;TU8"j!5&./,/+&3%)!6)$)(!+,)()$%B*!2.%&/-6&!,).2%'1)!%/!6)$/7)!
7/4)!(5/,)(!%&),)!:2(!2$!'$5,)2()!'$!%&)!+,/+/,%'/$!/0!0,267)$%)4!6)$)(!?\8L;P8TjB!?@2=.)!



! g"!

EB8!!0+.)6-,/$+2$4!!0+*6"#(-**-,.+&24!5/7+2,2=.)!6)$)!5/-$%(!%/!!0+,-.)"$,'/.. *!2.%&/-6&!
./:),!6)$)!4)$('%')(! 4-)!%/!%&)',!.2,6),!6)$/7)(8!h'%&!"T*EEU!6)$)(*!%&)!A0+'-:$,&$)$+
6)$/7)!5/$%2'$)4!(-=(%2$%'2..3!7/,)!6)$)(!%&2$!2$3!/%&),!5-,,)$%.3!2$$/%2%)4!5/,);
=-.)"$,'/.).$+ (+)5')(8!](!,)+/,%)4!=3!K2$(5&)$!)%!2.8!?EL"`B*!()1),2.!7)%,'5(!2++)2,)4!%/!
5/,,).2%)!:'%&!/,62$'(72.!5/7+.)>'%38!a).2%'1)!%/!%&)!-$'5)..-.2,!(+)5')(*!6)$)!4)$('%3!:2(!
./:),*!2$4!7)4'2$!'$%),6)$'5!2$4!'$%,/$'5!.)$6%&(!:),)!./$6),*!'$!L0+1-6/(,$#-+2$4!;0+6$,/-,.8!
N,)(-72=.3!%&'(!'(!2%!.)2(%!+2,%.3!4-)!%/!2$!'$5,)2()!'$!%&)!27/-$%!/0!,)6-.2%/,3!()<-)$5)!'$!
%&)()!6)$/7)(*!2.%&/-6&!%&'(!&2(!$/%!3)%!=))$!)>+./,)48!
!
+$,-.!)1! ^)$)!2$$/%2%'/$!7)%,'5(!0/,!5/,);=-.)"$,'/.).$+ (+)5')(8!!

!
k&'%#()*+,#-.))%>-0#(',!+#-!<+,-%!$)!+!'&,0$>(,-%!#-6-+0O/(@0-#-%!2-#,($)!$/!2g7R!9L7R7hP!H7H7h?7!
E)0#$)!>-0#(',!+#-!<+,-%!$)@B!$)!()0#$),!6#-,-)0!=(01()!'$%()*!,-.&-)'-!0$!+2$(%!%(//-#-)'-,!'+&,-%!
<B!2+#(+0($)!()!01-!.&+@(0B!$/!eCd!+))$0+0($)7!8eDNA!=+,!#&)!&,()*!01-!N1@$#$61B0+!$%<QT!%+0+,-0P!
,--!3+0+,-0!DL!/$#!'$>6@-0-!8eDNA!#-,&@0,7!!
!
]5,/((!2..!(+)5')(*!=/%&!7)2$!'$%,/$!.)$6%&(!?Y8\8TB!2$4!'$%,/$!$-7=),(!+),!6)$)!:),)!1),3!
&'6&!0/,!(-5&!5/7+25%!6)$/7)(8!D/,!%&)!-$'5)..-.2,!(+)5')(*!%&)!7)2$!$-7=),!/0!'$%,/$(!
+,)()$%!'$!5/4'$6!()<-)$5)!?FXQB!+),!6)$)!,2$6)4!0,/7!g8g;T8Y*!:'%&!(.'6&%.3!./:),!5/-$%(!'$!
L0+1-6/(,$#-+?`8EB!2$4!;0+6$,/-,.!?`8gB8!@&)()!$-7=),(!2,)!7/,)!5/7+2,2=.)!%/!1),%)=,2%)(!
(-5&!2(!&-72$!?U8PB!%&2$!%/!/%&),!7/4).!/,62$'(7(!:'%&!('7'.2,!6)$/7)(!('Z)(*!(-5&!2(!
!$-)(,"$:'./.*+-#-9$)*+ ?P8"B*!8 0+%-#$)(9$*/-,+?Y8LB*!2$4!I,$:.'(1*.*+/"$#.$)$+ ?\8"B8!
S/4)..'$6!/0!'$%,/$!)1/.-%'/$!25,/((!%&)!=,)24%&!/0!)-C2,3/%2!&2(!+,)4'5%)4!%&2%!2!72J/,!
)>+2$('/$!/0!'$%,/$(!/55-,,)4!)2,.3!'$!5&./,/+&3%)!)1/.-%'/$*!2$4!%&2%!&'6&!'$%,/$!4)$('%')(!
&21)!('$5)!=))$!72'$%2'$)4!'$!5),%2'$!.'$)26)(!=3!2!=2.2$5)!=)%:))$!'$%,/$!./((!2$4!62'$!
?F(-,/(!)%!2.8!EL""B8!#%!&2(!=))$!&3+/%&)('()4!%&2%!%&)!,).2%'1)!,/.)(!/0!X[]!4/-=.);(%,2$4!
=,)2C!,)+2',!+2%&:23(!+.23!2!72J/,!,/.)!'$!%&)!43$27'5(!/0!'$%,/$!)1/.-%'/$*!2(!&/7/./6/-(!
,)5/7='$2%'/$!?KaB!'(!%&/-6&%!%/!52-()!'$%,/$!4).)%'/$*!:&'.)!$/$;&/7/./6/-(!)$4 ;J/'$'$6!
?[KAmB!723!,)(-.%!'$!=/%&!'$%,/$!62'$!2$4!./((!?D2,./:!)%!2.8!EL""B8!Ka!/55-,(!2%!2$!
)>%,)7).3!./:!,2%)!'$!!0+,-.)"$,'/.. !?s/,'$!)%!2.8!ELLPB*!2$4!'0!%&'(!'(!(&2,)4!25,/((!%&)!5/,);
=-.)"$,'/.).$ !'%!723!5/$%,'=-%)!%/!%&)!72'$%)$2$5)!/0!(-5&!&'6&!'$%,/$!$-7=),(8!
].%),$2%'1).3*!'$%,/$(!5/-.4!=)!72'$%2'$)4!=3!/%&),!0/,5)(*!(-5&!2(!().)5%'/$8!#$%),)(%'$6.3*!
&'6&!,2%)(!/0![KAm!&21)!,)5)$%.3!=))$!.'$C)4!%/!&'6&!^F!5/$%)$%!'$!+,/C2,3/%)(!?h)'((72$!

F#2:(2./
$9"-./+%'-#0//"

O,'( E" $9"/+1.-0'" $9",1%&*.,,.-/" 29"#.4'-)'+' " 5 9"3.10*-'&."
B9"1'-0.-/"

O%'$"

@$,92-/"A/32)2./ $(J(,( ! $(J&,+! $,J,8$! $)J%%5! $(J%)+! $*J%*8!

@$,92-/"A/'-&).:-(#'. / $5J&$$! $(J),8 ! $(J%(5! %+J*,+! $(J%)+! $(J+8,!

K2)2/:"12-&32/;I9/*/<= / )$'%%!D!5%'$+! )*'*%!D!8&'+(! )*'%)!D!8&'*%! $+&'$&!D!8%',,! (,'+*!D!*&'8$! 5*'++!D!(*'+*!

RLT/:"12-&32/;I9/*/<= / $8'&%!D!$,',) ! $*' ,$ !D!$$'%%! $%'+%!D!)'%&! $*' (5!D!)'&$! +!D!+! $, '$, !D!$$',,!

I2&)/()'-")/)$,92- / 8'5$! 5',5 ! 8'(8 ! )'&$! ('$, ! ('8&!

I2E(&)/()'-")/%2)3'4/;9#= / %%)! %%,! %**! $)5! &$+! &*&!
I2E(&)/()'2-32)(:/ /

E(.'&):2/;9#=/ $&*! &*$! *+5! ,,, ! %&8%! )+, !
QRF+S/#-"'2()/,"E2/

;:",#%2'2/</*/A-&3,2)'2E/<= / )('$!D!%'&! )$'$!D!,')! )*'8!D!&'+! )*'$!D!*'+! 5$',!D!$%')! )*'8!D!%'+!



! gE!

)%!2.8!EL"TB*!2$4!'%!723!=)!%&)!52()!%&2%!4/-=.)!(%,2$4!=,)2C!,)+2',!'(!6)$),2..3!2$!'7+/,%2$%!
2$4!-$4),2++,)5'2%)4!0/,5)!'$!!"#$%&'(%()$*+6)$/7)! )1/.-%'/$8!!
!
@/!)>+./,)!6)$)!027'.3!)1/.-%'/$!'$!%&)!5/,);=-.)"$,'/.).$X+ :)!+ ),0/,7)4!/,%&/./63!
5.-(%),'$6!-('$6!%&)!('>!212'.2=.)!&'6&;<-2.'%3!6)$)!2$$/%2%'/$(!?TU*Y\E!%/%2.!+,/%)'$;5/4'$6!
6)$)(B*!:&'5&!,)(-.%)4!'$!%&)!4).'$)2%'/$!/0!"Y*gEU!/,%&/6,/-+(!5/$%2'$'$6!U`*\\`!6)$)(!
?D'6-,)!PB8!@&)!72J/,'%3!/0!/,%&/6,/-+(!?U*PYEB!:),)!(&2,)4!=3!2..!(+)5')(*!:'%&!%&)!()5/$4!
7/(%!2=-$42$%!52%)6/,3!?)>5.-4'$6!6)$)(!-$'<-)!%/!2!('$6.)!(+)5')(B!=)'$6!%&/()!+,)()$%!'$!
2..!(+)5')(!)>5)+%!L0+1-6/(,$#-+?U`U!/,%&/6,/-+(B8!^'1)$!%&)!./:),!I9QF_!(5/,)!/=(),1)4!
0/,!L0+1-6/(,$#-+?@2=.)!EB!'%!'(!.'C).3!%&2%!2!+,/+/,%'/$!/0!%&)()!/,%&/6,/-+(!2,)!2.(/!-$'1),(2.!
%/!5/,);=-.)"$,'/.).$+ (+)5')(8!@&)!$)>%!7/(%!2=-$42$%!52%)6/,3!:2(!%&)!UPT!/,%&/6,/-+(!
+,)()$%!/$.3!'$!!"#$%&'(%()$* 8!9$0/,%-$2%).3*!)(()$%'2..3!$/%&'$6!'(!C$/:$!2=/-%!%&)!
='/./63!2$4!)5/./63!/0! !0+.)6-,/$+2$4!!0+*6"#(-**-,.*!2$4!)1)$!0/,!!0+,-.)"$,'/..+ :)!&21)!2!
7'$'72.!-$4),(%2$4'$6!/0!'%(!='/./63!'$!$2%-,2.!)$1',/$7)$%(!?Q2((/!)%!2.8!EL"UM!F,2'6!)%!2.8!
EL"TB8![/$)%&).)((*!7/,)!%&2$!YLj!/0!%&)!!"#$%&'(%()$* ;(+)5'0'5!/,%&/6,/-+(!:),)!
2((/5'2%)4!:'%&!2%!.)2(%!/$)!0-$5%'/$2.!4/72'$!?X2%2()%!QPB8!@&)!7/(%!5/77/$!2((/5'2%'/$!
:2(!:'%&!+,/%)'$!C'$2()!4/72'$(!?PL!/,%&/6,/-+(B*!0/../:)4!=3!/%&),!,).2%'1).3!5/77/$!
4/72'$(!'$! !0+,-.)"$,'/..+ '$5.-4'$6!+)+%'42()!S""W627)%/.3('$!?"\!/,%&/6,/-+(B8!!0+
,-.)"$,'/..+ '(!C$/:$!%/!)$5/4)!2!.2,6)!C'$/7)!,).2%'1)!%/!/%&),!-$'5)..-.2,!6,))$!2.62)!
?h&)).),!)%!2.8!ELLUB*!:'%&!PgP!!0+,-.)"$,'/..+ 6)$)(!2$$/%2%)4!:'%&!+,/%)'$!C'$2()!4/72'$(!'$!
/-,!5-,,)$%!2$2.3('(*!U`!/0!:&'5&!:),)!+,)()$%!'$!!"#$%&'(%()$* ;(+)5'0'5!/,%&/6,/-+(8!h'%&!
P"!6)$)(*!%&)!7/(%!6)$);,'5&!!"#$%&'(%()$* ;(+)5'0'5!/,%&/6,/-+!,)+,)()$%)4!%&)!?!b+
?$-5.)2,!5/$%,/.!/0!5&./,/+.2(%!6)$)!)>+,)(('/$;.'C)B!6)$)!027'.38!@&)()!6)$)(!)$5/4)!a[]!
='$4'$6!+,/%)'$(!/0!-$C$/:$!0-$5%'/$*!2,)!)$%',).3!2=()$%!0,/7!;0+6$,/-,.*!2$4!2,)!-$4),6/'$6!
2!,2+'4!4'1),('0'52%'/$!'$!!0+,-.)"$,'/.. !1'2!,)5-,,)$%!6)$)!4-+.'52%'/$!%&2%!&2(!0/,7)4!2!
5.-(%),!/0!2%!.)2(%!YE!6)$)(!/$!5&,/7/(/7)!"P!?I/-./-'(!)%!2.8!EL"PB8!I/%&!!0+.)6-,/$+2$4!!0+
*6"#(-**-,.+5/$%2'$)4!('>!6)$)(!'$!%&)!?!b+ /,%&/6,/-+*!2..!/0!:&'5&!2,)!(3$%)$/-(!:'%&!
5&,/7/(/7)!"P!'$! !0+,-.)"$,'/.. 8!#%!%&),)0/,)!2++)2,(!%&2%!2.%&/-6&!%&)!?!b !6)$)(!)1/.1)4!'$!
%&)!5/77/$!2$5)(%/,!/0!!"#$%&'(%()$* *+7/(%!/0!%&)!4'1),('0'52%'/$!'(!(+)5'0'5!%/!!0+
,-.)"$,'/..+ '%().0!2$4!2%%)7+%(!%/!-$5/1),!%&)!)1/.-%'/$2,3!4,'1),!/0!%&)!,2+'4!)>+2$('/$!5/-.4!
0/5-(!/$!='/./6'52.!4'00),)$5)(!=)%:))$! !0+,-.)"$,'/..+ 2$4!'%(!5./()(%!,).2%'1)(8!#$!5/$%,2(%!%/!
!"#$%&'(%()$* *!/$.3!P"!/,%&/6,/-+(!:),)!-$'<-)!%/!%&)!%:/!7-.%'5)..-.2,!(+)5')(8!@&'(!723!
=)!2$!-$4),)(%'72%)!4-)!%/!%&)!,).2%'1)!'$5/7+.)%)$)((!/0!%&)!L0+1-6/(,$#-+2$$/%2%'/$*!2$4!'%!
:'..!=)!'7+/,%2$%!%/!,);1'('%!%&'(!2$2.3('(!2(!7/,)!2$$/%2%'/$(!=)5/7)!212'.2=.)8![/$)%&).)((*!
%&)!212'.2='.'%3!/0!%&)!%&,))!$):!&'6&;<-2.'%3!2$$/%2%'/$(!0/,!-$'5)..-.2,!(+)5')(!:'..!+,/1'4)!2!
(%,/$6!5/7+2,2%'1)!0,27):/,C!%/!)>+./,)!%&)!,).2%'1)!,/.)(!/0!6)$)!027'.3!=',%&!1),(-(!
)>+2$('/$(!'$!)>'(%'$6!6)$)!027'.')(!'$!%&)!%,2$('%'/$!%/!7-.%'5)..-.2,'%38!!
!
D'$2..3*!:)!)>+./,)4!%&)!5/$%,'=-%'/$!/0!6)$)!027'.3!)>+2$('/$(!%/!%&)!&'6&!6)$)!5/-$%!/0!A0+
'-:$,&$)$ 8!@&)!A0+'-:$,&$)$+6)$/7)!5/$%2'$)4!7/,)!(+)5')( ;(+)5'0'5!6)$)(!?Y*PP`B!%&2$!
2$3!/%&),!(+)5')(*!&/:)1),!%&'(!0'6-,)!:2(!$/%!(-=(%2$%'2..3!&'6&),!%&2$!%&)!-$2(('6$)4!6)$)!
5/-$%(!0/,!L0+1-6/(,$#-+2$4!;0+6$,/-,.+?D'6-,)!PB8!h)!<-2$%'0')4!A0+'-:$,&$)$+6)$)!027'.3!
)>+2$('/$!2$4!5/$%,25%'/$!=3!52.5-.2%'$6!+),!/,%&/6,/-+!./6E;%,2$(0/,7)4!,2%'/(!/0!%&)!A0+
'-:$,&$)$+ 6)$)!5/-$%+2$4!%&)!7)2$!6)$)!5/-$%!0/,!%&)!/%&),!(+)5')(8!],='%,2,'.3!4)0'$'$6!2$!!



! gY!

!
!
"#$%&'!2)!F-)-!/+>(@(-,!()!01-!'$#-O:()*+,#-.)*), 7!
e6,-0!6@$0!9Z-J!-0!+@7!]TQH?!#-6#-,-)0()*!01-!()0-#,-'0($)!$/!$#01$*#$&6,!<-0=--)!,6-'(-,7!4&><-#,!
+<$2-!01-!<+#,!#-6#-,-)0!01-!)&><-#!$/!$#01$*#$&6,!,1+#-%!<B!+!*(2-)!()0-#,-'0($)7!A)@B!()0-#,-'0($),!
=(01!+0!@-+,0!gT!$#01$*#$&6,!+#-!,1$=)7!!!
!
)>+2$('/$!2(!2!./6E;%,2$(0/,7)4!,2%'/!f"!?'8)8!2!6'1)$!/,%&/6,/-+!5/$%2'$'$6!7/,)!%&2$!%:'5)!
2(!72$3!A0+'-:$,&$)$+6)$)(!%&2$!%&)!7)2$!/0!%&)!/%&),!(+)5')(B!2$4!2!5/$%,25%'/$!2(!2!,2%'/!
w;"*!:)!'4)$%'0')4!A0+'-:$,&$)$;(+)5'0'5+)>+2$('/$(!'$!ET\!/,%&/6,/-+(!2$4!5/$%,25%'/$(!'$!
""E8!h'%&!"`!6)$)(!'$!A0+'-:$,&$)$!,).2%'1)!%/!2%!7/(%!/$)!'$!%&)!/%&),!0'1)!(+)5')(*!%&)!7/(%!
)>+2$4)4!/,%&/6,/-+!5/$%2'$)4!6)$)(!)$5/4'$6!(521)$6),!,)5)+%/,!53(%)'$);,'5&!?QaFaB!2$4!
F;%3+)!.)5%'$!?F@eB!4/72'$(!?X2%2()%!Q̀ B8!QaFa!2$4!F@e!4/72'$(!&21)!,/.)(!'$!'$$2%)!
'77-$'%3!'$!2$'72.(!2$4!%&)!+,)()$5)!/0!fYL!6)$)(!)$5/4'$6!QaFa!2$4W/,!F@e!4/72'$(!'$!
!0+,-.)"$,'/.. *!:&'5&!723!&21)!,/.)(!'$!'77-$'%3!/,!/%&),!+,/5)(()(!(-5&!2(!5&)7/,)5)+%'/$*+
:2(!2!(-,+,'('$6 !0'$4'$6!0,/7!%&)!6)$/7)!+,/J)5%!?h&)).),!)%!2.8!ELLUB8!@&)() !.2,6)!6)$)!
027'.')(!&21)!2.(/!=))$!(&/:$!%/!&21)!12,'2=.)!6)$)!5/+3!$-7=),!27/$6!'(/.2%)(!/0! !0+
,-.)"$,'/..+ ?D./:),(!)%!2.8!EL"PB8!_%&),!/,%&/6,/-+(!)>&'='%'$6!%&)!7/(%!)>%,)7)!)>+2$('/$(!
: ),)!2((/5'2%)4!:'%&!K#@!2$4!Su[X;%3+)!Z'$5!0'$6),(*!+/.3C)%'4)!535.2()!Q$/2e;.'C)!
4/72'$(*!+,/%)'$!C'$2()!4/72'$(!2$4!+&),/+&/,'$(!?X2%2()%!Q̀ B*!2.%&/-6&!'$!2..!52()(!%&)!!0+
,-.)"$,'/..+ 2$4!;0+6$,/-,.+6)$)(!+,)()$%!'$!%&)()!/,%&/6,/-+(!:),)!$/%!2$$/%2%)4!:'%&!(+)5'0'5!
0-$5%'/$(8!D-,%&),7/,)*!7/,)!%&2$!"LL!/0!%&)!)>+2$4)4!/,%&/6,/-+(!:),)!$/%!2((/5'2%)4!:'%&!
2$3!0-$5%'/$2.!4/72'$(!2%!2..8!_$.3!VPLj!/0!!0+,-.)"$,'/..+ 6)$)(!2,)!2$$/%2%)4!:'%&!4/72'$(!
2$4!/$.3!V"Lj!2,)!0/,72..3!2$$/%2%)4!:'%&!+,'72,3! 6)$)!(37=/ .(!?I.2=3!2$4!I.2=3;K22(!
EL"gB8!D-,%&),!)>+./,'$6!%&)!,).2%'/$(&'+(!=)%:))$!6)$)!5/$%)$%!2$4!%&)!='/./6'52.!
4'00),)$5)(!/0!!0+,-.)"$,'/..+ 2$4!'%(!5./()!,).2%'1)(!723!=)!2!+/:),0-.!2++,/25&!%/!
0-$5%'/$2..3!5&2,25%),'()!244'%'/$2.!6)$)(*!)(+)5'2..3!%&/()!%&2%!2,)!-$'<-)!%/!(+)5'0'5!5.24)(!
(-5&!2(!%&)!b/.1/52.)(!/,!5/,) ;=-.)"$,'/.).$ 8!!
!



! g\ !

3.4.6 Evolution of the mating type locus in Chlamydomonas  
!
]5,/((!5/,) ;=-.)"$,'/.).$+ (+)5')(*!()>!'(!4)%),7'$)4!=3!2!&2+./'4!72%'$6;%3+)!./5-(!:'%&!
%:/!2..).)(*!%),7)4!1#2*+?34 ! B!/,!0)72.)*!2$4!%.)2*+?34 "B!/,!72.)*!'$!'(/627/-(!2$4!
2$'(/627/-(!(+)5')(8!@&)!!0+,-.)"$,'/..+ 72%'$6!%3+)!./5-(!'(!./52%)4!/$!5&,/7/(/7)!`*!
(+2$$'$6!f\LL!C=!2$4!5/$('(%'$6!/0!%&,))!4/72'$(*!%&)!@!?%)./7),);+,/>'72.B*!a!?,)2,,2$6)4B!
2$4!F!?5)$%,/7),);+,/>'72.B!4/72'$(8!h&'.)!=/%&!%&)!@!2$4!F!4/72'$(!)>&'='%!&'6&!(3$%)$3!
=)%:))$!%&)!72%'$6!%3+)!2..).)(*!%&)!5,/((/1), ;(-++,)(()4 !a!4/72'$!5/$%2'$(!%&)!/$.3!72%'$6!
%3+);(+)5'0'5!6)$)(! ?D),,'(!2$4!^//4)$/-6&!"TTgB!2$4!&2,=/-,(!(-=(%2$%'2.!(%,-5%-,2.!
12,'2%'/$*!0)2%-,'$6!()1),2.!'$1),('/$(!2$4!,)2,,2$6)7)$%(!?D),,'(!)%!2.8!ELLEM!X)!K/00!)%!2.8!
EL"YB8!](! 4)%2'.)4!'$!"8Y8̀*!5/7+2,2%'1)!2$2.3()(!/0!34 ! W0)72.)!2$4!34 "W72.)!&2+./%3+)(!
=)%:))$+!0+,-.)"$,'/.. +2$4!@^b!5.24)!(+)5')(!&21)!,)1)2.)4!&'6&.3!43$27'5!)1/.-%'/$*!:'%&!
)>%)$('1)!6)$)!%-,$/1),!2$4!(%,-5%-,2.!12,'2%'/$!,)(-.%'$6!'$!2!5/7+.)>!2$4!4'(5/$%'$-/-(!
)1/.-%'/$2,3!&'(%/,3!/0!&2+./%3+)!,)0/,72%'/$!?D),,'(!)%!2.8!EL"LM!K272J'!)%!2.8!EL"`=M!K272J'!
)%!2.8!EL"UB8!_$.3!/$)! 72%'$6!%3+);(+)5'0'5!6)$)!'(!5/77/$!%/!2..! (+)5')(*!%&)!7'$-(!
4/7'$2$5)!6)$)! ?3E8B*!:&'5&!4)%),7'$)(!34 "W72.)!627)%'5!4'00),)$%'2%'/$!?D),,'(!2$4!
^//4)$/-6&!"TTgB 8!
!
@/!)>+./,)!:&)%&),!72%'$6!%3+)!)1/.-%'/$!'(!('7'.2,.3!43$27'5!=)%:))$!%&)!7/,)!5./().3!
,).2%)4!!"#$%&'(%()$*+(+)5')(*!:)!-()4!2!,)5'+,/52.!=)(% ;&'%!2++,/25&!%/!'4)$%'03!!0+
,-.)"$,'/.. !/,%&/./6(!'$!!0+.)6-,/$+2$4!!0+*6"#(-**-,.8!@&)!()<-)$5)4!'(/.2%)(!/0!=/%&!(+)5')(!
:),)!'$0),,)4!%/!=)! 34 " !=2()4!/$!%&)!+,)()$5)!/0!3E8*!2(!:2(!+,)1'/-(.3!,)+/,%)4!0/,! !0+
.)6-,/$+?D),,'(!)%!2.8!"TTgB8!_,%&/./6(!/0!348B *!%&)!()5/$4!2$4!/$.3!/%&),!34 " ;.'7'%)4!6)$)!
'$!!0+,-.)"$,'/.. *!:),)!2.(/!'4)$%'0')4!'$!=/%&!(+)5')(8!].%&/-6&!:)!:),)!2=.)!%/!72+!%&)!
)$%',)!!0+,-.)"$,'/..+ 34 " !&2+./%3+)!%/!('$6.)!5/$%'6(!'$!=/%&!%&)!!0+.)6-,/$+2$4!!0+*6"#(-**-,.+
2(()7=.')(*!'%!'(!'7+/,%2$%!%/!(%2%)!%&2%!'%!'(!5-,,)$%.3!'7+/(('=.)!%/!4)0'$)!%&)!a!4/72'$!
=/-$42,')(!0/,!)'%&),!(+)5')(!:'%&/-%!()<-)$5'$6!%&)',!34 ! !2..).)(8!9$0/,%-$2%).3*!'%!'(!
5-,, )$%.3!-$C$/:$!'0!2$3!/0!%&)!/$)!?!0+.)6-,/$B!/,!%:/!?!0+*6"#(-**-,.B!/%&),!'(/.2%)(!2,)!
34 ! *!2$4!2(!$/!'(/.2%)!0,/7!)'%&),!(+)5')(!&2(!=))$!(-55)((0-..3!5,/(()4!'%!'(!$/%!)1)$!C$/:$!
'0!%&)3!2,)!()>-2..3!1'2=.)!?N,O(5&/.4!)%!2.8!ELLPB8!D-,%&),7/,)*!2(!()>-2.!,)+,/4-5%'/$!&2(!
$/%!=))$!/=(),1)4!0/,!)'%&),!(+)5')(!'%!52$$/%!4)0'$'%'1).3!=)!(%2%)4!%&2%!%&)3!2,)!&)%),/%&2..'5*!
2(!3E8+/,%&/./6(!2,)!+,)()$%!2$4!,)<-',)4!0/,!()>-2.!4)1)./+7)$%!'$!&/7/%&2..'5!(+)5')(!'$!
%&)!@^b!5.24)!?K272J'!)%!2.8!EL"YM!u2727/%/!)%!2.8!EL"g2B8!@/!%)(%!%&'(!+/(('='.'%3*!:)!
)>+./,)4!+2%%),$(!/0!(3$/$37/-(!5/4/$!-(26)!'$!=/%&!(+)5')(8!]((-7'$6!+2%%),$(!/0!
,)5/7='$2%'/$!2,)!('7'.2,!%/!%&/()!'$!!0+,-.)"$,'/.. *!'0!!0+.)6-,/$+2$4!!0+*6"#(-**-,.+2,)!
&)%),/%&2..'5!'%!:/-.4!=)!)>+)5%)4!%&2%!3E8!?2$4!+/(('=.3!2.(/!348B B!:/-.4!)>&'='%!.'%%.)!
)1'4)$5)!/0!().)5%'/$!25%'$6!/$!5/4/$!-(26)*!4-)!%/!./:!().)5%'/$!)00'5253!52-()4!=3!%&)!
2=()$5)!/0!,)5/7='$2%'/$!?=/%&!5,/((/1),(!2$4!6)$)!5/$1),('/$B8!#$4))4*!3E8+'$!!0+.)6-,/$+
:2(!+,)1'/-(.3!(&/:$!%/!&21)!%&)!./:)(%!5/4/$!242+%2%'/$!'$4)>!?F]#B!27/$6(%!2!42%2()%!/0!
`g!6)$)(! ?N/+)(5-!)%!2.8!ELL`B8!h)!<-2$%'0')4!5/4/$!242+%2%'/$!0/,!2..!6)$)(!-('$6!%&)!'$4)>!
/0!%,2$(.2%'/$!)./$62%'/$!?E:; B*!2!7)%,'5!%&2%!255/-$%(!0/,!7-%2%'/$!='2(!?-$.'C)!F]#B!=-%!52$!
/%&),:'()!=)!'$%),+,)%)4!2$2./6/-(.3!?l'2!EL"PB8!#$!=/%&!(+)5')(*!3E8+:2(!:'%&'$!%&)!./:)(%!
Ej!/0!6)$)(!0/,! E:; !6)$/7) ;:'4)!2$4!&24!%&)!./:)(%!E:; -/0!2$3!6)$)(!+,)()$%!/$!%&)!5/$%'6(!
(3$%)$/-(!%/!%&)!!0+,-.)"$,'/..+ 72%'$6!%3+)!?D'6-,)!QgB8!348B+2.(/!)>&'='%)4!./:! E:; -'$!!0+



! gP!

*6"#(-**-,.+?./:)(%!VTj!/0!6)$)(B*!2.%&/-6&+%&)!,)4-5%'/$!'$!!0+.)6-,/$+:2(!.)((!+,/$/-$5)4!
?./:)(%!VEYjB8!@&)()!,)(-.%(!(-++/,%!&)%),/%&2..'(7!'$!=/%&!(+)5')(*!2.%&/-6&!'%!'(!+/(('=.)!
%&2%!348B+723!$/%!=)!34 " ;(+)5'0'5!'$!!0+.)6-,/$!?2(!'(!0/-$4!'$!M0+2).6(66$+2$4!A2'(,.)$+
(+8!?K272J'!)%!2.8!EL"UBB8!h)!%&),)0/,)!+,/5))4!:'%&!%&'(!2((-7+%'/$*!2.%&/-6&!'%!:'..!=)!2!
+,'/,'%3!%/!5/$0',7!%&'(!1'2!()<-)$5'$6!/0!%&)!/%&),!)>'(%'$6!'(/.2%)(!/,!$):!'(/.2%)(!'$!%&)!
0-%-,)8!D'$2..3*!:)!2.(/!4)%),7'$)4!%&)!()<-)$5)4!'(/.2%)!/0!A0+'-:$,&$)$+%/!=)!34 " !1'2!%&)!
'4)$%'0'52%'/$!/0!3E8*!2.%&/-6&!:)!4'4!$/%!)>+./,)!72%'$6!%3+)!)1/.-%'/$!0-,%&),!6'1)$!%&)!
)1/.-%'/$2,3!4'(%2$5)!%/!!0+,-.)"$,'/.. 8!9$.'C)!!0+.)6-,/$+$)'+!0+*6"#(-**-,. *!&)%),/%&2..'5!
72%'$6!+2',(!/0!A0+'-:$,&$)$+2,)!'$!5-.%-,)*!2$4!2!0-%-,)!5/7+,)&)$('1)!(%-43!/0!%&)!72%'$6!
%3+)!./5-(!'$!%&)!(+)5')(!'(!%&),)0/,)!+/(('=.)8!
+

!
!
"#$%&'!3)!DB)0-)B!+'#$,,!01-!&'%#()*+,#-.))%B!$%1+6@$0B6-!+)%!()/-##-%!B! $%1+6@$0B6-,!()!&'%)*"(#.,%
+)%!&'%3"+/2(33(#)7!!
U+'1!@()-!#-6#-,-)0,!+)!()%(2(%&+@!&'%#()*+,#-.))%*-)-!+)%!(0,!()/-##-%!$#01$@$*!()!*+, !&'%)*"(#.,%+)%!
*-, !&'%3"+/2(33(#)7!C1-!CP!d!+)%!N!%$>+(),!$/!01-!&'%#()*+,#-.))%B!$%1+6@$0B6-!+#-!1(*1@(*10-%7!
F-)-,!=(01!()2-#0-%!$#(-)0+0($),!+#-!,1$=)!()!<@&-7!V$#!&'%)*"(#.,%01-!-)0(#-!*-)$>('!#-*($)!6@$00-%!
=+,!,B)0-)('!0$!'$)0(*!NTTLL7!V$#!&'%3"+/2(33(#)P!01-!-)0(#-!B! $%1+6@$0B6-!=+,!,B)0-)('!0$!NTTHgP!
<&0!NTQTg!=+,!+66-)%-%!0$!,1$=!,B)0-)B!-J0-)%()*!0$!01-!>$,0!0-@$>-#-O6#$J(>+@!#-*($)!$/!&'%
#()*+,#-.))%'1#$>$,$>- !R7!!
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#$!!0+.)6-,/$X+6)$)!/,4),!:2(!)$%',).3!(3$%)$'5!25,/((!%&)!F!4/72'$*!)>5)+%!0/,!34afDf *!
:&'5&!4'4!$/%!3').4!2!&'%!2$3:&),)!'$!%&)!6)$/7)8!F/$1),().3*!=/%&!@!2$4!a!4/72'$!6)$)(!
&21)!-$4),6/$)!()1),2.!,)2,,2$6)7)$%(!2$4!'$1),('/$(!,).2%'1)!%/!!0+,-.)"$, '/..+34 "+?D'6-,)!
`]B8!D-,%&),7/,)*!%&)!@!4/72'$!6)$)(!G@@N+2$4!P8PB+:),)!+,)()$%!/$!()+2,2%)!5/$%'6(!'$!
!0+.)6-,/$+2$4!4/!$/%!2++)2,!%/!=)!72%'$6!%3+);.'$C)4!?X2%2()%!QgB8!Q3$%)$3!/%&),:'()!
5/$%'$-)4!:)..!'$%/!%&)!24J25)$%!2-%/(/72.!()<-)$5)*!'$!.'$)!:'%&!%&)!6)$/7);:'4)!+2%%),$(!
/0!(3$%)$3!?Y8\8YB8!h)!/=(),1)4!)1)$!.)((!(3$%)$3!=)%:))$!!0+,-.)"$,'/..+ 2$4!!0+*6"#(-**-,.+
34 " !6)$)(*!:'%&!=/%&!%&)!@!2$4!F!4/72'$(!(&/:'$6!%:/!.2,6)!'$1),('/$(!)25&!?D'6-,)!`IB8!
K/:)1),*!6)$)!/,4),!'$!%&)!(-,,/-$4'$6!2-%/(/72.!() <-)$5)!:2(!2.(/!.2,6).3!5/..'$)2,8!](!'$!
!0+.)6-,/$*!G@@N+:2(!./52%)4!).():&),)!'$!%&)!!0+*6"#(-**-,.!2(()7=.3*!(-66)(%'$6!2!
,).2%'1).3!,)5)$%!%,2$(./52%'/$!%/!%&)!@!4/72'$!'$!!0+,-.)"$,'/.. 8!@&)!@!4/72'$!6)$)!C``fD+
:2(!2.(/!./52%)4!/$!2!4'00),)$%!5/$%'6*!:&'.)!%&)!6)$)(!34a`CgX+34afDf+2$4!BfDNfC+4'4!$/%!
3').4!&'%(!2$3:&),)!'$!%&)!!0+*6"#(-**-,.+6)$/7)8!D'$2..3*!:)!0/-$4!$/!&'%(!0/,!%&)!34 ! ;
(+)5'0'5!6)$)(!KFGB+2$4!34IB+'$!)'%&),!(+)5')(*!(-66)(%'$6!%&2%!%&)()!6)$)(!?2((-7'$6!%&)3!
)>'(%B!2,)!2.(/!)>+)5%)4!%/!=)!34 ! T(+)5'0'5!'$!!0+.)6-,/$+2$4!!0+*6"#(-**-,.8!!
+
@&)!.25C!/0!5/..'$)2,'%3!,).2%'1)!%/!%&)!!0+,-.)"$,'/.. !@!4/72'$!723!=)!'$4'52%'1)!/0!2$!
)>%)$4)4!a!4/72'$!'$!%&)()!(+)5')(*!)(+)5'2..3!'$!!0+*6"#(-**-,.*!:&),)!:) !/=(),1)!7-.%'+.)!
,)2,,2$6)7)$%(!'$!2..!%&,))!4/72'$(8!h)!4/!$/%*!&/:)1),*!/=(),1)!4,272%'5!12,'2%'/$!'$!
72%'$6!%3+)!('Z)M!:&),)2(!!0+,-.)"$,'/..+ 34 " !'(!V\EE!C=*!'0!?E!`+2$4!3I4N+2,)!%2C)$!2(!%&)!
=/-$42,')(!/0!%&)!./5-(!?X)!K/00!)%!2.8!EL"YB*!!0+.)6-,/$+34 "!'(!VYET!C=!2$4!!0+*6"#(-**-,.+
34 " !'(!V\YU!C=8!#$!2..*!:&'.)!:)!4/!0'$4!)1'4)$5)!/0!34 " !&2+./%3+)!,)0/,72%'/$!:'%&'$!
!"#$%&'(%()$* *!%&'(!'(!7/(%.3!.'7'%)4!%/!,)2,,2$6)7)$%(*!:'%&!02,!.)((!6)$)!%-,$/1),!2$4!
./5-(!('Z)!12,'2%'/$!%&2$!&2(!=))$!/=(),1)4!=)%:))$!7/,)!4'(%2$%.3!,).2%)4!5/,);
=-.)"$,'/.).$+ (+)5')(8!h&'.)!72%'$6!%3+)!)1/.-%'/$!&2(!+,)1'/-(.3!=))$!)>+./,)4!'$!%&)!
5/$%)>%!/0!%,2$('%'/$(!0,/7!-$'5)..-.2,'%3!%/!7-.%'5)..-.2,'%3!2$4!'(/6273!%/!2$'(/6273*!/-,!
42%2!(-66)(%!%&2%!72%'$6!%3+)!&2+./%3+)!,)0/,72%'/$!'(!(%'..!)>+)5%)4!%/!/55-,!=)%:))$!5./().3!
,).2%)4!'(/627/-(!(+)5')(*!2.=)'%!2%!2!,)4-5)4!(52.)8!!
!
3.4.7 Alignability and estimation of neutral divergence  
!
#$!/,4),!%/!025'.'%2%)!%&)!'4)$%'0'52%'/$!/0!5/$(),1)4!).)7)$%(!?FA(B!2$4!2$!2(()((7)$%!/0!%&)!
5-,,)$ %!!0+,-.)"$,'/..+ 6)$)!7/4).(*!:)!+,/4-5)4!2$!U ;(+)5')(!5/,) ;=-.)"$,'/.).$+ h^]!-('$6!
F25%-(!?],7(%,/$6!)%!2.8!EL"TB8!I2()4!/$!%&)!2.'6$7)$%!/0!!0+,-.)"$,'/..+ 0/-, ;0/.4!
4)6)$),2%)!?\XB!('%)(!)>%,25%)4!0,/7!%&)!h^]*!:)!)(%'72%)4!+-%2%'1).3!$)-%,2.!=,2$5&!
.)$6%&(!25,/((!%&)!%/+/./63!5/$$)5%'$6!%&)!)'6&%!(+)5')(!-$4),!%&)!^@a!(-=(%'%-%'/$!7/4).!
?D'6-,)!g]B8!X'1),6)$5)!=)%:))$!!0+,-.)"$,'/..+ 2$4!!0+.)6-,/$X+2$4!!0+,-.)"$,'/..+ 2$4!!0+
*6"#(-**-,. *+:2(!)(%'72%)4!2(!Y\j!2$4!\Pj*!,) (+)5%'1).38!X'1),6)$5)!=)%:))$!!0+,-.)"$,'/..+
2$4!A0+'-:$,&$)$+:2(!)(%'72%)4!2(!TUj*!:&'.)!2..!0/-,!@^b!5.24)!(+)5')(!:),)!(2%-,2%)4!
,).2%'1)!%/!!0+,-.)"$,'/..+ ?'8)8!/$!21),26)*!)25&!\X!('%)!'(!)>+)5%)4!%/!&21)!)>+),')$5)4!7/,)!
%&2$!/$)!(-=(%'%-%'/$B8!@/!+-%!%&)()!)(%'72%)(!:'%&'$!2!7/,)!,)5/6$'(2=.)!0,27):/,C*!
4'1),6)$5)!25,/((! !"#$%&'(%()$*+'(!2++,/>'72%).3!/$!%&)!(52.)!/0!&-72$;,/4)$%!
4'1),6)$5)!?e'$4=.24;@/&!)%!2.8!EL""B*!:&'.)!4'1),6)$5)!=)%:))$! !" #$%&'(%()$*+2$4!%&)!
@^b!5.24)!'(!,/-6&.3!)<-'12.)$%!%/!%&2%!/0!72772.(!2$4!(2-,/+('4(!?=',4(!2$4!,)+%'.)(B*!



! gg!

:&'5&!4'1),6)4!VYEL!7'..'/$!3)2,(!26/! ?].0O.4'!)%!2.8!EL""B8!_-,!)(%'72%)(!5/,,/=/,2%)!2!
+,)1'/-(!)(%'72%)!/0!(3$/$37/-(!4'1),6)$5)!=)%:))$! !0+,-.)"$,'/..+ 2$4!!0+.)6-,/$+/0!Ygj!
?N/+)(5-!)%!2.8!ELL`B!2$4!2,)!=,/24.3!'$!.'$)!:'%&!%&)!4'1),6)$5)!%'7)!)(%'72%)!/0!VEYL!
7'..'/$!3)2,(!=)%:))$!%&)!@^b!5.24)!2$4!%&)',!-$'5)..-.2,!2$5)(%/,(!?K),,/$!)%!2.8!ELLTB8!
K/:)1),*!'%!'(!'7+/,%2$%!%/!$/%)!%&2%!:)!&21)!.'C).3!-$4),)(%'72%)4!$)-%,2.!4'1),6)$5)*!2(!\X!
('%)(!2,)!-$.'C).3!%/!=)!)1/.1'$6!$)-%,2..3!4-)!%/!().)5%'/$!25%'$6!/$!5/4/$!-(26)*!:&'5&!&2(!
=))$!(&/:$!%/!,)4-5)!4'1),6)$5)!=)%:))$! !0+,-.)"$,'/..+ 2$4!!0+.)6-,/$!?N/+)(5-!)%!2.8!ELL`B8!
!

!
"#$%&'!5)!"&0+0(2-@B!)-&0#+@!%(2-#*-)'-!+)%!*-)$>-O=(%-!+@(*)+<(@(0B!+'#$,,!01-!'$#-O:()*+,#-.) *), 7!
*+, !U,0(>+0-,!$/!6&0+0(2-@B!)-&0#+@!%(2-#*-)'-!&)%-#!01-!FCd!>$%-@P!<+,-%!$)!01-!0$6$@$*B!$/!V(*&#-!
]!+)%!QPgg]PgR]!H3!,(0-,!-J0#+'0-%!/#$>!01-!N+'0&,!fF57!!
*-, !5!#-6#-,-)0+0($)!$/!01-!&'%#()*+,#-.))%*-)$>-!<B!,(0-!'@+,,P!+)%!01-!)&><-#!$/!+@(*)-%!,(0-,!6-#!&'%
#()*+,#-.))%,(0-!'@+,,!/$#!-+'1!$01-#!,6-'(-,!()!01-!N+'0&,!fF57!!
!
](!)>+)5%)4*!6)$/7) ;:'4)!2.'6$2='.'%3+?%&)!+,/+/,%'/$!/0!=2()(!2.'6$)4!=)%:))$!!0+
,-.)"$,'/..+ 2$4!2!6'1)$!(+)5')(!'$!%&)!h^]B!4)5,)2()4!(-=(%2$%'2..3!:'%&!'$5,)2('$6!
4'1),6)$5)*!:'%&!PY8Lj!/0!%&)!!0+,-.)"$,'/..+ 6)$/7)!2.'6$)4!%/!!0+.)6-,/$*!\U8`j!%/!!0+
*6"#(-**-,. *!2$4!/$!21),26)!/$.3!"T8Tj!%/!%&)!,)72'$'$6!0'1)!(+)5')(!?D'6-,)!gIB8!@&)!
72J/,'%3!/0!!0+,-.)"$,'/..+ FXQ!:2(!2.'6$2=.)!:'%&'$!!"#$%&'(%()$* !?Ug8gj!2$4!UP8Pj!%/!
!0+.)6-,/$+2$4!!0+*6"#(-**-,.*!,)(+)5%'1).3B*!'$4'52%'$6!%&2%!'%!:'..!=)!+/(('=.)!%/!+),0/,7!
7/.)5-.2,!)1/.-%'/$2,3!2$2.3()(!?)868!52.5-.2%'$6!4[W4QB!=)%:))$!%&)!%&,))!(+)5')(8!FXQ!2.(/!
5/$(%'%-%)4!7/(%!/0!%&)!2.'6$)4!()<-)$5)!%/!%&)!/%&),!0'1)!(+)5')(*!5/7+,'('$6!/$!21),26)!
gU8Yj!/0!%&)!2.'6$)4!=2()(!4)(+'%)!0/,7'$6!/$.3!YP8Ej!/0!%&)!!0+,-.)"$,'/..+ 6)$/7)8!#$!
5/$%,2(%*!02,!.)((!$/$;)>/$'5!()<-)$5)!:2(!2.'6$2=.)*!)(+)5'2..3!=)3/$4! !"#$%&'(%()$* 8!
Q-=(%2$%'2.!+,/+/,%'/$(!/0!'$%,/$'5!=2()(!:),)!2.'6$)4!%/!!0+.)6-,/$+?\\8"jB!2$4!!0+
*6"#(-**-,.+?YU8UjB*!:'%&!/$!21),26)!""8Yj!2.'6$)4!%/!%&)!/%&),!0'1)!(+)5')(8!e)((!%&2$!"Lj!
/0!'$%),6)$'5!()<-)$5)!:2(!2.'6$)4!%/!2$3!/$)!(+)5')(*!2$4!/$!21),26)!.)((!%&2$!"j!:2(!
2.'6$)4!%/!$/$;!"#$%&'(%()$*+(+)5')(8!X'(%,'=-%'/$(!/0!'$%),6)$'5!%,25%!.)$6%&(!25,/((!%&)!
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5/,) ;=-.)"$,'/.).$+ 2,)!&'6&.3!(C):)4!?D'6-,)!QUB*!(/!%&2%!'$!!0+,-.)"$,'/.. !%,25%(!(&/,%),!%&2$!
EPL!=+!5/$(%'%-%)!`Y8Pj!/0!%,25%(!=-%!J-(%!P8Pj!/0!%/%2.!'$%),6)$'5!()<-)$5)8!@&)!()<-)$5)!
5/$%)$%!/0!%,25%(!fEPL!=+!'(!&'6&.3!,)+)%'%'1)!?%/%2.!,)+)2%!5/$%)$%!`Y8\jB*!:&'.)!%,25%(!wEPL!
=+!2,)!,).2%'1).3!0,))!/0!,)+)2%(!?\8Yj!,)+)2%!5/$%)$%B!2$4!2(!2!,)(-.%!2,)!02,!7/,)!2.'6$2=.)!%/!
!0+.)6-,/$+2$4!!0+*6"#(-**-,.!?\L8Uj!2$4!YE8Lj!/0!=2()(!2.'6$)4*!,)(+)5%'1).3B8!@&'(!(-66)(%(!
%&2%!2%!.)2(%!0/,!'$%,/$(!2$4!(&/,%!'$%),6)$'5!%,25%(!'%!'(!0)2('=.)!%/!)>+./,)!%&)!.2$4(52+)!/0!
$/$;)>/$'5!)1/.-%'/$2,3!5/$(%,2'$%*!+,'72,'.3!-%'.'('$6!2.'6$7)$%!42%2!0,/7!!"#$%&'(%()$*X!
(-++.)7)$%)4!=3!:&2%!'(!)>+)5%)4!%/!=)!2.'6$7)$%!/0!/$.3!%&)!7/(%!5/$(),1)4!('%)(!2%!6,)2%),!
)1/.-%'/$2,3!4'(%2$5)(8!!
!
3.4.8 False positive and missing genes in the Chlamydomonas  reinhardtii v5.6 
annotation  
!
_$)!/0!%&)!72J/,!(-55)(()(!/0!5/7+2,2%'1)!6)$/7'5(!&2(!=))$!%&)!,)0'$)7)$%!/0!6)$)!
2$$/%2%'/$(8!S2$3!2++,/25&)(!%&2%!-%'.'()!h^](!,).3!/$!%&)!2='.'%3!%/!4'(%'$6-'(&!=)%:))$!
+,/%)'$!5/4'$6!2$4!$/$;5/4'$6!()<-)$5)*!2$4!+,/6,27(!(-5&!2(!N&3./FQD!?e'$!)%!2.8!EL""B!
<-2$%'03!5/4'$6!+/%)$%'2.!=3!2(()(('$6!52$4'42%)!2.'6$7)$%(!0/,!)1/.-%'/$2,3!('6$2%-,)(!
5&2,25%),'(%'5!/0!FXQ*!(-5&!2(!&'6&),!(3$/$37/-(!2$4!./:),!$/$(3$/$37/-(!4'1),6)$5)8!
9('$6!/-,!$):!,)(/-,5)(*!:)!0',(%!2%%)7+%)4!%/!2(()((!%&)!+,)12.)$5)!/0!02.()!+/('%'1)!6)$)(!
'$!%&)!5-,,)$%!!0+,-.)"$,'/..+ 1P8`!2$$/%2%'/$8!N,'/,!%/!%&'(*!:)!0'.%),)4!"*LUP!6)$)(!0,/7!%&)!
1P8`!2$$/%2%'/$!?V`j!/0!6)$)(B !%&2%!2++)2,!%/!=)!+2,%!/0!@A(!?\8\ 8UB8!h)!4'1'4)4!%&)!
,)72'$'$6!"`*`P`!6)$)(!'$%/!2!t5/$%,/.n!()%!%&2%!5/$%2'$)4!2..!6)$)(!:'%&!2%!.)2(%!/$)!5/,);
=-.)"$,'/.).$+ /,%&/./6!2$4W/,!2!0-$5%'/$2.!4/72'$!?"P*Y`P!6)$)(B*!2$4!2!t%)(%n!()%!%&2%!02'.)4!
=/%&!5/$4'%'/$(!?"*ET"!6)$)(B8!h)!,2$!N&3./FQD!/$!2.'6$7)$%(!/0!FXQ!)>%,25%)4!0,/7!%&)!
h^]*!+,/4-5'$6!2!+),!6)$)!(5/,)!?:'%&!7/,)!+ /('%'1)!(5/,)(!'$4'52%'$6!2!&'6&),!5/4'$6!
+/%)$%'2.B8!@&)!(5/,)!4'(%,'=-%'/$(!0/,!%&)!5/$%,/.!2$4!%)(%!6)$)!()%(!:),)!(%,'C'$6.3!4'00),)$%*!
:'%&!2!7)4'2$!(5/,)!/0!YPT8T!0/,!%&)!5/$%,/.!()%!2$4!L!0/,!%&)!%)(%!()%!?:'%&!(5/,)(!/0!L!'$!
2.7/(%!2..!52()(!,)+,)()$%'$6!2!5/7+.)%)!.25C!/0!2.'6$7)$%B!?D'6-,)!U]B8!#$!0-..*!U`P!%)(%!()%!
6)$)(!?V`gjB!(5/,)4!w"*!:&'.)!%&)!(27)!:2(!%,-)!0/,!PTU!5/$%,/.!()%!6)$)(!?V\jB8!@&)!
+/('%'1)!(5/,)(!2$4!.'C).3!%,-)!+/('%'1)!(%2%-(!0/,!2++,/>'72%).3!/$)!%&',4!/0!%&)!%)(%!()%!5/-.4!
=)!)>+.2'$)4!=3!%&)!/,%&/./6(!/0!%&)()!6)$)(!=)'$6!2=()$%!0,/7!%&)!2$$/%2%'/$(!0/,!%&)!
2.'6$)4!(+)5')(!?2(!N&3./FQD!'(!$/%!,).'2$%!/$!6)$)!2$$/%2%'/$(!0,/7!/-%6,/-+!(+)5')(B8!
].%),$2%'1).3*!72$3!/0!%&)()!6)$)(!723!=)!02(%!)1/.1'$6!2%!%&)!+,/%)'$;.)1).*!%&-(!)(52+'$6!
/,%&/./63!5.-(%),'$68!_0!%&)!,)72'$'$6!%)(%!()%!6)$)(*!52-%'/$!7-(%!=)!%2C)$!'$!4)('6$2%'$6!
02.()!+/('%'1)!(%2%-(!('$5)!%&'(!(-=()%!723!'$5.-4)!6)$)(!-$'<-)!%/!!0+,-.)"$,'/..+ ?'8)8!/,+&2$!
6)$)(!/,!,)5)$%!6)$)!4-+.'52%'/$(B8!@&),)!'(!2.(/!)>+)5%)4!%/!=)!2!02.()!+/('%'1)!,2%)!
2((/5'2%)4!:'%&!N&3./FQD!52-()4!=3!7'(2.'6$7)$%!/,!2!.25C!/0!+/:),!?'8)8!0/,!6)$)(!:&),)!
FXQ!4/)(!$/%!2.'6$!25,/((!()1),2.!/0!%&)!(+)5')(!'$!%&)!h^]B*!2(!4)7/$(%,2%)4!=3!%&)!V\j!
/0!6)$)(!(5/,'$6!w"!'$!%&)!5/$%,/.!()%8!!
!
h)!%&),)0/,)!+),0/,7)4!%:/!0-,%&),!2$2.3()(!%/!7/,)!255-,2%).3!4).'$)2%)!2!()%!/0!02.()!
+/('%'1)!6)$)!7/4).(8!D',(%*!0/,!)25&!6)$)!:)!52.5-.2%)4!%&)!,2%'/!/0!6)$)%'5!4'1),('%3!?! B!2%!
Z),/ ;0/.4!4)6)$),2%)!?LXB!2$4!\X!('%)(!=2()4!/$!:&/.);6)$/7)!,) ;()<-)$5'$6!42%2!0,/7!"g!



! gT!

!0+,-.)"$,'/..+ 0').4!'(/.2%)(!0,/7!o-)=)5! ?F,2'6!)%!2.8!EL"TB8!](!:/-.4!=)!)>+)5%)4!-$4),!2$!
2((-7+%'/$!/0!+-,'03'$6!().)5%'/$*!7)4'2$!! $6<56!0/,!%&)!5/$%,/.!()%!:2(!L8EYL!2$4!wEj!/0!
6)$)(!&24!2!,2%'/!f"!?D'6-,)!UIB8!F/$1),().3*!7)4'2$!! $6<56-0/,!%&)!%)(%!()%!:2(!L8``P!2$4!
VYLj!/0!6)$)(!&24!2!,2%'/!f"8!@2C'$6!%&)!TP9=!+),5)$%'.)!/0!5/$%,/.!! $6<56-?L8g"gB!2(!2!5-%;/00*!
UEY!%)(%!()%!6)$)(!)>5))4)4!%&'(!%&,)(&/.4!?/,!! $6<56-5/-.4!$/%!=)!52.5-.2%)4!2%!2..B*!`E`!/0!
:&'5&!2.(/!&24!2!N&3./FQD!(5/,)!w"8!Q)5/$4*!:)!<-2$%'0')4!5/4/$!242+%2%'/$!0/,!)25&!6)$)!
-('$6! E:; *!-$4),!%&)!2((-7+%'/$!%&2%!02.()!+/('%'1)!6)$)(!:/-.4!=)!)>+)5%)4!%/!4)1'2%)!0,/7!
%&)!/1),2..!5/4/$!-(26)!='2(!/0!!0+,-.)"$,'/.. 8!S)4'2$!E:; !0/,!%&)!5/$%,/.!()%!:2(!L8`UY*!
4,/++'$6!%/!L8`"T!0/,!%&)!%)(%!()%!?D'6-,)!UFB8!@2C'$6!%&)!P9=!+),5)$%'.)!/0!5/$%,/.!E:; -?L8PUUB!
2(!2!5-%;/00*!\YL!%)(%!()%!6)$)(!:),)!=)./:!%&'(!%&,)(&/.4*!Y\P!/0!:&'5&!&24!2!+&3./FQD!(5/,)!
w"8!F/$('4),'$6!%&)!%&,))!2$2.3()(!%/6)%&),*!EPL!%)(%!()%!6)$)(!?V"TjB!&24!2!N&3./FQD!(5/,)!
w"!2$4!&24!! $6<56-2$4!E:; -12.-)(!)>5))4'$6!%&)!5/$%,/.!()%!%&,)(&/.4(*!:&'.)!gE"!?VP`jB!
6)$)(!&24!2!N&3./FQD!(5/,)!w"!2$4!)>5))4)4!/$)!=-%!$/%!=/%&!%&,)(&/.4(8!h)!4)('6$2%)!
%&)()!6)$)(!2(!./:!5/4'$6!+/%)$%'2.*!:'%&!%&)!)>25%!$-7=),!/0!(+-,'/-( !6)$)!7/4).(!'$!%&)!
1P8`!2$$/%2%'/$!.'C).3!02..'$6!(/7):&),)!=)%:))$!%&)!()%(!/0!EPL!2$4!gE"!6)$)(8!
!
@&),)!2,)!()1),2.!='/./6'52.!,)2(/$(!:&3!6)$-'$)!+,/%)'$ ;5/4'$6!6)$)(!723!&21)!/-%.3'$6!
12.-)(!'$!%&)!2=/1)!2$2.3()(8!D/,!)>27+.)*!6)$)(!)1/.1'$6!-$4),!+/('%'1)!().)5%'/$!?)868!
'77-$)!(3(%)7!6)$)(B!723!)>&'='%!2$!)>5)((!/0!$/$(3$/$37/-(!(-=(%'%-%'/$(!/,!12,'2$%(*!
200)5%'$6!=/%&!%&)!N&3./FQD!(5/,)!2$4!! $6<568!](!:'%&!%&)!52()!/0!3E8+?Y8\8`B*!6)$)(!
)1/.1'$6!'$!./:! ,)5/7='$2%'/$!,)6'/$(!723!=)!)>+)5%)4!%/!&21)!(-=;/+%'72.!5/4/$!-(26)8!
[/$)%&).)((*!%&),)!2,)!()1),2.!244'%'/$2.!0)2%-,)(!/0!%&)!./:!5/4'$6!+/%)$%'2.!6)$)(!%&2%!
(-++/,%!%&)',!.'C).3!(%2%-(!2(!02.()!+/('%'1)!7/4).(8!D/5-(('$6!/$!%&)!()%!/0!EPL!6)$)(*!%&)',!
/+)$!,)24'$6!0,27)(!?_aD(B!:),)!5/$('4),2=.3!(&/,%),!?7)2$!YgE8E!=+B!2$4!5/$('(%)4!/0!
0):),!)>/$(!?7)2$!E8"!)>/$(B!%&2$!%&)!,)72'$'$6!6)$)(!?7)2$(!EETY8E!=+!2$4!U8T!)>/$(B8!
^F!5/$%)$%!2%!Y)*!5/4/$!+/('%'/$(!:2(!(-=(%2$%'2..3!./:),!?7)2$!`P8PjB!,).2%'1)!%/!%&)!
,)72'$'$6!6)$)(!?7)2$!U"8TjB*!2$4!:2(!/$.3!72,6'$2..3!&'6&),!%&2$!%&)!6)$/7);:'4)!^F!
5/$%)$%!?`\8"jB!%&2%!:/-.4!=)!)>+)5%)4!'$!,2$4/7!()<-)$5)8!^)$)%'5!4'1),('%3!/0!&'6&!
'7+25%!('%)(!?(%2,%!5/4/$(*!LX!('%)(!'$!(%/+!5/4/$(*!2$4!(+.'5)!J-$5%'/$(B!:2(!2$!/,4),!/0!
726$'%-4)!&'6&),!?L8L"ggB!,).2%'1)!%/!%&)!,)72'$'$6!6)$)(!?L8LLLTUYB!2$4!:2(!/0!%&)!(27)!
/,4),!2(!6)$)%'5!4'1),('%3!6)$/7);:'4)!?Y8\8TB*!'$4'52%'$6!%&2%!72$3!/0!%&)!_aD(!/0!%&)!./:!
5/4'$6!+/%)$%'2.!6)$)!()%!2,)!4'(,-+%)4!=3!12,'2$%(!2%!%&)!+/+-.2%'/$ ;.)1).8!D'$2..3*!%&)!
+-%2%'1)!(%2,%!5/4/$(!/0!./:!5/4'$6!+/%)$%'2.!6)$)(!6)$),2..3!.25C)4!(%,/$6!i/Z2C!()<-)$5)(*!
(-66)(%'$6!%&2%!%&)3!+/(()((!-$021/-,2=.)!()<-)$5)!5/$%)>%!0/,!%,2$(.2%'/$2.!'$'%'2%'/$8!
D/../:'$6! F,/((!?EL"PB*!:)!52.5-.2%)4!2!ti/Z2Cn!(5/,)!0/,!)25&!6)$)!=2()4!/$!%&)!26,))7)$%!
=)%:))$!%&)!!0+,-.)"$,'/..+ i/Z2C!5/$()$(-(!()<-)$5)!2$4!%&)!'$0/,72%'/$!5/$%)$%!'$!='%(!+),!
('%)!0/,!%&)!0'1)!=2()(!-+!2$4!4/:$(%,)27!/0!)25&!(%2,%!5/4/$8!@&)!4'(%,'=-%'/$!/0!i/Z2C!
(5/,)(!0/,!%&)!./:!5/4'$6!+/%)$%'2.!6)$)(!7/,)!5./().3!,)()7=.)4!,2$4/7!()<-)$5)!?D'6-,)!
UXB!2$4!4'4!$/%!+,/4-5)!2!,)5/6$'(2=.)!i/Z2C!5/$()$(-(!()<-)$5)!?D'6-,)!QTB8!
!



! UL!

!!
"#$%&'!6)!N$%()*!6$0-)0(+@!+)+@B,-,!+)%!/+@,-!6$,(0(2-!*-)-,7!!
*+, !8$J6@$0!$/!"1@B$NDV!,'$#-,!/$#!01-!'$)0#$@!+)%!0-,0!,-0!*-)-,7!!
*-, !8$J6@$0!$/!01-!#+0($!$/!*-)-0('!%(2-#,(0B!+0!T3!+)%!H3!,(0-,!9! !"#$" ?!/$#!'$)0#$@!+)%!0-,0!,-0!*-)-,7!
F#-B!%+,1-%!@()-!#-6#-,-)0,!Sg%&!6-#'-)0(@-!$/!'$)0#$@!*-)-!2+@&-,7!
*/, !8$J6@$0!$/!'$%$)!+%+60+0($)P!+,!.&+)0(/(-%!<B!<'() /$#!'$)0#$@!+)%!0-,0!,-0!*-)-,7!F#-B!%+,1-%!@()-!
#-6#-,-)0,!g%&!6-#'-)0(@-!$/!'$)0#$@!*-)-!2+@&-,7!
*4, !3-),(0B!6@$0!$/!WM$n+I!,'$#-,YP!.&+)0(/(-%!+,!01-!6-#!*-)-!+*#-->-)0!$/!01-!,0+#0!'$%$)!,-.&-)'-!
'$)0-J0!0$!01+0!$/!01-!&'%#()*+,#-.))%M$n+I!'$),-),&,!,-.&-)'-7!Z$=!N" !#-/-#,!0$!W@$=!'$%()*!
6$0-)0(+@YP!+)%!,6-'(/('+@@B!01-!]gT!0-,0!,-0!*-)-,!01+0!/+(@-%!+@@!01#--!'$%()*!6$0-)0(+@!+)+@B,-,7!
N$)0#$@!#-/-#,!0$!01-!$66$,(0-!1+@/!$/!01-!'$)0#$@!,-0!*-)-,!/#$>!01+0!=1('1!=+,!&,-%!0$!*-)-#+0-!01-!
M$n+I!'$),-),&,!,-.&-)'-!9L7R7 QQ?7!d+)%$>!=+,!'+@'&@+0-%!/#$>!QTPTTT!#+)%$>@B!*-)-#+0-%!
,-.&-)'-,!<+,-%!$)!+)!+2-#+* -!FN!'$)0-)0!$/!RH7Qc7!!
!
^'1)$!%&)!5/7+.)>'%3!2$4!+,/=2='.'(%'5!$2%-,)!/0!6)$)!+,)4'5%'/$*!%&)!+,)()$5)!/0!()1),2.!
&-$4,)4!.'C).3!02.()!+/('%'1)(!'(!$/%!-$)>+)5%)4*!:'%&!)1)$!%&)!7/(%!4)1)./+)4!2$$/%2%'/$(!
(-5&!2(!&-72$!5/$%2'$'$6!2!$/$;$)6.'6'=.)!$-7=),!/ 0!4-='/-(!6)$)!7/4).(! ?]=2(52.!)%!2.8!
EL"UB8!@&'(!'(!)(+)5'2..3!%,-)!6'1)$!%&)!&'6&!^F!5/$%)$%!/0!!0+,-.)"$,'/..X+(' $5)!%&)!.)$6%&!/0!
_aD(!)>+)5%)4!=3!5&2$5)!'$5,)2()(!:'%&!^F!5/$%)$%!2(!2!,)(-.%!/0!4)5,)2('$6!(%/+!5/4/$!
0,)<-)$53!?N/&.!)%!2.8!EL"EB8!@&)!7)2$!_aD!.)$6%&!/0!%&)!./:!5/4'$6!+/%)$%'2.!()%!?V"E\!
5/4/$(B!'(!$/%!(-=(%2$%'2..3!./$6),!%&2$!%&)!"LL!5/4/$(!%&2%!'(!/0%)$!-()4!2(!2!(%2%'(%'52..3!
,/=-(%!%&,)(&/.48!#$4))4*!2(!%&),)!2,)!6)$-'$)!+,/%)'$!5/4'$6!6)$)(!/0!w"LL!27'$/!25'4(!2$4!
()1),2.!0-$5%'/$2..3!5&2,25%),'()4!.$5a[](!%&2%!5/$%2'$!(+-,'/-(!_aD(!./$6),!f"LL!5/4/$(*!
2!5.)2$!4)('6$2%'/$!/0!5/4'$6!2$4!$/$5/4'$6!()<-)$5)!=2()4!/$!_aD!.)$6%&!'(!$/%!+/(('=.)!'$!
2$3!52()!?K/-(72$!2$4!9.'%(C3!EL"`B8!]((-7'$6!%&2%!%&)3!2,)!)>+,)(()4*!'%!'(!+/(('=.)!%&2%!
72$3!/0!%&)()!6)$)!7/4).(!2,)!'$!025%!.$5a[](*!:&'5&!&21)!$/%!3)%!=))$!%&/,/-6&.3!
5&2,25%),'()4!'$! !0+,-.)"$,'/.. 8!@&)!/$)!(%-43!%&2%!2$$/%2%)4!.$5a[](!'$!%&)!(+)5')(!0'.%),)4!
2$3!%,2$(5,'+%(!%&2%!/1),.2++)4!)>'(%'$6!6)$)!2$$/%2%'/$(!?e'!)%!2.8!EL"`B*!:&'5&!4)(+'%)!=)'$6!
2!./6'52.!2++,/25&!723!&21)!,)(-.%)4!'$!72$3!.$5a[](!=)'$6!4'(52,4)48!^'1)$!%&)!
5/7+25%$)((!/0!%&)!!0+,-.)"$,' /..+6)$/7)*!2$!2.%),$2%'1)!+/(('='.'%3!'(!%&2%!72$3!/0!%&)!02.()!
+/('%'1)!6)$)(!2,)!'$!025%!(+-,'/-(!_aD(!:'%&'$!%&)!-$%,2$(.2%)4!,)6'/$(!?9@a(B!/0!
$)'6&=/-,'$6!6)$)(8!D-,%&),!2++,/25&)(!(-5&!2(!./$6!,)24!a[]!()<-)$5'$6!:'..!=)!,)<-',)4!
%/!4'(%'$6-'(&!=)%:))$!(-5&!&3+/%&)()(8!!



! U"!

D'$2..3*!:)!2%%)7+%)4!%/!'4)$%'03!6)$)(! 7'(('$6 !0,/7!1P8`!-('$6!2!('7'.2,!5/7+2,2%'1)!
2++,/25&8!h)!+),0/,7)4! '-+)(5(+ 6)$)!+,)4'5%'/$*!:&'5&!3').4)4!\YY!$/1).! 6)$)!7/4).(8!h)!
,)4-5)4!%&'(!%/!"\E!&'6&;5/$0'4)$5)!6)$)(!=2()4!/$!%&)!7/4 ).(!&21'$6!)'%&),!2!N&3./FQD!
(5/,)!f"LL!/,!2!(3$%)$'5!&/7/./6!'$!/$)!/,!=/%&!/0! !0+.)6-,/$+2$4!!0+*6"#(-**-,.+?=2()4!/$!
%&)!Q3$F&,/!2++,/25&*!Y8`8"" B8!Q-++/,%'$6!%&)',!12.'4'%3*!Yg!/,!%&)!"\E!6)$)(!5/$%2'$)4!2!
0-$5%'/$2.!4/72'$8!D-,%&),7/,)*!YP!&24!('6$'0'52$%!=.2(%+!&'%(!?fTPj!()<-)$5)!('7'.2,'%3 *!
fcULj!<-),3!+,/%)'$!.)$6%&B!%/!!0+,-.)"$,'/..+ +,/%)'$(!0,/7!2$$/%2%'/$!1\8Y!?X2%2()%!QUB!2$4!
.'C).3!,)+,)()$%!7/4).(!%&2%!:),)!./(%!4-,'$6!%&)!%,2$('%'/$!0,/7!1\!%/!1P!/0!%&)!6)$/7)8!@&'(!
'(!2!C$/:$!'((-)!:'%&!%&)!5-,,)$%!2$$/%2%'/$*!2$4!/-,!,);4'(5/1),)4!6)$)!()%!'$5.-4)(!
0-$427)$%2.!6)$)(!(-5&!2(!1*:]+ %&2%!&21)!=))$!+,)1'/-(.3!,)5/,4)4!2(!7'(('$6! ?I.2=3!2$4!
I.2=3 ;K22(!EL"gB8!S /(%!'$%),)(%'$6.3*!:)!,)5)$%.3!(&/:)4!%&2%!EP!/0!%&)()!7'(('$6!6)$)(!
:),)!+2,%!/0!+/.35'(%,/$'5!%,2$(5,'+%(!%/6)%&),!:'%&!)>'(%'$6!6)$)(!'$!%&)!1P8`!2$$/%2%'/$!
?^2..2&),!)%!2.8!ELE"B8!@&)()!6)$)(!:),)!7/(%!.'C).3!/1),.//C)4!=3!+,)1'/-(!2$$/%2%'/$!%//.(!
4-)!%/!%&)',!$/$;52$/$'52.!/,62$'(2%'/$8!!!
!
3.4.9 The Genomic landscape of sequence conservation in Chlamydomonas 
reinhardtii  
 
I2()4!/$!%&)!h^]*!:)!'4)$%'0')4!E`P*LL`!FA(!(+2$$'$6!YY8U!S=!/,!Y"8Pj!/0!%&)!!0+
,-.)"$,'/..+ 6)$/7)8!@&)!72J/,'%3!/0!FA!('%)(!/1),.2++)4!FXQ!?gL8`jB*!:'%&!%&)!,)72'$'$6!
('%)(!/1),.2++'$6!Pn!9@a(!?E8TjB*!Yn!9@a(!?\8\jB*!'$%,/$(!?EL8LjB!2$4!'$%),6)$'5!('%)(!
?E8LjB!?@2=.)!YB8!a).2%'1)!%/!%&)!('%)!5.2((!52%)6/,')(!%&)7().1)(*!`Y8"j!/0!FXQ*!E\8Uj!/0!Pn!
9@a(*!""8Lj!/0!Yn!9@a(*!2$4!"T8Ej!/0!'$%,/$'5!('%)(!:),)!/1),.2++)4!=3!FA(8!_$.3!\8"j!/0!
'$%),6)$'5!('%)(!:),)!/1),.2++)4!=3!FA(*!&/:)1),!:&)$!(+.'%%'$6!'$%),6)$'5!%,25%(!'$%/!%&/()!
wEPL!=+!?(&/,%!%,25%(B!2$4!fEPL!=+!?./$6!%,25%(B*!2!7/,)!2++,)5'2=.)!+,/+/,%'/$!/0!(&/,%!%,25%!
('%)(!?"\8"jB!:),)!/1),.2++)4!=3!FA(8!](!:/-.4!=)!+,)4'5%)4!6'1)$!%&)!)>+)5%2%'/$!%&2%!FA(!
5/$%2'$!0-$5%'/$2.!()<-)$5)(*!6)$)%'5!4'1),('%3!:2( !YT8Pj!./:),!0/,!FA(!?L8L"Y\B!%&2$!$/$;
FA!=2()(!?L8LEELB*!2!,)(-.%!%&2%!:2(!,).2%'1).3!5/$('(%)$%!25,/((!('%)!5.2(()(! )>5)+%!0/,!./$6!
'$%),6)$'5!%,25%(!?@2=.)!YB8!#%!'(!'7+/,%2$%!%/!(%2%)!%&2%!%&)!'4)$%'0')4!FA(!5/$%2'$!2!+,/+/,%'/$!
/0!$/$;5/$(%,2'$)4!('%)(8!h&'.)!%&'(!'(!2.:23(!%/!=)!)>+)5%)4!%/!(/7)!)>%)$%!?)868!FXQ!'(!
6)$),2..3!'$5.-4)4!'$!FA(!4)(+'%)!%&)!+,)()$5)!/0!(3$/$37/-(!('%)(B*!6'1)$!2!7)2$!.)$6%&!/0!
"EU!=+!/-,!FA!42%2()%!(&/-.4!=)!52-%'/-(.3!'$%),+,)%)4!2(!,)6'/$(!5/$%2'$'$6!).)12%)4!
+,/+/,%'/$(!/0!5/$(%,2'$)4!('%)(8!!
!
^'1)$!%&)!5/7+25%$)((!/0!%&)!!0+,-.)"$,'/..+ 6)$/7) !?UE8"j!6)$'5*!7)4'2$!'$%),6)$'5!%,25%!
.)$6%&!"Y\!=+B*!'%!'(!)>+)5%)4!%&2%!2!&'6&!+,/+/,%'/$!/0!,)6-.2%/,3!()<-)$5)!:'..!=)!
5/$5)$%,2%)4!'$!9@a(!2$4!'$%),6)$'5!()<-)$5)(!'77)4'2%).3!-+(%,)27!/0!6)$)(!?'8)8!+,/7/%),!
,)6'/$(B8!a).2%'1).3!.'%%.)!'(!C$/:$!2=/-%!%&)!6)$/7);:'4)!4'(%,'=-%'/$!/0!,)6-.2%/,3!
).)7)$%(!'$!!0+,-.)"$,'/.. *!2.%&/-6&!2$2.3()(!=2()4!/$!7/%'0!7/4)..'$6!&21)!'4)$%'0')4!
+-%2%'1)!6.*;,)6-.2%/,3!).)7)$%(!'$!%&)()!,)6'/$(!?F2(%,-'%2!)%!2.8!EL""M!X'$6!)%!2.8!EL"EM!
K272J'!)%!2.8!EL"`2B8!N,)(-72=.3!72$3!FA(!/1),.2++'$6!9@a(!2$4!+,/7/%),!,)6'/$(!
&2,=/-,!,)6-.2%/,3!).)7)$%(*!2$4!%&)!FA(!:)!&21)!'4)$%'0')4!5/-.4!=)!-()4!'$!0-%-,)!(%-4')(!
%/!12.'42%)!+/%)$%'2.!0-$5%'/$2.!7/%'0(!?'8)8!=3!2(()(('$6!:&)%&),!+,)4'5%)4!7/%'0(!2,)!



! UE!

/1),.2++)4!=3!FA(B8!K/:)1),*!('$5)!%&)!FA!.)$6%&(!2,)!6)$),2..3!5/$('4),2=.3!./$6),!%&2$!
%&)!)>+)5%)4!.)$6%&!/0!,)6-.2%/,3!).)7)$%(*!6)$/7)(!0/,!244'%'/$2.!5./()!,).2%'1)(!/0!!0+
,-.)"$,'/..+ ?2((-7'$ 6!(-5&!(+)5')(!)>'(%B!:/-.4!=)!,)<-',)4!%/!25&')1)!(-00'5')$%!+/:),!%/!
4',)5%.3!'4)$%'03!$/1).!,)6-.2%/,3!).)7)$%(8!!
!
+$,-.!01!_1),.2+!=)%:))$!5/$(),1)4!).)7)$%(!2$4!!0+,-.)"$,'/..+ 6)$/7'5!('%)!5.2(()(8!
!

F('2/:%&../
+M/"12-%&#/

;I9= /
!-"#"-'(")/"A/
+M/9&.2./;<= /

!-"#"-'(")/"A/
.('2/:%&../;<=/

K2)2'(:/E(12-.('G/
&%%/.('2./;! =/

K2)2'(:/E(12-.('G/
+M/.('2./; ! =/

K2)2'(:/E(12-.('G/
)") B+M/.('2./; ! =/

A=H! %&'5,! 8+'(* ! (&'$+! +'+$**! +'+$$%! +'+%+*!

,T!UVW! +')8! %'5(! %*'8(! +'+$5)! +'+$&5! +'+%+5!

&T!UVW! $'*5! *'&5! $+')8! +'+%+,! +'+$,$! +'+%$&!

F;4:>;F0! ('8( ! %+'+$! $)'$, ! +'+%*5! +'+%$(! +'+%,(!
F;43:B3;F0!
X%,+!7N! +'$&! +'&5! $*'+8! +'+%%)! +'+$)* ! +'+%&,!

F;43:B3;F0!
Y%,+!7N! +',( ! $'(, ! &',, ! +'+$&8! +'+$&*! +'+$&5!

!
]..!('>!2$$/%2%)4!5/,);=-.)"$,'/.).$+ (+)5')(!5/$%2'$)4!5/$(+'5-/-(.3!./$6!'$%,/$(!?7)4'2$!
.)$6%&(!"TU;Y\Y!=+*!@2=.)!EB8!](!,)+/,%)4!+,)1'/-(.3!0/,!!0+,-.)"$,'/.. !?S),5&2$%!)%!2.8!
ELLgB*!%&)!4'(%,'=-%'/$!/0!'$%,/$!.)$6%&(!0/,!5/,);=-.)"$,'/.).$ !(+)5')(!.25C)4!%&)!%3+'52.!
+)2C!'$!'$%,/$!.)$6%&(!2%!`L;""L!=+!%&2%!'(!+,)()$%!'$!()1),2.!7/4).!/,62$'(7(!:'%&!('7'.2,.3!
5/7+25%!6)$/7)(!?D'6-,)!T]*!IB8!#$!80+%-#$)(9$*/-,*!(&/,%!'$%,/$(!?wUL!=+B!2++)2,!%/!
.2,6).3!5/$('(%!/0!$)-%,2..3!)1/.1'$6!()<-)$5)*!:&'.)!./$6),!'$%,/$(!%&2%!0/,7!%&)!%2'.!/0!%&)!
.)$6%&!4'(%,'=-%'/$!5/$%2'$!()<-)$5)(!)1/.1'$6!-$4),!)1/.-%'/$2,3!5/$(%,2'$%!?K2..'62$!2$4!
i)'6&%.)3!ELL`B8!@/!)>+./,)!%&)!,).2%'/$(&'+!=)%:))$!'$%,/$!.)$6%&!2$4!()<-)$5)!
5/$(),12%'/$!'$!!0+,-.)"$,'/.. *!:)!/,4),)4!'$%,/$(!=3!.)$6%&!2$4!4'1'4)4!%&)7!'$%/!PL!='$(*!(/!
%&2%!)25&!='$!5/$%2'$)4!2$!2++,/>'72%).3!)<-2.!$-7=),!?VE*``gB!/0!'$%,/$(8!S)2$!'$%,/$!
.)$6%&!+),!='$!:2(!('6$'0'52$%.3!$)62%'1).3!5/,,).2%)4!:'%&!%&)!+,/+/,%'/$!/0!('%)(!/1),.2++)4!
=3!FA(!?N)2,(/$n(!,+h+;L8`E`*!+!wL8L"B!?D'6-,)!TFB8!@&'(!:2(!+2,%'5-.2,.3!+,/$/-$5)4!0/,!
'$%,/$(!w"LL!=+!?VPj!/0!'$%,/$(B*!0/,!:&'5&!\U8"j!/0!('%)(!:),)!/1),.2++)4!=3!FA(*!
5/7+2,)4!%/!"U8Pj!0/,!./$6),!'$%,/$(8!@&),)0/,)*!'%!2++)2,(!%&2%!'$!2!,)1),()!/0!%&)!('%-2%'/$!
0/-$4!'$!80+%-#$)(9$*/-,*!%&)!7'$/,'%3!/0!'$%,/$(!'$!!0+,-.)"$,'/..+ 2,)!(&/,%!2$4!5/$%2'$!2!
&'6&!+,/+/,%'/$!/0!5/$(),1)4!('%)(*!:&'.)!7/(%!'$%,/$(!2,)!./$6),!2$4!2,)!)>+)5%)4!%/!5/$%2'$!
2!&'6&),!+,/+/,%'/$!/0!('%)(!)1/.1'$6!-$4),!.'%%.)!5/$(%,2'$%8!@&)!%'6&%!+)2C!'$!%&)!4'(%,'=-%'/$!
/0!'$%,/$!.)$6%&(!5/7='$)4!:'%&!%&)!.25C!/0!()<-)$5)!5/$(%,2'$%!'$!80+%-#$)(9$*/-,+(&/,%!
'$%,/$(!.)4!K2..'62$!2$4!i)'6&%.)3!?ELL`B!%/!&3+/%&)('()!%&2%!'$%,/$!.)$6%&!:2(!-$4),!
().)5%'/$*!=-%!$/%!%&)!'$%,/$'5!()<-)$5)!'%().0*!2$4!%&2%!'$%,/$(!&24!)(()$%'2..3!)1/.1)4!%/!=)!2(!
(&/,%!2(!+/(('=.)8!#%!'(!+/(('=.)!%&2%!!0+,-.)"$,'/..+ '$%,/$(!2,)!('7'.2,.3!)1/.1'$6!-$4),!
().)5%'/$!%/!=)!=/-$4)4!:'%&'$!5),%2'$!.)$6%&!5/$(%,2'$%(*!2.%&/-6&!%&)!().)5%'1)!2412$%26)!/0!
72'$%2'$'$6!'$%,/$!.)$6%&(!(-=(%2$%'2..3!./$6),!%&2$!%&)!7'$'7-7!,)72'$(!-$C$/:$8!^'1)$!
%&2%!2%3+'52.!'$%,/$!.)$6%&!4'(%,'=-%'/$(!2,)!5/77/$!%/!2..!5/,);=-.)"$,'/.).$+ (+)5')(*!
:&2%)1),!7)5&2$'(7!'(!4,'1'$6!'$%,/$!.)$6%&!'(!.'C).3!)1/.-%'/$2,'.3!2$5')$%8!
!
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!
!
"#$%&'!7)!E)0#$)!@-)*01,!+)%!$2-#@+6!=(01!'$),-#2-%!-@->-)0,7!!
*+, !E)0#$)!@-)*01!%(,0#(<&0($),!/$#!/(2-!>$%-@!$#*+)(,>,!9C'%.+,/%i! C'%.+,/),*,P!D'%"#,%i! D(?#2352#,%
"#,33,P%>'%0(/%i! >'%0(/,*2E,3.(#P!&'%(/(%i! &'%(/(E,*3P!4'%3)/%i! 4".2",#5?3%3)/)"?/23?3?7!C1-!<#$=)!
+@*+!4'%3)/)"?/23?3%(,!()'@&%-%!+,!+)!-J+>6@-!$/!+)!+0B6('+@!%(,0#(<&0($)!@(I-!01+0!/$&)%!()!01-!'$#-O
:()*+,#-.)*), 7!!
*-, !E)0#$)!@-)*01!%(,0#(<&0($),!/$#!,(J!'$#-O:()*+,#-.)*),% ,6-'(-,!9 &'%#()%i! &'%#()*+,#-.))P!&'%)*"%i! &'%
)*"(#., P!&'%3"+%i! &'%3"+/2(33(#)P!4'%-(6%i! 4'%-(6,#1,*, P!F'%5("%i! F'%5(".2#,/(P!;'%",#!i! ;'%",#.(#)?7!!
*/, !N$##-@+0($)!<-0=--)!>-+)!()0#$)!@-)*01!6-#!<()!+)%!01-!6#$6$#0($)!$/!,(0-,!$2-#@+66-%!<B!NU,7!
E)0#$),!=-#-!$#%-#-%!<B!@-)*01!+)%!,-6+#+0-%!()0$!gT!<(),!'$)0+()()*!+)!+66#$J(>+0-@B!-.&+@!)&><-#!
$/!()0#$),7!!
!
@&),)!2,)!()1),2.!,)2(/$(!:&3!'$%,/$'5!('%)(!5/-.4!=)!)1/.1'$6!-$4),!)1/.-%'/$2,3!5/$(%,2'$%8!
D',(%*!2.%),$2%'1)!(+.'5'$6!?]QB!52$!,)(-.%!'$!)'%&),!%&)!)$%',)!'$%,/$!?'8)8!'$%,/$!,)%)$%'/$*!#aB!
/,!+2,%!/0!2$!'$%,/$!?2.%),$2%'1)!255)+%/,!/,!4/$/,!(+.'5)!('%)(B!=)'$6!'$5/,+/,2%)4!'$%/!72%-,)!
7a[]8!#a!'(!%&)!7/(%!5/77/$!0/,7!/0!]Q!'$! !0+,-.)"$,'/..+ ?VYLj!/0!)1)$%(B!2$4!/55-,(!
('6$'0'52$%.3!7/,)!0,)<-)$%.3!'$!(&/,%),!6)$)(!?7)4'2$!c!"U"!=+B!?a2J;i-72,!)%!2.8!EL"gB8!
K/: )1),*!]Q!'$!%&)!(+)5')(!&2(!$/%!3)%!=))$!)>%)$('1).3!5&2,25%),'()4!2$4!/$.3!V"j!/0!
'$%,/$(!2,)!5-,,)$%.3!2$$/%2%)4!2(!2.%),$2%'1).3!,)%2'$)48!Q)5/$4*!72$3!a[]!6)$)(!&21)!=))$!
'4)$%'0')4!:'%&'$!'$%,/$(!/0!+,/%)'$;5/4'$6!6)$)(! ?F&)$!)%!2.8!ELLUM!b2..'!)%!2.8!EL"`B8!@&',4*!
72$3!'$%,/$(!2,)!)>+)5%)4!%/!5/$%2'$!,)6-.2%/,3!()<-)$5)(8!@&'(!'(!)(+)5'2..3!%,-)!0/,!'$%,/$(!
:'%&'$!%&)!0',(%!"!C=*!:&'5&!0/,!72$3!6)$)(!&21)!(%,/$6!,)6-.2%/,3!)00)5%(!/$!6)$)!)>+,)(('/$!
?a/()!EL"UB8!@&)!244'%'/$!/0!2!(+)5'0'5!0',(%!'$%,/$!%/!%,2$(6)$)(!'$!!0+,-.)"$,'/..+ &2(!=))$!
(&/:$!%/!(-=(%2$%'2..3!'$5,)2()(!%&)',!)>+,)(('/$!?I2'),!)%!2.8!EL"UB*!2$4!'$%,/$(!5./(),!%/!%&)!
Pn!)$4!/0!6)$)(!2++)2,!%/!%/.),2%)!0):),!@A!'$(),%'/$(!'$!%&)!(+)5')(!?N&'.'++()$!)%!2.8!EL"`B8!
Q&/,%!'$%,/$(!w"LL!=+!,)+,)()$%)4!%&)!0',(%!'$%,/$!'$!2!6)$)!2++,/>'72%).3!0/-,;0/.4!7/,)!
0,)<-)$%.3!?\\8`jB!%&2$!./$6),!'$%,/$(!?"L8YjB!?D'6-,)!Q"L]B!2$4!:),)!2.(/!('6$'0'52$%.3!
7/,)!.'C).3!%/!/55-,!5./(),!%/!%&)!%,2$(5,'+%'/$!(%2,%!('%)!?7)2$!'$%,/$!+/('%'/$!,).2%'1)!%/!
%,2$(5,'+%!.)$6%&!0/,!'$%,/$(!w"LL!=+!c!E\8Ej!2$4!'$%,/$(!f"LL!=+!c!YT8PjM!'$4)+)$4)$%;
(27+.)(!%;%)(%!%c;P\8L*!+wL8L"B!?D'6-,)!Q"LIB8!F2-%'/$!(&/-.4!=)!%2C)$!$/%!%/!/1),'$%),+,)%!
2$3!4'00),)$5)(!=)%:))$!(&/,%!2$4!./$6!'$%,/$(*!2(!%&)!,).2%'/$(&'+!=)%:))$!'$%,/$!.)$6%&!2$4!
%&)!+,/+/,%'/$!/0!FA!('%)(!?D'6-,)!TFB!'(!.'C).3!4,'1)$!=3!(&/,%),!'$%,/$(!5/$%2'$'$6!0):),!
$/$ ;5/$(%,2'$)4!('%)(!,).2%'1)!%/!./$6),!'$%,/$(!?2(!/++/()4!%/!(&/,%),!'$%,/$(!5/$%2'$'$6!7/,)!
5/$(%,2'$)4!('%)(!/1),2..B8![/$)%&).)((*!%&)!)$,'5&7)$%!/0!(&/,%),!'$%,/$(!2%!%&)!(%2,%!/0!6)$)(!



! U\!

723!=)!:/,%&3!/0!0-,%&),!2%%)$%'/$!0/,!2$3!+/(('=.)!0-$5%'/$2.!'7+.'52%'/$(!/$!6)$)!
,)6-.2%'/$8!
!
D'$2..3*!:)!'4)$%'0')4!P*`""!-.%,25/$(),1)4!).)7)$%(!?9FA(B!(+2$$'$6!YP`8L!C=!/0!%&)!!0+
,-.)"$,'/..+ 6)$/7)*!4)0'$)4!2(!()<-)$5)(!fcPL!=+!)>&'='%'$6!"LLj!()<-)$5)!5/$(),12%'/$!
25,/(( !%&)!%&,))!!"#$%&'(%()$*+(+)5')(8!]!(-=()%!/0!J-(%!PP!9FA(!)>&'='%)4!fcTPj!
()<-)$5)!5/$(),12%'/$!25,/((!2..!)'6&%!(+)5')(*!'$4'52%'$6!%&2%!&2,4.3!2$3!()<-)$5)!'(!
)>+)5%)4!%/!=)!5/$(),1)4!%/!%&'(!.)1).!25,/((!%&)!5/,);=-.)"$,'/.).$ 8!@&)!12(%!72J/,'%3!/0!
9FA !('%)(!?T`8LjB!/1),.2++)4!FXQ*!'$4'52%'$6!5/$(%,2'$%!2%!=/%&!$/$(3$/$37/-(!2$4!
(3$/$37/-(!('%)(8!@&),)!2,)!()1),2.!,)2(/$(!:&3!(3$/$37/-(!('%)(!723!=)!(-=J)5%!%/!(-5&!
(%,/$6!5/$(%,2'$%*!'$5.-4'$6!'$%),25%'/$(!:'%&!a[]!='$4'$6!+,/%)'$(*!%&)!+,)()$5)!/0!)>/$'5!
,)6-.2%/,3!).)7)$%(*!/,!().)5%'/$!0/,!/+%'72.!5/4/$!-(26)8![/%'5)2=.3*!"P!/0!%&)!PP!5/,);
=-.)"$,'/.).$+ 9FA(!/1),.2++)4!,'=/(/72.!+,/%)'$!6)$)(*!:&'5&!2,)!/0%)$!-()4!2(!2!(%2$42,4!
0/,!'4)$%'03'$6!/+%'72.!5/4/$(!6'1)$!%&)',!)>%,)7).3!&'6&!6)$)!)>+,)(('/$!?Q&2,+!2$4!e'!
"TUgB*!2$4!()1),2.!/0!%&)!/%&),!6)$)(!/1),.2++)4!=3!9FA(!2,)!2.(/!)>+)5%)4!%/!=)!1),3!&'6&.3!
)>+,)(()4!?)868!)./$62%'/$!025%/,(B!?X2%2()%!QTB8!].%&/-6&!5/$('4),)4!%/!=)!2!1),3!:)2C!
)1/.-%'/$2,3!0/,5)*!%&'(!,2'()(!%&)!+/(('='.'%3!%&2%!5//,4'$2%)4!().)5%'/$!0/,!/+%'72.!5/4/$(!
25,/((!%&)!5/,);=-.)"$,'/.).$+ 723!=)!2!4,'1),!/0!)>%,)7)!()<-)$5)!5/$(),12%'/$8!
].%),$2%'1).3*!72$3!/0!%&)!9FA(!723!=)!%&)!,)(-.%!/0!a[]!='$4'$6!5/$(%,2'$%(8!D/,!)>27+.)*!
5),%2'$!,'=/(/72.!+,/%)'$(!723!='$4!2$4!2-%/,)6-.2%)!%&)',!/:$!7a[]!?Sv..), ;S5['5/..!)%!
2.8!EL"TB8!9FA(!&21)!+,/1)4!%/!=)!)>5)..)$%!+&3./6)$)%'5!72,C),(!25,/((!()1),2.!%2>2!
?D2',5./%&!)%!2.8!EL"EM!D2',5./%&!)%!2.8!EL"PB8!^'1)$!%&)!.25C!/0!$-5.)2,!72,C),(!2$4!%&)!
5-,,)$%!4'00'5-.%3!'$!4)%),7'$'$6!+&3./6)$)%'5!,).2%'/$(&'+(!'$!%&)!5/,);=-.)"$,'/.).$ *!%&)!PP!
4))+.3!5/$(),1)4!).)7)$%(!5/-.4!+/%)$%'2..3!=)!-()4!%/!+,/1'4)!244'%'/$2.!+&3./6)$)%'5!
,)(/.-%'/$8!!
!

3.5 Conclusions !
!
b'2!%&)!2(()7=.3!/0!&'6&.3!5/$%'6-/-(!2$4!:)..;2$$/%2%)4!6)$/7)(!0/,!%&,))!/0!!0+
,-.)"$,'/.. n(!-$'5)..-.2,!,).2%'1)(*!:)!&21)!+,)()$%)4!%&)!0',(%!$-5.)/%'4);.)1).!5/7+2,2%'1)!
6)$/7'5(!0,27):/,C!0/,!%&'(!'7+/,%2$%!7/4).!/,62$'(78!@&)()!,)(/-,5)(!2,)!)>+)5%)4!%/!
)$2=.)!%&)!5/$%'$-)4!4)1)./+7)$%!/0!!0+,-.)"$,'/..+ 2(!2!7/4).!(3(%)7!0/,!7/.)5-.2,!
)1/.-%'/$8!D-,%&),7/,)*!=3!+,/1'4'$6!'$('6&%(!'$%/!%&)!6)$)!5/$%)$%!2$4!6)$/7'5!2,5&'%)5%-,)!
/0!-$'5)..-.2,!5/,) ;=-.)"$,'/.).$+ (+)5')(*!%&)3!2,)!2.(/!)>+)5%)4!%/!2412$5)!/-,!
-$4),(%2$4'$6!/0!%&)!6)$/7'5!5&2$6)(!%&2%!&21)!/55-,,)4!4-,'$6!%&)!%,2$('%'/$!%/!
7-.%'5)..-.2,'%3!'$!%&)!@^b!5.24)8!
!
X)(+'%)!(-5&!2412$5)(*!%&)()!6)$/7)!2(()7=.')(!&21)!/$.3!$/:!,2'()4! !0+,-.)"$,'/..+ %/!2!
(%2$42,4!%&2%!&24!=))$!25&')1)4!0/,!7/(%!/ %&),!7/4).!/,62$'(7(!%)$!/,!7/,)!3)2,(!26/8!S2$3!
/0!%&)!2$2.3()(!:)!&21)!+),0/,7)4!5/-.4!=)!6,)2%.3!)$&2$5)4!=3!%&)!'$5.-('/$!/0!244'%'/$2.!
!"#$%&'(%()$*+(+)5')(*!&/:)1), !244,)(('$6!%&'(!'(!2!<-)(%'/$!/0!%2>/$/73!,2%&),!%&2$!
()<-)$5'$6!)00/,%8!@&'(!'(!(/7):&2%!2$2./6/-(!%/!%&)!+2(%!('%-2%'/$!0/,!!$-)(,"$:'./.* *!
:&),)!/$.3!1),3!,)5)$%!2412$5)(!'$!)5/./6'52.!C$/:.)46)!&21)!.)4!%/!2!,2+'4!'$5,)2()!'$!%&)!



! UP!

$-7=),!/0!(27+.)4!(+)5')(!2$4!()<-)$5)4!6)$/7)(! ?Q%)1)$(!)%!2.8!EL"TB8!h)!&/+)!%&2%!%&'(!
(%-43!:'..!)$5/-,26)!%&)!!"#$%&'(%()$*+5/77-$'%3!%/!'$5,)2()!(27+.'$6!)00/,%(!0/,!$):!
(+)5')(*!0-..3!)$2=.'$6!%&)!+/:),!/0!5/7+2,2%'1)!6)$/7'5(!2$2.3()(!%/!=)!,)2.'()4!0/,!%&)!
(+)5')(8!
!

3.6 Methods !
!
3.6.1 Nucleic acid extraction and sequencing !
!
#(/.2%)(!:),)!/=%2'$)4!0,/7!%&)!Q]^!/,!FF]N!5-.%-,)!5)$%,)(*!5-.%-,)4!'$!I/.4n(!I2(2.!
S)4'-7*!2$4!:&),)!$)5)((2,3!724)! 2>)$'5!1'2!(),'2.!4'.-%'/$*!+.2%'$6!/$!262,*!2$4!'(/.2%'/$!
/0!('$6.)!2.62.!5/./$')(8!K'6&!7/.)5-.2,!:)'6&%!X[]!:2(!)>%,25%)4!-('$6!2!5-(%/7'()4!
)>%)$('/$!/0!2$!)>'(%'$6!F@]IW+&)$/.;5&./,/0/,7!+,/%/5/.!?[/%)!Q"B8!_$)!QSa@=)..!.'=,2,3!
?(&)2,)4!%/!VEL!C=*!:'%&!"P;PL!C=!('Z)!().)5%'/$B!:2(!+,)+2,)4!+),!(+)5')(*!2$4!)25&!.'=,2,3!
:2(!()<-)$5)4!/$!2!('$6.)!QSa@5)..!/$!%&)!N25I'/!Q)<-).!+.2%0/,78!N25I'/!.'=,2,3!
+,)+2,2%'/$!2$4!()<-)$5'$6!:),)!+),0/,7)4!=3!A4'$=-,6&!^)$/7'5(8 !
!
X[]!0/,!#..-7'$2!()<-)$5'$6!:2(!)>%,25%)4!-('$6!2!+&)$/.;5&./,/0/,7!+,/%/5/.! ?[)((!)%!2.8!
EL"EB8!]5,/((!2..!(+)5')(!2!12,')%3!/0!.'=,2,3!+,)+2,2%'/$(*!,)24!.)$6%&(*!'$(),%!('Z)(!2$4!
()<-)$5'$6!+.2%0/,7(!:),)!-()4!?@2=.)!QEB8!a[]!:2(!)>%,25%)4!0,/7!\4!.'<-'4!5-.%-,)(!-('$6!
s37/!a)()2,5&!@a#!a)26)$%!?+,/4-5%!#Xr!aELPLB!2$4!%&)!X',)5%;Z/.!a[]!S'$'+,)+!N.-(!C'%!
?+,/4-5%!#Xr!aELgLB!0/../:'$6!-(),!'$(%,-5%'/$(8!_$)!(%,2$4)4!a[] ;()<!.'=,2,3!:2(!+,)+2,)4!
0/,!)25&!(+)5')(!-('$6!@,-Q)<!,)26)$%(*!2$4!()<-)$5'$6!:2(!+),0/,7)4!/$!%&)!#..-7'$2!
K'Q)<!l!+.2%0/,7!?! 0+.)6-,/$ !" PL!=+!+2',)4;)$4*!! 0+*6"#(-**-,. +2$4!A0+'-:$,&$)$ !"LL!=+!
+2',)4;)$4B8!]..!#..-7'$2!()<-)$5'$6!2$4!.'=,2,3!+,)+2,2%'/$(!:),)!+),0/,7)4!=3!I^#!K/$6!
i/$68 !
!
3.6.2 De novo genome assembly of Chlamydomonas incerta !
 
[/%)!%&2%!'$!%&)!0/../:'$6!()5%'/$(!/$!6)$/7)!2(()7=.3!?Y8`8E*!Y8`8Y!k!Y8`8\B!2..!(/0%:2,)!
+2,27)%),(*!1),('/$(!2$4!5'%2%'/$(!2,)!4/5-7)$%)4!'$!@2=.)(!Q̀ !?!0+.)6-,/$B*!Qg!?!0+
*6"#(-**-,. B!2$4!QU!?A0+'-:$,&$)$B8!S'%/5&/$4,'2.!2(()7=.')(!0/,!2..!%&,))!(+)5')(!:),)!
2(()7=.)4!2$4!4)(5,'=)4!=3!Q7'%&!2$4!F,2'6!?ELELB8!
!
@&)!!0+.)6-,/$+6)$/7)!:2(!2(()7=.)4!0,/7!`8Y"!^=!/0!N25I'/ !42%2*!:'%&!2!7)2$!,)24!.)$6%&!
/0!g8`T!C=!2$4!2$![PL!,)24!.)$6%&!/0!"Y8g"!C=!?@2=.)!Q"B8!@/!)(%'72%)!6)$/7)!('Z)!2$4!
2(()((!%&)!.'=,2,3!0/,!+/(('=.)!5/$%27'$2$%(*!2!+,).'7'$2,3!6)$/7)!2(()7=.3!:2(!+,/4-5)4!
-('$6!7'$'2(78!@&)!%2>/$/7'5!/,'6'$!/0!%&)!,)(-.%'$6!5/$%'6(!:2(!4)%),7'$)4!=3!5/7+2,'(/$!
%/!%&)![FI#!$-5.)/%'4)!5/..)5%'/$!42%2=2()!?$%B!=3!Ie]Q@d! 7)62=.2(%*!2$4!2!%2>/$;
2$$/%2%)4!^F;5/1),26)!+./%!:2(!+,/4-5)4!-('$6!I./=%//.(8!@&'(!2$2.3('(!'4)$%'0')4!2!('$6.)!
./: ;5/1),26)!N,/%)/=25%),'2!5/$%27'$2$%*!2$4!2..!,)24(!72++'$6!%/!5/$%'6(!'4)$%'0')4!2(!
=25%),'2.!:),)!0'.%),)4!/-%8!F2$-!:2(!,-$!-('$6!%&)!6)$/7)!('Z)!/0!%&)!7'$'2(7!2(()7=.3!
?"YL8U!S=B*!2$4!2(!2!+,)52-%'/$!%&)!I./=%//.(!+'+).'$)!:2(!,);,-$!/$!%&)!,)(-.%'$6!2(()7=.3*!



! U !̀

2$4!2$3!0-,%&),!,)24(!'4)$%'0')4!2(!=25%),'2.!:),)!,)7/1)48!#$!%/%2.!w"j!/0!,)24(!:),)!
'4)$%'0')4!2(!=25%),'2.!/1),!=/%&!0'.%),'$6!(%)+(8!F2$-!:2(!%&)$!,);,-$!-('$6!%&)!0'$2.!
5/$%27'$2$%;0'.%),)4!42%2()%8!@&)!,)(-.%'$6!2(()7=.3!-$4),:)$%!%&,))!,/-$4(!/0!'%),2%'1)!
+/.'(&'$6!=3!72++'$6!%&)!N25I'/!,)24(!-('$6!+=2.'6$!2$4!+),0/,7'$6!),,/,!5/,,)5%'/$!-('$6!
%&)!],,/:!7/4-.)!/0!%&)! ^)$/7'5F/$()$(-(!%//.8! !
!!
D-,%&),!),,/,;5/,,)5%'/$!:2(!+),0/,7)4!-('$6!VU`>!5/1),26)!/0!6)$/7'5!(&/,% ;,)24!42%2!2$4!
U8EL!^=!/0!a[] ;()<!42%28!@&)!6)$/7'5!(&/,%;,)24!42%2!5/$('(%)4!/0!%:/!.'=,2,')(!/0!"LL!=+!
+2',)4;)$4!,)24(!:'%&!2$!'$(),%!('Z)!/0!V"UL!=+!?'8)8!/1),.2++'$6!,)24!+2',(B*!2$4!%:/!72%);
+2',!.'=,2,')(!/0!"LL!=+!,)24(!:'%&!2$!'$(),%!('Z)!/0!VP*LLL!=+!?@2=.)!QEB8!@&)!(&/,%!'$(),%!('Z)!
.'=,2,')(!:),)!+,) ;+,/5)(()4!=3!%,'77'$6!./: ;<-2.'%3!=2()(!2$4!242+%),!()<-)$5)!-('$6!%&)!
II%//.(!+,/6,27!==4-C8(&*!72++'$6!%&)!%,'77)4!,)24(!%/!%&)!],,/:;+/.'(&)4!2(()7=.3!
-('$6! Ih] ;SAS *!2$4!0'.%),'$6!+-%2%'1)!NFa!4-+.'52%)(!-('$6!N'52,4!S2,CX-+.'52%)(8!D/,!
)25&!/0!%&)!%:/!.'=,2,')(*!%&)!,)(-.%'$6!,)24!+2',(!:),)!%&)$!7),6)4!-('$6!==7),6);2-%/8(&!%/!
5,)2%)!('$6.)!,)24(!0,/7!%&)!/1),.2++'$6!,)24!+2',(!:&),)!+/(('=.)8!D/,!)25&!.'=,2,3*!%&'(!
2$2.3('(!,)(-.%)4!'$!/$)!42%2()%!/0!-$+2',)4!,)24(!?'8)8!7),6)4!,)24!+2',(B!2$4!/$)!42%2()%!/0!
+2',)4!,)24(!?,)24!+2',(!%&2%!5/-.4!$/%!=)!7),6)4B8!@&)!72%);+2',!.'=,2,')(!:),)!%,'77)4! /0!
J-$5%'/$!242+%),(!2$4!5.2(('0')4!2(!6)$-'$)!72%);+2',(*!+2',)4;)$4*!/,!-$C$/:$(!-('$6!
[>@,'78!D/,!)25&!.'=,2,3!2$4!)25&!5.2(('0'52%'/$*!+,);+,/5)(('$6!:2(!+),0/,7)4!2(!4)(5,'=)4!
2=/1)8!D'$2.!5.2(('0'52%'/$!2(!6)$-'$)!72%);+2',(!?'8)8!,)24(!+2',(!:'%&!/-%:2,4!025'$6!
/,')$%2%'/$(B!/,!$/,72.!+2',)4;)$4!?,)24(!:'%&!'$:2,4!025'$6!/,')$%2%'/$(B!:2(!25&')1)4!=3!
2(()(('$6!%&)!,)24!/,')$%2%'/$!'$!%&)!2++,/+,'2%)!I]S!0'.)*!,)(-.%'$6!'$!/$)!42%2()%!/0!./$6;
'$(),%!72%);+2',(!2$4!/$)!42%2()%!/0!(&/,%;'$(),%!+2',)4;)$4!,)24(!+),!.'=,2,38!]..!6)$/7'5!
(&/,%;,)24!42%2()%(!:),)!72++)4!%/!%&)!],,/:;+/.'(&)4!2(()7=.3!-('$6! Ih] ;SAS !+,'/,!%/!
+/.'(&'$68!@&)!a[] ;()<!42%2()%!5/$('(%)4!/0!2!('$6.)!.'=,2,3!/0!(%,2$4)4!"PL!=+!+2',)4;)$4!
,)24(!?@2=.)!QPB8!o-2.'%3!2$4!242+%),!%,'77'$6!:),)!+),0/,7)4!:'%&!@,'77/72%'5*!2$4!
,)24(!:),)!72++)4!%/!%&)!],,/: ;+/.'(&)4!2(()7=.3!-('$6!Q@]a!'$!E ;+2((!7/4)8!@/!+),0/,7!
),,/,!5/,,)5%'/$*!N'./$!:2(!%&)$!,-$!=3!+,/1'4'$6!2..!I]S!0'.)(!/0!2.'6$)4!(&/,% ;,)24(!?E>!
7),6)4!('$6.)!,)24(!2$4!E>!-$7),6)4!+2', )4;)$4!,)24(!0,/7!%&)!(&/,%!'$(),%!.'=,2,')(*!E>!
72%);+2',!,)24(!2$4!E>!+2',)4;)$4!,)24(!0,/7!%&)!./$6!'$(),%!.'=,2,')(*!2$4!">!a[] ;()<!
+2',)4;)$4!,)24(B8!@&)!/+%'/$!G;;0'>!=2()(H!:2(!-()4!%/!21/'4!6)$-'$)!'$%,/$(!=)'$6!,)7/1)4!
4-)!%/!%&)!(+.'5)4!72++'$6!/0!%&)!a[];()<!42%28!A1)$!:'%&!%&'(!/+%'/$*!:)!$/%'5)4!%&2%!N'./$!
5/,,)5%)4!2!$-7=),!/0!.2,6)!'$4).(*!2$4!-+/$!72$-2..3!5&)5C'$6!2!(-=;(27+.)!/0!(-5&!52()(!
-('$6!#^b!:)!0/-$4!%&2%!%&)!72J/,'%3!/0!'$4).(!:),)!$/%!(-++/,%)4!=3!%&)!N25I'/!,)24(!2$4!
2++)2,)4!%/!=)!52-()4!=3!7-.%'+.3!72++'$6!#..-7'$2!,)24(!?'8)8!%&)!'$4).(!2++)2,)4!%/!=)!
&)%),/Z36/-(!'$!%&)!#..-7'$2!42%2B8!h)!%&),)0/,)!-()4!2!5-(%/7!N),.!(5,'+%!%/!,)(%/,)!2..!'$4).(!
fP!=+!%/!%&)',!-$+/.'(&)4!0/,7!20%),!,-$$'$6!N'./$8!N'./$!:2(!,-$!'%),2%'1).3!%&,))!%'7)(*!:'%&!
2..!(&/,%;,)24!42%2!,)72++)4!-('$6!Ih] ;SAS WQ@]a!=)%:))$!)25&!'%),2%'/$8!!!!!!
!!
@&)!/+%'72.!$-7=),!/0!+/.'(&'$6!'%),2%'/$(!0/,!],,/:!2$4!N'./$!:2(!4)%),7'$)4!-('$6!%:/!
7)%,'5(r!%&)!$-7=),!/0!5/7+.)%)!('$6.)!5/+3!/,%&/./6(!'4)$%'0')4!=3!I9QF_!?6)$/7)!7/4)*!
A-C2,3/%2!/4=T!42%2()%B*!2$4!%&)!()<-)$5)!('7'.2,'%3!=)%:))$!2$!)>'(%'$6!!0+.)6-,/$+AQ@!
.'=,2,3!?N/+)(5-!)%!2.8!ELL`B!2$4!%&)!5/$%'6(*!2(!2(()(()4!=3!7)62=.2(%8!N/.'(&'$6!:2(!
4))7)4!5/7+.)%)!:&)$!%&),)!:2(!$/!0-,%&),!'$5,)2()!'$!)'%&),!7)%,'5!=)%:))$!'%),2%'/$(8!



! Ug!

D'$2.!+,/5)(('$6!:2(!+),0/,7)4!=3!,)7/1'$6!2$3!5/$%'6(!(-++/,%)4!=3!/$.3!2!('$6.)!N25I'/!
,)24!?'8)8!G,)24(c"H!'$!%&)!F2$-!02(%2!4)0'$'%'/$!.'$)B!2$4!=3!0'.%),'$6!%&)!%:/!7'%/5&/$4,'/$!
2$4!+.2(%'4!5/$%'6(8!F/$%'6(!:),)!/,4),)4!=3!('Z)!2$4!6'1)$!-$'<-)!#X(!:'%&!%&)!0/,72%!
Fllll*!:&),)!llll!,)+,)()$%!/,4),)4!$-7=),(!?'8)8!%&)!.2,6)(%!5/$%'6!:2(!$27)4!
FLLL"B8!N/%)$%'2.!7'(2(()7=.')(!:),)!'4)$%'0')4!1'2!(3$%)$3!2$2.3('(!%/!!0+,-.)"$,'/..+
?Y8`8gB8!]..!=,)2C+/'$%(!=)%:))$!(3$%)$3!=./5C(!/$!2!6'1)$!5/$%'6!%&2%!,)(-.%)4!'$!2!%,2$('%'/$!
=)%:))$!!0+,-.)"$,'/..+ 5&,/7/(/7)(!:),)!5&)5C)4!72$-2..3!-('$6!#^b!2$4!2.'6$7)$%(!/0!
%&)!N25I'/!,)24(8!@&'(!,)(-.%)4!'$!0/-,!5/$%'6(!=)'$6!(+.'%!4-)!%/!.'C).3!7'(2(()7=.')(*!:'%&!
(+.'%!5/$%'6(!&21'$6!)'%&),!G2H!/,!G=H!2++)$4)4!%/!%&)',!5/$%'6!#X8!!
!!
@/!'4)$%'03!+-%2%'1)!+.2(%'4!5/$%'6(*!:)!-()4!7)62=.2(%!%/!<-),3!%&)!+/.'(&)4!F2$-!2(()7=.3!
:'%&!()1),2.!! 0+,-.)"$,'/..+ +.2(%'4!6)$)!()<-)$5)(!?,:6b *!$/1O*!$/1A*!6"#b*!1*:I *!,,)b !2$4!
&6J_B8!]!('$6.)!VEEL!C=!5/$%'6!:2(!'4)$%'0')4!%&2%!,)+,)()$%)4!%&)!)$%',)!+.2(%'4!6)$/7)*!:'%&!
,)4-$42$%!,)6'/$(!+,)()$%!2%!%&)!0.2$C(!4-)!%/!2(()7=.3!2(!2!.'$)2,!7/.)5-.)8!@/!+,/4-5)!2!
5',5-.2,!2(()7=.3*!:)!+,/1'4)4!F',5.2%/,!:'%&!%&)!+-%2%'1)!+.2(%'4!5/$%'6!2$4!2..!F2$-!),,/, ;
5/,,)5%)4!N25I'/!,)24(!%&2%!72++)4!%/!%&)!5/$%'68!!@&)!,)(-.%'$6!5',5-.2,!2(()7=.3!:2(!%&)$!
'%),2%'1).3!+/.'(&)4!0',(%!:'%&!],,/:!-('$6!%&)!,2:!N25I'/!,)24(*!0/../:)4!=3!N'./$!-('$6!
/$.3!%&)!7),6)4!+2',)4;)$4!,)24(8!N/.'(&'$6!:2(!+),0/,7 )4!:'%&!)25&!%//.!-$%'.!$/!0-,%&),!
5&2$6)(!:),)!'$%,/4-5)4*!:&'5&!,)(-.%)4!'$!%:/!,/-$4(!/0!],,/:!2$4!/$)!,/-$4!/0!N'./$!
+/.'(&'$68!@&)!0'$2.!+.2(%'4!2(()7=.3!:2(!2!('$6.)!5',5-.2,!5&,/7/(/7)!"U\*Lg\!=+!'$!.)$6%&8!
@&)!+.2(%'4!2(()7=.3!:2(!/,')$%2%)4!:'%&!1-/I+(%2,%'$6!2%!"!=+8!
!
3.6.3 De novo genome assembly of Chlamydomonas schloesseri !
!
@&)!!0+*6"#(-**-,.+6)$/7)!:2(!2(()7=.)4!0,/7!`8"U!^=!/0!N25I'/!42%2*!:'%&!2!7)2$!,)24!
.)$6%&!/0!g8"g!C=!2$4!2$![PL!,)24!.)$6%&!/0!"E8PE!C=!?@2=.)!Q"B8!N,).'7'$2,3!2(()7=.3!2$4!
5/$%27'$2$%!2(()((7)$%!:),)!+),0/,7)4!2(!+),!!0+.)6-,/$+?Y8`8EB8![/!+-%2%'1)!5/$%27'$2$%!
5/$%'6(!:),)!0/-$4!0/,!%&)!7'$'2(7!2(()7=.3*!2.%&/-6&!%:/!:),)!'4)$%'0')4!0/,!%&)!'$'%'2.!
F2$-!2(()7=.38!a)24(!72++'$6!%/!%&)()!5/$%'6(!:),)!0'.%),)4!/-%!2$4!F2$-!:2(!(-=()<-)$%.3!
,) ;,-$8!@&,))!'%),2%'1)!,/-$4(!/0!+/.'(&'$6!:),)!+),0/,7)4!:'%&!],,/:8! !
!!
A,,/,!5/,,)5%'/$!:2(!+),0/,7)4!:'%&!N'./$*!-('$6!Vg">!5/1),26)!/0!6)$/7'5!#..-7'$2!42%2!
?0/-,!.'=,2,')(*!"EP!=+!+2',)4;)$4*!@2=.)!QEB!2$4!g8\E!^=!/0!a[] ;()<!?/$)!.'=,2,3*!(%,2$4)4!
"LL!=+!+2',)4;)$4*!@2=.)!QPB8!e/:!<-2.'%3!=2()(!2$4!242+%),!()<-)$5)(!:),)!%,'77)4!-('$6!
==4-C8(&!?6)$/7'5!42%2B!/,!@,'77/72%'5!?a[]()<B*!2$4!+-%2%'1)!NFa!4-+.'52%)(!:),)!
,)7/1)4!0,/7!%&)!6)$/7'5!42%2!-('$6!+'52,4!S2,CX-+.'52%)(8!@&)!,)(-.%'$6!42%2()%(!:),)!
72++)4!%/!%&)!],,/:;+/.'(&)4!2(()7=.3!-('$6! Ih] ;SAS !?6)$/7'5!42%2B!/,!Q@]a!?a[];
()<B*!2$4!%&)!,)(-.%'$6!I]S!0'.)(!:),)!+2(()4!%/!N'./$8!#..-7'$2!=2()4!+/.'(&'$6!:2(!'%),2%)4!
%&,))!%'7)(8!!
!!
D'$2.!+,/5)(('$6!:2(!+),0/,7)4!=3!,)7/1'$6!2$3 !5/$%'6(!(-++/,%)4!=3!/$.3!2!('$6.)!N25I'/!
,)24!2$4!=3!0'.%),'$6!%&)!7'%/5&/$4,'/$!2$4!+.2(%'4!5/$%'6(8!N/%)$%'2.!7'(2(()7=.')(!:),)!
'4)$%'0')4!1'2!(3$%)$3!2$2.3('(!%/!!0+,-.)"$,'/..+ ?Y8`8gB!2(!+),!Y8`8E8!@&'(!,)(-.%)4!'$!%:/!
5/$%'6(!=)'$6!(+.'%!4-)!%/!.'C).3!7'(2(()7=.')(8!F/$%'6(!:),)!$27)4!2(!+),! Y8`8E8!



! UU!

!
]!('$6.)!VE""!C=!+.2(%'4!5/$%'6!:2(!'4)$%'0')4!0,/7!%&)!+/.'(&)4!F2$-!2(()7=.3!2(!+),!Y8`8E8!
@&'(!5/$%'6!2$4!F2$-!),,/,!5/,,)5%)4!N25I'/!,)24(!72++'$6!%/!%&)!5/$%'6!:),)!+2(()4!%/!
F',5.2%/,8!N/.'(&'$6!:2(!+),0/,7)4!+),!Y8`8E*!:'%&!$/!5&2$6)(!/=(),1)4!20%),!%&)!0',(%!
'%),2%'/$!/0!],,/:!?'8)8!$/!0-,%&),!+/.'(&'$6!:2(!+),0/,7)4!:'%&!N'./$B8!@&)!0'$2.!+.2(%'4!
2(()7=.3!:2(!2!('$6.)!5',5-.2,!5&,/7/(/7)!"TU*YT"! =+!'$!.)$6%&*!:&'5&!:2(!/,')$%2%)4!:'%&!
1-/I+(%2,%'$6!2%!"!=+8!
!
3.6.4 De novo genome assembly of Edaphochlamys debaryana  
!
@&)!A0+'-:$,&$)$+6)$/7)!:2(!2(()7=.)4!0,/7!P8gL!^=!/0!N25I'/!42%2*!:'%&!2!7)2$!,)24!
.)$6%&!/0!g8UE!C=!2$4!2$![PL!,)24!.)$6%&!/0!"Y8\`!C=!?@2=.)!Q"B8!9('$6!I./=%//.(!2(!
4)(5,'=)4!2=/1)*!$/!5/$%27'$2$%!5/$%'6(!:),)!4)%)5%)4!'$!)'%&),!%&)!+,).'7'$2,3!7'$'2(7!
2(()7=.3!/,!%&)!(-=()<-)$%!F2$-!2(()7=.38!h)!%&),)0/,)!+,/5))4)4!:'%&!%&)!'$'%'2.!F2$-!
2(()7=.3*!:&'5&!:2(!+/.'(&)4!:'%&!],,/:!?%&,)) !'%),2%'/$(B!-('$6!2..!212'.2=.)!N25I'/!,)24(8!!
!!
A,,/,!5/,,)5%'/$!:2(!+),0/,7)4!:'%&!N'./$!-('$6!V\Y>!5/1),26)!/0!6)$/7'5!#..-7'$2!42%2!
?/$)!.'=,2,3*!"PL!=+!+2',)4;)$4*!@2=.)!QEB!2$4!g8\U!^=!/0!a[] ;()<!?/$)!.'=,2,3*!(%,2$4)4!
"LL!=+!+2',)4;)$4*!@2=.)!QPB8!N,);+,/5)(('$6!:2(!+),0/,7)4!2(!4)(5,'=)4! '$!Y8`8E!k!Y8`8Y*!
2$4!N'./$!:2(!,-$!'%),2%'1).3!%&,))!%'7)(8!!!
!!
D'$2.!+,/5)(('$6!:2(!+),0/,7)4!=3!,)7/1'$6!2$3!5/$%'6(!(-++/,%)4!=3!/$.3!2!('$6.)!N25I'/!
,)24!2$4!=3!0'.%),'$6!%&)!+.2(%'4!5/$%'6!?$/!7'%/5&/$4,'2.!5/$%'6(!:),)!4)%)5%)4B8!F/$%'6(!
:),)!$27)4!2(!+),! Y8`8E8!h)!4'4!$/%!5&)5C!0/,!+/%)$%'2.!7'(2(()7=.')(!6'1)$!%&)!.25C!/0!
(3$%)$3!=)%:))$!A0+'-:$,&$)$+2$4!!0+,-.)"$,'/..+ ?Y8\8\B8!
!!
]!('$6.)!VEU\!C=!+.2(%'4!5/$%'6!:2(!'4)$%'0')4!0,/7!%&)!+/.'(&)4!F2$-!2(()7=.3!2(!4)(5,'=)4!
'$!Y8`8E8!@&'(!5/$%'6!2$4!F2$-!),,/,!5/,,)5%)4!N25I'/!,)24(!72++'$6!%/!%&)!5/$%'6!:),)!
+2(()4!%/!F',5.2%/,8!N/.'(&'$6!:2(!+),0/,7)4!2(!'$!Y8`8E*!,)(-.%'$6!'$!%&,))!,/-$4(!/0!],,/:!
2$4!/$)!,/-$4!/0!N'./$!+/.'(&'$68!@&)!0'$2.!+.2(%'4!2(()7=.3!:2(!2!('$6.)!5',5-.2,!
5&,/7/(/7)!E\U*\P`!=+!'$!.)$6%&*!:&'5&!:2(!/,')$%2%)4!:'%&!1-/I+(%2,%'$6!2%!"!=+8 
 
3.6.5 Annotation of genes and repetitive elements !
!
]!+,).'7'$2,3!,)+)2%!.'=,2,3!:2(!+,/4-5)4!0/,!)25&!(+)5')(!:'%&!a)+)2%S/4).),!1"8L8""!
?Q7'%!2$4!K-=.)3!ELLU;EL"PB8!a)+)2%!7/4).(!5.2(('0')4!2(!G-$C$/:$H!:'%&!&/7/./63!%/!!0+
,-.)"$,'/..+ 1P8`!2$4W/,!;0+6$,/-,.+1E8"!%,2$(5,'+%(!?);12.-)(!w"L;Y*!7)62=.2(%B!:),)!0'.%),)4!
/-%!%/!,)7/1)!,)+)2%!7/4).(!%&2%!723!&21)!=))$!=2()4!/$!6)$)!027'.')(8!@&)!6)$/7'5!
2=-$42$5)!/0!)25&!,)+)2%!7/4).!:2(!)(%'72%)4!=3!+,/1'4'$6!a)+)2%S2(C),!1\8L8T!?Q7'%!)%!
2.8!EL"Y;EL"PB!:'%&!%&)!0'.%),)4!a)+)2%S/4).),!/-%+-%!2(!2!5-(%/7!.'=,2,3*!2$4!2$3!@A(!:'%&!
2!5-7-.2%'1)!%/%2.!f"LL!C=!:),)!().)5%)4!0/,!72$-2.!5-,2%'/$*!0/../:'$6!"8\8Y8!I,')0.3*!
7-.%'+.)!5/+')(!/0!2!6'1)$!@A!:),)!,)%,')1)4!=3!<-),3'$6!%&)!2++,/+,'2%)!,)0),)$5)!6)$/7)!
-('$6!7)62=.2(%*!=)0/,)!)25&!5/+3!:2(!)>%)$4)4!2%!=/%&!0.2$C(!2$4!2.'6$)4!-('$6!S]DD@!



! UT!

1g8E\P!?i2%/&!2$4!Q%2$4.)3!EL"YB8!].'6$7)$%(!:),)!%&)$!72$-2..3!'$(+)5%)4*!5/$()$(-(!
()<-)$5)(!:),)!5,)2%)4*!2$4!@A!027'.')(!:),)!5.2(('0')4!0/../:'$6! h'5C),!)%!2.8!?ELLgB!2$4!
i2+ '%/$/1!2$4!m-,C2!?ELLUB8!]./$6('4)!%&)!7/(%!2=-$42$%!@A(*!:)!2.(/!5-,2%)4!@-)-#(1-;
.'C)!).)7)$%(!?NeA(B!)>&2-(%'1).3!-('$6!!0+,-.)"$,'/..+ NeA!+,/%)'$(!2(!<-),')(*!:&'5&!2,)!
4)(5,'=)4!'$!F&2+%),!P8!@&'(!+,/5)4-,)!:2(!2.(/!+),0/,7)4!)>&2-(%'1).3!0/,!!0+,-.)"$,'/..+
?'8)8!5-,2%'$6!2..!,)+)2%!7/4).(!,)62,4.)((!/0!6)$/7'5!2=-$42$5)B*!:&'5&!'(!2.(/!4)(5,'=)4!'$!
F&2+%),!P8!D'$2.!,)+)2%!.'=,2,')(!:),)!724)!=3!5/7='$'$6!%&)!a)+)2%S/4).),!/-%+-%!0/,!2!
6'1)$!(+)5')(!:'%&!2..!$/1).!5-,2%)4!@A(!?X2%2()%!Q"B!2$4!;0+6$,/-,.+,)+)2%(!0,/7!a)+=2()8!
@A(!2$4!(2%)..'%)(!:),)!(/0%72(C)4!=3!+,/1'4'$6!a)+)2%S2(C),!:'%&!%&)!2=/1)!.'=,2,')(8!#$!
.'$)!:'%&!%&)!7/(%!,)5)$%!!0+,-.)"$,'/..+ 2$$/%2%'/$!?I.2=3!)%!2.8!EL"\B*!./: ;5/7+.)>'%3!2$4!
('7+.)!,)+)2%(!:),)!$/%!72(C)4!2(!%&)!&'6&!^F;5/$%)$%!/0!6)$-'$)!FXQ!52$!,)(-.%!'$!
)>5)(('1)!72(C'$68!
!
]42+%),(!2$4!./: ;<-2.'%3!=2()(!:),)!%,'77)4!0,/7!)25&!a[] ;()<!42%2()%!-('$6!
@,'77/72%'5!1L8YU!?I/.6),!)%!2.8!EL"\B!:'%&!%&)!+2,27)%),(!/+%'7'()4!=3!S2572$)(!?EL"\B8!
@,'77)4!,)24(!:),)!72++)4!%/!,)+)2%;72(C)4!2(()7=.')(!:'%&!%&)!E;+2((!7/4)!/0!Q@]a!
1E8`8"2!?X/='$!)%!2.8!EL"YB8!^)$)!2$$/%2%'/$!:2(!+),0/,7)4!:'%&!Ia]iAa!1E8"8E!?K/00!)%!
2.8!EL"`M!K/00!)%!2.8!EL"TB*!2$!2-%/72%)4!+'+).'$)!%&2%!5/7='$)(!%&)!6)$)!+,)4'5%'/$!%//.(!
^)$)72,C ;A@!?e/7(24Z)!)%!2.8!EL"\B!2$4!]9^9Q@9Q!?Q%2$C)!)%!2.8!ELL`M!Q%2$C)!)%!2.8!
ELLUB8!a)24!+2',(!72++'$6!%/!%&)!0/,:2,4!2$4!,)1),()!(%,2$4(!:),)!)>%,25%)4!-('$6!(27%//.(!
1"8T!?e'!)%!2.8!ELLTB!2$4!+2(()4!2(!'$4'1'4-2.!I]S!0'.)(!%/!Ia]iAa*!:&'5&!:2(!,-$!:'%&!
%&)!G…9@ac/$H!2$4!G…(%,2$4)4cd*;!H!0.26(!%/!+),0/,7!9@a!2$$/%2%'/$8!a)(-.%'$6!6)$)!
7/4).(!:),)!0'.%),)4!0/,!6)$)(!:'%&!'$%),$2.!(%/+!5/4/$(*!+,/%)'$!()<-)$5)(!wYL!27'$/!25'4(*!
/,!FXQ!/1),.2++)4!=3!fcYLj!@A(W(2%)..'%)(!/,!fcgLj!./: ;5/7+.)>'%3W('7+.)!,)+)2%(8!
N,/%)'$(!:),)!0-$5%'/$2..3!2$$/%2%)4!1'2!-+./24!%/!%&)!N&35/5/(7!2.62.!6)$/7'5(!+/,%2.!
?^,'6/,')1!)%!2.8!ELE"B8!!
!
3.6.6 Phylogenomic analyses !
!
^)$/7)!2$4!6)$)!2$$/%2%'/$(!0/,!2..!212'.2=.)!=-.)"$,'/.).$+ (+)5')(!2$4!().)5%)4!/-%6,/-+(!
?X2%2()%(!QY*!Q\B!:),)!255)(()4!0,/7!)'%&),!N&3%/Z/7)!1"E!?'0!212'.2=.)B!/,![FI#8!D/,!
2$$/%2%'/$!=2()4!2$2.3()(*!+,/%)'$!5.-(%),'$6!2$2.3('(!:2(!+),0/,7)4!:'%&!_,%&/D'$4),!1E8E8g!
?A77(!2$4!i)..3!EL"PB*!-('$6!%&)!./$6)(%!'(/0/,7!0/,!)25&!6)$)*!%&)!7/4'0')4!=.2(%+!/+%'/$(!
G;()<!3)(*!;(/0%z72(C'$6!%,-)*!;-()z(:z%=25CH!?0/../:'$6!S/,)$/ ;K26).(')=!2$4!e2%'7),!
?ELLUBB!2$4!%&)!4)02-.%!'$0.2%'/$!12.-)!/0!"8P8!N,/%)'$!()<-)$5)(!0,/7!/,%&/6,/-+(!5/$%2'$'$6!
2!('$6.)!6)$)!'$!2..!""!'$5.-4)4!(+)5')(!?'8)8!+-%2%'1)!('$6.)!5/+3;/,%&/./6(B!:),)!2.'6$)4!:'%&!
S]DD@!2$4!%,'77)4!0/,!,)6'/$(!/0!./: ;<-2.'%3!2.'6$7)$%!-('$6!%,'7].!1"8\8,)1"P!?G;
2-%/72%)4"HB!?F2+)..2;^-%'R,,)Z!)%!2.8!ELLTB8!]!Se!(+)5')( ;%,))!:2(!+,/4 -5)4!-('$6!
5/$52%)$2%)4!6)$)!2.'6$7)$%(!:'%&!#o;@aAA!1"8`8T!?[6-3)$!)%!2.8!EL"PB*!,-$!:'%&!
S/4).D'$4),!?G;7!SDNHB!?i2.322$27//,%&3!)%!2.8!EL"gB!2$4!-.%,202(%!=//%(%,2++'$6!?G;==!
"LLLHB!?K/2$6!)%!2.8!EL"UB8!]Q@a]e ;###!1P8`8Y!?s&2$6!)%!2.8!EL"UB!:2(!-()4!%/!+,/4-5)!2$!
2.%),$2%'1)!(+)5')( ;%,))!0,/7!'$4'1'4-2.!6)$);%,))(*!:&'5&!:),)!%&)7().1)(!+,/4-5)4!0/,!)25&!
2.'6$)4!('$6.)!5/+3;/,%&/./6!-('$6!#o;@aAA!2(!4)(5,'=)4!2=/1)*!:'%&!2$3!=,2$5&)(!:'%&!
=//%(%,2+!(-++/,%!w"Lj!5/$%,25%)4!2(!,)5/77)$4)48!!



! TL!

!
]$$/%2%'/$;0,))!+&3./6)$')(!:),)!+,/4-5)4! 0,/7!2!42%2()%!/0!('$6.);5/+3!/,%&/./6/-(!6)$)(!
'4)$%'0')4!=3!I9QF_!1Y8L8E!?h2%),&/-()!)%!2.8!EL"UB!,-$!'$!6)$/7)!7/4)!:'%&!%&)!+,) ;
,).)2()!F&./,/+&3%2!/4="L!42%2()%!?2../:'$6!7'(('$6!42%2!'$!-+!%/!%&,))!(+)5')(B8!D/,!)25&!
I9QF_!6)$)*!+,/%)'$(!:),)!2.'6$)4!2$4 !%,'77)4*!2$4!%:/!(+)5')(;%,))(!:),)!+,/4-5)4!2(!
4)(5,'=)4!2=/1)8!
!
3.6.7 General comparative genomics and synteny analyses !
!
I2('5!6)$/7)!2(()7=.3!7)%,'5(!:),)!6)$),2%)4!-('$6!o9]Q@!1P8L8L! ?^-,)1'5&!)%!2.8!EL"YB8!
a)+)2%!5/$%)$%!:2(!)(%'72%)4!=3!+),0/,7'$6!,)+)2%!72(C'$6!/$!2..!6)$/7)(+2(!4)(5,'=)4!'$!
Y8`8P!?'8)8!(-++.3'$6!a)+)2%S2(C),!:'%&!%&)!a)+)2%S/4).),!/-%+-%!0/,!2!6'1)$!(+)5')(!+.-(!
72$-2..3!5-,2%)4!,)+)2%(!0,/7!2..!(+)5')(B8!](()7=.3!5/7+.)%)$)((!:2(!2(()(()4!=3!,-$$'$6!
I9QF_!'$!6)$/7)!7/4)!:'%&!%&)!A-C2,3/%2!/4=T!2$4!F&./,/+&3%2!/4="L!42%2()%(8!A25&!
(+)5')(!:2(!,-$!:'%&! !0+,-.)"$,'/..+ ?;(+!5&.273EL""B!2$4!;0+6$,/-,.+?;(+!1/.1/>B!
]9^9Q@9Q!+2,27)%),(*!2$4!%&)!,-$!:'%&!%&)!7/(%!5/7+.)%)!I9QF_!6)$)(!:2(!,)%2'$)48!
!
Q3$%)$3!()67)$%(!:),)!'4)$%'0')4!=)%:))$!!0+,-.)"$,'/..+ 2$4!%&)!%&,))!$/1).!6)$/7)(!-('$6!
Q3$F&,/!?X,'../$!)%!2.8!EL"\B!:'%&!2!=./5C!(%,'$6)$53!12.-)!?4).%2B!/0!E8!@/!5,)2%)!%&)!'$+-%!
0'.)!0/,!!0+,-.)"$,'/.. *!:)!5/7='$)4!%&)!,)+)2%;0'.%),)4!1P8`!6)$)!2$$/%2%'/$!?Y8`8U*!\8\ 8UB!
:'%&!%&)!5)$%,/7),)!./52%'/$(!0/,!"P!/0!%&)!"g!5&,/7/(/7)(*!2(!4)0'$)4!=3!e'$!)%!2.8!?EL"UB8!
@&)!,)(-.%'$6!(3$%)$3!=./5C(!:), )!-()4! %/!5&)5C!%&)!!0+.)6-,/$+2$4!!0+*6"#(-**-,.+6)$/7)(!
0/,!7'(2(()7=.')( !?Y8`8E*!Y8`8YB8!!
!
]!Se!+&3./6)$3!/0! bB!e#[A!).)7)$%(!:2(!+,/4-5)4!0,/7!%&)!)$4/$-5.)2()!2$4!,)1),()!
%,2$(5,'+%2()!4/72'$(!?'8)8!_aDEB!/0!2..!C$/:$!5&./,/+&3%)!bB!).)7)$%(8!N,/%)'$!()<-)$5)(!
:),)!2.'6$)4*!%,'77)4!2$4!2$2.3()4!:'%&!#o;@aAA!2(!'$!Y8`8`8!]..!!0+.)6-,/$*!!0+*6"#(-**-,.+
2$4!A0+'-:$,&$)$+).)7)$%(!:),)!72$-2..3!5-,2%)4!2(!+2,%!/0!%&)!2$$/%2%'/$!/0!,)+)2%(!?Y8`8PB8!
@&)!M0+2).6(66$X+A2'(,.)$+(+8*!2$4!;0+6$,/-,.+6)$/7)(!:),)!( )2,5&)4!-('$6!%=.2(%$!:'%&!%&)!
U-11bTBc6=-.!+,/%)'$!()<-)$5)!2(!<-),3*!2$4!%&)!=)(%!&'%(!:),)!72$-2..3!5-,2%)4!2(!+),!Y8`8P!
%/!2(()((!%&)!+,)()$5)!/,!2=()$5)!/0!U-11b!).)7)$%(!'$!%&)()!(+)5')(8!
 
3.6.8 Gene annotation metrics and gene family evolution !
!
@&)!!0+,-.)"$,'/..+ 1P8`!6)$)!7/4).(!:),)!72$-2..3!0'.%),)4!=2()4!/$!/1),.2+!:'%&!%&)!$/1).!
,)+)2%!.'=,2,3!?P8\8"B*!:&'5&!,)(-.%)4!'$!%&)!,)7/12.!/0!"*LUP!+-%2%'1)!@AW,)+)2%!6)$)(!
?\8\ 8UB8!D/,!2..!(+)5')(*!2$$/%2%'/$!5/7+.)%)$)((!:2(!2(()(()4!=3!+,/%)'$!7/4)!I9QF_!
2$2.3()(!-('$6!%&)!A-C2,3/%2!/4=T!2$4!F&./,/+&3%2!/4="L!42%2()%(8!^)$)!027'.')(!:),)!
'4)$%'0')4!-('$6!_,%&/D'$4),!2(!4)(5,'=)4!'$!Y8`8`!:'%&!%&)!('>!5/,);=-.)"$,'/.).$+ (+)5')(!
:'%&!6)$)!2$$/%2%'/$(!?!0+,-.)"$,'/.. *!!0+.)6-,/$*!!0+*6"#(-**-,. *!A0+'-:$,&$)$*!L0+1-6/(,$#-!
2$4!;0+6$,/-,.B8!N,/%)'$!()<-)$5)(!0/,!2..!(+)5')(!:),)!2$$/%2%)4!:'%&!#$%),N,/!4/72'$!#X(!
-('$6!#$%),N,/Q52$!1P8YT;gg8L!?m/$)(!)%!2.8!EL"\B8!X/72'$!#X(!:),)!2(('6$)4!%/!/,%&/6,/-+(!
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=3!i'$D'$!1"8L!?e2)%(5&!2$4!I.2>%),!EL"gB!'0!2!+2,%'5-.2,!#X!:2(!2(('6$)4!%/!2%!.)2(%!ELj!/0!
%&)!6)$)(!2$4!+,)()$%!'$!2%!.)2(%!PLj!/0!%&)!(+)5')(!'$5.-4)4!'$!%&)!/,%&/6,/-+8!!!
!
3.6.9 Mating type locus evolution !
!
Q'$5)!%&)!!0+,-.)"$,'/..+ ,)0),)$5)!6)$/7)!'(! 34 ! *!:)!0',(%!/=%2'$)4!%&)!!0+,-.)"$,'/..+ 34 " !
./5-(!2$4!+,/%)'$(!0,/7![FI#!?255)(('/$! ^9U"\L"P8" B!2$4!5,)2%)4!2!5/7+/('%)!
5&,/7/(/7)!`!:'%&!2$! 34 " !&2+./%3+)8!]!,)5'+,/52.!=)(%!&'%!2++,/25&!:'%&!=.2(%+!:2(!-()4!%/!
'4)$%'03!/,%&/./6(*!(-++.)7)$%)4!:'%&!%=.2(%$!<-),')(!%/!()2,5&!0/,!6)$)(!2=()$%!0,/7!%&)+
2$$/%2%'/$(8!@/!1'(-2.'()!(3$%)$3*!:)!-()4!%&)!SF(52$!+'+).'$)!0,/7!%&)!mFb#!-%'.'%3!
.'=,2,')(!1L8T8"\!?@2$6!)%!2.8!ELLUB*!:&'5&!+),0/,7(!$-5.)/%'4)!2.'6$7)$%!:'%&!e]Q@!
?i')†=2(2!)%!2.8!EL""B!%/!'4)$%'03!/,%&/./6(8!h)!2++.')4!2!F;(5/,)!/0!L8TT*!:&'5&!0'.%),(!e]Q@!
&'%(!%/!/$.3!,)5'+,/52.!=)(%!&'%(*!:&'.)!/%&),:'()!,)%2'$'$6!4)02-.%!+2,27)%),(8!h)!72$-2..3!
5/$0',7)4!%&2%!%&)!e]Q@!,)5'+,/52.!&'%(!:),)!5/$5/,42$%!:'%&!/-,!=.2(%+!,)(-.%(8!
+
E:;- :2(!52.5-.2%)4!0/,!)25&!6)$)!-('$6!X]SIAg! ?l'2!EL"UB8!]!,)0),)$5)!()%!/0!&'6&.3!
)>+,)(()4!6)$)(!0/,!)25&!(+)5')(!:2(!4).'$)2%)4!=3!+),0/,7'$6!5/,,)(+/$4)$5)!2$2.3('(!/$!
5/4/$!-(26)!2(!'7+.)7)$%)4!'$!F/4/$h!? &%%+rWW5/4/$:8(/-,5)0/,6)8$)%B!2$4!%2C'$6!%&)!
4)02-.%!Pj!/0!6)$)(!0,/7!%&)!)>%,)7)!/0!2>'(!"!?20%),!5&)5C'$6!%&2%!%&'(!()%!:2(!)$,'5&)4!0/,!
6)$)(!)>+)5%)4!%/!=)!&'6&.3!)>+,)(()4!)868!&'(%/$)(!2$4!,'=/(/72.!+,/%)'$(B8!@&)!5/4/$!-(26)!
0/,!%&)!&'6&.3!)>+,)(()4!,)0),)$5)!6)$)(!:2(!%&)$!+,/1'4)4!%/!X]SIAg*!2$4! E:;- :2(!
52.5-.2%)4!0/,!%&)!FXQ!/0!)25&!6)$)!-('$6!%&)!4)02-.%!/+%'/$!G=,)2C!U;0/.4!2$4! ;̀0/.4!
027'.')(!'$%/!EH8!D/,!=/%&!!0+.)6-,/$+2$4!!0+*6"#(-**-,.*!3E8+:2(!2$$/%2%)4!=3!&2$4!2(!'%!:2(!
2=()$%!0,/7!%&)!Ia]iAa!2$$/%2%'/$(!?.'C).3!4-)!%/!'%(!(&/,%!.)$6%&!2$4!-$-(-2.!5/4/$!
-(26)B8!
!
3.6.10 Whole -genome alignment and estimating divergence !
!
]$!U ;(+)5')(!5/,) ;=-.)"$,'/.).$ !h^]!:2(!+,/4-5)4!-('$6!F25%-(! ?],7(%,/$6!)%!2.8!EL"TB!
:'%&!2..!212'.2=.)!&'6&;<-2.'%3!6)$/7)(!?!0+,-.)"$,'/..+ 1P*!!0+.)6-,/$*!!0+*6"#(-**-,.*!A0+
'-:$,&$)$ *!L0+1-6/(,$#-X+M0+2).6(66$X+A2'(,.)$+*10!2$4!;0+6$,/-,.!1EB8!@&)!,)<-',)4!6-'4)!
+&3./6)$3!:2(!+,/4-5)4!=3!)>%,25%'$6!2.'6$7)$%(!/0!\X!('%)(!0,/7!('$6.);5/+3!/,%&/./6(!
'4)$%'0')4!=3!I9QF_! ?6)$/7)!7/4)*!F&./,/+&3%2!/4="L!42%2()%B8!N,/%)'$!()<-)$5)(!/0!
"*P\Y!I9QF_!6)$)(!+,)()$%!'$!2..!)'6&%!(+)5')(!:),)!2.'6$)4!:'%&!S]DD@!2$4!(-=()<-)$%.3!
=25C;%,2$(.2%)4!%/!$-5.)/%'4)!()<-)$5)(8!Q'%)(!:&),)!%&)!2.'6$)4!5/4/$!'$!2..!)'6&%!(+)5')(!
5/$%2'$)4!2!\X!('%)!:),)!%&)$!)>%,25%)4!?EPL*Y`"!('%)(B*!2$4!2!6-'4);+&3./6)$3!:2(!+,/4-5)4!
=3!(-++.3'$6!%&)!\X!('%)!2.'6$7)$%!2$4!%/+/./63!?D'6-,)!EB!%/!+&3./D'%!?NK]Q@!1"8\B!
?Q')+).!)%!2.8!ELLPB*!:&'5&!:2(!,-$!:'%&!4)02-.%!+2,27)%),(!?'8)8!^@a!(-=(%'%-%'/$!7/4).B8!
!
h&),)!212'.2=.)!%&)!a!4/72'$!/0!%&)!72%'$6!%3+)!2..).) !$/%!'$5.-4)4!'$!2!6'1)$!2(()7=.3!:2(!
2++)$4)4!2(!2$!244'%'/$2.!5/$%'6!?)>%,25%)4!0,/7!%&)!0/../:'$6![FI#!255)(('/$(r!!0+
,-.)"$,'/..+ 34 " !^9U"\L"P8" *!L0+1-6/(,$#-+34 ! !eFL`Eg"T8"*!M0+2).6(66$+34 "!eFY"\\"Y 8"*!
A2'(,.)$+*10!34 !72.)! eFY"\\"P 8"*!;0+6$,/-,.+34 !72.)! ^9gU\T"` 8"B8!]..!6)$/7)(!:),)!
(/0%72(C)4!0/,!,)+)2%(!2(!+),!Y8`8P*!2$4!F25%-(!:2(!,-$!-('$6!%&)!6-'4);+&3./6)$3!2$4!2..!
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6)$/7)(!()%!2(!,)0),)$5)!<-2.'%38!N/(%;+,/5)(('$6!:2(!+),0/,7)4!=3!)>%,25%'$6!2!7-.%'+.)!
2.'6$7)$%!0/,72%!?S]DB!2.'6$7)$%!:'%&!!0+,-.)"$,'/..+ 2(!%&)!,)0),)$5)!6)$/7)!0,/7!%&)!
,)(-.%'$6!&'),2,5&'52.!2.'6$7)$%!?K]eB!0'.)*!-('$6!%&)!K]e!@//.(!5/772$4!&2.E720!?1E8"B!
?K'5C)3!)%!2.8!EL"YB*!:'%&!%&)!/+%'/$(!} /$.3_,%&/./6(!2$4!} $/]$5)(%/,(8!N2,2./6/-(!
2.'6$7)$%(!:),)!,)4-5)4!%/!/$)!()<-)$5)!+),!(+)5')(!=3!,)%2'$'$6!%&)!()<-)$5)!:'%&!%&)!
&'6&)(%!('7'.2,'%3!%/!%&)!5/$()$(-(!/0!%&)!2.'6$7)$%!=./5C*!-('$6!720X-+.'52%)D'.%),!
?720@//.(!(-'%)!1L8"B!?A2,.!)%!2.8!EL"\B8!
!
D'$2.!)(%'72%)(!/0!+-%2%'1).3!$)-%,2.!4'1),6)$5)!:),)!/=%2'$)4!-('$6!2!7)%&/4!24/+%)4!0,/7!
^,))$!)%!2.8!?EL"\B8!D/,!)25&!!0+,-.)"$,'/..+ +,/%)'$;5/4'$6!6)$)*!%&)!2.'6$7)$%!/0!)25&!)>/$!
:2(!)>%,25%)4!2$4!5/$52%)$2%)48!D/,!%&)!(-=()<-)$%!FXQ!2.'6$7)$%(*!2!('%)!:2(!5/$('4),)4!%/!
=)!\X!'0!%&)!5/4/$!'$!!0+,-.)"$,'/..+ '$5.-4)4!2!\X!('%)*!2$4!2..!()1)$!/%&),!(+)5')(!&24!2!
%,'+.)%!/0!2.'6$)4!=2()(!%&2%!2.(/!'$5.-4)4!2!\X!('%)!2%!%&)!(27)!+/('%'/$!?'8)8!%&)!2.'6$)4!%,'+.)%!
:2(!2((-7)4!%/!=)!2!12.'4!5/4/$*!=2()4!/$!'%(!2.'6$7)$%!%/!2!!0+,-.)"$,'/..+ 5/4/$B8!@&)!
,)(-.%'$6!2.'6$7)$%!/0!"*PPE*P`E!('%)(!:),)!%&)$!+2(()4!%/!+&3./D'%!:'%&!%&)!(+)5')(!%,))*!2(!
4)(5,'=)4!2=/1)8! 
 
3.6.11 Identification of false positive and missing genes in Chlamydomonas 
reinhardtii  
 
^)$)(!:),)!0',(%!(+.'%!'$%/!5/$%,/.!?/,%&/./6*!+,/%)'$!4/72'$!/,!=/%&B!2$4!%)(%!?$)'%&),!
/,%&/./6!$/,!+,/%)'$!4/72'$B!42%2()%(8!N&3./FQD!(5/,)(!:),)!/=%2'$)4!=3!+2(('$6!+),!)>/$!
FXQ!2.'6$7)$%(!)>%,25%)4!0,/7!%&)!h^]!%/!N&3./FQD!?e'$!)%!2.8!EL""B*!:&'5&!:2(!,-$!'$!
G/7)62H!7/4)!-('$6!%&)!$)-%,2.!=,2$5&!.)$6%&!%,))!/=%2'$)4!0,/7!+&3./D'%!?Y8`8"LB8!
D/../:'$6! ]=2(52.!)%!2.8!?EL"UB*!%&)!+),;6)$)!(5/,)!:2(!%2C)$!2(!%&)!&'6&)(%!(5/,'$6!)>/$*!
('$5)!2!(72..!()5%'/$!/0!7'(2.'6$7)$%!/,!'$5/,,)5%!2$$/%2%'/$!?:&'5&!723!=)!./52.'()4!%/!2!
('$6.)!)>/$B!52$!52-()!2$!/1),2..!$)62%'1)!(5/,)!0/,!%&)!)$%',)!FXQ!/0!2!6)$-'$)!+,/%)'$;
5/4'$6!6)$)8!A>/$!2.'6$7)$%(!:),)!%,'77)4!%/!5/4/$!=/-$42,')(!%/!+,)(),1)!,)24'$6!0,27)!
2$4!/$.3!)>/$(!/0!2%!.)2(%!\P!=+!:),)!2$2.3()48!#0!$/!(-'%2=.)!)>/$(!:),)!212'.2=.)!0/,!2!
6'1)$!6)$)*!%&)!(5/,)!:2(!%2C)$!0,/7!%&)!)$%',)!FXQ8!^)$)%'5!4'1),('%3!:2(!52.5-.2%)4!0,/7!
,) ;()<-)$5'$6!42%2!/0!"g!!0+,-.)"$,'/..+ 0').4!'(/.2%)(!0,/7!o-)=)5!?(27+.)4!"TTYWT\B*!=2()4!
/$!%&)!12,'2$%!52..'$6!2$4!0'.%),'$6!2(!4)(5,'=)4!=3!F,2'6!)%!2.8!?EL"TB8!E:;- :2(!52.5-.2%)4!0/,!
)25&!6)$)!2(!4)(5,'=)4!2=/1)!0/,!!0+.)6-,/$+2$4!!0+*6"#(-**-,.8!@&)!i/Z2C!5/$()$(-(!
()<-)$5)!./6/!0/,! !0+,-.)"$,'/..+ :2(!4)%),7'$)4!:'%&!h)=e/6/!Y! ?F,//C(!)%!2.8!ELL\B!=3!
+,/1'4'$6!%&)!P!=+!-+;!2$4!4/:$(%,)27!/0!%&)!(%2,%!5/4/$(!/0!2!,2$4/7.3!().)5%)4!&2.0!/0!%&)!
5/$%,/.!6)$)!()%!?g*`UE!6)$)(B8!i/Z2C!(5/,)(!:),)!52.5-.2%)4!0/,!./:!5/4'$6!+/%)$%'2.!6)$)(!
?'8)8!6)$)(!%&2%!02'.)4!2..!%&,))!5/4'$6!+/%)$%'2.!%)(%(*!Y8\8UB*!%&)!/%&),!&2.0!/0!%&)!5/$%,/.!()%!
6)$)(!2$4!"L*LLL!,2$4/7!()<-)$5)(!=2()4!/$!2$!21),26)!6)$/7) ;:'4)!^F!5/$%)$%!?`\8"jB8!
D/../:'$6! F,/((!?EL"PB*!%&)!(5/,)!:2(!52.5-.2%)4!=3!(-77'$6!%&)!+),;=2()!='%!(5/,)!0,/7!%&)!
5/$()$(-(!()<-)$5)!0/,!)25&!72%5&'$6!=2()!'$!%&)!<-),3!()<-)$5)!/1),!%&)!"L!('%)(!?'8)8!%&)!
(%2,%!5/4/$!'%().0!:2(!)>5.-4)4B8!!
!
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8-+)(5(+6)$)!2$$/%2%'/$!:2(!+),0/,7)4!/$!%&)!!0+,-.)"$,'/..+ 1P!6)$/7)!-('$6!Ia]iAa!
?:'%&/-%!9@a!2$$/%2%'/$B!2$4!2..!a[];()<!42%2()%(!+,/4-5)4!=3!Q%,)$C),%!)%!2.8!?EL"TB8!
N/%)$%'2.!$/1).!6)$)(!:),)!4)0'$)4!2(!%&/()!:'%&/-%!2$3!/1),.2+!:'%&!FXQ!/0!1P8`!6)$)(8!
Q3$F&,/!:2(!,) ;,-$!262'$(%!!0+.)6-,/$+2$4!!0+*6"#(-**-,.+-('$6!-+42%)4!!0+,-.)"$,'/..+ '$+-%!
0'.)(!5/$%2'$'$6!%&)!+/%)$%'2.!$/1).!6)$)(8!N&3./FQD!(5/,)(!:),)!/=%2'$)4!2(!2=/1)*!)>5)+%!
(5/,)(!:),)!%2C)$!0,/7!)$%',)!FXQ!%/!)$(-,)!/$.3!%&)!&'6&)(%!5/$0'4)$5)!7/4).(!:),)!
,)%2'$)48!Ia]iAa!6)$)(!:),)!,)%2'$)4!'0!%&)3!&24!2!(3$%)$'5!/,%&/./6!/,!2!N&3./FQD!(5/,)!
f"LL8!
!
3.6.12 Conserved element identification and analyses  
!
FA(!:),)!'4)$%'0')4!0,/7!%&)!U;(+)5')(!h^]!-('$6!+&2(%F/$(! ?Q')+).!)%!2.8!ELLPB!:'%&!%&)!
+&3./D'%!$)-%,2.!7/4).!?Y8`8"LB!2$4!%&)!(%2$42,4!9FQF!+2,27)%),(!G;; )>+)5%)4;.)$6%&c\P*!;;
%2,6)%;5/1),26)cL8Y*!;; ,&/cL8Y"H8!N2,27)%),!%-$'$6!:2(!2%%)7+%)4*!=-%!'%!+,/1)4!4'00'5-.%!%/!
25&')1)!2!=2.2$5)!=)%:))$!/1),.3!./$6!FA(!5/$%2'$'$6!%//!72$3!$/$ ;5/$(%,2'$)4!=2()(!2%!
/$)!)>%,)7)*!2$4!/1),.3!0,267)$%)4!FA(!2%!%&)!/%&),*!2$4!%&)!(%2$42,4!+2,27)%),(!:),)!
0/-$4!%/!+),0/,7!2(!24)<-2%).3!2(!/%&),(8!!
!
!0+,-.)"$,'/..+ ('%)!5.2(()(!:),)!4).'$)2%)4!-('$6!%&)!,)+)2%;0'.%),)4!1P8`!2$$/%2%'/$!?Y8`8UB*!
2-67)$%)4!:'%&!%&)!"\E!$/1).!6)$)(!'4)$%'0')4!?Y8`8""B8!@/!2(()((!%&)!6)$/7'5!4'(%,'=-%'/$!/0!
5/$(),1)4!=2()(*!('%)!5.2(()(!:),)!52..)4!-$'<-).3!'$!2!&'),2,5&'52.!72$$),*!(/!%&2%!'0!2!('%)!
:2(!2$$/%2%)4!2(!7/,)!%&2$!/$)!('%)!5.2((!'%!:2(!52..)4!=2()4!/$!%&)!0/../:'$6!&'),2,5&3r!
FXQ*!Pn!9@a*!Yn!9@a*!'$%,/$'5*!'$%),6)$'58!_1),.2+(!=)%:))$!('%)!5.2(()(!2$4!FA(!:),)!
52.5-.2%)4!-('$6!IAX%//.(!1E8E`8L!?o-'$.2$!2$4!K2..!EL"LB8!D/,!2$2.3()(!/0!'$%,/$!.)$6%&!
2$4!5/$(),12%'/$*!2..!'$%,/$(!:),)!52..)4!=2()4!/$!./$6)(%!'(/0/,7(!2(!%&)3!2++)2,!'$!%&)!
2$$/%2%'/$!?'8)8!$/!&'),2,5&'52.!52..'$6!:2(!+),0/,7)4!2(!4)(5,'=)4!2=/1)B8!
!

3.7 Acknowledgements !
!
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0/,!%&)',!'$12.-2=.)!6-'42$5)!/$!@A!5-,2%'/$*!@&/72(!N,O(5&/.4!0/,!+,/1'4'$6!'(/.2%)!'726)(!
2$4!0/,!-()0-.!4'(5-(('/$(!/$!%2>/$/73*!2$4!_.'1'),!b2../$!0/,!-()0-.!4'(5-(('/$(!/$!
5&./,/+&3%)+6)$/7'5(8!h)!%&2$C!Q-(2$$)!i,2)7),!2$4!m25C!K)2,$!0/,!%&)',!:/,C!/$!2$!
)2,.'),!1),('/$!/0!%&)!!0+.)6-,/$+6)$/7)8!N25I'/!()<-)$5'$6!:2(!0-$4)4!=3!2![AaF!
I'/7/.)5-.2 ,!]$2.3('(!D25'.'%3!N'./%!N,/J)5%!^,2$%!?[I]D""EYB8!!
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Chapter 4 

 
The Chlamydomonas Genome Project , Version 6 : 
Near Complete Genome Assemblies for Mating Type 
Plus and Minus  Strains Reveals Extensive 
Misassembl y in Version 5  and Structural Mutation in 
the Laboratory  
 
4.1 Preface  

!
@&)!:/,C!'$!%&'(!5&2+%),!:2(!+),0/,7)4!2(!+2,%!/0!2!.2,6)!5/..2=/,2%'1)!)00/,%!=)%:))$!
,)()2,5&),(!0,/7!9F!I),C).)3*!%&)!9$'%)4!Q%2%)(!X)+2,%7)$%!/0!A$),63*!2$4!).():&),)*!2$4!
%&)!0',(%;+),(/$!+.-,2. !'(!-()4!%&,/-6&/-%8!]..!(27+.)!+,)+2,2%'/$*!$-5.)'5!25'4(!)>%,25%'/$!
2$4!()<-)$5'$6!:),)!+),0/,7)4!2%!%&)!m/'$%!^)$/7)!#$(%'%-%)8!F/$%'6;.)1).!6)$/7)!
2(()7=.')(!:),)!+,/4-5)4!=3!m),,3!m)$C'$(!2%!%&)!K-4(/$].+&2!#$(%'%-%)!0/,!I'/%)5&$/./638!#!
+,/4-5)4!5&,/ 7/(/72. ;.)1).!2(()7=.')(!'$!5/..2=/,2%'/$!:'%&!_.'1'),!b2../$!2%!%&)!F[aQ8!
N,).'7'$2,3!6)$)!2$$/%2%'/$(!:),)!+,/4-5)4!=3!Q&)$6<'2$6!Q&-!2%!%&)!m/'$%!^)$/7)!
#$(%'%-%)8!#!+),0/,7)4!2..!+/(%;+,/5)(('$6!/0!%&)!6)$)!2$$/%2%'/$(!2(!4)(5,'=)4 !'$!%&'(!5&2+%),8!
_$) !()5%'/$!/0!%&)!0/,%&5/7'$6!72$-(5,'+%!4)%2'.'$6!.'$C26)!(-++/,%!0/,!%&)!5&,/7/(/72.!
2(()7=.')(!:2(!+),0/,7)4!)$%',).3!=3!N2%,'5)!Q2./7R!2$4!&2(!=))$!.2,6).3!/7'%%)48!@&)!42%2!
-$4),.3'$6!D'6-,)! ` !: ),) !+,/4-5)4!=3!Q)2$!^2..2&),8!@&)!:/,C!:2(!(-+),1'()4!=3!Q2=))&2!
S),5&2$%!2$4!m),)73!Q5&7-%Z8!#!:,/%)!2..!%)>%*!+),0/,7)4!2..!4/:$(%,)27!2$2.3()(!?-$.)((!
(%2%)4!2=/1)B!2$4!+,/4-5)4!2..!0'6-,)(!2$4!%2=.)(8!^)$),2.!,)0),)$5)(!%/!:/,C!'$!F&2+%),(!E!
2$4!Y!2,)!5'%)4!2(!F,2'6!)%!2.8!?EL"TB!2$4!F,2'6!)%!2.8!?ELE"2B*!,)(+)5%'1).38!!
!
!
!
!
!
!
!
!
!
!
!
!
!
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4.2 Abstract !
!
_1),!%&)!.2(%!%:/!4)524)(*!%&)!F&.2734/7/$2(!^)$/7)!N,/J)5%!&2(!+,/4-5)4 !0'1)!'%),2%'/$(!
/0!%&)!!"#$%&'(%()$*+,-.)"$,'/..+ ,)0),)$5)!6)$/7)8!@&)!5-,,)$%!1P!2(()7=.3!2$4!
2$$/%2%'/$!:),)!,).)2()4!'$!EL"E*!2$4!2412$5)(!'$!()<-)$5'$6!%)5&$/./63!+,)()$%!2!72J/,!
/++/,%-$'%3!%/!'7+,/1)!%&)() !0-$427)$%2.!,)(/-,5)(8!h)!+,/4-5)!N25I'/ ;=2()4!2(()7=.')(!
0/,!=/%&!%&)!72%'$6!%3+)!1#2*+?34 ! B!./$6;%),7!,)0),)$5)!(%,2'$!FF;PLY!2$4!%&)!72%'$6!%3+)!
%.)2*+?34 "B!(%,2'$!FF;\PYE8!F&,/7/(/7) ;.)1).!2(()7=.')(!:),)!+,/4-5)4! '-+)(5( !1'2!
,)0),)$5)!%/!)>%,'$('5!()<-)$5'$6!42%2*!&'(%/,'52.!.'$C26)!42%2!2$4!$):!C$/:.)46)!/0!
5)$%,/7),)( !2$4!(-=%)./7),)( 8!](()7 =.3!5/$%'6-'%3!:2(!'7+,/1)4!=3!2$!/,4),!/0!726$'%-4)!
2$4!=/%&!2(()7=.')(!2,)!)>+)5%)4!%/!=)!$)2,!5/7+.)%)!:'%&!,)(+)5%!%/!6)$'5!()<-)$5)*!:'%&!
w"LL!,)72'$'$6!62+(!./52%)4!'$!%&)!7/(%!,)+)%'%'1)!6)$/7'5!,)6'/$(8![)2,.3!ULj!/0!0'..)4!
62+(!:),) !'$!6)$'5!()<-)$5)*!+,/1'4'$6!(-=(%2$%'2.!(5/+)!0/,!2$$/%2%'/$!'7+,/1)7)$%8!@&)!
$):!2(()7=.')(!,)1)2.)4!)>%)$('1)!'$%,2;!2$4!'$%),;5&,/7/(/72.!7'(2(()7=.')(!'$!1P8!
]44'%'/$2..3*!:)!0/-$4!%&2%!%&)!FF;PLY!6)$/7) !&2,=/-,)4!72J/,!(%,-5%-,2.!7-%2%'/$(*!
'$5.-4'$6!2!,)5'+,/52.!%,2$(./52%'/$*!2$!VPLL!C=!'$1),('/$*!2$4!fPL!4).)%'/$(!200)5%'$6!V"LL!
6)$)(8!h)!%&),)0/,)!,)5/77)$4 !%&)!-()!/0!FF;\PYE!2(!%&)!+,'72,3!,)0),)$5)*!2.%&/-6&!:)!
2.(/!4'(5/1),)4!%&2%!%&'(!(%,2'$!'(!)>+),')$5'$6!2!,2+'4!+,/.'0),2%'/$!/0!%,2$(+/(2=.)!).)7)$%(!
?@A(B8!@&)()!,)(-.%(!'7+.3!%&2%!2..!.2=/,2%/,3!(%,2'$(!2,)!)>+)5%)4!%/!&2,=/-,!()1),2.!-$'<-)!
(%,-5%-,2.!7-%2%'/$(8!D'$2..3*!-('$6!#(/;Q)<!2$4!)>%)$('1)!a[] ;()<!42%2()%(!:)!+),0/,7)4!'-+
)(5(+(%,-5%-,2.!2$$/%2%'/$!/$!)25&!2(()7=.3*!(-=(%2$%'2..3!-+42%'$6!2$4!'7+,/1'$6!-+/$!+2(%!
2$$/%2%'/$(8!F/..)5%'1).3*!%&)()!,)(/-,5)(!&),2.4!2$!)>5'%'$6!$):!),2!/0!!"#$%&'(%()$*+
6)$/7'5(!2$4!2,)!)>+)5%)4!%/!+,/1'4)!%&)!0/-$42%'/$!/0!,)()2,5&!'$!%&'(!'7+/,%2$%!7/4).!
(3(%)7!/1),!%&)!5/7'$6!3)2,(8!!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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4.3 Introduction !
!
](!'$%,/4-5)4!'$!"8Y8"*!0'1)!,)0),)$5)!2(()7=.3! 1),('/$(!/0!%&)!!0+,-.)"$,'/..+ 6)$/7) !&21)!
=))$!+,/4-5)4! %/!42%)*!2..!/0!:&'5&!:),) !+,'72,'.3!=2()4!/$!Q2$6),!()<-)$5'$6*!:'%&!
244'%'/$2.!\P\!()<-)$5'$6!+),0/,7)4!0/,!1P!?^,/((72$!)%!2.8!ELLYM!S),5&2$%!)%!2.8!ELLgM!
I.2=3!)%!2.8!EL"\B8!a).)2()4!'$!EL"E*!%&)!1P!2(()7=.3!(+2$(!"""8"!S=*!:'%&!VY8gj!62+(*!Yg!
-$+.25)4!(5200/.4(!2$4!2!5/$%'6;.)1).![PL!/0!VEEL!C=8!].%&/-6&!%&)()!2(()7=.3!7)%,'5(!
,)+,)()$%)4!2!5/$('4),2=.)!25&')1)7)$%!2%!%&)!%'7)!/0!'%(!,).)2()*!,)5)$%!4)1)./+7)$%(!'$!./$6!
,)24!()<-)$5'$6!%)5&$/./6')(!&21)!+,/1'4)4!%&)!+.2%0/,7!%/!25&')1)!(-=(%2$%'2..3!7/,)!
5/$%'6-/-(!2(()7=.')(8!@&'(!&2(!,)5)$%.3!=))$!,)2.'()4!0/,!5./()!,).2%'1)(!/0!!0+,-.)"$,'/..X+
:&),)!N25'0'5!I'/(5')$5)(!?N25I'/B!()<-)$5'$6!&2(!+,/4-5)4!2(()7=.')(!7/,)!5/$%'6-/-(!
%&2$!1P!0/,!0'1)!(+)5')(!/0!-$'5)..-.2,!2$4!7-.%'5)..-.2,!1/.1/5'$)!2.62)! ?K272J'!)%!2.8!EL"UM!
F,2'6!)%!2.8!ELE"2B8![/%2=.3*!$/$)!/0!%&)()!2(()7=.')(!2,)!5&,/7/(/7) ;.)1).*!2.%&/-6&!=3!
5/7='$'$6!N25I'/!()<-)$5'$6!:'%&!244'%'/$2.!2++,/25&)(!?)868!/+%'52.!72++'$6B!&'6&.3!
5/$%'6-/-(!5&,/7/(/7) ;.)1).!2(()7=.')(!&21)!=))$!+,/4-5)4!0/,!7/,)!4'(%2$%.3!,).2%)4!2.62!
(-5&!2(!!",(%(6"#(,.*+>(J.)9.-)*.*+ ?a/%&!)%!2.8!EL"gB8!D-,%&),7/,)*!_qX/$$)..!)%!2.8!?ELELB!
+,/4-5)4!2$!-$2$$/%2%)4!2(()7=.3!/0!%&)!!0+,-.)"$,'/.. !.2=/,2%/,3!(%,2'$!FF;"`TL!?cE"!6,B!
-('$6!-.%,2;./$6![2$/+/,)!()<-)$5'$6! ?e'-!)%!2.8!EL"TB*!'$!:&'5&!%&)!"g!5&,/7/(/7)(!2,)!
2(()7 =.)4!2(!/$.3!E"!5/$%'6(8!
!
N),&2+(!/0!6,)2%),!('6$'0'52$5)!%&2$!2(()7=.3!5/$%'6-'%3*!%:/!,)5)$%!(%-4')(!&21)!&'6&.'6&%)4!
'$5/$('(%)$5')(!=)%:))$!6)$)%'5!72++'$6!,)(-.%(!2$4!%&)!1P!2(()7=.3*!+/%)$%'2..3!'$4'52%'$6!
7'(2(()7=.')(8! Q2./7R!2$4!S),5&2$%!?EL"TB!+,)()$%)4!%&)!52()!/0!%&)!+&3%/)$)!(3$%&2()!
6)$)!@GM!%&2%!'(!7-%2%)4!'$!%&)!:&'%)!7-%2$%!#/*B*!:&'5&!'(!5-,,)$%.3!./52%)4!/$!5&,/7/(/7)!
E!4)(+'%)!=)'$6!+,)1'/-(.3!72++)4!%/!5&,/7/(/7)!""! ?S5F2,%&3!)%!2.8!ELL\B8!_Z2:2!)%!2.8!
?ELELB!5&2,25%),'()4!%&)!/5%/%,'5/+)+%'4)!,)+)2%!+,/%)'$!34PEB!%&2%!'(!7-%2%)4!'$!%&)!$/$;
+&/%/(3$%&)%'5!7-%2$%!$6_g*!2$4!/=(),1)4!%&2%!%&)!6)$)!'(!./52%)4!/$!5&,/7/(/7)!"g!4)(+'%)!
&21'$6!./$6!('$5)!=))$!72++)4!%/!5&,/7/(/7)!"P! ?X-%5&),!)%!2.8!"TT"B8!#$%),)(%'$6.3*!=/%&!
'$5/$('(%)$5')(!:),)!'$%,/4-5)4!4-,'$6!%&)!%,2$('%'/$!0,/7!1\!%/!1P*!,2'('$6!%&)!+/(('='.'%3!
%&2%!(/7)!/0!%&)!2(()7=.3!'7+,/1)7)$%(!723!&21)!5/7)!2%!%&)!5/(%!/0!),,/,(8!!
!
#$!244'%'/$!%/!%&)!+/(('='.'%3!/0!7'(2(()7=.')(*!%&),)!'(!2!0-,%&),!+/%)$%'2.!'((-)!:'%&!2..!
+,)1'/-(!2(()7=.3!1),('/$(8! @/!7))%!%&)!&'6&!X[]!3').4!,)<-',)7)$%(!/0!%&)!)2,.3!6)$/7)!
+,/J)5%*!2!5)..!:2..;.)((!7-%2$%!:2(!-()4!2(!%&)!,)0),)$5)!(%,2'$8!@&'(!(%,2'$*!FF;PLY!?c67CDB*!
:2(!4),'1)4!0,/7!%&)!34 ! !(%,2'$!FF;"EP!?c"Yg5B*!:&'5&!'(!2!G:'.4!%3+)H!.2=/,2%/,3!(%,2'$!
0,/7!%&)!A=),(/.4We)1'$)!(-=.'$)!?"8E8YB8!@&)!5)..!:2..;.)((!+&)$/%3+)!:2(!'$4-5)4!=3!
7-%26)$)('(!:'%&!%&)!7)%&3.2%'$6!26)$%![;7)%&3.;[n ;$'%,/;[ ;$'%,/(/6-2$'4'$)!?S[[^B!=3!
K327(!2$4!X21')(!?"TgEB*!2.%&/-6&!%&)!7-%2%'/$!-$4),.3'$6!%&)!+&)$/%3+)!&2(!$)1),!=))$!
5&2,25%),'()48!S[[^!+,'72,'.3!'$4-5)(!^rF!%/!]r@!%,2$('%'/$(*!2.%&/-6&!&'6&!4/()(!52$!
'$4-5)!4/-=.)!(%,2$4!=,)2C(!?XQI(B!2$4!5&,/7/(/72.!2=),,2%'/$(!?i2'$2!ELL\M!h32%%!2$4!
N'%%72$!ELL`B8!@&)!025%!%&2%!FF;PLY!.'C).3!5/$%2'$(!2%!.)2(%!/$)!$/$;0-$5%'/$2.!6)$)!&2(!=))$!
%/.),2%)4!=2()4!/$!%&)!)>+)5%2%'/$!%&2%!%&'(!:/-.4!&21)!=))$!%&)!,)(-.%!/0!2!+/'$%!7-%2%'/$!
?('7'.2,!%/!%&)!-$,).2%)4!7-%2%'/$(!'$!?E4B+2$4!?E4D+%&2%!+,)1)$%!$'%,2%)!-%'.'(2%'/$!2$4!2,)!



! Tg!

+,)()$%!'$!FF;"EP*!2$4!%&),)0/,)!2.(/!FF;PLY!2$4!%&)!,)0),)$5)!6)$/7)B8!K/:)1),*!2(!$/$)!
/0!%&)!6)$)%'5!/,!7/.)5-.2,!72++'$6!,)(-.%(!:),)!4),'1)4!0,/7!FF ;PLY*!'%!'(!+/(('=.)!%&2%!
(/7)!/0!%&)!'$5/$('(%)$5')(!=)%:))$!72++'$6!2$4!%&)!2(()7=.3!723!'$!025%!=)!52-()4!=3!
,)2,,2$6)7)$%(!-$'<-)!%/!FF;PLY8!Q-5&!2!&3+/%&)('(!&2(!$)1),!=))$!%)(%)48!!
!
I)3/$4!%&)!(%,-5%-,)!/0!%&)!2(()7=.3!'%().0*!%&)!7/(%!'7+/,%2$%!(/-,5)!/0!'$0/,72%'/$!2,)!%&)!
(%,-5%-,2.!2$$/%2%'/$(!%&2%!4)0'$)!%&)!./52%'/$(!/0!6)$)( *!2$4!%&)!+,/%)'$!()<-)$5)( !%&)3!
)$5/4)8!](!4/5-7)$%)4!'$!"8Y8"*!%&)!2$$/%2%'/$(!&21)!2.(/!=))$!,)6-.2,.3!-+42%)4!'$!.'$)!
:'%&!%&)!,)0),)$5)!6)$/7)*!-%'.'('$6!'7+,/1)7)$%(!'$!2$$/%2%'/$!2.6/,'%&7(*!%&)!212'.2='.'%3!
/0!&/7/./63!42%2!%/!;(#5(<+6$,/-,.++,/%)'$(!?N,/5&$'C!)%!2.8!EL"LB*!2$4!7/(%!'7+/,%2$%.3!%&)!
%,2$('%'/$!0,/7!Q2$6),;!2$4!\P\;()<-)$5)4!)>+,)(()4!()<-)$5)!%26(!?AQ@(B!%/!4))+!
%,2$(5,'+%/7'5!()<-)$5'$6!?'8)8!a[] ;()<B!+),0/,7)4!=3!#..-7'$2!()<-)$5'$68!].%&/-6&!%&)!
5-,,)$%!1P!2$$/%2%'/$!?1P8B̀!'(!6)$),2..3!5/$('4),)4!%/!=)!/0!&'6&!<-2.'%3*!()<-)$5'$6!
2412$5)(!/$5)!262'$!+,)()$%!%&)!+,/(+)5%!/0!0-,%&),!'7+,/1)7)$%(8!D/,!)>27+.)*!./$6!,)24!
()<-)$5'$6!&2(!=))$!2++.')4!%/!0-..;.)$6%&!5X[](*!)$2=.'$6!5/7+.)%)!'(/0/,7(!%/!=)!
52+%-,)4!=3!('$6.)!,)24(!2$4!+,/1'4'$6!-$+,)5)4)$%)4!,)(/.-%'/$!/0!6)$)!(%,-5%-,)(8!N25I'/!
5X[] !.'=,2,')( !?'8)8!#(/;Q)<B!:),)!,)5)$%.3!()<-)$5)4!0/,! !0+,-.)"$,'/.. *!.)24'$6!%/!%&)!
4'(5/1),3!/0!+/.35'(%,/$'5!6)$)!)>+,)(('/$ !'$!%&)!(+)5')(!?^2..2&),!)%!2.8!ELE"B8!Q)1),2.!
,)5)$%!(%-4')(!&21)!2.(/!&'6&.'6&%)4!(+)5'0'5!0)2%-,)(!/0!%&)!1P!2$$/%2%'/$(!%&2%!5/-.4!=)!
'7+,/1)48!b'2!%&)!5/7+2,'(/$!/0!2!'-+)(5(+ %,2$(5,'+%/7)!2(()7=.3!%/!%&)!1P!6)$/7)*!@-.'$!
2$4!F,/((!?EL"`B!'4)$%'0')4!7/,)!%&2$!"LL!G&'44)$H!)>/$(!:'%&'$!2(()7=.3!62+(*!'$4'52%'$6!
%&2%!'$5,)2()(!%/!5/$%'6-'%3!2,)!)>+)5%)4!%/!'7+,/1)!2$$/%2%'/$8!#$!2!()5/$4!(%-43*!F,/((!
?EL"PB!(&/:)4!%&2%!/1),!\*LLL!6)$)!7/4).(!&21)!'$;0,27)!-+(%,)27!/+)$!,)24'$6!0,27)(!
?_aD(B*!2$4!%&2%!2!(-=(%2$%'2.!+,/+/,%'/$!/0!%&)()!2,)!.'C).3!%/!,)+,)()$%!6)$-'$)![;%),7'$2.!
)>%)$('/$(!%/!%&)!+,/%)'$(!)$5/4)4!=3!%&)()!6)$)(8!I.2=3!2$4!I.2=3;K22(!?EL"gB!,)+/,%)4!
%&2%!/1),!"LL!6)$)(!+,)()$%!'$!2$$/%2%'/$!1\8Y!:),)!$/%!(-55)((0-..3!%,2$(0),,)4!%/!1P!
2$$/%2%'/$(*!'$5.-4'$6!&'6&.3!)>+,)(()4!2$4!:)..!5&2,25%),'()4!6)$)(!(-5&!2(!1*:] 8!9('$6!2!
5/7+2,2%'1)!6)$/7'5(!2++,/25&*!F,2'6!)%!2.8!?ELE"2B!'4)$%'0')4!"\E!7'(('$6 !6)$)(*!
,)5/ 1),'$6!Yg!/0!%&)!G./(%H!1\!6)$)(!2$4!0'$4'$6!EP!$):!6)$)(! %&2%!:),)!+,)()$%!/$!
+/.35'(%,/$'5!%,2$(5,'+%(!%/6)%&),!:'%&!)>'(%'$6!1P8`!6)$)(!?^2..2&),!)%!2.8!ELE"B8!](!/$.3!Ug!
+/.35'(%,/$'5!./5'!:),)!'4)$%'0')4!'$!%/%2.*!%&'(!,2'()(!%&)!+/(('='.'%3!%&2%!+,)1'/-(!2$$/%2%'/$(!
723!&21)!/1),.//C)4!()5/$42,3!_aD(8!D'$2..3*!F,2'6!)%!2.8!?ELE"2B!+),0/,7)4!2!%&/,/-6&!
<-2.'%3!2(()((7)$%!/0!1P8`!6)$)!7/4).(*!,)+/,%'$6!%&2%!()1),2.!&-$4,)4!6)$)(!&21)!./:!
5/4'$6!+/%)$%'2.!2$4!.'C).3!,)+,)()$%!02.()!+/('%'1)!7/4).(8!!
!
K),)!:)!+,)()$%!%&)!0',(%!72J/,!-+42%)!%/!=/%&!%&)!!0+,-.)"$,'/.. +2(()7=.3!2$4!2$$/%2%'/$!'$!
/1),!)'6 &%!3)2,(8!h)!0',(%!+,)()$%!2!N25I'/;=2()4!'-+)(5( !2(()7=.3!0/,!FF ;PLY*!:&'5&!:)!
-()!%/!4/5-7)$%!%&)!5/,,)5%'/$!/0!()1),2.!.2,6)!7'(2(()7=.')(!2$4!%/!4)(5,'=)!%&)!()<-)$5)!
5/$%)>%!/0!2(()7=.3!62+(!'$!1P!%&2%!&21)!$/:!=))$!0'..)48!K/:)1),*!/-,!-+42%)4!2(()7= .3!
,)1)2.)4!%&2%!%&)!FF;PLY!6)$/7)!&2,=/-,(!72$3!.2,6)!(%,-5%-,2.!7-%2%'/$(!+,)4'5%)4!%/!
200)5%!V"LL!6)$)(8!h)!2.(/!+,)()$%!2!N25I'/;=2()4!'-+)(5( +2(()7=.3!/0!%&)!34 " !.2=/,2%/,3!
(%,2'$!FF;\PYE*!2$4!,)5/77)$4!%&2%!%&'(!2(()7=.3!=)!-()4!2(!%&)!+,'72,3 !,)0),) $5)!6)$/7)!
'$!7/(%!-(),!52()(8!h)!+,)()$%!&'6&!<-2.'%3!(%,-5%-,2.!2$$/%2%'/$(!0/,!=/%&!2(()7=.')(*!:'%&!
%&)!'$5/,+/,2%'/$!/0!#(/;Q)<!42%2!.)24'$6!%/!5/$('4),2=.)!'7+,/1)7)$%(8!@&)()!-+42%)(!72,C!



! TU!

%&)!(%2,%!/0!2$!)>5'%'$6!$):!),2!/0!!"#$%&'(%()$* !6)$/7'5(*!: '%&!4)1)./+'$6!/++/,%-$'%')(!
%/!+,/4-5)!,)0),)$5)!<-2.'%3!2(()7=.')(!2$4!2$$/%2%'/$(!0/,!()1),2.!(%,2'$(!2$4!0').4!'(/.2%)(!
/0!%&)!(+)5')(8!!
!

4.4 Results and Discussion !

!
4.4.1 CC-503 version 6: a long read Chlamydomonas  reinhardtii reference 
genome !
!
](! %&)!0',(%!(%26)!'$!-+42%'$6!%&)!,)0),)$5)+6)$/7)*!:)!+,/4-5)4!2! '-+)(5( +5/$%'6;.)1).!
2(()7=.3!0/,!FF ;PLY!0,/7!2!&'6&!5/1),26)!?V"Eg>B!./$6!,)24!42%2()%!()<-)$5)4!/$!%&)!
N25I'/!Q)<-).!+.2%0/,7!?\8P8"B8!#$!.'$)!:'%&!%&)!,)+/,%)4!'$5/$('(%)$5')(!?\8YB*!:)!'4) $%'0')4!
()1),2.!5/$%,24'5%'/$(!=)%:))$!%&)!1P!5&,/7/(/7)(!2$4!%&)!'-+)(5( +2(()7=.)4!5/$%'6(8!
F/$()<-)$%.3*!:)!)$%',).3!,)2(()7=.)4!2..!:).. ;(-++/,%)4!5/$%'6(!%/!5&,/7/(/7)(*!:'%&/-%!
2$3!,)0),)$5)!%/!+,)1'/-(!1),('/$(8!@&'(!:2(!25&')1)4!=3!'$%)6,2%'$6!)1'4)$5)!0,/7!()1),2.!
42%2!(/-,5)(8!N,'72,'.3*!:)!72++)4!%&)!5/$%'6(!%/!%&)!&'6&.3!5/$%'6-/-(![2$/+/,);=2()4!FF;
"`TL!2(()7=.3! ?_qX/$$)..!)%!2.8!ELELB8!@&)!,)(-.%2$%!72+!/0!'-+)(5( !2(()7=.)4!5/$%'6(!%/!
FF;"`TL!:2(!%&)$!0-,%&),!12.'42%)4!262'$(%!%&)!N25I'/!'-+)(5( +2(()7=.)4!5/$%'6(!/0!FF;
\PYE!?\8\ 8PB8!@&'(!2++,/25&!$/%!/$.3!)$2=.)4!5/$%'6(!%/!=)!+.25)4!/$!5&,/7/(/7)(!'$!2!
72$$),!5/$('(%)$%!25,/((!2..!%&,))!2(()7=.')(!?:'%&!%&)!)>5)+%'/$!/0!5&,/7/(/7)(!E!2$4!T*!
\8\8\B*!=-%!2.(/!0/,!62+!.)$6%&(!=)%:))$!,)72'$'$6!5/$%'6!=,)2C(!%/!=)!)(%'72%)4!,).2%'1)!%/!
FF;"`TL8!] ..!72J/,!(%,-5%-,2.!5&2$6)(!:),)!12.'42%)4!262'$(%!6)$)%'5!2$4!7/.)5-.2, !72++'$6!
42%28!D'$2..3*!,)5)$%!C$/:.)46)!/0!%&)!,)+)%'%'1)!(%,-5%-,)!/0!5)$%,/7),'5!2$4!(-=%)./7),'5!
,)6'/$(!+,/1'4)4!)>%,'$('5!)1'4)$5)!(-++/,%'$6!%&)!12.'4'%3!/0!%&)!$):!5&,/7/(/7)!7/4).(!
?'8)8!%&2%!)25&!5&,/7/(/7)!5/$%2'$)4!/$)!5)$%,/7),)!2$4!%),7'$2%)4!'$!(-=%)./7),)(B8!!
!
@&)!,)(-.%'$6!5&,/7/(/7) ;.)1).!2(()7=.3! ?FF;PLY!1`B!)>&'='%)4!4,272%'5!'7+,/1)7)$%(!'$!
5/$%'6-'%3!,).2%'1)!%/!+,)1'/-(!1),('/$(!?@2=.)!"B8!F/7+2,'$6!1P!2$4!FF;PLY!1`*!%&)!$-7=),!
/0!62+(!:2(!,)4-5)4!=3!2$!/,4),!/0!726$'%-4)*!4)5,)2('$6!0,/7!"*\TP!%/!"\P8!F/$()<-)$%.3*!
%&)!5/$%'6;.)1).![PL!'$5,)2()4!0,/7!L8EE!S=!%/!E8TE!S=*!:'%&!VUPj!/0!FF;PLY!1`!
2(()7=.)4!/$!5/$%'6(!f"!S=8!@&)!+,/+/,%'/$!/0!-$C$/:$!=2()(!?'8)8![(B!4,/++)4!7/,)!
7/4)(%.3!0,/7!Y8gj!%/!"8gj*!2.%&/-6&!%&'(!0'6-,)!'(!'$0.2%)4!'$!FF;PLY!1`!=3!%&)!'$5.-('/$!/0!
1),3!./$6!)(%'72%)4!62+(!?72>'7-7!YLL!C=B!'$!%&)!7/(%!,)+)%'%'1)!,)6'/$(!/0!%&)!6)$/7)8!
9$.'C)!'$!+,)1'/-(!1),('/$(*!%&)!-$+.25)4!()<-)$5)(!:),)!2(()7=.)4!2(!5/$%'6(!?2(!/++/()4!
%/!(5200/.4(B*!$27)4!5/$%'6z"U!%/!5/$%'6z`L8!@&)!5-7-.2%'1)!.)$6%&!/0!-$+.25)4!()<-)$5)!
:2(!,)4-5)4!0,/7!E8E!S=!%/!"8P!S=*!2$4!2.%&/-6&!%&)!$-7=),!/0!-$+.25)4!()<-)$5)(!'(!
('7'.2,!=)%:))$!1),('/$(!?Yg!(5200/.4(!'$!1P!2$4!\E!5/$%'6(!'$!FF;PLY!1`B*!%&)!()<-)$5)(!
%&)7().1)(!2,)!.2,6).3!-$,).2%)48!Q)<-)$5)!2%!.)2(%!+2,%'2..3!5/,,)(+/$4'$6!%/!YY!/0!%&)!Yg!1P!
-$+.25)4!(5200/.4(!:2(!2(()7=.)4!/$!5&,/7/(/7)(!'$!FF ;PLY!1`*!:'%&!%&)!-$+.25)4!5/$%'6(!
5/$('(%'$6!/0!%&)!,)72'$'$6!1P!-$+.25)4!(5200/.4(*!$/1).!()<-)$5)!0,/7!)>%,)7).3!,)+)%'%'1)!
,)6'/$(!2$4!2!$-7=),!/0!,)6'/$(!7'(2(()7=.)4!/$!5&,/7/(/7)(!'$!1P!%&2%!5/-.4!$/%!=)!
,).'2=.3!+.25)4!/$!5&,/7/(/7)(!'$!FF ;PLY!1`8!]!%&/,/-6&!2(()((7)$%!/0!%&)!2(()7=.3!
'7+,/1)7)$%(!2$4!%&)!,)72'$'$6!+,/=.)72%'5!,)6'/$(!'(!+,)()$%)4!'$!%&)!0/../:'$6!%)>%8!!



! TT!

+$,-.!/1 !F/7+2,'(/$!/0!2(()7=.3!7)%,'5(!=)%:))$ +,)0),)$5)!6)$/7) !1),('/$(8 !
!

0..2,9%G/12-.(") / AAE,+&!O!*! AAE,+&!O,! AAE,+&!O(! AAE*,&%!O(!

U2&-/"A/-2%2&.2/ %++5! %+$%! D! D!

!%&:2E/%2)3'4/;I9=/ $+%'(%! $+5')+! $$+'$+! $$%'&%!

R)#%&:2E/.:&AA"%E.*:")'(3./ 8$! &8! *%! *+!

R)#%&:2E/%2)3'4/;I9=/ )'(5 ! %'%+! $'*, ! $'8%!

@$,92-/"A/: ")'(3. / %J8&)! $J*), ! $*, ! $%+!

+")'(3/@>7/;I9= / +'+)! +'%%! %')%! %'(,!

K+/;<= / (*'+( ! (*'+5 ! (*'+8 ! (*'$$ !

@./;<=/ 8',* ! &'(, ! $'(( ! +')%!

L-&).#".&9%2/2%2,2)'./;<=/ )'8( ! $+',%! $+'8$! $%'&&!

I (:-".&'2%%('2/;,")",2-./V67/9#=/;<= / $'&%! $'** ! $'8&! $'88!

F&'2%%('2/W@0/;,")",2-./5X67/9#=/;<=/ %'5(! &'$*! &'58! *'$%!
!
!
4.4.2 The version 6 assembly reveals misassemblies in version 5 !
!
FF;PLY!1`!)>&'='%)4!72J/,!(%,-5%-,2.!4'00),)$5)(!%/!1P*!:&'5&!200)5%)4!%&)!/,4),'$6!2$4!
/,')$%2%'/$!/0!()<-)$5)!=/%&!:'%&'$!2$4!=)%:))$!5&,/7/(/7)(8!_1),2..*!/$.3!('>!
5&,/7/(/7)(!?"*!\*!`*!g*!"Y!2$4!"\B!,)72'$)4!)$%',).3!5/$('(%)$%!:'%&!,)(+)5%!%/!%&)!/,4),'$6!
/0!(5200/.4(!'$!1P8!@&)!)>%)$%!/0!%&)!5&2$6)(!%/!%&)!,)72'$'$6!""!5&,/7/(/7)(!,2$6)4!0,/7!
%&)!7'$/,! '$%,2;5&,/7/(/72.! ,)/,4),'$6!/0!(&/,%!5/$%'6(!%/!72J/,!'$%),;5&,/7/(/72.!
,)2,,2$6)7)$%(!200)5%'$6!7)62=2()(!/0!()<-)$5)8!]$!/1),1'):!/0!%&)!=)%:))$!5&,/7/(/7)!
5&2$6)(!'(!+,)()$%)4!'$!D'6-,)!"]8!!
!
S2$3!/0!%&)!5&2$6)(!/55-,,)4!'$!5./()!+,/>'7'%3!%/!%&)!7/(%!,)+)%'%'1)!6)$/7'5!,)6'/$(*!
$/%2=.3!%&)!+-%2%'1)!5)$%,/7),)(*!(-=%)./7),)(!2$4!,)6'/$(!5/,,)(+/$4'$6!%/!-$+.25)4!
(5200/.4(!'$!+,)1'/-(!1),('/$(8!](!'$! 72$3!(+)5')(*!+,)5'()!5)$%,/7),'5!./52%'/$(!'$!!0+
,-.)"$,'/..+ &21)!,)72'$)4!).-('1)8! e'$!)%!2.8!?EL"UB!,)+/,%)4!%&)!+,)()$5)!/0!ELL;ULL!C=!
,)6'/$(!5/$%2'$'$6!7-.%'+.)!6)$)(!)$5/4'$6!+,/%)'$(!:'%&!,)1),()!%,2$(5,'+%2()!4/72'$(!%&2%!
0.2$C)4!7/.)5-.2,!72,C),(!C$/:$!%/!=)!%'6&%.3!.'$C)4!%/!5)$%,/7),)(8!F,2'6!)%!2.8!?ELE"2B!
(&/:)4!%&2%!%&)()!6)$)(!2,)!)$5/4)4!=3!7-.%'+.)!5/+')(!/0!2$!bB!e#[A!,)%,/%,2$(+/(/$!%&2%!'(!
&/7/./6/-(!%/! U-11*!%&)!+-%2%'1)!5)$%,/7),'5!5/7+/$)$%!/0!%&)!4'(%2$%.3!,).2%)4!2.62!
!(66(%&<$+*2:-##.1*(.'-$!?I.2$5!)%!2.8!EL"EB8!@&)()!U-11;.'C)!?U-11bB!).)7)$%(!2,)!&'6&.3!
./52.'()4!2%!%&)!+-%2%'1)+5)$%,/7),)(*!2.%&/-6&!5&,/7/(/7)(!E*!Y*!P!2$4!U!5/$%2'$)4!%:/!
5.-(%),(!+),!5&,/7/(/7)!'$!1P*!2$4!5&,/7/(/7)(!""!2$4!"P!)$%',).3!.25C)4!5.-(%),(!?e'$!)%!
2.8!EL"UM!F,2'6!)%!2.8!ELE"2B8!@&)!!0+,-.)"$,'/..+ %)./7),'5!,)+)2%!?@@@@]^^^B0!&2(!=))$!
5&2,25%),'()4!+,)1'/-(.3!?N)%,25)C!)%!2.8!"TTLB*!:&'.)!./$6!5/7+.)>!(2%)..'%)!2,,23(!%&2%!2,)!
&'6&.3!5&2,25%),'(%'5!/0!(-=%)./7),'5!,)6'/$(!&21)!,)5)$%.3!=))$!'4)$%'0')4!2$4!4)(5,'=)4!
?F&2->;m-C'5!)%!2.8!ELE"B8!
!



! "LL!

!
"#$%&'!()!A2-#2(-=!$/!01-!NNOgTL!2R!+,,-><@B7!!
*+, !N(#'$,!6@$0!9M#nB=(),I(!-0!+@7!]TTS?!#-6#-,-)0+0($)!$/!NNOgTL!2R7!F#-B!$&0-#!<@$'I,!#-6#-,-)0!
'1#$>$,$>-,P!=(01!+%%(0($)+@!'$@$&#,!1(*1@(*10()*!*-)$>('!#-*($),!01+0!=-#-!+,,-><@-%!$)!$01-#!
'1#$>$,$>-,!$#!$)!&)6@+'-%!,'+//$@%,!()!2g7!3+#I!*#-B!#-*($),!#-6#-,-)0!*+6,!<-0=--)!'$)0(*,P!=(01!
+)B!*+6,!qQT!I<!()'#-+,-%!0$!QT!I<!0$!+(%!2(,&+@(,+0($)7!5@@!>-0#(',!=-#-!'+@'&@+0-%!/$#!gT!I<!)$)O
$2-#@+66()*!=()%$=,7!NF!1B6-#>-01B@+0-%!#-*($),!=-#-!0+I-)!/#$>!Z$6-n!-0!+@7!9]TQg?!+)%!>+66-%!
/#$>!2g!0$!NNOgTL!2R7!!
*-, !Z()-+#!#-6#-,-)0+0($)!$/!'1#$>$,$>-!Qg7!\+#I-#!*-)-,!+#-!/#$>!M+01(#!-0!+@7!9]TTL?!+)%!01-!@(*10!
*#--)!<$J-,!#-6#-,-)0!01-!D&8!*- )-!'@&,0-#,!(%-)0(/(-%!<B!8$&@$&(,!-0!+@7!9]TQg?7!!
!
F/7+2,'(/$(!/0!%&)!1P!2$4!FF;PLY!1`!2(()7=.')(!/0!5&,/7/(/7)(!P!?D'6-,)!E]B!2$4!""!
?D'6-,)!EIB!'..-(%,2%)!%&)!%3+)(!/0!7'(2(()7=.')(!%&2%!&21)!200)5%)4!%&)()!,)6'/$(8!#$!1P*!%&)!
.)0%!2,7!/0!5&,/7/(/7)!P!%),7'$2%)(!'$!2!\g!C=!5/$%'6!5/$%2'$'$6!U-11b!).)7)$%(!?+-,+.)!
=./5C*!D'6-,)!E]B*!:&'5&!'$!FF;PLY!1`!&2(!=))$!2(()7=.)4!:'%&'$!%&)!+-%2%'1)!5)$%,/7),)!/0!
5&,/7/(/7)!"L!?D'6-,)! Q"XB8!@&)!,)72'$'$6!,)6'/$(!/0!5&,/7/(/7)!P*!%&)!%&,))!0,267)$%(!
/0!VL8g*!"8E!2$4!"8g!S=!?.'6&%!=.-)*!3)../:!2$4!/,2$6)*!,)(+)5%'1).3B*!&21)!%&)$!=))$!
,)2,,2$6)48!@&)!7'(;J/'$!=)%:))$!%&)!.'6&%!=.-)!2$4!3)../:!0,267)$%(!'$1/.1)4!2$!2(()7=.3!
62+!5/,,)(+/$4'$6!%/!(5200/.4!E\!'$!1P!?5/$%2'$'$6!3F4g !'$!D'6-,)!E]B*!:&'5&!'$!FF;PLY!1`!
'(!2(()7=.)4!=)%:))$!%&)!/,2$6)!2$4!.'6&%!=.-)!0,267)$%(8!@&)!7'(;J/'$!=)%:))$!%&)!3)../:!
2$4!/,2$6)!0,267)$%(!5/$%2'$)4!2!(-=%)./7),'5!,)+)2%!'$!FF;PLY!1`*!:&'5&!'(!$/:!5/,,)5%.3!



! "L" !

+.25)4!20%),!%&)!3)../:!0,267)$%!:2(!,)1),()48!@&-(*!%&)!,)2(()7=.)4!5&,/7/(/7)!P!&2(!
(-=%)./7),'5!,)+)2%(!2%!=/%&!%),7'$'*!2!('$6.)!'$%),$2.!U-11b!5.-(%),*!2$4!'(!2.(/! )$%',).3!
5/$('(%)$%!:'%&!%&)!7/.)5-.2,!72+!?i2%&',!)%!2.8!ELLYB8!@&)!7/1)7)$% !/0!2$!VggL!C=!,)6'/$!
0,/7!5&,/7/(/7)!E!%/!""!('7-.%2$)/-(.3!,)(/.1)4!%&)!2=()$5)!/0!2!+-%2%'1)!5)$%,/7),)!/$!
5&,/7/(/7)!""!2$4!%&)!+,)()$5)!/0!%:/! U-11b!5.-(%),(!/$!5&,/7/(/7)!E!?D'6-,)!EIB8!@&'(!
,)6'/ $!2.(/!'$5.-4)(! @GM*!:&'5&!2(!4)(5,'=)4!'$!\8Y!&2(!=))$!6)$)%'52..3!72++)4!%/!
5&,/7/(/7)!""! ?S5F2,%&3!)%!2.8!ELL\M!Q2./7R!2$4!S),5&2$%!EL"TB8!#$4)+)$4)$%.3*!2$!VU`L!
C=!0,267)$%!?.'6&%!=.-)B!:2(!'$1),%)4*!:&'5&!'(!5/$('(%)$%!:'%&!%&)!5&,/7/(/72.!+/('%'/$(!/0!
@A4!!2$4!;KbD!=)'$6!'$4'(%'$6-'(&2=.)!0,/7!/$)!2$/%&),!'$!%&)!7/.)5-.2,!72+!?i2%&',!)%!2.8!
ELLYB8!A>27+.)(!/0!7'(2(()7=.')(!200)5%'$6!/%&),!5&,/7/(/7)(!2,)!+,)()$%)4!'$!D'6-,)!Q"8!
!
@&)!7/(%!4,272%'5!5&2$6)(!200)5%)4!5&,/7/(/7)!"P*!:&'5&!2%!"8TE!S=!:2(!%&)!(&/,%)(%!
5&,/7/(/7)!'$!1P8!#$! FF;PLY!1`*!5&,/7/(/7)!"P!&2(!2.7/(%!%,'+.)4!'$!2(()7=.)4!.)$6%&!%/!
P8`Y!S=*!25<-','$6!()<-)$5)!+,)1'/-(.3!2(()7=.)4!/$!0/-,!5&,/7/(/7)(!?E*!Y*!U!2$4!"gB!2$4!
"`!-$+.25)4!(5200/.4(!?D'6-,)!"IB8!D/,!5&,/7/(/7)!E*!2..!()<-)$5)!0,/7!U8L!S=!/$:2,4(!
?V"8E!S=!%/%2.B!'$!1P!:2(!,)2(('6$)4!%/!%&,))!4'00),)$%!,)6'/$(!/0!5&,/7/(/7)!"P!?D'6-,)!"I*!
D'6-,)! Q"]B8!_$)!/0!%&)()!,)6'/$(!5/$%2'$)4!8P!C *!:&'5&!&24!+,)1'/-(.3!=))$!6)$)%'52..3!
72++)4!%/!5&,/7/(/7)!"P! ?N/,%),!)%!2.8!"TT`M!i2%&',!)%!2.8!ELLYB8!@&)!('$6.)!L8ET!S=!,)6'/$!
,)2(('6$)4!0,/7!5&,/7/(/7)!"g!5/$%2'$)4! 34PEB*!:&'5&!2(!4)(5,'=)4!'$!\8Y!:2(!2.(/!
6)$)%'52..3!72++)4!%/!5&,/7/(/7)!"P!?X-%5&),!)%!2.8!"TT"M!_Z2:2!)%!2.8!ELELB8!#$5.-4)4!
27/$6(%!%&)!,)6'/$(!,)2(('6$)4!0,/7!5&,/7/(/7)!U!?L8EE!S=!%/%2.B!2$4!()1),2.!/0!%&)!
+,)1'/-(.3!-$+.25)4!(5200/.4(!?L8TL!S=!%/%2.B!:),)!,)6'/$(!5/$%2'$'$6!U-11b!).)7)$%(*!
)>+.2'$'$6!%&)!+,)1'/-(!2=()$5)!/0!5)$%,/7),'5!()<-)$5)!/$!5&,/7/(/7)!"P8!].%&/-6&!/$.3!
EL!C=!:2(!,)2(('6$)4!0,/7!5&,/7/(/7)!Y!%/!"P*!244'%'/$2.!()<-)$5)!+,)1'/-(.3!2(()7=.)4!
/$!5&,/7/(/7)!Y!$/:!5/,,)(+/$4(!%/!5/$%'6z"T!?UT!C=B!'$!FF;PLY!1`!?D'6-,)!Q"IB8!
Q'7'.2,.3*!()<-)$5)(!2( ()7=.)4!/$!5&,/7/(/7)(!E!2$4!U!'$!1P!5/,,)(+/$4!%/!,)6'/$(!/0!
5/$%'6z"U!?EL`!C=B!2$4!5/$%'6zEE!?PU!C=B!'$!FF;PLY!1`!?D'6-,)!Q"]*!FB8!
!
@&)!$):.3!2(()7=.)4!5&,/7/(/7)!"P!&2(!()1),2.!0)2%-,)(!%&2%!4'(%'$6-'(&!'%!0,/7!/%&),!
5&,/7/(/7)(8!#%!'(!=3!02,!%&)!7/(%!,)+)2%;,'5&!2$4!6)$);+//,*!:'%&!2$!21),26)!,)+)2%!5/$%)$%!
/0!\P8Yj!?7)2$!"P8"j!0/,!%&)!/%&),!"`!5&,/7/(/7)(B!2$4!6)$)!4)$('%3!/0!\Y8\j!?7)2$!
UL8Ej!0/,!%&)!"`!/%&),!5&,/7/(/7)(B!?@2=.)!Q"B8!D-,%&),7/,)*!%&'(!+2%%),$!'(!$/%!-$'0/,7*!
:'%&!%&)!0',(%!V"8T!S=!/0!%&)!.)0%!2,7!2++)2,'$6!%/!=)!,).2%'1).3!$/,72.!?,)+)2%!5/$%)$%!E"8gj*!
6)$)!4)$('%3!gE8UjB!2$4!%&)!,)72'$4),!/0!%&)!5&,/7/(/7)!=)'$6!72(('1).3!,)+)%'%'1)!
?`"8YjB!2$4!6)$)!+//,!?EY8EjB!?D'6-,)!"IB8!](!2!,)(-.%*!5&,/7/(/7)!"P!'(!=3!02,!%&)!7/(%!
0,267)$%)4!'$!FF;PLY!1`*!:'%&!'%(!E"!5/$%'6(!2$4!7)2$!)(%'72%)4!62+!.)$6%&!/0!\Y8Y!C=!
5/$('4),2=.3!&'6&),!2$4!./$6),!,).2%'1)!%/!%&)!,)72'$'$6!5&,/7/(/7)(!?P8"!5/$%'6(*!"P8L!C=!
7)2$!62+!.)$6%&B8!^'1)$!%&)!./$6!62+(!2$4!%&)!)>%,)7)!,)+)2%!5/$%)$%!/0!%&)!-$+.25)4!5/$%'6(!
?gg8Pj!,)+)2%(B*!:)!)>+)5%!%&2%!2!(-=(%2$%'2.!+,/+/,%'/$!/0!%&)!-$+.25)4!()<-)$5)!'$!FF;PLY!
1`!=)./$6(!/$!5&,/7/(/7)!"P8!9$0/,%-$2%).3*!:)!:),)!-$2=.)!%/!-$27='6-/-(.3!+.25)!%&)()!
5/$%'6(!=3!72++'$6!=)%:))$!%&)!FF;"`TL!2$4!FF;\PYE!1`!2(()7=.')(*!/,!=3!2$3!/%&),!
(/-,5)!/0!)1'4)$5)8 !
!
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!
"#$%&'!.)!UJ+>6@-,!$/!2g!>(,+,,-><@(-,!+)%!01-(#!#-,$@&0($)!()!NNOgTL!2R7!!
N1#$>$,$>-!,-*>-)0,!+#-!'$@$&#-%!0$!,1$=!01-!#-$#%-#()*!+)%!#-$#(-)0+0($)!$/!,6-'(/('!#-*($),P!+)%!
%+#I!*#-B!#-*($),!#-6#-,-)0!+,,-><@B!*+6,7!\+#I-#,!()'$),(,0-)0!=(01!01-!>$@-'&@+#!>+6!$/!M+01(#!-0!
+@7!9]TTL?!+#-!,1$=)!()!@(*10!*#-B!0-J07!!
*+, !d-+,,-><@B!$/!'1#$>$,$>-!gP!01-!6&#6@-!,-*>-)0!1+,!<--)!#-+,,(*)-%!0$!'1#$>$,$>-!QT!9V(*&#-!
DQ3?7!Z(*10!*#-B!#-*($),!$)!01-!NNOgTL!2R!'1#$>$,$>-!'$##-,6$)%!0$!,-.&-)'-!)$0!#-6#-,-)0-%!$)!
01-!2g!'1#$>$,$>-!9-7*7!01-!<@$'I!'$)0+()()*!BG!H !'$##-,6$)%,!0$!,'+//$@%!]H!()!2g?7!:=IJ%+)%!
:=IH !+#-!)-(*1<$&#()*!*-)-,!01+0!'$##-,6$)%!0$!01-!5K9%+)%!5KLH%*-)-0('!>+#I-#,P!#-,6-'0(2-@B!
93&0'1-#!]TQH?7!!
*-, !d-+,,-><@B!$/!'1#$>$,$>-!QQP!$)@B!01-!/(#,0!H7]!\<!$/!'1#$>$,$>-!]!(,!,1$=)7! F-)-,!01+0!
$#(*()+@@B!'$##-,6$)%-%!0$!*-)-0('!>+#I-#,!()!M+01(#!-0!+@7!9]TTL?!+#-:!I=M!X!/.39%9\'N+#01B!-0!+@7!
]TTH?P!>MN9&9!X!5KL$%9r+>+>$0$!-0!+@7!]TQ_<?P!>:&J%O%5KL%93&0'1-#!]TQH?P!I:I8J% O%(#19P%:I=9J%
O%"#197!!
!
@&)!-$-(-2.!0)2%-,)(!/0!5&,/7/(/7)!"P!,2'()!()1),2.!<-)(%'/$(!2=/-%!'%(!)1/.-%'/$2,3!/,'6'$(*!
6)$)!5/$%)$%!2$4!5&,/7/(/72.!)$1',/$7)$%8!A>5)+%!0/,!34PEB*!2..!5&,/7/(/7)!"P!72,C),!
6)$)(!?UMGN*!!M4!B !2$4!8P!C B!2,)!./52%)4!:'%&'$!%&)!,).2%'1).3!6)$);,'5&!0',(%!V"8T!S=!/0!
%&)!5&,/7/(/7)8!@&'(!,)6'/$!'(!2.(/!$/%2=.)!0/,!5/$%2'$'$6!2.7/(%!2..!/0!%&)!?!b+ 6)$)(*!2!
6)$)!027'.3!/0!a[] !='$4'$6!+,/%)'$(!%&2%!'(!)>+),')$5'$6!2$!/$6/'$6!4'1),('0'52%'/$!'$!!0+
,-.)"$,'/.. +?I/-./-'(!)%!2.8!EL"PB8!_0!%&)!YU!'4)$%'0')4!?!b+ 6)$)(*!YE!2,)!+,)()$%!'$!2!('$6.)!
5.-(%),!(+2$$'$6!V\"L!C=*!:&'.)!2!0-,%&),!%&,))!2,)!+,)()$%!'$!2!(&/,%),!-+(%,)27!5.-(%),!%&2%!
:2(!2(()7=.)4!/$!(5200/.4!"T!'$!1P!?D'6-,)!"IB8!@&)!3)../: ;'$;%&);42,C!7-%2%'/$!&B!&2(!2.(/!
=))$!72++)4!%/!%&)!.)0%!2,7!/0!5&,/7/(/7)!"P!2$4!'(!.'$C)4!%/! 8P!C+?N/,%),!)%!2.8!"TT`B8!#%!
'(!+/(('=.)!%&2%!%&)!-$C$/:$!MB+6)$)!:2(!2(()7=.)4!/$!)'%&),!5&,/7/(/7)!E!/,!2$!-$+.25)4!
(5200/.4!'$!1P*!2$4!'%!723!=)!:/,%&!,)1'('%'$6!2%%)7+%(!%/!'4)$%'03!'%8!@&)!,)72'$4),!/0!
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5&,/7/(/7)!"P!5/$%2'$(!/$.3! "PE!2$$/%2%)4!6)$)(*!2.%&/-6&!()1),2.!/0!%&)()!2,)!)>+)5%)4!%/!
=)!)(()$%'2.*!0/,!)>27+.)!%&)!+.2(%'4!PL(!,'=/(/72.!+,/%)'$!eY!?@=@bNB*!%&)!E`(!+,/%)2(/7)!
,)6-.2%/,3!(-=-$'%!?=@?CB*!2$4!'$4))4!34PEB8!^'1)$!'%(!,)+)2%!5/$%)$%*!'%!:/-.4!=)!
'$%),)(%'$6!%/!4)%),7'$)!'0!7-5&!/0!5&,/7/(/7)!"P!'(!+25C26)4!2(!&)%),/5&,/72%'$*!2$4!'0!
%&2%!'(!%&)!52()*!:&)%&),!6)$)(!2,)!)>+,)(()4!0,/7!&)%),/5&,/72%'5!)$1',/$7)$%(!?)868!2(!'(!
%&)!52()!0/,!72$3!6)$)(!/$!%&)!,)+)2%;,'5&!4/%!5&,/7/(/7)!'$! 8,(*(1".#$ +%-#$)(9$*/-,!
?a'44.)!2$4!A.6'$!EL"UBB8+Q'7'.2,.3*!'%!:/-.4!=)!'$%),)(%'$6!%/!C$/:!'0!%&)!&'6&!,)+)2%!5/$%)$%!
,)(-.%(!'$!2$!2%3+'52.!,)5/7='$2%'/$!.2$4(52+)!/$!5&,/7/(/7)!"P8!9$0/,%-$2%).3*!.'%%.)!'(!
5-,,)$%.3!C$/:$!2=/-%!6)$/7);:'4)!12,'2%'/$!'$!)'%&),!&)%),/5&,/72%'$!/,!0'$);(52.)!
,)5/7='$2%'/$!,2%)8!
!
](!/-%.'$)4!2=/1)!0/,!5&,/7/(/7)(!P*!""!2$4!"P*!&'(%/,'5!.'$C26)!42%2!(-++/,%)4!%&)!'$0),,)4!
7'(2(()7=.3!5/,,)5%'/$(8!@:/!'$4)+)$4)$%!.'$C26)!72+(!:),)!+,/4-5)4!0/,!2..!5&,/7/(/7)(!
-('$6! )'%&),!2..!7/.)5-.2,! 72,C),(!0,/7! i2%&',!)%!2.8!?ELLYB!/, !%&)!:&/.) ;6)$/7)!,) ;
()<-)$5'$6 !42%2!/0!%)%,24!+,/6)$3!0,/7 !e'-!)%!2.8!?EL"UB!?2$2.3()(!+),0/,7)4!=3!N2%,'5)!
Q2./7R*!42%2!$/%!(&/:$B8!I,')0.3*!'$!2!5/7+2,'(/$!=)%:))$!1P!2$4!FF;"`TL!?/$!:&'5&!FF ;
PLY!1`!'( !=2()4B*!%&)!%/%2.!72+!4'(%2$5)!:2(!,)4-5)4!0,/7!`*`g`!5S!%/!"*\gY!5S !0/,!%&)!
72,C), ;=2()4!72+*!2$4!0,/7!`*T`P!5S!%/!"*Y`Y!5S!0/,!%&)!,);()<-)$5'$6 ;=2()4!72+8!]..!
5&,/7/(/7)(!,)5)'1)4!(%,/$6!12.'42%'/$!0,/7!%&'(!2$2.3('(!)>5)+%!0/,!5&,/7/(/7)(!E!2$4!T!
'$!FF;PLY!1`8!](!4/5-7)$%)4!'$!\8\8\*!%&'(!4'(5,)+2$53!:2(!%&)!,)(-.%!/0!2!+-%2%'1)!
,)5'+,/52.!%,2$(./52%'/$!=)%:))$!%&)()!5&,/7/(/7)(!%&2%!'(!-$'<-)!%/!FF;PLY8!!!
!
4.4.3 Sequence context of filled gaps and the final assembly challenges !
!
^'1)$!%&)!(-=(%2$%'2.!'$5,)2()!'$!5/$%'6-'%3!=)%:))$!1P!2$4!FF;PLY!1`*!:)!2'7)4!%/!
5&2,25%),'()!%&)!2(()7=.3!62+(!%&2%!&21)!=))$!0'..)4!2$4!%&)!6)$/7'5!,)6'/$(!%&2%!&21)!
5/$%'$-)4!%/!,)('(%!2(()7=.38!h)!'4)$%'0')4!@A(!-('$6!%&)!-+42%)4!!0+,-.)"$,'/..+ @A!.'=,2,3!
?P8\8"B!2$4!a)+)2%S2(C),!?Q7'%!)%!2.8!EL"Y;EL"PB*!2$4!7'5,/(2%)..'%)(!?%2$4)7!,)+)2%(!:'%&!
7/$/7),(!w"L!=+B!2$4!(2%)..'%)!X[] !?7/$/7),(!‚"L!=+B!-('$6!@2$4)7!a)+)2%(!D'$4),!
?I)$(/$!"TTTB!?\8P8EB8!](!2!,)(-.%!/0!0'..)4!62+(!2$4!$):.3!2(()7=.)4!()<-)$5)*!FF;PLY!1`!
5/$%2'$(!VE8`!S=!/0!$/1).!()<-)$5)8!@&)!+,/+/,%'/$!/0!%&)!6)$/7)!'4)$%'0')4!2(!,)+)%'%'1)!
'$5,)2()4!0,/7!"P8"j!%/!"`8Yj!=)%:))$!1P!2$4!FF ;PLY!1`!?@2=.)!"B*!,)+,)()$%'$6!2$!
'$5,)2()!/ 0!V"8\!S=8!K/:)1),*!%&),)!:2(!/$.3!2!7/4)(%!'$5,)2()!'$!%&)!+,/+/,%'/$!/0!%&)!
6)$/7)!'4)$%'0')4!2(!@A(!?"L8Pj!1(!"L8gjB8!]!7/,)!(-=(%2$%'2.!'$5,)2()!:2(!/=(),1)4!
=)%:))$!1\!2$4!1P!?T8Uj!1(!"L8PjB*!'$4'52%'$6!%&2%!%&)!%2,6)%)4!62+!0'..'$6!+),0/,7)4!0/,!1P!
: 2(!.2,6).3!(-55)((0-.!'$!2(()7=.'$6!@A(8!F/$1),().3*!%&),)!:),)!7/,)!(-=(%2$%'2.!'$5,)2()(!
'$!%&)!2(()7=.3!/0!7'5,/(2%)..'%)(!2$4!(2%)..'%)!X[]*!:'%&!=/%&!5.2(()(!'$5,)2('$6!=3!VELj!
,).2%'1)!%/!1P8!].%&/-6&!%&)()!()<-)$5)(!,)+,)()$%!2!,).2%'1).3!(72..!+,/+/,%'/$!/0!%&)!
6)$/7)!?"8gj!7'5,/(2%)..'%)(!2$4!Y8Tj!(2%)..'%)!X[]!'$!FF;PLY!1`*!@2=.)!"B!%&)3!2++)2,!%/!
&21)!=))$!,)(+/$('=.)!0/,!2!.2,6)!+,/+/,%'/$!/0!%&)!1P!2(()7=.3!62+(8!!
!
_0!%&)!gL`!62+(!%&2%!5/-.4!=)!-$27='6-/-(.3!72++)4!0/,:2,4!2$4!1),'0')4!2(!0'..)4!'$!FF;
PLY!1`*!E"8Ej!5/$%2'$)4!+,)4/7'$2$%.3!7'5,/(2%)..'%)(*!"P8`j!(2%)..'%)!X[]!2$4!"L8"j!@A(!
?D'6-,)!Y]B8!a).2%'1)!%/!%&)!FF;PLY!1`8"!2$$/%2%'/$!?\8\8gB*!EE8Lj!/0!0'..)4!62+(!:),)!
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'$%),6)$'5*!\"8`j!:),)!'$%,/$'5!2$4!Y`8\j!&24!2%!.)2(%!+2,%'2.!/1),.2+!:'%&!$/1).!)>/$'5!
()<-)$5)8!@&)!'$%,/$'5!62+(!:),)!+2,%'5-.2,.3!)$,'5&)4!0/,!7'5,/(2%)..'%)!2$4!(2%)..'%)!
()<-)$5)(*!:&'.)!%&)!72J/,'%3!/0!0'..)4!'$%),6)$'5!62+(!%&2%!5/-.4!=)!5.2(('0')4!%/!2!('$6.)!
,)+)2%!5.2((!:),)!2((/5'2%)4!:'%&!@A(!?D'6-,)!Y]B8!#$!.'$)!:'%&!%&'(*!/$.3!\8Uj!/0!'$%,/$'5!
()<-)$5)!:2(!4),'1)4!0,/7!@A(*!5/7+2,)4!%/!YU8Ygj!0/,!'$%),6)$'5!()<-)$5)!?@2=.)!QEB8!
F/$1),().3*!Y8Pj!2$4!\8gj!/0!'$%,/$'5!()<-)$5)!:2(!2$$/%2%)4!2(!7'5,/(2%)..'%)!2$4!(2%)..'%)!
()<-)$5)(*!,)(+)5%'1).3*!,).2%'1)!%/!"8\j!2$4!P8`j!0/,!'$%),6)$'5!()<-)$5)8!@/!)>+,)((!%&'(!
:'%&!,)(+)5%!%/!%&)!,)+)%'%'1)!()<-)$5)(!%&)7().1)(*!"Y8Uj!/0!%/%2.!@A!()<-)$5)*!`"8gj!/0!
7'5,/(2%)..'%)!()<-)$5)!2$4!Yg8Ej!/0!(2%)..'%)!()<-)$5)!:2(!0/-$4!'$!'$%,/$(*!,).2%'1)!%/!
gU8Lj*!"g8gj!2$4!Y"8Ej!'$!'$%),6)$'5!()<-)$5)8!@&-(*!2.%&/-6&!'$%,/$(!5/$(%'%-%)!7/,)!%&2$!
YLj!/0!%&)!6)$/7)!2$4!$)2,.3!`Lj!/0!$/$ ;)>/$'5!()<-)$5) *!%&)3!2++)2,!%/!)>&'='%!2$!
-$4),,)+,)()$%2%'/$!/0!@A!()<-)$5)*!=-%!2$!/1),,)+,)()$%2%'/$!/0!%2$4)7!,)+)2%(8!@&)()!
,)+)2%(!0,)<-)$%.3!52-()4!2(()7=.3!62+(!'$!+,)1'/-(!1),('/$(*!2$4 !%&)!'7+,/1)7)$%(!'$!
5/$%'6-'%3!&21)!%&),)0/,)!+,/1'4)4!(-=(%2$%'2.!+/%)$%'2.!%/!'7+,/1)!6)$)!7/4).!2$$/%2%'/$!
?\8\8gB8!
!
@&)!FF;PLY!1`!5&,/7/(/7)(!5/$%2'$!/$.3!U`!,)72'$'$6!62+(*!:&'5&!2,)!)>+)5%)4!%/!/55-,!2%!
%&)!7/(%!,)+)%'%'1)!,)6'/$(!/0!%&)!6)$/7)8!]++,/>'72%).3!&2.0!/0!%&)!62+(!2,)!./52%)4!'$!
+-%2%'1)!5)$%,/7),)(!?Y\!62+(B!2$4!(-=%)./7),)(!?()1)$!62+(B8!_0!%&)!,)72'$'$6!62+(*!""!
:),) !0.2$C)4!/$!=/%&!('4)(!=3!(2%)..'%)!X[]*!()1)$!=3!7'5,/(2%)..'%)(*!0/-,!=3!0,267)$%(!/0!
%&)!(27)!@A*!2$4!EY!=3!4'00),)$%!5.2(()(!/0!()<-)$5)!(-66)(%'$6!2!7/,)!5/7+.)>!(%,-5%-,)!
?D'6-,)!YI*! X2%2()%!Q" B8!F/$('4),'$6!+-%2%'1)!5)$%,/7),)(*!)25&!5&,/7/(/7)!$/:!5/$%2'$(!2!
('$6.)!./52.'()4!5.-(%),!/0!U-11b!).)7)$%(!?D'6-,)!"]B8!@&)!/$.3!+/(('=.)!)>5)+%'/$!:2(!
5&,/7/(/7)!"P*!:&),)!%&)! U-11b!).)7)$%(!:),)!0/-$4!7/,)!4'(+2,2%).3!25,/((!2$!V"8P!S=!
,)6'/$8!h)!)(%'72%)4!%&)!2(()7=.3!5/7+.)%)$)((!/0!%&)()!,)6'/$(!,).2%'1)!%/!FF;"`TL*!'$!
:&'5&!%&)!+-%2%'1)!5)$%,/7),)(!/0!2..!5&,/7/(/7)(!?)>5)+%!5&,/7/(/7)!"PB!2,)!2(()7=.)4!
:'%&/-%!62+(!?_qX/$$)..!)%!2.8!ELELB8!A(%'72%'$6!%&)!.)$6%&!2(!%&)!(+2$!/0!%&)!U-11b!5.-(%),(*!
%&)!+-%2%'1)!5)$%,/7),)(!,2$6)!0,/7!gP!} !\YT!C=!'$!FF;"`TL*!:'%&!2!7)2$!/0!ELP!C=!?D'6-,)!
YF*!@2=.)!QYB8!@&)!+,/+/,%'/$!/0!%&)()!,)6'/$(!2(()7=.)4!'$!FF;PLY!1`!,2$6)4!0,/7!Y`8Uj!
%/!TT8Lj*!:'%&!gP8"j!2(()7=.)4!25,/((!2..!5&,/7/(/7)(8!@&'(!5/,,)(+/$4(!%/!VUgL!C=!/0!
()<-)$5)!%&2%!'(!7'(('$6!0,/7!FF;PLY!1`!5&,/7/(/7)(*!2$4!.'C).3!%&)!)$%',)!2(()7=.3!('$5)!
/$.3!%:/!-$+.25)4!5/$%'6(!5/$%2'$!U-11b!).)7)$%(8!](!,)+/,%)4!=3!F,2'6!)%!2.8!?ELE"2B*!%&)!
+-%2%'1)!5)$%,/7),)(!2,)!2.(/!)$,'5&)4!0/,!/%&),!@A(!?D'6-,)!"]*!D'6-,)!QE!0/,!FF ;"`TLB*!
:'%&!%&)!U-11bTBc6=-.+).)7)$%!'%().0!5/7+,'('$6!V`Lj!/0!%&)!+-%2%'1)!5)$%,/7),)(!?@2=.)!
QYB8!_1),2..*!%&)!U-11b+5.-(%),(!255/-$%)4!0/,!EP8\j!/0!2..!@A!()<-)$5)!4)(+'%)!(+2$$'$6!
/$.3!Y8"j!/0!%&)!6)$/7)8!@&)!)>25%!,)+)2%!(%,-5%-,)!/0!%&)()!,)6'/$(!2$4!%&)!12,'2%'/$!%&2%!
)>'(%(!=)%:))$!5&,/7/(/7)(! :2,,2$%(!0-,%&),!(%-438!]$/%&),!'7+/,%2$%!(%)+!%/!5/$0',7!%&2%!
%&)()!,)6'/$(!2,)!%&)!5)$%,/7),)(!:'..!=)!%/! 4)%),7'$)!%&)!./52.'(2%'/$!/0!%&)!5)$%,/7),'5!
&'(%/$)!KY!?F)$KY*!2.(/!FA[N;]!'$!72$3!$/$ ;+.2$%!(+)5')(B*!2(!:2(!,)5)$%.3!+),0/,7)4 !0/,!
80+%-#$)(9$*/-,+?F&2$6!)%!2.8!EL"TB8!
!



! "LP!

!
!
"#$%&'!0)!V(@@-%!*+6,!+)%!01-!#->+()()*!+,,-><@B!'1+@@-)*-,!()!NNOgTL!2R7!!
*+, !d-6-+0!'@+,,!$/!2g!*+6,!/(@@-%!()!NNOgTL!2RP!<+#,!+#-!,6@(0!<B!-)0(#-@B!()0-#*-)('!*+6,P!-)0(#-@B!
()0#$)('!*+6,!+)%!*+6,!=(01!+0!@-+,0!6+#0(+@!-J$)('!$2-#@+67!sd-6-0(0(2-t!#-/-#,!0$!*+6,!=(01!b]gc!
#-6-+0!'$)0-)0!<&0!)$!$2-#+@@!>+`$#(0B!$/!#-6-+0!0B6-7!sA01-#t!/(@@-%!*+6,!1+%!#-6-+0!'$)0-)0,!q]gc!
9H7g7L?7!
*-, !N@+,,(/('+0($)!$/!01-!#->+()()*!*+6,!()!NNOgTL!2RP!*+6,!'@+,,-%!+,!s$01-#t!'$)0+()-%!>$#-!01+)!
$)-!#-6-+0!'@+,,!+0!-+'1!/@+)I!+)%!()'@&%-,!'$>6@-J!#-*($),!,&'1!+,!0+)%->!%&6@('+0($),!9-7*7!01-!sQR!
I<!#-6-+0,tP!H7H7g?7!
*/, !D&>>+#B!$/!01-!6&0+0(2-@B!'-)0#$>-#('!7(558%'@&,0-#!@-)*01,!()!01-!NNOQRST!+,,-><@BP!+)%!01-!
6#$6$#0($),!$/!01-!'@&,0-#,!01+0!+#-!+,,-><@-%!()!NNOgTL!2R7!!
!
@&)!&'6&.3!,)+)%'%'1)!$2%-,)!/0!(-=%)./7),'5!()<-)$5)*!)(+)5'2..3!%&)!+,)()$5)!/0!5/7+.)>!
(2%)..'%)!2,,23(!?F&2->;m-C'5!)%!2.8!ELE"B*!,)(-.%)4!'$!%&)!%,-$52%'/$!/0!E\!/0!%&)!Y\!
5&,/7/(/7)!%),7'$' !?'8)8!/$.3!"L!5&,/7/(/7) !2,7(!%),7'$2%)4!'$!2(()7=.)4!%)./7),'5!
,)+)2%(B8!@&)!$2%-,)!/0!%&)!(2%)..'%)!,)+)2%(!72C)(!2(()7=.3!5&2..)$6'$6!)1)$!:'%&!./$6!,)24(*!
2$4!%&)()!,)6'/$(!723!$))4!%/!=)!%2,6)%)4!:'%&!-.%,2;./$6!,)24(!?2(!0/,!FF;"`TLB!/,!
2.%),$2%'1)!%)5&$/./6')(8!] ..!%&,))!./$6!,)24!2(()7=.')(!? FF;PLY!1`*!FF;"`TL!k!FF ;\PYE!
1`B!,)1)2.)4!%&2%!%&)!,'=/(/72.!X[]!?,X[]B!+,)()$%!2%!%&)!.)0%!2,7!%),7'$-(!/0!5&,/7/(/7)!
"!'(!$/%!2!5/7+.)%)!2,,23!2(!0/-$4!2%!%&)!,'6&%!2,7!%),7'$'!/0!5&,/7/(/7)(!U!2$4!"\8!#$(%)24*!
%&)!5&,/7/(/7)!"!%),7'$-(!5/$%2'$(!/$.3!/$)!4'(,-+%)4!5/7+.)%)!,X[]!5/+3!2$4!/$)!+ 2,%'2.!
5/+3!'77)4'2%).3!-+(%,)27!/0!%&)!?@@@@]^^^B0-%)./7),'5!,)+)2%!?D'6-,)!QYB8!
!
D'$2..3*!:)!,) ;2(()(()4!%&)!6)$/7'5!./52%'/$(!/0!%&)!F^!&3+),7)%&3.2%)4!,)6'/$(!'4)$%'0')4!
=3!e/+)Z!)%!2.8!?EL"PB8!@&)()!,)6'/$(!6)$),2..3!5/'$5'4)4!:'%&!%&)!+-%2%'1)!5)$%,/7),)(*!
2.%&/-6&!%:/!:),)!./52%)4!2%!(-=%)./7),)(!/$!5&,/7/(/7)(!P!2$4!""*!2$4!%:/!:),)!./52%)4!
2%!$/$;5)$%,/7),'5W(-=%)./7),'5!,)6'/$(!/$!5&,/7/(/7)(!"P!2$4!"`!?D'6-,)!"]B8!
K3+),7)%&3.2%'/$!/0!(-=%)./7),)(!&2(!=))$!5/$0',7)4!=3!F&2->;m-C'5!)%!2.8!?ELE"B*!2!,)(-.%!
%&2%!:2(!.'C).3!.2,6).3!7'( ()4!=3!%&)!+,)1'/-(!&3+),7)%&3.2%)4!,)6'/$(!4-)!%/!%&)!./:!
2(()7=.3!<-2.'%3!/0!%&)()!,)6'/$(!'$!1P!2$4!4'00'5-.%')(!'$!72++'$6!(&/,%!,)24!='(-.0'%)!
()<-)$5'$6! 42%2!%/!(2%)..'%)!X[]8!F/..)5%'1).3*!%&)()!,)(-.%(!(-66)(%!%&2%!2.%&/-6&!F^!
7)%&3.2%'/$!'(!6)$),2..3!1),3!./:!?w"jB!2%!%&)!6)$/7);:'4)!(52.)! ?e/+)Z!)%!2.8!EL"PB*!
&3+),7)%&3.2%'/$!/55-, (!'$!%&)!7/(%!4)$().3!,)+)%'%'1)!,)6'/$(!/0!%&)!6)$/7)8!!
!
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