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Chapter 1

General Introduction

1.1!'Thesis O utline

|

#3198 (1%&) ('(*1#!+, JOGRY ) (-.%(1/01),2.12$2.3() (12$41%&)12((/5'2%)416)$/7'5!,) (/-,5)(
%&2%!4)1) I#$%& (Y% ()$*+,-.)"$, ..+ 2(1217/4).10/,1)1/.-%'/$2,3!6)$/7'5(!,)()2,5&8!
9('$6!:&1) ;6)$/7)) ;()<-)$5'$6!42%24T !l O:-.)"$,[.. ©).41(/.2%)t'#$1)(%'62%H&)!
++-.29'1$! (%, -5%H0!%&) 1 (+)5") (81#1-()1./$6) 241 ()<-)$5'$61%/!-+42%) 1 %48} -.)'$, /..+
)0),)$5)!6)$/7)12$41%/!+,/4-5)! &'6&<-2.'%3!6)$/7)12(()7=.")(10/,1%&,))!5./().3!,).2%)4!
(+)5)(819('$6!%&) ()1$/1).12$4!'7+,/1)416)$/7)12(()7=.")( H#!5&2,25%),'()!()1),2.10)2%-,)(!
1016)$/7)12,5&'%)5%-12$41)1/.-%' [H'$N10+,-.)"$, ..+ 2$41'%(1,).2%'1)(8!#!+),0/,71)>&2-(%'1)!
72$-2.15-,29%4%$1/01%, 2$(+/(2=)).) 7)SUC @AB!I0+,-)"$,'[.. 12$414)(5,'=)121$):15.24)!/0!
)%, 1%, 2$(+/(I$(1%82YR=-$423%!'$!6,))$!2.62)12881), %)=, 2928 72. (*12$42,) 12.(/!
+,)0$%!'$12%!.)2(%!21(72..1$-7=),1/01+.2$%12$41+,/%' (% @IS )&, ..+ +/(O(( )(101),2.!
0)2%-,)(1%&2%!72C)!'%!12$!12%%, 25%'1)!(%-43!(3(%) 710/, ) {y2-ZRBREBL)! -/, C!+,) ) $%) 4!
'$1%6&'(19%&) ('(1(-=(%2$%'2..3!'7+,/1)(1/-,1-$4), (% 2$4' F6HBY&' (%6 () $*+6)$/7'5(12$4!
)1/.-%'1$2,31="1.163*12$41%8&)1,)(I-,5)(1+,) ) $%)412,)1)>+)5%)A104 7!121=2('(10/,10-%-)!
)02,58!'51%8&' (12, @#$1%&' (15&2+%), *1#'$UB04-5)'S, ..+ 2$41"#$%&' (%()$*+2(!(%-43!
(3(%) 7(2$4+,/1'4)12$1/1),1'):1/01%&)! 10+,-.)"$,"/..+ 6)$/7) 81#12.(4,)()$%4)%2".)4!
=25C6,/-$41'$0/,72%'/$!/$1%&.,))1 7)¥88./16'52.12++,/25&)(1%&2%!2,)15)$%, 2.1%/1%&)!,)()2,5& !#!
&21)1+),0/,7)4*1$27).31:&/1.) :6)$/7)!)) ;()<-)$5'$6!2$4112,'2$%!52..'$6*1./$6!,)2416)$/7)!
2(()7=.3*12$41 @A12$5/%2%'/$!2$415.2(('0'SEYS 2B+ 1#1=,")0.8%.'$)1%&)!:'4),15/$%)>%Y
%&)!:/,Cl+,) )$%)4!'$1%&' (1%&)('(8!



1.2!'Chlamydomonas reinhardtii  and the Genus
Chlamydomonas

1.2.1 Chlamydomonas reinhardtii  as a model organism !

|

10+,-.)"$,"/.. *I15/77/$.3!,)0),,)41%/! 2(IF&.2734/7/$2(! ?:'%&/-%"'%2.'B(K!7+.3 |GB&.27H!
'$1)1),3423!5/77-$'52%'/$(*1(12!-$'5)..-.2,16,))$!2.62!%6&2%!"(1:'4).B%-4")425,/((1()1),2.!
)02,5&12,)2(81)0'%%'$6!"%(1+,/7'$)$5)*1%&)! (+)5')(1&2(1=))$1%&)! (-=J)5%!/01)>5)..)$%!6)$),2.!
)1):(! ?K2,,'(IELL"MIN,O(58/.4DBIELLPM!Q2./7R12$4!S),5& 2$ %! ESATB:/!)4'%'/$(1/0!
214)4'52%)41%)>%=//CHI¥ERP& (Y% ()$*+Q/-,5)=//C! 2K2,,'(I"TUTMIK2,,'(|ELLTES4 8!
'$%,/4-5%'1%,) ()$%6)4'$!1%& ' (1()5%'1f)>+2$4)41'$102,16,)2%),!4) %2".' KIPsE- ,5)(810+

-)'$ .+ 5).(17)2(-, ) IVPISI"LU7*12 ))$52()4!'$126.35/+,/%)'$W52,=/8&34,2%)!5)..1:2..!
2$415/$%2'$1%0:/!5'.'21%&,2P2)".310-$5%'/$!'$7/%'.'%31?'$5.-4'$6!+&/%/% RSM5).; 5). !
)5/6$'%'/$!4-,'$6!()>-2.1,)+,/4-5%'/$810+,-.)"$,'/..+ '(1&2+./'412$4025-.%2%'1).31()=2.
4'1'4'$617'%/%'52..31,)(I-,5) ;,'5&!5/$4'%'/$(12$4!-$4),6/'$6!()>1:&)$!,)(/-,5)(12,)!
[7'%9412(+)5'0'52..3!$'%,/6)$!.'7'%2%'/$!'$!%&) . 2=/,2%{,$B81)6)%2%'1)!6,/:H&-.%'+.)!
7'%/%'5!4'1'('1$(120,/7!/$)1%/10'1)*!7/(%!/0%)$!%:/B!/55-,!:'%&'$!%&)!5)..!1:2..1/0!%&) ' 7/%&,),!
5)..*1,)(-.%'$6!"$6&)!,).)2()!/0)%:))$!%:/12$4! Y E|42-6&8%),!5) #E% &) ()>-2.1535.)*15)..(!
4'00),)$%'2%))%2. ;('Z2)4128)8!'(/627/-(B!627)%)(1/01%:/16)$)%'52..314)%),7'$)4172%'$6!
%3+)(1H2*B4 ! B12$4.)2*34 "B*12$41+2",(1/0!/++/('Y@)2%'$6!%3627)%)(1+2',12$410-()!
%/10/,7!214'+./'41736/%)8! @&)! Z3@YBI&)) 1)./+(1%/1214) ('552%'/$!2$410,{ (M %62$%!
Z36/(+/,)*1:&" 5&-$4),6/ )(17)'1((1%/'+,/4-5)10/-,11)6)%2%'1)!5)..(*1%:/1/01)258M2% $6!
%3+)®+,-.)"$,'/..+ &2(1=))$!'(/.2%)410,/71(/".I'$!5/$%'$)$%2.12$41%)7+),2%)!5.'72%) (*!
2.%&/-6&!"%!"(1)>+)5%)2!8/)>' (%!'$1%)7+/,2,3!:2%),!=/4")(8!A5/./6'52.!C$/:.)46)!/01&)!
(+)5)(1'(101),).31.'7'%)4! 2Q2((/")%!2.8!EL*&R)1),!'%!"(1.'C).3!%&2%! Q$41Z36/(+/,)!
0/,72%'$12,)121,)<-')7)$%!/01(-,1'12.1'$1241),()!5/$4'%"'I$(!(-5&!2(14,/-68.%!2$415/.48!
K2(2$!2$4![)((1?ELELR%'72%)4!%&)!,2%)! /0 (JOH$L.)"S, ..+ 2(12++,/>'72%).3!/$)!
(>-2.16)$),2%"/$!+),IU\L!12()>-2.16)$),2%"/$(B!

|

! $/:1-$C$/:$!  (+)5')(! 4)(5,'=)412(N"#S% &(%()$*+12#5.*62#2:K!10', (%" $%,/4-5) 4=3!
A&,)$=),6!?"UYBR%2=."(&'$6!%&)!6)$"6$%& ' (%()$*+?())!"SEBB*K.".) 125/%&),/$6!
('$5)1./(%!"(/.2%)R(10',(%!4)(5,'=)412(! B-.)"$,/.. 1=31X2$6)2,4!?"UUBR2,.3!5-.%-,)(!/O!
1%&),1-$CH/:$N"#$%&' (% ()$*+(+)5) (! 2),)!-()41%/1(%-431+&/%/%2>'(12$41()>-2.!
)+,14-5%'1$*1:'%EN2(58),1?" T"UB%,/4-5'$61%)%,2412$2.3('(12(12!+/:),0-.12++,/25&1%/!(%-43!
S)$4).2$!()6,)62%'/$8@&)!5/$%) 7+/,2,3!8'(%/,3110%,-.)"$,'/..+ 5/77 )$5)4!:'%&!%&)!
+,/+1()41(1.2%'/$12$41 (-=()<-)$%!6),7'$2%'/$!/0121Z36/(+/,)!10,/7!121+/%2%/10").41$)2,!
178),(%*1S2((25&-()%%(I'$!"T\P!=3I"" =), %!S8!Q7'%&*16'1'$6!,'()| %84 /4E#484 "+
&2+.I'41+,16)$31%& 2M1%/1%&)!) (%2=.'(&7)$%! TBIRE),2%/,3! (%, @B ?"8EB8!1),1%&,)!
0/../:'$614)524)(*10-$427)$%2.1:/,Cl/$!%&) ()!(%,2'$(1) (%2=. (&PH,-.)"'$, ..+ 2(1217/4).1
1,62$'(78!@&)!(+)5)(!'(1)>+),'7)$%2..31%,25%2%3":)..!(-' %) 4!%/!.2=/,2%/,3!5-. Y0¥)6! 523!
=)16,/:$!12>)$'52..3!:'%&!2!14/-=.'$6!%'7)1/0!"; UB/-,( *1%&)!5)..1535.)!52$!=)!(3$5&,/$'()4*!
2$419%8)1()>-2.1535.)!5/$%,/..)481#%!"(1&'6&.3!127)$2=.)1%/15.2(('52.16)$) %'5(*12$4!"%(18&2+./'4!
(%2%)!7)2%$(1%&2%0/(-$5%'/$! 7-%2%'/$(12,)!'77)4'2%).3!(5/,2=98!'C)!.2$4!+.2$%(12$4!



1%8&),1)2,. A H$%& (%()$*+7/4).( 17)868HS%& (Yo()$*+%(-72*.. BAD+,-)"$,"/..+ 52$!-()!
25)%2%)12(121(/.)152,=/$!(/-,5)*I172C'$6!Bk},0-.1(3(%) 7"'$!:&'5 &%/ (%-43!
+&/%/(3$%&YI($5) ICH/5C/-%17-%2%'1$(12,) $[96&2.8152$316,))$12.68P1)!2. (/!
72'$9%2'$)415),%2'$15)..-.2,1052,) (1+,) ) $%!'$12$'72.15)..(1=-%1./(%!'$!. 2$41+. 2$%(*1 2541 7/(%!
$/%2=.30+,-.)"$,'/..+ '(-()412(1217/4).10/,1%8&)!="/6)$) (‘(12$410-$5%'/$!/0!5' ' 28 &) (+)5')(!
&2(1=))$!-()419%/!(%-431%8&,)!5)..1535.)15&./,/+.2(%!="1.163*15)..17)%2=/. (7*1+&/%],)5)+%/,(!
2$4P112,")%31/01/%&,), 1+&)$/7)SER(!,/.) 1 2(1%&Y(V(Po-4')412.62.1(+)5)(12.(/'72C) (10+

'S LA 2817+, %2$%1,)0),)$5)1(3(%)710/,12.62.1='/%)58$/./6312$41'$4- (%, 2.12++.'52%/$(!
(-5&12(1%&)1+,/4-5%'/$!/01="10-).(12$41="/+,/4-5BD5,2$%/$!)%! 2.8! BLYBE/-6&!
4)1).J+7)$%/01217/.)5-.2,1%//.C'%!+,/1)417/,)15/7+.'52%)41%&2$!'$! 7 2$31/% &) ((552. !
714).(*16)$)%'51%, 2$(0/, 72%'/$I'(1$/:1+/(('=.) 1254 $19%&)!. 2(%!%:/14)524) (1%&)!()<-)$5'$6 /0!
%&)+,-.)"$, ..+ 6)$/7)! 2"8YBI&2(1)$2=.)4172$31$):1)>+),'7)$%2.12++,/258) (*17/(%!
$/%2=.31&'680&,/-6&+-%1%,25(5, +%/ 7 BY.. *I'%(1%, 25%2=" ' VE3) 34D 7)$%2.1 254!
5.2(('52.16)$)%'5(1(3(%) 7!1&2(1.)A1%/I5/7+2, (IS(1: Y%&! Y-I N % 2S5, 1="2.17/4).(* '%&
10+,-.)"$,'/..+ /552(/$2..31,)0),,)41%/12(1%&)!G6,))SH!/, |G +&/%/ (3$%&.) % DI 2% HE8.!
"TTEM!a/582">!"TT®B

1.2.2 The genus Chlamydomonas and the wider systematics of green algae !

|
"#$%&'(%()$*+6,))$!2.62)!=)./$6!%/!1%&)+&3.- 7' F&./,/+&3%2*!5.2((F&./,[+&35)2) *12$4!
1,4),'b/.1/52.)(1?cF&.2734/7/$242.)(B8! @&)!5&./,/+&3%)(8)%%0&),!:'%&!%&)! (%, )+%/+&3%)(!
?2.2%4!+.2%$%(1d!%&)',!6,))$!2.62.1,).2%'1)(B*!,)2348) 2-5/+&3%) &%) 7) 7=),(1/0! %&)!
1,5&2)+.2(%'42*12172J/,15.24)1/0!)-C2,3/%)(1%&2%") D1}2$6!%&)! &3+/%&) ('()4!+,'72,3!
)$4/(37="/('(1)1)$%! %&2%!621)!,'()!%/!+.2(%'4(IV"8P!=".."/$!3)27(\z60,)3!)%!2.8!EB!"B
@&)'5&.1,1+&3%)(12%4!(%,)+%/+&3%)(!.'C).3!4'1),6)4!7/,)'1%&23$!/$)!=".."/$!3)2,(126/*12$4!
5/..)5%'1).3!0/,71%&)!5.24)!b','4'+.2$9%72)).'2),%!)%!2.8| EB@R)'F&./,/+&35)2)!2,)!/$)!/0!
%&)1%&,))!72J/,1.'$)26)(1%&2%!,)+,) ) $%! Y&YB/} &3%2*1%/6) % &), :'%&!%&)!
@,)=/->'1+&35)2)!12$4!9.1/+&35)2)*1:&'5&1C).31.2(%&2,)4!12!5/77/$!2$5)(%/,!'$!%&)!
D/+,/%),/21'5"),2'fgLL!7"..'[$!3)2,(126/!  ?X).'F/,%/$2!)%!2.8'ELELB

|

@&)'b/.1/52.)("'(12!1&'6&.3!4'1),()!/,4),1/017/(%.3!0,)(&:2%),'12$4!%),,) (%, '2.!(+)5") (*!
'$5.-4'$6!=/%&!-$'5)..-.2,12$4!7-.%'5)..-.2,*17/%'".)12$4!1$/H%".) 12$41&) %), /%&2..'5! 254!
&I71%&2..'5!(+)5")(2(":)..12(12!$-7=),1/01)>%,) 7/+&'". )(1?)868b&R2./%].),2$8R)$#.-##E
*$H#.)B125'4/+& Y HE%E&' (Yo () $*+-2*1.9%R2$4!+(35&,/+ & W'#S%E&' (% () $*+).5$#.B8!
1.1$6('4)! 1"#$%&'(%()$* *1/$)1/01%&)!7/(%!,)5/6%'(2=.)!6,/-+(1"$!%&)!b/.1/52.)(12,)!%&)!
5/.1$2.11/.1/5'$)!2.62)*1:&'5&!'$5.-4)(I(+)5)(! (+2$$'$6!2!.2,6)!,2$6)!/0!/,62%'(72.!
5/7+.)>'%")(*10,/7'%&)'0/-,5)..)4!"'(1627/-(! 4-/,$:$-)$ #(6.$#.%6/'%&)!7-.%'5)..-.2,!
2%'(/627/-(! ;(#5(<+63$,/-,.8'@&)!6,/-¥&21)'%&),)0/,)!12%%,25%)4!('6$'0'52$%!2%%)$%'/$!2(!
7/4).(1%/1(%-43!723/,1)1/.-%'/$2,31%,2$ (' V1H$5.-4'$6!%&N/.-%'/$!/017-.%'5)..-.2,'%3*!
2%$'(/6273*12$41%&)!4'00),)$%'2%'/$!/0!(/72!2$4!6), 7290 $'ELELB@GX)!1/.1/5'$)!2.62)!
2,)12.(/'C$/:9'12(1%&)Y@"b!5.241:&'5&!,)0),( 1%P06&)!%&,))! 723/,15/$(%'%-)$%! 02 Vad!
@)%,2=2)$25)2)*1"/$'25)2)!2$4!b/.1/525)2)8

|



@8&W6,24'%'/$8)B-(1 I"#$%& (%()$* 15/$%2'H(7/,)1%&2$!"LII4)(5,'=)41(+)5") (/0!
='0.26)..2%)!-$'5)..2,12.62)*12.%&/-6&!'%1:2(12.,)24315/$(4), Y1 =12$12,%6'0'512.
2(()7=.26)!=31A%%.1?"THI®&)!(3(%)72%'SLHER%& (% ()$++2$41'%(!,).2%'1)(1&21) | ('$5)!
=))$!5&2,25%),'()4!-($6172,C),16)$)!1+&3./6)$) (*17/(%!5/77/$.31%&)!"Q,'=/(/72.1a[]!
2,a[JB!6)$)8! N,O(58/.41)%!2.81?E18/$B',7)41%8& 295968 (%()$* !'(1&'6&.31+/.3+&3.)%'5!
2$41=)62$1%&)12,4-/-(1%2(CH/0!,) 1'('$6!%&)!6)$-(12$41%,2$(0),,'$6!(+)5')(1%/1$):16)$), 28!
[2C2421)%12.812ELIL)0EB)41()1),2.172/,15.24) (1:'%&'$96&)b/.1/52.)(?)868-.)"$,1.).$ *!
3(-72%).% *B2)$#.-##.).B8*1()1),2.1/01:&'5&!'$5.-4)41(+)5')(14)(5,'=)412(1"#$%& (%()$* 8!
10+,-)"$,"..+ =)./$6(1%/120-= 5.24)101%&3-.)"$,1.).$+ %),7)4%&)I5/)=-)"$,1).$ *!
&'5&I12.(/I'$5.-4) (1%&)! @"b!5.24)12$41 728 (+)5)(14)(5,'=) 412(! I"#$%&' (% () $*+ 2)868!
I"HB%& (Yo()S+*1"$- (- *I"HS%&' (%()$+>-1,$ *I"HS%& (%()$*+6,.:2%BI2$4!
/,-(6"#$%8&*12[2C2421)%12.8IEIBI@&)!:'4),=-)"$,1.).$+ '$5.-4)(1()1),2.1/%&),!

I"HB%& (Yo()$++(+)5)(12841,)+,) ()$%2%'1) (1/0!/%&),16)$), 2! (-5 &R (B"#(,(*$,6.)$+ 234!
068.)1$/$+8/%/(3$Y6&IEER (Yo- HBB &-(N0+,-.)"$, [+ '(171,)15.1().31,).2%)41%/1%8&) ! @"b!
5.24)19%82$1RVERI/,'%31/014)(5,'=) A'#$%E& (% ()$*+ (+)5') (12541 #$% &' (%) $++2(12!
%,24'%'/$2.16)$-(1(+29)1),2.1&-$4,)417"../$13)2,(1/0)1/.-%'/$8 |

|

10+,-)"$, ..+ '(1%&)1%3+)!(+)5') (HOES%&' (%( )$**I12$41%&),)0/ 10+,-.)"$, ..+ 2$41'%(!
TTVA2%)1,).2% 1J15/7+,'() 196&)17/$/+&3.)%'516)$AH$%E& (%6()$* ©'8)8L)*2+*/,.6/(B!
2N,0(58&/.412$41Q" 12! ELRIGB 1), *1:&".)1%&)!7/,)15/$(+'5-/-(| @"b!5.24)!5/$%2'$('VPL!
4)(5,'=)41(+)5") (11%&)!-$'5)..-.2,1.'$) 26)1%6&2%!"$5.-M)E,-.)"$, ..+ 5/$%2'$(1/$.31%:/1/%&.),!
4)(5,'2)41(+)5) (1 I"HS%& (Yo ()$++.)6- /$+2S 41" #SY6& (Y ()$*++6 " #(-**-,.+?N,0(58&/.41)%!2.8!
ELLPMIN,O(5&/.41)%!2.818H//OB/$%'$-) (1%/!,)2(('6%$!7/,)14'(%2$%.3!,).29%)4

I"H$%& (Yo()$*+(+) 5)(I'$I%&)!5/,)=-.)"$,.).$+ %/1$):16)$),2*10/,))>27+.)*!

I"H$%& (Y()$*+-:$,&8)$ H/$)!/01%&)17/(%L)..;(27+.)41(+)5)( 2(1,)5)$%.3!,)$27)4!
A'$1"(6"#$%&*+'-:$,&$)$PN,0(58/.41)%12.8 EBIIRT),16)$)!+&3./6)$)(1& 21)1=))$L.)((!
(-55)((0-.129%1582,25%),'('$6!(IBR.) 1 +&3./6)$)%'5!,). 2%'/$(&H2$4AI'%!'(1-$5.)2,1:&) %&),!
-$'5)..-.2,1(+)5')(I(-5&12(! AO+-:$,8$)$2,)!7/,)15./().31,).2%) 4%/ H#$%& (Yo ()$* -)*2+
*,.6/( B1%&)!@"0!5.24)*1/,12,)1/-%6,/-+(1%/!=/ VI8 -6 &II"#$%& (Y% ()$* #-)*2+*/,.6/(B
5-,,)$%.315/$%2'$(13-(%!%8&,))|(+)BHT{.'C). 319 &2%3!-$4) (5,'=)415./()!,).2%' 1) ($>'(981]!
i/,)2$10,)(&:2%),"'(/.2%)!:2(14)(5,'=)4!=3! K/$6!)%!2.81?EL1YB2%!)>&'I24)86.)!
$-5.)/%'4)!(-=(%'%-%I$!,). 2% 1¥A)"'S, /..+ '$19&)1"Q,a[]'6)$)!20/,15/7+2, '($!%&)!
5./0)(%!CS$/:$!,).2% 1)0+.)6-,/$6/$%2' B0 /! (-=(%'%-%'/$(B*12.%E&/-6&!-$0/, %-$2%). 31%& (!
'(1.2%)1:2(1./(%1%/15-.%- }BR:1)%!12.81?ELELB2% 11 21$):1(%,2'$0,/71S2.23('21%&298(!
'4)$%'0)412(0+,-.)"$, ..+ =2()4U$I"LLj!()<-)$5)1('7".2,'%31=)%:))$!"U Q,a[]!6)$)(*12$4!
21+,).7'$2,312$2.3('(1=2()41/$!12!-+) (5(+ %,2$(5,+%/7)12(() 7=.3!82(!(-66) (%) 41%6&2%6!%&(
'(1.29%),)+,)()$%(21$):1(+)5") (17F, 2'6*112./6-$IKI[) ((*1-$+-=.'(&)4B8!  ]I(72..1$-7=),1/0!
"UQ,a[]!()<-)$5)(10,/71-$4)(5,'=)a1(+)5)( 1772, 19%/1%&)Wal]l()<-)$5)!/0! 10+
'S 19%82819%/1%8/()!/01%&) @ DIBZYNE))$!-+./24)41%/NS 2$C1$27).31'(/.2%)!
9S@;I" \! 2255)((/$!S[UgTEQY8"B*(%,2'$!,()7(-IF&. 2TPW™12I9TE YYYP8"BI2$4!(%,2'$!
&I/E1?SK TTL\YS"B8Y/(('.152.'=,2%)417.)5-.2,15./5C12$2.3()(1&21)!) (%'72%) 41%&2%!%&)! @"b!
5.24)1.2(%!(&2,)41215/77/$12$5)(%/, ' %&I-$'5)..-.2,1(+)5') (IVEYLI7"../$13)2,(1267K), /$!
)%!2.8IELEFRBAI#$%&(%()$*+ *-)*2+*/,.6/(B (1%8&),)0/,)1)>+)5%)41%/1&21)1)1/.1)4!'$!
2++./>729%).31%8&)!.2(%!/$)!18-$4,)41 7" $13) RYVR)B



1.2.3 Chlamydomonas reinhardtii  laboratory strains !

|

h'%&!0):1)>5)+%"/$(*!,)()2,5&!'$0+,-.)"$,"/..+ '(1+),0/,7)41/$!2!.2,6)! 5/..)5%'/$!/05./$2..3!
72'$%2'$)415-.%- Y%0&2%!2,)!5/..)5%'1).3!C$/:$!2((%&H42,2=/,2%/,3!(%,2'H(B!
'$%,/4-5)4!'$1"8E8"*19%&)()!(%,2'$(12,)12..1%&/-6&%!%/1=)14) (5)$4)410,/712!('$6.)14"+./'4!
Z36/(+/,)!'(/.2%)41'$!S2((25&-()%%(*!"T\RB)1),*1%&)") 2,.3!&'(%/,3!/0!1%&) (%0, Z'H(!
5/7+.'52%)2$410%)$!+//,.314/5-7)$%)B@ &)'%,24'%'/$2.17/4) ) (+.'%(1%&)". 2=/, & L23(
'$%/1%&,))!(-=."$)82()4!/$!%&)!4' (%,'=-%'I$H¥Q!, (1/0!(%, 2'$ (/U4 +/('%)1 72%'$6!%3+)!1%/!
4'00),)$%!,)()2,5&!6,/-H($!%&)!"TPE$H27).3!1%&)!Q26),*IF27=,'46)12$4!A=),(/.4We)1'$)!
(-="$)( I?N,0(5&/.41)%!2.8!ELLPMIK2,, (B IR)!(%,2'$(1&21)!=))$!72'$%22H)8!/$)(I'$!
12,'/-(1.2=/,2%l/,")(12$4!5-.%-,)!5)$%, )0/, 2++,/25&8'$6!gL!3)2,(12$4!2,)!(/7)%'7)(!,)0),,)4!
%/'2G:".41%3+)H!.2=/,2%/,3!(%,2'$(*12.%&/-6&!(/7).'$) ("&2BL}',) 4! 7-%2%'I$(*!:'%&! % &)!
1((1/0'%&)!12="."%3!/0!1%&)!A=),(/.4We)1'$)!(%,2'$(1%/!-%".'()!$'%,2%)!=)"'$6) Yo &N/ (B!
)>27+.)8S2$31244'%'/$2.1(%,2'$(18&21)!=))$!+,/4-5)41=315 /(() (=) %:) Y%d&)!:'.41%3+)!
.2=1,2%/,31(%, 2'R$4!%&)", 1+,/6)$3D-, %&)5/$0-('$6!72%%), (*1(%,2'$(152$!=)!,)0),,)41%/!=3!
&'(%/,'52.1$27)(1?)868!"Yg5*IE"§/B0!:&'5&!,).2%)!%I7-%2$%!+&)$/%3+) (1 238 8!
67CB*!/,!=3%,2'$!#XQL/7 15-.%-,)!5/..)5%'/$@#$!5/$%) 7+/,2,3!.'%),2%64%0,2'$(12,) ! 7/(%0!
10%)$!,)0),,)41%/'=BVIGFF!$-7=),H!2(152%2./6-)41=31%8&)!F&.2734/7/$2('a)(/-,5)!
F)$%,)2::85&.2735/..)5%'/$8/,6 B)868&)!Q26),!(-=."$)!(%,2'$('E"6,'2$&B%,)!,)0),,)41%/!
2(IFF; " TLI2$AIFF;" T"*1)(+)5%'1).38&/:)1),*12(1(%,2'$(12,)!0,)<-)$%.3!72'$%2'$)4!'$!
7-.%'+.)15/..) 5%'/$(*17-.%'+.)1(3$/$37/-(1#X(152%!=)1)$5/-$%),)4!)868!%&) | F27=,'46)!
(-="$)N(%,2'$IFE"L"LI"(12.(/'72'$%2'$)4!12(19@AI' TL!I?F-.%-,)!F/..)5%'/$!/0!].6 2)!12%!%&)!
9%$'1),('%3!/0!@)>2(12%!]-(%'$B*IQINYE=!?F-.%-,)!F/..)5%'/$!/0!].62)12%!*0%%'$6) $!
9%'1),('%3B$4!FFIN!I""WYE]!?F-.%-,)!F/..)5%'/$!/0!].62)!2$4!N,/%/Z/2*!Q5/%%' (&!
1((152%'/$0/,!S2,'$)!Q5")$5)B8@2=.)!Q"!+,/1'4)(1'$0/,72%'/$!/$!2..2=/,2%/,3%,2'$("
1)0),,)41%/!'$!1%&'(1%&)('(8

|
@1=)%%),!,)(/.1)!%&)!6)$)%'5!,).2%'1$&%:))$!.2=/,2%/,3!(%,2'${2..2&),")%!2.8!?ELI'PB
+),0/,7)41:&1.) ;6)$/7)!,) ;()<-)$5'$6Y/SIYT!(%,2'$(*!'$5.-4'$6!=/%& B&) R $4B4 "+
)+,)(0$%2%'1)(1/01%&)!:".41%3+)!(-=."$jEB!'$) ' %&!%&)!)>+)5%2%' I DE&RA®S(12,)!
4),'1)410,/7'21('$6.)!236/(+/,)*1%&)3!,)+/,%) 4% &YW/ 7)(1/0'2..1(%,2'$(12,)!5/7+,'() 4!
1019%:/'2.%),$2%'1)!&2+./%34))16)$U4R %! VE]!/0! ('%) (8! @&X!:'()!4'1),6)$5) !'(!
2++,/>'72%31)<-2.1%I6)$)%'5!4'1), (' %3T/$6/(%Y/.2%) (1(27+.)410,/71%&) R 7)! (%) ?"8E8\
E8\8B*12$4!%&)!%:/1&2+./%3+)(!+,)(-72=.3!,)+,)()$%!%&)!6)$)%'5!4'00),)$5)(!=)%:))$!%&)!
+2,)$%2.1&2+./'41'$4'1'4-2%&2%6)!)>" (%)4R%!%&) ! (27+.'$6!8%):) 1), *!/$)! &2+./%3+)!
:2(10/-$41%/1=)14/7'$2$%*19%0&!12..1(%,2'$&L,'$6!2%!.)2(%!VgPj!/01%4&)",16)$/7) (172$4!
-(-2..3102,!&'6&),B!'4)$%'52.1=314) (5)2$3!+2',:'()!5/7+2,'(/$8!D-,%8&), 7/,)*1%&)!:". 4!
%3+)!(%,2'$@!$/%!5/,,)(+/$4%0/10/-,'&3+/%85R6! 7)'1%'5!+,/4-5% (B &'(!,) (-.%!'7+.") (1%&2%!
29%0!.)2(%!(/7)1/0'%&)!:".41%3+)1(%,2'$(12,)!1%&)+,/4-5%!/0'244'%'/$2.1.2=/,2%/,3!5,/(() (1% &2%!
D))14),0/,7)4'$1%&)(72..1$-7=),1/013)2,(1=)%:))$!%&)!/,'6'$2.1'(/.2%'/$! 2$41%&)!
0/-$42%'/$1/01%&)!(-=."$)@,) /1),*12(12!,)(-.%!"%!:28/%!+/(('=.)!%/",)5/$(%,-Tk&)!
2$5)(%,2.142,)$%2.1&2+./MBANQ&)" " 41%3+)! (%, 28K 2+./%3+)(!:),)! %&),)0/,)2,='%,2,".3!
4)0'$)4!,).2%'1)1%/1%&)!,)0),)$5)!6)$/7)!?(%,2'SHEY*!"8Y 8B/ & 1&)!) $%',)%3!/0!%&)!
,)0),)$5)!6)$/7)!14)0'$)412(1&2+./%3+)!"*2$412$3!,)6'/$!0)2%-,'$6!%&)!2.%),$2%'1)!&2+./%3+)!



).2%'1)19%/1%8&)!,)0),)$5)!16)$/7)!'$!12$31/%&),1(%,2'$14)0'$)412(182+./%2+PER!) %!2.8!
?EL"PR.(/!,)+/,%)41()1),2.1+&)$/%3+'5!4'00),)$5)(1=)%:))$!(%,2'$(*12$4!6)$),2..3!5/$5.-4)4!
%&2%!,)()2,5&),(1(&/-.4%!5/$(4) }.2=/,2%/,3!(%,2'B6/!=)'%&);(/6)$'5 V/,! )>+),'7)$%2..3!
)<-'12.)$%8

|

1.2.4 Chlamydomonas reinhardtii field isolates !

|

@&)!&'(%/,31/H+,-.)"$,'/..+ 0).41(27+.'$6!"(I-$0/,%-$2%).3!=," ) &!5&!7/(%.3!,) (-.%(!0,/7!
21.25C!/05/./6'52.1C$/:.)46)12$41%&)4'00'5-.%3!'$14' (%'$6-'(&'BBH,-.)"$, /.. + 0,/71/%&),!
1"#$%&'(%()$*+(+)5") (81@&'(!'(1)>) 7+.'0")41=31%&)!0") @1 2%)FF ;"Yg Y *1:&'5&!:2(!
(27+.)41=31"8!1S8!Q7'%&!0,/7!21%/=255/10").41"$!S2((25&- (' 7'.2,'%'7)  BHo&)!
.24,2%/,3!(%,2'$7"8E88BR % &/-6&!1%3'$%0),0),%".)!:'%&!.2=/,2%/,3! (%0, 2'$(&Z4'$5)!=)) $!
6)$)%'52..31$0',7)4 12(110+,-.)"$,"/.. 12F/.)72$12$41S2'I"TTgBIFF;"YgY!:2(!./$6!

5/$('4),)4 12(1%&))+2,2%)!(+)5") '#$%& (% ()$*+*%./"..-=2()41/$!7/,+&/.16'52.!
400),)$5)(17K/(&2:12$4!A%%.!"TBB-=()<-)$%!(27+.'$6!)00/,%(1&21)!6)$),2..3!,).)44$
(-55)((0-. 172%'$6!:'%&!.2=/,2%/,3!(%,2'$(1%/!'4)$%'03!$):!'(/. 290K ON'S, /.. 8!@:/!
'(1.2%)(*IC$/:$!12(IQ"IXEI?FFEETLB!2$4!QEIFPI2RIPEB*!:),)!'(/.2%)4!10,/7!121(/'.1(27+.)!
'$1S'$P) (/1%2!=31,/((1)%!2.8!?"TUBR %EE6&!%&Y0:/1(%,2'8R,) ! %&/-6 & YN ./$) (! ?m23$6!
2$41A&,)$,)'5& EL"ER6&)3!2,)1=3102,1%&)! 7/(%(Ya-4)410").41'(/.2%32$415,/(()(!
=)%:))$!FF ; EETLWFETPE!2$4!.2=/,2%/,31(%,2'$(1:),)!%&)!=2('(1/0M%6&)!)"$, /.. +
71)5-.2,172+(! 2i2%&',1)%!2.81ELLYM!a372,<-'(1)%!2.8@LI'ER%)(10,/7!N)$$(3.12$'2!
2$41/$)10,/7'D./,'421) )I(27+.)41=3!]  Q+2$"),1)%!2.8!?"TTRR)!A.'Z2=)%&!K8!K2,,'(!
'(1.2%)41%8&,%,2'$0,/7162,4)$!(/'.I'S![/,%&IF2,/.'$2!I'$!"TT"817,2&2711)..n(!,) ()2,5&!
6,/-+1'(1.2%)417/,)1%8&2$EL$):1(%,2'H(10,/71%:/10").4(! VULIC7!2+2,8b-)=)5 I'$I"TTY!12$4!
"TT\*I0/-,1/01:&'5&1:),)14)(5,'=)41=3! Q25C!)%!2.8!?"BISK%!,)5)$%.C2421)%!3!?EL"ILB
"(1.2%)41%:/'$):1(%,2'$(10,/7!2!,'5)1+2443!'$!i26/(&'72*1m2+2$*1 ) +,) )$%'$6!%&)!0', (%!
'(1.2%)(1/010+,-.)"$,'/..+ 0,/7V/-%('4)![8!]7),'528! #$0/,72%"/$!/$!2.1D+,-.)"$,"/..+ 0').4!
"(1.2%)(1(+,/1'4)4AT$N++)$4 SHIF@2=.)!Q"8D&)27+.'$6!&'(%/3!/0!5./()!,).2%'1)(!/010+
-0, L+ (DD)$IT7/)).T'%) 412841 (1 '$%,/4-5)4'$'YR 8 8

|

@:/'(%-4)(1=3m2$6!2$41A&,)$,)'5&! ?ELIZBBD. /), (1)%!2.8! ?EL"P&21)1+),0/,7)41:&/.) ;
6)$/7)!,) ;()<-)$5'$6!/$!(-=()%(!/01%&P!]7),'52$! 0).4!'(/.2%)B@&)()!(%-4")(!,)1)2.)4!
%:/172J/,",)(-.%(8!D",(¥FV:),(1)%!2.8! ?EL"P%'72%)4!(+)5')('4)!6)$)%'5!4'1),("%37 BY%/!
=)IVE8U|!6)$/7) ;:'4)*12112.-)1%&2%!"(127/$6(%!%&)'&'6 &) (%!,)+/,%) 2, 8[%4}(Pe)00.),) %!
2.8!EL"EHR-=(%2%$%'2.112,2%"/$!'$!+,/98¥$6!()<-)$5)!:2(12.(/1,)+/,%)4*!'%&!
$/$(3$/$37/-(14'1) ,('%3!)(%'72%)412(IL8 Tj12$41/1),121%&/-(2$416)$)(1+,)4'5%)4!%/15/$%2'$!
21.1((;/0;0-$5%"/$!7-%2%"/$!'$!12%!.)2(%!/$) (T B/$8¥1=/%&! (%o-4')(1,)+,%)41%&)!+,) ()$5)!
1016)$)%'5!+/+-.2%'I$! (%,-5%-,)1%8&2%!5/,,) (+/$4)41%/1%&) ! (27+.'$6!./52%'/$ (/@& 2%) (8
+,'$5'+2..314'1'4)41'(1.2%)(10,/71%&) [/, % &!A2(%!?.2=/,2%/, 31 (ZHAWE ;Y gYO0,/7!
S2((25&-()%%82$41%&)!10-)=)§!.2%) B!0,/71%&/()!(27+.)410,/710-, %&), | (-%&!2$41:) (%!'$!
%&)19Q]8M1+/+-.2%"/$!(%,-5%-,)152$!5/$0/-$4!+/+-.2%'/$!6)$) %'5(1'$0) J$3Q%p4.),1)%!2.8!
ELLTB%&)!'VEL!0-)=)5!"(/.2%)(!.'C).3!,)+,))$%!%&)!=)(%!/++/,%-$'%3!%/") (%'72%)!2$4!(%-43!
0-$427)$%2.1+/+-.2%'/$'6)$)%'5(17)%,'5(1'$!%&) ! (8)5H0/,%-$2%1/S.3!0/-,1/0!1%&)()!



'(1.2%)(1),)!()<-)$5)4!=31%&.)!%:/1(%-4") B#!0-,%&),!)>+./, Yo&}V+-.2%'/$!(%,-5%4)!1 0+

-)"$, .+ -('$6142%2!10,/7!12..1C$/:$!0").4!'(/.2%) ('S F&2+%),|E8

|

1.2.5 Chlamydomonas reinhardtii  as a study system in evolutionary biology !

|

X)(+'%)!"%(1)>%)$('1)!-()!I'$!/%&),10").404,-.)"$,"/..+ &2(1$/%!=))$!:'4).3!(%-4")410,/7'2$!
)1/.-%'/$2,31+),(+)5%'1)fH/%2=.)1)>5)+%'/$!"(1%&)!0").4!/01)>+),'7)$%2.!) 1/.-%'/$*!1%/!:&'5&!
10+,-.)"$,'/..+ '(1:)..1(-%)4!?02(%!6)$),2%06'7) (*15/$%,/.!/0!%&)!()>-2.1535.)*) %HBB 8) ! 2!
$/$;)>&2-(%'1)!. (%!/0N)>27+.)(*1)>+), 7)$%(!-('$P&+,-.)"$,'/..+ &21)!=))$!+),0/,7)41%/!
'$1)(%'62%)1%&)!,/.)1/0!()>!'$!242+%2%'/$!%/1$/1).))$1" /$THFEIG(2 1) ELLEMIF/.)6,21)!)%!
2.8IELLEM!i2.9%Z!2$411)..|EX)HB%'/$!'$!0.-5%-2%'$6!)$1",/$7)$Pa()=/-412$4!1)..I"TTgM!
i2(0$12$411)..I"TTUB *1242+%2%'/$!%/!).)12%)4!1.)1). (UOPF/..'$(12$4!1)..|ELL\M!IF/..'$(!
)%!2.8IELI2B4!(2.'$'%3825&2+)..))%!2.8|EEIRR)!)1/.-%'/$!/0!&),='5'4)!,) ('(%2$5)!
?b/6:'..N%!2.8!EL"EM!e262%/,!)%!2. 81 RISHB&)!)1/.-%'/$!/0!7-.%'5)..-.2,' P& %5.'00!)%!2.8!
EL"YMIK),,/$!)%!2.8EISSB$3!/0!%&)!244'%'/$2.12++.'52%'/$QHOL)"$, ..+ '$!
)1/.-%'/$2,3!="./63!&21)!2.(/' (%)77)4!0,/7 '%(1)>+),'7)$%2.127)$2=".'"%38!@&)!(+)5") ("' (!12$!
)>5)..)$%!(3(%)7!0/,1(%-43'$6)(5(+ 7-%2%'/$!"$! 7-%2%'/$!255-7-.2%'/$!?S]B!)>+),'7)$%(!
?2D((1)%!2.8!EL"EM!Q-$6!)%!2.8!EL"EM![)((1)%!2.8!EL"PMI[)((!) Y 3B) B (1B "1S=!
6)$/7)! ?"8YB!+,/1'4)(12102,!.2,6),!%2,6)%!0/,!7-%2%'/$!,).2%'1)!%/'/%&),!)>+),'7)$%2.17/4).(!
(-5&12(13)2(%@&)!,).2%'/$(&'+!=)%:))$!0'%3$) ((12$4!1%&)!$- 7=} )05 (+ 7-%2%'/$(!&2(!
=))$)>+./,)4! ?i,2)7),1)%!2.8EL"gB2$4!7/(%!,)5)$%®B,%&),")>+),'7)$%2.!:/,T$)>'(%'$6!
SIL'$)(1)$2=.)4! 10%$4).1)%!2.8!?EL'%A'$0),!%&)!4' (%, $90!0'%$)((!)00)590(¢!-+)(5(+
7-%2%'/1$61%8&)!(+)58h&/.) ;6)$/7)!) ;()<-)$5'$6!/0!10+,-.)"$,"/..+ %)%,24(!:2(!
+),0/,7)41=31 e'-1)%!12.8I?EL"B)>+),'7)$%2..312()(("E="2()4!6)$)!5/$1),('/$!?"8 Y8 BS!

|

)3/$41)>+),'7)$%2.1:/,C*! 2$2.3()(12%!%8&)!+/+-.2%"'/$!2$4!=)%($)%$")(!.)1).(1&21)!=))$!
01),) .3!'7+)4)41=3121.25C!/0!="/./6'52.1(27+.)(12$416)$/7'5!,)(/-,5)(8!](!,)+/,%)4! '$!
"8E8\th2$6!2$4!A&,)$,)'5&! ?ELZBD./:),(1)%!2.81?EL"PRR2,25%),'()4!6)$),2.10)2%-,)(!/0!
6)$)%'5!4'1),('%3!'$!%&)!(+)5") (*12.%&/-6&!%&)",12$2.3()(1:),)!+),0/,7)4!/$! (-E(PBO&)!
212'.2=.)10").41(/.2%)%&D¥&'='%) 4! (-=(%2$%' 2.1 +/+-. 2%4$K%-8B/,)!,)5)$%.3*K2(2$!
234N (("?ELELR(()(0)4!,)5/7="$2%'/$!,2%)!12,'2%'/$!'RI+,-.)"$,'/..+ ?"8XBI('$6!%&)
0-)=)5!0").41'(1.2%)(12(12!+/+-.2%"/$!42% BIP&) ' 72%'$6!%3+)!./5-(1&2(1=)) $! (%0-4")4I'$!7/,)!
4)%2'.*12$4)'1K/00!)%!2.8!1?ELI28R K2(2%$!)%!2.8! ?EL-()B!+/+-.2%7$!42%2!%& 2,25%), ')
6)$)%'5!4'00),)$%'2%'/$!=)%:))$B&)E)'+34 "&2+./%3+)(1?"8B&7'%&!2$4!e))! ?ELLUB
+),0/,7)41215/7+2,2%'1)!2$2.3('(1/0'6)$)%'5!4'1),('%3!=)%:))$!%&)!$-5.)2,12$4!7'%/5&/$4,'2..!
6)$/7)(8! !

|

1,124 ;(52.)!97+2,2%'1)!6)$/7'5(12$2.3()(!&21)!=))$!+),0/,7)41=)%:))$! 10+,-.)"$,"/..+ 2$4!
7)7=),(1/01%&)!@"b!5.24)*17/(%!$/%2=;846$,/-,1?D),,'()%!2.8!EL"LM!N,/5&$'C!)%!2.8!IEL"LB
K/:)1),x12(14'(5-(04!"$!F&2+%),!Y*19%08)'1),6)$5)!=)%:))$! 10+,-.)"$,[..+ 2$4!%&)!1/.1/5'$)!
2.62)!'(1%1'6,)2%!%),0/,7 1$-5.)/%'4);.)1). 12."6$7)$%!.'7'%$6!%&)!(5/+)D!12$2.3()(aD),, (!
)%!2.8!?"TT(Y8)$5)4!%&)1>14)%),7'$'$6!6)$) ISES+BE?FG+8H3E?I?IA B$!I0+.)6-,/$*!

)+ ,%'$6!%&2%!'%!)>&'='%)4!(-=(%2$%'2.1$/$(3$/$37/-(1?V"Y|B12$4!(3$/$37/-(1?VPU|B!
4'1),6)$5)!,).2%'1)1%/'%0&¥,-.)"$,'..+ 1,%&/./68'((1)%!2.8!?"TTIgB/,%)4!2$!21),26)!



4'1),6)$5)//0IVPEjI=)%:))$! 104-.)"$, ..+ 2$410+.)6-,/$E=2()41/$1%8&)!()<-)$5'$6!/0!%&.))!
'$%,/$8N/+)(5-1)%!2.812ELL-[B412! 10+.)6-,/$1)>+,)(()4!()<-)$5)!%26!?2AQ@B!.'=,2,3!%/!
<-2$%'081),6)$5)!,).2%'1)1940+,-.)"$, /. .+ 254Y>+.1,)! +2%%),$(1/01(3$/$37/-(15/4/$!

-(26) 12"8XB=)%:))$19%&)!(+)5' 1) (%'7 2%'$6! (3$/$37/-(14'1),6)$5)12(IVY gjl0,/7121()%!/0!
*g!/,%8&/./6(8D'$2..3M/+)(5-12$41€)) I ?ELLgR$AK-21)%!2.81 2ELIER0/, 7)415/7+2,2%'1)!
2$2.3()(1/01%8&)17'%/58&/$4,'2.16)$/7) (12801 1), 2.1 +.2(%'416)$)(1=)%:))$0+,-.) "$, /. .+
2$410+.)6-,/$*1,)+/,%'$619682%! (3$/$37/-(14'1),6)$5)!'$1%&)!/,62%)..)16)$/7)(1:2(!
5/7+2,2=.)1%/1%&2%!0/-$41'$!$-5.)2, |6 YB)U8&!%&)!)>5)+%'/$1/01+&3./6)$)%'5!72,C),16)$) (*!
$/15/7+2,2%'1)16)$)%'5(/,16)$/7'5(12$2.3()(1&21)1=))$!+),0/, 7)41-('$6 110-+6"#(-+*-,. 81

1.3'The Chlamydomonas reinhardtii  Genome

1.3.1 The history of the Chlamydomonas Genome Project

A00/,%(104-)$5)*12(()7=.)12$412$$/%2%)12% -.)"$,'/..+ ,)0),)$5)!16)$/7) +)62$!'$1%&,)!
)2,.3IELLL(§15)..1:2.. ;.)((17-%2$%* EPLY!067CIB!:2(158/()$12(1%&,)!,)0),)$5)! (%, 2'$*!
('$5)1%6&'(1+&)$/%3+)1('7+.'0)4IX[]1)>%, 25%'/$12541)$2=)41%&)!&'6&13").41,)<-') 7) $¥6 (!/
'=,2,314,)42,2%'/$12961%8&)1%'7)1%/1=)1 7)RBYER(14),'1)410,/71%8&,)! . 41%3+B4 ' +
2=1,2%/,31(%,2'$IFFEP12"Yg5B!/01%&)!A=), (.4We) 1'$)!(-=.'$)1?"8E8YB*!:'%&1%&)!5)..1:2..
)((+8&)$/%3+)I'$4-5)41=317-%26)$)('0K327(12$4!X21") (" TGEEN, ) 5)4)4!=31%:/!
+).'7'$2,311), (1$(121" 12841 1E*1))! A, /((72$!)%12.81?ELLBEIBR., (%!&'6&-2.'%314,20%!
2((07=.3121YBL:2(12(()7=.)410,/71"Y>15/1),26)1/01Q2$6),()<-)$5)4!,)24(10,/71+.2(7'4(*!
0/(7'4(12$41/$)! ]F  1.'=,2,317S),582$%!)%!2.8! ERIDED!LY!2(()7=.3!5/$((%)41/0!7/,)1%&2$!
"*PLLI(5200/.4(*:2(I"EL8E!S=12$415/$%2'$)412$!) (%'72%)4!"ESPj!62+(8! @&FC28!
0/..1)41=31%8&)!,).)2()1/0 1%&)"'ESY!S=11\ 12(()7=.3 I'SIELLU*I215/7+.)%)!,)2(()7=.31%8&2%!
22(1 2(07=.)412(1"g15&,/7/(/7)(12$4!g"1-$+.25)41(5200/.4( 11'2!5/7+2,'(/$!%/17/.)5-.2, !
72++'$614296217"@BED &) 1\12(()7=.312.(/'$5/,+/,2%)41%2,6)%)4!1Q2$6),1()<-)$5'$6!/0!
2(()7=.3162+(*1,)4-5'$61%&)!)(%'72%)4!+,/+/,%'/$/016 2+(1%/| §BR&! %6 &) /$()%61/01$)>%
6)$),2%"/$1()<-)$5'$6!?2[*QB*1%&)I1PI2(()7=.31,).) 20 4I'$IEL"E!-%".' ) 4!=/%&\P\12$4!
244'%'[$2Q2$6)()<-)$5'$6!%/1%2,6)%!2..1 ) 72'$'$616 2+(*(-55)((0-..3!0"..'$6!2++,/>'72%).3!
&2.01/01%&/()1+,)()$%!"$1 1\81]%!""8"IS=+1:'%&IVY 8j!6 2+(* 1Y g!-$+.25)41(5200/.4(12$4!2!
5/$%'6)1).[PLI/OIVEEL!C28)82.01/01%&)12(()7=.)4!6)$/7)!'(1+,) ) $%!/$!5/$%'6(1/O EEL!
C=1/,16,)2%) B)&) ! 1PI2(() 7=.3182(1=))$1%8) 1 7/ (%6t (BR$A'$612$41(%2=.)1,).)2()!%/142%)!
21.2=31)%!2.8!EL8B

|

1(1:'%8&1%68)16)$/7)12(()7=.3*1%8&)!(%,-5%-,2.12$$/%2%'/$(*:&'5&14)0'$) 1%&)6)$/7'5!
5//,4'$2%)(1/016)$)(12$41%&)!+,/%)'$(1%&) 3)$52B1) 1 2.(/1-$4),6/$)!() 1), 2.1, /-$4(/0!
'7+,/1)7)$%! ?1.2=31)%!2.81EL"\M!1.2=312$411. 2K32(IEL"gB] $$/%2%'/$(),0/,7)41/$!%8&,)!
1Y12(()7=.315/7="$)4! $:+.).1.(+6)$)!+,)4'5%'/$!'%&!Q2$6),!()<-)$5)4! AQ@ (12$4!5/7+.)%)!
57+.)7)$%2,3IX[J( 1?5X[I(B *)(-.%'$6!'$1%&)!12$$/%62%'/$1/01"P*"\Y 1+ /563 $6!6)$) (8!
@)10'$2.12$$/%2%/$11),(/$1?71\8Y BI=2()4!/$!1 V&) T 31-()41%&)!] 9°9Q@9Q6)$)!
+,)4'5%"/$!12.6/,'%&PQ%IH6! 2.8 ELIGB/7="$2%'/$!:'%&\P\I()<-)$5)4! AQ@ (124!
+,1%)'$1&/7/.1631%1%&F):.31212".2=.) I: 06%,/-,.46)$)!25$/%2%(HN,/58$'C!)%!2.8IELILB



(- %'S6!'S"g*"\16)$) (8! @&)12$$/%2%'/$(1+),0/, 7)410/,11P1724)10-..1-) /O [Q!
0%)5&$/./6311'21%8&)'$5/,+/,2%'/$1/01/1), $)I="..I$1a[] ;(<!,)24(*|,)(-.%'$6!'$!()1),2.!
72J1,1582%$6)(1%/16)$)!7/4).(17)868!(+.'%%'$6!/,10-(/$1/016)$) 1 7/4)L2=312$4!1.2=3 K22(!
EL"gB8!@&)!5-,,)$%!1P!12$$/%2%'/$!121P8 BI5/$%2'$(!" g*BIHSE)S)! 7/4).(! 2$4
"gUPI12.9%),$2%'1)1%, 2$(5, +%(8!

|

@&)D+,-)"$, ..+ 6)$/7)12(()7=.312$412$$/%2%"/$12,)172'$%2'$) 41 2% IN&3%ZITH %) '$!
)%!2.8IEL"EB5&I2.(/1+,/1'4)(1216)$/7)1=,/:(),)'%&1 ()1),2.10-$5%/$2.142%21%, 25%(1?) 868!
6)$)!)>+,)((/$B8].%8&/-6&1%&)()!,)(/-,5)(12,)10-$427)$%2.19%/12.7/(%!2..17/4),$126%(1/0!
10+,-)"$, 1.+ )()2,5&*1%&)31&21)1$/%!=))$I-+42%)4!-($61%&)! . 296)(%!2412$5)('$!()<-)$5'$6!
06)5&$/./6312"8\SEBY(52.)1/0!'7+,/1)7)$%1%&29%!' (1$/:1+/(('=.)1:2(!,)5)$%. B 7/$(%, 2%) 4!
=31244)(5(+ 2(()7=.31/01%8&)!.2=/,2%/,3!(%, 2'$|FF LI2CE"16,Bl=2()41/$12$!-.%,256!,) 24!
[2$/+1,)142%2()%Re"-1)%!2. 81EL"TB!:&'581%&)1"g!5&,/7/(7)(1),)12(( 7=.)412(13-(%! E"!
5/$%'6Q@_gX/$$)..)%!2.8! ELEBEF &2+%),\ 41+ ) )BVB(/$! /01%&) F&.2734/7/$2(!
N$/7)IN,/J)5%8!

1.3.2 Genome architecture and organisatio n

|

@&)0+,-)"$,' ..+ $-5.)2,16)$/7)!'(12++,/>'72%).3!"""IS=I'$1.)$6%&*I"F; '5&!?"\8!

6)$/7) ;:'4)B12%412,,2$6)4!/$!"g!5&,/7/(/7) (1,2$6'$60,/7'Y8U!S=1%/!T8U!S=!"$!.)$6%&8!
X)(+'%)!'%(!,).2%'1).3!.2,6)!('Z2)*HB)&)7)!" (' &'6&.3!5/7+25%*!:'%&!6)$'5!()<-)$5)!
5/7+,'('$6!V UFj1/01%&)!1P!2(()7=.32$4217)4'2$!'$%),6)$'5!4'(%2$8)!/$.31"Y\I=+!
=)%:))$!6)$) (8i@&)!&'6&!6)$)!4)$('%3!'(1.2,6).3!2!)(-. Y284 $-(-2.1'$%,/8,'5&%)((8
#%,/$'5!1()<-)$5)!5/7+,'( ) (12++,/>'72%).3!/$)1%&',41/0!%&)!6)$/2$4)25&!6)$) 5/$%2'@
)'6&%!'$%,/$(1/$!21),26)*12!$-7=),1%&ZPR)I(17".2, 1%/'%&)!&-72%$!6)$/7)!%&2%!(+)5")(!
:'%&I5/7+2,2=15)$/7) 1('2)(1?S),5&2%$%")%!2.8'ERHEBGR/S(12,02.(/ -$-(-2..3!./$6*! :'%&!2!
7)4'2$!.)$6%&!/0IEET!931))4*189! (&/,%!"$%,/$(!/OV L LI=+1%&2%!%3+'52.. 31 49R%X: )!
'$%,/$!.)$6%8&!4'(%,'=-%"/$(D..),!)-C2,3/%'5!6)$/7)(! (-5&!2(8,(*(1".#$+%-#3)(9%*/-,+
2$41,%:." (1> *+/"$#.$)$+ 5/$(%'%-198) 3! VPj!/01'$%,/$(I'$!N0+,-.)"$,'/.. 1?S),5&2%$%!)%!2.8!
ELLgB®&)!6)$/7)!&2(1=))$!,)+/,%)4!1%81$%2'$!2!,).2%'1).3!-$'0/,7!4)$('%3!/0!16)$) (*! @A(!
2$4!1('7+.)1))+)2%(?S),5&2$%!)%!2.8!ER LgB

|

S/(%16)$/7'5(1,)()2,5&!"$! 10+,-.)"$,'/..+ &2(10/5-(()41/$!6)$)!0-$5%'/$*12$41%&),)!&21)!=))$!
1),3!0):1(%-4")(15&2,25%),'('$6!(+)5'0'5!0)2%-,)(1/0!6)$/7)!2,5& %) 3L+ /,'$6!%&)',!
)1/.-%'/$84$1%&)!6)$/7)!+2+),9),5&2$%!)%!2.8! ?BkLIGR )41216,)2%!.)1).1/014)%2" *!
2.%8&/-6&!-$0/,%-$2%p&)!11Y12(()7=.3!:2(1$/%!)$%',).312(() 7=.)41%/15&,/7/(/7) (12$4!:2(!
VT!IS=!1.2,6),!%&2%!%&)!5-,,)$%!1P!2(()7=.38!D-,%&),7/,)*172$3!/0' %8R 3P$/%2%'/$(!
+),0/,7)41&21)!$/%!=))$!52,,)41/1),1%/!(-=()<-)$%!'1),(/$(12$4!2,)!$/%!,)24'.31212'.2=.)8!
D/,1)>27+.)*1S),5&2$%!)%!2.8!?BREGR62%) 4 EPT!%,2$(0),'a[]! ?%a[]B!6)$)(:&'5&1),
)+H,%)41%/1=)1&'6&.3!5.-(%),)4*12.%&/-6&!%&)!./52%'1$(1/0!%&)()!6)$)(12,)!$/%!2$$/%2%)4!'$! 1 P!
23418/12(0)((7)$%!/0'%&)',15&,/7/(/72.14'(%,'=-%'/$!&2('=))$!,)+/,%)A8) $!5)$%,/7),) (*!
1$)1/01%8&)!7/(%'0-$427)$%2.!6)$/7'5!0)2%-,)(1%&2%!4)0'$)!5&,/7/([7T§*2&21)!+,/1)4!
4'00'5-.%!%/172+!+,)5'().38!]++,/>'72%)!5)$%,/7),)!./52%'/$(!:),)!C$/:$!0,/77/.)5-.2,!
72++'$617N,)-((12$4!S)%(ELLEB-%!/$.3!2!,)5)$%! (%-43'$3)%!2.8!?EL'4)B'$) 4!+-%2%!1)



5)$%.,/7),'515//,4'$2%) B! @&)3!,)+/,%)41%&2%!,)6'/$(1C$/:$1%/1=)1%'6&%.31.'$C)41%/!
5)$%.,/7),)(1/$!"P1/01%&)!"g15& /7/(IT)(! :),)!5&2,25%),'()4!=31%&)!+,)()$5)!/0! E[L LIC=!
(%,)%5&)(1/01()<-)$B/$%2'$'$6!7-.9%"+B)$) (1) $5/4'$6!+,/%) $(10)2%-,'$6)1), !

%,2$(5, +%PA@BI7T2'$( 8!@&)3!2.(/+),0/,7)41244'%'1$2.15,/(()(1=)%:))$!2!.2=/,2%/,3!
(%,2'$125419%&)!S'$$)(1%210").4!'(/. 2%)TFPE! 2"8E8\B*12$4! )+/,%)4!1),31.'%%.)!,)5/7="$2%'/$!
=)96:))$19%6&)1+-%62%'1)15)$%,/7),) (128417 )@Y 6&%.3!.'$C) 41%/1%&)()!,)6/$(8! @&) ()1, )(-.%(!
(-66)(%!%&2%!5)$%,/7), JO$!-.)"$, ..+ .'C).315/$%2'$!,)%, /%, 2$(+/(/$(12(12172J/,!
5/$(%'%-)$%*12(1'(1%&)!52()!'$172$31%62>21'$5.-4'$61%6&)14'(%2$%.3!,). 2%)(B6 ()2 62)!
x4 1%(.-$+21.2$51)%!12. 8IELYERI" (% (6"#(,. *+>(J.)9.-)*.* 12a/%&1)%!2.8IELI'gB
2.%8&/-6&1%8&)()1()<-)$5)(1&21)!$/%!3)%!=))$!5&2, 25UHHITERH %), (1Y 1 24 2'719%/!
)>%)$41/-,1C$/:.)46)!/016)$/7)!2,58'%)5%- )'HO+,-.)"$, .. *'%&I21(+)5'0'5!10/5-(\/$!
5)$%,/7),)(*1'$%.,/$!)1/.-%'/$1284)+)2%!5/$%)$%8!

1.3.3 Genetic and molecular mapping

F3%/./6'52 2++,/25&)(&21)!1+,/1)41582..)$6'$6$!10+,-.)"$,"/.. 4-)19%/1%8&,)14'00'5-.%3!/0!
1'(-2./('$617)1  %'515&,/7/(/7)( '$1%&)!1Z36/9)$41%&),( 7-5&1&' (%!, R14)=2%)!/1),!
06&)15&,/7/(/7)!1$-7=),101%&)!(+)5')(! 7K2,,'(\ELLTE3I2++.3'$61).)5%,/$!7'5,/(5/+3 19/!
6),7'$29%'$6!36/%)1Q%/, 7(12$4!1K2(%'$6(1 2" THHB'72%)415&,/7/(/7)!$-7=),1%/1=)1"U;
EL8IS/,)!,) 5)$%.3782721)%!2.81?ELLIOB/,)(5)$%.3!(%2'$M]]  I'$1Z36/%)R$41/=(),1)4!
"UIS&I7/(I7)(*:'%&1%&)!.26)(%!=)' $61N1%'7)(1./$6),16&2$!%6&)! (&/,98)(%8!

|

HSI5/$%, H2L!'$%,/4-5)AVSI"SEH0+ - )"$, ..+ '(18'6&.3127)$2=.)19%/15.2(('52.16)$)%'5(
)(2,5&12$4182(1=))$!%8&.)10/54915,/(($6!)>+), 7)$%(1($5) "% (1" (/.2%'/$812,.316)$)%'5!
72+(1))1=-".  %31+),0/,7'$619%)%, 241282 (B($!5,/(()(1=)%:))$! /++/( %)!72%'$6!%3+)!
2=1,2%1,31(%, 2'$(1?" SEBEBY6!52,, )4 (5/,2=.) 1 7-% 20 SE+.) (1/01 7-%2$%!+&)$/%3+)(
'$5.-4)412->/%,/+&3*'T7/="'%312$414 -61,)((%2$5A1), (/)" TP MIK2(%'$6(1)%!2.8!"8! PB
131/=(),1'$619%&)1$4)+)$4)$%!()6,)62%/$!/,15()6,)62%'/$!/0172$3! 7-%2$%!+8&)$/%63+)(
)-29%'136/1/$)12$/%8&Y.'$C26)16,/-+(1:),)!) (%62=. (&) 48! @&Y/5)((1/0! 4)%),7'$'$6.'$C26)!
101$):17-%2%'I$(1%/1)>' (%'$6! 7-UROR$AY%E)', 12((/5'2%) BC26)16, /- +(1:2(16,)2%.3!
025'.'988)4!=31%&)!5,)2%'/Sh)0¥8b, 2'$(152,,3'$6!7-.%'+.) 7-%2$%!+&) $/988¥FA%&1)%!2.8!
"TgPB@&(1/,C1.)41%/1%&)!)(%2=.'(&7)$%!/01"g1255)+%6)A4!.'$C26)HBY AN 1106/
($5)19%:/1+2",(10I&'(%'52..31$27)416,/-+(! :),)15/7="$) A P11 V& #4125 41 I#1:' % &)
lo##BI?X-%5&),1)%!2.81"BI"B

|

A2,.31296)7+%(129%17/.)5-.2,172++'$6!-%".'()4!,)(%,'5%'/$10,26 7)$%!.)$6%&I+/.37/,+&'(7(!
2aDeN(BY)%:))$!.2=/,2%/,3!(%,2'$(12$41 BEN25E&- () %96().41'(/.2%) FE"Y g Y ! 'B) 80+
*0p./". *I' EB\BY/172+5./$)410.26)..2,16)$)(?a2%$-71)%!2.81" TLRUB2, 1 7/,)1)>%)$('1)!
72++'$61:2(14),0/,7)41=2041/$15,/(() (1=)%:))$1%8&)! . 2=/,2%/,31(%, 2 $IFF" TLI2$41%8,)!
S'$$)(/%210").41'(/.2%) IFE'TPE*I5-.7'$2%'$6!"$196&,)17/.)5-.2, P /012%&,1)%!2.81 ?EIALY B
@&!72+10)2%-,)AIE\172,C),(1(5/,)4!=31)%&), |DeN!/,INFa *I-%".'('$6!%&)!)>%)$('1)!
+1.37/,+&(71+,) ) $%!=)%:))$! %&)1%:/1(%, 2'%E8%)!7/.)5-.2,172+1:2(1(-55)((0-..3!
2$58/,)41%/1%81.'$C26)16,/-+(1/01%&F)$)%'5172+1-($6!72,C),(1%682%!5/, ) (+/$4) 41%/!



6)$)(1-$4),.3'$6!6)$)%'52..3172++)417-%2$%!+&)$/%3+) (*1:&'5&!:),)1212". 2= )T (%!
'$C26)16,/-+(81D&)!%/%2.17PB6%8&!: 2(FLEPI5IH2$412$31+/('%'/$!'$1%68)$/7)! :2(!
)(%'72%)419%/ RIS S1Q/71217/.)5-.2,172,C), *1/$121),26)8! a372,<-'(1)%!2.81?ELLIPB
4)1)./1+)A1244'%'($2.172,C),(12$41+,/4-5)412$1'7+,/1)417/.)5-.2,172+! [OIPL’172,C),(*!
:&'5&1:2(1(-=()<-)$%.3!-()41%/!(5200/.41%8&)11\16)$/7)12(()7=.31%/!5&,/7/(/7)(1?1.2=31)%!
2. 817EL"YB8YS8"B81'4)$5)!0,/716)$)%'51 72++$6417/.)5-.2,172++$612$416)$/7) 12(()7=.3!
(-++/,%(1%8&)!)>'(%)$5)!/01"gI5&,/7/(/7) (' $10+,-.)"$, .. *12$41%&)(5,)+2$53!:'%&!
53%1./6'52.1)(%'72%)(!/O WA/, )I5&,/7/(/7)(!,) 72'$(--$5.)2,8! !

1.3.4 Base composition, mutation and recombination

@)V1),2..NFI5/$%)$%! /01068 -.)'$,'/..+ 6)$/7)!'(! "\8"j8! D-,%&),7/,)*1%)!& 6& F!
5/$%)$%!"(1,).2%'1).31-$'0/, 7MI'01%&)!6)$/7) ! (!(+.'YRI$IA)! . 2++'$6! ELIC=1:"$4/:(*] AF!
5/$%)$%!"$ITUj1/016)$/7)02..(=)%:))$IPUSP}12$41 T§ 8K/:)1),*1:&)$!5/$(4),'$6 (%)
5.2(0)("'$4)+)$4)$%.312, 2% /$I"BIFI5/$%)$%17/,)! +,/$/-$5)4 8NFI5/$%)$%!'(1&'6&)(%!'$!
5/14'$61()<-)$5) 1?FXQBYLSIB*!./:)(%!"$IPN-$%,2$(.2%)4!,)6'($9@a(BP\8gB!12$4! Yn!
9@a(IPUGB*I12$41'$%),7)4'2%)'$!'$%, /$ BB 2$41'$%),6)$'578Y|B!()<-)$5)(8!
1)2C'$614/:$!  FXQI=3('%)!4)6)$),253*1"FI5/$%)$UMBP'$!0/-, ;0/.414)6)$),2%)!?\XB!
(‘%) (WPGI'$1%:/ ;0/.414)6)$),2%)!12EXB!('%)(12841j!'$1Z),/ ;0/.414)6)$),2%)!?LXB!('%)(8!
AFI5/$9%)$%!"(1)>+)5%)419%/1)1/.1)1-$4),198)'$0.-)$5) (/01 7-%2%' [$*2(F416)$)!
5I$1),(1$*1().)5%/$12$414,'0%*12$41(/7)1/01%&)/=(), 1)4112,'2%I$!52$!=)12%%, '=-%6)419%6/1%&)()!
0/,5)("$!10+,-)"$, /.. 8!

|

10+,-)"$,'/..+ &2(1=))$!%8&)!0/5-(1/01()1),2.1S]1)>+),'7)$%(1?"SESRB!:&'5&!5./$2.1.'$)(12,)!
72'$%2'$)410/,172$316)$),2%6'/$(12961217'$'72.1)00)5% ' 1) 1+/+-.2%'I$I( Z)*12.../:'$6! 7-%62%%'/$ (!
06/1255-7-.2%)125,/((1%&)16)$/ TIK2..'62$12$41i)'68%.) 3 ELLTM!i2%J-12$411),6%&/, ((/$!
EL"TBI)((1)%!2.812EL"PB),0/,7)412$! )>+),'7)$%t'%&UP!IS].'$)( 1%6&2%!'4)$%'0")41 *U\Y!
7-%2%'/$E31:&1.) ;6)$/7),) ;()<-)$5'$6 *1:&'5&1:2(1%&)!.2,6)(%!('$6.)!()%!/017-%2%'/$(!
4)(5,'=)410,/712$3!(%-432%1%&) 1 B@&)3!) (%'72%)412$1/1),2..17-%2%'/$! IBHDP 8P 1>|
"LHEI4Y,1('%)14),16)$), 281254121 ('$6.)1$-5.)/%'4) 1 7-%29%'/$!, 2967 BY/OI T8 Y > 1"38@&)!
7-%2%'/$!,2%)12%! FrAI (%) (1: 2([E8\>1&'6&),1%&2$!%8&2%! 29%![r@! (‘%) (*1 2$417-%2%'/$(10,/7 Fr 1%,
@r]"),)!1%&)!7/(%!5/77/$ 15.2((1/017-%2% ' 1§55-,,'$612%I12!,2%)12.7/(%!E>1&'6&),1%&2$!
)>+)5%)48$4),121=2.2$5)417-%2%'/$! (+)5%S]@ ; ='2()4! 7-%2%/$!(+)528:2L) 1=))$!
I=(),1)4125,/((12!:'4)!,2$6)1/01)-C2,3/%)(12$4!+,/C2,3/%)(?K),(&=),612$4IN)%,/ 1 EL"LM!
s&-1)%!2.81EL"\M!i,2(/1)51)%!2.8!EN2§A7231=)1$)2,;-$'1), (2.81@ &N (Ya7 2%) 4)<-'.'=, - 7!
AFI5/$%)$%!-$4)06&)!'$0), )-%62%'/$+)5%, - 1 [ETH!'7+.3'$6!%8 2% ='2()416)$)!
5/$1),(/$ 1/, 1().)5% /S, 1=/%8&% .23R172J/,1,1.)'$!(&2+$61 FI5/$%)$% 80+ ,-.)"'$, /.. 8!

| 317/4)..'$6!%&)!6)$/7'5!+,/+),%") (/01%&)', 1 7-%2%'/$143%8((!) %! 2.81?EL"FRR.5-.2%)4!
06&)1+,/=2=".'%3/017-% 25 [F-%2=""%IHR..|(%)('$1%6&)!6)$/7)8! @&)3!)(%'72%) 41%&2%!
7-%2=""%31:2(1&'6&)(%"$!PnI2$41Y nIO@ellBY g!>1"[(BI2$41./)) (%! $ILXI2$4NXI('%) (P
C!g8TE!>!"I*®

|



a)5/7='$2%"/$152$!4',)5%.3!'$0.-)$5)!"FI5/$%)$%! 1' 222 ()416)$)!5/$1),(/$*12!+,/5)((!
'$1:&'5&I"FW]@!&)%),/Z36/-(1(%)(1$)2,1%&)!14/-=.)|($42,)2C(1?XQI(B!%&2%!'$'%'2%)!
)5/7="$2%'/$12,)1+,)0),)$%'2..315/$1),%)41%/1"F!/1),[| @K-,)%!2$4!72.%"),|ELISTH;
='2()416)$)!5/$1),(/$! '(12((/5'2%)4!:'%E&=/%&!5,/((/1),\?F_B2$4!$/$,5,/((/1),! ?[F_B!
)5/7="$2%"/$!)1)$%dR$4!(14'(%'$6-'(&)4!=31%&)!$/¥6'+,/52.1)>5&2%$6)!/0!+2,)$%2.!2..)8(
144'%'/$2..3*1'01"FI5/$%)$%!"'(1-$4),1().)5%'/$*19%&)$!:)! 7231)>+)5%!21+/('%'1)!5/,,). 2%'/$!
=)%:))$!,)5/7="$2%"/$!,2%)! 254" F!5/$%)&YW0l'$5,)2()4!().)5%'/$!)00'52535-..),!I"T"\M!
K'..12$41a/=),%(/$!"T"UMID).()$(%)'$!" T@S-1)%!2.81?EL"WB0/,7)4:&1.) ;6)$/7)!,) ;
()<-)$5'$6!/$IE"1%)%,24(10!%:/'5,/(()(1?=)%:))$!%:/! 0-)=)5! 0").4!'(/.2%){2$4!=)%:))$2!
2=/,2%/,31(%,2'$!12$41E)5! 0).4!'(/.2%)B$4/=(),1 )AIE\B\IF_ (1+),1%)%,24!+),17)'/('(*/,!
V"8\IF_ (14),I5&,/7/(/7)  19<-'12.)$%!%/"'EI5SWS=B&(2$!2$4![)((\?ELELR%'72%)%&)!
++-.29%'1$!,)5/7="$2%'/$!,2%)1B!2$4!.'$C26)!4'()<-".'=,'- 71?2eXB!=2()4!/$!:&/.) ; 6)$/7)!

) ;0<-)$5'$6!/0 1%&)-)=)5!0").4!'(/.2%)(1?"SESHRD &)3!,)+/,%)4!2!+/('%'1)!5/,,).2%'/$!
=)%0:))$!" 12$41%8&)! 1,2%)12(1)(%'72%)4E43)%!2.8!?EL WBB42H/('%'1)!5/,,).2%"/$!
=)%:))$!IF_1,2%)12$416)$)%'5!4'1), ('%B1B/$(' (%) $%!:'%H#!/$6),!)00)5% ({(0)5%'/$!2%!
"$C)A1(%)$!./),!,)5/7="$2%"/$!,)6'/$( 8I@D&)3!0/-$4!%&2%!7)RY!58&.,/7/(/7)":2(!
$)62%'1).315/,,).2%)4!:'%&158&,/7/(/7)!.)$6%&*!'S).'$)!:'%&!%&)1)>+)5%2%'/$!%&2%) (&/,%),!
B&ITI(IT)( )>+),)$5) 1&'6&),)5/7="$2%"/$!,2%)¢),!=+!4-)1%/1%8&)!,)<-',) 7)$%!/0!2%!.)2(%!
1) F_19),17)'1((8'eX! :2(1,)+/,%)4!%/4)523!%/!1=2().'$)!.)1).(E)%:))$!('$6.)!$-5.)/%'4)!
+/.37/,+&(7(1?Q[N(B! 2%!4'(%2$5)(1/012++,/>'72%).3!"LIC=!/,1 3)B7="$2%'/$!,2%)(!

),)! 0/-$41%/1=)&6&)(%$!'$%),6)$'5!,)6'/$(1?(+)5'0'52..38!,)6'/$(! '77)4'2%).3!-+(%,)27!
1016)$) (1'$!./$6), I'$%),6)$'5!%, 25% (BFXEHI 2$4./:) (%!'$!9@a (B! (1+/(('=.) % &2 %) ,!
,2%)1/0!,)5/7="$2%'/$!'$!9@(1723!5/$%,'=-%)!%/1%&)"F!5/$%)$%8D./:),(1)%!2.81?EL"PB
)+,%)41%8&2%!eX!:2(1).)12%)41%/:2,4(1%&) ) $4(1/0'5&,/7/(/7)12,7(*:& 5&!5/'$5'4)4):'%&.!
)4-5)416)$)%'5!4'1),('%3!'$!%&)()!,)6'/$(8!

|

FI$('4),'$6!6)$)!5/$1),(/$ *E'-1)%!2.812EL"10B$41%&2$621),26)!LSLL\Yj!/OIQ[N(!:),)!
5/$1),%)41+),1%)%,241+),17)'(("$0+,-.)"$, /.. *12$41%&2%!%8&)!,2%)!/0!6)$)! 34529 _ (!
2(1"Y>18'6&),1%&2$! %6 8@&'(112.-)15/7+2,)41%/!1"8Tjl/OIQIN(I'$!('7".2,15,/(()(!
+),0/,7)4!'$! @+6-,-5.*.B@&)!./2),112.))'$! 10+,-.)"$,'/..+ ,).2%'1)!%/13)2(212%%, '=-%)4!
%/121.1:),1,)5/7="$2%"1$!,2%)!2$4!(&/,%),!6)$)!5/$1),('/$!%,25%&*E&!:),)")(%'72%)4!%!/!
&21)1217)4'2$!.)$6%&!/01Y \I=+IGF,! (12$4!gY!=+I0[F_ (12"*U\"I=+12$41"**U"1=+*]
)(+)5%'1).3*I'$13)2(%BST/(%!'$%),) (%6*1%&)3!,)+/,%)4!$/1('6$'0'52$% ! FI1E 2 (129961 2!
(%,/$6!FI="2(1/0" U8 j12%F _ (17$/!('6$'0'52$%!="2(!:2£(),1)4!0/,!)'%&),") 1)$%.2(('$!
3)2(%B8h&E"-)%!2.812EL"RBAK2(2$!2$4![) ((1?ELELB+/,%)4!:)2C!=-%6$'0'52$%!
+1('%'1)!5/,).2%'/$(1=)%:))$!%&)",17)2(-,) (/0!,)5/7="$2%$!,2%)! 2$4!"F15/$%)$%!2%!./52.!
(52.)(1?EPLIC=B*!:&".)!/$.31%&)!5/,,).2%'/$!=)%:[F$! (12$41"F!5/$%)$%8( !('6$'0'52$%!2%!
=,/24),1(52.)(1?"LL;ELL!C=Ba)$!%&2%!%&)LR()4![F_ 16)$)!5/$1),('/$!)1)$%(12++)2,!
%/1=)102,17/,)1-$5/77/$!%&2$!%&)!-$="2)B!_1)1)$%(*!'%! ) 72'$(1%/!=)!())$!&/:!(%,/$6!2%!
)1/.-9%'1$2,310/,5)!"F ;='2()4!6)$)!5/$1),(/$!'("'$! 10+,-.)"$,"/.. 8!

|

FI$('4),'$6!().)5%'/$*198)!).) 12%)4"F15/$%)$96ERI2$4) X!('%)(152$!2%!.)2(%!+2,%'2..3!=)!
2%%0,'=-%)41%/().)5%'/$!25%'$6/$!(35/$37/-F64266) 178)8!%,2$(.2981§.)5%'/$4())!



-.7),12"TT"B *&/5&2!?ELL\EN./%C'$12$41i-4.212EL " *B2$(/$12$4F/..),|?EL"UB 2$4!
)0),)$5)(1968&),)'$BR32!)%!2.812ELIMB'S)4121()%!/01/+%'72.15/4/$(I'R+,-.)"$, /.. + 234!
4)71%(%,2%)41%8&2%1%&) | 72ILB6)8!-(26)1=)%:))$!6)$)( 1:2( 15/,,).2%)4!:'%&!16)$)!
)>+)((1$¥12142%%),$1582,25%),'(%'5!/01%, 2$(.2%'/$2.| (OBABISBY/+06'72.15/4/$(*1"Y !
5/$%62'$)4121FI'$196&)('%'/$*10'1)12112$4968,)) 21HBE..)! $/1/+%'72.15/4/$(1)$4)41'$!] 8!
F/6$29%!)%12.812EM)TIB(%, 29%6)412$/%&),15.2(('52.1+,/+), %31/01%, 2$(.2%'/$2.1().)5%'/$*]
O'$A'SBI21+/('%'1)!,). 2%'/$(&'+1=)%:))$V/+%'72.15/4/$(12$41%&)16)$)15/+31$-7=), 125 4!
2=-$42%$5)!/01%8&)1%a[](1$))4)41%/14)5/4)1%&)P3R& T"+/-,1)%!2.81?EL"PE./:)4!
)>+),'7)$%2..31%8&2%!/+% ' 7'('$6!5/4/$!-(ZBR1%, 2$(6)$)!,)(-. %) 4!'$1&'6&),1%6,2$(.2%'/$2.
)00'5)$5312$417a[]!(%2=".'%38/+)(5-1)%!2.81 2ELIOB$41%8&2%!6)$)(1)1/.1'$6!-$4),!
'$5,)2()41%,2$(.29%62%().)5%'/$1)>&'='%)41,)4-5)41(3$/$37/-(14'1),6)$5)!=)%:))$! 10+

-S4 2$410+.)6-,/$8_$)!I'7+.'529%'/$Y01%& (1'(1%&2%! (3$/$37/-(1('%)(12,)!-$.'CB!
+,11'4)128$1-$="2()41)(%'72%)1/01$)-%,2.14'1),(%312$414'1),6)$5)08!-.)"$, /..0+
9$0/,%-$2%).3%198&),)1&2(1=))$!$/1(3(%) 72%'512$2.3('(/0!5/4/$!-(2BIY'S, /.. 1('$5)!
068)16)$/7):2(1+-=. (&)4*12$4198)!).2%'/$(&'+1=)%:))$!,)5/7="$2%"/$!,2%)12$41%, 2$(.2%'/$2.!
().)5%'/$1&2(1$/%!=))$!)>+./,)48!

|

D'$2..3*1'%!'(1+/(('=.)1%&2NBHAN'S, /.. + 6)S/7)'( N1/.1'$6 1-$4),1().)5%"/$10/,18'6&),1"F!
5/$%)$%!'$!6)$), 18.)5%"/$(! 'C).31,)<-',)41%/1)>+.2'$IF15/$%)$%!12,'2%'/$!'$!=25%),'2
%&)1025)!/01]@2()417-%2%'/$!(+)59RR),(&=),6!2$4IN)%, /LIEL"LMIK'.4)=,2$41)%!2 8HEL"LB
2.%8&/-61868]).)5%'1)12412$%16)& '6&), 1 "FI5/$%)$%!,) 72'$(1-$5.)Bh) ((72$!)%!2.8!
2EL"TE)1)./+)4121&3+/%&)('(1%&2%!.'$C)41().)5% ' /&I68&), PFI5/$%)$%!%/IX[]!,)+2',I'S!
+,/C2,3/%)8!@&)3!$/%)41%683%), (+)5')( 1:'%&!& 6 & FI5/$6)$%()12((/5'2%) 4 1:'%&
5),%2'$)$1',/$7)$%06&2%!'$4-5)18'6&),!,2%) (/OIX[]142726)12$41XQI(12)@68'5, /=) (!
4-)1%/14)('552%"/$12$41(+/,)10/,72%'/$BI@&)3!,)+/,%) A121+/('%'1)12((/5'2%) 41=)%:))$I"F!
5/$%)$%!2$41%8&)!+,)()$5)!/01% BT 6/-(1) $411/'$'$612[KAMBIXQI!, ) +2', 1 725&'$), 3*!
:&'5&17231=)1021/- )4I'$I(+)5')(196&2%!)>+),)$5)!1 72$31XQI(1,). 20%/1%8.) (./-), 124!
71,)1255-,29%)1&/71.16/-(1,)5/7="$2%'/$! ?KaB!+2%8&:2382()41/$196&) ()/=(), 12%'/$(*18) 3!
&3+%8&)( G%&TVBE), \"FI5/$%)$%!7231'$5,)2()1%&)!)00'5)$531/01[KAMI?22$41/%8&),1('7".2,!
)+2'14+29%&:23(B12$419%8&),)0/,)1+,/1'4)121().)5%'1) 228806 1 F1/1),1]@!2..).)(8!
1.968/-681%&.(1,).2%)41(+)5'0'52..31%/1+,/C2 3M4l) (121+2,%'5-.2,.312%%, 25% 1)1 &3+/%&) (!
6'1)$19682061-)"$, ..+ '(12.(/10/-$4IBI(/".12$4! %&BCA I/55-,(12%11),31./:1,2%)(I'$1%&,)!
(+)5)(125/,'$!)%12.81ELLBMBY),) (%'$6.3*1"F15/$%)$%!'(1%6&/-6&%!1%/1$)62%'1).315/,,).2%)!: %&!
1,62$'(72.15/7+.)>'%31'$19%8&)11/.1/5'$)12.62PK 2$(5&)$1)%!2.8 ELIABAI %% /- 41=)!
'$9%),)(%'$61%6/1244,)((1:&)%E).%'5)..-.2,1(+)5) (| (-5&!2(1;0+6$,/-,.&21)!./:),1)00)5%'1)!
+4+-.29%'1$1('Z)(17/,12.%),$2%'1).31)>+),)$5)L.) (IX[]142726)/,1821)1&'6&),!,2%) (/0! KBS!
#$4))4416)$)%'514'1),(%3!'(12++,/> 72%():8%'7)(./:),I'S! ;0+6%,/-, H6&2ABH-.)"$, /.. +
2Q7'%&!12%41e)) EL1LB66)(%'$6!%682%!%8&. (17235 POBR)62,4.)((//01%&)!7)5&2$'(7*!'0!
().)5%/$!'(125%'$6!1%/1'$5,)2() 1 \FI5/$%)$MWESL)"S, .. *06&'(1&2(1()1),2.1)1/.-%'/$2,3!
'T+.'52%'[$(*I'$5.-4'$61%82%!$/1('%)'$1%&)!6)$/7)17231=)1%,-.31)1/.1'$6!-$4),1$)-%, 2.'%38!
144,)(('$6!%8&)!,).2%'1)1,1.)(1/01().)5%'/$12$41"E="2()416)$)!5/$1),(/$!%/1"F15/$%)$%!
)1/.-%'I$"'(1)>+)5%)41%/1=)1582..)$6'$6*16'1)$1%6&2%!21+/('%' 1)12((/5'2%'/$!:'%&! )5/ 7="$2%"/$!
- 41=)1)>+)5%)410/,1=/%8&.10/,5) (8%6!2.(/1,) 72'$(1%/!=) 1)) $!: &3 F15/$%)$%14/) (1$/%!
5/,,).2%)!:'%&!,)5/7="$26'/$!12%!=,/241(52.)(8!



1.3.5 Genome -wide patterns of methylation !

|

1/%&153%/('$)!12$4124)$'$)!7)%&3.2%'/$!&21)!=))$!5&2,25%) fOHELH!'$, /.. 8!F3%/('$)!
7)%8&3.2%'/$!?(+)5'0'52..31H%&3.53%/('$)*!/,!P7FB!/0!%&)!$-5.)2,!6)$/7)!&2(!=))$!
)(%'72%)41%/1//5R%!./:1.)1).(*I\V"; PjlO/,IFA('%) (*12$4!VLSEESP]I0/,IFK 1 2$ 4 FKK!
('%)(PD)$6!)%!2.8!EL"LM!e/+)Z!1)%!2. BEHIBEEY, 2(%!%/!+.2$%(*IFKM2$41IFKK!7)%&3.2%'/$!
'(1$/%!%2,6)%)41%/| @A(12$4!/%8&),!,)+)2%(*12$4!'$(%) 24! 2++)2,(1%/!=)!-$'0/,7.314' (%,'=-%)4!
25,/(("5&,/71(/7)(1:'%&!)$,'5&7)$%!'$)>/$(! ?D)$6!)%!2.8!ELSIEB$1),().3*IF!
7)%&3.2%'/$!(&/:(12!(.'6&%!)$,'5&7)$%!'$!6)$)!=/4")(12$412!02,!7/,)!(-=(%2$%'2.1)$,'5&7)$%!
'$1,)+)2%(81+)Z!)%!2.8!?ELTR%'0)4IEY!&8'6&.3!,)+)%'%'1)!./5':&),)IF 1 7)%&3.2%'/$!
,)25&)41ULj8Q2./7RI2$4!S),5&2%$%! ?EL&IB-/%&)('()4!%&2%!72$3!/0!%&)()!,)6'/$(1 723!
5/'$5'4)!:'%&!1%8&)!5)$%,/7),)(*!12.%&/-6 &% &' (1&2(1$/%! 3) Y¥6)J 819 '$6!%0&) ! &'6&.3
5/$%'6-/-(IFF ;""TL!2(()7=.3!?"8Y8"B*&2->m-C'5!)%!2.8!?EL H®6)4!&3+),7)%&3.2%'/$!
101(-=%)./7),'5!,)6'$(1=2()4/$!"4)$%" 03'$BP7F!4')5%.310,/7![2$/+/,)!,)24(*!:&'5&!2,)!
72++2=)I'$102,!7/)!,)+)%'%'1)!,)6'/$(%0&28/,%!,)24+'(-.0'%)!()<-)$5'$6!42%28!].%&/-6 &!
)>+),'7)$%2.1(-++/,%!"(112,'2=.Pe/+) Z21)%!2.8!EL*PB&)()!,) (-.%(!+/%)$%'2..3!(-66) (%! 2!,/.)!
0/,IFMNT7)%&3.2%'1$!'$!%,2%(5, +%'/$2.!(".)$5'$6*12(!' (1%&/-6 &%!%20) ' $6QHE S, /-, +
?12='$6),!)%!2.8!ELI1335)$%.3*1%&)!$/1).1=2()!7/4'0'52%'/$%-35), 3., 7)%&3.53%/('$)!
?P67FB!:2(14'(5/1),)4!'$! 10+,-.)"$,'/..+ ?1-))%!2.81EL"TH].%&/-6&!+,)[$%!2%!/$.3IV"*LLL!
(%) (16)$/7) ;:'4)*IP6TFI2++)2,(1%/1=)12$'$%),7)4'2%)'$!21$/1).1P7F!4) 7)%&3.2%"/$!
+2%&:23!52%2.3()4!=3|@ A@WmMIN)BRIR$(./52%' I$WB4'$6!+,/%)'$B1$Z37)(!
?],21'$41)%!2.8!EL'AB

|

14)$'$)!7)%&3.2%'/$!? ;7)%&3.4)/>324)$/('$)*!" 7]BI'$! 10+,-.)"$,'/..+ &2(1=))$!
5&2,25%),'()4!'$!,)72,C2=.310'$)!4)%2' D=BP6!2.8!?EL8PR]*|:&'5&!'(15)$%,)4!/$!|@!
4'$-5.)/%'4)(*1"(1&'6&.3!./52.'()412%!+,/7/%),(12$410/,7(12!1="7/42 14'(%,'=-%"/$!:'%&!+)2C(!
)'%&),!('4)!/0'%&H,2$(5,'+%'/$! (%2, %@PB?@ &) 7]1)$,'5&7)$%!:'%& '$!1%&)!1+)2C(1(&/: (12!
+),'14'5'%3!/0!"Y [ "\L!=+*:&'5&!5/,,)( +/$4(!+,)5'().3! Yal6&)$C),!,)6'/$(1=)%:))$!24J25)$%!
$-5)/(17)(8'@&)!@QQ!="7/42.14'(%,'=-%'"1$!:2(!/=(),1)41'$!7/,)1%&2$!UL!/0!6)$)(12$4!
:2(16)$),2..312((/5'2%)4!:'%&125%'1)!1%,2$(5,'+%'/$12$41&'6 &),16)$)!) >+, J(('/$8

1.3.6 The mating type loc us!

|

1" $%,/4-5)41'$!"8E8IOH,-.)"$,"/..+ '(1&)%),/%&2..'5!12$41%&)! 72%'$6!%3+)!/0!1)6)%2%'1)!
&2+./'415)..(1'(16)$)%'52..3!4)%),7'$) 48'&)! 72%'$6!%3+)! ./ (152%)4!/$!%&)!.)0%!2,7!/0!
5&7/(I7)"  12$415/$('(%(1/01%&.,))14/72'$(*1%&)VUEIC=!@!?%),/Z)72.B*VEL\YT !
C=lal?,)2,,2$6)4B12$41V""IC=IF1?5)$%,/7})/>'72.B!4/72'$(! ?X)!K/00!)%!2.8!EL8YB
D),,'(1)%!2.8!?EL)B-)$5)4!%&)34 "+/5-(1/0!%&)!S'$$)(/%2!0").4!'(/.2%) | FEET %/
025'.'%62%)1214'))5%!5/7+21%8%&0 ' +/5-(! +,)()$%!'$1%Q)D),)$5)!16)$/7) 8!@&)!@!2$4!F!
4/72'5(12,)!(3%%)$'5!=)%:))$84 ' 123484 "*1:&'.)1%&)!al4/72'$10)2%-,)()1),2.!
)2,,2%6)7)$%(12$46/$%2'8068&)1/$.3!72%'$6!%8Hb'0'5!6)$) (8! @&)!al4/72'$!/@B4 ' I'(!
V"TE!C=!.2,6),!%8248! !('$5) '%0!5/$%2'$(12!(72..1$-7=),1/02%'$6!%3¢))5'0'5!2-%/(/72.!
'$(),%'1$(12$412$!IV""LIC=1962%4)7.3!,)+)2%)4!,)6'/$!CH/:$!12(1%&) |G IC=!,) +) XYKIHIO!



)%!2.81?ELIXMRING PBEB29%'$61963+)!'(14)%),7'$)4!'$1214/7'$23963$), 1=31%6&)!+,) )$5) /0!
%&P4 ";(+)5'0'5!6)$) BEB+?D),, (12$417/4)$/-68!" TTgB8K/:)1),*1%&)!'$25%' 1 2%H/0!
3E8+2./$)!'(1$/%!(-00'5")$%!%/4+5)11'2=.)! 34 ' 627)%)(*|('$5)!0-$5%'/$2.15/+')(/84 ' ;
(+)5'0'516)$)(!(-5&2(KFGBKFGEH?482,)!,)<-')417D),, (1)%!2.8!"TBB'6-,)!Q"1(&/:(!
0%&)14/72'$12$416)$)!/,62$'(29%'/$!/01938)! 12$4B4 "1./5'8!

|

D,/712$1)1/.-%'/$2,31+),(+)5%'1)*1%&) 1 72%'$6!%63+)1./5- (! (196&)!=) (Yo (BB @1% & )0+
-)'$ L+ B)SIT)8 F_1)5I7="$296 ISV (1(-++,) (04125, /(( '%&R4/72'$*12.%&/-681%&)!
(&2,)416)$)(1/0!34 | 2$4B4 "9'8)B27)%/./6(B!&21)!$/%!-$4),6/$)!('6$'0'52$%14'00),)$%'2%/$!
2(121,)(-.9%1/016)$)15/$1),(/$!?2X)!K/00!)%!2.81EL"YMIK2(2$!)%!2 SIE)(*TB)!).) 12%)4leX!
25,/((1%&)!al4/72'$*7 2%'$61%63+)16)$) (1:'%&!627)%/./6(11%!2++)2, 1%6/1=)1)1/.1'$6!-$4),
)A4-5)41().)5%'/$1)00'52531,).2%'1)1%/12-%/(/72.16)$)(*!(-66)(%'$6!%68&2%!6)$)!5/$1), (/$!'(!
(-00'5")$%1%/121),%1%&)14)6)$),2%'1) Y OB5IEHON((/$! ?2K2(2$!)%!2.8IEISTB
F/$1),().3*! 72%'$61%36)5'0'5!6)$)(1&21)1./$61=))$!C$/:$19%6/1+/(()((-$-(-2.!
58&2,25%),'(%'5(*12$4! 3BE82$4KFGB&'="9),31./:112.-)(10/,1/+9%'72.15/4/$1-(26)12$4!
LINFI5/$9%)$%!$1=/%&15/4'$61()<-)$5)12$4!'$%.,/$D),, (1)%!2.81"TT"MID),, (12$4!
NIA)S-681"T  TgBI'SL'$)!:'%&%6&)4-5)41().)5%/$1)00'52524!. 25C1/OINE="2()416)$)!
5/$1),(1$! ,)(-.%'$6!10,/71%&)12=()$HP!=/%&IF_12$41[F_1)5/7="$2%"/$!?"8 BB

|

1,70.3%1 %&)!72%'$6!%63+ WL/ 1/5'$)!12.62)*1:8'5&12,)18/71.16/-(1%/1%&2%6! /M+

S)'S L. *1&A)12.(1=))$!(%-41)410,/71215/7+2,2%'1)16)$/7'5(1+), (+)5% 1) #1BI0+6$, /-, *!
0%&)172%'$6!%3+)!./5-Q0')1%'7)(.2,6),1%682$1%&20604HQ)"$, /.. *15/$%2'$(17/,)72%'$6!
0%3+]+)5'0'5!6)$)(*121&'6&),!,)+) 2%15/$%)$%*12$41)>&'='%(I(-= (V2684 ) $) %'5!
4'00),)$%'29%'/$1=)%:))$1627)%/./80),,'(1)%!2.8| ELBB&) ()|0'$4'$6(12,)'$).'$)!:'06&!
%&)/,)%'52.1)>+)5%2%'/$(1/0I'$5,)2()4172%'$61%63+)15/7:) (9%46B!10,/71%&)1/.-%'/$!/0!
28'(/627312$419b1()>15&,/7/(7)(!  ?F&2,.)(:/,%&" TgUM!I25&%,/61)%!2.8IEL""MI#77.),12$4!
_ 9%%/EREBK/:)1),*1,)5)$%! 72%'$61%63+)1()<-)$5)(10,/71%&) ' (1G2-(1(+)5)(! L().2%-+
1-6/(,$#-2$4MS%$9.*" -##$+2).6(B6IBA%&) 128 (/627/-A2'(,.)$+ (+81&21)!,)1)2.)412!
71)I5/7+.)>1+'5%-,)1 2K2723'1)%!2.81EL" =MIK272J'1)%!2. GBS ")IB&)! 72% '$61%63+)1./5'
JOILO+1-6/(,$#254MO+2).6(66BH5/7+2,2=)I'$! ('Z)!%/1%&2%AL.)"S, /.. *1%&)172%'$6!
0%3+)1./5-(/OA2'(,.)$+ (+8Y(15/7+2,29%'1). '$312al4/72'$I TLIC="$10) 72.)12$41g!C=I"$!72.)*!
[81810)72.)I'(! 2$2./6/-( 1:'%&B4 ' 2$4172.)1:'%&84 "B*I(-66)(%'$6!1%&2%!2$'(/6273!523!
)1/.1)1:'%&/-%!'$5,)2()415/7+.)>'%31/01%&)! 72% '$61%3+) 1 7BV 2J')%!2.8| ELSLEBL)!
(%-4(12.(1=(),1)4 '1),3!."%%F$S%)$R5,/((172%'$6!%3+)1./5'/01%&PATBU+)5") (*!
'7+.3'$6!,)5-,,)$%!18&2+./%3+)!,)0/, 72%'/$1284P5C1/01)1/.-%'/$2, 31t(%, BPARY%'$6!%63+)!
[510N(+)5)(171,)15./().31,).2%)41%/! 10+,-.)"$,'/..+ &21)1=))$1()<-)$5)4*121(%-2%'/$%6&2%
+2,%'2..31244()AI'$IF&2+%), V8!

1.3.7 Transposable elements
10+,-.)"$,'/..+ &2(12!,'5&!=-%!-$4),(%2%)4!,/.)!'$!%&)!&' (Y@ B)OR,5&8!" 1) $!"%(!

+&3./6)$)%'514'(%2$5)10,/71/%&),17/4).1(+)5) (I @A(14'(5/1),) A1k - )'$, ..+ &21)1/0%)$!
=))$127/$6(%!19%&)10',(%!,)+,)()$%2%'1)(1/0!)$%',).3!$):| @ AYBPU)BB YO/, 'S0/, 729%'/$1/$!



@AI4'1),(%312$4!15.2(('0'5298YB%&) :6)$/7)1),2*121(72..1$-7=),1/0125%1)| @A(:),)!
)>+),'7)$%2..315&2,25%),'()412$410-..3!/,1+2,%'2..31()<-) $K2HE) %! 2.81 2" TI2FBX 2312$4!
a/5&2'>12"TT"BI)(5,'=)41 4H!IB *I12B1-$-(-2.1P8GIC=1,)%, /%, 2$(+/(/$1%68&2%!)>&'='%) 41'$(), %'/$!
+1.37/,+&(7(12$41(-=(%2$%'2.15/+31$-7=),112,'2%'/$1=)%:))$!(%, 2'$(*12$12=()$5)!/01%2,6)%!
(%)14-+.'529%'I$(12@QX(BI-+/$'$(),%'/$*1 2541 (+.'%19%6),7'$2.1,)+) 2%(1%82%:),)-$6€)12$ 3!/
4)(5,'=)4@AI2%!%&)I8BY,, (12" TUTR)(5,'=)4! L2##.5-121"ESEIC=IX[]!%, 2$(+/(/$!
5&2,25%),'()41=31"P1=+1%),7'$2.'$1),%)4!,)+)2%(1? @#a(B!2$4! U=+ @ QX(*!:&'5&!)>&'='%)4!
'$(),%/$1+/.37/,+&(7(1=)%:))$1.2=/,2%/,31(%, 2'S(1 2$415/7+.)%)12=()$5}15),%2'$10").4!
'(1.29%) (8H!B+2$4L 2##.5-,&21)10,)<-)$%.31=))$1- ) R(1)>+),'7)$%2.17/4).(/0!

%, 28(+/(%'$'+,-.)"$,'[.. *10/,)>27+)'$(%-4)(1)>+./,'$6!6)$)!(.)$5'$6!7)582%'(7(!

2h- ;Q5&2,01)%!2.81ELLLM!m)/$6!)%!2.8! EL SENES2)(2( 2.8 ELLAJB.2$40-.1/01/%&),!
@AI0/..1)4 1%&)IX[]1%,2%(+/(/$(146,B2Q5&$)..12$41)0)=1,)"TTYMID),,'()%!2.8FTT'B
AHID 17X23!I"TTRB$446,N?h2$6!)%!2.81" TTRBAI21()5/$41-$-(-2.1,)%, /%, 2$(+/(/$!
@.()--B177,28271)%!12.8"TEHMR%),1)>+),'7)$%2.1:/,C1582,25%) 10618 1 *&./$6!
%),7'$2.1,)+)29%8@B).) 7)$%EA3B 12N),)Z].)6,)1)%!2.8ELLPB6&)I$/R-%6/$/7/-(IX]]!

%, 28 (+/(/$0 . H2S41%&)$IB-%/$7/-(1,)%,/%, 2$(+/(/$! 3=IB 12i'71)%!2.81ELL B

|

@)1212'.2=""%3¥9).'7'$2,3! 10+,-.)"$,/.. 12()7=. 311),(/$ (127/((72$")%!2.8!ELLYB
)$2=.)41)()2,5&),(1%I4",)5%.31'4)$%'0312$415-,296)!,)+)%'%'1) ! ()<-)$5) (/0! SYB) BAMHER
$/$2-%/$/7/-(*! 4HIB 1:2(10/-$41%/1=)1,).2%)41%/! [ %EDAR)S68H!IN BY&2%!5/$%2'$)4
(7'.2,0 (+.'%1%),7'$2.1,)+)22K8)$5/4 )41+, /%) $(1: %84 @2$41%3,/('$)! 5/7="$2()!?uaB!
A72'$(*1+.25'$61%8)()1).) 7)$%(1:'%&'$!%&)1)7),6'B6B/&(*/-#.296$%), 7)4'2%)!,)+)2%!
()<-)$5) ;.'C)IK#a@B6,/-+! 2M/4:'$12$4IN/-.9%),|ELL\BS!].%&/-6&!"%!.25C(1(+.'%!%), 7'$2.!
)+)2%(@®.()--,B1:2(12.(/15.2(('0")412(121X#aQ).) 7)$%!=2()4!/$!%&8M $%'0'52%/$!/0!2!ua!
4172'$! 2M/14:'$12$4IN/-.%),|[ELL"MIN/-.%),12$41%/4:'$IELLPBYJ' 7212$41D-J':2, 2!
2ELLPB)(5,'=)41()1),2.1027") (10 1./$6!'$%),(+),0)41$-5.)2,1).)7)$%(1 2e#[A(B)/, 7'$6!%&)!
$):15.24)! 82$#-)*1:&'5&1-$.'C)12..1/%8&), e #[A()$5/4)!=/%&! ) (B%'/$.'C))$4/$-5.)2()!
2aeABI2$412+- '$'EW2+3, 7'4'$'51)$4/$-5.)2()C)!)$4/$-5.)2()! 2INABSE/6$2%!)%!2.81?ELLUB
2$$/%29608,%!'$%), (+),0)41$-5.)2,1).) 7)$% (CH[A(B 7/(%!/0):&'5&1). 31/$182$#-)!
).)7)$%(10/,1%&)",125%' 1'%38! @&)! 7/(%!%&/ /-6 &12$$/%2%'/$1)00/,%!:2(1+),0/,7)H1=31i2+%/$/1!
2$41m-,C212(1+2,%!/01%8&)11Y!6)$/7)12(() PSP5&2$%!)8IELLIB'%&1%&)',15/$()$(4(
()<-)$5)(10/, 7'$61%&)!12(%!72J/,' %3V /01%E)I0+,-.)"$, ..+ @A(14)+('%)4I'$la)+=2()!
B%%+(TWW:::86','$(%68/,6W, BRIZDEN(!:/,CL,)(-.%)4!'$1968)14) (5, +9%6 /BB *I21$):!
(-+),027".3V0IX[]!%, 2$(+/(/$(! ?i2+'%/$/112$4!m-,C2IELLUM!u-2$!12$4!h)((.),'EI8!'B
1$$/9%2%'/$(DY%&), 7+,%2$%! @A(1:),)12. (/' 7+,/1)4*10/,1)>27+.) L 2##.5-1:2(15.2(('0") 4!
2(12$12-%/$/7/-(17)7=),1/01%&)!"14 1(-+),027".31=2()4!/$1%&)!'4)$%'0'52%'/$!/0! % (!

%, 28 (+/(2()?i2+'%/$/112$4!m-, C2IELLEB&,)! 1\12$4!1P12(() 7=.") &21)5/$%'$-)41%/1=)!
(I-,5)(/01="1.16'52.1$/1).%3*17/(%!,)5)$%.314) 7/$(%, 2%)41=31%&.)!5/$%, '=-%0/$!/0!

-)'$, L+ (0<-)$5)(1%/1%8&)14'(5/1),31/01%B)./,()D 16,/-+! 212/12$4!m-, C2IEL"YE641%&,)!
Q&SR2I#--,$ TU.*21/()+VQBUWY,027".3/0IX[]1%, 2$(+/(I$(!  ?10&S)!)%!2.81EL"EMI#3),!
)%!2.81EL'S8B

9$0/,%-$2%).3*198&),)1&2(1=))$!1),3!.'%%.)!12%%) SUTLRFB A6l 4)! 4'(%,'=-%'/$!/0!
@AI'SIN0+,-)"$, .. *12$41$1(3(%)72%'5!(%-431/0!@A(10,/7121+/+-.2%'/$!+),(+)5%'1)8!



N&".'++()$!)%!2.8!1?EL)B,%)412$!-$4),,)+,) )$%2%'/$!/0!@A(I0B,-.)"$, ..+ '$%,/S(*!

(-66) (%'$6!%&2%/86&P%0,/$!.)$6%&(10/-$4!'$!1%&)! (+)5") (1?"8YBEB!52$$/%!=)12%%,'=-%)4!%/!
)5)$%$12('/$!=3!@A(B!@&)3!2.(/10/-$4!%&2%!"'$%,/$(!./52%)4!$)2,1%&)!(%2,%!/0!6)$)(!15/$%2'$)4!
0):),!@A!"$(),%'/15(1%8&23$!%&/()!'$!5)$%,2.1/,1YN!./52%'/$(8!#S F&A+IK() 36! 2!72J/ !
-+42%)1%/'@A!2$$5/%2%0%$!'$)"$,' /.. 128414)(5,'=)! 21$):15.24)!/0! @-)-#(1-,.'C)!).) 7)$%(!
?NeA(B!4'(5/1),)4!'$!%&) ! (+)5M8(-772,'()!%&)'6)$/7'5!4' (%,'=-%'1$/0!| @A(12$4!/%&),!
)+H)%'%'1)!1()<-)$5)(I"$IF&2+%)!\8

|

1.3.8 Structura | variation between laboratory strains and field isolates !

|

Q%,-5%-,2.112,'2%'/$!?QbB!'(1/0%)$!4)0'$)4!2(112,'2$%('fPL!=+*12$4!'$5.-4)(1.2,6)'$4). (*!
'$1),(/$(*14-+.'52%'/$(M5/+3!1$-7=),112,'23%(!?F[b(B!2$4!%,2$(+/('%'IHB&LD./:),(1) %!
2.81?EL"BEp412..2&),1)%!2.8!1?ELPE/,7)4! =,)012$2.3](1/0!Qb!-('$6!%&)",!,)} ()<-)$5'$6!
42%28!F/$('4),'$6!0").41'(/.2%]F*!:),(1)%! 2.8 ?EL"PB%'72%)41%&2%!/$!21),26)'0").4!'(/.2%)!
6)$/7)(15/$%2'$)4'YE!6)3$)(1)$5/4'$6!+,/%) $(1:'%&!,)5/6$'(2=.)14/72'$(1%&2%!2,)!2=()$%!
0,/7'%&)!,)0),)$5)!6)$/7) 1?'8)8!+,)()$5)2=()$5)!12,"2$%(*!N]o@S2%$3!/0!%&)N]Jb !6)$)(!
),)10,/71.2,6)!16)$)!1027.)(I'$!  10+,-.)"$,/.. *I(-5&12(%&]521)$6),!,)5)+%/,!53(%)'$)5&!
?QaFaB!2$4!1863+)!.)5%'$!?F@6R!$!027"'.") (! ?h&)).),1)%!2.8'ELL8E'$6!2!5/1),26) ;
=2()4'2%$2.3('t1%&)3!2.(/"'4)$%'0'P1),2.1.2,6)!,)6'/$(! )>&'='%'$6[b 8F/$('4),'$6! Qb!
=)%:))$!.2=/,2%/, 3 (BS(*!'%!"(1)>+)5%) 4! Yé8)0) $5) (1=)%0:))$!%&)!%:/14'00),) $%!
&2+./%3+)¢"8EMB.'C).3!,)+,)()$%!12,2$%(!()6,)62%'$6!'$!%&) ! +/+-.2%'/$*!:&'.)!14'00),)$5)(!
=)%:))$!5/+")(1/0!%&)!(27)!12$5)(%,2.1&2+./%3+)!,)+,) () $% 783! %&)!.2=/,2%/138..2&) !
)%!2.81?7ELIBI$%'0")47/,)!1%&2$N\*LLL+-%2%!Qb(!+,) () $%!=)%:))$!2.%),$2%)!&2+./943+)(
V"0 &'5&!:),)1+,)4'5%)41%/14'(,-+%!6)$)( *12$41210-,%&),!ULLI=)%:))$!5/+)(1/0!%&)!(27)!
&2+./%3 8D &)3!2.(/'72%58%4&)!()<-)$5)(1/0!)'6 &% @A(I(&/:$")>+),'7)$%2..31%/!=)125%'1)!
?"8\B!94).)%'/$(14)$%'0")4!'$! (%,2'$(!,).2%'1)!%/!1%&)!,)0),)$5)*152..'$6! U\ @A!

+/.37/,+&'(7( '$!%/%8D.I)),(1)%!2.8!?EL"PB)$%'0")412!(72..1$-7=),!/0!,)6'/$(1%&2%!2++)2,!
%/1&21)!-$4),6/$)!4-+.'52%"'M5!%&)!.2=/,2%/,3*10/,1)>27+.)12$V\LL!C=!()67)$%!/0!
5&,/7I(IT)"V'$IFF  ;\Lg8!#!5-,2%)!(%,-5%-,2.17-%2%'/$(1%&2%'&21)!/55-,,)4!'$!%&)!.2=/,2%/,3!
1'2124')5%!5/7+2,'(1$!=)%:))$!./$6!,)2416)$/7)!12(()7=.") ("$!F&2+%),\8!!

1.3.9 Organelle genomes !

|

,Y0.3*1%&)0+,-.)"$,"/..+ +.2(%'416)$/7)!'(!5',5-.2 HELP8P!CH!.)$6 %% % & 121 FI5/$%)$%!/0!
Y\8'j! ?2S2-.1)%!2.8IELLEM!Q7'%&!2$41e)) ELLTMI"2..2&),!) Y828 L) UB7 2%)4!%/1=)!
+,)0$%!'$SIVUILI5/+")(14),!5)..12S'(-7'1)%!2.8!"TTTMI"2..2&),1)%!2.8! BI®&R/1),2.!
7-%2%'/$!,2%)!'$!%&)!+.2(%'416)$/7)'&2(1=))$!) (%' 7 20U BEY 1>1"52[) ((1) %! 2.8'EL"B
:&'5&!"(1$/%!('6$'0'52$%.3!4'00),)$%!0,/7!%&)!$-5.)2,16)$/ TN BEYR)!+.2(%'416)$/7)!'(!
-$'+2,)$%2..3!'$&),'%)410,/7!1938)! +2,)$%*12.%8&/-6&!%&),)!"(1)1'4\HH))5/7="$2%"/$!/,!
G.)2C3H!'$&),'%2$5)!=)%0:))$!%&)!72%'$E2UZHY!$!) %!2.8!"TUgM!XV,,)$=),6),1)%!2.8!"TT"M!
K2(2$")%!2.8'EL8TB

|



@&)!7'%/5&/$4,'2.16)$/7)'(1'$)2,*I"PBUITS!. ) $6%68 2 (121 F15/$%) $% MPSE] 12$4!'(!
+)0$%!'S"LL 15/+)(1+),15)..] 2b2&,)$&/.Z1)%!2.8"TTYMIN2..2&),1)%!2.8@R)UB
7'%I581$4,2.16)$/7)1'('$&), '%)410,/71%&34 "+#2,)$%*12$41-$.'C)1%6&) !+ ABEN %6 2$3)
2++)2,(1%/1=)1(%,'5%.31-$'+2,)$JBL.2 7-, 2 EL"LMIK2(2$1)%!2. 8| E8] T&B./- 6 &!=) 3/$41%8.)!
(5/+)1/01%&("'$%,/4-5%Y$6!'(1'$%),) (%' $61%/1$/%HIBRYS) 2, 12$415' 5-.2,17'%/58/$4,'2.]
6)$/7)(12,)V=(), 1)4!'$1%8&)11/.1/5'$)12.62)12$41%&,),)12++)2,1%/1&21)!18)])1),2.!
)1/.-%'1$2,31%, 2$('%'/$(1=)%:))$1%&)!%:/12, 5&'%) 52 N2I'1)%!2.81EL"gM!Q7'%&!I2$4!F, 2'6!
ELELB

1.3.10 Genome assemblies of related species !

|

1.62.16)$/7'5("'(12!,2+'4.316,/:'$6!0").4!  ?1.2=3;K22(12$4!S),5&2$%!EL8I@BE),)!:),)!J-(%!
(>15&.1,/+&3%)!16)$/7)!12(()7=.")(1-+.124)41%/")$ | 2$C!=31%8&)!)$4!/0IEL"L*12!$-7=),!%&2%!
&241,'()$!%/IEE!=3!%&)")$4!/0'EL"P*12$4!"Y"1=31%&)!)$4!/@R) GLR() 7=.")(! ,2$6)!0,/7!
&'6&.3!5/$%'6-/-(,)0),)$5)!<-2."%R(()7=.")( 1?)868!,4)$!)%!2.8!?ELLTIB2$5!)%!2.8!?EL*EB
a/%4&!)%!2.8!?EB'¢8!&'6&.3!0,267)$%)20%!2(() 7=.") (1?V Lj!/015&./,/+&3%)'2(()7=.") ("'$!
N$ | 2$C1&21)12!5/$%)3).[[PLIWPLICB8I)5)$%!(%-4")(1&21)!5/..)5%'1).3!()<-)$5)4!/1),!
"LL!6)$/7 )(12%/$5)P]).(/$!)%!2.8'EL"TM!).(/$")%!'2.8! ELEEB%&)!$-7=),!1/0!12.62.!
6)$/7)(1'(1)>+)5%)41%/!5/$%'$-)1%/",'()! (-=(%2$%' R 8J!6,/:%&!&2(!.)41%/'%&)!
)(%2=."(&7)$%! & 35/F/(7*!12!4)4'52%)4!2.62.16)$/7)!=,/:(),! ?/,'6/,)1!)%!2.8'ELESZB

|

FI$('4),'$ 61(+)5)(17/)!5./().3!,).2%)41%/1'0+,-.)"$,'/.. *1()<-)$5'$6!)00/,%!&2('.2,6).3!
0/5-()4Y/$! %&)!7-.%'5)..-.2,11/.1/5'$)!2.62)*!:'%&!,)5)$%!3)2,(1())'$6!2(() 7=.")(10/0+
6%,/-,.+?N,/5&$'C!)%!2.8!EHLB 1-6/(,$#4?K2$(5&)$!)%!2.8! EEUB+*(6.$#2D) 2%&), (%0/$!) %!
2.8!EL"UR$AMO+2).6(668B4A2'(,.)$+ (+8PK272J')%!2.8!EL8KIR0%!2(()7=.")(10/,1%:/!
-$'5)..-.2,15/)) ;=-)"$,1.).$+ ?"SESEBI(+)5W®:$,&$)$+ 2$4! GF1"$-,(.-* *1),)!
+,/4-5)41=3IK',2(&'721)%!2.81?ELIR.)121%&',412(() 7=.3!0/,12$!-$4)(5,'=)4!

"#$%&' (% ()$*+(+)5")(1:2(1'$5.-4)41'$1%&)!.2,6)142%2 () %l)AV$!)%!2.8! ?EL"TB@ &)()!

2(07 =.)(1&21)!,2$6)4!=)%:))$!V" LIS=12$4!"UP!S=*"%&)$/7) ;:'4)! 21),26)"F!
5/$%)$%(!/0!P j1%/!"Uj8!@&)!2(()7=.") (1%&2%!&21)!=))$!2$$/%2%)412,)!12.(/!2:3&%,/$
(-66)(%'$6!5),%2'$!0)2%-,)(1/016)$/7)!2,5&'%)5%-,)!2,)!.'C).3!1%4).-3)6/$(),1)4!25,/((!
%8&)!5.245IF&2+%) MM +,/4-5)1%&)!10',(%!6)$/7)'12(() 7=.")(10/,'5./()!,).2%'1) (/AD+

-8, .+ 2$45&2,25%),"0)$/7)!2,5&'%)5%-,)!12$416)$)!5/$%) SHH$PO&' (Y0 () $*+ *-)*2+
*/,.6/(B12$41%&)!1/.1/5'$)!2.62)8!

1.4'Introduction to Core Methodology

1.4.1 Whole -genome re -sequencing and variant calling !

!

_-12=""%31%/!()<-)$5)!$-5.)'5!25'4&2(!=))$!,)1/.-%'/$ ()4 /1), 1%&)!+2(%!%:/!4)524H&)!
%)5&%$/./6'52.12412$5)(1%&2%,)(-.%)4!'$!&'6&),!255-,25312$41%& /-6 & +-%*12$415 +5'2..3
+.-77)%'$6!5/(%(&21)!%,2$(0/,7)4)1),2. 10").4(1/0!="/./6 '52.1,)()2,588h,'%'$6!" $!ELL *!
1)$%.)3!)(%'72%)41%&)!5/(%!/0!()<-)$5'$6!2!&-72$!6) VY=L 7. I$*1:&"  .)!1%&)!



1,6'$2.1K-7281)$/7)IN,/J)5%! 5/7+.)%)41%8&.,))13)2,(1)2,.):2(1)(%'72%)41%/1&21)15/(%!X"!
=" I$8IN)12,)1$/:12%61/,12++,/258'$6196&) X *LLLI&-72$!6)$/7)P[2%'/$2.IK-72$1)$/7)!
a)()2,581#$(%'%-%) | EHZ19B&/-6&1%EG-,) 1(/.).3! ,)0.)5%(1%&)!+,'5)!/01()<-)$5'$6!2$4!
)>5.-4)(101) ,2.12((/5'2%)46/(%(PQ5&:2,7))%!2.8! ELFEGR'(1(%266),'$6!,)4-5% S/ G $!
%8&)!.2(%!"P13)2,(1&DS!4,'1)$ 1=3%83b, 2$('%'/$10,/715.2(('52.1Q2$6), () <-) $5'HE2$6), !
)% BI"Tgg=B6/1$)>%B)$),2%'/$!()<-)$5'$6!2[QB*!,)1'):)4!=3! A//4:'$1)%!2.81?EL" B2$4!
e)1312$41S3),(1I?EL" BI[*Q!'(I5-,,)$%.314/7'$2%)41=31#..-7'$21()<-)$5'$621)$%.)31)%!2.8!
ELLUB&'5&1/00),(!,)24!.)$6%&(/0IPLLLI=+127/(%!5/77/$.31"LL "PLI=+BD6&21),26)!
)1, 296) (1/0N-=(%2$%'2 B % &2 SWFLLLI=+@) 2415251 =) ('$6.)1/,1+2' )4 ;)$4*1: &),)!
+2')4;)$41,)0),(1%/1%8&,)!()<-)$5'$6!/0!=/B&BA(012!('$6.)!X[]!0,26 7)$%!?6)$),2..3!WPLL!
=+¥12.96&/-6&10,267)$%(1/01()1),2.1C=1528$1=)1()<-)$5)4'$IG72%)!+2' H!.'=,2,) (BEIED&,),)!
73,241/01+/9%)$%'2.1[*QI2++.'52%'/$(*I'$5.-4'$61:&/§)$/7)1()<-)$5'$6! 0/,1'-+)(5(+
2(()7=.3*1%,2$(5, +%)T()<-)$5'$61?a[] ;()<B*I5&,/72%'$!'77-$/+,)5+%2%'/$!()<-)$5'$6!
2F&HN)<B*E'(-.0'%)!()<-)$5'$62$41)>/7)1()<-)$5'$681h&)$![AQV'(1+),0/,7)41/$!
6)$/7'5IX[]1:'%&1211'):196/15/7+2,'$61%&)!()<-)$5)4! (27+.)19%/12$1)>'(%'$6!,)0),)$5)!
6)$/7)*1'%'(1,)0),,)41%/12(1&1.) ;6)$/7)!,) ;()<-)$5'$68!

|
@8&P412$5)(1/0["Q1&21)4,'1)$!)1/.-%'/$2,31="1./63*12$4142,%6'5-.2, .31+/+-.2%'/$!6)$) '5(
%/14)1)./+10,/7121.2,6).31%&)/,3=2()414'(5'+.'$)196/1210").4I'$!:&'581)$/, 7/-(142%21 ()% (12,)!
)6-.2,.31+,/4-5)412$412$2.3()4PN//.1)%!2.8IEL'8NB '/, 19%/![*Q*/=%2'$'$6!)(%'7 2%)(1/0!
6)$)%'5!4'1),('%312$41/%&),12((/5'2%)417)%, 5(1)%&), |, ) <2$8)Q()<-)$5'$6!/017-.%'+.)!
[510,/717-%'+.)'$4'1'4-2.(12/,1,2,).3::&/.)16)$/7)(  )868)6-$!)%!2.81?ELLBA
4)1)./+'$6!Q[N!2,,23(10/,16)$/%3+'$62((-7'$61%&)!212".2=".'%31/0!2!,)0),)$5)!6)$/ 75!
1%&),10").4(/(-5&12(171.)5-.2,1)5/.163*1,)0),)$5) ;0,))12++,/25&)('$5.-4'$6!7'5,/(2%)..'%)!
2$2.3('(12$41]DeN:),)*12$41' $1(/7)152()(1(%"..12,)*1:'4).31- 04! 2Q5&.0%%),),12$4IN)7=),%/$!
"TTUMINS(5812$41]C)((/$IELLBRAI2SI2++ /+,29%6)15/1),26)12())1=)./:B*1:&1.);6)$/7)1,) :
()<-)$5'$61)$2=.)(1[*Q!,)24(1%/1=)172++)41%/121,)0),)$5)16)$/7) 12841 (-=()<-)$%.3!
12,'2$%(126)$),2..31QIN(12$41(72..1'$4).(BI%/!=)152..)41=)%:))$1%&)!,)0),)$5)!12$41%6&)!
()<-)$5)41(27+.)8! @F()! 12, 2$YUB2$%8)$)!-()4! 2(1%&)!=2('(10k),0/,7'$61+/+-.2%'/$!
6)$)%'5(12$2.3() (BY&/-6&!$/%!4'(5-(()41&),)'$*1%&) ) 1RIS('4),2=.) 10.)>'=".'%3!'$I44&
+,/5)((*10/,)>27+.)1:'%&1.1:),15/1),26)142%2()%(!,)()2,5&),(1528!:/,C!:'%&!6)$/%3+)!

'C). &II14(1,2%8&,),1%&2$!12, 2$%61B2.H).-()$!)%!2.8EL"\B*2$4!,)0),)$5) 0,))[*Q!
2++,/258&)(1(-5&12(!,) (%, 5%/$! CREY/5'2%)4!X[]!()<-)$5'$6! 7] X ()<B!&21)!=))$!

4)1)./+)41 2]$4,):(1)%!2.8!EL" B!

|

@&)!+,/5)((/01:&1.) :B)$IT),) ;()<-)$5'$6!2$4112,'2$%!52..'$6152$1=)!(-772,'()4'$!0'1)!
7231,1(%)+(8!D",{9B$!2++ /+,'2%)t ()<-)$5'$6!(%6,2%) 631 7-(%!8))5%)42$41+),0/,7)4 8@&)!

29%1.1:),15/1),26) (19&),)152$!=)!(-=(%2$%'2.1(27+.'$6!12,'2%'/$I'$1%&) 1+, /+/,%'$1/01,) 24("
1=%2'$)410,/71)25&182+./%3#)BIC2:21)%!2.812EL " TB4'72%) 41%&2%!:'%&5/$%) 7+/,2,3!
()<-)$5'$612$4112,'2$%!52..'$612++,/2589$!121),26)!5/1),26) /OIV"P>1:2(12++,/+,'2%)10/,
Q[N!I52..'$6!'$1&-72$(*12.%8/-6&!4)+%6&(1()1),2.1%'7)(1&'6&),1:),)!,)<-',)41%/152..1$4) (!
255-,296).3QL7'$61)<-2.1),./,1,2%) (*1+2')4 )$41()<-)$5'$612$41./$6),1,)241.)$6%&(!2,)!
=/9&1)>+)59%)41%/1'7+,/1)!,)24172++'$614-)196/19%&)1244'%'/$2.'$0/, 72%'161%€) 3] Q!

! IIT



(<-)$5'$6!'(12.(11="2()4! '$!,)6'/$(1/01)>%,)7)1=2()I5/7+/(%'I$! ?X/&7!)%!2.81ELLUMIK'..),!
)%12.8IELEIZBAT$I(+)5')(1:'%&I&'6&IF!/, | @!5/$%)$%(1'%!'(1'T+,%2$%!%/15/$('4),1241-(%'$6!
'=,2,31+,)+2,290'/$*10/,1)>27+153127)$4'$6!NFal5/$4'%'/$(!/,!,) 7/1'$61%&) INFal (%) +!
)$%',). 371, 41)9%612.8IEL"SY(121()5/$4!(%)+*1()<-)$5'$6!,)24(1(&/-.41=)158)5C)410/,16)$),2.!
<-2.'%317)%, 5(*:&'5&152$1=)1+),0/,7)41-('$6!%//.(1(-5&!2(ID2(%0F!
BYYWMB="/"$0/,72%'5(8=2=,28278258-CW+,/J)5%(BER@EIBIV,) 241529 +,)
+/5)(041%/1,)7/1)! [:1<-2.'%31=2()(1/,1()<-)$5'$6!242+%),(*12.%&/-6&!%&)!'T+/,%2$5)1/0!
)241%, ' T7'$6!/$112,'2$%!152..'$61&2(1=))$!<-) (%' /$PH(&ELELB

|

@8&4*1)24(R,)172++)41%/1%&)!,)0),)$5)!12(() 7="B&'5&!"(1258) 1)4!-('$6,)2412.'6%),(!
(-5&12(11/:%")IE! 2€2$67)2412$41Q2.2=),6!EL1ERAI7/(%!5/77/$.31Ih]  ;SAS! ?2e'12$4!
X-,='$IELLTM!e'|EL"8)24!2.'6$7)$%(12,)!(%/,)4!'$1%&)!Q)<-)$5)!].'6$7)$%WS2+!1?Q]SB!
L $2,31].6$7)$%WS2+121]SBI0/, 7298e')%!2.8 ELETEB5&!+,/1'4)(1,'5&!'$0/, 72%'/$!
0/,1)25&!'$4'1'4-2.1)2412.'6$7)$%*!'$5.-4'$619%&)16)$/7'515//,4'$2%) (12541 (%, 2$41/01 72-++'$6*!
7'(72%5&)(E)%:))$19%&)!,)2412$41,)0),)$5)*1%6&)1 7 2++$61<-2.'%3*1:8)%&),1%&)!,) 2417 2+(!
-$'<-).3%1:8)%8),1%6&) 72U %&)!,) 2412.'6$)412(121+,/+), 1+2' *R$4T'01%&)! ) 241" (1G5. ++)4H!
2'8)81/$.31+2,%1/01%&)!,)2412.'6$(1%/1216'1)$!,)6'/$12$41=2()(10,/7!%&) ! Pn| BEEN HZBI2, )1
$/9%1+2,%!/019%8&)12.'6$7)D26BBY. (Pe')%!2.8IELLTR:).. ;4)1)./+)4!="$0/,72%'5(!
%1/.C'%10/,172$'+-.2%'$6!Q]SWI]S!0'.)(1?)868!(/ 86285417),6'$6!0".) (*1)>%, 25%'$6!(+)5'0'5!
)6'/$(*152.5-.2%'$612.'6$7)$%14)+ 06 &* |HBBHBR. 1 +/(92.'6$7)$%!+,/5) (($6 (%) +(12,)!
)5I77)$4)41=315),%2'$1+'+).'$) (*1/$) /01%&) 1 7/(%!5/77/$1=)'$61%68)!'4)$%'0'52%/$!/0!
G4-+.'52%)H!,)24(1%8&2%!2,)12((-73318H/1)410,/71%8&)1(27)IX[]!0,26 7)$%!2$41%6&.),)0/,)!
)+)0$%!$/%'$4)+)$4)$%!/=(), 129%' /8

|

D/-,%&!2$410'0%&*1%&)!'$0/,72%'/$!5/$%2'$)4!:'%& '$!%8&)!,)2412.'6$7)$%(!'(15/$1),%)4!%/!12,'2$%
52..(*1:&'58&!12,)!(-=()<-)$%.310".%),)4!1=2()4/$'2(()((7)$%(1/0!%4&)2.'%38) 1),2.1+'+).'$)(!
2,)15/77/$.31-()410/,112,'2$%!52..'$6*!'$5.-4'$6!%&)1")$/7)11$2.3('(|@//.C'%! N @iB!
?S5i)$$2!)%!2.8!EL"LMIX)N,'(%/1)%!2.8HH,))B23)(?"2,,'(/$!2$4!S2,%& | EL"ER$4!
(27%I/.(1"%().0B);12,'2$%!52..'$6!+,/5)4-,)(12,)!1-(-2..3!'7+.) 7)$%)41%/121/'4!="2()(10,/7!
2.'6$7)$%!2,%)025%(*1)(+)5'2..312,/-$4!'$4).(8!D/,)>27+.)*IN@i!+),0/,7(1./52.,)
2.'6$7)$%!2,/-$41'$4).(2$4!,)52.'=,2%) (\=R&-2.'%3!(5/,) (*1:&'.)(27%l//.(152.5-.2%)(12!=2()!
<-2.'%3!(5/,)!?1]0B!%&2%!,).2%)(1%/!1%&) +,/=2=".'"%3!%&2%!%&)!=2()!'(!7'(2.'6$)48!S/,)!,)5)$%.3*!
%l/.(\(-5&!12("N@ilK2+./%3+)F2..),1?N/+.'$!)%!2.8IELM) B/, 71./52.1,) ;2(()7=.312,/-$4!
12,'2$%!,)6'/${1(-=()<-)$%.352.:$6!12,'2$%(10,/7$0),,)4 1&2+./%3+)(!,2%&) | Y4& F5¥0. 3!

0,/7! %&)2412.'6$7)$%(8 2,'2$962..'$6'(1'7+,/1)41=3! 2$2.3('$6!7-.%'+. 2 7+.)(!

5/..)5%'1).3('$5) 1+/+-.2%'/$.)1).I'$S0/,72%'/$1/$!12,'2$%(152$!=)!'$5/,+/,2%)4!)868!2!./:!
5/1),26)!12,'2$%!4)%)59$!2!6'1)$!(27+.)!'(17/,)1.'C).31%/!=)!6)$-'$)!'0!%&2%! 12, 22!
=))$152..)412(1&'6&<-2.'%3!'$!/%8&),!(27+.) @&)!,) (-. %'$ER ' 2$%!2$41'$12,'25%! [ZH)(
)+.)0$%)4'$12102,'2$%!F2..1D/,72%!?bRDB!?X2$)5)C!)%!2.8!EI#2B41)25&112, 2$92(
01),2.12((/5'2%)47)%,'5(*:&'5&!"SN@i!'$5.-4) (1%8&)!$-7=)!/0!,)24(!(-++/,%'$6!%&)!
)0),)$5)12$412.%),$2%'1)!12..).) (*1<-2.'%3!(5/,)(1?2=/%&!0/,1%&))$%',)!('%)!2$4!'$4'1'4-2.!
6)$/%3+52..[B!12$41'$0/,72%"/$!/$!,)24172++'$6!="2() (1%&2%!723!'$%,/4-5)102.()!+/('%"1)(!
2)868!(%,2$412$4!,)241+/('%'/$!="20&BRI%! (1+/(('=.)!%/!+),0/,7!12,'2$%!0'.%),'$6!,).2%'1)!
%/12!()%!/0'&'6&.3%,-(%)4! 1202890002'$! 7/4).1/,62%$'(7( *10/,17/(%!(+)5")(112,'2$%!



0'.%),'$6!'(1+),0/,7)48%'+"( 61=2()41/$!%&)!12,'2$%!<-2.'%3!7)%@B(8Y0%)$!,)<-',)(!52,)0-.!
42%21)>+./,2%'/$2((1%6&)!4'(%,'=-%'/$1/0112,'2$%!<-2.'%3!7)%,'5(1'$!%&)! (27 +.)!'$!<-) (%'/$!
2$4%/21/'41'$%,/4-5'$6!="2()(8!F,-5'2..3*I'%!'(1'7+),2%" 1) YaZR%S0) $% . %), '$6!5,'%),'2!2,)!
2++.)41%/1=/%&!12,'2$%!2$4!'$12," 286! ('%)(

|
D'$2..3*12.%&/-8&&!2$2.3()(12)!$/%!0)2%-,)4!'$!1%& ' (196&Y6(' (I'7+/,%2$%!%/!$/%)!% & 2%!
01),2.1+'+).'$)(1&21)!=))$!4) 1)./+)41%/!52..1Qb(0,/7![*Q!42%2?i/(-6')%!2.8 EL"TM!
S2&7/-41)%!2.8|EL"BB@&)()!2++,/25&)(1/0%)$!-()!%&)!'$0/,72%'/$!+,/1'4)4!1=314'(5/,42$%!
)241+2' (12$415.'++)41,)24(*12.%&/-6 & 4-19%0&)'$&),) $%0!5/7+.)>'%3!/0!Qb(!=/%&!02.()!
+/('%'1)!12$41$)62%'1)!,2%)(12,)!6)$),2..3!&'6&!12$4152$!2++,/25&!TL|j!0/,!5),%2'$!%3+)(!/0!Qb(!
?S52&7/-41)%!2.8'EL"B&/$6!,)24!()<-)$5'$6!%)5&%$/./6")(12,)!)>+)5%)4!1%/! (-=(%2$%'2..3!
'7+,/1)1Qb!52..'$617"8\8EHBI%&),14)1)./+7)$%!" (1%&)+,/4-5%'/$!/016, 2::8 () 4!
+2$6)$/7)(*:&'5&!'$5/,+/,2%)1()1),2.16)$/7)(10,/7'%&)!(27)!(+)5")(12%$4!,)7/1)!7-5&!/0!
%¢&)!,)0),)$5)"2(1'$!,)24172++'$6!2$4112,'2$%!52.. B6Z)$62!)%!2.8!EIFELB

|

#3IF&2+%),!EXI#!-()1:&L5)$/7)!) ;()<-)$5'$6!2$4!12,2$%!52..'$6!%/!'4)$%'03! QM (!
(-=0<-)$%.35&2,25%),'()!+2%%),$(1/0!+/+-.2%'/$! (% 259$6]%6!0").4!'(/.2%)(!/00+

=)', 8II2.(11-())(%'72%)(1/016)$)%'5!4'1),('%3!'$IF&2+%),(1Y12$4N1%/12(() ((1%&)!5/4'$6!
+/%)$%'2.!8)8) (8!

|

1.4.2 Genome assembly using long read sequencing !

|

1(1:'%&Y:&1.) ;6)$/7)!) ;()<-)$5'$6!?"8\8"B*!["Q!&2(1%,2$(0/,7)8)$/7)!()<-)$5'$6!2%$4!
2(()7=.381A2,.316)$/7)!12(0)7=")( 1),)'=2()41/$!Q2%6),!()<-)$5'$6 *!1$5.-4'$6!%&)!0',(%0!
6)$/7)! 2(()7=.3!/0'12!1=25%),'/+&26)Q2%$6),!)%!2.8!"Tgt§aR)!0',(%!7-.%'5)..-.2,!)-C2,3/%)!
6)$/7)I'$! 10+-#-9$)120+-#-9$)1Q)<-)$5'$6!F/$(/,%'-7I"TTUBL$4!'$4))4!1%&P+

-)"$,'..+ 6)$/7)'%().01?"8Y88RR$6),;=2()4!6)$/7)!+,/3)5%(":),)!.2,6) ;(52.)*)>+)$('1)!
2$41%'7)!5/$(-7'$6*12.%&/-684,1()1),2.1,)2(/$(! %&)'2(()7=.")(1%&)3!+,/4-5)4!:),)!
6)$),2..31/0!&'6&!<-2.'%31?2$4!'$!(/7)!52()(5/7+.)%)") 868! 312%%9(!)%!2.8!"TTgB8!
D-,%&),7/,)*1('$5)!Q2%$6);=2()42()7=.)(' :),)!6)$),2..3!+,/4-5)410/,! :).. ;(%-4")4
1,628'(7(*! '$172%$3152()(1%082(()7=.)4! (5200/.45/-.4! =)!+.25)4/$ 15&,/7/(/7)('=3!
'$5/,+/,2%'$6!)>%,'$('5!)1'4)$5)!0,/7!1$C26)72+(8#3$!5/$%,2(%*!%&PI%6!2$4!&'6&
%&,/-6&+-%!/0!["Q!&2(1/+)$)4!6)$/7)!()<-)$5'$6!%2!:'4) 1,2$6)!/01$/$;7/4).1/,62%'(7(!
?"8Y8B8!K/:)1),*I["Q ;=2()4!12(()7=.") (12,)1/0%)$!&'6&.3!0,267)$9()&5)!'%!"(1"'7+/(('=.)!
%2(()7=.)125,/((1,)+)%'%'1)!()<-)$5)(":'%&!(&/,%!,)24!.)$6%& (8!

|

a)5)$%.3%):12++,/25&)(1&21)!=))$!4)1)./+)41%&2%!()<-)$5)!('$6.)!7/.)5-.) (/0! X[]8!
_0%)%$!52..)41%&',416)$),2%'/$!()<-)$5'$6*1=/Y082BRB!1'/(5')$5) (1?N251'/BI2$4!_>0/ 4!
[2%/+])!@)5&%/./16")(1?_[@ *R.(/'G[2%/+/,)H B!+.2%0/,7(12,)!52+2=.){)3{-)$5'$6 !,)24(!
%)3$(!/0!C=I"$!.)$6%AK2S! X' ICY%!2.8!ELMZPBA!'$!5),%2'$!'$(%62$5) (1[2$/+/,)!()<-)$5'$6!52F!
()<-)$5)!-.9%0,2./$6!,)24(!1&-$4,)4(!/0!C=!"$!.)$6%&N2'$!)%!2.8! ELSIEB1),*1%&)()!
%)5&%$/./6")(1&21)!02,!&'6&),"),,/,!,2%) (t?PjB!%&2$!["QPh2%(/$!2$4'h2,,'EL"TH
[/9)%&).)((*1('$5)!%&)!,)24)$6%&(12,)!./$6),!%& 23! 726B%08, ) +)%'%'1)!()<-)$5)(+,) ) $%!
'$16)$/7)( *1%&)!12(()7=.3!5/$%'6-'%3!%&2%!52$!=)125&")1)4!-('$6!./$6!,)241()<-)$5'$6!"'(1/0%)$!



01),2.1%'7)(18'6&),1%&2BE2HNQ ;=2()412(()7=.")(8!Q5&'7+,/1)7)$%(1&21)!72$3!
0-$5%'/$2.1'7+.'529'/$(1=) 3/$AT+.312(() 7=."$6 1,)+)%'%'1)1()<-)$5)6,1)>27+.) 172$3!
6)$)(152%$!=)10,267)$%)41/,)$%',).31-$2(() 7=.)-)1%/162+H$I[Q12() 7=.)(! ?@&ITT72")%!
2.81EL"Ba2+'41968$/./6'52.12412$5)(I'$1%&,416)$),2%'/$!()<-)$5'$6!5/$%'S-)1%/!,)(-.%!'$!
'$5,)2()41%8&,/-68+-%*1./$6),1,)241.)$6%&(12$4!,)4-5)41), /,1,2%) (*12$41'%6!'(1)>+)5%)41%6&2%! ./$6!
) 24(1:"..10/,71%8&)1=2((1/01&'6&<-2.'%316)$/7)12(() 7=.")(125,/(('12$! )1), ;'$5,)2('$6!2,,23!
101,62%'(7(1"$1%&)15/7'$6!3)2,(8!S/(%!,)5)$%.3*IN251821)14)1)./+)4IK'D'()<-)$5'$6*!
:&'5&!'(152+2=.)1/01()<-)$5'$6!,)24(fELIC=!"%&1), /,!,2%)(IW"j8IK'D'1,)24(121)!=))$!- () 4!
%/1+,14-5)12B1'$=,)A17/-()16)$/7) ' %&I2$! [PLIFELIS=*12$41) 1)$12(()7=.) | 2!fY PIA=!
2(()7=.3!/01%& B 2$%)4://41:'%&12$![PLIPIS=!  ?F&)$6!)%!2.8IELFH)R,)! $/:1)$%),'$6!
281),28:8),)15/7+.)%)1%)./7),) ;%]%)./7),)! 5&,7/(72.0 2((7=.)(12,)1+/((=.)*)1)$!0/,!
2,6)12$417/4),2%).31,)+)%'%'1)16)$/7) (!(-5&!2(1&-72855'621)%!2.8IELBLB

|

] 1$-7=),1/01./$6 1)2412(()7=.),( '&21)1=))$!4)1)./+)4*1'$5.-4'$6!F2$-Ri/,)$!)%!2.81EL"gB
2$41:%4=6Rh-2$12$41e' | ELELR/7)!/0!:&'5812,)1&2+./%3+)12:2,)12$412%6%) 7+%1%/1+,/4-5)!
+&2()412(()7=.)()868!D]eF_[ ;9$Z'+1?F&'$!)%!2.81ELBHP.2%'1).31&'6&15/1),26)! (!
6)$),2..31,)<-")) 41%/1258&")1)I5/$%'6-/-(12(()7=.")(*10/,)>27+.)IF2$-12(()7=.)(!5/$%'$-)!
06/1'7+,/1)1-+19%/IVPL>15/1),26i/,)$1)%!2.81EL"gBS/(%!./$6!,)2412(() 7=.),(10/../:1%&,)!
GI1),.2+.23/-%5/$()$(-(H!+2,24'67811,)0.3*1%&)IG/1),.2+H!(%26)'$1/.1)(15/7+2,'$6!,)24(!
2$41'4)$%'03'$6!/1),. 7H%8&)1G.23/-%H!(%26)!'4)$%'0") (15/$%'6-/-(1(%,)%5&)(1/01/1),.2++'$6!
)24(19%00/,7 15/$%'6(*12$419%6&)!G5/$()$(-(H!(%)+12%9%) 7+%6(1%/152. .1%&)17/(%!.'C).31()<-)$5)!
6'1)$19%&)1-$4),.3'$61), /,(12$4112,'29%'/$!'$1%&,)!,) 2& ' (12++,/25&14'00),(10,1°Q!
2(07=.),(1%82%!12,)16)$),2..31=2()4!/$14)!1,- I$!6,2+&AF/7+)2-1)%!2. 8 EL"B.%&/-6&P6&,)!
)(-.%'$612(() 7=.") (152$1=)18'6&.315/$%'6-/-(1%&)!5/$()$(-(1()<-)$5)82(2!&'68), ./, 2%)!
2)(+)5'2..310/,I'$4).(BI2$4)<-' ) (1244'%'/$2.1G+/.' (& $6+PN2%(/$12$41h2, |EL"TRA, /!

2(07=.31%/7+,/1)15/$0$(-(152..( *t&5&I0/IN25I712(()7=.)("(1+),0/,7)4=3!  %&,)!
NSITBIFISOS(-(17/4-)  1R%%+(rWW6'%E&-=85/7WN25'0'51'/(5)$5)(WA)$/7'SFBR)S(-(
Q)5/$4*1[*Q1429%2152$!=) P +)4196/1%8&) 1 +/.'(&)412(()7=.312$41244'%'/$2.1), 1,15/, )5%'/$!
+),0/,7)41-('$61%//.(\(-5&!2(IN"./$! 7h2.C),1)%!2.8!EL'BB/%&!I+/.'(&'$6!(%)+(152$!=)!
'%6),29%)4*12.%8&/)B82%)41+/.'(&'$617231,)4-5)12(() 7=.31<-2.' %3S "..),))%!2.8| EL"BIRD &)!
0'$2.1+/./(&)41Z()7=.3152$!=)1(5200/.4)41-($612$31212'.2=.)1.'$C26)142%2!/,1)>%, $('5!
)1'4)$5)81].%8&/-6&1$/%)4 I'$1%&'(1%&)('(*I$):1G.'$C)4!,)24H1%)5&$/./6')(1?)868!"LI12$4IK’
FBI+,/1'4)!18'68%&,/-68+-%12.9),$2%'1)(1%/16)$)%'5! 72++'$610/,1/=%2'$'$6!.'$C26)'80/, 72%'/$
212$1X'JC1)%!2.8!ER'UB

|

D'$2..31'06!'(1'7+/,%2$%!%/ | SEHEHE) 24(12,)1$/9%61/$.31- ) 410/, I'-+) (5(+ 2(() 7=.38!]("
($6.)17/)5-)(IOIX]!  2,)10<-)$5)4! :'%&/-%127+.'0'529%6'/$*1'%! (1+/(('=.)!1%/14)%)5%!
)+'6)$)%'51=2()17/4'0'52%/$(10,/71%&)!,2:1()<-)$5)!429BD!.-(=),6!)%!2.8!EL "L M!e'-1)%!2.8!
EL"TBle/$6!,)241()<-)$5'$6!52%$!=)!+),0/, 7)AUS$I5X[]! ?2N25I'/12$41[2$/+/,)Bl/,14')5%.3!
I$1a[]!2[2$/+/,)B1%/!  ()<-)$5) 10-..;.)$6%8&1%,2$(5, +%(8! @&'(152$!6,)2%.312'416)$)12$$/%2%'/$!
2$482(1=))$1-)41%1,)1)2.1$/$ ; 52$/$'52.0)2%-,) (!(-5&!2(1+/.35'(%,/$'516) ST, 4/$1)%!2.8!
EL"PMIN2..28&),1)%!2.81ERIETB,)243!'$%,/4-5)412"8\8B*1./$6,)24(12.(/'5/$('4),2=.3!
1-%+),0/,7/[*Q142%2!'$!52..'$61QbRS 2&7/-41)%!2.81EL"BBI'%&1%&)!/$()%!/0!&'6&.3!

! EE



255-,296)1./$61,)241()<-)$5'$617)%&/4(1(-5&! 2(IK'D"™*1:)152$12. (/1)>+)5%!%/1())!./$6!,) 24!
-(419%/152. IQ[N(12$41(72..I'$4).(*1('$5)1255-,2%)1./$6!,)24(11)$2=.)112, 2$%(1%/1=)!
4)%)5%)41'$],)+)%'%'1)!/,|G42,CHIB)$/7'5!,)6'$(!:&), ) [*Q!42%214/)(1$/%! (-55)((0-..3! 712+8!
|

HSIF&2+%6)¥-()IN25I'/1()<-)$5'$6!%/1+,/4-5)18'6&.315/$%'6-/-(16)$/7)12(()7=.)(10/,!
%8&,))1-$'5)..-.2,1,).2%'1)(/00+,-)"$, .. *H/4-5$6!6)$/7'5!,)(/-,5)(1%&2%!)$2=.)!
5/7+2,2%'1)16)$/7'5(12$2.3() (81#$!F&2+YIH-()IN251'/1()<-)$5'$6!%6/1-+429%) 1% 8}

-)'$, L+ )0),)$5)16)$/7)41+,/4-5'$61$)2, ;5/7+.)%)12(()7=.)(10/,1%:/1.2=/,2%/,31(%,2'$(8
HSIF&2+%6) R +,/4-5)12IN251'/12(() 7=.310/,1210").41'(/.2%)1/0D+,-.)"$, /. X+ & 5&IH-()1%/!
'4)$9%'0312$412$$/%2%)1+/.37/,+&'SI@A(8

1.4.3 Transposable element classification and a nnotation !

|

@AR)!().0'(&!7/=")1-$'%(1/0!X[]1%&2%!2,)!1+,) ) $%!'$!12..14/72'$(1/0!.'0)12$412 )12!$)2,!
-$'1),(2.15/$(%'%-)$%!/01)-C2,3/%'5!6)$/7) (8! @A(12,)1)1/.-%'/$2,3!2$5")$%!2$41&21)!
1,'6'$2%)41()1),2.1%'7)(1'$4)+)$4)$%.3*14'(+.23'$6!2$!/-%(%2$4'$6!4'1),('%3!/0!al,7'2$
7)5&2%'(78M'1)$1%&)",1-='<-'%3* | @A(!+.23!210-$427)$%2.1,/.)I'$!6)$/7)!) 1/.-%'/$!2$41&21)!
=))$!'7+.'52%)4I'$!$-7),/-(1)1/.-%'/$2,31+&)$/7)$28!b'2!%8&)",12=""%31%/!,)+.'52%)! 2$4!
'$5,)2()!'$!5/+31$-7=), X1 @A(152$!=)12!4,'1),1/016)$/7)!('2)!)1/.-%'/$! ?e3$5& ELLEEDA!
'$(),%'/$(12,)12172J3/,!(/-,5)/0! Qbl=/%&!:'%&'$!2$41=)%:))$!(+)5")(*12$4!=/%&!25%1)!2$
'$25%'1)!@A(12,)'12((/5'2%)4!:'%&!6)$/7'5!,)2,,2$6) 7) P! <-)1)%!2.8'EL"8IBD&)!5/
1+%'1$!/0!@A!()<-)$5)!&2(1=))$!4)7/$(%,2%)4!1%/'=)12!+),12('1)!0) 29942 %/, 3!
0<-)$5)11/.-%'/$! ?F&-/$6!)%!2.8!EL@BA!S$-7),/-(1)>27+.)(/O'@A!+,/%)'$(!-$4),6/'$6!
&/(%!417)(%'52%'/$!&21)!=))$!4/5-7)$Y6)H2$627!)%!2. 8| ERNGE(1&21)!2.(/!=)) $!
&3+/%8&)('()4'%/!+.2312!,/)'$1&3=,"4I'$5/7+2%'=".'"%3!2$4!(+) 526 /G2!) %! 2.8 ERS/B!
6)$),2..3*1($/:.)46)!/0!1%&) ! @A!()<-)$5)!'$!2!6)$/7)152$!=)12$!I'$12.-2=.)!,)(/-,5)!0/,!
)>+./,'$6!0)2%-,)(!/0'6)$/7)!2,5&'%)5%-,)8!D/,")>27*!1%&)!"'4)$%'0'52%'/$!/0!,)6'/$(!,'5&!"$!
@A(('?/,1+2,%'5-.2,1%3+) (/0! @A(B!52$!=)!"$4'52%'1)!/0!&)%),/58e/ #2972 $!) %! 2.8 ELL\B
2$472J/,16)$/7'5!0)2%-,)(1(-5&!2(15)$%,/7),)(1?h/$6!2$4!F&//'ELL\B8D'$2..3*!,)+) 2%!
72(C'$6!1216)$/7)!'(12!+,),)<-'(%)!/0!6)$)!2$$/%2%'/$!2$4i&),) 0/,)2$!'$%0)6,2.!+2,%!/0!
6)$/7)!+,/13)5%(84!/,4),1%N(%-43|@A(12$41%&)",1:'4),1="1.16'52.I'$%), 25Y B &!
2$3$/%2%'/$(10/,1%&)!(+)5") (1/0I'$%),) (%! ?/,1215./().3!,).2%) 4 (B JNBY',)48!(14)(5,'=)4!
'$14)%2".1=)./:*1%&§)$),2..31'$1/.1) (! %&)'+,/4-5%'/$1P!.'=,2,3!/0'@A!5/$()S(-(!
(0<-)$5)(*!:'%&N25&!()<-)$5)!'4)2..3!5.2(('0")4!=3!@A!%3H)8!

|

1(121,)(-.9%1/01%&)',14'1),(%3*1()1), 2. @A!5.2(('0'52%/$!(3(%) 7 (1&21)!=))$!+,/2K)BC), !
)%!2.8IELLgM!i2+'%/$/112$4!m-,C2!ELLUM!],C&'+/1REERIB)$),2..312'71%/16,/-+ @A(!
=2()41/$1%8&)",1+&3./6)$)%'5!,).2%"/$(&'+(12$41(&2,)417)5&2$'(7(8! @&)!&'68) (%!, 2$C!'$!
%,24'%'/$2.15.2((0'52%/$("'(15.2((*1:&'5&!4'1'4) | @A(1=2()41/$1%&)", 1%, 23 (+/('%'/$!
'$9%),7)4'2%)*1a[]!25.2((1#12.(/',)%,/%, 2% (+/(I$(BY/, IX[]!?5. 2((#EE)'$$)6 2$!" TUBB
D-,%8&),7/,)*17/(%%3+) (/0! @A(152$!=)1)'%&),12-9%6/$/7/-(*1:&'5&1)$5/4)1%&)!+,/%)'$(!
$)5)((2,310/,1%8&)", 1%, 28 (+/('%'$*!/, \S/BY6/$/ 7/-(*1:&'5&! -%'.'(l+,/%)'$(1+,/4-5)41=3!
'$4)+)$4)$%!2-%/$/7/-(| @ ARSSF.'$%6/5C!"TPEEA) %, /%, 2$(+/(/$(1%, 2$(+/()!1'212!5/+3
284 +2(%)17)5&2'(712$412..12-%/$/7/-(,) %1%, 2$(+/(I$(1)$5/4)!1+,/%) $(15/$%2'$'$612@!

! EN



4172'$81].9%8/-68 6 8H@AIT2'S 1'(17/$/+8&3.)%'51],C&'+/121EL"gHB,)%,/%, 2$(+/(/$(152$!=)!
£'1'4)41$%/10/-,1)1/.-%'/$2,312$5 ) $HBA14" (%' $SBY-+(1? (/7)%'7)(152..)4 1/,4),( V!

(-=5.2(()( B*I$27).3le#[A(*le@a(*Ya0!12$4NeA(*)25&1/01:&'5&(! 5.)2,.34'00),)$%'2%) 41=3!
06&)1+,)()$5)!1/0$'<-)1244'%'I$2.1+,/%) $14/72'$(*1 (%, -5%-, 2.17/%'0(12$417)5&23'(7(!/0!
%,25(+/(%'/$8!]10'0%&I6HH[A(*12,) (%, 5%$8S ; 2-%/$/7/- (12$41,).3!/$19%&)!25%'1'%3!/0!
e#[A(! 2i,27),/112$41b2(()%ZC3IEL™ BJ44'%'/$2..3*125):16,/-+/01$/$ ;2-%/$/7/-(!
)%,1%,2$(+1(1$(1%),7)41,)%,/Z37)(1&R))$!4)(5,'=)4*:&'5&17231=)16,-+)4L: %&IQH]A(!
4)+)$4'$6!/$!'$%), +,)%2%78)!.2IN)y21)%!2.8! EISEA)B6,/Z37)(,).31/$1%&)! 725&'$),31/0!
2-%/$/7/-(le@a).)7)$%('$!+. 2$Y6PF), 1),21)%!12.8 EL 141 7/(%!.'C).3INeA('$!12$'72. (!
2F),1),212$414)1. 2IN)y 2| ELEBIB2((1##1).)7)$%(!/,'6'$2..31,)0),,)41(+)5'0'5.2..31%/!X[]!

%, 28(+/(/$(*12$1)>%,)7).314'1),()! @ AY6+1%6&2%!1%, 2$(+/() 1121 28586 2(%)17) 5823 (7!
025'.'%2%)41=31219%, 2$(+/(2())$Z37)8!K/:)1),*12(16)$/7)(1/0!7/,)14'1),()1(+)5) (1&21)1=))$!
2(()7=.)412$412$$/%2%)4%1%&.,))1244'%'[$2.1'$4)+)$4)$%!5. 2((##16,/-+(1&21)1) 7),6)4*1%8&,)!
K).'%,/$(1?i2+'%/$/112$4!m-, C2!ELEIB21),'5CWN/.'$%/$D) (58/%%)! 266827 ELLPM!
i2+'06/$/112$41m-, C2IELL EB4IF, 3+%/$P/4:'$1)%! 2.8 ELL Y&

|

1..172J/,16,/-+(1/01=/%&15.2((\# 2$ 41 ## @A (152$1=)10-,%8&,), 14'1'4) 41 $%/1 2BB)505!24) (1
10%)$), 7)41(-+),027".)( 882$31(-+),027".")(1))>&'="%!4"(%'$6-'(&'$6!0)2%- ) (1 V/GRLHt)!

-()410/, 15.2(('0'52%"/9BA,)>27+.)*198),)12,)1 7/,)1%&2$E14) (5,'=) 41 (-+),027".) (VOIX]!

%, 28(+/(/$(?i/I 72/ ELELBI72$31/01:&'5&!52%$1=)14' (%'$6-'(8)4!=2()4!/$H&)!.) $6%&(1/O!
@QX(%h&)$696@$4!()<-)$5) /0! @#a2$41'$(),%'/$!="2()(8S$,.)-+ ).)7)$%(!1&21)
Guas8uai'$1%&)", | @#al%), 7'$™*!'$(), %! 29%!G @]H! (‘%) (12$4!+,/4-5) El=+G @]HH@ QX (M!
).)7)$%(1&21)!Gu]88@aH!%),7'$'12$4!+,/4-5)1 @ QX (DR M) G 1961) 7)$%(1&21)!
GF]F88"@"H!%),7'$'12$41+,/4-5)| @ QX (|/ONE+*12$41 (//$8IF),%2'$!,)%,/%, 2(+/(/$!
(-+),027".)(152$1=)14'(%'$6-'(&)41=31%&)!+,) ) $5)!/,1/,4), /O!+,/%) $14/72'$(8!](!
'$%,/4-5)41'SI"8XBB2$#-)H#[Al).) 7)$% () $5/4)1+,/%) $(1:'%&!%:/)$4/$-5.)2()(*I-$.'C)!
2$31/%8&), leHA(RIL.$+e@a!).) 7)$%(152$!=)14'(%'$6-'(&)410,/712..1%&), le @a(12(1%&,)!
'$96)6,2()14/72'$!(1./52%) 41-+(%,)271/01a@!,2%&), 1%82$! 2% BEHFH0!%&) +,/%)'$8!
KI1),M$ [9612..1(-+)027".)(152$1=)1(/15.)2,.314' (%'$6-(&)4*12$4!'$172$3152()(!
+&3./6)$)%'512$2.3()(1/01+,/%)'$14/72'$(17231=)1,)<-', ) 48! @&)!/$.'$)1%//.1a@5.2(("!
2i2+'%/$/11)%!2.81ELLZFB6/ 7291 %&. (1+,/5)((10/,|le#{A(8!Q-5&12$12++,/25&" (1/=1'/-(.3!
1$.312++.'52=.)19%/12-%/$/7/-(| @A(*12$41%8&)15.2(('0'52%'/$!/01$/$2-%/$/7/- (| @ A(152$!/0%)$!
=)15&2..)$6'$612(12!,)(-.%8!

|

h'96&'$!(-+),027".")(*17-.%'+.)15/+)(1/0!1),315./().3!,). 2%) 4 @A(152$!=)16,/-+)1R(121027".3!
1,1(-=027".38!A25&1027".3152$1=)1)+,) ()$%)412(121('$6.)15/$()$(-(1()<-)$5)*1:&'5&12'7 (1%/!

) 35,)296)1%8)12$5) (%, 2.1()<-)$5) /0121 @AL:&)$!'%!:2(125%'1).31%, 28 (+/('$612$415,)2%'$6!$) !
5/+)(I'$1216'1)$16)$/7)1/,16)$/7)(8!@&),)!'(1$/15.)2,14)0'S  %'/$1/01:82%!5/$(%'%-%) (12! @A!
027'.3*12.%&/-6&1%&)!GUUL! - JH!'(1/0%)$!2++.)2h'5C), 1) %! 2.8 ELIB@& (!, -.)! (%2%)(!
%82%!%: /| @A(I=)./$61%/1%&)!(27)1027".31'01%&)31)>&'="%!2%!.)2(%!ULj!()<-)$5)!('7".2,'%3!/1),!
2961.)2(%!ULj1B&)!'$%),$2.1,)6'/$*1%),7'$'12%/1255/-$%101, (/./le @a(*!Pni%,-$529%//$*)%58B
=/%&*1280'$2..312,)129%!.)2(%!UL!=+!'$!. ) ¥B8H&EE027".315.2(('0'52%/$!/$.3!=)5/7)(!
)-)12$%1'019%8&:),)12,)1%:/1/,1 71, )|(-=+/+-.2%'1$(/O| @A(1:'%&'$1%&)! (27)1027".38! @/16'1)12$!
)>27+.)4'01%&),)),) 1%:/125%'1)! @Al+/+-.2%'/$("BIB/7)1%82%!2,)14'1), G631 Lj!/$!



21),26)1=)%:))$1%8&) +/+-.29%'/$(12$4102,1.)((1%&2$!"Ljl: %& $I1%6&)1+/+-. 2DERYS%&) ()!

- 41,)+)()$%!21('$6.)1027".31-$4),196&) UL UL UL, -.)*1=-%14'(%'$5%! (-=027"I')(8!

|

D27'.31/,1(-=027".3!@AI5/$()$(-(1()<-)$5)(10/,71%&)!=2( (/0! @A!.'=,2) (8IF/$()$(-(!
()<-)$5)(1528!=)1+,/4-5)41=31()1),2.17)2$(*1:&'5&!52$!.2,6).31=)15/$('4),) 4! 2()'%&),!
2-9%/72%)41/,172$-2.85)1/01%8&) 7/(%5/77/$12-%/72%) 412++ [25&)(7+.)7)$%) 4! $1%&,)!
14).31-()412)+)2%S/4).),!  2Q7'%!2$4!1K-=.)3IELIEL"PB!(19%/!'4)$%'(B415.-(%),!
)H)%'%'1)1()<-)$5)E2()41/$1%&)',1/55-,,)$5)!'$1%&)!'$+-%616)$/7)8IK/:) 1), *14-)1%/1%&,)!
5/7+.)>'%3!/0!@A(1%&(12++,/2581&2(1()1),2.1(&/,%02..(8!D',(%*196&)15/$()$(-(1027".") (12,)/0%)$!
0,267)$%)4*10/,1)>27+.)14-)1%/1Pn1%,-$52%/$!'Sle#[A(!/11)835)/0!(/.le@a(! ?D.3$$!
)%!2.8IELBL@)5/$4*./:15/+31$-7=),|@A(152$$/%!=)14)%)5%) 48! @& (1$/1,)<-')7)$%!
0682%!968R%R,) [ @A(12$42,6)16)$)!R7".")(I(-5812(1& (%/$)(152$!=)!'$5.-4)481D/-, %61868,)!
)(-.%'$61()<-)$5)(1(%"..1$))41%/1=)15.2(('0)4*1:&'5&!'(I-(-2..31=2()4V/$!&/7/./631%/IC$/:$!
5-,29%)4| @A(8!@&'('$%,/4-5)(12!(-=(%2$%'2.1+&3./6)$)%'51="2(*12$415.2(('0'52%'/$!'(1)>+)5%) 41%/!
=)102,1.)((1)-'2=.)'$1(+)5)(1%82%!12,)11), 314 (%2$%.3!,).2%) 41%/12$3!(+)5')(10/, |:&'5&1%&),)12,)!
5-,296)4I@AL.'=,2,)[812.%),$2% 1%/ 72%) 2+ ,/25&!'(1964)$%'031'$4'1'4-2.15/+')(1/0!
@A(=2()48! (%,-5%-,2.17/%'0(*1:&'5&!52$!.2%),1=)15.-(%),) 412341 )+,) ) §EBOB(-(
()<-)$5)(1'014)(',)48 IA>27+.) (/01%&' (12++,/25&!'$5.-4)le @a&2, 1)®A!I$6&2-(1)%! 2.8 ELUB
e@az,)%,)1),P_-12$41m'2$6!EL"12B4IK).'%,/$Q52$, | 71/$6!)%!2.8 EL"\BN&".)!1%6& (!
2++,/25&182(1%&)!12412$%26)1/0152+%- '$6!7/,) |5/ T@)R() <-)$5) (1%&),)!2,)/$5)1262'$!
01),2.1.'7'%2%'/$(8!D",(%9BL..| @A(15/$%2'$! (%, -5%-,2.17/%'0(1%82%!52$1=)17/4)..)481Q) 5/$4*!
4)6,24)41@AI5/+)(17231$/%!=)'4)$%'0)48! @&, 4*1'%!'(1/$.31+/(('=.)1%/17/4).1:&2%!'(\C$/:$*!
:&'5&1/$5)1262'$!'$%,/4-5)(15',5-.2,'%3:'%&1,) (+)5%19%/172$-2.15-,2%'/$81D/,1)>27+.)'%! (!
$/9%192,196&2%1%&)!,)5)$%. 314) (B H)A)DH-+),027".31+,) )$%!'$10+,-.)"$, 1.+ ?"8YYB!
52$1=)I'4)$%'0')41=31K).'%,/$Q52$8)Bi$%. 3%1a)+)2%S/4).),1:2(1)>%) $4)41%/!'$5/, +/,2%)!
(%,-5%-,2.1'4)$%'0'52%"/$!/0!XDRSS!) %! 2. 8| ELRBBI2I5/7="$)412++,/25&1'(1.'C).31%/!
3).41%8&)!1=)(%!,)Q6(!'0!+-, (- $612-%/72%'$8 $-2.15-,2%'/$!,) 72'$(1%&,)!6/.41(%2$42,410/ !
@AI2$$/%2%'/$*1)(+)5'2..31'$! (+)5') (1/%&), 1%&2$! 1), %)=, 2%) (1 2$4! 2$6H 2Ya)A!
5/$0$(-(10<-)$5)(12,)1212".2=)10,/7!)+/(%l/,") (I'$5.-4'$61a)+=2()12$41X027 !
BY%6%+(rWWAORK 8/, 6W

|

@172$-2..315-,2%) | @A(*1/$)17-(%!0",(%!/=%2'$! @AI52$4'42%) (8! @& (152%$!=)!125&") 1)41=3!
-$$'$6121%//.1(-5&12(1a)+)2%S/4).),81].%),$2%'1).3*I'019%&)16)$/7)'(12.,) 2431 2$$/%2%) 41'%%!
7231=)14/(('=.)1%/1'4)$%'03R$I'42%H)$) (1%68&2%61) $5/4) 1+,/%)'$(!: %&!+-%2%' 1) @ Al4/72'$(81#0!
216)$/7)12(()7=.310/,1214'00),)$%!'$4'1'4-2.1/01%&)!(27)!(+)5')(17/,12!1),315./().31,).2%) 4!
(+)5)(B!'(1212".2=)*IBEI2. (/1+/(('=.)1%/1%,)2%!.2,6)'$A)4)$%'0)41=)%:))$1%&)12(() 7=.")(
2(1+/%)$%'2.| @&(B!.2,.3*1'01+/+-.206'/$1,)()<-)$5'$6!429%62!'(1212'. 2=) 'UHI(('=.)1%/152..]
4).)%'1$(1,).2%'1)1%/1%8&)!,)0),)$5)!?:&'5&12,)1'4)$%'0')4102,17/,)1255-,2%).31%&2$!/%&), |Qb(!
1%6&I[MQI42%2B*!:&'5&I52$1=)19%6,)2%)412(1+/%)$%'2.| @ AIBO6BHIH0),)$5)!12/,)>5'(/$(!
'$1968&)![Q!(27+.)BPIZ-$/1'{1)%!2.8!EL"8B429%2()%!/0152$4'42%) (152$1%&)$!=)!<-),)4!
262'$(%!1%8&)1%2,6)%!6)$/7)-TER=.2(Y@F27258/!)%!2.8| ELIBA),1%/!,)%, ) 1) 7-.%'+.)!
5/+)(81](1%&)'$+-%!()<-)$5)(17231=)1%,-$52%)4*1%&)!5//,4'$2%) (1/018'%(152$!=)!)>%) $4) 4129
96&)10.2$C(1=31()1),2.1C=*I=)0/,)1=)'$6!2.' 6 3B1B)!)(-.%'$6!2.'6$7)$%!'(1%&)$!1') BIR!
()<-)$5)1)4'%/,12$415-, 2%6)481#0196&)1()<-)$5)12++)2, (1%/1=) 12| @ AI2$41%&)1()<-)$5) ' (15/7+.)%)!

! EF



29%8&)10.2$C(152$1=)1)>%)$4)4!'0!1$/%B*1%8)$120%),1,)7/1'$612$31+// (B1) P AR!
5/$0$(-(1()<-)$5)!52$!1=) 1+,/4-5)41-('$6121$-7=),1/01212'.2=)1%//.(8! D'$2..3*1%8&,)!
5/$0$(-(1()<-)$5)!(&/-.41=)158)5C)41,).2%'1)19%/19%8&)/,'6'$2.12.'6$7)$%!%/!)$(-,)!'%(!
255-,253@DA(152$1%8)$!=)!5.2((0)412(1+,) () $%) 41 2-@UEEI 2 ++ /2581 2++,/>'729%).3!
0/../:(1%&2%!+),0/,7)41=3D-&!)%! 228 L "\ B

|

|

"HS06&' | (' HS%& ) I+!'S),-),&, 1, -. &) -ISHI01-1+'0(2-1345104+),6$,$)! I"#$7

*4+ 18($-96(0191006,:;;<($-96(07, $/0=+#-T()/$H#>-#7'$>121, #--), 1$01$/101-I'),-), &, - LBPS6 1 #$="!
+)%!01-1+@ (*)>-)0!$/1()%(2(%&+@!'$6(-,19,&< - &- ) OB BRI L-| @-/0!+)%6!#(*1010-#>() (1$/101-!
+@(*)>-)01+#-1,1$=)7ICD3, 1+)%!01-10-#>() (1>$0(/, [ +#-11(*1@(*10-%7

% IEFGI2(-=I$/1+1,()*@-16$@B>$#61(I'S6BIBHIB) ' L#$>$S, $>-IHIS/IO1-1#-/-#-) -1*-)$>-1901 (!
'$6B!(,!1(*1@ (*10-%!<Bl+1<@+'1!<$J!()|6+)-@ ' DEAOEH!, 1$=,|KLMp-LINLE"Q-.1%+0+P!

1$@ @$=-%!<BIE,B6+0+P1+@ (*)>-)0!$/I01ANRE TI*-)$>-P1+)061%-)-1+)%61#-6-+01+))$0+0 @
01+0101-1 6. 1#-+%, 1+#-1+ @ @'>&@0(>+66-#,19,()'-101-ICUI(, 16#-,-)01()!>+)BI'$6(-, 21+)%! (0!'+))$0!<-!
'$)/(#>-%!101+01QIF+#0('& @ +#1'$6B!(,1+'0(2-@B!-J6#-,,-%7!

|

@/1+,/1'4)12$1)>27+.)*1D'6-,)!"]/(&/:(1%&)!.)0%!2$4!,'6&%!0.2$C(1/004&))"'$, /..+ X[]!
%,2$(+/(/$46,N1:&'5&!"(125%'1)'$!.2=/,2%/,3! (%, 2HB0$6!)%!2.8!"TBUB &)!5/$()$(~(!
0<-)$5)"(/(&/:$Y/$!%&)!%/+1,/:1/019%&)!2.'6$7)$%*12$41%&)!12.'6$) 4 @A!5/+') (1)>%,25%)4!0,/7!
%&)!6)$/7)12$4!-()41%/!+ 4-5)1%8&)'5/$()$(-(12,)/(&/:$!=)./:8! @&)!()<-)$5)!=)3/$41%&)!
0.2$C(1'(1-$2.'6$2=.)*1:&'5&!"(I'$4'52%'1)1/,121)+)%'%'1)!).) 7)$%*!2.%&/-6 &I 2!E!=+| @ QX!52$!=)!
1=(),1)48!@&)! @#80),7'$2%)!'$!%&)|GF]F88 " @"H!7/%'0*!:&'5&1%/6)%&.),!:'%&!%&) E!=+ @QX(!
(-66)(%(1%&26MN'(12!7)7=),1/01%&)A)G1%++),027'.312())!2=/1)B8!](! 46,N¥125%'1)*!I'%!'(!
2.(N+1(('=.)!%/!5&)5C!'$4'1'4-2.15/+')(10/,1)1'4)$5)1/0'+/.37/,+&'(7'2$41)>+,) ((/$!-('$6!
6)$/7)!=,/:(),(/(-5&'2(1%&) #"b!  2a/="$(/$!)%!2.8!EL"BD'6-,)!"I'(&/:(12!("'$6.)!5/+3!/0!
46,N%&2%!"(1+,)()$%!/$!5&,/7/(/7)\/0!%&)!,)0),)$5)!6)$/7)12$4!'(1+/.37/,+&'5!=)%:))$!
%&)!,)0),)$5)!12$4!1%&)FHLIG)S/7)! ?_gX/$$)..1)%!2.8!ELFLB0&/-6&!'$!%&'(152()!%&,)!
%),7'$'/046,N4,)12.,)243!/=1'/-(10,/71%&)!12.'6 $7)$%!?D'6-,)!"]B*!I'$!72$3!52()(1%),7'$'!
7231=)1)((14)0'$)412$41+/.37/,+&'(7(152$!+,/1'4)!-()0-.15/$0", 72%/,3!)1'4)$5)8! 46,N2.(/ +
2++)2,(1%/15/$%2'$1%&,))!)>+,) (()4!6)$) (*12(1(&/:$!=3!%&)!KY\7) Y IF&GHl+)2C(12:&'5&!



72,C125%'1)1+,/7/%),("$0+,-)"$, ..12[62$!)%!2.8|ELBIBS4!0-,.)$6%&!N25I'/1()<-)$5)4!
5X[](12'8)8!G#(/: Q)<HBS!2()A1$1%&) H)<!,) 24 ("% (1+/(('=.)1%/14)%),7'$)!/+)$!,)24'$6!
0,27)('?_aD(B!0/,1)25&16)$)*12$4!'$1%6&'(152()1/$)1/0196&)16)$)(1:2('$5.-4)41'$1%&,)!6)$)!
2$$/%2%Y%().08! @&)!+,)4'5%6)41+ /%) '$(152$1%8)$1=)158)5C) 4126 2'$(%!CS/: S @Al +,/%) $(!
-('$61&/7/.1631()2,5&)(1?)868!=.2(%+B/,1+&3./6)$)%'5!2$2.3((I'0!,)<-',)481](1)>+)5%)4*1%&,)!
0',(%!6)$)!'$16,NY$5/4) (121%, 2$(+/(2():'%&1&/71.1631%/IC$/:$IA) G 1%, 28 (+/(2() (*!
5/$0",7'$615.2(('0'52%'/$81].%&/-6&!0/,172$31(+)5')(1%6&)10-$5%/$2.142%621-()4'$ID'6-,)1"II'(!
“$212'.2=)*19%8&)1'$'%'2.12.'6$7)$%!/015/+") (1 (1(-00'5')$%!'$17/(%!52() (1%/1+,/4-5)1215/$()$(~("
()<-)$5)12$41+),0/,715.2(('0'52%/$8

|

HSIF&2+9%6),IP*1#1+), 0/, 712982 (%'1)12$$/%2%/$1 /0| @ K¥$L)"$, /.. *1('6$'0'52$%.3!
)>%)$4'$61968&)1)>'%'$612$$/%629%'/$(1?"8Y BgBSIHSIF&2+%), 1Y *1#1+),0/,71%2,6)%) 41 2$$/%62%'/$!/0!
71(%12=-$42$%! @A('SIBEY6-,/$H10+6"#(-+*-, RS4N0+-:$, &F)$1:&'5&IH-()1%/!
7+,11)16)$)12$$ /1%2%'/$12$41%/1582,25%),'()1+-%2%'1).3!5)$%,/7),'5!()4-)$5)(8!

1.5!'Chlamydomonas in a wider evolutionary context

10+,)0$%)41&),)'$H10+,-)"$, ..+ '(12$1)(%2=. (&) 412841 T+, %2$%!7/4).1(3(%) 7V'$!+.2$%!
='/./6312$41()1),2.1/%&),1(+)5'0'512,)2(8!K/:)1),*I1),31.'%%.)!'(\C$/:$12=/-%1%&)!)1/.-%'/$2, 3!
='/./631/01%&)!(+)5)('$!6)$),2.12$41()1),2.1C)316)$/7'5(!,)(/-,5)(12,)!.25C'$6!,).2%'1) 1%/!
71))(%2=.'(8)417/4).1(3(%)7(1(-5812(18,(*(1" #$+%-#$)(9$*/-, 2341, $..'(1* *+/"$#.$)$ 8!
@&),)12,)1%:/1+,72,312'7(1/01%&)!:/,Cl+,) )$%) 41'$1%& (1%6&) ('(8!D", (%6*1#12'719%/1244,)((()1),2.!
<)(%5(1,).2%'$61%/1%&)!)1/.-%'/$2,316)$)%'5(12$4!6)$/ 7 BGHOL)"$, .. *I(/7) 0!:&'5&!
&21)174),1,).)12$5)1%/1/%&),1%2>281Q)5/$4*1#12'71%/1+,/A-5HB(R, 316)$)%'5! 254!
6)$/7'51,)(/-,5)(1%/1)$2=.)! 10+,-)"$, /.. 2$AI"H$%& (%6()$* 96/1=)10-,%8&),14)1)./+)412(12!
(%-431(3(%)7"'$!)1/.-%'/$2,31,) ()2, 5&81#$121:'4), 15/$%6) >V 1 2 THEUNG -.)"'$, ..+ 71.)!
5./().3"'$L.'$)19/1/%&),17/4).1(+)5)(1:'%&!, ) (+)5%!%/1%&) ()/=J)5%'1) (81#$1%& (1 ) 5%'/$*1#/-%.'$)!
068)1<-)(%'/$(1244,)(0412$41,)(I-, 5)(1+,/4-5)4I'$1%&'(1%6&) ('(*1=)01,)!=,")0.3"'$%,/4-5'$6!(/7)!
101%&)!7/(%!"$%),)(%'$61) 1/.-%'/$2:R%I$(1%&2%!5/-.41=)1244 ) () 41-($6% -.)"$,'/..+ '$!
%6&)10-%-,)8!@&)!:/,Cl+,)()$%) 4 $19%& (1%&) (' (1" (17/,)1(-=(%2$%'2..315/$%)>%-2.' () 4'$1%&)!
'$%,/4-5%'/$1()5%/$(1/0!) 2581 (-=()<-)$%!,) (- % (I5&2-+UBBIEBAY (14 (5-(()4!'$12!= /24!
0$0"$IF&2+%);811

|

1("$%.,/4-5)4'$1"8EB\*1%&),)'(15-,,)$%. 31$/1 (- %2=.) 1+/+-.2%'/$16)$) %'5(142%20)%!0/,!
-)"$ L HU%&I29%617/(%100-, (1. 2%) (1()<-)$5)410,/71/$)!./52% I$1 2841 ++-.2%'/$!(%,-5%-)!
)1'4)$%!=)%:))$!'(/.2%)(10,/714'00),)$%./52%'/$(8! @& (!' (" BIBAR6, 2(%1%/1 72$31/%8&,)
714).1(3(%)7(*'$!:&'5&1%)$(!/,)1)$!&-$4,)4(1/0'$4'1'4-2.(1&21)1=))$! (-=J)5%!%/1:&/;)
6)$/7)!,) :()<-)$5'$681#SIF&2+06),|EX#1244,)((1%&'(14)0'5'%!=3"'$%,/4-5'S6)$ET)),) ;
()<-)$5'$61429%210/,17/,)1%&2$ EL!'(/.2%)(1(27+.)4T021('$6.)! (‘%) '$10-)=)581#1)>+.1)!
&/:16)$)%'514'1),(%3"'(16)/6,2+&'52..31(%,-5%-,)4127/$61%&)!5-, )$%.31212'.2=.)10").4!
'(1.29%) (*14,2:'$6!'$0),)$5) (1/$1%6&)14)7/6,2+&312$41)5/./631/01%&)1(+)5) (8! @&'(!'(1'7+/,%2$%!
'$121:'4),15/$9%)>9%!('$5)19%6&.),)12,)1 1)(B: 1+/+-.29%'/$!6)$/7'5(1429%2()%(1212".2=)10,/7!



7'5,/='2.1)-C2,3/%)(*12$41%&),)1&2(1=))$!./$6(%62$4'$614)=2%)!5/$5),$'$6!%6&)1$2%- ) !/0!
+/+-.29%'1$)(%,-5%-,)12$414)7/6,2+&'51+,/5)(() ('$!(-5&!(+)5') (8!

|

19/%8&),1(&/,%602..1,).2%'1)1%/17/(%!7/4).1(3(%) 7 (' (1%6&3..)%)!.25C1/016)$/7'5!,) (-, 5)(!
0/,12$315./()1,).2%'1) (/OI0+,-.)"$, /.. 81@&'(1&2(15/$%,'=-%)41%/121,).2%'1).31+//,!
-$4),(%2$4'$61/01968)1+&3./6)$)%'5!,).29%'/$(&+(127/$6!,).2%)41(+)5')(1?"SESEBI2$41/016)$/7)!
2,58'%)5%-,)12$41)1/.-%'/$!'$!6)$),2.| ?ERB@&)!212'.2=".'%31/01/-%6,/-+16)$/7) (1'(15)$%,2.!
%/1()1),2.1C)312$2.3()(1"$17/.)5-.2,1)1/.-%'/$*12$415/7+2,2%'1)16)$/7'5 (' (12!+/:),0-.1%//.!
0/,I'4)$%'03'$610-$5%'/$2.1()<-)$5)8HSIF&2+06), Y *I#1+,/14-5)16)$/7)12(() 7=.") (12$4!
2$$/%2%'/$(10/,15./()!,). 290N 10+,-.)"$, ..+ 1'%&!2!1'):1%/1)$2=."$615/7+2,2%'1)!
6)$/7'5(12$2.3()(1%/1=)1+),0/,7)481#1-()1%&) )1, ) (I, 5)(1%/!5&2,25%),'0)!()1),2.10)2%- ) (/0!
%&YD+,-.)"$, ..+ 6)$/7)'%&'$I2$1)1/.-%'/$2,310,27):/,C*I'$5.-4'$6!5)$%,/7),) (*102.()!
+('%'1)12$41+,)1-(.31-$5&2,25%),'()416)$) 1 2$$/%62%'/$(*12$4!5/$(), 1) 41$/$5/4'$6!

).)7)$%(81

|

X)(+'%)1=)'$6127/$619%&)10',(%!)-C2,3/%'516)$/7) (1%/1=)1()<-)$5)4*1068))"'S, /. .+
2(07=.312$412$$/%2%1$(12,)1$/%!/015/7+2,2=.)1<-2.'%31%/1%RIOHDBI4) .1/, 62$'(7(*!
2$4189318:21)1$/%6!=))$!-+42%)41-($61./$6!,)241()<-)$5'$6!12++,/258) (8! @&)!<-2.'%3!/01%&)!
6)$/7)12(()7=.312$41255-,2531/019&)16)$)! 7/4).12$$/%2%'/$(1-$4),.317/(%!5/$%) 7+/,2,3!
)02,581-($6!104-.)"$,"/.. *12$41'$4))416,))$12.62)!'$16)$),2.2$4%&)','7+,/1)7)$%

- 41=)1)>+)506)419%/1821)1'7+25%102, 1=)3/$41) 1/.-%'/$2,31="1./6 38 IH#SIF &2+%), \FIH#I2(() 7=.)!
$)2,:5/7+.)%)16)$/7)1()<-)$5)(10/,1=/%&134 ' R$4B4 "+2=/,2%/,31(%,2'$(12$41'$%,/4-5)!
'7+,11)416)$)12$$/%2%'/$(8! @&)()12(()7=.)(1,)1)2.101),2.1),./,(I'$!+2(%!6)$/7)!1), (/$(!
%&2%!:/-.41=)1)>+)5%)41%/15/$0/-$412$2.3()(1,)<-','$61%6&)1255-,296)12(() 7=.3!/0!
5&,/7/(/7)(8! !

|

D'$2..319%&)16)$/7'5(1/015&../,/+&3%IBH!'$4))41 7'5,/="2.1)-C2,3/%)(I'$16)$),2.#12,)!
01),).31-$4),(%-4")41,).2%'1)1%/17/(%!2$'72.12$41+.2$%!.'$) 26)(*12$4172$310-$6'8! @&~ (*!/$)!
101%&)!7/(%!)>5'%'$612(+)5%(1/014)1).A0B6L.)"S, ..+ 2(128!)1/.-%'/$2,317/4).1 (1%&)!
+1%)$%'2.14'(5/1),3Y/01$}116)$)%'512$416)$/7'510)2%-, ) (12$41+&)$/7)$21%68&2%!8&21)1=))$!
/1), JIC)A'$1/%&),19%2>28! @&Y,-.)"$, ..+ 6)$/7)I'(ICS/:$1%/1&2,=/-121(-=(%2$%'2.!
4'1),(%31/0!@A(1?"8Y8gB*I72$31/01:&'5&!:),)10',(%!4'(5/1),)4I'$196&) | (+)5')(81#$IF &2+9%), | P*I#!
+),00,71)>&2-(%1)15-,2%I$01 @A (' $!1%&)!(+)5') (*1(-=(%2$%'2..31) >+ 2$4'$61-+/$1+,) 1/-(!
2$$/%29%'/$(81414'(5/1),12$414)(5,'=)12172J/,1$):15.24) /0INeA(1%&2%!2,)1+,) ) $%!'$!/%&.),16,))$!
2.62)*1+.2$%(*1+,/%' (%(12$412$'72.(8! @& (10'$4'$61&2(1()1),2.1'7+.'52%/$(10/,16)$/7)!

) 1/.-%I$V'$19%&)()1%2>2*12$41(-=(%2$%'2..31).)12%) (1%&)!) 1/.-%'/$2,3!'7+/,%2$5)!/0INeA(!
)-2%'1)19%/171,)\:'4).3!(%-4") A @A(B!

|

FI$('4),'$610-%-,)!,)()2,5&*172$31/01%&)1 7/(%!+,/ 7' ($612++.'52% /S (UDF -.)"'$, /.. + (%)7!
0,/71'%(1)>+),'7)$%2.127)$2=""%3*19@5-.2,.3'$I5/7="$'$6!)>+),'7)$%2.12$41()<-)$5'$6!
2++,/258&)(81](14)(5,'=)4'$I"8EBP(-5&12++,/258)(1&21)!(/102,1=))$!-()419%/15&2,25%),'()1%&.)!
7-%2%'/$1,2%)12$41(+)5%, 21/01Q[S(12$41(72..1'$4).(*1%/1) (%'72%)1%&)14' (%, '=-%'/$!/010'%$)((!
)00)5%(1/01%&) () 2IH/$(*12$419%/! (%-432R()416)$)!5/$1), (/38! @&),)!"( (-=(%2$%'2.
+1%)$%'2.1%/1'$1)(%'62%)!,)5/7="$2%/$12$41,).296)41+&)$/7)$2!-($61)>+),'7)$%2.14) (6 $(!

! El



'$1/.1'$619%&)!,)()<-)$5'$6!/01+,/6)$31+,/4-5)410,/718'6&.3!,)+.'52%) 415 /(() (8! @&)!&'6&!
6)$)%'5!4L),('%31=)%:))$! (%, 2'$(1+,/1'4) (1&'6&172,C),14)$(%3!,).2%'1)19%/1%&)!,)24!.)$6%6&(!/0!
(%2$42,41["QI?VEIQ[N(I+), I"LLI=+1)24B12$4196&)1&2+./'41(%2%) (' 7+.'0) (12$2.3('(12$4!
$)62%)(1%&)!$))410/,1&2+./%3+)!+&2('$681]%!.)2(%!%:/1+,/3)5%(12,)!5-, ) $%. 3%4§H),: 23
5&2,25%),'()!0'%52.)!12,'2%/$I'S!,)5/7="$2%'/$!, 20%6)*!: %&!+/(('=.)12++.'529%'/$(I'$5.-4'$6!
068)!'4)$%'0'52%'/$1/016)$/7'510)2%-,)(1%&2%!15/, ) (+/$41%1!1,2%6)112,'2%'/$12$41%)(%'$610/, 12!
7-%26)$'5!)00)5%!/0!,)5/7="$2%'/$8!D-,%&),7/,)*I5/7="$'$6!) 7+, 'BRY%2!/01 7-%2%'/$*!
().)5%/$12$41,)5/7="$2%"/$!: %&!+/+-.29%'/$16)$)%'5(142%2() % (1 7231+,) ) $%!/++,%-$'%") (1%/!
=)%%),!-$4),(%2$41%8&)!'$%), +.231/01)1/.-%'/$2,310/,5)(1%&2%!"$0.- ) SSHB R 73 % /$!'$!
6)$)%'5!4'1),(%EBY".2,.3*1%&)!S]!.'$)(16)$), 29410/, 10+,-.)"$, /..+ +,)()$%!2!,2,)!
[++1,%-$'%31%/1<-2$%'031%&)!,2%)!/01%, 2$(+/('%'/$!0/,1()1),2.14'00),)$%!%3+)(1/0! @A(B! @&'(!'(!
5-,,)$%.31=)'$612++,/258)41-('$6!=/%&!(&/,%!2$41./$6!,)241()<-)$5'$6!%)5&$/./6)(81#%!:/-.4!
2.(/1=)1+1(('=.)1%/1<-2$%'031%, 206 /$!, 29%6) (I'$17-.%'+.))$1' /$7)$%2.15/$4'%"/$(1?)868!

%) 7+),2%-,)1(2. S UBRRA4'Y%'$2.1S]))>+), 7)$%(8!@&),)'(127+.)*12.%8/-6&) % 7)( !
5/$0.'5%'$6*1)1'4)$5)!/01%&)!)00)5%!/01)$1" /S 7 FHSP%$U/$1%, 25(+/('%'/$! B0+
%-#$)(9$*/-,21-),,)",IEL"EB 12$410+/"$#.$590-24,2$21)%!2. 81 ELIB6&/-6&1%/1 73!
C$/:.)46)1%&'(18&2(1$)1),'=))$!%)(%)41-$4),1S]15/$4'%'/$(81]. %&/-6&1%&) ())>27+.)(!
4)7/$(%,298Y68208,-.)"$, /.. + &2(1+/%)$%'2.10/,112.-2=)1)1/.-%'/$2,3!,)()2,5&!"$!(+)5'0'5!
2,)2(*1%/10-..31'$%),+,)%*15/$%)>%-2.'()1 2$414) 1)./+1%&B) AYH(Q,/ 7! (-5&!)>+),'7)$%(!
N1,)<-')12102,16,)2%),16)$),2.1-$4),(%2$4'$6!/01%&)!) 1/.-%'1$2,316)$)%'5(12$416)$/7'5(!/0!
%&)!(+)5)(12$41'%(15./()(%!,).2%'1) (8! @&)!:/,C!'"$1%& (1%&) (" (1%2C) (1(/7)!/01%&)!0", (%! (%)+(!
%1:2,4(125&")1'$61%8&.(16/2.8!



Chapter 2

Patterns of Population Structure and Complex
Haplotype Sharing Among Field Isolates of the
Green Alga Chlamydomonas reinhardtii

2.1'Preface

!

@&)":/,CI'$1%&' (1I5&2+%R(!=))H+-=."(&)412(12!72%- (5, + %! B(#-6 2#$, + A6 (#(92$41%&)!

0',(%),(I$!+.-,2.'(-()41%&, /-6 &/-%!%/172'$%2'$!5/$(' (%) $538!1582$6) (1&21)1=))$!

724)1%/1%8&)1+-=."(&)4!1),(/$!%/!+,)(),1)!0/,72%%'$6!25,/((1%&) | &) (B17)412..!

2$2.30)(*:,/%)1%&)!10',(%!4,20%!/12%E5! +9ad2$41+,/4-5)412..10'6-,)(12$41%2=.) (8!

i296&2,'$2110$4).14),0/,7)41+,).'7'$2,312$2.3() (12$414'(5/1),)41%&) 1+,) ()$5)/01%&)!

'4)$%'52=314)(5)$%!%,25%(8! @2C2(&'[[2C242*|@2C-,/\#%/12$41",2&271)..1+),0/, 7)41'(/.2%)!

(27+.'$681a/=I[)((*i2Z-&2,-1],2C2:212$41#1+), 0/,7)4IX[]!)>%,25%"/$12$41()<-)$5'$68!

|

F'%2%"/$r!

!

"H#$%&! (*110$4).1il*1],2C2:21i*1[2C242! @*1#%/! @*!1)..1*IF/.)6,21)![*1i)'6&%.) 3INX*!
D(('ah8!EL"T8IN2%%),$(1/01+/+-.2%"/$!(%,-5%-,)12$415/7+.)>1&2+./%3+)!(&2,'$6!
27/$610").41'(/.2%)(1/0!1%&)!6,))$!2.624 $%&'(%()$*+,-.)"$, /.. 8IS/IA5/.1)* rl
YTggYTTY8



2.21Abstract

|
@8&)!$2%-,)1/01+/+-.2%'/$!(%,-5%-)I'$!7'5,/="2.1)-C2,3/%) (1&2(!./$6!=))$!4)=2%) 48! F/7+)%'$6!
714).(18&21)12,6-)41%8&2%!7'5,/='2.1(+)5")(12,)1)' %&), I-='<-'%/-(*1:'%&!&'6 &!4'(+),(2.12$4! /!
29%)(1/01(+)5'2%"/$*1/,19%&2%!10/,172$3!(+)5") (16)$)!10./:1=)%:)) B! +/+/KL96! ' 7' %6) 4!
)(-.%'$6!"$1)1/.-%'/$2,31&'(%/,)(1('7".2,1%/1%&/()1/01725,//,62$'(7(8!K/:) 1), *1+/+-. 2%'/$!
6)$/7'512++,/25&)(1&21)!().4/71=))$12++.)41%/1%&' (1<-)(%'/$8!K),)*!:)12$2.3()!:&/.)|
6)$/7)1,)()<-)$5'$6142%2!10/,12..1Y"15/$0', 7)410").41'(/.2%)(101%&)'6,))$!
2.62I"#$%&' (% ()$*+,-.)"$,'/.. 81]%!2!5/$%'$)$%2.1(52.)*1:)!,)+/,%!)1'4)$5)!0/,1+-%2%'1)!
2../+2%,'514'1),6)$5)*1=)%:))$!=/%&![/,%&!]7),'52$!2$4!m2+2$) ()I'(/.2%) (*12$41%:/!1&'6&.3!
4'00),)$%'2%)4!.'$)26)(1:'%&'$![8!]7),'528!F/$1),().3*129%482.1(52.)!:'%&'$1%&)! 7/(%!
4)$().31(27+.)41.'$)26)*1:)10'$4!.'%%.)1)1'4)$5)10/,1)'%&), | (+2%'2.1/,1%) 7+/,2.1(%,-5%-,)8!
@2C)$!9%/6)%&),!:'%&!)1'4)$5)10/,1/$6/'$61247'>%- )1=)%:))$1%&)!%:/1[8]7),'52$).'$)26) (*!
%&'(1.25C!/0!(%,-5%-,)!(-++/,%(12!,/.)10/,| @S02. 14" (+),(2.190+-.)"$,'..  12$41'7+.)(1%&2%!
=)%:))$|.'$)26)!4'00),)$%'2%'/$!17231=)172'$%2'$)41=3!,)+,/4-5%'1)!'(/.2%"/$!12$4W/,1./52.!
242+%2%'/$8!_-1)(-.%(1%&),)0/, ) (-++/,%!121,/.)10/,12../+2%,'5!4'1),6)$5)!'$! 7'5,/="2.!
)-C2,3/%)(*1:&'.)12.(/1'$4' 52%'$6!%8&2%!(+)5")(17231=)1-='<-'%/-(12%!./52.1(52.)(8!X)(+'%)!%&)!
&'6&16)$)%'514'1),('%31/=(),1)4!:'%&'$!%&)! 7/(%!:)..|(27+.)41.'$) 26)*1:)10'$41%&2%!+2' (/0!
'(1.2%)(1(&2,)1/$121),26)IVTjl/01%&)',16)$/7)(I'$!./$61&2+./%3+) (*1)1)$!:&)$!" (/.2%)(1:),)!
(27+.) 414)524)(12+2,%!2$410,/714'00),)$%!./52%'/$(8! @&'(I+,/+/,%'I$!'(1()1),2.1/,4),(1/O!
726%'%-4)1&'6&),1%&2$!1%&)'h }JERGR),|)>+)5%2%'/$*!, 2 ('$6!72$3!0-,%8&), 1<-) (%'/$(!
5/$5),$'$6!%&)!)1/.-%'/$2,316)$)%'5MD+-.)"$, /.. 12$417'5,/="2.1)-C2,3/%)(16)$),2..3



2.3lIntroduction

|

YAS5-,&/" )9+ *+-5- &7"- -Z+:2[+["-+-)5.,()%-)/+*-#-6/4122(1)5C'$6!"TY\B&2(1=))$!2!
1$6;(%2$4'$6!%)$)%!/0!7'5,/='1./6810S2..)3 ELLIBE$4A),19%6&' (1+2,24'6 7+14'(+),(2.!'(!
5/$('4),)41%/1=)1)00)5%"1).31-$.'7'%)4*12$41948)16, 2+&312$41)1/.-%'/$2,31&' (%!, (/0!
7'5,/="2.1(+)5")(1(&-.41%&),)0/,)1=)14)%), 7'$)41=31)5/./63*!, 2%&), 1%&2$!6)/6,2+&38!D/,!
7'5,/="2.1)-C2,3/%)(1?'8)8!+,/%"(%(12$4!/%&),!-$'5)..-.2,W5/./$'2.1)-C2,3/%) (B*1%& ' (1&2(!1=))$!
)>%6)$4)41%/198&)P./&+%(-#1?D'$.23!12$41D)$5&)."TTTM!ID'$.23!ELLEM!D)$5&).12$4!D'$.23!

)>9,)7).31.2,6)1+/+-.29%'I$1('Z)(12$41&'6&I4' (+),(2.1/01(+)5) (8! @&'(11):1&2(1=) WL $%),) 4!
=31%8&(-, $/-+-)'-%.6./&+%(-#+2D(($),"TTTMID/'(($),'ELL MID/(($), ELLUER 5&!
+1(%(1%8&2%14'(+),(2.'(98)410/,172$31(+)5') (*12$412(1(-5&!%&)1%62>/$/7'514'1), (% 3*!
='/6)/6,2+&3*12$41)1/.-%'/$1/017'5,/="2.1)-C2,3/%) (" (16)$),2..31)>+)5%)41%/1=)17/,)1('7".2,!
%6/1%8&2%!/01725//,62%'(7(8IA>+./,'$61%&)112.'4'%631/01%&) () 1/++/('$6!7/4).(" (1%&-(15,-5'2.10/,!
4)%),7'$$6!7'5,/="2.1)-C2,3/%'5!="/4'1),(%3*10/,1-$4),(%2$4'$6!%&,)!,2%)!2$417/4)1/0!
(+)5'2%/$!'$1-$4),(%-4')41.'$)26) (*12$410/,1+,/1'4'$6!'$('68%6(!'$%6/1%&)!)5/./6312$4!
)1/.-%'1$2,31&' (%!,")(1/0I'$4'1'4-2.1(+)5") (1/0'$%),) (%8

|

AT+'52.19%)(%(1/01%&)1%:/15/7- §BE 14).(1&21)*1&/:)1),*1.2,6).31=))$!=2()4!/$!
71,+&/.163%12$41%&)',I'$%),+,)%2%'/$1&2(1=))$1&'6&.314)+)$4)$%!/$1%&) | (+)5') (15/$5)+%!
)7+.13)4! 2F2 /$IELLTBX[I()<-)$5) ;=20)4!(%-4)(/0!7'5,/="2.1)-C2,3/%)(12,)!1%&),)0/,)!
1016,)2%1'7+/,%2$5)*1+,'72,".31%/1=,/24.314).'$)2%) | (+)5')(174-)19%/1%8&) 1 +,)12.)$5)1/0!5,3+%'5!
(+)5'2%/$Pe2&,1)%!12.8!ELBYB=-9%!7/,)!(+)5'0'52..319%/!5&2,25%),'()1%6&)1$2%- ) /0! +/+-.2%'/$!
(%,-5%-,)1:'%&'$!(+)5') (81N)$)BHY%,-5%-,)152$12,'()12(12!,)(-.%!/0!=2,,"),(1%/16)$)!0./:!
0/,7)41=31."7'%)414'(+),(2.172../+2%, 3!/, '/ 2%'I$=314'(%2$5)B*1,)4-5)41) (%2=.'(&7)$%!/0!
7'6,28%(121'(/.2%'/$1=31242+%2%"I$SNB*1/,17/,)15/7+.)>1+2%%), $(152-()4!=310/-$4),1)1)$%(!
20(/.2%'1$!1=315/$' (2% /$NB!_,(‘$1)%!2.8IEL"SB>+./,'$61%6&)!)>%6)$%!/01+/+-.2%'/$! (%, -5%-,)!
2$41'%(152-()(152$1=)!-()41%/1%) (%!=)%: ) RUARIEA2$AV6 (- $/-+-)'-%.6./&+ 7/4).(*!
('$5)196&)10/,7),1+,)4'5%(12!.25C1/014'1),6)$5)!'$12../+2%, 31/,1'(/.2%'/$!=314' (%2$5)*12$4!.'%%.)!
)1'4)$5)10/,1,)5)$%!(+)5'29%'/$!) 1)$%(*I'$!5/$%, 2(%!1%/1:&2%!"(1/=(), 1)4!'$172$3!+.2$%(12$4!
2$'72.(81A1'4)$5)10/,16)$)%'52..3!(%,-5%- ) A1+/+-. 29%'/$(1&2(1,)5)$% =) ph) 4125, /((12!
12,1%31/01%2>212$4182="%2%(*!'$5.-4'$6!)>27+.)(10,/7185:D%h) () %! 2.8 EL*ZRB/)=2)!
2X/-6.2(1)%!2.81EL"™"MIK)6),1)%!2.81EM"YB/7 (PF2(%).)3$1)%!2.8! EL"LMIQJIO<1'(%!)%!2.8!EL"PM!
b2$/,7).'$6)$1)%!2.8!EL"PMIh&'%%2C),12$41a3$)2, (/$!BL'SB.26)..2%)2k/:)!)%!2.8!
EL"EM!a)$6)0/,(1)%!2.8|EFIPBE 4/+&3%Ne)=,)%!)%!2.8 ELBRI0-$62F2,,'5/$4)!)%!2.8!
ELLUMIA..(/$1)%!2.8!ERINE'.)172$31/01%&)()!(%-4") (!(&/:)415.)2,1)1'4)$5)!10/,!
6)/6,2+8'52.1(%,-5%-,)12(~++, %' $6 196 /-+-)'-%6.6./8&+%(-# B196&)172J/,'%31:),)1.'7'%)4!
'$1)(/.-%'1$14-)19%/1%&)1(72..1$-7=),1/0172,C),1./5'1-()481S'5,/="2.1)-C2,3/%)(!,) 72'$!
01),).31-$4),(%-4") 41,).2%'1)1%/1%&)',12=-$42$5)12$4!+&3./6)$)%'5!4' HN2AR(C'1) %!

2 8IEL"BR$4I5-,,)$%.3!1),310):1+/+-.2%'/$16)$/7'5(142%2()%(1)>'(%!0/;10, 36! (+)5')(!
2M/&,')%!2.8IEIBIGB5&142%2()%(12,)!,)<-',)41%/10-..3152+%- )1+2%%),$(1/0!6)$)%'5!4'1), (%3!
Y68 $12$41=)06:)) Bl +-. 296/ $(*19%/1,)1)2.15/7+.)>1+2%%), $(1/017'6,2%'/$12$416)$)10./: 12841
%6/1'4)$%'031./5'1+-%2%'1).315/$%, '=-%'$61%6/| #SR2PBABI 2541 (+)5'2%'/$8



|

1(1'$%,/4-5)41'$IF&2+%),1"14) (+)¥86(1'7+/,%2$5)12(1217/4).1(3(%) 71%&)! (27 +.'$6 (D
)8+ (LT'%)412541.'%%.)!'(1C$/:$1/01%&)! (+)5')(n!)5/./63RI7 2$313) 2, ( 110+

)8 1&241/$.31=))$1'(/.2%)410,/71)2(%),$![/,%&1]7),'52*1(-66) (%'$6!%6&2%!%&)! (+)5') (!
7231=)1)$4)7'5! 2N,0(5&/.41)%!2.8!EBKPR),*I'(/.2%)(1%&2%!2,)!I'$%),0),%".)!:'%&[8!
17),'52%!.2=/,2%/,31(%,2'$(1&21)!('$5)!=))$!4'(5/1),)4I'$!m2+287+.3'$61217/,)!
5/(7/+.'%2$!4"(%=-%'I$P[2C242!)%!2.8!EL"LM![2C242!)%!2 BIELNB ) 1'/-(1(%-4")(!
&21)1)+/,%)41)1'4)$5)10/,1+/+-.2%'/$!(%,-5%-,)'$!10").4!'(/.2%) (08!-.)"$,'/.. 1?m2$6!2$4!
A&,)$,)'5&IEL"EMID./:),(1)%!2.8 EL*RBA! (27+.'$6!:2(1.'7'%)41%/1[81]7),'52*12$41=)%:))$!
%&)1(%-4")(121%/%2.1/0Y/$.31"EL'(/.2%)(1:),)12$2.3()4*1.'7'%'$61%&)!'$0),)$5) (1%6&2%!5/-.41=)!
4,2:$81D-,%&),7/,)*%&)1.1:1$-7 =),1/01()<-)$5)4!'(/.2%)(1&2(1&'$4),)41%&) ! (%-43!/01%&)!
++-.2%'/$16)$)%'5(1/01%&)!(+)5" (8!

|

#$1%8&' (1582+9HRH2.3(01:&1.)  :6)$/7)!) ;()<-)$5'$6!42%210/,12YTICH/$! | B-)"$,/.. |
0").41'(/.2%)8h )1)>+./,)1+2%%),$(1/01+/+-.2%'/$!(%,-5AH)%6&,)) ! (52.) (*1?'BL./52.%1=/%&!
=)%:))$12$41:'%&'$!('%) (12$41%'7)1+/'$%(1'$10-)=) 512" B! '%&'$!5/$%'$) $%6*1=)%:)) $![8!
17),'52$!"(/.2%) (*12$412"'B1=)%:))$!5/$%'$)$%*! (+)5'0'52..31=)%:))$![8!]7),'52$! 234!
mM2+2$)()!'(/.2%)(8!_1),2..*1)1)+([%!)1'4)$5)!0/,!12..1+2%,'5!4'1),6)$5)*1=/%&!=)%:))$![8!
17),'52$12$41m2+23$)()!'(/.2%) (*12$41+-%2%'1).31=)%:))$!%:/1&'6&.314'00),)$%'2%)41.'$) 26) (I'$!
[81]7),'52%!(-++/,%'$61%&)Vo( -, $/-+-)'-%.6./&+%(-#+0/,1%&)!(+)5') (8!)!0'$4!)1'4)$5)!0/,!
(-=(%2$%'2.124 %6 )1=)%:))$1%&)![81]7),'52$!.'$) 26) (*!+,/1'4'$6!(/7)!/01%&)!0",(%!'$('6 &%(!
'$%/1%85/./6312$414'(+),(2.152+2=""%31/W+,-.)"$,/.. 8ID-,%&),7/,)*"'%& $!0-)=)5!)!
0'$41.'%%.)!('6$2%-,)!/0!(%,/$6!6)/6,2+&'5!/,19%)7+/,2.1(%,-5%-,)8!D'$2..3*1:)1 )+/,%!%&)!
)>%)$('1)!(&2,'$6!/0!-$)>+)5%)4.31./$616)$/7'51%,25%(1.'C).31%/1&21)!=))$!'$&), %) 41'4)$%'52.|
=314)(5)$%!=)%:))$!+2",(1/01'(/.2%) (12%!./52.1(52.) (*12$414' (5-((1()1), 2.1 +/%)$%'2.152-()(!/O!
%&'(!(-,+,'('$6!,)(-.9%48

|

2.41Results

2.4.1 Whole -genome re-sequencing of Chlamydomonas reinhardti  field

isolates !

!

9('$6!)>'(%'$6!2$4!9$):.3!()<-)$5)4!:&/.) ;6)$/7)!,) ;()<-)$5'$6!42%2*!:)12(()7=.)4!2
(H)5")(;:'A)N(27+.)15/$('(% "$6/ONE!'(/.2%)(*1(27+.)410,/7!""1('%)(W%'7)+/'$Y'6-,) I"*!
@=.)!Q10/,14)%2".)41(27+.'$6!2$4!()<-)$5'$6!'$0/,72% B! @ &H)Y.2%)!+2",(12$4!/$)!
'(/.2%)1%,'/*12..1/01:&'5&!:),)1(27+.)4I'$l0-)=)5*1:),)10/-$4!%/!=)!5./$2.!? E§8Y@2.)! QEBS!
1.%8&/-6&1)2R.!"(/.2%):2(14),'1)410,/712$!'$4) +)$4)$%!(/'.1(27+.)*12..1'4)$%'0)4!5./$)!
72%)(1:),)1(27+.)412%1%&)!(27)!('%)!2$41%'7)*1:&'5&!18&2(1=))$!/=(),1)4!+,)1'/-(.3!'$!%&)!
52()!/01%&)!5./$2.1+2" |EFTPE!12$4|FFEETI2m2$6!12$41A&,)$,)' 5& | ELSEB4 %'/$2..3*IFE
YLgU!:2(10/-$41%/1=)1'4)$%'52.1%/1%&)!.2=/,2%/,3!(% 2 A FEL'5&8!:2(1-()4!'$! 72%'$6!
%,'2.0/../:'$6 1(27+.'$6!7Q25C!)%!2.8!"TT$!%&),)0/,)!.'C).3!,)+.25)41%&)!/,'6'$2.!"(/.2%)!
2%!%&2YBYBT244'%'/$2.1"E'(/.2%) (*1(27+.)4!'$10-)=)5!"TTYWT\*:),)10/-$4!$/%! %1 B=)!
-)'$, .. 1EG8HI@=.)!QYB8!]0%),!,)%2'$'$6!/$.31/$)!'(/.2%)!0/,1)25&!5./$2.1+2' &6, /*1%



0'$2.1(+)5)( '4)142%2()%!5/7+,')41Y " I'(/.2%) (12$4!P8UUI 7"..($6.)1$-5.)/%'4)!
+1.37/,+&(7(1? Q[N(B!:'%&! 7012/ "344-CIL8LE"L*ls5!cILBLEUU*12$gkte! LELL PH\X!2$4!
LX!,)0),1%/!0/-,,0/.412$417),/:0/.414)6)3$),2%)! (‘%) (*!,)(+)5%'1)88B/!/-,|C$/:.)46)*1%& (!
42%2()%)$5/7+2(() (1 B)8)%'52..3!-$'<-)0").4!'(/.2%)(1/010+,-.)"$, /.. 8

|

|

"H$0%&N7ID+>6@ ()1 @$+0($), 1+)%! B-+#, $H#1+ B@HO@Y@EY6-%!()!+)+@B, -, 7!

V$#>+01(, W, (R)&><-#1$/1(,$@+0XB-+#Y PI=1-#-101-)&H#I1$/1(,$@+0-, 4-/-# 11080+ @ @B &-!
9(7-1FPa$)+@?!, +>6@ S +0($)!+<<#-2(+0($),1+#-1+,1/$@ @SH[EM-'P\S!  X\+,,+'1&,-00,P!
"5l X"-)),B@2+)(+PI4NASHOLIN+#S@ ()+PRAY))-, $0+PIVZIXIV @$H(%o+ AMH#*S, 1 (>+!

"4 0&H-TI[&-<-' #-/-#,10$10=$!,-6-+#+0-1,(0-, PIV-+#) INOP]Q!0$0+@!(,$@+0-, ?1+)%!\+'3$)+ @ %!
NS@ @-TNIP! /$&#!(,$@+0-,?7!CE;I¥+'1&,-00!(,$@+0-,1+#-1+@,$!/#$>10=$7-! > +6+#0P!+) %!
$)-1,(0-(,$@+0($)!(, #-6#-,-)0-%!<BIO=$! @ +<$#+0$#B!, 0#+(), ()| G K6+ 0+19)7 7QP7

!

2.4.2 Patterns of continental population structure !

|

Q+)5"(;:'4)12$2.3()(1/0!1+/+-.2%'/$!(%,-5%-,)!'$4'52%)4!%&2%!6)$) %'5!12,'10%'/$!"$!

-8, .+ '(16)/6,2+&'52..31+2,%'%'I$)4!1=/%&!=)%:))$![8!]7),'52!2$4!M2+2F$*12$4!:'%&'$![8!
17),'528! 1/%&2$)'6&=/-,11/'$'$6!%:,))!'D'6-,) 'E B!12$4H,'$5'+.)!5/7+/$)$%!2$2.3('(!?NF]*!
D'6-,)!EIB),)I5/$('(%)$%!:'%&!2..I'(.2%)(!5.-(%),'$6!2(1%&,))!4'(%'$5%!.'$)26) (*! ?'B! 2!$/,%&!
)2(%),3$![8!]7),'52%!.'$)26)!?[]"*'EQ!"(/.2%)(B!5/7+,'('$6!%&)!S2((25&-()%%(!'(/.2%)(12$4!2..!
0-)=)5!"(/.2%)(1)>5)+%!FEYLgT*!?"B!2$!2++,/>'72%).3!S'4:) (% WR#2$%'5\W0&!9Q]!
"'$)26)!?[|E*!)'6&%!"(/.2%)(B!5/7+,'('$6!2..1'(/.2%)(10,/7IN)$$(3.12%$'2*![/,%&!F2,/.'$2*!
S'$$)(/%212$41D./,'42*12(1:)..12(IFF; YLgT*12$412"B121m2+2$)()!.'$) 26)! ?mN[B!5/7+,'('$6!

! Y\



=/%&!"(/.2%)(10,/7'i26/(&'72!N,)0)5%-,)*Im2+2$8!@&)![8!]7),'52$!.' 9)28,)!=,/24.3!
5/$('(%)$%!":'%&!%8&)!%:/16,/-+(14)(5,'=)4m3B612$41A&,)$,)' 5&! ?ELMIEBA/-,14) ('6$2%'/$!
101%&)()12(1["12$4![E0)../:  (1%&)',!1+,)1'-(1.2=)..'$6!2(16,/-+!"12$4!E8! @&)!6)/6,2+&'5!
4'(%'$5%'/$!=)%:))$![]"12$4![|E!:2(17/(%!5.)2,.3!(&/:$!=31%&)!6)$)%'5!('7".2,'%3!/0!%&,)!
S2((25&-()%%(12$410-)=)5!"(/.2%)(1?(27+.)4IVYERLIC7!$/,%&B*!,).2%'1)!%/!%&)!.2,6),!
6)$)%'5!4'(%23$5)(!/50)4!=)%:))$!%&)!S2((25&-()%%(!'(/.2%) (1 2SR ?'(/.2%)41/$.3!
VYULIC7!(/-%&!":)(%*!('%)!N]ED$L,)"B8! @&)!6,/-+'$6!/012!('$6.)!0-)=)5!"(/.2%)* I FE
YLGT*:'%&I[[E*!:2(1%&)!/$.3!12$/72.31=)%:))$!%&)()!6)/6,2+&'5!6 /-+(*1+/%)$%'2..3!
'$4'52%'$6!2!,)5)$506! 2%'/$!) 1)$YEBS* ESPEHB

|

Q'$5)10+,-.)"$, /.. + '(1&2+./'4*1%]/10-,%&),)>+.1,)1+/+-. 2%'[$!(%,-5%- )() 41%8&)!1&2+./%3+)
=2()410'$)Q@a9F @9ae2:(/$!)%!28EL"EB@&'(12++,/25&8!-%".'()(12..112,'2$%! 0%4)6"!
-('$61%8&)!F&,/7/+2'$%),!2.6/,'%&7'%/!G+2'$%H!%&)!5&,/7/(/7)(1/01)1),3!'$4'1'4-2.17%&.)!
)5'+)$%(B!2(1215/7='$2%"/$!/01&2+./%3+)(10,/712..1/%&),!'$4'1'4-2.(12%&)4/$/,(B*(/'%&2%!%&.)!
(%) (1:'%&'PR5&!,)5'+)$%!&2+./%3+)15/2.)(5)!17/(%!,)5)$%.3!:'%&!%&)4/$/,8! @&'(1'$0/, 72%'/$!
523!=)1+./%%)412(12!&'6&.3!"$0/,72%'1)15/2$5) (%, 3 TF-RIBEH-772,'( )(1%&)!$-7=),!/0!
&2+.1%3+)(1(&2,)41=)%:))$!2..14/$],)5'+)$%!+2' 8@ &)!5/2$5)(%,3!72%, > 1+,/4-5)41%&)!
(+)5)(;:'8)1(27+.) 15/,,/=1,2%)41%EF)'6&=/-, ;II'$'$6!2$4INF]!,)(-.%(*!:'%&!2..1"(/.2%)(!
(&2,'$6!72$3!7/,)1&2+./%3+)("'$!'%&'$'$) 26)!,)5'+)$%4/$/,1+2",(*1%&23$!'$!=)%:)1$
'$)26)!+2',(17D'6-,)|EF B8IK/:)1),*1%&)+2%%),$(1/01&2+./0&2+36!'$!=/%8&1=)%:) ) R $4!
1'%&'Y.'$)26)!5/7+2,'(/1$(1:),)!$/%!8/7/6)$/-(8! @&),)!:2(1)1'4)$%!(-=  ;(%,-5%-,)!:'%&'$!
[IE*!:'%&!1%&)![/,%&!F2,/.'$2'(/.2%)(!5.)2,.3!7/,)15./().3!,).2%)41%/!) 25&!/%&),!%&2$!%/!%&)!
)72'$'$6![JE!(/.2%)(8!Q'7".2,!+2%%),$(1/0!5()!,).2%)4$)((!:),)!12.(/") 1'4)$%! ' %&'$![] !
0/,/()1),2.10-)=)5!+2',(8!@&)!=)%:))$.'$)26)!&)%),/6)$) %R (I'$4'52%'1)!/0!247'>%-,)!
=)%:))$![]"12$4![JE!"(/.2%)(8!Q+)5'0'52..3*121(-=()%!/0![]"I'(/.2%) (*!72,C)41=31%&)!42(&) 4!
=.-)I(<-2)!'$! D6-,)IE F*1:),)1%8&!,)5'+)$%(1/01216,)2%),!$-7=),|/0![|E!&2+./%3+) (1%&2$!%&.)!
)72'$'$6![]"'(/.2%) (8! @&)![JE!"(/.2%)(IFF ;EY\I2$4!FF;YLQT!:),)!%&)!7/(%!0,)<-)$%!
41$1,(1%/'[]""(/.2%) (*1:&'5&" (1$/%2=.)16'1)$!%82%!%&)3!:),) (27 +.)4!'$1%&)!5./() (%!
6)/6,2+&'5!+,/>'7'%31%/! SAR5&-()%%(Wo-) =)68%'/$2..3*1247">%- ) 1+/%)$%'2..3!
)>+.2'$)41%8&)!12,'2%'/$1/$!1%&)!0",(%0!+,'$5'+2.15/7+/$)$%!/0!1%&)NFIER B*1:&),)![]"!
2>'(15//,4'$2%)(1:),)!(%,/$6.3!5/,,).2%)4!:'%&!%&)!) (%'72%)4!+,/+/,%'/$!/01'$%,/6,) () 4!
6)$/7)!0,/7'[]E!? ())! EB\§ B!2-€!L8TELT!w!L8L"B8!

|

h)12.(/1+),0/,7)412!(%2$42,4/Q@a9F @9aA!2$2.3("PN,'%5&2,41)%!2.8!ELLLM!D2.-(&!)%!2.8!
ELLYB%&)!,)(-.%(!/0":&'5&!:),)!.2,6).3!5/$6,-)$%0!:'%&! &N 0'$) Q@a9F @ 9aA%&.)!
$)'6&=/-,1/'$'$6!%,)) 1 2BUNF]8!@8&)!/+%'72.1i:2(1E!-$4),1%&)!+i! 7)%&/4PA12$$/!)%!2.8!
ELLPER.%&/-6&!"%!(&/-.41=)1$/%)41%82%!%&'(12++,/2581'4)$%'0") (1%&)!-++),7/(%!.)1).!/0!
&"),2,5&'52+/+-.2%'/$!(%,-5%-,)*12$41%82%!6,/-+(I5EREYH!(27+.)(122(10/,!mN[! !
&),)B!2,)1/0%)$!10'%%)412(17 >HN%),1(27+.)416,/-+Pe2:(/$) %! 2.8 EL" 8B/, licE*I[]"!
2$41[|E!5.-(%),)412(14'(5,)%)!+/+-.2%"1$(1:' %8 (+)5%1%/!) 25&1/%&), *1:' % & mNP2$6! 2(!
247'>)4122.%&/-6&!+,)4/7'$2%$%.3![|E'C)*ID'6-,)!Q"B8!D/,licY *1%&)&.,))!.'$) 26) (!
5.-(%),)4!'$4)+)$4)$%.3%8&%6&)!72J/,'%3!/0![]"!'(/.2%) (1?22$4R2,%'5-.2, 1368 247'>) 4H!
(-=0%!/-%.'$)412=/1)BI2$4IFEY\WFEYLgT!2++)2,'$6!12(1247'>)41=)%:))$8)62$5) (%, D.
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4+ 29%$(15/,,) (+ISA'$61%/["12$4I[E  1?D'6-,)IEF*ID'6-,)!Q"BBY, lic\*1%&(1+2%%),$!
2(1$/1./$6),1/=(), 1) 4*1:'%&1$/1('6$2%- ) /01247'>%-,) 1=)%:))$!2$31/01%6&)![8!]7), 52!

'(1.29%) (12$4!MN[*12$41%&)16)$)%'5!12,'2%'/$!/ON[|E!(-=4'1'4)41=) %) B2$5) (%, 2.!
+/+-.2%'/$(?D'6-,)!1Q" B! @&-= ; (%,-5%-,)!/=(),1)410/,[[E! 2%!ic\12++)2,)41%/14'1'4)19%8&,)!

[/, %8&1F2,1.$21'(/.2%)(10,/71%&)!/%&), [E' (. 2%}t &' 5&!'(1$/%! (-, +, ('$6!6'1)$1%682%!%8&,),)!
2)1968&,Y)(/.2%)(10,/71[/,%&1F2,1.'$2*12$41/$.31/$)!'(/.2%)10/,1) 25&!/01%&IHE.),|(%)(8!D/,12..!
(&/:$112.-)(Oi*1%&) 1723/, %3OV (1.29%) (12++)2,)H1%/1=)1+2,%'2..31247">) 41 % & [ ES

|

D'$2..3%1%8&),)!:2(1) 1'4)$5)10/,1'(/.2%'/$!=314'(%2$5)!=)%:))$![]E!"(/.2%) (12 S 2$%) (!
L8PE*e!L8L"B*1=-%!$/1('6$'0'52$%!+2%%),$!=)%6)[6HP6) (' D'6-,) Y B8!]!1+2%%),$!/0!
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2.4.3 Population structure inferences from the organelle genomes !
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2$419%8)IN)$$(3.12$'2!'(/.2%)IER\EB8!@&),)!:2(12.(/!(/7)(-++/,%!0/,1247">%-,)*10/,!
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&'6&.31247'>)A1[]"'(1.2%) (1IN T12$41MN"\"16,/-+)415./().3!:'%&!1%&)! [/, %&!F2,/.'$2!
'(1.2%)(12$4!FEEY\E!/$!%&)!+.2(%'4!$)%:/,C8!K/:) 1), *1'%!:2(1$/%!+/(('=.)!%/!"'4)$%'03!
2$5)(%,2.![]"12$4![|[E!&2+./%3+)!6,/-+(10/,1)'%&),!/,629)..)*12(!:'%& '$!)25&!.'$) 26)!
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%&)1+.2(%'416)$/7)!'(1-$(-,+,'('$6!6'1)$!%&2%!"%!'(!CH/:$!%/!,)5/72%).,)$=),6),!)%!2.8!

"TT MIK2(2%$!)%!2.8!EX'ZHR&)$5)!'%!"(1.'C).31%&2%!%&)!+.2(%'416)$/7) (/01 72$3!'(/.2%)(!
5/$('(%!/017-.%'+.)!1&2+./%3+)(1?:&'5&!723!=)1&'6&.3!4'1),6)4!'$!%&)!52()!/01247'>) 4!
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17),'5212$41/$!/%&),'5/$%'$)$%(B!:"....'C3!=)!,)<-",)41%/!0-,%&),1).-5'42%)!%&)!/,'6'$(!/0!
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2.4.4 Admixture profiling and the identification of putatively introgressed

genomic regions !
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+,/+/,%'1$(1/0'72,C),!Q[N(172%5&'$6!)'%&),!%&)![]"V/, ' [IE!S/$()$(-(12..).) (10/,1)25&!
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#(*101$/101-1%+,1-%! @ (JOE-101+0!=-#-1%-, (*)+0-%!+,11(*1 @B!+%>(J-%!/#$>101-1/()-DCdeNCedU!
+)+@BIQV(*&#-1N?
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117/(2'5!1+2%%),$!:2(1/=(),1)4!25,/((1%&)!6)$/7)!/0!FF ; YLgT?D'6-,)!Q\B!:&),)/$! 72$3!
5&17/(I7)(17)62=2() ;(52.)'[]"'&2+./%3+)(!:),)''$%),(+),)4!/$!2$![|E!6)$/7'5!
=25C6,/-$4!?)868!5&,/7/(/7)("Y*\*I"*Ig*12$4BB!K/:)1),*102,1(&/,%),!%,2$('%'/$(1=)%:)) $!

0" ;12$41E ;.'"C)I0)<-)$5)("))2.(/'/=(),1)4*I5/  $5)'12=.3!4-)!%]/!/.4),'247'>%-,)!
)1)$%(8!V'1)$!%&2UWEY T!:2(1%&)/$.3![]E!(/.2%)!(27+.)4!I'$!0-)=)5*1"%0!"(I(-,+,'('$6!%&2%!
1$.31"g87j1/01%&)!6)$/7)":2(1'4)$%'0")4!12(1'$%,/6,)(()48!#$4))4*\(/7)!5&,/7/(/7)(1?)868!"*!
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+2%%),$!/0'$%,/6,) (('/$!"(15/$('(%)$%!:'%&!2%!.)2(%!/$)'1247'>%-,)1)1)$%!2!(72..!$-7=),1/0!
(0>-2.16)%),2%'/$(!'$1%&)+2(%*12.%&/-6&!2((-7'$6!2..15&,/7/(/7)(!-$4),6/12%!.) 2(%!/$)!
5/((/1),14),17)1((*1%&)! +,)()$5)!/01)$%'",).3![]E ;.'C)!I5&,/7/(/7)((-66)(%(!0-,%&),!
72%'$6!:'%&I[JE!'$4'1'4-2.(1('$5)1%&)!+-%2%'1)1247>%-,))1)$%?(B8!D,/71%&)!
0'9)Q@a9F@9aA!12%52.3('(*IFFLgT":2(17/(%!5./().3!,).2%)4!1%/!1%&)!S'$3$) (/%2!2$4!
N)$$H(3.12$'2!'(/.2%) (*1+/%)$%'2..3!'"$ 486224/, %&), $!(/-,5)!+/+-.2%'/$!0,/7!:&'5& 12!
7'6,2%'/$!)1)$%!5/-.4!&21)!/55-,,)48

1l

2.4.5 ldentity by descent sharing and patterns of local population structure !
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)(%'72%)414')5%.3!=31&77#1XI71%8&)!21),26)!+),Q[N!+,/=2=""%3!/0!'4)$%'%3!=3!4)(5)$%
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A 10/,'[]"V$.3B8!K/)1),*!  2..1%&,))!7)%,'5(":),)!('6$'0'52$%.3!12$4!&'6&.3!5/,,).2%)A! ?
LSU\QILBT UB*12$4!%&)!'$%),#$)P0RYe . % (!:2(15/$('(%0)$%!25,/((17)%, " B@&)!0/../:'$6!
)(-.90(12,)!16'1)$10/,1%,25%(f"'LL!C=8!
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1('$4'52%)41=31%&)!0'$) Q@a9F @9aAI2$2AV6-,) | EFBI%E,), )1 2(1(-=(%2$%'2.112, 2%/$!'$!
)-29%)49)((12)%:))$1+2",(1:'%& $!=/%&I["12SA[ESI5,/((12..!] [["1+2',(*1%&)!4'(%,'=-%'/$!
1019%/%2.1(&2,'$610/,1%,25%(1f"LLIC=1:2(12++,/>'72%).31$/,72.*12.9%&/-6&12!./1$61%62".1/01%&,)!
4'(%,'=-%'/$I'S4'529%)H1%&) 1 +,)()$5)1/01+2",(1:'%&!21&'6&), 16)$/7'510,25%"/$1/01(&2,) 4%, 25%(!
D'6-,) P B8!@/%2.1(&2,'$6!:2(16,)2%),!H&BHI2..IYEP!["1+2',( 1?,2$6)!L8Y]} IPESLjB*!
2$41:2(1T8"j1/$121),26)*12$1-$)>+)5%)4.31&'6&10'6-,)16'1)$1%&)!1),3!.2,6)1)00)5%'1)!
+/+-.29'/$1('Z)1/010+,-.)"$, /.. |EBSHESPBSI@&)!12,'2%'/$1=)%:))$!'(/.2%)1+2",(17231+2,%.3!
=)1)>+.2'$)41=3112,' 2% W1 247">%-,)*I($5)B%,/6,) (/" (1)>+)5%)41%/1,)4-5)1%/%2.1(&2,'$6!
2F2,7'1)%!2.81EL'SR!)>+)5%)4!-$4),1%&'(1(5)$2, /*196&)15/82,5, 26)41(&2,'$6!221+), |

'(1.2%) ' 4)$% %31=314) (5)$%!(-772, 3! (% 2YEGBEBO/, [V (/.2%) (1:2(('6$'0'52$%.3!
$)62%'1).315/,.).29%)41:'%&1%&)'$0), ) Al+,/+/,%'1$1/01'$%,/6,) () 416)$/7)10,/ T [[EL2€!;

L8 gP1wILSL"B8!@&),)!:2(1$/!('6$2%-,)!%&2%!'4)$%'52.1=314)(5)$%!9%4.8898(!),)



5/$5)$%,2%)4!'$1+2,%'5-.2,16)$/7'5!,)6'/$(*NTIT|/01%&)16)$/7)!:2("'$5.-4) 4'$12%1.) 2(%!
I$)142',:'()1%, 25%*12$41968)14' (%, '=-%'/$1/01%&)!121),26)!(&2,'$6125,/((12..![]"1+2",(I'$!"LLIC=!
5& ITI(I72.1'$AL(1:2(12++,/>72%).31$/,72.17
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+$,-.1/ 81]1),26)!6)$/7'5! +,/+1,%'/$(1(&2,)4"4)$%'52.1=314)(5) W (/.2%) 1 +2",(1:'%&'$!
2$41=)96:))$!(27+.)(8
!

012-&32/"&%/.4&-()3] 012-&32/"'&%/.4&-()3 @%$,92-I"A/
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-.1.012/344] | &('% $() ! &'+ +'+$53 $l
623730 %&'t )'$5! %'85% +'+%&18 %8(
9.;1<I$)& ! %%'1% 8's& $'$5! +'+%*% )$!
-.0=>..2@!A>??3B3I$))F | &,'% %+'5 $+'% ++$)& &
9.::1.<1%+$( ! %)'& $8'8 )+ 1 +'+9%$5 %$
-./1.012/344/' 4623730 %*'& 5, ! $'8(! D *51

9.;1<$)&! B

-.0=>,.2@!A>??3B3I$)F | %&'% 589 %',% D *04
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"H#961734G33?>0.4F> | +'+), ! +%$8 ++4 D $%

"HSEBHO(S),1$/101-15)$>-1, 1+#-9%1(%-)0(+@!<BI%-,-)019(7-710$0+@!, 1 +#()*?1+#-1,1$=)/$#101-10$0+@!

6#-96('0-%BI1>>E83!T" 1 2PY$#I0#+'0,IbQTTI<PI+)%!/$#104+'0, IbEIFEA-#1$/1(,$@+0-16+(#,!
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2.4.6 Genetic diversity within lineage, and genetic differentiation and
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2.5!Discussion
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2.5.1 Overview !
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2.5.2 The North American b iogeography of Chlamydomonas reinhardti - +
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5/2(%*12$410-,%8&),!(/-%&B)5#4!=3112,3'$6127/-$%(1/0!6)$)!0./:129%!4'00),)$%!%'7)(8!
D-,%&),7/,)*1%&)1%:/1.'$)26)(152$$/%!)2(".31=)1)>+.2'$)41=315.'72%6)1/,1/%&),)$1' /$7)$%2.
0259%/,(*I('$5)![[E"'$5.-4)(1=/%8&1/$)1/01%8&) 1 7/(%!$/,%&),.3!?FPE*S'$$) (/%2B12$41%&)!
71(%!(-%&),.31?FEEY\Y*ID./,'42B!'(/.2%) (*12$41%&)!S2((25&-()%%(12$4!N)$$(3.12$'2! (%) (!
+)(-72=.31(&2,)1('7".2,)$1",/$7)$%(8IK/:) 1), *1:)1&21)1$/%!)>+.'5'%.31%) (%) 41 2$3!
)$1',/$7)$%2.112,'2=.) ('$1%& (1(%-43*12$419%68&(1:"..10/, 712$!'7+/,%2$%! 2(+)5%!/010-%- )!
)(02,5&8

|

@&INQ)$%'2..312..1["'(1.2%) (1) >&'='%! ('6$2%-,) (/0124 7">%- )| %&I[|EI'$4'1'4-2.(!
(-++,%(121,/)10/,1(-=(%2$%'2.14'(+),(2.18% - )"$,'/.. 8IN1)$1%&2%1%&)!.)$6%&!/01%&,)!
1=(),1)41'$%.,/6,)(()41&2+./%3+)(12,)15/$('4),2=.31./$6),1%6&2$1%6&) 1+&3('52.14'(¥12$5)!
&'5&!1.'$C26)14'()<-".'=, - 712 eX B4)523(I'$1%&)!(+)5V0V"LELICAD./2),(! )%!2.8!EL"PM!
K2(2$!12$4!) (((ELELB1247'>%-,)!'(1.'C).31%/1&21)!/55-,,)4'$1%&)!,).2%'1).3!,)5)$%!+2(%8!
D-,%8&),7/,)*19%6R6121('$6.)!1&'6&B17'>)AI[E"'(/.2%) ! 2FF ; YLgTB!:2(1+,)()$%!:'%&'$!/-)!
(72..10-)=)51(27+.)1(-66) (% (1%&2%!=/%&! 7'6,2%'/$12$416)$)!0./:12,)1/$6/'$6819$4),|(-5&12!
(5)$2,'*19%R0'$4'$6(1%81288.)1%:/1.'$)26)(1,)72'$! (/'&'6&.314'00),)$% ' 2%) 4!'$1%6&)!025)!/0!

7' 6,29%'$12$416)$)10./:1+/9%)$%'2..3'$4'5296)(1%&)1+,) )$5) /01, )+,/4-5%'1) (/. 29%'/$1 2$4W/
[52.1242+9%29%)$88/-6&2..1%&,))!'4)$%'0")4L.'$)26)(I5,/((/(-55)((0-..3"'$!%&)!.2=/,2%/,3!
2N,0(58&/.41)%!2.8IELLPM![2C242!)%!2!88B) S B(('$6!(-55)((1/0!%&)!D./, 4212341
N)$$(3.12%'2!'(/.2%)(1:'%&!.2=/,2%/,31(%,2'$(1&2(1=))$!, )+, %) MYAIS)A 1,).2%'1)1%/19882%
=)9%:))$!.2=/,2%/,31(%, 2'9Q+23"),1)%!2.8!I"TSE,)!12,)! 2.(/! (-=(%2$%'2.1+&)$/%3+'5!
4'00),)$5)(1=)%:))$!"(/.2%) (PD./2),(1)%!2.8IEL"PR$A!%! (&/-.41=)1+/(('=.)1%/1, L' (%! (-5&!



12,'2%'/$!"$1%&)!5/$%)>%!/0!%&)!%:/![8!]7),'52$!.'$)26) (*!2$4!%/!0-,%4&),!%) (Yo Be! Dit,/4-
"(1.2%'1$"'$1%&)!.2=/,2%/,3!?)868!1'210'%3$)((!2((23(!/0't&3=,'4n!+Y6)$3B8!

|

@&)!7/(2'5!6)$/7)/0'FF ;YLgT!2.(/'+,/1'4)('0-,%&),""$('6&%(!'$%/1%&)!)5/./61HHO!

-)'$, .. 81@&)!/=(),1)4!+2%%),$!52$F5/%!('7+.3!1=))>+.2'$)4!=312$![]E!7'6,2$%!2,,'1'$6!'$
0-)=)5!2%$4!(-=()<-)$%.3!72%'$6!:'%&!/$.3![]"I'$4'1'4-2.(*!('$5) 1()1),2.15&,/7/(/7)(!
(&/:19/'('6$2%-,)1/0!,)5)$%!'$%,/6,) (('/$*!'7+.3'$6!%&2%!72%'$6!=)%:))$!/%&), [ E!
'$4'1'4-2.(1/55-,,)4!120%),!%&)!'$0),,)41247'>%-,)1)1)$%?(B8! @& '(!5/-.4!=)1)>+.2'$)4!'0'FF
YLgT!),)!"%().0'2!17'6,2%$%!0,/712$!-$(27+.)4!./52%'/$!'$!: &'5&!=/%&![]"12$4![|E!
'$4'1'4-2.(1/55-,""$!(37+2%,3!2$4!&3=,'4'()8!].%),$2%'1).3*123$![|E'2$5)(%/,!/OIFEQT! 723!
&21)!7'6,2%)41%/!0-)=)5*1'7+.3'$6!%&)!+,)()$5)1/0!/%&), [[E!'$4'1'4-2.(12%! % &J.(¥) &
$/%&'$6!" (ICH/:$!12=/-%!%&)!4'(+),(2.152+2=""%312$4!7)5&2$'(DF$")"$,/.. *12.%&/-6&!
%8&),)!'(12=-$42%$%")1'4)$5)!0/,1%&)!+2(('1)!4'(+),(2.1/014/,72$%!+,/+26-.)(1?(-5&'2(0%6&)!
-8, .+ Z36/(+/,)Bl0112,/-(1(+)5) (! ?X!S))(%),)%!2.8'ELIFR(-5&!+,/+26-.)(!12,)!
)(((%2%$%!%/N)$1",/$7)$%2.1(%,) () (*1%&)3!52$!=)1%,25(+/,%)41/1),!./$6!4' (%2$5) (11'2!="/%'5!?) 868!
=",4(12%4!'$()5%(B*12="/%'5!?)868!:'$412$4!:2%),B*!/,12$%&,/+/7/,+&'5!1)5%/,(8!144'%'/$2..3*12(!
10+,-.)"$,'[..+ Z36/(+/,)(12 4&),)'%/")25&!/%&)IK2,,'(ELLTB2!('$6.)!7'6,2%'/$!)1)$%! 723!
&21)1%&)\+/%pR.1%/!'$%,/4-5)172$317'6,2$%!'$4'1'4-2.(1/0'=/%&172%'$6!%3+) (*!:& 5&!5/-.4!
)>+.2'$1%&)!'7+.")41+,)()$5)1/01/%&), [|E!'$4'1'4-2.(12%!%&) (27 +.'$6! (")) 8!

|

2.5.3 The Japanese isolates and the wider biogeography of Chlamydomonas

reinhardtii |
I

1.9%&/-6&1%&)") 11%'/$2, 318" (%/,31/019%&)!m2+2$) )1'(/.2%) (" (1) (0$%'2..31-$,)(/. 1) 41=2()4V/$!
5-,,)$%!(27+.'$6*19%&)',I'$5.-(/$!'$1%& (1(%-4312%!.)2(%!'$4' 52001968 A%+ /$14'00),)$%!
5/$%'$)$%(17231=)!)>+)5%)41%/10/, 71(-=(%2$%'2..314'1),6)$%!.'$) 26) (8! KHM))!21 7/4).
1012..1+2%,'514'1),6)$5)!=)%:))$![8!]7),'52$!12$4!M2+2$) (J0+,-.)"$, 1. X+ %! (I(-,+,'($6!
068&2%!%&)IMN[L.'$)26)!'(1$/!7/,)16)$)%'52..314'(%'$5%10,/71)%&), I[]"V/, [ E*1%&23$![] "1 2$4!
[[E12,)10,/71)25&1/%&),8!_$)!(+)5-.2%'1)1)>+.2$29%'/$!"(1968Z)M2+2$) ()!'(/.2%)(":),)!
4),'1)410,/7121%8&' 41-$(27+.)41[81]7),'52$!.'$) 26)1%&2%!-$4),)$%!4'1),6)$5)!0,/7![]"!
2$AI[EI('7-.%23)/-(.3!?)868!'$IN25'0'51/,11),'$6'2$!,)0-6'2B*1=)0/,)17'6,2%"/$1%/!Im2+2$8!
h2%),1=",4(12,)1%8&/-6&%1%/1=)12172J/,17)582%' (TYBRRI4' (+),(2.12i, (%23 ()$!" T T B12$4!
)(%),$![8!]7),'52412$41'$1+2,%'5-.2,1].2(C2*!'(1.'$C) 41%/Im2+2$!=31%8&)10.3:23(1/0()1),2.!
7'6,29%1,31=",41(+)5)(81].9%),$29%'1).3*16,24-2.14'(+),(2.125,/((1%&)'1),'$6!.2$4!= '46)15/- 41
2.(/16'1)1,'019%/121('7".2,14+2%0%),$*1.) 24'S61%&) 1+,)4'5%'/$1%&2%! 2$ 31 A2(%!]('2$12$41]. 2(C2$!
10+,-)"$, /.. 17231=)16)$)%'52..3!('7".2,8!@&)!(%,'C'$6.3!./:16)$)%'514'1),('%31/01%&)!%: /!
m2+2$)()!'(/.2%)(1,).2%'1)19%/1%&)![8!]7),'52%$!.'$) 26)(I'(12. (/'(-,+,( $681#01%&)!.'$) 26)1:2(!
)(%2=.(&)410,/7121.B),1+/+-.2%'/$!=317'6,29%'/$!?:&'5&!5/-.4I'$!+,'$5'+.)!/55-,10,/712!
('$6.)1Z36/(+/,)B*1%8&)$!(-5&1210/-$4),1)00)5%!:/-.41=)1)>+)5%)41%/!,)4-5)14'1), (%31 1'212!
01),)1=/9%%.)$)5@K)!S))(%),1)%!2.8! EL BEB++/,%'$61%& (183 +%&)('(*12$3!+/+-.2%'/$!
+)0$%!'$1i26/(&'72!7-(%!=)16)/./16'52..313/-$6*12(121,)(-.%!/01%8&)10/, 72%'/$!/01%&)1]", 2!
F2.4),2IVYL*LLLI3)2,(126/*12$41%8&)1|C2&/32!),-+%'/$IVg*LLL!3)2 PRBAH& ' 4212$41] 2"l
ELLYS

|



1(121,)(-.9%1/01%&)1& ' (%/,'514'00'5-.%3!'$ (/. 290'66)"$, ..+ ?N,0(58/.41)%!2.8! EHIIBH!
'C).31%8&R1%&)!5-,,)$%!(27+.'$6!+,'72,".31,)0.)5%(1%&)!4' (%, '=-%'/$!/0!,)()2,5&), (8!
#$9%),5/5%'$)$%2.14'(%,'=-%'/$(1/017/,)15/$(+'5-/-(1b/.1/52.)2$12.62)1&21)!=))$!4/5-7)$%)4!
2)868:2(2C)%!2.81?EL"BR2$416'1)$1%&)!6)/6,2+&'514'(%2$5)!=)%:))$1)2(%),$![8!]7),'52!
2$41M2+2$ Y$/%!=)1(- +, ($610! 10+,-)"$, ..+ '((&/:$1%/1&21)1215/$('4),2=.3!:'4) !
4'(%,'=-%'I$"'$19%&)10-%-,)8!K/:)1),*102,17/,))>%)$('1)|(27+.'$6125 /(1 7-.%'+.)1,)6'/$(12$4!

|

2.5.4 Patterns of population structure and genetic diversity at a local scale !

|

#$1025-.%2%'1).3!()>-2.1/,62%'(7(*1-$4),!5),%2'$!5/$4'%'/$(15./$2.),/(/$!52$!6)$),2%)!
+/+-.2%'1$!(%,-5%-,)!12$4!,)4-5)16)$)%'5!4'1),('%3!2%!./52.17623(1),=)C)!2$4!X)!
S))(%),!EL"LBIN,/,1%/!%&'(/(%-43*12.7/(%!$/%&'$6!:2(!C$/:$!2=/-%!%8&)!./52.!(%,-5%-,)!/0!
6)$)%'5!4'1),('%3!'"BH,-.)"$,' /. X+2$4!'%0!:2(1-$CH/:$!:&)%&),12!('$6.)! ('%)!:/-.41=)!
4/7'$2%)4!=315./$2.!.'$)26)(8!].%&/-6&!/-,1(27+.)!5/$%2'$)412!(72..1$-7=),!/0!5./$2.!

+2',(W%, '/ %' (1.2%) (1(27+.)412%!('$6.)!('%)(":),)!6)$)%'52..3!4'(%'$5%*12$414'1),('%3!2%!
('$6.)!1('%)(12%4!1%'7)1+/'$%(1:2(1/01%&)!(27)!726$'%-4) &)1%/%2.!.'$) 26)!4'1),('%38!
1.%&/-6&!%8&)!)>%)$%!/0!'4)$%'%3!=3!4)(5)$%!(&2,'$6!2++)2,)41%/112,3!=)%:))$!('%) (12$41%'7)!
+/'$%(!I'$l0-)=)5*1:)10/-$4!$/1)1'4)$5)!0/,!(%,/$6!+/+-.2%"/$!(%,-5%-,)!12%!%&'(!(52.)8! @&)!.25C!
101(%,-5%-,)!1/=(),1)4!'$!(+25)!0-,%8&),! %% (1%&)!5/$('4),2=.)14'(+),(2.!+/%)$%'20/0!

-)"$,1.. 8l@&)!.25C!/0!(%,-5%-,)!/=(),1)41'$!%'7)!5/-.4!+/%)$%'2..3!=))>+.2'$)4!=3!./$6
%),7'Z36/(+/,)!4/,72$53*1:&'5&!:/-.41,)(-.%!"$!'(/.2%)(1(27+.)4!72$3!3)2,(12+2,%!=)'$6!
0+2,2%)4!=3102,!10):),1()>-26)%$),2%'/$(1%&2%$!:/-.41/%&),:'()!=)")>+)5%)48!Q-5&!2!
+&)$/7)$/$!"(ICH/:$!"$!/%&),!5&./,/+&3%)!12.62)*1:&),)14/,72$%!Z236/(+/,)(12,)!52+2=.)!/0!
0/,7'$6!+,/+26-.)1=2$C(1?D,3>)..I" TUYR$4!'%!'(IC$/:$!%8&2%!.)"$, ..+ Z36/(+/,)(12,)!
)((%23%!%/!'=/%&I%H67'0,)) Z'$6!12$4!4) ('552%7K2,, (\ELLT&EN,/+26-.)!=2$C(1&21)!2.(/!
=))$!&3+/%&)('()4!%/!5/$%,'=-%)!1%/1&'6&!.)1).(1/0!6)$)%'5!4'1),("%3*12(1+/+-.2%'/$(152$!=)!,)
0)4)4!:'%&!&2+./%3+)(1+,) )$%!2%!+,)1'/-(1%'7)!+/'3eH§6)0/,(1) %! 2.8!EL"@MY) 72C),!
2$41e)$$/$'EL"UB2$41%&),)Q!./$6 ;%),7!236/(+/,)14/,72$53!5/-.4!=)1215/$%,'=-%'$6!
025%/,1%/'%8&)!&'6&!4'1),('%3!)(%'72%y40r3,'/.. 8

|

10+,-.)"$,'/..+ +/+-.2%'/$!6)$)%'5(12$2.3()(!1&21)!=))$!&'$4),)4!=31%&)!2=()$5)!/0!2!(-'%2=.)!
()%!/0"'(/.2%)(*12$4)%@5C!/0!-$4),(%2$4'$6!2(1%/!:&2%!5/$(%'%-%) (12!t+/+-.2%'/$Nn!'$!%&)!
(1)5)(8!@&)!&'6&!6)$)%'5!4'1),('%3!0/-$412%!('$6.)!('%) (I'$1%&'(1(%-43!$/:1+,) )$%(1%&)!
[++/,%-$'%3!%/!-()!(27+.)(10,/7!('$6.)!('%)(1?)868!D2,$&27!"TTYB!0/,!0-%-,)!2$2.3()(8!
D-,%&),7/,)16'1)$!%&)!.25C1/0!(%,-5%-,)!=)%:))$!('%) (W%'7)!+/'$%(*!%&)!)$%",)!0-)=)5!(27+.)!
5/-.415/$5)'12=.3!=)12$2.3()4!%/6)%&),8!].%&/-6&!%&)!)>%)$%!/0!'4)$%'%3!=3!4)(5)$%!(&2,'$6!
=)%:))$!%&)()!"(/.2%)(!,)<-',)(10-,%&),!)>+.2$2% EBP B %&)!4).'$) 2%'/$!/0! 2/6+!/0!
"(1.2%)(1(-'%2=.)!0/,!+/+-.2%'/$!6)$)%'5(12$2.3() (1&2(1%&) ! +/%)$%'2.1%/!6,) 2%.3!) $&2$5)!1%&)!- ()!
/0N0+,-.)"$,').. I'$N1/.-%'/$2,3!="./63!,)()2,5&8!

|



2.5.5 Broader perspectives on microbial biogeography and speciation !

|

@2C)$!%/6)%&),!:'%&!1%&)")1/.-%'/$2,3! &' (BOIS, $' (<2#/-,'$%), +,)%2%'/$ WO+

-)"$,'..+ 5/$%'$)$%2.1+/+-.2%"/$!(%,-5%-,)!(-++/,%(12!,/.)10/,!12..1+2%,'5!4'00),)$%'2%'/$! ?2$4!
+/%)$%'2..3!(+)5'2%'/$B!'$!7'5,/="2.1)-C2,3/%) (8! @&'(!+), 7'% (1% &5 DIYEER : \2./ &+
%(-#+$!1%&)()!152() (*!(-++/,%'$6!%&)!7/,)!1('7".2,!,2%)(!/0!(+)5'2%'/$!=)%:))$!7'5,/="2.!
)-C2,3/%)(12$4!725,/1,62%'(7(!+,)4'5%)4!1=31%8('-,$/-+-)'-%.6./&+%('-# *12$4!'7+.3'$6!
%&2%!7'5,/="'2.1(+)5")(1723!=)102,17/,)1(+)5'()1%&2$!)>" (A$B>/$/7'5!4)(5,'+%'/$(!
(-66)(%8!1#%!"(1:/,%&!$/%'$6*1&/:) 1), *1% & 280 19B&H-)'-%.6./&+% (-#+4]) (1$/%!+,)4'5%!
0,)<-)$%!2../+2%,'5!(+)5'2%'/$!?'$(%)241021/-,'$6!12,'/-(10/,7 (/0] B/$+2%,'5!(+)5'2%'/$B!
?2D/'(($),!ELLUB2$4!'$1%&'(1()$()1%&)!7/4).17231$))41%/1=)1,)1' ) 48!S)) (%),!)%!2.81?ELLEB
4)%2'.)41%&)!,/.)1/016.25'2.1,)0-6'2!'$!(+)5'2%'/$!)1)$%(10/,112,'/-(1Z//+.2$C%/$*12$4!'%! 723!=)!
%&2%!('2;!2../1+2%,'5")1)$%(12,)!12.(/'5/77/$+.25)I'$!7'5,/="2.1)-C2,3/%)(8!K/:) 1), *1'%!'(!
-$5.)2,1%/!:&2%!)>%)$%!%&)!,) (-.%(10/,1%:/1%),,) (%0,'2.1(+)5") (152$!=)1)>%,2+/.2%)4*12$41%&)!
)>+.1,2%'1$1/01('7".2,1+2%%),$(125,/((12!102,1.2,6),!,2$6)!/0!(+)5") (V' (/=1"/-(13<-',)4!1%!/!
0-..31244,)((1%&'(1<-)(%'/$8!

|

2.5.6 Identity by descent sharing between  Chlamydomonas reinhardtii  isolates !

|
@&)!/,'6'$2.17/%'12%'/$10/,I'4)$%'03'$6!'4)$%'52.1=314)(5)$%!%,25%(!:2(1%/'<-2$%'03!=)%:))$
+2'1,).2%)4%)((12$41)>+./,)1+2%%), S (I1BB.1+/+-.2%'/$!(%,-5%-,)8!K/:) 1), *1%&) ! 7/(%!
(-,+,'('$6!,)(-.%!/01%&)()!12$2.3()(1:20%&2%!/$!21),26)!2!+2" }/O![]"1"(/.2%) (!(&2,)! T8"]!/0!
%&)",16)$/7)(1"$!%,25%(f"LLIC=*12$41%&2%!2$!)1)$!&'6&),!+,/+/,%'/$!:2(1'$4) +)$4)$%.3!
1=(),1)41=)%:))$!%&)%&,))!'(/.2%)(1(27+.)4!'$![/,%&!F2,/.'$28!A1)$!7/,)!-$)>+)5%)4.3*!
'(/.2%)(10,/7'S2((25&-()%%(!2$4!0-)=)5!?(27+.)4VBL!3)2,(12+2,%B!(&2,)'U8"}!/0!%&)",!
6)$/7)(1'4)$%'52.1=314)(5)$%!/$!21),26)8! @&'(!&'6&.'6&%(12!(%,'C'$6!4'5&/%/73r'&/:152$!
)(()$%'2..319485%" ) (27 +.) 4! +/+-.2%'[$12++)2,1%/1(&2,)!,)5)$%!2$5) (%, 3*13) %!6)$)%'5!4'1),('%3!
=)172'$%2'$)412%!21&'6&!.)1).€!1].%&/-6&!7-5&!/0V/-,1-$4),(%2$4'$6!/0!'4)$%'%3!=314)(5)$%!'$!
+/+-.2%'1$(1&2(1=))$!=-"%!-+/$!+)4'6,)) P@&/7+(/$'EL"YB+/+-.2%'/$.) 1) .1%&)/,3!&2(!
,)5)$%.3!=))$!14)1)./+)410/,1%,25%(14)0'$BI2,='%,2,316)$)%'5!.)$6 % LODIBN2.272,21)%!2.8!
EL"EM!F2,71)%!2.8!EL"YMIF2,7'1)%!2. 8B $&)<-2%'/$\!|/OF2,7'1)%!2.8! ?EL"*YEBH4!
=2()4!/$1%&)!)(%'729R)40/,\[]"12$41217'$'7-71%,25%!.)$6%&!/0!"LLIC=I?V"8EI5SB*1%&)!
21),26)!+,/+/,%'/$!/01%&)!6)$/7)(&2,)4!'4)$%'52.1=314)(5)$%!=)%:))$!2!+2',1/0'$4'1'4-2.(I'$!
21h,'6&%D' (&), 1+/+-.2%'/$!"(1)>+)5%)41%/!=)IVLSLLL"gj*10/-,1/,4)/0!726$'%-4)../:),!
%&2%$!/=(),1)48!

|

].%8&/-6&1:)15-,)$%.3!.25C12$1)>+.2$2%'/$10/,18&'(14'(5,)+2$53*1%&)IN2, ) +/(('=".'%")(!
%&2%!52$!15-,,)$%.31=)15/$('4),) 48 MHIF!S, .. 1)1'4)$%.314/)(1$/%!7))%!%&)!2((-7+%'/$(!
10121h,'68YD' (&), 1+/+-.2%'/$*12$41968&),)0/,)1 2! (%/582(%'51+,/5)((17231=)1,) (+/$('=.) 8IF./$2.!

)+, 14-5%1$1'(1)>+)5%)41%/1)(-.%!'$121& 6 &I L EPS!, ) +,/4-5%'1)!(-55)((1 ?@).."),12$4!
e)72')IEL"\B *I12$41Z36/(+/,)14/,72$531:/-.41,)(-.%!'$!/1),.2++'$616)$),2%'/$(*12.%&/-6&!
0-,%8&),198&)/,)%'52.1:/,CL:"..1=)1$))4)41%/1244.)((1%&)!)00)5% (/01 (-5&!+,/5) () (/$!'4)$% % 3!=3!
4)(5)$%8!Q)5/$4*1'%!'(15/$5)'12=.)1%82%! 7 2$3R/BERGES/7'51%, 25%(15/-.412, () '$12!
+/4+-.290'1$12(121) (- %1/01+), 12(' 1) 1+/('%'1)1().) 5% /$I5/7="$)41:'% &) ./$@$6)!)00)5% (/0!

! \T



().)5%/$!/$L.'SC)41('%)(8!D,)<-)$%!242+%'1)!)1/.-%'/$12$41%8&)!,)(-.%'$61)00)5%(!/0!&'%58&'C'$6!
1$1.'$C)41('%)(1&2(1,)5)$%.31-9) 1/C)41%/1)>+.2'$1%&)! /:1/=(), 1)414'1), (%3'$1%&)!

=<0/~ (1+&3%/+. 25 C Yo/ B! (+) 588 #.$). $+"2<HBD'. 296/ 1IEL 'TBY&/-6&8D+,-.)"$,'/. .+
J=1'/-(.314'00),(10,/71%&(152()":'%&!,) (+)5%!%/16)$)%'514'1), (‘% 3*'01+), 12(‘1) (%"
().)5%'/$125%)417/(%.31/$!(%2$4'$6!12,'2%'/$!'$1%&)1(+)5') (%! (1+/(('=.)1%&2%!(/0%!().)5%'1)!
() +(15/-.41)(-.%!'$17-.%'+.)1&2+.1%3+) (1, ($61%/1&'6&10,)<-)$53*:&' )1 72'$%2'$'$6!&'6&!
6)$)%'5!4'1),(%38!@&',4*1'019%&,),)I'(121&'6&14'1),('%3!/0R(YE 2526%(1()6,)62% ' $EICH!

S - 29%$(1%8&),) 7231=)1)5/7="$2%BI(-++,) ((/$!=)%:))$!5), %2'$1&2+./%3+)(8!
N&3('52.1,)5/7='$2%"/$1&2(1/$.31=))$!(%-4')41=)%:))$1211),3!(72..1$-7=),1/00+,-.)"'$, /. .+
'(1.2%)(12i2%8&',1)%!2.8ELLY Mle'-1)%!2 BIERA1IBA'%'/$2.1)>+),'7)$%2.1:/,C1:". 1=)!
)<-')A41%/10-,%8&),1)>+.1,)1,)5/7="$2%'/$!'$1%8&) | (+)5")(B14#$121=,/24) 1 ) S[P+,'52.1(%-4')(!
101/%8&),1(+)5)(1:'%&!('7".2,1.)0)1535.)(1:"..12.(/'1=)15,-5'2.1%/14) %), 7'$'$61%6&) 18),2.'%631/0!

%&'(1,)(-. HEB7".2,1+2%%),$(17231)2(.3!&21)1=))$!7()4!'$14'+./'4)(+)5')(14-)1%/121.25C1/0!
+&2()4&2+./%3+)(8!

2.6!Conclusions

|

10+,-.)"$,'/..+ '(14'1'4)41'$%/'%&,))!6)/6,2+&'52..314'(%'$5%!.'$) 26) (1=2()4!/$!5-,,)$%0!
(27+.'$6*1(-++/,%'$6!%&(" -, $/-+-)'-%.6./&+%(-#+0!7'5,/='2.1)-C2,3/%)!='/6)/6,2+&38!
10+,-.)"$,'.. 1'(1."C).3!%/!1&21)!(-=(%2%$%'2.14'(+),(2.152+2=""%3*!'7+.3'$6!%&2%!,)+,/4-5%'1)!
"(1.2%'1$'12$4W/,1./52.1242+%2%'/$!723!=)172'$%2'$'$6!6)$)%'5!4'00),)$%'2%'/$!=)%:))$!%&) ! %:/!
[8117),'5 2$!.'$)26)(1"$!%&)!025)!/01/$6/'$6!7'6,2%'/$!2$4!6)$)!0./:8!K'6&!4'(+),(2.1723!
2.(1'+,)1)$%!%&)!)1/.-%'/$!/01+/+-.2%'/$!(%,-5%-,)12%!./52.16)/6,2+&'5!(52.) (8!h'%& '$!%:/!
'$4)+)$4)$%!+/+-.2%'/1$(12$!)>%,)7).3!&'6&!'$5'4)$5)!1/0!'4)$%'%3!=314)(5)$%!(&2,'$6!:2(!
1=(),1)4*1,2'('$6!()1),2.1'$%),) (%'$6!<-)(%'/$(!,)62,4'$6!%&)") 1/.-%'/$2,3!6)$)%'3 00!
-)"$,l.. 8

|

2.7'"Methods

|

2.7.1 Sampling and whole -genome re -sequencing !

|

Q27+.'$6!12%$4!:&1.);6)$/7)!,) ;()<-)$5'$6!/0!1%&)!0").41'(/.2%)(1212'.2=.)!0,/71%&)!
F&.2734/7/$2('a)(/-,5)'F)$%,)!?&%%+(rWW:::85&.2735/..)5%'/$8/,6B!&2(17/(%.3!=))$!
4)(5,'=)4!+,)1'/-(.38!1,0.3*1()<-)$5'$6!42%2!0/,""I'(/.2%) (1(27+.)412%!)'6 &%!./52%'/$(!
=)%))$!"T\P12$41"TT\l),)1+,/4-5)4!1=3! D./:),(1)%!2.8!?EL"PB%&!%&)!)>5)+%'/$!/0IFF
ETYEMZAB2$4!A&,)$,)'S5&IEL"BE)!/=%2'$)412$4!()<-)$5)4!%&)!"(/.2%) ' FFE U*!1('$5)!"%!
:2(1$/%!'$5.-4)41'$1+,)1'/-(1(%-4")(8"1]'%/%2. /3T (/.2%) (1 ?FEYLPTHIFF ; YLUT!'$!1%&)!
5/..)5%'/$B*!(27+.)A$!"TTYWT\!0,/71%:/1()%(!/0!0").4("VUL!IC7!12+2,%!'$!0-)=)5!7D2,$&2
2$4!1S25X/$2.41F/..)6)B*1:),)!10',(%!(5,))$)4!=3!Q2%6),!()<-)$5'$6!/0!'$%,/$(b#12$4!b##!/0!
%&M@463%$)*:&'5&!2,)1(+)5")(;(+)5'0'5!72,C),('$!1/.1/5'$)!12.62) 1?e'((1)%!2.8!"TTR)B
A'6&%0))$!'(1.2%)(!:),)!5/$0',7)412(12-%&) $%®H,-.)"$,' /.. *I()<-)$5'$6!/0!:&'5&!:2(!

4)(5,'=) 4!1=3])((")%!2.8!?EL" ®#]!0-,%&),!)'6&%!+,)1'/-(.3!-$4)(5,'=)4!'(/.2%)(!?,)0),,)41%/12(!



Nol'$1%&'(1(%-43B!:),)!(27+.)410,/7'D2,$&27"SIEL" *I-('$6!%&)!+,/%/5/.!/@Q25C!)%!2.8!
??"TT\B!

!

X2%2!+,/4-5)419432..2&),1)%!2.81?ELIBIB%&)!.2=/,2%/,3!(%,2'$(IREET!2$4!FE"L"L!
D))12.(/1'$5.-4)481Q'$5)!12..1.2=/,2%/,3!(%,2'$(12,)!4),'1)4!10,/7!12!('$6.)! Z36/(+/,)1(27+.)4!
'$!1S2((25&-() %% (I'$!"T\P*1%&)!6)$/7)(1/01%&) ()1 (%,2'$(!5/$('(%!/0!%:/1+2,)$%2.1&2+./%3+) (*!
2.%8&/-6&!125,/((12..1(YH@VgPj!/0!%&)!6)$/7)!12++)2,(1%/'&21)!/,'6'$2%)4!0,/7!/$)!+2,) $%!
?12..2&),1)%!2.8'ELSHBS "LLTI2$4!FE"L"L!&21)!'$&),' %) 4! /++/('%)!+2,)$%2.1&2+./%3+) (*!
2341(/'%/6)%&),!72>'7'()!%&)16)$)%'5!12,'2%'/$!+,) () $%! 27/$6(%!%&)!.2=/,2%/,3!(%,2'$(8!l/%&!
(%,2'$(!:),)!"$5.-4)4!'$19%0&)12$2.3() (1/01+/+-.2%'/$!(%,-5%-,)12$41247'>%-,)*!:&),)1%&) 3!52$
=)12$2.3()4!12(16)$)%'52..3!4'(%'$5%!2%!VEP)!/0!6)$/7'5!('%)(8!D/,12$2.3() (1:&),)!%&)!
'$4)+)$4)$5)1/0!'(1.2%)(!:2(!,)<-',)4!?'8)8!%&)!52.5-.2%'/$!/0!+/+-.2%'/$!6)$) %'5(1(%62%' (%6'5(!
2$41%8&)!'4)$%'0'52%'/$!/0!'4)$%'%3!1=314)(5)$%! %6 | A5PEE ) 5. -4) 48!

!

D/,'%&)\EL"1D2,$&27!'(/.2%)(12%4'FAFE " U*IX[]':2(1)>%,25%)4!=3!+&)$5&./,/0/, 7!
)>%,25%'/$10/../:'$@)( (1)%!2.8!?EL8HIR/.) ;6)$/7)!,) ;()<-)$5'$6!:2(!+),0/,7)4!/$!%&)!
#..-7T'$2K'Q)<!ELLL!+.2%0/,7!?"LL!=+1+2;)84!)24(B!0/,'%&)!D2,$&27""(/.2%) (*12$4!/$!%&)!
#..-7'$2!K'()<NLLL!+.2%0/,7!?"PLI=+1+2' Y4$4B!0/,'FF YE U*!=/%&!2%!I"#!K/$6!i/$68!
@&)!7/4'0"4INFa!5/$4'%'/$(1/0F,41)%!2.8!?EL™B),)!-()4!4-,'$6!.'=,2,31+,)+2,2%'/$!%/!
255/77142%)!%&)!&'6&!,B/$%)$%!N0%,-.)"$,'/..+ ?7)2$!$-5.)2,!"FIc!"\8"|B8! @&)!
m2+2$)()!'(/.2%) ([HAG\ Y!2$4![#AQE\'\!)),)!()<-)$5)4!-('$6!%&)#..-7'$2!S'Q)<!
+.2%0/,71?YLL!=+!+2")848BX)%2".)4!(27+.'$6!&'(%/,3!12$4!()<-)$5'$6!7)%,'5(10/,!12..!
'(1.2%)(12,)!1+,/1'4)A'$!@2=.)!Q"B!

!

2.7.2 Read mapping and variant calling !

!

a)24172++'$6!12%$4!'$'%'2.112,'2$%!52..'$6!:),)!+),0/,7)412(14)(5,'=)4!4R(1)%!2.8!?EL" @&
1,70.3%1,)24(":),)!72++)41%/11P!/0!%&)D+,-.)"$,"/..+ ,)0),)$5)!6)$/7)! ?1.2=31)%!2.8!ELN\B
-('$6!lIh]  ;SAS 11L8g8RPXP!?e'EL"YB%&H4)02-.%!()%% '$6(8!@&)!+[H¥#25B)(('/$!
[FZLLPYPYB!2$4!7'%/5&/$4,2[RA#1255)((/$![FzLL" YU B!6)$/7)(}:),)!12++)$4)4!1%)/!
%&)!,)0),)$5)*12(1:2(1%&N "1./5-(1?[FI#!1255)((/$!"9U"\L"PB*!('$5)!%&)!,)0),)$5)!
6)$/7)!"(/.2%)"'( 84 ' 81")$/%3+)(":),)!52..)4!-('$6!%&) " @i 1YBPPX)N,'(%/!)%!2.8!EL"'B
%I//.1K2+./%3+)F2..),*12$41%&)!,)(-.%'$6!+),!"(/.2%)! ") $/7'51224%!F2..!D".) (1?6bFDB!:),)!
5/7="$)41%/121(+)5")(;:'4)!b2,'2$%!F2..1D".)1?bFDB!-('$6!")$/%+3)"bFD(!:'%&!%&)!
0/..1'$6!$/$ ;4)02-.%!()%% '$B{H.)z+./'43c"*I'$5.-4)[/$b2,'2$%Q'%)(c%,-)*!
&)%),/Z36/("%3cL8LE*!'$4).2&)%),/Z36/("%3cll8LLES

!

_$.3I'$12,'28%!2$4R:").'51('%)(!:),)!5/$('4),)4!10/,12%$2.3()(8!D".%),(!:),)12++.")4!
'$4)+)$4)$%.31/$!%&)!6)$/%3+)!52..(1/01)25&!"(/.2%)*12(1/++/()4!1%/!+),! ('%)8!a)%2'$)4!
6)$/%3+)(!,)<-')A12!17'$'7-71/01%&,))! 72++)4!)24(*):'%&!% &) %/%2.!14)+%&!$/%!)>5))4'$6!%&)!
21),26)!4)+%84,1%8&)!'(/.2%)!'$!<-)(%'/$!+.-(10/-,1%'7) (1%&) ! (<-2,)!,//%!/0!%&)!21),26)!4)+%&!
?%/1,)7/1)!,)6'/$(":'%&!5/+31$-7=),112," 2%'/$!?F[bB®'?EL"\BB8!")$/%3+)(!./52%)4!P!=+!
)'%&),!('4)!/012$$4).1:),)10".%),)4*1%/121/'4102.()!+/('%'1) (14-)1%/17'(2.'6$)4!,) 24(8!Q[N(!
'%&12!16)$/%3+)!<-2.'%3!?"oBIWEL*!/,1:'%&!WTLj!/0!%&)!'$0/,72%'1)!,) 24 (! (-++/,%'$6!%&)!



52..)416)$/%3+)*1:),)10'.%),)481]. .. (Y4, /71%&) IV LLCSY ! 12=)%:))$!1%&)E!" 12$44PEBA
6)$)(! 2X)!K/001)%!2.8!ELBYESA4 " +/5'1:),)10'.%),)481D/, 1%6&) 1+/+-.2%'I$! (%, -5%-,)12$2.3()(!
$/17'(($6!6)$/%3+)142%621:),)12../)4%1 )(-. %'$6!'$1%6&)!12$2.3( (/BN 7'../$IQIN(8 !D/,!
2$2.3()(15/7+2,'$6!%8&)14'00),)$%!'4)$%01034L.)"$, ..+ .'$)26)(*1%/172>'7'()1%&)!$-7=),!
10152..2=.)1('%) (12! 7'$'7-7HOIPLjIOI (1. 2%) (1 %&'$!)25&).'$) 26)!:), )1, )<-',)41%6/1&21)!
6)$/963+)(1%&2%!+2(()410". %) 3B+ 0R6&) BR2$) ()1 (/. 2%) (*1:&),)1=1%&!:), )1, )<-', ) 4B*!
)(-.%'$6!'$1%6&)12$2.3('(/OIPUSL{!/0!('%)(16)$/73)!2 "8gg!S=BI12$41g\8\j!/0! \ XI('%)({
2'8"UIS=B8

2.7.3 ldentification of clonal isolates !

|

F.1$2.142",(W%,'/(1/0"'(/.2%)(":),)4)$%'0")4!=2()4!/$'%&)")>%,)7).3!./:1$-7=),1/0152..)4!
12,'23%(1/=(),1)4=)%:))$!%8&)!"(/.2%) (I'$!<-) (%'/€R=.)!QEB8! @&)'Q[N(1%&2%!:),)!52..)4!0/,!
)25&1+2' W%, '/1:),)172$-2..56&)5C)4!-('$6!#"b! LESPEEI="$(/$!)%!2.8!EL"8¥.7/(%!2..!
52..)41Q[N(12++)2,)41%/'4%)%),/Z236/-(1:&)$!1"):)412(!,)2412.'6$7)$%(*12$4!(/!:),) !
5.)2,.3102.)!+/('%'1)!52..(('$5) 10+,-.)"$,"/.. I'(1&2+./'4AB8!@&'(!'(17/(%!.'C).3!4-)BHhl !
=)%:))$!%&)!,)0),)$5)!6)$/7)!(%,2'$!2$4!%& P %) (I'$!<-) (%' /$8'#P! (-++/,%!/0'%& ' (*!%&)!
1) (%!$-7=),1/0!52..)41Q[N(1'$!2!5./$2.1+2",I1?E\PB!:2(!/=(),1)4 10/,!%&)2=/,2%/,3!(%,2'$!
FF;"L"L12$4!"'%(!5./$)!FEYLgW¥:&' 5&P,)!5./().3!,).2%)41%/1%&)!,)0),)$5)!6)$/ T2 $4!
1-.41=)1)>+)5%)41%/1&2,=/-,0):), F[b(8!F/$1),().3*! %&%'6&)(%!$-7=),!?"* ULB!:2(!
1=(),1)410/,1%8&)!5./$2.1+2' IFEYLgPWFFLgTF!:&'5&!2,)1%&)!7/(%!6)$)%'52..3!4'(%2$%!0,/7!
%¢&)!,)0),)$5)!6)$/7)!/0!12$3/0!%&)!5./$2.!1+2', (W%, \SHBB$4R,)!%&),)0/,)%&)! 7/(%!.'C).3!
%/'&2,=/-,121&'6&),!$-7=),!/OF[b( 8

|

2.7.4 Quebec isolates found not be  Chlamydomonas reinhardtii +

|
10%),!NFal27+.'0'52%'/$!2$4!Q2$6),!()<-)$5'$6!/0!%&)!&'6&.3!12,'2=)! 7 MR A'$%,/$(!
b#12$41b#HPEGE "BI"E!"(/.2%)(1(27+.)4I'$!0-)=)5I'$!"TTYWT\!:),)10/-$4!1$/%!%/ 4D+
-8+ AA2=.)!QYB8!@/!12%%)7+%!'%/"'4)$%'03!%&)()!" (/.2%) (1%/'%&)(H)236)) L)
(0<-)$5)41%8&)!+.2(%'@Eb !./5-(*1-('$6!%&)!+,'7),!+2',!D"12$4!aU!0/,!127+.'0'52%'/$*12$4!%&)!
D"*IDT*lau!2$41a"L!+,'7),(10/1()<-)$5'$6! ?[/Z2C'1)%!2.8!"TTgM![/Z2C')%!2.8I18T@TB
'(1.2%)(1?FEYL g!2%4!FEYLU"B!6,):!+//,.3!-$4) ,1(%2%$42,4!.2=/,2%/,3!5/$4'%'/$(*12$4!
()<-)$5'$6!:2(1$/%!+),0/,7)410/,1%&)()!"(/.2%)(8!_$.3!%:/!'(/.2%)(\?FF¥Lg\*IFF, YLUUB!
),)10/-$41%/1=)17)7=),(1/01%&)!5/,) ;=-)"$,1.).$ *1%&)!5.24)!5/$%2'§G6!-.)"$,'/.. *!
[(#5(<+6$,/-, *12$41%&)',1,).2%'1) (1?7[2C242!)%!2.8*|EL""B8! @& P=)P¢AHR '%!0/,IFFY Lg\!
&241/$.31TP8jI'4)$%'%31EH)'(,.)$+2).6(66$!22!7-.%'5)..-.2,!(+)5) (B*!+/%)$%'2..3!
'$4'52%'$6!%&2%!%&'(1'(/.2%)!,)+,))$%(12!$/1).!-$'5).)*R,1.).$+ (+)5")(*!/,12%!.2(%!2!
(+)5")(10/,1:&'5&!$/! ,:6b !()<-)$5)(!&21)!=))$!+,/4-5)48!

|

2.7.5 Genomic site class annotations !

|

MN$/7'515//,4'$2%)(10/,] FXQL:),)14/:$./24)410/,1%&)! 10+,-.)"$,"/..+ 6)$/7)12$$/%2%'/$!
1P8Y!0,/7'N&3%/Z/7)'?&%%+(rWW+&3%/Z/7)8J6'84/)86/1\W+Z\WBR!AB4ABHBRQ



),)14)0'$)4!,).2%'1)1%/1%8&)!,)0),)$5)!6)$/7)8!]..|G[H!=2()('$!%&)!,)0),)$5)!6)$/7) ! ?V\I
S=B!:),)!,)7/1)48!]$3!5/4/$(1%&2%!/1),.2++)417/,)1%&2$!/$)!,)24'$6!0,27)*!/,1%&2%)!
5/$%2'$)417/,)1%&2$!/$)!Q[N*1:),)10'.%),)4!4-)1%/!%&)!4'00'5- 85% 7'$'$6!%6&)!
4)6)$),253!/0!('%)("'$!(-5&!52()(B!

|

2.7.6 Population structure analyses !

|

0'$)Q@a9F@9aA!1ES"8Y!:2(!,-$!'$!G.'$C)4H!7/4)*1-('$61%&)1QLBUB!"H*12$41/%&), ()
4)02-.%!+2,27)%),(8!")$)%'5!4'(%2$5)(1=)%:))$!)25& ' Q[NE2, B-.2%)4!2((-7'$6!2!-$'0/,7!
)5/7="$2%'1$!,2%)*1=2()41/$!%&)!6)$/7)4)") (%' 72%)/0!"8E!>I"HE SW=+/=%2'$) 413!
)%!2.812ELIQB:&).) ;6)$/7),) ;()<-)$5'$6!/01%&)!146)$3!/0!5,/(()(1=)%:))$!%&)!

0-)=)5 I'(1.2%)(IFF,ETYPI2$4IFETY &'$)Q@a9F @9aA!528)!-()4!1%/!+,/=2=""(%'52..3!
2(('6$!'$4'1'4-2.(1%/1+/+-.2%'I$(&/:)1),!:)'$%),+,) %) 41%&)!,) (-.%(.).3!=2()4/$!%&)!
5/2$5)(%,3!72%,'¢$5)!10'$)Q@a9F @9aA!4'4!$/%!5.-(96).2%)(1)00)5%'1).3!'$%/!
++-.2%'/$(8!@&'(I'(1.'C).314-)1%/1)>%)$('1)!eX!2$41%&)!./:1$-7=),1/0!'(/.2%) (*!,)(-.%'$6!'$!
$)2,.312..1/01%&)!'(/.2%)(1)>&'="%'$612!-$'<-)1,).2%"/$(&'+1%/1)25&!/%&),!'$!%), 7(1/0!6)$)%'5!
2$5)(%,38!

|

Q@a9F@9aAlE8Y8R(!,-$! /$!12142%2()9NOIQ[N(!I(-=(27+.)41)1),3!ELIC=*=2()41/$!%&)!
21),26)14)523!/0!eX!'$10+,-.)"$,"/.. 1?D.I)),(1)%!2.8!EL"BRA@&)!247'>%-,)!7/4).1:'%&
51,,).2%)4!12..).)10,)<-)$5")(1:2(1-)4*!'%&IEL!,)+.'52%'/$(10/,1)25&!12.-) /01 24" L*!:'%&!
%&)!72>'7-71=2()41/$!%&)1%)$!(27+.'$6!./52%'/$(B*12!$!/B!PLL*LLL!'%),2%'/$(*12$4!,-$!
)$6%&1/0!"tIL*LLL!"%),2%'/8(9!%/!1%&)!-$=2.2$5)4!(27+.'$6! ?E"1'(/.2%)(10,/7!D2,$&27*!
0-)=)5*1,).2%'1)1%/!12%! 7/(%!%&,))!"(/.2%) (1BF3/%&),! (%) B*1%&) 1+2,27)%),12.+&212%&2%)!
)0.)5%(!,).2%'1)1247'>%-,)1=)%:))$!+/+-.2%"/$(B!:2(1()%! 2(1 1 2)RH)R5& 1 +/+-.2%'/¥
0/../:$6! h2$6!?EL"gB!Q@a9F@9aA!K]abAQ@Aa!1L8 8TA2,.12$4!1b/$&/.4%ELER!
-(41%/14)%),7'$)1%8&)!/+%'72.1i1-('$61%&)!+i! 7)%&I2A12$3$/1)%!2.8! EIR/IPEDSNN!1"8"8E!
?m2C/=((/$'2$4'a/()$=),6! ELLER(!-()4!%/12.'6$!+/+-.2%'/$!2(('6$7)$%(125,/((!,)+.'52%)(!
/01)25&!1i112.-)*1-('$6!%&,)!6,))43!2.6/,'%&7!:'%&!4)02+%27)%), (B

|

1(1215/7+.)7)$%2,3! 2++,/25&!%/!1'(-2.'()! 7-.%"./5-(1+2%%),$(1/0!6)$) %'5!('7".2,'%3!=)%:))$!
'(1.2%) (*INF]1:2(1+),0/,7)4Y$  1%&XIQ[N 142%2()%!-()410/,1%&)!Q@a9F @9aAI2$2.3('(*
-('$6!%8&)!al+25C26)(!Q[Na).2%)!1"8U8L!2$4!64(07%! P¥R)$5!)%!2.8!ELSHE) '6&=/-,!
JI'$'$6!9%,))!:2(1+,/4-5)41-('$6!SAM11g8L8E"! 2i-72,1)%!2.8IEL"B),/7!2..\X!('%)(*!-('$6!
%&)!@27-,D'(-=(%'%-%"/$!7/4) *12$4!"LLLI=//%(%,2+!,)+.'52%)(8! @/!%)(%!0/,!1%&)!+,) () $5)!/0!
(| .2%'1$!=314'(%2$5)!" % RSAIE  *121S2$%).1%) (%! ?2$cTTT!+),7-%2%'/$(B!:2(!
+),0/,7)41'$4)+)$4)$%.3!0/,1)25&!.'$)26)!/$12!+2",:' ()1 72%,">!/01\X!6)$)%'5!4'(%2$5)!
?52.5-.2%)4!-('$6!SAN*I@27-,2])'17/4).B!12$416)/6,2+8&'5!4'(%2$5)*1-('$6!1)62$! LESR!

? C(2$)$)%!2.8!EL8B

|



2.7.7 Mitochondrial and plastid haplotype networks !

|

Q'%)&2%!+2(()4!0'.%),'$6!:),)1)>%,25%) 4 DI R %/5&/$4,'2.16)$/7)! 2g8YT!C=B!2$4!
+.2(%'4!FXQ!?"USEP!C=BS8IN/?&E&!2$4!1,32$%! EL "ER!-()4!%/1+,/4-5)1&2+./%3+)!
$)%:/,C(10/,1)25&!/,62%)..)!-('$6!%&)! @FQ!2.6/,'%&H ) 7)$%!)%!2.8!EIZEB

|

2.7.8 Admixture profiling and identification of putatively introgressed genomic

regions !

|

S2,C),IQ[N(1:),)!12(('6$)4!%/1)25&!.'$)26)!=3!'4)$%'03'$6!('%)(':&),)!%&)!:'%B&'$)26)!
5/$0$(-(12..).)124)0'$)412(12$!2..).)1:'%&!,I"Lj!0,)<-)$53B!4'00),)4!=)%:))$!%&)! %:/!
'$)26)(8!@&(!,)(-.%)4!'$121%/%2.1/0\gPBAEL), IQ[N(*1/,1/$121),26)!IV"YP Q[N( +),!EL!
C=8ID/,1)25&!"(/.2%)*1%&)!+,/+/,%'/$(!/0'72,C),!Q[N(172%5&'$6!% &) [[E!5/$()$(-(!
),)1%&)$!52.5-.2%)41'$SIELIC=!(.'4'$6!:'$4/:(1?:'%&\IC=!"$5,) 7)$%(B8!#$%),12.(1/0'2%!.)2(%!
0'1)Y/1),.2++'$6!:'$4/:(1)>&'="%'$6!2172J/,'%3!/0!72,C),'Q[N(10/,1%&)!2.%),$2%)!.'$)26)!%/!
:&'5&1%&)!'(/.2%)!=)./$6)4!:),)!1%&)$!7),6)4!%/!0/,7'+-%1).3!'$%,/6,) (()4!6)$/7'5!
'$%),12.(8!@/11'(-2.'()!%&)!1247'>%-,)12$2.3('(*10/,1) 25&!"(/.2%)!'$!4'(5,) %) ELIC=1:"$4/:(1%&,)!
+,/+/,%'1$(1/O'Q[N(!:'%&![]"12$4![|[E!4)$%'%") (1)) 1 +./%%)412(121&) 2%! 72+!2./$6!) 25& !
5&,/7/(/7)8 !

|

2.7.9 ldentification of genomic tr  acts inherited identical by descent !

|

h)! '4)$%'0")4!6)$/7'5!%,25%(1%&2%!2,)!.'C).3!%/1&21)!=))$!'$&),'%)4!:'%&/-%!,)5/7="$2%'/$!
0,/71215/77/$!12%$5)(%/,1?'8)8!'4)$%'52.1=3!4)(5)$%B!-('$6!%&) ! &PHFD'5!&'44)$!S2,C/1!
7/4).1&77#IX! ?Q5&200%),!)%!2.8!BLAB(12++,/25&!"'$0),(1'4)$%'52.!1=3!4)(5)$%!%,25%(!
(&2,)41=)%:))$!+2",(1/0'$4'1'4-2.(12(16)$/7'5!,)6'/$(1%&2%!2,)!'4)$%'52.1=31(%2%)!?2../:'$6!
0/,16)$/%3+'$6!),,/,B*1=2()41/$!Q[N!2..).)!0,)9$5") (*1%&)!4'(%2$5)!=)%:))S!Q[N(I'$!=2() (*!
2$41216)$/7) ;:'4)1)5/7="$2%'/$!,2%)8!]44'%'/$2..3*1%&)!+,/6,27")(%'72%)(!%&)")>+)5%)4!
+,/+/,%'/$1/01%&)!6)$/7)!'$&),'%)41'4)$%'52.1=314)(5)$%!=)%:) ) $! H256HB!=2 () 4!/$!%&.)!
21),26)!+),; Q[N!+,/=2=""%3!/0!'H5%'%3!=314)(5)$%*!'$4) +)$4)$%!/0!%&)!4)('6$2%'/$!/0!%,25%(!
?2@23./,")%!2.8'EB'EB7#IX!:2(1,-$! '$4)+)$4)$%.3!0/,')25&![8!]7),'52$!.'$)26)!
?["W[EB*12((-7'$6!2!,)5/7="$2%"/$!,2%)!/0!"8E!>!"[1I5SW=2E"-1)%!2.8!| EL"10$A!
1%&),:'()!14)02-.%!+2,27)%),(8"(!:)1/=(),1)41%&2%!%&)! 72J/,'%3!/0!'4)$%'0")41%,25%(!:),)!
'%&'$!%8&)!,2$6)!/0)%45523!/0leX!'$10+,-.)"$, /.. 1?VELIC=B*1%,25%!.)$6%&!0'.%),(!/0!f"LL!C=!
?V"8E!I5SBI2$4fPLLIC=I?V 8LI5SB!),)!12++.)481#4)$%'52.1=314)(5)$%!%,25%(!&21)!,)5)$%.3!
=))$!4)0'$)4!-('$6!('7".2,!.)$6%&!5-%00(1%/1)>+./ ) +/+-.2%'/%)1).1%,25%! (&2, 'BB2C).)3!

23410 .%/$'EL""B!D/../:'$6! F2,7 1)%!2.8!?EL*¥B&)!5/&/,24),26)4!(&2,'$6!:2(152.5-.2%)4!
0/,1)25&!"(/.2%)!2(1%&)! 7)2%!+,/+/,%'/$1/01%&)!6)$/7)!(&2,)4!'4)$%'52.1=314)(5)$%!=)%:))$!
%&)!"(1.2%)!'$!<-)(%'/$!2$4!2..1/%&),"" (/.2%) (I'$!%&) ! (R7+.)8



2.7.10 Calculation of population genetics statistics within and between

lineages !

|

N$)%'5!4'1),('%3!:2(152.5-.2%)412(1%&)!21),26)!$-7=),1/0!+2',:'()!14'00),)$5) (!1+),!('%) ! ?2~*!
)'12%4!e'1?"TgTBB!0/,)25&!/0!1%&)!.'$)26)(1?[]"W[EWmMN[B*!12$4!0/,1)25&!(27+.'$6!('%)!2$4!
%'7)1+/'$%!5/$%2'$'$6!%:/1/,171,)'(1.2%)(8!](12!7)2(-,)1/0'4'00))$%'2%'/$ 4P (152.5-.2%) 4!
=)%:))$!)25&!.'$)26)!-('$6!%&)!12++,/25& ¥OU (/$!)%!2.8!?"THE&),) ' Y%&'S ; +/+-.2%'/$!~!
:2(152.5-.2%)412(12$!-$:)'6&%)417) 2$!/01~10/,1%&)1%:/!.'$) 26) (I'$!%&)15/7+2,'(/$8!] (12!
7)2(-,)1/0'6)$)%'5!4'(%2$5)!=)%:))$$)26) ( X}52.5-.2%)4!%&)!$-7=),!/0!+2",:'()!
4'00),)$5)(1=)%:))$!%:/!,2$4/7!()<-)$5)(14,2:$10,/71)2 5&!.'$)26)!?-4[)'12$4!e'!
?"TgTB8@&)!+,/+/,%'/$(1/0!0'>)4*1(&2,)4!12$4!+,'12%)'+/.37/,+&'(7(!:),)!52.5-.2%)4!0/,1) 25& !
=)%:))$!.'$)26)!5/7+2,'(/$8!]..152.5 -.2%'/$(!:),)!+),0/,7)4!-($6!5-(%/7!N),.!(5,'+%(8!

|
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Chapter 3

Comparative Genomics of Chlamydomonas

3.1 Preface

|

@&)":/,CI'$1%&' (1I5&2+%),!1&2(1=))$!+-=.'(&)412(12172%$-(5, MWeHED #3$)/+!- 425 41%&)10" (%

+),(1$1+.-,2.1'(1-)41%&, /-6 &/-%!%/1 72'$%2'$15/$('(%)$538!S'$/,1582$6)(1&21)1=))$! 724)1%)/!

%&)!+-=."(&)4!1),('/$!%/1+,)(),1)10/,72%%'$6!25,/((1%&) 1% &) ‘(81 + A, I72$2.3() (*!:,/%)!

%&)10",(%!4,20%!/01%8&)172$-(5,'+%!2$41+,/4-5)412..10'6-,) (1 26988244 )>5)+%'/$!/0!

()5%"/$!Y8\BGAL/.-%'/$!/01%&)! 72% $61%3+)!./5LHS% & (% ()$* HB@E&)!0',(%!4,20%!2$4!

'$'06'2.1-$4),.3'$612$2.3()(1/01Y8\B),)!:,'%%)$!12$41+),0/,7)41=311&7)4IK2(2$*!:&/12.(/!

+,/4-5)41D'6-,)! " 12$4X2%2()@8!1#15/$%,'=-%)41%&)!12$2.3('(1/$!5/4/$!-(26)HRR,)!

2((/5'2%)41%)>%!2$41D'6gP! ()5%"/$! Y SBa/=I[)((1+,)+2,)4!1(27+.)(12$4!+),0/,7)4!

X[])>%,25%'/$10/,1%8&)#..-7'$2!()<-)$5'$60!/$)!/01%&) ! (+)5")(8)$),2.1,)0),)$5) (1%/!

F&2+%),IE!2,)15'%)412(IF,2'61)%!2.812EL"TBS8

|

F'%2%"/$r!

|

"#$%&!"(*IK2(2$!]a*![)(('ah*!)'6&%.)3IN  X8!ELE"8!F/7+2,2%'1)!6)$/7'5(1/0!
I"#$%&'(%()$* 8@#$)/+!-#@0r1"L" ;"L\" 8!



3.2 Abstract

X)(+%)1'%(1,/.)12(15.2(('52.17/4). /,62%'(7!'$1+.2$%! (5')$5) (*1%&,)!6,))$!2.62!

I"H$%& (%()$+,-.)"$, /.. 1)$%',).31.25C(16)$/7'5!,)(/-,5)(10/,12$3!5./().31,).2%) 41 (+)5')(8!
h)+,))$%!&'6&.315/$%'6-/-(12$41:)..; 2$$/%2%) 416)$/7)12(() 7=.")(10/,1%&,))!-$'5)-.2,!
)-29%'1)(1/01%&) ! (+)5") (#$%& (% ()$*+.)6-,/$ *I"H#$%& (% ()$*+*6"#(-*-,. 12$41%&)17/,)!
4'(%2$%.3,). 298" (6" #$%&*+'-:$, &) $8IAR) %68, NHS%&' (% ()$* 16)$/7)(! 2,)!&'6&.3!
(3$%)$/-(1:'%&!('7".2,16)$)!5/$%)$%6(*12.%&/-6&1%&)!" ETIBE! BB=/$12$4!"Y LSE! S0+

*6 (-, +2(07=.)(12)17/,)1)9)2% ;,'5&I%E&2$1%&)!""8" 1= - )"$, /.. 16)$/7)8h)!
'4)$%'0319%8&)172J/,15)$%,/7),'51,)+)2%@'GL.)"$, ..+ 2(121eH#[A1%,2$(4L=.)!).)7)$%!
&I71.16/-(1%/! U-11179%8&,)15)$%,/7),'5!,)+) 294 (66(%&<$+*2:-##. 1%(.-$B12$41'$0), 196 &2%!
5)$%.,/7),)./52%'/$(12$41(%,-5%-,)12,)1.'C).3!5/$(), 1) 41BH.)6- /$12$410+*6"#(-**-, .8h)!
)HL,%0)>%)$('1)1,)2,,2$6)7)$%(H1=-%1.'7'06)416)$)1%-, $/1)IH3)$!%689b.) 2417 2% '$B/63+)!
/5'1/01%&)1#$%& (% ()$* 1(+)5')(81)!1+,/4-5)12$1U :(+)5)(15/,) ;=-)"$,.).$+ &) ;
6)$/7)12.'6$7)$%*1:&'5&1:)1-()1%/1'4)$%'03!() 1), 2.1&-$4,)4102.()1+/(%'1) 12341 7'(( $6!6)$)("
'$1%68I0+,-.)"$, ..+ 2$$/%2%'/$12$4IE LHUYVLL- %'/$2,315/$(),1)41).)7)$% ("' $I% &)k
-)'$ L. 16)$/7) BH#SI(-772,341%8&)()1$/1).1,)(/-,5)(1)$2=.)15/7+2,2%'1)16)$/7'5(!
2$2.3()(1%/1=)1+),0/,7)410/,10+,-.)"$,'/.. *1('6$'0'52$%.314)1)./+'$61%8&)12$2.3%'52.1%//.C'%!0/,!
%&'(I'7+,%2$%!7/4).1(3(%4)7



3.3 Introduction !

|

h'06&1%&)!,2+'41'$5,)2()!'$!6)$/7)1()<-)$5'$61/1),19%6&)!+2(%!%:/14)524) (*15/7+2,2%'1)!
6)$/7'5(12$2.3()(1&21)1=)5/7)1210-$427)$%2.1%//.'$t'/./6'52.1,)()2,5& 8!](1%&)!10",(%!()%(!/0!
6)$/7)(10/,15./().3!,).2%)41)-C2,3/%'5!(+)5)(1=)527)1212".2=.)#+'/$)),'$6!5/7+2,2%'1)!
(%-4")(1.)41%/!1,)0'$)41)(%'72%)(1/016)$)!5/$%)$%! 2$4!/,%&/./63*1+,/1'4)41$/1).I'$('6&%6(!'$%/!
%&)1)1/.-%'/$1/016)$/7)!12,5&'%)5%-,)12$41%8&)!) >VOI/ABN (35%)$31=)%:))$!(+)5") (*12$4!
)$2=)41%&)!+,/+/,%'/$(1/016)$/7)(1)1/.1'$6!-$4),1)1/.-%'I$2,315/$(%, 2'$%!%/!=)1) (%' 72%) 4!
0/,1%&)10',(%!%7B/-()1N)$/7)1Q)<-)$5'$6!F/$(/,%'- I ELLEMIF.'0%)$!)%! 2.8 ELLY MIQ%)'$!) %!
2.8IELLYM!a'5&2,4(1)%!2.88)(1788'%'/$2.16)$/7)(1:),)!  ()<-)$5)4 '%6!=)527)1+/(('=.) %Y
+,/4-5) 17-.%'+.)1(+)5)(1:&1.) ;6)$/7)12.'6$7)$%(I?h B 12$41984)$%'03!15/$(),1)4!
).)7)$%(1?FA(BS!$/$5/4'$6!,)6'/$(! 0/,1()1),2.1/01%&)!17/(%!:)..; (%-4)41.'$)26)(?Q")+).) %!
2.8!ELLPM!Q%2,C!)%!2.8!ELLgM!"),(%)'$!)%!2.8! E|@MII42-82E18'B2$3!/01%&)()
5/%(),1)41$/$5/4'$6 1()<-)$5)(! /1),.2+1,)6-.2%/,3!).)7)$%(*12$86&)!'4)$%'0'52%'/$!/0!FA(!
&2(1+,/1)41%/1=R7/$6! %&)!7/(%!255-,2%)12++ JPHE, 14'(5/1),'$6 10-$5%'/$2.16)$/7'5!
0<-)$5)(! ?].00.4'12$41e'$4=.24/&EL"YB](12,)12.(/'+/:),0-.1,)(/-,5)(10/,14' )5%.3!
7+,11'$616)$)12$$/%62%"$(*1:'%&I2++.'52%'/$(I'$5.-4'$61%6&)'4) $YG0EIR).16)$) (*!
(+.'5)10/,7(12$41)>/$(! 2€'$1)%!2.81ELLgM!S-46)1)%!2. 8L (ToES6-'(&'$6!=)%:))$!+,/%)'$
5/4'$612$41./$6!$/$5/4'$6!a[]!2.$5a[|B!6)$)(!  ?N2-.1)%!2.81EL*RBAI%&)!'4)$%'0'52%'/$!/0!
$/$; (%2542, 41+, 1%)584'$610)2%-,) (1(-5&!12(1%, 2$(.2%'/$2.10,27) (&' 0%(1 254! (%/+15/4/$!
)24%&,/6&Pe'$1)%!2.81ELLgM!m-$6,)'(1)%!2.8!EL"'B

|

@&)!12="."%31%/1+),0677+2,2%'112$2.3() ('(15/$%'$6)$%!/$1%&)!1212'.2=""%31/0!6)$/7)!
2(07=.)(10/,1(+)5)(1%8&2%!(+2$!2!,2$6)!/012++,/+,'2%)1)1/.-%'/$2,314' (%2$5)(8'h&".) 1%&'(!
(%2%)1&2(1=))$!25&")1)4MAY7/4).1,62%'(7(*1%&),)!,) 72'$!()1),2.1(+)5") (1/0!  &'6&
='1.16'52 .1('6$'0'52%$5)!%&2%!)$%',).3.25C!6)$/7'5!,)(/-,5)(10/,12$315./().3!,).2%)4!(+)5')(8!
K'..),)%!2.81?EL'"™ME5,'=)4!(-5&!52()(12(1t+&3./6)$)%'52..3!'(/.2%)4!6)$/7) (n*!(+)5'0'52..3!
)0),,'$6!%/1(+)5')(10/,!:&'5&!%&)17/(%!5./().3!,).2%)416)$/7)(1=)./$6!%#)5") (14'1),6)$%!
=3US) 171 )(-=(%'%-%'[$¢1/$121),26)4+),1$)-%,2..31)1/.1'$6! (‘%) 8!]%!%&'(1(52.)!/0!
4'1),6)$5)!12$!'$5,)2('$6.3!$)6.'6'=.)1+,/+/,%'/$!/01%&)!6)$/7)152$!=)12.'6$)412%1%&)!
$-5.)/%'4),.)1).1 2S2,6-.")(1)%!2.8!ELL*B7'%'$615/7+2,2%'1)12$2.3() (1%/!1%&) ! +,/92) $
2$4'7+)4'$61%8&)14)1).47)$%!/01(-5&!(+)5)(12(F/4). ((3(%)7('$!$-7),/-(1,)()2,5&!2,)2( 8!

|

1.%&/-681%&) IV "1S=1&2+ ['A16)$IT)0! 10+,-)"$, ..+ :2(127/$61%&))2,.")(%)-C2,3/%'5!
6)$/7)(1%/1=) 1()<-)$5)4 121, /((72$1)%!2.8!ELLYM!S),582$% Iy BYE-,,)$%.317))%(1%&,)!
t+&3./6)$)%'52..3!'(/.2%)4)0'$'%'/BIER)5./() (Y5/$0', 7)4! ,).2%' 1) (/0I0+,-)"$, /.. 1%&2%!
&21)B)$I7)12(07=." )(I1=)./$6!%/1%&)!5.24)1/017-.%'5)..-.2,12.62)196&2% ! SHHB)H

6%5,/-,. 1984, $:$-)$6-5- TL().$6-$- T(#5(6$6-$- *I/,1@"b15.24)8(!"$%,/ 4-5)4I'$!"GESE*
10+,-)"$,'/..+ 2$41%8&)!@"b!5.24)15)1.)5%'1).3+2,%1/01%&)1&'6&.314'1),()!/,4),1b/.1/52.) (*!
2$419%8&)171,)1%2>/$/7'52..31. 7'%)415.245(1)"$,'/.).$+ 2$415/,);=-)"$,'1.).$+ ?[2C2421)%!
2.8IELLUMI[2C2421)%!2. SHEMSER-6&1%&) ()(+)5)(12,)!,)6-.2,.315/$(4),)415./()!,).2%' 1) (*!
7-.%'5)..-.2,'%31.'C).31/,'6'$29%)4!'$1%&)!| @"b!5.24) /1), |ELLI7"..$!3)2,(1284), /$!)%!2.8!



ELLTB2$4! 0+,-.)"$, /.. +2$410+6$,/-,.2,)17/,)14'1),6)$%10,/7V/$)12$/%8&,), 1968251 &-7 2%
%I5&'5C)$2N,/5&$'C!)%!2.8IEBILB

|

h'%6&/-%!1215/7+2,2%'1)16)85(10,27):/,C*1%&)1:'4),12++.'52%"/$1/010+,-.)"$, /..+ 2(12!
714).1(3(%) 7" (I'7+)4)481n& )1%& (1=,/24.312++.")(19%/1%8&)16)$),2.10-$5%'/$2.12$$/%62%'/$!/0!
96&)16)$/7)12(1/-%.'$)412=/1)12)8681,)0'$) 7)$%!/016)$)! 7/4).(12$412$$/%2%'/$!/0FA(B*1'%!'(!
+2,%'5-.231,).)12$%!%/196&)10').41/017/.)5-.2,1)1/.-% 1$8%&/-%!6)$/7'5!,) /-, 5)(10/,!
5./().31,).2%)41(+)5) ("% (15-,,)$%.3!'7+/(('=.)1%/!+),0/,71()1),2.C)32$2.3() (*!(-5&!2(1%&)!
5/7+2,'(/$1/01(-=(%'%-%'/$! B)(12%! (3$/$37/-(12$4!$/%3$/$37/-({(%) (//O!+,/%)'$5/4'$6!
6)$)(12'8)8!52.5-.2%'$614[WAQB*12$41%&)!'$0),)$5)1/012$5)(%, 2.1(%2%) (12%!+/.37/,+&'5! (%) (122!
)<= )7)$%H01() 1), 2.14/+-. 2% $12$41<-2$%'%2% ' 1)16)$)%'5 (1 7R1) §8:%.)312$4!m25C (/$!
EL"UBS!

|

D-,%&),7/,)*:0+6$,/-,. 2$41%&Y), 1@"b!5.24)12,))>%)$('1).3!-()41%/!(%-431%&)!)1/.-%'/$!
1017-.9%'5)..-.2,'%312$41/%&),1723/,) 1/.-%'/$2,31%, 2$(%'/$(1?)868!'(/62731%/123$'(/6273B*12$4!
0'1)16)$/7)(/017-.%'5)..-.2,1(+)5) (! (+2$$'$6!2!,2$6)1/0! /,628$'(72. 15/7+.)>'%")(1&21)$/: !
=))$12(()7=.)4! ?N,/58$'C1)%!2.8IEL"LMIK2$(5&)$!)%!2.8!ER), MIHD%!2.8IEL"UMIK272J'!
)%!2.8IEL'BI@&)()! (%-4')(1&21)1/0%)$!'$5.-4)412$2.3()(1/016)$)1027".31)1/.-%'/$*1)+/,%'$6!
)>+2$(/$(I$1027".")(1%&/-68%1%/1=)10-$5%"/$2..3,).2%) 41965 --.2,'%38!h&..) %0&,)
2$2.3()(1&21)!-$4/-=9%)4.31724) ' T+, %2$%!5/$%, '=- 6812, )1 $/$) %&).) ((1'7'%) 4!'$!
0%&)1+&3./6)$)%'5!,/=-(%$) (($5) 10+,-)"$, ..+ '(1%&)!/$.3!-$'5)..-.2,1,).2%'1) ! %&'$!
&-$4,)400017"..1$ (1013)2,(1212'.2=)10/,15/7+2,(/$ 8B&-(*1%&)1212".2=""%31/012$$/%2%)4!
6)$/7)(10/,1-$'5)..-.2,1,).2%'1)(O! 10+,-.)"$,"/..+ :*.12.(/(),1)12(12$!'7+/,%2$%! ) (/-,5)!
%1:2,4(1,)5/$(%,-5% '$61%8&)12$5) (%, 2,350))$,1.).$+ 6)$)!5/$%)$%*1+/%)$%'2..3!+,/1'4'$6!
$/1).'5('6&9%6(1"$%/1%8&) 7AW/ .-%'I$2,31%,25('%'/$(1%82%!&21)!/55-,,)4'$1%& (1.'$)26)8!!

|

#3198 (15&249b},)()$%!86&.315/$%'6-/-(12$4L)..; 2$$/%2%)416)$/7)12(() 7=.")(10/,1%&,)!
%:/15./()(%!C$/:$!,).2%' 1) (OI0+,-.)"$, /.. *1$27).30"H#$%& (%o()$*+.)6-,/$+254!

I'HS%& (Yo()$*+H46"H(-**-,. *I2$412171,)14'(%2$%.3,).2%)4!-$'5)..-.2,!(+)SAHL"(6"#$%&*+
-$,89)$ 8ID'215/7+2,'(/$1%/1%8&)!6)$/7)(/010+,-.)"$, [..+ 2$41%&)!@"0!5.24)!(+)5")(!:)!
+)0$%!19%&)10", (%!'$('6&%(1'$%/1%8&)5/7+2,2%'1)16) W ESUR! (% ()$* *10/5-(('$6!
(+)5'0'52..31/$1%&)!5/$(), 12%/$1/016)$/7)12, 5&'%6)5%-,)1=)%:))$!(+)5') (12$41%&)!. 2$4(52+) /0!
(<-)$5)!5/$(),129%'/$1'$110+,-.)"$,'/.. 8Ih&')10/,7'$6!/$.31/$)!/019%&)!'$'%'2.1(%)+(I'$1%& (!
+,/5)((*1=31+,/1'4'$619%&,)10',(%!5/7+2,2%'1)16)$/7'5(10,27):/,C10/,1%6&) | (+)5') (1)1 2$%'5'+2%)!
%&82%1%&)()1$/1).1,)(I-, 5)(1:"..16,)2%.312'41'$196&)5/$%'$-)414) 1)./+7)$041/0)"$, /..+ 2(12!
714)./,62%'(78 !

3.4 Results and Discussion !
|

3.4.1 The closest known relatives of  Chlamydomonas reinhard'tii
!

|.%8&/-6&1%&)!6)${HB%&' (%()$*+5/$('(%(1/01()1),2.18-$4,)41-$'5)..-.2,1(+)5) ("% (!
&'68.31+/.3+&3.)%BN,0(58/.41)%!2.8IEHRBIO+,-)"$, ..+ '(17/,)15./().3!,).2%)41%/1%8&,)!



7-.%'5)..-.2,|@"b!5.24)1%8&2$!%&)! 72/, BHE (% ()$*+(+)5) (81N 1)$1%&)',17/,)!
5/$(+'5-/-(17/,+&/.163%19%&)! @"b!5.24)15/$%2'$(IVPL!4)(5,'=)4!(+)5)@K),,/$)%!2.8IELLTB
:&')1%&)!-$'5)..-.2,1.'$)26)1.)24'$61%6M0+,-.)"$, /..+ '$5.-4)(1/$.31%:/1/%&),15/$0',7)4!
(+)5")(*110+.)6-,/$RSA0+*6"#(-**-, 17N, 0(5&/.41)%!2.8|ELLPMIN,O(5&/.41) % B! El+'UB
-)'$, L+ '(1%&)1%3+)!(+)5') (OES%& (% ()$* *1%&)()1%&,))! (+)515..)5%'1).3!5/7+,'()!
6&)!7/$/+8&3.)%'5!6)$RD'6-,)I"|* I FB*12$41%&, /-6 &/-%!%& (I5& 2H#HH & (%) $*+:..!
=)1-()41(+)5'0'52..31%/1,)0),1%/1%&. (1584)

|

10 um 10 pm

10 um 10 pm

|

"HSY& N JE>+-,1$/18+/,01-202* 3%+)Y6h-,5+2"+/,01 3%-'(-,7 !

*h, ORYGH() + )]

*., 18/9b)* (4. BBF!_7_LL

*/, 18'%3"+/2(33(BBB!HhRIGINN5"IQQ;Q_L?7

*4, 14'%-(6,#1,*,9D5FIQQ7_LIGINN5"IQQ;_TT?7

5@@!(>+*-,164$2(%-%!<BIC1$>+,"#, 1$@%7!

|

10+.)6-,/$H(1%8&)15./()(%!C$/:$!,).2% 1) 0K -.)"$, /.. *12$4121(72..1$-7=),1/015/7+ 2,2%'1)!
6)$)%'5(12$2.3()(1&21)!=))$!+),0/,7)41=)%:))$!%&)!1%://(+)5"RD), ' (1) %!2.8!" TTgMIN/+)(5-!
)%12.81ELL MIQ7'%&!2$41€)) I @DEYB-,/$4H(IC$/:$10,/71/$.31%:/1'(/.2%) (*12$41:)1().)5%) 4!
%&)!/,'6'$2.1'(.2%)1Q1Mg8g Y!10/,!()<-)$5'$68!9$0/,%-$2%).3*12.%4&H+H&, /$-0] g8g Y !'(!
$/7'$2..310,/7IF-=2*1%&)16)/6,2+&'5!/,'6'$!/01%&)!"(/.2%) ' (1-$5),%2'$14-)19%/121+,/+/()4!
&'(%l,'52.15-.%-,)1,)+.25)7)$%!: WBRHOH#(: (*$-Q]NU"SQE!0,/71%&) ) %&), . 2$RK2,,'(1)%!2.8!
"TT BBI](1%&)!4',)5%'/$!/01,)+.25) 7)$%!"(I-$CH/:$*1%&)(%,2'$1723!=)10,/71)%&),./52%'/$8!
QMNg8gY!'(15-,,)$%.31.' (%) 41 BqH O#(: (*$+=2()41/$1%&)1%2>/$/7'5),) PI((7)$%!/0[2C2421)%!
2.817EL"ER.%&/-68I0(5&/.412$41X2,")$C/1?EL"BES%) (%)41%& (1582$6)8!h)!,)0),1%/1Q]!
g8gY!12(0+.)6-,/$-6'1)$1'%(1)>'(%'$6!-()'$1%6&)16)$)%'5(1. %), 206 EBH(-**- . +2(1,)5)$%.3!
4)(5,'=)41=3IN,0(5&/.41)%!2.812EL"UBRI%&:,))!"(/.2%)(10,/7121('$6.)! (%) '$11) $32!'$!5-.%-,)8!
h)!().)5%)4IFFINI"™"W"gY10/,1()<-)$5'$68!

!



)3/$4! 1"#$%E&'(%()$*+%&),)!12,)12!(-=(%2$%'2.1$-7=),!/0!-$'5)..-.2,!5/3-.)"$,'[.).$+
(1)5)(1:'%&!-$5),%2'$!+&3./6)$)%'5!,). 298¥$((1?'8)81%&2%!723!=)1+2,%!/0!%&)!.'$) 26)!
'$5.-4'$6!1"#$%&' (% ()$* *1%&)!.'$)26)!'$5.-4'$6!1%&)! @ b!5.24)*1/,1/-%6,/-+(1%/!=/%&B8!
17/$6!1%&)()*1%&)!=)(%!(%-4")AH-:$,&$)$!:&'5&!:2(!,)5)$%.3!,)$27)410,/7!
"#$%&'(%()$*+'-:$,&8)$+ ?N,0(5&/.4N)IYBEL"HAO0+$,&$)$ 12++)2,(1%/!=)!&'6&.3!
2=-$42%%!'$!$2%-,)!?-$.'C)1%&) VB (Y0 ()$*+(+)5") (B*!:'%&!7/,)!%&2$!EL!"(/.2%)(!
0,/7125,/((1%&)![/,%&),$!'K) 7'(+&),)!'$!5-.%-,)*1(-66)(%'$6!%&2%!'%!5/-.41=)14)1)./+)412(12!
7/4).10/,1(%-43'$6!2.62.17/.)5-.2,1)5/./16 38! X, 20%!6)$/7)(1/01%&)!'(/.2%) (! [#&E"E!O,/7!
m2+23K',2(&'721)%!2.8!ELT2%$41hQqg!0,/7!1%&)!9Q]P[).(/$!)%!2.8!EL"TS,)!,)5)$%.3!
2(()7=.)4*1:&")1:)1().)5%)4!IFFINI""W(L!0,/7! %&)!FZ)5&!a)+-=.18/,!()<-)$5'$6!?D'6-,)!
"XBal

|

3.4.2 The genomes of Chlamydomonas incerta , Chlamydomonas schloesseri

and Edaphochlamys de baryana

|

9('$6!2!5/7="$2%'/$!/0'N25'0'5!1'/(5")$5)(1?N25I'/B!()<-)$5'$6!0/,I-+)(5(+ 2(() 7=.3!?\L;
\T>15/1),26)*!@2=.)!Q"B!2$44#..-7'$2!()<-)$5'$6!0/,"),,/,'5/,,)5%'/$! 2\ >15/1),26)*!
@2=.)!QEB*"))!+,/4-5)415/$%%1).16)$/7)!12(()7=.")('0/,!  10+.)6-,/$*10#6"#(-**-,. 12$4A0+
-:$,&9)$ 8!]..1%&,))12(()7=.)("),)!&'6&.3!5/$%'6-/-(*!:'%&![PL(!/0!"871S=1?10+.)6-,/$B*!
"8E!S=IT0+*6"#(-**-,.B12$4!L8gY!SAC+-:$,&$)$B*12$4!ePL(I/OIE*IYLI2$4!P15/$%'6(*!
)(+)5%'1).31?7@2=.)!"B8!")$/7J/4)19QF ! ?1)$5&72,C'$6!9%$'1),(2.!1Q'$6.); F/+3!
_,%&/.16BB/,)(! ?h2%),&/-())%!2.8!ELIB+/,%)4!2!&'6&)1).1/0'12(()7=.315/7+.)%)$)((*!
'%&1%8&)!+),5)$%26)!/0!-$'1),(2.15&./,/1+&3%) ! (;B6:B!/,%8&/.16(1'4)$%'0")4!'$!) 25&!6) $/7)!
,2$6'$6!0,/7'TP8T|!%/'TU8"|8!@&)()!7)%,'5(15/7+2,)!021/-,2=.31%/'%&)!=)(%!)>' (%, $6!5/,)
=-)"$,1).$ 1?@2=)""B!2$4!b/.1/52.)('2(()7=.")(X2%2()EB8!].%&/-6&!%E&H},-.)"$,'/..+
23410+6%,/-,.2(()7=.")(1&21)'6,)2%,!(5200/.4.)1)./[PL(1%&2%$!%&)!%&,))!$):12(() 7=.") (*!
%8&)3!2,)!=/%8&!5/$('4),2=.3!7/,)10,267)$%)4!2%!%&)!5/$%'6!.)1).*1:'%&![PL(!//0!E"P!C=12$4!UP!
C=*1))(+)5%'1).38'h&".)!1%&'(""(1$/%!(-,+,'('$6!6'1)$!/-,12++.'52%'/$!/01)&8l ! () <-) $5'$6*!'%!
$/$)%&).)((14)7/$(%,2%) (1%&2%!%&)()!'7+/,%2$%!7/4).16)$/7) (15/-.41=)1(-=(%2%$%'2..3!
T+,/1)41=31244'%'/$2.1()<-)$5'$6!)00/,%8! @&)!5/$% 6! [PL(1/0!%&)!%&,))!$):12(() 7=.")(!
2.(1">5))4)41%&/()'/0!,)5)$%! @"b!5.24)12(() 7=.")(*!1$27).31().2%+1-6/(,$#-1?7K2$(5&) $!) %!
2.8IEL" B$4!%&)IN25KE2()4!12(()7=.")(1/0! M$%$9.*".-##$+2).6(684A2'(, .)$+H+8!
EL";gLYA-;"PI?&),)20%RAR'(,.)$+ (+8BK272J1)%!2.8!EL8UB

|

1(07=.)416)$/7)!('2)!12,)417/4),2%).3!25,/((1%&)")'6&%!(+)5") (*!,2$6'$6!0,/7!""8"1S=!
20+,-.)"$,'/.. BI%/!"U\BLISA2'(,.)$+ (+SB@2=.)!"B8!I/%&.)6-,/$-?"ETSE!S=B!2%0H
*6"#(-**-,.+?"YLBE!S=B!&24!5/$('(%)$%.3!.2,6),'12(() 7=.")(1%0&29"'$,/.. *12$4!1%&)0+
-:$,&9)$+ 2(()7=.3 #"\E8'"S=B!:2(!.2,6),!%&2%$!%&/() X00+2).6(66%4H4!0+6%$,/-, 8!

)>+.1,)16)$/7)1(Z))1/.-%'BI'$1%&)!5/,) ;=-)"$,1).$ *1%&)()!,)(-.%(!(-66)(%! ABL%!

-)'$,.+ 7231821)1-$4),6/$)121,)5)$%!,)4-5%'/$1'$16)$/7)!('Z)8!D-,%&), 7/,)*:&.")!
)2,),15/7+2,'( 1$(1=)%:))$17-.9%'5)..-.2,1(+)5") (12541 10+,-.)"$, /..+ )A1%/1%&)!/=(),12%/$!
0682%!5),%2'$17)%, 5(1/016)$/7'5!5/7+.)>'%312)868!6)$)!14)$('%312$41'$%., /$].)$6%6&*1())!=)./:B!
5/,,).29%)1:'%&1/,62$'(72.15/7+.)>'%3*1%&)()!,)(-.%6(I'$4'52%)19%&2%!6)$/7) | ('Z)* ! ) 2(%!
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9%&)()!(+)5') (M4 (1$/%8IF/$1),().312(1+,/+/() H=FHK2$(58)$!)%!2.81 2EEIBI5/$%) $%6!4/)(!
2++)2,19%/14)5,)2()!:'%&1'$5,)2('$6!5)..1$-7=), "' %8)$/7) ::'4)!112.-)(1,2$6'$6!0,/71\8"!
%6/1°g8"j10/,1%&)1-$'5)..-.2,1(+)5')(12$410,/71"\8P1%/1P"8"jI'$1%6&) ! @"b!5.24)1 ?@2=.)!"BS!

|

@8&)!.2,6),16)$/7)!1(Z)(01%&)1-$'5)..-.2,1(+)5)(*1,).2%' 1) 1%IH - )"$, /.. X+52$!.2,6).3!=)!
29%%,'=-%)41%/14'00),)$5) (I'SI988)$%!/01%, 2$(+/(2=.)1).)7)$%(1? @A(B12$41(2%)..' %) X[]!
24)0'$)412(1962$4)71,)+)2%(1:'%&17/$/7),(if'LI=+B8Ih)1+,/4-5)41)+)2%!.'=,2,")(10/,1) 25&!
(+)5")(1=3I5/7="$'$6!72$-2.15-,29%'/$1 2X2%2 () ¥BD'%&12-%/72%)4!,)+)2%!'4)$%'0'52%'/$8! D/,
10+,-)"$, . X+)! +/4-5)412$1)>&2-(%'1).3!5-,29%)4!.'=,2,3196&2%!-+42%)(12..1()<-)$5)(!'$!%&)!
)>'(%'$6!.'=,2,31212'.2=)10,/71a)+=2() B%%-+ ('WW:::86','$(%8/,6 W, B2SGWK/, ) 1968 2$!
41-=)(1%8&)1%/%2.1$-7=),1/012$$/%2%) ABTRP" "TI(-=027".") (B*4)%2".(1/0!:&'5&12,)!

+)0$%) 41 $P8\88ID/,196&)19%&.,))1$):12(() 7=."Y:)!+),0/, 7)41%2,6)%) 415-, 296"/ $1/01%&)1 7/(%!
2=-$42%%!@A("$1)25&!(+)5)(*I('7".2,19%/1%8&)12$$/%2%'/$!+) 0/, 7) 4104 BSS). 6)$/7)!
+,/J)598N,/5&$'C1)%!2.8!EBYLB%&,))!/01%&)!$):12(()7=.) (15/$%2'$)416,)2%),1%/%2.
27/-$%(1?ELBEQSPIS=BI2$41&'6&),16)$/7'5!+,/+/,%'/$(1?"\E='8"|BI/0I5/7+.)>1 )+)%'%'1)!
()<-)$5)198280+,-.)"$, ..+ ?"P8Y!IS=12$41"Y8UjBI?@2=.)!"B8!|(14'(5-(()4!=)./:*1%&)!.2,6),!
6)$/7)1('2)!/0! AD+-:$,&$)$52$!12.(/1=)1+2,%.312%%,'=-96)41%/1%&) ! (-=(%2$%'2..31&'6&),1$-7=),!

5I$('(%)$%!25,/((15/$% ' G¢B)+9%610((72..15/$%'6(1?WV"LLIC=B*:&'5&!1)>&'='%) 41&'6&.3!
12,2=.)1,)+)2%!5/$%)$%(12$41.'C).31,)+,)()$%!0,267)$%(1/015/7+.)>1,)6'/$(1%68&2%!&21)!,)((%) 4!
2(()7=.3! ?D'6-,)|QB8I@&)!&'6&),!,)+)2%!5/$%)$%(1/01%&)1%&,))12(() 7=.")(1),)!=,/24.3!
5/$('(%)$%!25,/(( @A), (1?D'6-,)IQEB*12.%&/-6&1214',)5%!5/7+2, (/$!/01%&)| @A(1+,)()$%!'$!
)25&16)$/7)!'(I5/7+.'52%)41=31+&3./6)$)%'5!="2(8! @&)!'$5.-(/$!/01215-,2%)41,)+) 23!'=,
0/,110+,-.)"$,"/..+ 4')5%.315/$%,'=-%)(1%/! 72(C'$612$4!,)+)2%15.2(('0'52%'/$!'$!,).2%) 41 (+)5') (*!

%/12%!.)2(%!+2,%.31)>+.2'$1%&)!1./:),1,)+) 2%!5/$%) S ASARI6'/$! /0! G-$CH/:$H!
5.2(('0'52%"/$(1/=(),1)410/ A0+-:$,8%$)$9).2%'1)1940+.)6- /$-RSAI0+*6 " #(-**-, R @2=.)!"*!
D'6-,)! GEBS

|
[/$)%&).)((*1=2()4!/$!%&)!72$-2.15-,2%'/$!/01%&)! 7/(%!2=-$42$%! @A!027".") (*12!<-2.'%2%'1)!
5/7+2,'(I$"(1+/((=.)8..15-, 2%)4@A('=)./$6)4!1%ah),( 12$4!(-+),027".")(1%8&2%!2,)!+,) ()$%!
'$I$)!/,1=1%&!/010+,-.)"$, [..+ 2$410+6$,/-, *I(-66)(%'$6!2!.2,6).315/77/$!,)+),%/' ) /0| @A(!
25,/((1%&)!15/,)=-.)"$,'.).$ 81]./$6('4)!7/,)!:'4).31,)5/6%'()4!).)7)$%(I(-5&!2(  bBe#A(
2$4L&1*8qe@a(*12..!1(+)5')(15/$%2'$)41027".") (1/01%&)!5/7+2,2%'1).3!/=(BIS#-) le#[Al
).)7)$%(1?1/J'72!12$4!D-J":2,2! ELLPB@I4;.'C)!X#aQ!).)7)$%(PN/-.%),12$411-%.),!EL"PB
2$4P-#./,()D1,/..'$6 ;5',5.)1).)7)$%(1?12/12$4!m-,C2!EL"8B)!2.(/I'4)$%'0")4U.*21/() 12$4!
Q&SR25]1%, 25 (+/(/$(*1=/%&1/01:&'5&!:),)!,)+,%)412(1+/%)$%'2..3!+,) ) $Y6I G5t

=)', L+ -+$1%&)',1,)5)$%1(5/1),3! 210&$)1)%!2.8EL"EMI#3),!)%!2.8/FUER-6&!$/%!%&,)!
0/5-(1/01%&'(1(%-43*1%&)!2$$/%62%'/$!/01).)7)$%(10,/7!(-5&!-$4),(%-4")41(-+),027".)(
&'6&.'68&%(1%&)!'7+/,%2$5)!/01+),0/,7'$6!72$-2.| @A!5-,2%'/$!'$!+&3./6)$)%'52..3!4'1),()!
'$)26)(8!]./$6('4)!'7+,/1'$6!/-,1-$4),(%2$4'$6!/0! @A!="1./63*1%&)()!).) 7)$%(!2,)1)>+)5%)4!
%1/15/$%,'=-%)1%/:2,4(17/,)1)00)5%'1)!,)+)2%! 72(C'$6W5.2(('0'52%"/$! 2 HABISH %62%'/$!

5&./,/+8&3%)16)$/7)!+,/13)5%(15-,,)$%.3!'$!+,/6,) (1. 2=3;K22(12$4!S),5&2$%! ELETB



3.4.3 Phylogenomics of the core -Reinhardtinia and Volvocales

|
X-)1%/1%&)!./:1$-7=),1/01212'.2=.)!16)$/7)(12$416)$)!2$$/%62%'/$(*!%&)!+&3./6)$)%'5(1/0!%&)!
b/.1/52.)(1&2(12.7/(%!)>5.-('1).3!=))$!(%-4")4!-('$6!,'=/(/72.12$41+.2(%'4172,C),!6)$)(8!
@&)()!12$2.3()(1&21)!(-55)((0-..3!4).'$)2%)4!()1),2.!=,/2415.24)(1?)868!$ ,'/.).$ *!

3(-72*).% *B2)$#.-##.).BP[2C242!)%!2.8!EEIB!/0%)$!3").4)41'$5/$(" (%) $%!%/+/./6")(!
0/,171))15./().3!,).2%)4!%2>2819%".'('$6!=/%&!/-,!/:$12$4!()1),2.!,)5)$%.3!+-=."(&)4!6) $/7'5!
)(1-,5)(*1)10-,%8&),1)>+./,)41%&)+&3./6)$/7'5!(%,-5%-,)1/0!%&)!5/5-.)"$,'1.).$+ 2$4!
b/.1/52.)(811(1()1),2.16)$/7)(!5-  ,,)$%.3!.25C!6)$)!2$$/%2%'/$(*!:)!0",(%!-()4!12$!2$$/%62%'/$
0,))!12++,/25&!=2()4!/$!%&)!'4)$%'0'52%'/$!/0!5&./,/+&3%)KBRY,%&/./6(!:'%&!9QF_8!
@&'(142%2()%!5/$('(%)4!/0!"*" ENI6)$) (*!+,) ) $%!'$12%!.)2(%!"P!/0!%&)!"U!'$5.-4) 41 (+)5") (1?"E!
=-)"$,1.).$ *%&,))%&),'b/.1/52.)(*12$4!1%&,))!/-%6,/-+(10,/7!%&)!Q+&2),/+.)XI062()%
QB8!D/,1%&)!""1(+)5")(!:'%&!6)$) ! 2$$/%2%XBYe2 (VAB*!:) 1+,/4-5)4121()5/$4142%2 () %!
=2()4!/$'%&)!/,%&/.163!5.-(%),'$6!/01)25&!(+)5") (n!+,/%)/7)*1:&'5&!3").4)4!"* U"! ('$ )+ 3!
1,%&/.16(1(&2,)41=312..1(+)5")(8!D/,!=/%&!42%2()%(*:)!+),0/,7)4!72>'7-TC).'&//41?SeB!
2$2.3()(!-('$6!#0; @aAAP[6-3)$!)%!2.8!EL"BB$2.3()(!:),)!+),0/,7)41/$!=/%&!
5/$52%)$2%)4!+,/%)'$!2.'6$7)$%(1?+,/4-5'$6!2!(19D))B!2$4!'$4'1'4-2.12.'6$7)$%(!/0!)25&!
1,%8&1.1617+,/4-5'$6!6)$)!%,))(B*!:&'5&!:),)1%&)$!(-772,'()4!12(12!(+)5")( %,))!-('$6!

|Q@ale ;###s&2$6!)%!2.8/EI8'UB

|

]..10/-,1/01%&)!,)(-.%'$6!+&3./6)$") (1)>&'='%)41)$%'",).3!5/$6,-)$%!%/+/./6") (*!:'%&!$)2,!
72>'72.1(-++,%!12.-)(12%!2..1$/4)(1?D'6-,) | E*ID'6-QY B8!a//% '$61%&)1%,))/$1%&,)!
Q+&2),/+.)2.)(1(+)5") (*1%&)!7/$/+&3.3!1/0!1%&)!b/.1/52.)€1.)"$,'1.).$ 12$4!5/));

=-)"$,'1.).$+ 5.24)(1:),)!,)5/1),)48! 1"#$%&'(%()$*+:2(!,)5/1),)4!:'%&!%&)!)>+)5%)4!
=,2$5&'$6!/,4),?N,O(5&/.4)%!2.8IEH2IB2(1%&)! 7/$/+&3.3!2$4!)>+)5%)4!%/+/./63!/0!%&)!
@"b!5.24)P[ 2C242!)%!2.8'EBTEER.)! 7/(%!5/$%)$%'/-(1+&3./6)$)%'5!,).2%'/1$(&'+(12,)!%&/()!
101%&)!,)72'$'$6!-$'5)..-.2,!5/,);=-)"$,.).$ *1:&'5&!'$5.-4)IA0+-:$,&$)$2H1%&)!,)5)$%.3!
+-=.'(&)4!6)$/7)(1/0! "#$%&' (% ()$*+*1"$-,(.'-*+ ?K',2(&'721)%!2.8!EL"PB4!

"#$%E&' (% ()$*+ (+8!Y"'ER[).(/$")%!2.8 EL"TB#$!%&)! 7/(%'6)B&!2$2.3('(1%/14 2%+
-:$,&%$)$ 16,/-+)41'$121:)2C.3 ;(-++/,%)4!5.24):'"%&H$%&' (% ()$*+?%),7)4!7)%25.24) | FB*!
&) 10+*1"$-,(-*+ 6,/-+)41:'%&121(72..1$-7=),1/01/%&),1-$'5)..-.2,1(+)5") (/$!%&)!.'$)26)!
'$5.-4'$6!%&)!@"\b!5.2H[2C242")%!2.8EI8THSB!/-,12$2.3('(A0+"-:$,&5)$2$4!0+

*1"$-, (- 1))1)5/1),)412(1('(%),1%2>2!/$1%&)!.'$) 26)!'$5.-4'$6H$% &' (%6 ()$* *17))%'$6!
%&)!+,',14)0'$'%'/$!/0!7)%25. 7P (1%&)!('(%),!5.24)1/0!1%&)! @"h!5.24)12$4!'%(!-$'5)..-.2,!
,)-2%'1)(8!X-)!1%/1"%(!,)5)$%!4'(5/1),3#5%&' (% () $*€+8! Y BE&2(1$/%!=))$!'$5.-4)4!'$!
+,)1'/-(1+&3./6)$)%'5!12$2.3()(81)!5.2(('0")4! 1"#$%&' (% ()$*+ (+8!Y""ER(1217)7=),1/01%&)!

5/,) ;=-)"$,1).$ 1=20)4Y/$!()<-)$5)!('7".2,'%3!/0!,'=/(/72.12$4!+.2(%'4!6)$) (*I&'5&!
(-66)(%)4!1%&2%01%Y3!2!5./()!,).2%' 1) /A'#$%&' (% () $*+>-:,$+?@2=QB8!"'1)$!'%(!
=2(2.1+&3./6)$)%'5!+/('%'/$!,).2%'1)!1%/!7)%25.24)|F12$41%&)! @"b!5.24)*1(+)5") (!(-5&!2(!

I "#$%&'(%()$*€+8!Y""'BEb/-.41+,/1)1+2,%'5-.2,.3!-()0-.1'$!0-%-,)!1)00/,%('%/!,) 5/$(%,-5%!%&)!
2$5)(%,2.16)$)!5/$%)$%!/019%&15))$,7.).$ 8!



Chlamydomonas reinhardtii

Chlamydomonas incerta

Chlamydomonas schloesseri Metaclade-C
Edaphochlamys debaryana

Chlamydomonas sphaeroides

0.1 substitutions
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Gonium pectorale

Yamagishiella unicocca TGV Clade
Eudorina sp. 2016-703-Eu-15

Volvox car teri
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Chlamydomonas sp. 3112
Chlamydomonas asymmetrica
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Polytomella parva

Chlamydomonas applanata
Dunaliella salina

Chlamydomonas eustigma

Raphidocelis subcapitata
Tetradesmus obliquus Sphaeropleales

Chromochloris zofingiensis

|
"#$%&' . \+I(>&>1@(I-@ (1$$%!61B@%$*-)B!$/1Q9!IG$@2%$+@-,!,6-'(-,!+)%!01#--1$8&0*#$&6,7
C1-161B@$%$*-)B!=+,1()/-##-%!&,()*I01-1ZFIVIdRI>$%- @ !+)%!+!'$)'+0-)+0-%!6#$0- () 1+@ (*)>-)0!$/!
QPR]H!'L@$#$61B0-!8eDNAI*-)-, 7I5@ @!& @0#+/+,01<$$0,04+6!2+@&-,!mSSc7!D6-'(-,!()! <$@ %! 1 +2-1*-)-
>$%-@!+))$0+0(3$),!+)%!=-#-1()' @&%-%!()!01-| A#O TBY 4161 B @$*-)OV (*&#-,|DLEPIN?7!
"1B@%$*-)B!=+,1#$$0-%!$)!01-101#--1D61+-#$6 @-+@-,!,6-'(-,!91(*1@ (*104%!()!6 ()| 27!
|
3.4.4 Conserved genome architecture and centromeric structure in
Chlamydomonas
|
1.7/(%!$/%&'$6!'(!C$/:$'12=/-%!C2,3/%3+)!)1/.-%'/$!2$41%8&)!,2%)!/0'5& 7 2/{/
)2,,2$6)7)$%(I'$I"#$%E&' (% ()$*+2$41%&)!5/;,F-.)"$,'/.).$ 8N,/5&$'C!)%!2.8!?EL"LB
)+,%)41%&2%!%8&)!(3$%)$'5!6)$/ 7BOG!'4)$%'0)4!=)%:))R+,-.)"$,/..+ 2$4!0+6$,/-,.+
5/$%2'$)410):),!6)$)(1%&2$!&-72$!2$4!5&'5C)$!(3$%)$'5!()67)$%(*!'$!+2,%!4-)19/1216,)2%),!
$-7=),101(72..1'$1),(/1$(14'(,-+%'$6!(3$%)$38!](1%&)!./$6) (%!5/$%'6 (I'$!/-,12(() 7=.")(!:),)!
)<-'12.)$%!'$!.)$60610+,-.)"$,')..+ 5&,/7/(/7)12,7(1?"8\*\8P!12$4\8E!S=!0/,! |0+.)6-,/$*!
10+*6"#(-**-,. 234A0+'-:$,&F5)F!,) (+)5%'1).3B*!:))>+./,)41+2%%),$(!/0!(35%)$3!=)%:)) $!%&)!
%&,))!(+)5")(12%40+,-.)"$,"/.. 8!h)!I-()4!1Q3$F&,/! ?X,"../$!)%!2.8IEL"®B/!'43$%'03!(3$%)$'5!
067)$%(*:&'5&!0',(%!-()(1+,/%)'$!()<-)$5)!,)5'+,/52.1=) (%'%(1%/12$5&/,! (35%)$'5! ()6 7) $% (*!
=)0/,)1)>%)$4'$6!()67)$%(11'21%&)!'$5.-(/$!/0'&/7/./6(1%&2%!2,)!(3$%0)$'5!=-%!$/%!,)5'+,/52.!
=)(%8'%(8!]..1%& JHS%&' (%()$*+6)$/7)(1),)!&'6&.3  1(3$%)$/-(*1:'%&!I TT8P!S=I?UT8PjB!
101%&)0+,-.)"$,'/..+ 6)$/7)!.'$C)41%/!Y"P!(3$%)$'5!()67)$%(!(+2$$'$6!"LUS"IS=1?UY8'jB!/0!
%&N0+.)6-,/$6)$/7)*12$4! TUBP!S=I?UU8 |B!/0I%R)L.)"$,'/..+ 6)$/7)!.'$C)4!%/\LT!
(3%%)$'5!()67)$%(1(+2$$'$6!"LUB"IS=1?UY 8" Bo&ID+*6"#(-**-,.6)$/7)8! |
|
N1)$!1%&)!&'6&14)6,))1/0!(3$%)$3*1'%0!:2(1+/(('=.)1%//,4),12$41/,)$%2%)!%&) | 5/98+6 (/0!
)6-,/$H2B410+*6" #(-**-,.4).2%'1)1%/!1%&)!12(() 7=.)4'5&,/7/(/7)(}/010+,-.)"$,'/..+ ?D'6-,)!
YB8!!(-=(%2%$%'2.!+,/+/,%'/$!/0196&)))"'$,'/..+ C2,3/%3+)!12++)2,)41%/!=)!5/$(),1)4"G*
)6-,/$ *1:'%&!(">1/01%&)!"gI5&,/7/(/7) (12" 1Y *I\*Ig*1"\12$4! " B1(&/:'$6!$/1)1'4)$5)1/0'$%),
5&,/7/(172.1,)2,,2$6)7)$%(*12$4!210-,%&),!%&,)) 1 ?P*I"Y 12$ 4 PEH6!)1'4)$5)!0/,!/$.3!
7'$1,1%,2%(./152%'/$(!W"PLIC=1'$!.)$6%&!?D'6-,) Y]B8!IF/$('(%)$%!'%&!'%(16,)2%),!4'1),6)$5)!
0,/7110+,-.)"$,'/.. *10+*6"H#(-**-,.H>&'="%)4!(-5&!/$)%]/$)!5/$(),12%'/$!=)%:))$!/$.310/-,!
5&,/7/(17)(1?P*g*I""12$41"\B1?D'6-,)YIB8!D/,|=/%&!(+)5") (*1+2%%),$(1/01(3$%) $3!'$4'52%)412%)!



)2(%$)'SYEBE&,I71(72.1,)2,,2$6)7)$%!200)5%'$6!%8&)!,)72'$'$6!5&.,/7/(/7)(*12.%&/-6&!
1%6&/-%61244'%'/$2.1(5200/.4'$6!/015/$%'6(!'%!'(14'00'5-.%!%/15/77)$%!/$!%&)1)00)5%!/0}(-5&!
)2,,2$6)7)$%(1/$!C2,3/%3+[BL%&), 7/,)11=314")5%15/7+2, (/$1%40+,-.)"$, ..+
5&,/7/(/7)(1:)17231&21)1/1),)(%'72%)41C2,3/%3+)15/$(), 12%'/$14-)1%6/1-$4) %) 5%) 4!
5&,/7/(/7)10-(/$WO'((/$)1)$%(12'8)81'0120+,-.)"$, /..+ 5&,/7/(I7)!'(1+,)()$%!2(1%: /!
5&,/7/(/7)("$!/$)!/01%8&)!,).2%)41(+) 5') (BSID/, I=/%4&H .)6-,/$-RSA10+6"#(-**-, #12..|
5&,/7/(/7)(1?)>5)+%15&,/7/(/7)"PI'$1%&)! 10+.)6-,/$-6/7+2,'(I$B!5/$%2'$)4!'$%,2
58&,17/(172.1,)2,,2$6)7)$%(1,).2% 1)19%/10+,-)"$, .. *17/(%V/01:&'5&!:),)1(72..'$1),(/$(!
(+2$$'$6/W"LLIC=17D'6-,)|Q\[* IBEB$%)HR(102,1:)2C),1=)%:))$! 10+,-)"$, ..+ 2540+
-$,89)$ *:'%&IPUS IS=I1?PESU]B!/01068))"$, ..+ 6)$/7)!.'$C)41%/!I" TgP!(3$%)$'5!
(67)$%(!(+2$$'$6!"\8UIS=17\P8 |B1/0!%&D+-:$,8$)$6)$/7)!1?D'6-,)IQ\FBS!@2C)$!
%/6)%&),!:'%&1%&)1+,)1'/-(12(( (79!/0!(3$%)$31=)%: JJBt,-.)"$, /.. + 2$410+6$,/-, *1%&)()!
)(-.%(1(-66)(%!%&2%IC2,3/%3+)1) 1/.-%'/$I'SI%&)IBH).).$+ '(1)>+)5%)41%/!=)!143$27'5*!
1'%6&16)$),2..31&'6&1.)1).(1/0/(35%)$3!=-%!21$)B.'6'=.)!,2%) /0 $% &, [7/(/72.!
)2,,2$6)7)$%(1+,)($%!=)%:))$!5./().31,).2%)41(+)5)(*12$4!.'C).3102,16,)2%),!C2,3/%3+'5!
4'1),('%31+,)()$%!=)%:))$!7/,)14'(%2$%.31,).2%)41(+)5')(8!

|

N1)$1968)1& 68/$%'6-'%312541(3$%)$31/01%6&)12(() 7=.") (1'%!:2(1+/(('=.)1%/12(()((10)2%- ) (/0!
6)$/7)12,58'%)5%-,)!1%8&2%12)63!,)('(%!2(() 7=.3!'$!(&/,%6)2412(()7=.)(8!@)./7), 5!
)¥)2%(1:),)=0,1)4IS12..19%68.))12(() 7=.) (*1:'%6&! (‘> 10+.)6- /SRSAI TIO+*6"#(-++-, +
5/$%'6(1%), 7'$2%'$6!'$1%&)!()<-)$5)!1?@ @ @ @IZDB"PAO+-:$,85)$5/$%'6(1%), 7'$2%'$6!
'$12@@ @] BX2%20GHB8I@&F:.(1**  P63+)1()<-)$5)12@ @ @] ME(12$5)(%,2.1%/!
6,))$12.62)12$41:2(1+,)1'/-(.315/$0",7)412(1%&)196)./7),'51,)+) 2% $A0+'-:$, &$) $1: &) 1%6&)!
4),'1)41 I"#$%& (%()$* P63+)1()<-)$5)!7@ @ @ @] "WBO/-$4!'$!=/%E&D+ - )"$, /.. + 234!
:0+6$,/-, #D-.$)f C/1,!)%!2.8!ELSEB)$!%&)!+&3./6)$)%'5!,). 2%'/$(&'$(D'6-,) E*196&/(!
T+.(1)'%&),1%:/1'$4)+)$4)$%!%, 25 ( %'/ BE6R)14),'1)41()<-)$5)1/,121,) 1), (/$1%/1%8&,)!
2$5)(%,2.1()<-)$5)"'51%&)!.'$)26)!'$5.-4' BE+-:$, &F)F1+,/1'4'$610-,9%&),1)1'4)$5)10/, 1%68.)!
).2%'1).310,)<-)$%1%, 25('%'/$(1%&2%!&21)1+,/4-5)41)>%)$('1)!12,'2%'/$!'$1%)./7), )15/ 7+/(%'/$!
'$16,))$12.62)12$41. 288 . 2$%EN)(C212$4112 5" 21 ELEBIB=/(/72.1X[]!,)+) 2% (12, X[]B!
N)12(07=.)412(1+2,%1/01%&.))!.2,6),15/$%'6 (1'SI=/Y08L)6- /$-LSAI0+*6"#(-*-, 1=-0:),)!
0/-$41/$.312(10,267)$%)415/$%'6(1)$%',). 315/$('(%'$61/0!, X[ G0+ '-:$,&$)$8!]. %&/-6&!
+1,.312(()7=.)4T$! 10+,-)"$,1.. *19%&)1,X[]!2,,23(12,)./529%)412%!(-=%)./7),'5!./52%'/$(\/$!
5&,/7/(/7) (" 1U12$41"\1:&),)15-7-.2%'1).3196&)312,)1)(%'72%)41%/1=)!1+,) ) $%! S BPL!
062$4)715/+)(PK/:).."TgEMIS2,5/12$41a/582'>"TULB@&)12(()7=.)4D+.)6-,/$-2$410+

*G -+, 4 X[]12,,23(17:&'5812,)1$/%15/7+.)%)12$412,)1+,) () $%!'$10'1)1962$4) 715/+)(12%!
71(%B!:),))$%',).31(38%)$/-(1:'%&1%&/() 0K -.)"$, /.. *I(-66)(%'$6!5/$(),12%/$!/0!
(-=9%).17),'51 X[]1/,62$'(2%'/$!'$!  I"#$%&'(%()$*+?D'6-,)|YB®&)!2,5&'%)5%2$)!
)1/.-%I$1/01(-=%)./7),'51,)6/S(I'$! 10+,-)"$, ..+ 2$41%8&)1%&,))!$):12()7=.")(1+,) ) $%)4!
&),)1&21)1,)5)$%.31=))$14)(5,'=)414B&2-> m-C'5!1)%!2.81?EQE"B

|



|

!

"#$96&'10DB)0-)Bl<-0=--) & %#()*+ #-.) 906! OY,I'@$,-#-@+0(2-, 7!
N#$,16@$OMHNB=(),|(1-01+ @7 | TIBZ--)! &'Uott()*+ H-.) YU Vo) *" (., %, 1+) Y& Vot () *+ #-.) YR
&'%3TR(33(H)% TR VOH()*+ ) US>S,$>-, 1+#-1#-6#-,-) 0-%1+ ' S@SEH-9%6!,-+>-)0,1+)%!,6 @ (0! +#$, !
01-1@-/01+)%!#(*1016 @$0,!()!-+ 116+) SRR [H /U8 %3" +/2(33 (1A, 1 +#-1, 1$=) 1+, I*#-B!

-¥>2)0, 7INS)O(*, 1 +#-1+#+)*-%61+) %61 $#(-) 0+0-%1#- @ BOVRHIOSH-.) YA #$>$,$>-, P1+) %149 +'-)0!
'$)0(*,1=(0L1)$!, (¥)+0&H-1$/l-+H#+)*->-)01+#-16 @$00-%!=(01$&0!*+6, 713+#|1*#-Bl<+)%, | 1(*1@(*10!
B&O+0(BIVH()*+ #-.) ) IBHS>-#-, 14) %1+, 0-#( |, #-6#-,-)01#345714$010 10 DHS @ $&H, 1#-6-,-) O()*!
B-(/(I1#$>$,$>-,19%(// -#1<-0=--)101-16+)-@,7!!

|

D'$2..341:)1:),)12=)196/12(() ((1%&) 15/ 7+/('%'/$!1 2$41+/%)$%'2.1(3$%)$31/015)$%,/7),) (I'$!
I"#$%8& (%()$* 81@&)!5)$%,/7),'5!./52%'/$(1/01"P1/01%& L )"S, ..+ 5&[TI(T)(":),)!
)5)$%.3172++)41=81$!)%!2.812EL*UB/=(),1)41%&2%1%&)()!,)6/$(':),)!58&2,25%),' () 4!=3!
7-.%'+.)15/+)(1/016)$)(1)$5/4'$61,)1),() 1%,2$(5, +%2()8I9+/$!'$(+)5%'/$1/01%&)()!,)6'/$(*1:)!
0/-$41%8&2%!%8&)172J/,'%31/01%&)()16)$) (12,)!)$5/4)41=315/+") (HBIeHEA).) 7)$%ebBT



Bcl= 9i2+'%/$/112$4!m-, C2IELLBB6&/-6&1%8&)()!,)6'/$(12,)!5-,,)$%.31$/%!:),)$/-6&!
2(()7=.)41%/15/$5.-('1).314)0'$)1%&)! (%,-5%-,)1/015)$%,/7),'5!,)+) BBEC!= I'(1+,) )$%!'$!
7-.%'+.)15/+)(12%1 2"P1+-%2%'1)15)$%,/7),)(12$412++)2,(1%/1=)196&)172J/,15)$%,/7),'S!
5/7+/$)$%R:'%&I5&,/7/(/7) ;(+)5'0'515/$%,'=-%'I$(10,/71/%&), | @A(*!)(+)5' BB#-)!
e#[A!).)7)$%(B1?@2=QI*|D'6-,)!QP]B8!a)72,C2=.3*1+&3./6)$)%'5!2$2.3((/0!2..15-, 28B) 4!
).)7)$%(10,/716,))$12.62)!'$4'52%) 41%REWBE!= I'(17/,)!5./().3!,).2%)41%/1%8Y-11

).)7)$% (/0N (66(Vo&<S+*2:-##. 1%(.-$%&2$1%/12$31 /% &) 7)$% (1 2$$/%62%) AN

-)'$, .+ ?D'6-,)\|B8!I@&)!4'1),6)$5)1/01%&)!5.2(()(!@,)=/->'/+&35)2)!2%/!:&IB&!

*Q: . 1%(.-$ 1=) ./ $6(BI2$4IF&../,[+&35)2)12%/1:&'T8F -.)"$, [..+ =)./$6(B/55-,,)4I'$1%&)!
)2,.31)/+,/%),/Z/'5"),212'8)8IgLL; "*LLL!7".../$!3)2,(126/B1 ?X).IF/,%/$2!)%!2.8! ELELB
'7+.3'$61%& BBIBC!= 182(1=))$!)1/.1'$6!'$4)+)$4)$%.310,/712..1/%E&IH -.)"$, ..+ bB!
).)7)$%(10/,17/,)1%&2$1&2.0121="..'/$!3)2, (B111).) 7)$%(12,)!1%&/-6&%61%/15/$(%'%-%)1%&)!
5)$%,/7),)(I'S! 10-+%2:-#4. 1%(.-$*1:&),)19%6&) 312,) (%, 5%, B)$%!2(1/$)!5.-(%),1+),

5&,/7/(/7)!  ?1.2$5!)%!2.8ELEE® &)%), '$6!+2%%), KUAIL2,'()(14-)1%/12!$) (%) 4!
'$(),%/$17)582%'(71%&2%19%2,6)%(1)>' (%'$6!5/+') (*15,)2%'$619%62$4) 712, 23(15/$('(%'$6! 7/(%.3!/0!
0%&)1YN1)$41/01%8&)!).)7)$%(124-)1%/10,)<-)$%!PN!%,-$529%'/$(I-+/SI BOCR(BBR72!)%!2.8!
"TTYBIF&,/7/(7) ;(+)5'0'5!5.-(%),'$6//@BBC!= 1:2(12.(/1)1'4)$%!'$110+,-)"$, /.. *'%&!
&'6&.31./52./()415.-(%),(1/=(),1)412%!P'P!/01%&)!+-%2%'1)!5)$%,/7),)(1?D'6-,)\IB8! @&)!
4/-=.) ;+)2C(I'$SbBIBC!= 14)$('%3!+,)()$%!/$15&,/7/(/7) ((EXY12$41U*12$41%&) ! ($6.)1(-=
9)./7),'515.(%),1+,) ) $%!/$I5&,/7/(/7)IP*12,)12..1%&)!,)(-. %1017/ (2(() 7=.") (1'$!%6&) )| &'6&.3!
)H)%'%'1)!,)6'/$(IP&2+9H)BB! @& (*1/-%('4)1%8&) 1 +-%2%'1)!5)$%, HBIREI= 12++)2,(1%/1=)!
)$%',).312=()$%!10,/719883,-.)"$, ..+ 6)$/7)8!@/14'(%'$6- (&1%8&)!-+42%)412$$/% 2% E/O!
Bel=+$1/-,1,)4)29%!.'=,2,310,/719%&)1/,'6'$2.12)+=2()11), (1$*:)1+,/+/()1%&)!$27)! U-116T
Bc6=-*t&),)! U-110,)+,)()$%(U-11.'C)8

|

Al),31+-%2%'1)!5)$%.,/7),'51./52%'/30%!-.)"$,"]..+ 5/'$5'4)4l:'%&!=)2C(I'$!(3$%)$'5!
(67)$%(12$41%&,)1%), 7'$2%'/$!/015/$% 10 $6-,/$-RSA10+*6"#(-**-,.17D'6- ) YB*!
(-66)(%'$6!%682%19%&)()!,)6'/$(12,)!12.(/1.'C).319%/1=)!,)+)%'%' 1)!'$!=/%&! (+)5') (8! @&)!+&3./6)$)%'5!
2$2.3('(1,)1)2.)41%&)!+,)()$5)!/0/$R$41%:/U-116BCcO=-1&/7/./6("$! 10+.)6-,/$L$410+
*6" (%=, X,)(+)5%'1).312D'6-,)\|B8!_01%&)!Y LI5/SMBEIR((/5'2%)4!: %&!%&) 0

-)'$, L.+ 5)$%,/7),)(MIEUIS/$%'6(I'$1=/%&) (+)5')(15/$%2'SYHPIH).) 7)$%! %68 $1%6&)',!
0'$2.IELIC=1?D'6-QPI*IFB*12$416)$/7);'4)1%&)U-11H).)7)$%(1)>&'='%)41('7".2,.3!
/52./)415.-(%),'$61%/1%&2%!/=(), 1) '$-.)"$, '/..+?2D'6-,)IQT*IBSI@&-(*'%6!12++)2,(1%6&2%!
=1%&1%8&)!./52%'/$12$415/7+/(%'/$!/01048))"$, ..+ 5)$%.,/7),)(12,)!.'C).315/$(),1)4!'$ 110+
)6-,/$+2$410-+%6"#(-+*-,.81h)1'4)$%'0')41%:/1027".") (/OU-110b%.) 7)$% (1" $I%EN0+'-:$, &) $+
6)$/7)12$41/$)1027" .31/0IU-110).)7)$%(!'S1%8A2'(,.)$+ (+86)$/7)*12.%&/-6&!:)14'41$/%!
0'$412$31)1'4)$5)10/ U-11H).)7)$%(!'$!)'%&) M0+2).6(66F+0+6$,/-, 81'1)$1%8&)!.25C!/0!
(35%)$3!=)%:))30+,-.)"$,/..+ 234A0+-:$,8$)$96!:2(1$/%!+/(('=.)!%/12(('6$!+-%2%'1).3!
5)$%,7),'5!5/$%'6(8![/$)%&).)((*1&'6&.31./52./()416)$/7'515.(%),'$6!/Q-11H).) 7)$%(!:2(!
1=(),1)410/,'=/%&A0+-:$,&$)$2S4A2'(,.)$+ (+87D'6-,)IQ F*XB*(-66)(%'$6!%682%!%&)()!
).)7)$%(17231+.23121('7".2,1,1.)19%/1%8 296 18%& (% ()$* 8

|



Zepp *

ZeppL-1_cRei * 1 ] S\
ZeppL-licInc* ! "
ZeppL-l_cSch* 2 ] M
ZeppL-2_cSch * ‘ !
4L£pLZEDEb < 3 ]‘ ,l\[\
ZeppL-1_eud 4
ZepplL-1_eDeb 4 4 ]4@
112 GR [N
L1-1_cSch 5 ]‘\—/.g‘
L1-6_CR
L1-1_cinc 6 ]‘ f/-\'\
o L1-2_clnc - ] /L
L1-2_cSch i o
L1-1_eDeb ]
L1-5 VC 8 i ’\—4 |
L1-7_CR 9 ] //\
L1-3_cInc i n
61 L1-3_cSch 10 ]
L1-2_eDeb i o
L1-3_eDeb 11 ]
L1-1A_VC ;
L1-1_vC 12 ] /\
L1-2_VC I |
55 L1-3_VC 13 ]
LINE-8_CR [ |
L1-4_clnc 14 ] A
57 L1-4_cSch [ ]
L1-5_cSch 15 ]
L1-4_vC R
L1-5_clnc 16 ] /\
OSLINE-2 (Oryza sativa) [ |
ECIN4E_ZM (Zea mays) 17 ] M
ATLINE1_1 (Arabidopsis thaliana) f |
0.5 substitutions * putatively centromeric clusters Zepmsity
per site 4@ unannotated clusters 0-100%

!
"#$9%8& 11Y1B@S$*-)-0('1#-@+0($), 1(6!+)%!'-)0#$>-#("!' @ &, 0-#T HHID (4@ ->-)0,V

*+ N+HI(>&>1@(I-@(1$$%!61B@$*-)BIS/!'L @ $HBOYD-*-)0, ()/-##-%!&,()*101-1ZFIVIdR!>$%-@!
+)%!+@ (*)>-)01$/1-)%6$) &' @-+,-1+) Vol #-2-#,-10#+), #(60+,-1%$>+(), 718$$0, 0#+612+ @B, TH)
"1 B@$*-)Bl=+,1#$$0-%!$)|014--16GDUD->-)0, 7!D6-'(-, 1 +#-16#$2(%-%!<B!,&//(8:,1:() %! &%
HO*+ #-) ) PI&YAL ;%" H.(HPT<"b & 'V6)*" (#.pT="+% &' %3"+/2(336{>(6 li! 4'%-(6,#1,*, p(?-%
42-2#)* %6 7!TOR TLQJ&MY

*.,13-),(0BIOTDTTC?$/!7 (558 @A":()%6) g T!<I=()%S$=, 1+ #S$, | & Vot ()*+ #-.) U$>$, $>- 713 +#!
<+)%, #-6#-,-)0!6&0+0(2-1'-)O#$>-#- B, 10('l, #-6#-,-)OIQT T!<!()'#->-)0,1+)%!B-J(,10('1,]] Tc!
()'#->-)0,7!" @$0164$%&-%! &, ()*!+#B$6 @EO@!+)%! D-##+ ! TRASD-101 TGE58 @A": ()%, 1 +!
,B)$)B>1$/101-1d-6<+,-1-@->-)OBI@A&: 7!

1

F)$%.,/7),)(1%&B&,/7/(/72.] )6'/$(12%!:&'5&C'$)%/5&/,)(12(()7=.)14-,'$6!5)..14'1'('/$ *!
)>&'="U=(%2$%'2.1(%,-594:12, ('%325,/((1)-C2,3/%) (85! 7/(%H+)5") (12! (+)5'0'5!

$-5)/(/7) *5)$97),) ;(+)5'0'5&'(%/$)IKYBSKY*12.(/C$:$12(IFA[N :] ¥, IFA[KY*!
27/$6(%!/%),(B*!'(1./52.'()412%!%&$%)/7),)12$4!'(1,)<-',)410/,1C'$)%/5&/,)12(()7=.3 !
2@2.5),%!2$4!K)$'C/00! ERIEAIE)!)>%, ) 7)*H/'$%!5)$%,/7),)(12,)14)%),7'$)41=3&/, %!
(+)5'0'5!()<-)$5)( *I(-5&12(12$IV"EPI=+1()<-)$5)! €$66"$, (%&6-*+6-,-5.* SUEY@%>-,) (12!
('$6.) 15)$KY!1$-5.)/(/7)! ?D-,-327212$411'66'$(IELLgBS2$3!(+)5")(1&21)!(&/,%!,)6'/$2.!



5)$%,/7),)(1()1),2.!1C=""$1.)$6%&M)>27+.)I'$! @#$*%('.2%+I$#6.1$ 2HY!'(1./52."()4!
%/'\\8P!C=!)6'/$(15)$%,)4!/$@'5&()<-)$5)(! ?K/)'I72C),(1)%!2.8'EL"@B0!%&)!/%&),!
)>%,)7)*1$172$31+.2$%!2$412$'72.16)$/7)(15)$%,/7),)@,)!4)0'$)4!=356/7+.)>! 2,,23(!/0!
(2%).."%)!X[]'%&B2$!,)25&!.)$6%& (1/0V"1S=*12 %&/-6 & SYERN 6! +,) ()$%!2%!2..1(2%)..'%)!
718/7),(! ?@2.=),%!2%4!K)$'C/00!ERIEDB), $6!2.%/6)%&),!0,/76Y$ 2.15)$%,/7),) (*!
&1.15)$%,/7),)( 12,)!./52%)2%!7-.%'+.)!./52%'/B(/$6!%&)!.) 56 YRG&/./5)$%, '5H!
5&17/(I7)(!  ?S2$4,'.'12%$41S2$'52,4'"ELEL$)$),2..3! 02..$6!(/7):&),)!=)%:))$!(&/,%!
,)6'1$2.15)$%,/7),)( 12$4!(2%)..'%)!5)$%,/7),)(I'$!.)$69%8B! "L (1%/!"LL(}/0!C=Bo, 25(+/(/$
,'5&!5)$%,/7),)(10)2%- Y@ A(12(1%&)',!72'$!(%,-5%-,2.!5/$(%' @ F)YE) $%.,/7),) (152%!=)!
+,'72,".31=2()41/$!12!('$6.)!@A!027'.31/,1/$!()1) ,2.14'00),)$UD A(!:'%&/-%!2$3!12++2,)$%!

1,6 2$'(2%'/$8!D/,1)>27+3'$!1%&)!(.'7)!7/.418.6/ &(*/-#.2%+".*6(."- 2% %0 &)  X#aQ!
,)%0,/%,2%(+/(/BE=GB5/$(%'%-WPLj!/0!5) $%,/7),'5!()<-)$5) 12$4!(12=()$%!0,/7!%&)!,) (%!
101%&)!6)$/7)?".05C$),'12$4!K)'4) |[ELLTER".) I'$!?-2,(*1(,$+6,$**$+206&)!5)$%.,/7),)(12,)!
4H)0'$)4!=3!1@,'5&!)6'/1$(1)$,'5&)410/,112," /-(14)6)$),2%)4' @ARQ7'%&")%!2.8'R!'IRL),!
,)5)$%!)>27+.)()1)2.)4 1=31./$6;,)24!()<-)$5'$6!'$5.-4)! 8,(*(1".#$+%-#$)(9$*/-, *1:&),)!
5)$%,/7),)(1:),)!1+,)1'/-(.3!%&/-6&%!%/!5/$('(UD!(2%)..'%) ! X[]'=-%":),) (&/:$!%/! 5/'$5'4)!
'%&,)6'/$ (10)2%-,'$R!(+)5'0'5!e#[A!).)7)$%LDde(6R-B?F&2$6!)%!2.8EEI ARV &)!
11735)%)! @"&/(1"/"(,$+*(S$*":&),)!5)$%.,/7),)(! :),)!4)0'$)4!=3 121(1.$+e@a!).)7)$%!

I(b4 1?7D2$6!)%!2.8!EBEAIB=/%&!52()(*!1&/7/./6/-(\@A(!:),)!0/-$412%!%&)!+-%2%'1)!
5)$%,/7),)(1/015./().3!,).2%)4!(+)5") (8!

|

#%!%&),)0/,)1())7(1.'C).3!1%&2%!5)$%,/7) YE$&' (% ()$*+52$!=)152%)6/,'()412(!
%,2%(+/(/$,'5&*12$4,'72,'.31=2()41/$!2!(+)5'0'5! @\!'$!%&Y-11b}.) 7)$%(8! @ &)!.)$6%& (12$4!
,)+)2%!5/$%)$%!/0!1%&)!+-%02%N'B,'/..+ 5)$%,/7),)(12,)!,)1'('%)4!'$!6,)2%),!4)%P$!\ 8\8Y
-('$6!./$6 ;,)24'1=2()4'12()7=.")( 8N1)$'%&)N1/.-%'/$2,3!4'(%2$5)!=)%:)\#*2:-##.1*(.'-$+
234" #3%&' (Y% () $*X4%0!"(1%) 7+%'$6!%/!+,)4' 5% D RIPHT ) $% (1 723!=)1+,) ()$%!2%!%&)!
5)$%,/7),)(1/0172%$3!/%&),!(+)5")(1/0!6,))$!2.62)8!K/:)1),*I'%!"(!-$.'C).3!%&2%!5)$%,/7),)(!
2,)15/%(),1)4!=)%:))$!(+)5")(10,/71%&)!@,)=/->'/+&35)2)12$4!F&./,[+&35)2)8!D', (%*!
5)$%,/7),'5!,)+)2%(!'$!%&)F&./,[+&35)2)!(+)5')(! , (Y% (6"#(,.*+>(J.)9.-)*.*5/$('(%!/0!
)$%',).3!-$,).2%)41L.$+e@a!).) 7)$%(Pa/%&!) %! 2.8 EBQYB/$4*1%&)!12++2,)$%!2=()$5)!/0!
U-11h).)7)$%('0,/7! MO+2).6(668p4!0+6$,/-,.€-66)(%!%&2%!%&)()!).) 7)$%(12,)!$/%!,)<-',)4!
0/,15)$%.,/7),)10/,72%'/$!$!%&)()!(+)5") (8!#$(%)24*I'%!"(1+/(('=.)'%&2%!%&) ! +,/+)$1B3!0/,!
2$4U-11h).)7)$%(1%/'0/,7'5.-(%]!723!+.23!2!,/)1I'$!%&)",!,)5,-'%7)$%!2(!5)$%,/7),'5!
0<-)$5)(*1:&'5&!'(1.'C).3!1%/1&21)!&2++)$)41'$4)+)$4)$%. B2 -##. 1 *(.'-$ 254!
"#$%&'(%()$* 8!](17/,)!&'6&.3!5/$%'6-/-(15&./,[+&3%)!12(() 7=.")(1=)5/7)!1212".2=.)*I'%!
CLAENT+H,%2$3%!%/1()2,5&1%& R/ 7)(10/,! U-1105.-(%),(1%/12(()((1:&)%&),!%&)()!
).)7)$%(152%!=)!-()417/,)16)$),2..3!2(15)$%,/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/,1)25&!(+)5") (I-("$6!g8 UBE!"=!/{%6,2%$4)4'a[] ; ()<!
?2@2=.)1B8!N,/%)'$!7/4)19QF !(5/,)(1(-++/,%)412!&'6&!.)1).1/0!12$%$/%2%'/$!5/7+.)%)$)((!
25,/((12..1%&,))1(+)5")(1?Tg8LU8"|!5&./,/+&3%)!6)$)(I+,) )$%B*!12.%&/-6&!,).2%'1)!%/16)$/7)!
7/14)1(5/,)(1%&),)1:2(12$!'$5,)2()!'$1%&)!+,/+/,%'/$!/010,B57)$%)4!6)$) (1 ?\81P8T|B!?@2=.)!

! gL



EB&)+.)6-,/$-2$410++6"#(-+*-, &2415/7+2,2=.)16)$)15/-$% 1%+ ,-.)'$,'/.. *12.%8&/-6&!
1)16)$)I)$(%) (! 4-)1%1%&)",!.2,6),16)$/7)(8!IN'%&!" T*EEUI6)$)(*1%8)!-:$,&$)$+
6)$/7)!5/$%2'$)4! (-=(%2$%'2..31718)$) (1%68&2$12$3!/%&.),15-,,)$%.312$$/%2%)415/)
=)"$,7).$+ (+)5)(8!(1,)+,%)41=31K2$(58)$!)%!2.812EFI(H),2.17)%, '5(12++)2,)41%/!
5/,,).29%)1:'%&1/,62$'(72.15/7+.)>'%381a).2%'1)1%/1%&)!-$'5)..-.2,1(+)5) (*16)$)!14)$('%3!:2(!
1), ¥12$417)4'2$1'$%),6)$'512$41'$%, /$'51.)$6%&(1:),)!./$6), *I'SL0+1-6/(, $#264;0+6%,/-, 8!
N,)(-72=.319%&(1'(12%!.)2(%!+2,%.314-)1%/12$!'$5,) 2()'$!%&) ! 27/-$%!/01,)6-.2%/,31()<-)$5)!'$!
%&)()16)$/7)(*12.%8/-681%& (1&2(1$/%!3)%!=))$!)>+./,)48

|

+$,-.)11 N$)12$$/%2%'/$17)%, 5(10/,15/;%-.)"$,1.).$+ (+)5)(8!

$9/+% #0//" BIL-0.-/"
F#2:(2/ 0,(E' $9+1.-0" | $9,1%&*,,.'| 29#.4)+ " | 593.10%'&." o%'$
@$.,92-/"AI32)2./ $I( ! $(I&,H $,J,88! $)J%%5 $(J%)+ $+J%*8
@$,92-/"AI-&).-(#. | $5J85 $(J),8! $(I%(5 Yo+ J* + $(J%)+ $(J+8,)
K2)2/:"12-832/;19/%<= | | )$'%%!DI5%'Y )**%IDI8&'H( )*%)!D!8&"*%| $+&'$&IDISUl| (,+*IDI*&'8H | 5*++IDI(*+1
RLT/"12-&32/,19/%/<= | | $8&uD'$,)! | $ .$!DI$S%| $U+UDN'%& | $* (5!D))&$ +D% | $,'$,IDI$SS,)
128)/()-)N$,92- | 8'59! 55! 8'(8! )'&S! ($, ! (8&!
12E(8)/()-")/%2)3'4/;9%= | %9%) %94, %6+ $)5! &S+ &*8
12E(&)/()2-32)(:/ [
E(.'&):2/;94=] $&M &+ *45 ! %&8% )+, !
QRF+S/#-"2()/,"E2/
" #92'2/</*A-&3,2)2E/<= || )($IDI%'& | )$'$D!,)! )*8IDI&+ *$ID*H | 5$,DI$%N) | )*8IDI%H

|

K& YH() -+ . JHOH( | +#-1<+ %1 $) 1+1' &, 05> (,-96-+ D@ 0-#-9612-#,($)$/12gTRIOL7TR7THPIH7H7h?7
E)OHS)!>-0#(, |+#-1<+,-%!$) @BI$)! () 043), 16#-,-)01=(01() 'Y, - &-) -10$!+25(%61%(//-#-) -, I +&,-%!
<B12+#(+0($)!()101-1.&+@(0B!$/1eCd1+))$0+0($)7!8eDNAI=+,1#8&)1&, ()*101-IN1 @ $#$61BO+$%6<QTI%6+0+ -
--13+0+,- 0!DL!/$#!'$>6@-0-18e DNAl#-,&@0, 7!

|

15,/((12..1(+)5) (*1=/%8&17)2$!'$%.,/$!.)$6%& (12 Y8\ TBI2$4!'$%, /$1$-7=),(1+),16)$)!:),)!11),3!
&'6&10/,!(-5&15/7+25%16)$/7)(8!D/,1%&)!-$'5)..-. 2,1(+)5) (*1%6&)! 7)2$!$-7=),1/0'$%, /$(!
+)()$%!'$I5/4'$61()<-)$5)I2FXQBI+),16)$)!,2$6)4!10,/7!g8T8Y *!:'%&! (' 6 &% )315/-$%(!'$!
LO+1-6/(,$#3 SEBI2$0K6$,/-,12°8gB8!@&)()!$-7=),(12,)17/,)15/7+2,2=)19%/11),%)=,2%)(!
(-5&12(1&-72$1?2UBPBI%&23$1%/1/%&),17/4).1/,62$'(7(1:'%&!1('7".2,16)$/7) (1( Z) (*!(-5&!2(!
I$-)(," 0"/ *+-#-98)*+ 2P BOV-#$)(9%*/-, 7Y SLB*I 2681 (1*.*+/"$#.$)$+ ?\8"B8!
S/4)..'$61/01'$%,/$1)1/.-%'/$125,/((1%&)!=,)24%&1/01)-C2,3/%2182(1+,)4'5%)41%&2%12172J/,!
)>+2$(/$1/01'$%, /$(1/55-,,)41)2,.3I'$I5&./,/+8&3%)!) 1/.-%'/$*12$41%6829%6!&'6 &) $%,/$14)$('%") (!
&21)1('$5)1=))$172'$%2'$)4!'$15),%62'$1.'$)26)(1=3121=2.2$5)!1=)%:))$I'$%, /$1./((12$4162'$!
2F(-,/(1)%!2.81EL"BH#%!&2(1=))$!&3+/%&) () 41%&2%!%&)!,).2%'1)!,/.) (YOI X[ @h-2$4!
=)2C1)+2' 14+2%8&:23(1+.2312172J/,1,1.)'$1%&)143$27'5(1/0!' SO /$D%6'/$*1 2(1&/71./6/-(!
)5/7="$2%'/$1?KaB!'(1%&/-68%!%/152-()'$%,/$14).)%'/$*1:&' JEET./6/-(1)$4  ;I/'$'$6!
2[KAMBI7231,)(-.%!'$!=/%&'$%,/$!62'$12$ 421, /1) %! 2.8 EL"8Kal/55-,(12%!23!
)>%,)7).3L/:,296)'$H0+,-)"$, /.. 125/,'$1)%!2. 8 ELIFEBAI'01%& (I'(/(&2,)4125,/((1%&)15/,)
=-)"$,1.).$  '%6!172315/$%,'=-%)1%/1%8&)!72'$%)$2$5)!/0} (-5& & 6&!'$%,/$!$-7=),(8!
1.96),$2%'1).3*'$%.,/$(15/-.41=)172'$%2'$) 41=31/%8&.),10/,5) (*1(-5&!2(1().) 5%'/$ S BG4 (%
&'6&!,2%)(1/0I[KAMI&2DB)$%.31=))$!.'$C)41%/1& 6 &I F15/$%)$%!"$!+,/C2, 3T 23!



)%12.81ELTES41'%!7231=)196&)!52()1%&2%14/-=.)1(%,2$41=,)2C!,)+2',I'(16)$),2..312$!'7+/,%2$%!
2$41-$4),2++,)5'2%)410/,5)'BH$%& (%()$*+6)$/7)! )1/.-%'/$8!

|

@/1)>+.1,)16)$)1027".31)1/.-%/$!'$I%&)!5/ )=-.)"$, ). $X+ )+ ),0/,7)41/,%&/./63!
5.-(%),'$6!-('$6!9%6&)!(>1212".2=.)1&:682.'%316)$)! 2$$/%2%'/$(1?7 TUY\E1%/%2 S+-/S6!$
6)$)(B*1:&'5&1,)(-.%)4'$1%&)14).'$) 2%/$!/01"Y *gEUY/, %&/6,/-+(15/$%2'$'$61U *\ 16)$)(!
2D'6-,)IPB8!@&)!72J/,'%3!/01/,%&/6,/-+(1?U*PYEBR)AES!2. .1 (+)5) (*1:'%6&1%6&)()5/$4!
71(9%12=-$42$%!529%)6/,317)>5.-4'$616)$) (I-$'<-)1%6/121('$6.)!(+)5)(B!=) $61%6&/()+,) ) $%!'$!
2..1(+)5')(1)>5)+%I0+1-6/(,$#2U° U/, %8&/6,/-+(B8IN1)$1%&)!./2), I9QF _I(5/,)/=(),1)4!
0/,1L0+1-6/(,$#2@2=.) EB!'%6!'(1.'Ch&R%!21+,/+/,%'/$!/01%&) )1/, %&/6,/-+(12,)12.(1-$'1), (2.
%/15/,)=-)"$,1.).$+ (+)5')(8!@&)!$)>%!7/(%!2=-$42$%!52%)6/,31:2(1%&)! UPT!/,%&/6,/-+(
+)0$%1/$.3I'SIH#$%& (%()$* 819$0/,%-$2%).341)(()$%'2..3!$/%&'$6! (ICH/:$12=/-%1%8&,)!
='/./6312$41)5/./631/0! 10+)6- /$+2$A10+*6"#(-+*-, 12$41)1)$10/,10+,-.)"$, /..+ :)1&21)12!
7'$72.1-84),(%2$4'$61/01'%(1="1./63!'$1$2%-,2.)$1",/$7)$98D2((/!) %!2.8 EL"UM!F, 2'61)%!2.8!
EL"TBI[/$)%&).)((*I7/,)1%&2$! Y Lj!/01%&#S%E& (%()$* ;(+)5'0'5!/,%&/6,/-+(1:),)!
2((/5'2%)41:'%8&12%!.)2(%!/$)10-$5%/$2.14/ K2$62 (VOPB8! @&) 1 7/(%!5/77/$12((/5'2%'/$!
:2(17%&!1+,/%)'$IC'$2()14/72'$(1?PLY/, %8&/6,/-+(B*10/../:)4!1=31/%&,).2%'1).3!5/77/$!
T2 10+,-)"$, ..+ '$5.-4'$6!+)+%'42()!S™"W627)%/.3('$1?7"\I/,%&/6, -+ (FB!

-8, L+ (ICS/:$1%/1)$5/4)121.2,6)IC'$/7)1,).2%'1)1%/1/%&,),1-$'5)..-.2,16,))$!2.62)!
2h&)).),1)%!2.8IELLUBA&IPGRI+,-.)"$, /..+ 6)$)(12$$/%62%)41:'%&!+,/%)' $IC'$2()14/72'$(I'$!
[-15-,)$9%1252.3('(*IU"1/01:&'5&!:),)1+,) ) $%!"$!I"#$%& (%()$* ;(+)5'0'5!/,%8&/6,/-+(8!h'%E&!
P"16)$)(*1%&)!7/(%!6)$)5&1"#$%& (% ()$* ;(+)5'0'5!/,%8&/6,/-+1,)+,)()$%)41%&)b+
2$-5.)2,15/$%,/.1/015&./,/+.2(%!6)$)!)>+,)((/$'C)B!6)$)!027".38! @&)()!6)$)())$5/4)!a]]!
='$4'$6+,/%)' $(1/01-$CH/:$10-$5%'/$*12,))$%',).312=()$%!00F6$ /-, *12$412,)1-$4),6/'$6!
21,2+'414'1),('0'52%'/$I'80+,-)"$, .. 11'21,)5-,,)$%16)$)!4-+.'52%"/$1%8&2%!&2(10/,7)412!
5.-(%),1/012%!.)2(%!YE!6)$) (/$!5&./7/(/7)1"RI/-.I-'(1)%!2.81EL"PB!I/%&D+.)6-,/$2$410+
*GH(F+-, +5/$9%2'$)41(>16)$)(I'$1%&)b+ /,%8&/6,-+*12..1/01:&'5&12,)1(35%6)$/-(1:'%6&!
B&ITI(T)"PI$!  10+,-)"$, .. 81#9%1%&),)0/,)12++)2,(1%&2%!2.%QHE&HE3()1/.1)4!'S!
%&)15/77/$12$5) (%!, /A #$%&' (%()$* “7/(%!/01%8&)14'1),(10'52%/$!'(!(+)5'0'5104/!

-)'$, L.+ '%6().01284129%6%) 7+%(1%/1-$5/1), 196&)1)1/.-%'/$2,314,'1),1/01%&)!, 2+'41)>+2$(/$!5/-.4!
0/5-(1/$!="1./6'52.14'00),)$5)(1=)%:))$! 10+,-.)"$,/..+ 2$41'%(15./()(%!,).2%'1) (81#$!5/$%,2(%!%/!
I"HB%& (Yo()$* *1/$.31P "1/, %&/6,/-+(1:),)1-$'<-)1%/1%8&)1%:/17-.%'5)..-.2,1(+)5') (8! @&'(1723!
=)12$1-$4),)(%'72%)14-)19%/19%8&)!,).2%'1)'$5/7+.)%)$) (' VIO6&YB/(, $H#25$/9%62%'/$+12$41'%%!
1127+, %2$%1%/1; )1 (%61%68&. (12$2.3((12(171,)12$$/%2%'1$(1=)5/7)1212".2=.)8![/$)H&)
06&)1212'.2="%31/01%&)!%&.,))!$); & B&O312$$/%2%'/$(10/,1-$'5)..-. 2,1(+)5) (1:"..1+,/1'4)12!
(%,/$615/7+2,2%'1)10,27):/,C1%/1)>+.1,)1%&)!,).2%'1)1,/.)(/016)$)!027".3!=",%6&!1),(-(!
)>+2$(/$("$1)>'(%'$6!6)$)1027".") (I'$1%&)!%, 2$('%'/$1%/! 7-. %5 /638!

|

D'$2..3*1:)1)>+./,)41%&)15/$%, '=-%'/$1/016)$)!1027".31)>+2$(/$(1%/1%&,) & 6 &!6)$)!5/-B26+/O!
-$,83)$ 8!@8Y0+-$,85)$6)$/7)!5/$%2'$)417/,)I(+)5")( ;(+)5'0'5!6)$)(1?Y*PP BI%&2$!
2$31/9%8&),1(+)5') (*1&/:)1),1%6& (10'6-,)1:2(1$/%! (-=(%2$%'2.. BE8682$!%&)!-$2(('6$)416)$)!
5/-$%(10/,L0+1-6/(,$#2$410+6$,/-, PD'6-,)PB8!N)!<-2$%'0'M0+'-:$,8$)$6)$)!1027".3!
)>+2$(/$12$415/$%,25%'/$!=3152.5-.2%'$6!+),!/,%&/6 /- + YAGES(0/,7)4!,2%'/(1/01%®)H
:$,83)$+ 6)$)!5/-$%2$41%8&)17)2$16)$)!5/-$%!Wo&)!/%&),|(+)5')(81],='%,2,'.3!4)0'$'$6! 23!

! gE



|

S8 12F-)-1/+>(@(-,1()101-I'$#HO0*+ #-)), T

€6,-016 @WH-JI-01+ @7/ T@62-,-)0()*101-1()0-#,-'0($)!$/| SHOLS*#$&E:0=--)! 6-'(-, 714&><-#,!
+<$2-101-1<+#, 1#-6#-,-)0101-1)&><-#I$/ISHOLS*H$&B, |, 1-+#-061<BI+1*(2-)1()0-#,-'0($) 7!A) @B!()0-#,-'0($),!
=(011+0!@-+,0!gTI$HOLS*#$&6, +#-1 1$=)7!!

|

)>+2$(/$12(121./6E:%,2$(0/,7)41,29%'/1§"12'8)81216'1)$!/,%&/6,/-+15/$%2'$'$617/,) | % 25)!
2(172$31A0+-:$,83)$6)$)(1%6&2$1%&)!7) 2$1/01%&)1/%&), | (+)5') (B12$41215/$%, 25%'/$12(12!,2%'/!
W 1) '4)$%'0")4IA0+-$,8$) S (+)5'0'5)>+2$(IS('SIET\I/, %&/6,/-+(12$4!5/$%, 25%'/$(1'$!
"ESIN'6&!"16)$)(I'SIA0+-:$,&$)4,).2%'1)1%6/12%1 7/(%!/$)!'$1%6&)1/%&),10'1) (+)5') (*196&) 1 7/(%!
)>+2$4)41/,%&/6,/-+15/$%2'$)416)$)(1)$5/4'$6!(521)$6),1,)5)+%/,153(%),H)&! ?QaF aB12$4!
F;%3+)1.)5%'$1?F @B4(17X2%2 ()b B8!QaFal2$4IF @e!4/72'$(1&21)!,/.) (I'$!'$$2%)!
T7-$'%31'$12$'72.(125419%8&)1+,)()$5) /0 Y LI6)$) (1) $5/4'$6!QaF al2$4W/ IF@e!4/72'$(1'$!
10+,-)"$, /.. *1:&'5&17231&21)1,1)("$!'77-$'%31/,1%&),1+,/5)(() (!(-5812(15&)7/,)5)+%'I$* +
2(121(-,+,('$6 10'$4'$6!0,/71%8&)16)$/7)1+,/3)5%h&)).),) %! 28! ELL BB &) !.2,6)!6)$)!
027'.)(1&21)!2.(/'=))$!(&/:$1%/1&21)112,'2=.)16)$)!5/+31$-7=),127/$6Y'(/.2%) (/0! 10+

-)'$, L.+ 2D.1),(1)%!2.81EL"B%E&), 1, %8&/6,/1-+(1)>&'='%'$61%&)17/(%!)>%,)7))>+2$(/$(!

1 ),)12((/5'2%) 41 %&IKH@ 12341 SU[X%63+)!1Z'$5!0'$6), (*1+/.3C)%'4)1535.2() | QSICH
AT2'$(*1+,1%)'$IC'$2()14/72'$(12$41+&) /+&1,'S(17X2%2 (Y B*12.%&/-6&1'$12..152()(190&)!
-S4 2$410+6$,/-,.6)$)(1+,) %! $I%&) (), %&/6 /-+(12),)1$/%! 2$$/% 2% & (+)5'0'5!
0-$5%'/$(8!D-,%&), 7/,)*171,)1%82$!"LLI/019%6&))>+2$4)4!/,%&16,/-+(1:),)!$/%!2((/5'2%) 4! %&!
2$310-$5%/$2.14/72'$(12%!2..8!_$.3IVPLJUBL-.)"$,/..+ 6)$)(12,)12$$/%62%)4!:'%&14/72'$(!
2$41/$.31V"Lj12,)10/,72..312$$/%2%) 4! %&!172,3! 6)$)! (37=/ .(171.2=312$411.2=3K22(!
EL"gBID-,%&),)>+./,'$6196&)!,).2%/$(&'+(1=)%:))$!6)$)!5/$%)$%!2$41%& P'./6'5
4'00),)$5)(1/010+,-)"$,"/..+ 2$41'%(15./()!,).2%'1)(17231=)1214/:),0-.12++/258&1%/!
0-$5%'/$2..3!5&2,25%),'()1244'%'/$2.16)$) (*1) (+)5'2..31%8&/()19%6&2%12,)1-$'<-)1%/1(+)5'0'5!5.24)(!
(-5&12(1%8&)!b/.1/52.)(!/,!5/,) ;=-.)"$,.).$ 8!

|



3.4.6 Evolution of the mating type locus in Chlamydomonas

|

15./((151,) ;=-)"$,1.).%+ (+)5")(*1()>!'(14)%),7'$)41=3121&2+./'4172% $663+)!./5-(!:'%&!
%:/12..).)(*1%),7)4N#2*84 ' B/,10)72.)*12$41%.)2*B4 "B/, 172.)*I'$!'(/627/-(12$4!
2$'(/1627/-(1(+)5")(8!@&)!0+,-.)"$,'[..+ 72%'$6!%3+)!./341./52%)4!/$!5&,/7/(/7)!™*!
(+2$$'$6!A\LLIC=12$4!5/$('(%'$6!/01%&,))14/72'$(*1%&) ! @!?%)#13)72.B*al?,)2,, 2$6)4B!
2$41F125)$%,/7),)+,/>'72.B14/72'$(8!h&'.)1=/%&1%&) ! @!2$4!F14/72'$()>&'='%!&'6&!(3$%) $3!
=)%:))$1%&TR2% 403 +42..).)(*1%&5,/((/1), (-++,)((4 1ald/72'$15/$%2'$(1%&)!/$.32%'$6!
%3+]+)5'0'86)$)(! ?D),,'(12$4!1/4)$/-6&!"TTgB 12$41&2,=/-,(!(-=(%2$%'2.1(%,-5%-,2.!
12,'2%'/$*10)2%-,'$6!()1),2.I'$1),(/$(12$4!,)2,,2$6) 7)$%D),,'(1)%! 2.8 ELLEM!X)!K/00!)%!2.8!
EL"YB)(! 4)%2'.)4$!"8Y86/7+2,2%'1)12$2.3()(1/(B4 ' WO0)72.)12$84 "W72.)18&2+./%3+)(!
=)%:))$+40+,-.)"$,"/.. 2341@"b!5.24)!(+)5")(1&21)!,)1)2.)4!&'6&.3!43$27'5!)1/.-%'/$*!:'%&!
)>%)$('1)!16)$)1%-,$/1),12$41(%,-5%-,2.112,'2%"/$!,)(-.%'$6'$1215/7+.)>12$414' (5/$%'$-/-(!
)1/.-%'/$2,31&'(%/,31/0182+./%3+)!,)0/, 72%79)),,'(1)%!2.8!EL"LM!K272J1)%!2.8!EL" =M!K272J'!
)%!2.8IEL'IB.3!/$)! 72%'$6!%3¢})5'0'36)$)!'(15/77/$1%/12..1 (+)5)(*1%&)!7'$-(!
417'$2$5)16)$)! BESB!:&'5&!14)%),7'$)(134 "W72.)1627)%'5!4'00),)$% 2985! (124!
N14)$/-6&!"TTgB 8

|

@/")>+.1)1:&)%&),72%'$6!%3))/.-%'/$!"(1('7".2,.3143$27'5!=)%:))$!%&)!7/,)!5./(). 3!
,).2%)AM#$%&' (%o ()$*+ (+)5") (*1:)!-()4!2!,)5'+,/52.1=)(% ; &'%!2++,/25&!%/!'4) $%6'8 3!

'S, Y %&1I6(I'BI0+.)6- /$RSAI0+*6 #(-**-,.81@&)!()<-)$5)4!'(.2%) (1/0'=/%&!(+)5')(!
))!'$0),,)41%/1=)! 34 "1=2()41/$1%&)!+,)()$5)/BES*I12(1:2(1+,)1'/-(.3!,)+/,%)410/,! 10+
)6-,/$+?D),,'(1)%!2.8!"TTRIB,%&/./6(\/BA8B *Ro&))5/$4!12$41/$.3!/%&) 34 *;.'7'%)416)$)!
'SHO+-)"$, .. *1),)12.(/'4)$%'0)4!'$!I=/%&!(+)5") ($1%&/-6&:)!:),)12=.)19%/172+1%&)!

)$%' )I0+,-.)"$,'/..+ 34 "1&2+./%3+)1%/!('$6.)15/$%'6(!'S!=/%E0%FH!,/$- LS4 0+*6" t(-**-, .+
2(07=) (1% (17 +,%23%!%/1(%2%)1%&2%!'%!"(15-,,)$%.3!'7+/(('=.)!%/!4)0'$)1%&) al4/72'$!
=/-$42,")(10/,1)'%&),!(+)5")(":'%&/-%!()<-)$5'$6!%&)34 ' 12..).)(8!9%$0/,%-$2%).3*!'%!"(!
5-,,)$%.3!1-$C$/:$!'012$31/01%&)/HN2.)6-,/$B/,1%:/120+*6"#(-**-,.Bl/%&),!'(/.2%)(12,)!

34 1 *12$412(1$/1'(1.2%)!0,/71)'%&),!(+)5") (1&2(!=))$!(-55) ((0-..3!5,/(() 4% (1$/%!) 1)$! C$/:$!
'0196&)3!2,)1()>-2..3!1'2=9N,0(5&/.41)%!2.8!EBLE&), 7/,)*12(1()>-2.1,)+,/4-5%B! &2 (!
$/%!=))$!/=(),1)4!0/,1)'%&),!(+)5")(I'%!52$$/%!4)0'$'%'1).3!=)(%2%)41%&2%!%&)3!2,)!&)%),/%&2.."
2('3E8+,%8&/./6(12,)!+,)()$%!2$4!,)<-')410/,1()>-2.14)1)./1+7)$%"'$!&/7/%&2..'5!(+)5") (I'$!
%&)!@"b!5.28K272J')%!2.8!EL"YM!IU2727/%/')%! 2.8 BIDHYE) (%6!%&' (1+/(('=".'%3*!:)!
)>+.1,)41+2%%),$(1/0!(3$/$37/-(15/4/$!-(26)!'$!=/%&! (+)5')(8!]((-7'$6!+2%%),$(!/0!
)5I7="$2%'I$12 )1('7".2,1%/1%&/()'4D+,-.)"$,"/.. *I'010+.)6- /$RSAI0+*6"#(-**-, R )!
8&)%),1%&2..'5!'%!:/-.41=)1)>+)5%) 4| BRI $A! +/(('=.312.(/B48B Bl:/-.41)>&'='%!.'%%.)!
)1'4)$5)!/0!().)5%'/$!25%'$6!/$!5/4/$!-(26)*14-)1%/!./:1().)5%'/$!)00'5253!52-()4!=3!%&)!
2=()$5)!/0!,)5/7="$2%"/$!2=/%&5 /((/(12$4!6)$)!5/$1),('/$B8!#$4))4BE8+$!10+.)6-,/$+
:2(1+,)17-(.31(&/:$1%/1821)19%8&)!./:)(%!5/4/$!1242+%2%'$!'$4) > ?F|#BI27/$6/(%! 2142%2()%!/0!
*g16)$)(! 2N/+)(5-1)%!2.8!ELBIB)!<-2$%'0)415/4/$1242+%2%'/$10/,12..16)$) (- ('$6!%&)!'$4)>!
101%,2$(.2%'/$!)./$62%'Ep!B*1217)%,'5!%RE365%(10/1-%2%'/$!="2(1?-$.'C)F]#B!=-%!52%!
1%&),:'()!1=)1"$%),+,)%)412$2./6/-(.3PI'2! EL"PB!#3$!=/%&! (+)3'BRE8+2(!:'%&'$!%&)!./:) (%!
Ejl/0!16)$)(10/,! E '6)$/7) ;:'4)12$41&241%8&)\./)) (Y& 1012$3!6)$)(!+,)()$%!/$!%&)!5/$%'6(!
(3%%)$/-(1%%&)0+,-.)"$,'/..+ 72%'$6!%32D'6-,)!QB3UBB+2.(/1)>&'='%)4!./) E '$!10+

! o\



*G" (-, +2.1)) (%IVT]1/016)$) (B*12.%&/-6868,)4-5%'/$I'$10+.)6-,/$+2(1.) ((1+,/$/-$5)4!
2.1)(%IVEY|B8!@&)()!,)(-.%6(!(-++/ &%) [%&2. . (BI=/%&! (+)5') (*12.%&/-6 &'Vl (1+/(('=.)!
%&BABB+7231$/%!=)134 " (+)5'0'5!$110+.)6-,/$122(1'(10/-$4I'SMO+2).6(663B4A2'(,.)$+

+,'1,'%319%/15/$0", 71%&(11'21()<-)$5'$61/01968) 1/%&),)>' (%'$6!'(/.2%) (1/,1$):'(/.2%) (' $1%&,)!
0-%-,)8ID'$2..3*1:)12.(/14)%), 7'$)41%8)1()<-)$5)4!'(/. 2%) HDH'-:$, &5)$%6/!=)B4 "11'21%&,)!
'4)$9%'0'52% " $BES *12.%&/-6&1:) 14 41$/%!1)>+./, F2%'$61%3))/.-%'/$10-,%&),16'1)$!%&)!
)1/.-%'/$2,314'(%2$5)190% -.)"$, /.. 819$.'C)I0+.)6-,/$+$)+046"#(-**-,. *18)%),/%&2..'5!
72%'$6!+2',(R0+-:$,8$)$2,)!'$!5-.%-,)*12$41210-%-,)15/7+,)&)$( 1) (%B!/01%&)! 72%'$6!
063+)1./5-($19%&)!(+)5) (" (1%&),)0/,)1+/(('=.)8
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C. reinhardtii chromosome 6 (kb) |

"#$06&'1APB)0-)BI+#S$,,101& Yo#()*+ #-.)) % B¥+6 @ SOB6-1+) %! ()/-1BE-58b:+6 @ $SOB6- &)W6)*" (#.,%
+)%8&'%3"+/2(33[#)
U+11@()-1#-6#-,-)0,14)1()%6(2(Yo& Y@ *+ #-.) 19 1+)%1(0, 1()/-##-% 1 $HO LS @ FH ()8 %) *" (#., % %!

% 18'%3"+/2(33@HLC1-ICPId!+)%IN1%$>+(), |1/ QBAH()*+ #-.)) Y B+ 6 @SOB6-1+#-11(*1@ (*10-%7!
F-)-,1=(011()2-#0-%!$#(-)0+0($), 1+#-1,1$=)1() <@ &- TRBBIN" (1., 0L-1-) O (#-1*-)$> (' 1#-*($) 16 @ $00-%!
=+,1,B)0-)("10$!'$)0(*INTTLL7IV$&063"+/2(33@101-1-)0(B! *0b+6@$0B6-1=+,!,B)0-)('10$!NTTHgP!
<&OINTQTg!=+,1+66-)%-%!0$!,1$=!,B)0-)B!-J0-)%()*|0$!01-1>$,0! O GBI -+ @ 1#-*($) &/

HO*+ #-))YAHS>$,$>- IRT!



#$10+.)6-,/$X8)$)1/,4),1:2(1)$%',).31(35%)$'5125,/((1%&) IF14/72'$*1)>5)+%IG4RDf *!
&'5&14'415/%13").41218'%12$3:&),)'$1%&)16)$/7)8IF/$1),().3*1=/%&! @12$41a14/72'$16)$)(!
&21)1-$4),6/$)1()1),2.1,)2,,2$6)7)$%(12$4!'$1),(/$(!,).2%'1)!19%I0+,-.)"$, '/..+34 "RD'6-,)!
'|B8ID-,%8&),7/,)*1%8&)! @!4/72'$!6)$)H@ @$4P8PB+),)!+,) )$%!/$!()+2,2%)!5/$%'6 (!'$!
10+.)6-,/$2$414/1$/%12++)2,1%/1=)172%'$61%48E) 412X 2%2()%!QgB8!Q3$%)$3!/%&,), ' ()!

/01(3%$%)$3!?Y8\8YB8!h)!/=(),1)41)1)$!.)((1(3%%)$3!=)%dQ)ht.)"$, ..+ 2$410+*6"#(-**-,.+
34 "16)$)(*!:'%&!=/%&!%&) ! @!2$4!F14/72'$(1(&/:'$6!%:/!.2,6)!I'$1),(/$(!)25&!?D'6-,)!"IB8!
K/:)1),*16)$)1,4),1'$!1%&)!(-,,/-$4'$6!2-%/(/72.1()  <-)$5)":2('2.(/'.2,6).3!5/..'$)2,8!](!'$!
10+.)6-,/$*'G@ @RE-/52%)41).():&),)!'$!%&) N0+*6"#(-**-,.12(() 7=.3*!(-66)(%'$6! 2!
,)-2%'1).3!,)5)$%!%,2$(./52%'/$!%/'%&)' @402 $1)$$,'/.. 8!@&)!@!4/72'$!6)K)N D+
:2(12.(/'.152%)41/$1214'00),)$%!5/$%'6*:&'.)1%&) |6 ) CgX+34afDf2$4 BfDNTCA4!$/%0!
3).41&'%(12%$3:&),)!"$!%&PH-*6"H#(-**-,.6)$/7)8!D'$2..3*!:)10/-$41$/1&'%(10/,!% &34 ' ;
(+)5'0'5!6)3$)(IKFGB2$4B4IB+'$!)'%&),!(+)5") (*!(-66)(%'$6!%6&2%!%&) () |6 NP2 %0 &) 3!
)>'(%B!2,)!12.(/')>+)5%)4!%B84)! T+)5'0'5!'$10+.)6-,/$RS410+*6"#(-**-,.8]

+

@&)!.25C!/0!5/..'$)2,'%3!,).2%'1)1%40%&)!$, /.. @!4/72'$17231=)I'$4'52%'1)!/012$!
)>%)$4)41al4/72'$!I'$1%&) ()!1(+)5) (*1)(+)5'2..3"'"$O+*6"#(-**-,.*1:&),)1:)  1/=(),1)!7-.%'+.)!
)2,,2$6)7)$%(!'$!2..1%&,))14/72'$(8!h)14/1$/%*1&/:) 1), *1/=(),1)!4,272%'5!12,2%'/$!'$!
72%'$61%3+)!('Z)M!:&),)BE,-.)"$,"/..+ 34 "I'IV\EE!C=*I'OE!'+2$4BI4N+2,)!1%2C)$!2(1%&,)!
=/-$42,")(1/01%&)!./5-(1?X)!K/00!)%!2.8!EL*NB-.)6-,/$-84 "I'(I\VYET!IEI2$40+*6"#(-**-, .+

34 "I'(IV\YU!C=81#$!12..*1:&".)1:)14/10'$41)1'4)$5) /B4 "1&2+./%3+)!,)0/,72%'/$!:'%&'$!
"#$%&' (% ()$* *1%&'(1'(17/(%.3!."7'%)41%/',)2,,2$6)7)$%(*!:'%&!102,!.)((16)$)!%-,$/1),12$4!
I5-(1('2)112,'2%'/$1%&2$!&2(1=))$!/=(),1)4!=)%:))$! 7/, ' (%2$%.3!,).2%)4!5/,)
=-)"$,'1.).$+ (+)5")(8'h&'".)!72%'$6!%3+)")1/.-%"/$!&2(1+,)1'/-(.3!=))$!)>+./,)4I'$1%&)!
5/$%)>%!/01%,2$('%'/$(10,/7!-$'5)..-.2,'%3!1%/!7-.%'5)..-.2,'%3!12$4!'(/6273!%/12$'(/6273*!/-,!
42%2!(-66)(%!%&2%!72%'$6!%3+)!&2+./%3+)!, O(VB2954$)5%)41%/!/55-,1=)%:))$!5./() . 3!
,)-2%)41'(1627/-(1(+)5")(*12.=)'%!2%!2!,)4-5)4!(521)8!

|

3.4.7 Alignability and estimation of neutral divergence

|

#3!/,4),19%/1025'.'%2%)!%&)!'4)$%'0'52%'/$!/015/$(),1)4!).) 7)$%(1?FA(B!2$4!12$!2(() ((7)$%!/0!%&)!
5-,)8 %0+,-.)"$,'/..+ 6)$)!7/4).(*1:)!+,/4-5)4128!U ;(+)5")(15/,) ;=-)"$,'1.).$+ h"]!-('$6!
F25%-(@],7(%,/$6!)%!2.8!EL"TR()4!/$!%&)!2.'6$7)$%!I0k,-.)"$,'/..+ 0/-, ;0/.4!
4)6)$),2%)!?\XB!('%)(!)>%,25%)4!0,/7'%&)!h"\]*1:) '280)41+-%2%'1).3!$)-%,2.!=,2$5&!
)$6%&(125,/((1%&)!%/+/./163!5/$$)5%'$6!%&)!)'6&%! (+)5") (I-$4),!%&) " @al (-=(%'%-%'/$!7/4).!
?D'6-,)!g]B8!X'1),6)$5)!=)%:))$"0+,-.)"$,'/..+ 2$4!0+.)6-,/$X2$4!0+,-.)"$,'/..+ 2$410+

*6 H(-**-,. 2(1)(%'72%)412(1Y\j12$41\Pj*1)) (+)5%'1).38!X'1),6)$5)!=)%:))$0+,-.)"$,"/..+
2$410+'-:$5,&3)$+2(1)(%'72%)412(ITUj*:&')!12..10/-, 1 @"b!5.24)!(+)5")(!:),)(2%-,2%) 4!
,)-2%'1)1940+,-.)"$,'/..+ ?'8)81/$!21),26)*1)25&\X!('%)!'(1)>+)5%)4!%/1&21)1)>+),")$5)4!7/,)!
%&23!/$)!(-=(%'%-%'/$B8UIIE) ()!) (%'72%)(!:'%&'$!2!7/,)!,)5/6$'(2=.)!0,27):/,C*!
4'1),6)$5)!125,/((! "#$%&' (%()$*+'(12++,/>'72%).3!/$!%&)!(52.)!/0!&-7234)$%!

4'1),6)$5)! 2e'$4=.24@/&1)%!2.8IEI*I"R'.)14'1),6)$5)!=)%:))$! I" #$%&'(%()$*2$4!%&)!
@"b!5.24)"'(1,/-6&.3!)<-'12.)$%!%/1%&2%!/0!72772.(12%4!(2-,/1+('4(1?=",4(12%4!,)+%".) (B*!



:&'5&14'1),6)4IVYEL!7"..'/$!3)2,(126/! ?].00.4')%!2.8!EL8!B-,!)(%'72%5/,,/=/,2%)!2!
+,)1'/-(1)(%'72%)!/01(3$/$37/-(14'1),6)$5)1=)%:))$! 10+,-.)"$,"/..+ 23410+.)6-,/$+0!Y gj!
2N/+)(5-1)%!2.8IELI2BAI2 )= /24.3I'$1.'$)1:'%&!1%&)!4'1),6)$5)!%'7)1)(%'72%)!/OIVE Y L!
7'.1$13)2,(1=)%:))$!1%&)! @"b!5.24)12$41%8&) ", I-$'5)..-.2,12$5)(%PK),,/$!) %! 2.8 ELLIIB
K/:)1), 10! (I'7+],%2$%1%/1$/%)1%&2%!:)1&21)!.'C).31-$SZRUH$)-%,2.14'1),6)$5) *12(1\X!
('%)(12,)1-$."C).31%/!=)1)1/.1'$6!$)-%,2..314-)1%/1().)5%'/$! 25%'$6!/$!5/4/$!-(26)*:&'5&!&2(!
=))$!(&/:$!%/1,)4-5)14'1),6)$5)!1=)%:))$! 10+,-.)"$,"/..+ 2$410+.)6-,/$!?N/+)(5-1)%!2.8!ELB B
|
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|
"#$068.15)80+0(2-@B!)-&0#+@1%6(2-#*-)'-1+)%!G%-1+ @ (*)+<(@ (0B!+#$, 0B(B##-) *), T
%+ 1U,0(>+0-,1$/1680+0(2-@B!)-&0#+@!%(2-#*-)'-1&)%-#101-IFCd!>$%- @P!<+,-%!$)!01-0$6$@$*BI$/!V/(*8
11)%!QPgg]PgR]!H3!, (O-,I-JO#+0-%!/#$>101-IN+0&, IfF57!
*., I51#-6#-,-)0+0($)!1$/1018YoH#()*+ #-.) JOIS>-1<B!, (0-I'@+,,P1+)%!01-1) &><-#1$/1+@ (*)-%!, (0&186#!
H(*+ #-))%0-" @+, /$H-+11$01-#1,6-'(-,1()101-IN+0&, fF57!
|

10)>+)5%)4*16)$/7) ;:'4)12.'6$2=""%3R%&) 1+ /+/,%'[$!/0!1=2()(12.'6$)41=)%:) JBH

-)'S L+ 2$41216'1)$1(+)5)(1$1%&) MM BI4)5,) 204 (-=(%2$%'2..31:'06&1'$5,)2('$6!
4'1),6)$5)*!:'%&IPYSL]!/01%&)¥,-.)"$, ..+ 6)$/7)12.'6$)41%/110+.)6-,/$*\US j1%/10+
*GUH(-*%-, . ¥12$41/$121),26)1/$.3" T8 Tjl9%/1%&)!,) 72'$'$6!0'1)!(+)5') (1?D'6-,)!gIB8! @&)!
7231,'%31/00+,-)"$, ..+ FXQ1:2(12.'6$2=.):'%& $1"#$%& (%()$* 1?Ug8gj!2$4!UP8P;1%/!

71.)5-.2,1)1/.-%'/$2,312$2.3()(1?)868!52.5-.2%'$614[WAQB!=)%:))$!%6&)!%&,))!(+)5') (8IFXQ!2. (/!
5/$(%'%-%)417/(%!/01%&))2168-)$5)!%/1%8)1%&), 10'1)1(+)5) (*I15/7+, ($6!/$!21),26)!
gUBY|l/01%&)12.'6$)41=2()(14)(+'%)!0/,7'$6!/$.3I Y PSE]!/0100&)!.)"$, /..+ 6)$/7)81#$!
5/$%,2(%*102,1.)(9$/$'51()<-)$5)!:2(12.'6$2=.)*1)(+)5'2..31=)3/$4! I"#$%&'(%6()$* 8!
Q-=(%2$%'2. 1+ /+/ $61/0'$%,/$'51=2()(1:),)12.'6$)41%6/10+.)6-,/$-2\\8"B12$41 10+

*6"HH(-**-, +2YUBUjB*1:'%6&1/$121),26)"8Y]12.'6$)41%/1%&)!/%&),10'1) | (+)5') (8le) ((1%6&2%!"Lj!
101'$%),6)$'5!()<-)$5)!:2(12.'6$)419%/12$31/$)!(+)5') (*12$41/$121),26)1.) (1%&2$!"j!:2(!
2.'68)41%/1S/$"HS%&' (Y% ()$*+ (+)5) (81X'(%,'=-%'/$(1/0!'$%),6)$'5!%, 25%! ) $6%6&(125,/((1%&,)!

! g9



5/) ;=-)"$,1.).$+ 2)1&'6&.3!(C):)4!?D'6-,)!QUB*!(/1%&2%¥$')"$,/.. 1%,25%(!(&/,%),!'%&2$!
EPL!=+!5/$(%'%-%)!"Y8P]j!/0!%,25%(!=-%!J-(%!P8Pj!/0!%/%2.!'$%),6)$'5! )< )#D)8! @&)!(
5/$%)%$%!/0!%,25%('fEPL!=+!'(1&'6&.3!,)+)%'%"'1)!?%/%2.!,)+)2%!5/$%)$%!" Y 8\|B*!:&'".)!%,25%('WE
=+12,)1,).2%'1).3!0,))!/0!,)+)2%(1?2\8Y]!,)+)2%!5/$%)$%B!2$4!2(12!,)(-.%!2,)!102,!7/,)!12.'6$2=.) %/
10+.)6-,/$23$410+*6"#(-**-,.1?\L8Uj!12$4! YEBL|!/0'=2()[2.'6$)4*!,)(+)5%'1).3B8!@&'(!(-66) (%(!
%&2%!2%!.)2(%!0/,!'$%,/$(12$4!(&/,%!'$%),6)$'5!%,25%(1'%!"'(10)2('=.)!%/!)>+./,)1%&)!.2$4(52+)!/0!
$/$;)>/$'5!)1/.-%'/$2,3!5/$(%,2'$%*!1+,'72,".3!-%".'('$6!2.'6$7)$%!42% A1 &FPO &' (Y0 ) $* X!
(-++.)7)$%)4!=31:&2%!'(1)>+fB)4!%/!=)!12.'6$7)$%!/0!/$.3!%&)! 7/(%!5/$(),1)4!('%)(12%!6,)2%),!
)1/.-%'1$2,3!4'(%2$5)(8!

|

3.4.8 False positive and missing genes inthe  Chlamydomonas reinhardtii v5.6

annotation

|

_$)1/01%&)!72J/,1(-55)(()(!/0'5/7+2,2%'1)!6)$/7'5(1&2('=))$!%&)!,)0'$) 7)$%!/0!6)$)!
23$/%2%'/$(8!S2$3!12++,/25&)(1%&2%!-%".'()'h"](!,).3/$!%&)!12="."%3!%/14'(%'$6-'(&!=)%:)) $!
+,/%)'$15/4'$6!2$41$/$5/4'$6!()<-)$5)*12$4!+,/6,27(1(-5&!2(IN&3./FQD?e'$!)%!2.8!EL!"B
<-2$%'03!5/4'$6!+/%)$%'2.1=312(()(('$6!52$4'42%)!2.'6$7)$%(10/,1) 1/.-%'/$2,3!('6$2%-,)(!
5&2,25%),'(%'5!/0'FXQ*!(-5&!12(1&'6&),!(3$/$37/-(12$4!.I),'$/$(3$/$37/-(14'1),6)$5)8!
9('$6!/-,1$):1,)(/-,5)(*1:)10",(%!'2%%) 7+%)41%/' 2(() ((1%&)!+,)12.)$5)1/0!102.(]'%'1)!6) $)(!
'$1%&)!5-,,)$%0H4,-.)"$,"/..+ 1P812$$/%2%'/$8!N,'/,'%/1%&'(*!:)!0".%) ) B6Y%H) (10,/7!1%4&)!

1P8 12$$/%2%2% j!/0!6)$)(B 1%8&2%!2++)2,1%/1=)1+2,%!/0\BAENE'1'4)41%&.)!

)72'$3'$36!" * P16)$)(I'$%!/!12!t5/$%,/.n!1()%!%&2%!5/$%2'6)$)2!-'%&! 2%!.)2(%!/$)!5],)

=-)"$,'1.).$+ [,%&/.16!12$4W/,1210-$5%'/$2.14/72'$!?"P*Y P!6)$)(B*12$4!12!t%)(%n!()%!%&2%!02'.)4!
=1%&15/$4'%'/$(1?"*ET"16)$)(B8!h)!,2$!N&3./FQDY/$!2.'6$7)$%(!/0IFXQ!)>%,25%)4!0,/7!%&)!
hA[*1+,/4-5'$6121+),16)$)!(5/,)1?:'%&! 7/ )+ /('%'1)!(5/,)(1'$4'52%'$6!2!&'6&),!5/4'$6!
+/%)$%'2.B8I@&)!(5/,)!4'(%,'=-%'1$(10/,1%&)!5/$%.,/.12$41%)(%!6)$)!()%(":),)!(%,'C'$6.3!4'00),) $%*!
'%&1217)4'2$!(5/,)1/0'YPT8T!0/,1%&)!5/$%,/.1()%!2$4!L!0/,'%&)!%) (%! ()%! ?:'%&! (5/,) ({/O!IL!"$!
2.7/(%!2..152()(1,)+,)0$%'$6!2!5/7+.)%)!.25C!/0!2.'6$7)$%B!?D'6-,) U] B8!#$!0-..*1U"P1%) (%!() %!
6)3$)(1?V"gjB!(5/,)4!w"*1:&' )1%&)!(27)!:2(1%,-)!0/,!PTU!5/$%,/.!()%!6)$)(!?V\|B8! @&)!
+/('%'1)!(5/,)(12%$4!.'C).3!%,-)+/('%'1)!(%2%-(10/,12++,/>'72%).3!/$)!%&',4!/0!%&) %) (%! ()%!5/-.4!
S)N)>+.2'$)4!1=31%&)!/,%8&/.16(1/0!%&)()!6)$) (!1=)'$6!2=()$%!0,/71%&)!2$$/%2%'/$(10/,!%&)!
2.'6$)4!(+)5")(1?2('N&3./FQD!'(1$/%)!,).'2$%!/$!6)$)!12$$/%2%'/$(10,/7!/-%6,/-+!(+)5") (B8!
].96),$2%'1).3*172$3!/0'%&)()!6)$)(1723!=)102(%!)1/.1'$6!2%!%&) 1 JPS& 1§ (52+'$6!
1,%&/.163!5.-(%),'$68!_01%&)!,)72'$'$6!%)(%!()%!6)$)(*!52-%'/$!7-(%!=)!%2C)$!'$!4) ('6$2%'$6!
02.0)'+/("%'1)!(%2%-(1('$5)!%&'(1(-=()%!723!'$5.-4)!6)$)(I-$'<0%H)"$,/..+ ?'8)8!/,+&2$!
6)$)(!/,!,)5)$%!6)$)!4-+.'52%'/1$(B8!@&),)!"(12.(/")>+)5%0/4=)12102.()+/('%'1)!,2%)!
2((/5'2%)4!:'%&!IN&3./FQD!52-()41=3!7'(2.'6$7)$%!/,121.25C!/0!+/:),1?'8)8!0/,16)$)(1:&),)!
FXQ!4/)(1$/%!2.'6$!125,/((1()1),2.1/0!%&)!(+)5") (I'$!%&) 1hA|B*12(14) 7/$(%,2%) 41=31%&) V]!
10'6)$)(!(5/,'$6!'W"!'$!%&)!5/$%,/.!()%8!

|

h)!%&))0/,)!+),0/,7)41%:/10-,%&),'2$2.3() (1%/'71/,)1255-,2%).3!4).'$) 2%)!2!()%!/0!02.()!
+/('%'1)!6)$)!7/4).(8!D',(%*!0/,1)25&!6)$)!:)!52.5-.2%)4!%&)!,2%'/'/0!6)$)%'5!4'1) [B2BI P
Z),/;01.414)6)$),2%)!?LXB!12$4N\X!('%)(1=2()4!/$":&L8)$/7)!)) ;(<-)$5'$6!42%P!/7!"g!

! gl



10+,-.)"$,'/..+ 0').47'(/.2%)(10,/710-)=)5! ?F,2'61)%!2.8IELSTB:/-.41=)1)>+)5%)41-$4), 12!
2((-7+%'/$1/0!+-,'03'$6!().)5%/$*17)4' 2 s6<56!0/,1%&)!5/$%,/.1()%!: 2(ILBEY LI2$4IWE]!/O!
6)$)(1&2412!,2%'/1{"12D'6-,)IUIBSIF/$1),().3*17) 42 56<56.0/,1%6&)19%6)(%!()%!: 2(IL8 " P12$4!
VYLjl/016)$)(1&24121,29%'/1f"81@2C'$6!1 % &FM5)$%".)1/015/$%, L. bs<s6 2L 87 "gBI2(121 506*!
UEY1%)(%!()%!6)$)(1)>5))4)41%&'(1%8&.,) (&/s42/3/- 41$/%!=)!52.5-.2%)412%!2..B*I'E"1/0!
&'5812.(/18&2412IN&3./FQDI(TFW"81Q)5/$4*!:)1<-2$%'0')415/4/$1242+%2%'/$10/,1)25816)$)!
-($6! E *1-$4),1968)12((-7+%'/$!%8&2%102.()1+/('%'1)!6)$) (1:/-.41=)1)>+)5%)41%/14)1'2%)10,/7!
%&)1/1),2..15/4/$!-(26)1="2(1/010+,-.)"$,'/.. 8IS)4"2$E 10/,1%&)!5/$%,/.1()%!:2(IL8 UY*!
4,1++'$619%/1B " T10/,1968&)1%)(%!()%! ?D'6-,) UFBS! @ 2C$5/S}896P)!/0!5/$%,E ?LSPUUB!
2(1215-%#00*NYL1%)(%!()%!6)$)(:),)1=)./:1%8&' (1%&, ) (&/.4*1Y\P}/01:&'5&1&24121+&3./FQD!(5/,)!
W'BIF/$('4),'$61%68)1%&.,))12$2.3() (1%/6)%&), IEPL1%)(%!()%!6)$) (1 ?V" TEE. 20 S/ ,)!
W'12$41824k6562$4E, 12.-)(1)>5))4'$61%&)!5/$%.,/.1()%!%& )(&/.4(*1:&".)IgE"1?VP B!
6)$)(1&2412IN&3./FQD!(5/,)IW"12$41)>5))4)41/$)!=-%! $M¥b&1%&., ) (&/810)14) (6$2%)!
96&)()16)$)(12(1./:15/4'$6!+/%)$%'2.*1:' Y &IVEPHIS-7=), Q- 1-( 16)$)17/4).("$!%8&,)!
1P8'12$$/%2%'/$!.'C).3102..'$61(/7):&),)1=)%:))$!%&)!()%(\/0'EPLI2$4IgE"16)$)(8

|

@&),)12,)1()1),2.1="1.16'52.1,)2(/$(1:&316)$-'$)!1+,/%)'$S ;5/4'$616)$)(17231&21)!/-%.3'$6!
12.-)("'$196&)12=/1)12$2.3() (8!D)#27+.)*16)$) (1) 1/.1'$61-$4),1+/('%'1)1().)5%'/$! ?)868!
'77-$)1(3(%)716)$)(B!7231)>&'='%!2$1)>5)((1/01$/$(3$/$37/-(1(-=(%'%-%'/$(1/,112,"2$%(*!
200)5%'$6!=/%&1%&)IN&3./FQD! (51, }26:81](1:'%&1%&)!52() /BES+?7Y 8\8 B*16)$)(!
YLLLSBISLEL )5I7="$2%$!,)6/$(17231=)1)>+)5%)4106/1&21)! (:#:+%'72.15/4/$!-(26)8!
[1$)%&).)((*196&),)12,)1()1),2.1244'%'/$2.10)2%-,) (1/01%&)1./:15/4'$61+/%)$%'2.16)$) (1%682%!
(-++/,%1%8&)',1.'C).31(%2%-(12(102.()!+/('%'1)17/4).(8!D/5-(('$6/$!%&)!()%!/0IEPL!6)$) (*1%&)',
14)$1,)24'$610,27)(1?_aD(B!:),)!5/$('4),2=.31(&/,%),127)2$!YgESE!=+BI12$415/$((%)41/0!
0):),)>/$(127)2$/E8"1)>/$(B!%&2$1%&)!,)72'$'$6!6)$)(177)2$({EETY8E!=+!2$41UST!)>/$(B8!
AFI5/$%)$%! 2985Y4/BI+/(%'I$(1:2(1(-=(%2$%'2..31.1:),127)2$! P8P]B!,).2%'1) | %48)
)72'$'$616)$)(127)2$1U"8TiB*12$41:2(1/$.3172,6'$2..31&'6&),1%&2$!%&,)!6)$/74) I\ F!
5/$9%)$%12°\8"jBI%&2%!:/-. 41=)1)>+)5%)41'$!, 2$4/71()<-)$5)81")$)%'514'1),(%3!/0!&'6&!
'7+25%! (%) (12(%2,%!5/4/$(*ILXI (%) (I'S!(Yo/+!5/4/$(*12$41 (+.'5)1J-$5%'/$ (BN (2 $!
726%$'%-4)1&'6&),17L8L"ggB!,).2%'1)1%/19%&)!,)72'$'$6!6)$)(1?L8LLLTUYB!2$4!:2(1/01%&)!(27)!
1,4),12(16)$)%'514'1),(%3!6)$/7),:'4)1 7Y B\ TB*I'$4'5206'$61%6&2%! 72$31/019%&)!_aD(!/0!%&)!./:!
5/4'$61+/%)$%'2.16)$)!()%!12,)14'(,-+%)41=3112,'2$%(12%!%8H +1).BYD'$2..3*1%8&)!
+-9629%'1)1(%2,%!5/4/$(1/01./:15/4'$6!+/%)$%'2.16)$) (16)$),2..31.25C)4! (%,/$61i/Z2C1 ()<-)$5) (*!
(-66)(%'$6!%68&2%!%&)31+/(()((1-$021/-,2=.)1()<-)$5)!5/$%)>%!0/,1%, 2$(.2%'/$2.'$'%'2%'/$8!
D/../1"$6! F,/((\?EL"PB!:)!52.5-.29)4121ti/Z2Cn!(5/,)10/,))25&16)$)!=2()4!/$1%6&)!26,))7)$%!
=)%:))$1%&M0+,-.)"$, ..+ i1Z2C15/$()$(-(1()<-)$5)12$41%&)!'$0/, 729%4$!5/$%)$%!'$1="0%6(I+),
('96)10/,1%6&)10'1)1=2() (1-+12$414/:$(%,)271/01) 25&! (%2, %!5/4/$8! @&)!4' (%, =-%'/$1/01i/Z2C!
(51,)(10/,1%8&)1./:15/4'$6!+/%)$%'2.16)$)(17/,)15./().3!,) () 7=.)4!,2$4/71()<-)$5)!?D'6-,)!
UXBI2$414'41$/%!+ /4-5)121,)5/6$'(2=.)1i1Z2C!5/$()$(-(()<-)$5)!?D'6-,)|QTRS

|



"#$%&'16N$Y%6()*16$0-)0(+@!+)+ @B, -, 1+)%!/+@,-16$,(0(2-1*-)-, 7!

*+,18$J6 @$0!$/!"1@BSNDV!,'$#-,1/$#101-1'$) 0#$@!+)%!0-,01,-01*-)-, 7!

*-, 18$J6@$0!$/101-1#+0($!$/!1*-30(2-#,(0B!+0! T3!+)%!H3! Q0= ?2V/$S#!'$)0#S@!+)%!0-,0!,-0!*-)-,7!
F#-B!%+,1-%! @()-1#-6#-, 30/%6-#-)0(@-!$/!'$) 0#$ @!*-)-12+ @ &-,7

*/, 18$I6 @$0!$/!'$%$)!+%+60+0($)P!+,!.&+) OE(-#BHBI0#S@!+)%!0-,0!,-0!*-)-, 7!F#-B!%+,1-%! @()-!
#-6#-,-)0,/g%6-#-)0(@-1$/'$) 043 @!*-)- 12+ @ &-,7

*4,13-),(0B!6@$0!$/'WM$SN+1!,'$#-, YP!.&+)0(/(-%!+,101-16-#!*-)-1+*#-->-)01$/101-!, 0+#0!'$%$)! ,-.&-)'-!
'$)0-J0!0$!01+0!$/'@2%#()*+ #-.)MBn+'$),-),&,!,-.&-)'-71Z$=IN"  W#-/-#,105IW@$=""$%()*!
6$0-)0(+@YP!+)%!,6-'(/('+@@B!01-1]gT!0-,0!,-01*-)-, |04 @D@H (&1 %4'$%()*16$0-)0(+@!+)+@B, -, 7!
N$)0#$@ '#-/-#,10$!01-1$66$,(0-11+@/!$/'01-'$) 0#$@!,-0'*-)-,/#$>101+0!=1("1!=+,!&,-%!0$!*-)-#+0-101-!
M$n+11'$),-),&,!,-.&-)-1I9L7R7 QQ7!d+)%$>1=+,'+@'8&@+0-%!/#$>IQTPTTT!#+)%$>@B!*-)-#+0-%)!
~.&-)'-,1<+,-%1$)1+) 1+2-#+* -IFNI'$)0-)0!$/IRH7Qcl!

!

N1)$19%&)15/7+.)>'%312$4!+,/=2=""(%'5!$2%-,)!/0!6)$)!+,) 4 3W6&H ! +,) ()$5)!/0! () 1),2.!
&-$4,)41.'C).3102.()!+/('%'1)(I'(1$/%!-$)>+)5%)4*1:'%&!) 1)$!%&)! 7/(%!4) 1) ./+)412$$/%2%'/$(!
(-5&!12(1&-72%!5/$%2'$'$6121$/$)6.'6'=.)!1$-7=),!/ 014-='/-(16)$)!7/4).(! ?]=2(52.1)%!2.8!
EL"UBI@&'("'()(+)5'2..31%,-)16'1)$!%&) & 6&!"FI5/$%)EHHOIS$, /.. X+H' $5)1%&)!.)$6%&!/0!
_aD(1)>+)5%)4!=31582%$5)!'$5,)2() (1:' %&!"FI5/$% RN, ) (-.%!/®4)5,)2('$6! (%/+!5/4/$!
0,)<-)$531?N/&.1)%!2.8|ELSEB&)!7)2$!_aD!.)$6%&!/01%&)!./:15/4'$6!+/%)$%'2.!()%! ?V"E\!
5/4/$(B!'(1$/%!(-=(%2$%'2..3!./$6),!%&2$!1%&8)!"LL!5/4/$(1%&2%!" (1/0%) $!-()4!2(12!(%2%'(%'52..3!
=-(%!%8&,)(&/.48!#34)A1%&),)!2,)!6)$-'$)!+,/%)'$!5/4'$6!6)$) (1/0'w"LL!27'$/125'4(1234!
01),2.10-$5%'/$2..315&2,25%),'()4!.$5a[] (1%&2%!5/$%2'$!(+-,'/-(!_aD(!./$6),f"LLI5/4/$(*!
215.)2$14)('6$2%'/$!/015/4'$612$41$/$5/4'$6!()<-)$5)!=2()4!/$!_aD!.)$6%&!"(1$/%!+/(('=.)!'$!
2$3152)! 7K/-(72$12$419.'%(C3!EL"B]((-7'$6!%&2%!%&)3!2,))>+,)(()4*'%!" (1 +/(('=.)!%&2%!
72$3!/01%&)()!6)$)!7/4).(12,)!'$!025%!.$5a[] (*!:&'5&!&21)!$/%!3)%!=))$!%&/,/-6&.3!
5&2,25%)4!'$! 10+,-.)"$,"/.. 81@&)!/$)!(%-431%82%!2$$/%2%)4!.$5a[](I'$!%&)!(+)5')(10".%),)4!
2$31%,2%(5,"+%(1%&2%!/1),.2++)41)>'(%'$6!6)$)! 2$$760 %! BB EL*B.'5814)(+'%) =) '$6!
21./6'52.12++,/25&!723!&21)!,)(-.%)4!'$!72$3!.$5a[](!=)'$6!4'(52,4)48!'1)$!%&)!
5/7+25%%$)((1/0'%&)*,-.)"$," [..46)$/7)*12$!2.%),$2%'1)1+/(('=".'%3!"(1%&2%!72$3!/0!%&)!02.()!
+('%'1)16)$)(12,)!'$1025%! (+-,/-(!_aD(!:'%&'$!%&)!-$%,2$(.2%)4!,)6'/$(1?9@a(B!/0!

0o/14' (%'$6-'(&!=) NS (-58!83+/%&)()(8!



D'$2..3*1:)12%%) 7+%)41%/!"4)BYEPB 7' (('$6 '0,/7!11P8I-('$6!2!('7".2,!5/7+2,2%'1)!
2++,/25&8!h)!+),0/,7)4!"-+)(5(+ 6)$)!+,)4'5%'/$*:&'5&!3").4)4A\Y Y$/1).! 6)$)!7/4).(8!h)!
)4-5)41%&'(1%/!"\E!&'68/$0'4)$5)!6)3$)(!1=2()4!/$!%&Y /4 ).(1&21'$8)'%&)2'N&3./FQD!
(5/)"LLY,121(3%%)$'5!&/71./6"'$!/$)!/,'=/%&!/0! 10+.)6-,/$2$410+*6"#(-**-,.R=2()4!/$!
%&)!Q3$F&,/12++,/2888"8 B8!Q-++/,%'$6!%&)',!12.'4'%3*1Yg!/,1%&)!"\E!6)$)(!5/$%2'$)4! 2!
0-$5%'/$2.14/72'$8!D-,%&),7/,)*1YP1&241('65XB%!12 (W &' YT Pj!()<-)$5)!('7'.2,'%3 *
fcULjl<-),3!+,/%)'$!.)$6%& B! %M ,-.)"$, /..+ +,/%)'$(10,/712$$/%2%'/$!1\8¥2%2(}B! 2$4!
SC).31)+,)(0$%!7/4).(1%&2%!:))!./(%!4-,'$6!%&)!%,2$('%'/$!0,/7!1\1%/'1P!/0!%&)!6)$/7)8! @ &'(!
'(12!1C$/: 3" ((-)":'%&!%&)!5-,,)$%!2$$/%2%'/$*12$4!/:4(6/1),)416)$)! ) %!"$5.-4)(!
0-$427)$%2.16)$)(!(-5&!21*:]+ %&2%!&21)!=))$!+,)1'/-(.3!,)5/,4)A Z((('$6! ?1.2=3!2%4!
1.2=3;K22(IEL"gBS /(%!"$%),)(%'$6.3*1:)1,)5)$%.3!(&/:)41%&2%! EP!/01%E£3$6!8)3)(!
),)1+2,%!/0'+/.35'(%,/$'5!%,2$(5, 1P0) %0 &) %&!)>'(%'$6!6)$) (I'$!%&) ! 1P8 12$$/%2%'/$!
?12..2&),1)%!2.8'ELE®@&)()!6)$)(1:),)!7/(%!.'C).3!/1),.//C)4!1=31+)1'/-(12$$/%2%'/$! %/ .(!
4-)1%1%&)",1$/$52$/$'52.1/,625'(2%'/$a!!

|

3.4.9 The Genomic landscape of sequence conservation in Chlamydomonas
reinhardtii

120)41/$19%&)1h"J*1:)'4)$%'0")41E P*LL IFA(I(+2$$'$6!Y YBU!IS=1/,1Y"8P;j!/01%6 &)k

-)'$, L+ 6)$I7)81@&)1723/, %3 UEAI(%)(/1),.2++)HFXQI?2gL8 |B*:'%&1%8&)!,)72'$'$6!
(%)(1/1),.2++'$6!PnI9@a(!?E8TiB*IYnl9@a(!?\8\|B*!'$%, /$(1?ELSL|BI2$4!'$%),6)$'5! (‘%) (!
2E8LBI?@2=.)lYB8!a).2%'1)!1%/1%&)!('%)!5.2((152%)6/,)(1%&)7().1)(*!" Y8"j//0IFXQ*IE\8Uj!/0!Pn!
9@a(*!""'8Ljl/01Y nI9@af!2$4!" TSEj!/0!'$%,/$'5!('%)(1:),)V/1),.2++)4I=3IFA(8!_$.31\8"j!/0!
'$9%),6)$'5!('%)(1:),)//1),.2++)H=3IFA(*1&/:)1),1:&)$!(+.'%%'$6!'$%),6)$'5!%, 25%('$%/1%&/()!
WEPL!=+12(&/,%!%,25%(BI2$4fEPLI=+172./$61%,25%(B*1217/,)12++,)5'2=.)1+,/+/,%'/$!/0!(&/,%!%, 25
(‘%) (12"\8"BL:),)1/1),.2++)41=3IFA(8!](1:/-.41=)1+,)4'5%)416'1)$19%68)1)>+)5%2%/$!%6& 2% FA(!
5/$%62'$10-$5%/$2.1()<-)$5)(*16)$)%'5!4'1), (263Y T8P]L./2),10/,IFA('?L8L"Y\B!%&2$!%/$
FAI=2()(1?L8LEELB*I2!,)(-.%!%&2%!:2(!,).2%'1).315/$( (%) $%!25,/{(10%5)5 2401,/ $6!
'$9%),6)$'5!%,25%(1?@2=.)1Y B8I#%!'(1'T+/,%2$%! %/ {BYERH)IVARLIGISIBT S 21 +,/+/,%'/$!
101$/%$:5/$(%,2'$)41('%)(81&".)1%&(1'(12.:23(1%/1=)1)>+)5%) 41%/1(/7)1)>%)$%! ?)86 8 FXQ!'(!
6)$),2..3!'$5.-4)4I'SIFA(14) (+'%)1%8&) 1 +,) () $5) /0! (3$/$37/-(1('%) (B*16'1)$12!7) 2$!.)$6 %&/0!
"EUI=+/- IFAI42%2()%!(&/-.41=)152-%'/-(.3'$%) ,+,)%)412(1,)6'/$(15/$%2'$'$6!).) 12%) 4!
+,+1,%'1$(1/015/$(%,2'$)41('%) (8!

|

N'1)$19%8&)15/7+25%8$)((1/01988)L-.)"$, ..+ 6)$/7) 1?UES"jI6)$'5%17)4'2$!'$%),6)$'5!%,25%!

5/$5)$%,2%)4!'$19@a(12$4!'$%),6)$'5!()<-)$5)(1'77)4'2%).31-+(%,)27!/016)$)(17'8)8!+,/7/%),!
)6'/$(B8la).2%'1).31.'%%.)!'(IC$/:$1286106&,)16)$/T)4)14' (%, '=-%'/$1/0!,)6-.2%/,3!
))7)$%(ISI0+,-)"$, ). *12.%&/-6&12$2.3()(1=2()41/$!7/%'017/4)..$61&21)'4)$%'0")4!
+-%2%'B)¥;,)6-.2%/,31).)7)$%(!'$1%&)()!,) 6 /SPF2(%,-'%21)%!2.8IEL""MIX'$6!)%!2.8 EL"EM!
K272J31)%!2.81EL"@RI,)(-72=.3172$3IFA(I/1),.2++'$619@a(12$4!+,/7/%),!,)6'/$(!
&2,=1-1,)6-.2%/,31).)7)$%(*12$4196&) IFA(1:)|&21)1'4)$%'0")415/-.41=)1- () 4 $10-%-,) 1 (%6-4')(!
06/112.'42%)1+/%)$%'2.10- 55/ 98'0(12'8)81=312(() (('$61:8)%&), 1+,)4'5%) 41 7/%'0(12,)!



11),.2++)41=3IFA(B8IK/:)1),*('$5)1%&)IFAL)$6%&(12,)!6)$),2..3!5/$('4),2=.3!./$6),10682$!
9%&)!)>+)5%)41.)$6%&1/0!,)6-.2%/,31).)7)$%(*!6)$/7)(10/,1244'%'/$2.15./()!,). 2%!D)!/O!
-)'$, L4 22((-7'$ 61(-5&!(+)5)(1)>'(%B:/-.41=)1)<-' ) 41%/125&') 1) (-00'5")$%!+/:), 19%/!
4'))5%.3"'4)$%'03!$/1).1,)6-.2%/,3!).) 7)$%(8!

;r$,-.!01!_1),.2+!:)%:))$!5/$(),1)4!).)7)$%(!2$4!!o+,-.)"$,'/..+ 6)$/7'5!('%)!5.2(()(8

+M/"12-%&# 1-"#"-'(""Al (A | K2)2'(/E(12-.(Gl | K2)2'(/E(12-.(G/ | K2)2'(/E(12-.('G/
F('2/:%&I. 9=/ +MPO&.2.5,<=/ | .(2/:%&../;<H &%%/.(24 +M/.(2.;1 4 ) BM/L(2.0;1 4
A=H! %&'5) 8+'(*! (&'$+ +'+$*| +'+$35% +'+%+¢
TIUVW +)8! %'5( %*8(1 +'+$5)! ++$&5 +'+%+5
&TIUVW $*5! *&5! $+98! +'+%+| +'+3$,$! +'+%3$K
F;4:>;FD (‘'8(! %+'+8 $'$, ! +'+%*5 +'+%%( +'+9%, (!
F;43:B3;FO0!
X%,+!7N +'$8l +'&8 $*+8! +'+%%) ++$)*! ++%&),
F;43:B3;FO0!
Y%, +!7N +.(! $(, ! &', ! +'+$&8 +'+$&4 +'+$&5

1. 1(>1288/%2%)415/;5-)"$,'.).$+ (+)5')(15/$%2'$)415/$(+'5-/-(.31./$6!'$%, /$(127)4'23!
)$6%&(I"TY\Y 1=+ @2=)IEBS!](!,)+/,%)4!+,)1/-(.3100% -.)"$,"/.. 12S),5&2$%!)%!2.8!

ELLgB%&)14'(%,'=-%"/$1/01'$%./$!.)$6%&(10/5).)5,.).$

I(+)5")(1.25C)41%8&)!1%3+'52.

+)2CI'$I'$%,/$196%6& (12941 LI=+19%6&2%!'(1+,) ) $%!'$! ()1),2.17/4).1,6 2% (7(1%&!('7".2,.3!
5/7+25%!6)$/7)(1?7D'6-,)! TI*!IB8I#BO+%-#3$)(9$*/%1(&/,%!"$%.,/$(1?WUL!=+BI2++)2,1%/!
2,6).315/$('(%!/01$)-%,2..31)1/.1'$6!()<-)$5)*1:&".)1./$6),'$%, /$(1%68&2%!0/, 71%&) %21 1/01%&,)
)$6%&I4'(%,'=-%'/$15/$%2'$!()<-)$5) (1) 1/.1'$6!-$4), 1) 1/.-%'/$2, 315/$(%o ZERL16 251 254!
i)'6&%.)3IELL B!@/!)>+./,)1%8&)!,). 2968, +1=)%:))$"'$%.,/$1.)$696&12$41()<-)$5)!
5/$(),12%/$I'$10+,-)"$, .. *1)1/,4),)4I'$%,/$(1=3!.)$6%&!2$414'1'4)41%8&) 7!'$%/PLI="$(*!(/!
0682%!)25&1="$15/$%2'$)412$12++,/>'729%).31)<-2.1$-7=),12VE*"gBl/0"'$%,/$(8!S)2$!'$%.,/$!
)$6%&1+),1="$1:2(1('6$'0'52$ UGB 2%'1).315/,,).2%)41:'%&1%E&) 1+, /+/,%'$1/01('%)(1/1),.2++)4!
=3IFA(1?N)2,(/$n(+h+L8 E *1+wL8L"BI?D'6- )| TFB8I@& (1:2(1+2,%'5-.2,.3!+,/$/-$5)410/,!
'$%,/$(W"LLI=+12VPjl/0I'$%,/$(B*10/,1:&'5&N\U8"j1/01(%)(1:),)/1),.2++)41=3IFA(*!
5/7+2,)41%/1"USPjI0/,./$6),'$%,/$(8!@&),)0/,)*'%!2++)2,(1%&2%!'$!12!,)1),()1/01%&) ! (%6-2%'/$!
0/-$41'$180+%-#$)(95*/%1%&)! 7'$/,'%31/0I$%, /S(IG+,-.)"$, /.. + 2,)1(&/,%!2$415/$%2'$12!
&'6&!+,/+1,%'/$1/015/5(), 1) 41 (%) (*1:&".) 7/(%6'$%,/$(12,)1./$6),12$412,) 1 >+)5%)4196/!5/$%2'$!

218'6&),1+,/+1,%'$1/01(%) (1) 1/.1'$6!-$4),1.'%%.)15/$(%, 2'$%8! @&)!%'68%!+) 2CI'$1%&)14' (%, '=-%'/$

101'$%.,/$1.)$6%&(15/7="$)4!:'%&1%&)!.25C/01()<-)$5)!5/$(%o, BEHHBES) (9$*/- (&/, %!
'$%,/$(1.)4K2..'62$12$41i)'689.)31 ?ELLIYB/I&3+%&)('()1 %&2%!'$%,/$!.)$6%6&!:2(1-$4),!
().)5%/$*1=-%61$/9%1%6&)'$%.,/$'5! ()<-)$5)!'%().0*12$41%682%!'$%, /$(! YL (()EWR!=)!2 (!

(&1,%12(14+/(('=.)8!#%"" (1+/(('=.)!%62%)"$, ..+ '$%.,/$(12,)!('7".2,.3))1/.1'$6!-$4),!
().)5%'/$1%/!=)!=/-$4)41:'%&'$!5),%2'$!.)$6%&!5/$(%,2'$%(*!12.%8&/-6&!%&)().)5%'1)12412$%26)/0
72'$%2'$'$6!'$%,/$!.)$6%& (1(-=(%2$%'2..3!./36)BER7'$'7-71,)72'$(1-$CH/:$81N1) $!
%&2%!12%3+'52.I'$%,/$!.)$6%&!4'(%,'=-%'/$(12,)15/77/$'9#2) " |1).$+ (+)5)(*!
:&2%)1),17)5&2%'(7"'(14,'1'$6!'$%,/$!.)$6%&!"(1.'C).31)1/.-%'/$2,".3!12$5)$%8

|



|

"#$06&' I 7)) 0H#S$) @-)*01, 1+)%!$2-# @+ B (B RL0%6!-@->-)(7!

*+ IE)0#$)!@-)*011%(, 0#(<&0(S$), I$H#!/(2-1>$%- @ SHEIG, * IBE %+, /), * PD'%"#YD (2#2352#,%
"#,33, Bb'%0(/%>'%0(/,*2E, 3. (#P&' % (/& % (/(E, *PA'%3)I%" 2" #523%3)/)"2/23PBC1-I<#$=)!
+@H'%3)/)"2/23P300@ 8%-%!+,1+)1-J+>6 @-1$/1+) 1 +0B6 ('+@%(, @(HBDB)I$&)%! ()1 01-I'SH-

O+ H#-)9), T

% IE)0#S$)!@-)*011%(, 04#(<&O($),/$H! QS#H-.)*),% ,6-'(-19 &'Vt ()8 Yott()*+ - &' V6)* V&' %%
)*"(#., P&'%3"H#08'%3"+(B3(HPA' Y- (664'%6-(6,#1, %, PE'Y%5("MF'%5(". 24, /P1%" #il %" #.(#P 7!

%1, IN$##-@+0($)!<-0=--)1>-+) () 0#$)! @-)*01!6-#)90I01-16#$6$#0($)!$/!, (0-,|$2-#@+66-%!<BINU, 7!
E)O#$), I=-#-1$#%-#-%!<BI@-)*01!+)%!,-6+#+0-%!()0$!g T!<(),I'$)0+() ) *I+) 1 +664#$J(>+0-@B!-.&+@!)&><-#
$/1004$), 7!

|

@&),)12,)101),2.1,)2(/$(1:&3'$%.,/$'5! (%)(15/-.41=)1)1/.1'$6!-$4),1)1/.-%'/$2, 3!5/$(%, 2'$%8!
D',(%*12.%),$2%'1)!(+.'5'$6! 2]QBI52$!, ) (-.%!"$1)'%&), 1%6&8))$%',)'$%, /$12'8)8'$%,/$!,) %) $%/$* 1#aE
1,142,%1/012$1'$%, /$122.9%),$2%'1)1255)+%/,1/,14/$/,1(+.'5)1 (%) (BI=)'$6!'$5/, +/,2%)4!'$%/! 72%-,)!
7a[]81#al'(1%&)!7/(%!5/77/$10/,71/01QIS!  10+,-)"$,..+ 2VYJUO!)1)$%(B12$41/55- (!
(6$'0'52$%.317/,)10,)<-)$%.3!'$!(&/,%),!6)$)(177)4'2$c!"U"1=2dJi-72,1)%!2.8!EL"gB!

K/: )1),*11QI'$1%8&)!(+)5)(1&2(1$/%!3)%!=))$!)>%)$('1).3!5&2,25%),'()4!2$4!/$.31V"j!/0!
'$%,/$(12,)15-,,)$%.312$$/%2%6)412(12.%),$2%'1).3!,)%2'$)48!Q)5/$4*172$3!a[]'6)$)(1&21)!=))$!
'4)$9%'0')41:'%&'$I'$%, I$(1/01+, /%4 B $616)$) (! 2F&)$!)%!2.8IELLUMID2..1)%!2.81@L&" B*!
72$31'$%,/$(12,)1)>+)5%)41%/15/$%2'$!,)6-. 2%/, 31 () <-HENE (' (1) (+)5'2..31%, -)10/,I'$%, /$(!
1%6&'$1%6&)10",(%!"IC=*1:&'5&10/,172$3!6)$)(1&21)!(%,/$6!,)6-.2%/,31)00)5%(1/$!6)$)1)>+,)((/$!
2a/()|EL"UB!@&)!244'%'/$!/08)F'0'510',(%!'$%,/$1%/1%, 2$(6) BPH$!)"$, 1.+ &2(1=))$!
(&/:$1%/1(-=(%2$%'2..31'$5,) 20 (1%&)",1)>+,) ((B5R"), 1) %! 2.8 EL"HIBSA!'$%,/$(15./(), 1%6/1%&,)!
Pn1)$41/016)$)(12++)2,1%/1%/.),2%)10):), | @AI'S(), %'/$('$1%&) | ()8&('++()$1)%!2.8IEIST B
Q&/,%!'$%,/$(IW"LLI=+1)+) ()$%)41%&)10",(%!'$%, /$!'$1216)$) 1 2++,/>'7296).310/;)!
0,)<-)$%.312\\8"|B1%&2$1./$6),I'$%, /$(1?"L8Y|BI?D'6-,)IQ"L]BI2$41:),)!12.(/!('6$'0'52$%.3!
71)1.'C).31%/1/55-,15./(),1%/1%&)!%, 2$(5, '+%'/$!(%2,%!('%)!27)2$!'$%, [$I+/('%'/$!,).2%' 1) 1%/!
%,2$(5,'+961.)$6%&10/,'$%, /$(\W"LLI=+ICIE\SEj12$4!'$%, /$(1f"LYTESRIM!'$4)+)$4)$%
(27+.)(1%%) (%! BBL*1+WLSL"BI?D'6-,)!Q"LIBSIF2-%'/$!(&/-.41=)1%2C)$!$/%1%/1/1),'$%),+,) %!
2$314'00),)$5)(1=)%:))$!(&/,%12$41./$61'$%,/$(*12(1%8&)!,). 2% /(&' +!=)%:))$!'$%.,/$!.)$696&12$4!
0%&)1+,/+/,%'/$1/0IFAI('%)(1?D'6-,)I TFBI'(1.'C).3151=31(&/,%),'$%.,/$(15/$%2'$'$610):),
$/$;5/$(%,2'$)4!('%)(1,).2%'1)1%/1./$6),'$%, I$(122(1/++/()41%/1(&/,%),'$%. /$(15/$%2'$'$617/,)!
5/$(%,2'$)41('%)(1/1),2..B8I[/$)%&).)((1%&))$, 5&7)$%!/01(&/,%),'$%, /$(12%!%&)(%2,%!/016)$)(!



7231=)1:/,%&31/010-,%982%%)$%'/$10/,12$31+/(('=.)10-$5%'/$2.I'7+.'52%'/$(1/$!6)$)!
)6-.2%'/$8

|

D'$2..3*1:)I'4)$%'0")4IP*"""1-. %, 25/$(),1)41).)7)$% (1 ?29FA(B!(+2$$'$6! Y P 8L C=!/M%&,)!
-)'$, L+ 6)$/7)*14)0'$)412(1()<-)$5) (fcPLI=+!)>&'='%'$6!"LLj!()<-)$5)!5/$(),12%'/$!
25,/((1%&)1%&!H$%E&' (%()$*+(+)5) (81]!(-=()%!/01J- (%! PPIOFA(!)>&'='%)4!fc T Pj!
0<-)$5)!5/$(),12%'/$!125,/((12..1)'6&%!(+)5") (*!I'$4'52% '$61%&2%!&2,4.312$3!()<-)$5)!'(!
)>+)5%)41%/1=)15/$(),1)41%/1%&'(1.)1).125 /(1 %&)EL)'$,1.).$  8!@&)!112(%!72J/,'%3!/0!
9FA (‘%) (12T 8LjBI/1),.2++)4IFXQ*!'$4'52% $6!5/$(%, 2'$%! 2%!=/%&!$/$(3$/$37/-(12$4!
(3$/$37/-(1(%)(8!@&),)!2,)1()1),2.1,)2(/$(!:&3! (3%/$37/-(1('%) (1723!=)!(-=J)5%!%/!(-5&!
(%,/$6!5/$(%, 2'$%*I'$5.-4'$61'$%6), 25%"/$(1:'%&!a[]'I="$4'$6!+,/%) S (*1%&) !+, ) ) $5) Bl >/$
)6-.2%/,31).)7)$%(*1/,1().)5%'/$10/,/+%'72.15/4/$!-(26)8![/%'5) 2=.3*"P1/0!%&) IPPi5/,)
=-)"$,'.).$+ 9FA(!/1),.2++)4l,'=/(I72.1+,1%)'$!6)$) (*!:&'5&12,)!1/0%)$!-()412(12!(%2$42,4!
0/,1'4)$%'03'$6!/+%'72.15/4/1$(16'1)$1%&)',1)>%,)7).31&'6&!6)$)!)>+,) ((7R&2, +12$4le'!
"TUgR2$41()1),2.1/01%&)!/%&),16)$) (1/1),.2++)41=319FA(12,)12.(/))>+)5%)41%/1=)!1),3!&'6&.3!
)>+,)((41?)868./$62%'/$1025%/ PB2Y%2(YABS!].%&/-6&!5/$('4),)41%/!=)!211),3!:)2C!
)1/.-%'/$2,310/,5)*1%&'(!, 2 ) (1%&)!1+/(('=".'%31%&2%!5//,4'$2%)41().)5%'/$!0/,//+%'72.15/4/$(!
25./((1%&)!5/,)=-.)"$,".).$+ 7231=)1214,'1),1/01)>%,)7)1()<-)$5)!5/$(),12%'/$8!
1.%),$2%).3%172$31/01%&)19FA(17231=)19%&)!,)(-. %!/0!a[]1="$4'$6!5/$(%, 28 |)>27+.)4
5),%2'$!,'=/(/72.1+,/%)'$(17231="$412$412-%/,)6-.2%)!1%&)',I/:$!7a[]'?SV..), ; S5['5/..1)%!
2.8IEL"TRBIFA(1&21)!+,/1)41%/1=)1)>5).$%!+&3./6)$)%'5!72,C),(125,/((!()1),2.1%2>2!
?D2',5./9%)8b!12.8IEL"EM!D2',5./%8&!) %! 288M)$PB&)!.25C!/0!$-5.)2,172,C), (12$41%&)!
5-,,)$%!4'0'5-.%3!'$14)%),7'$'$6!+&3./6)$)%'5!,).2%"$(&' +(I'$I1%&HE)5,1.).$  *1%&)!PP!
4))+.315/$(),1)4!).)7)$%(15/-.41+/9%)$%'2..31=)1-()41%/1+,/1'4)1244'%'[$2..1+&3./6)$) %'5!
)(.-%'/$81

|

3.5 Conclusions !

|

b'21%6&)12(()7=.3!/0!&'6&.3!5/$%'6-/-(12$41:); 2$$/%2%)416)$/7)(108b&, OO+

-)"$, .. n(-$'5)..-.2,1,).2%'1)(*1:)1&21)1+,) ()$%) 41%&)10", (%!$-5.) /L) I5/7+2,2%'1)!
6)$/7'5(10,27):/,CI0/,1%&(I'7+/,%2$%!7/4).1/,62$'(78!@&)()!,)(/-,5)(12,)1)>+)5%}1%/!
)$2=.)1%&)!5/$%'$-)414)1)./+7)$% W0 -.)"$, ..+ 2(1217/4)./(3(%)710/,17/.)5-.2,!
)1/.-%'/$8ID-,%8&),7/,)*1=31+,/1'4'$61'$('6 &%6(!'$%/1%&)16)$)!15/$%) $%!2$416)$/7'5!2,5&'%)5%-,)!
J01-$'5)..-.2,15/)) :=-)"$,'.).$+ (+)5)(*1%&)312,)12.(/')>+)5%)41%/!124)2$5
-$4),(%2$4'$61/01%&)!6)$/7'5!5&2$6) (19%6&2%!&21)!/55-,)414- '$61%&)1%, 2$('%'/$!%/!
7-.%'5)..-.2,'%3!'$1%&)! @"b!5.24)8

|

X)(+'%)!1(-5&12412$5)(*19%&)()!6)$/7)12(() 7=.)(1&21)/$.31$/:1,2' )41 10+,-)"$,'/..+ %/12!
(%2$42,41%8&2%!8&241=))$125&") 1) A%H, B&),17/4).1/,62%'(7(1%)$!/,17/,)13)2,(126/8!S2$3!
1019%&)12$2.3()(1:)!&21)!+),0/,7)415/-.41=)16,)2%.3!)$&2$5)4!=31%6&)!'$5.-(/$!/01244'%'/$2.!
I"#$%&' (%()$*+(+)5)(*1&/:)1), 1244,)(('$6!%&'(!'(121<-)(%'/$1/01%2>/$/73!,2%&),1%&2$!
()<-)$5'$6!)00/,%8! @& (NT]: &2%!2$2./6/-(1%/1%&)1+2(%! (%-2% /B[ I'$:"./.x  *I
:&),)1/$.311),31,)5)$%12412$5)(1'$!)5/./6'52.1C$/:.)46)1&21)1.)41%/12! 2+'41'$5,)2()!'$!%&)!



$-72),1/01(27+.)41(+)5')(12$41()<-)$5)416)$/7)(!  2Q%)1)$(1)%!2.8!ERINIB/+)!1%&2%1%&. !

(+)5)(*10-..31)$2=.'$6!89!+/:),1/015/7+2,2%'1)16)$/7'5(12$2.3()(1%/1=)!,)2. )410/,1%8&)!
(+)5)(8!
|

3.6 Methods !

|

3.6.1 Nucleic acid extraction and sequencing !

|

#(1.2%)(1:),)!/=%2'$)410,/71%&)! Q] M/, IFF]N!5-.%-,)!5)$%,) (*I5-.%-,)4!'$!1/.4n(112(2.!
S)4'-7*12$41:&),)!1$)5)((2,3!724)!  2>)$'511'21(),'2.14".-%"/$*1+.2%'$6!/$1262,*12$41'(/.2%'/$!
/01('$6.)!12.62.15/./$")(8!K'6&!7/.)5-.2,!:)'6&%!X[]':2(1)>%,25%)4!-('$6!2!5-(%/7'()4!
)>%)$('/$1/01281)>"(%'$6!F@]IW+&)$B&./,/0/,7!+,/%/5/.1?[/%)!Q"B8!_$)!QSa@=)..!.'=,2,3!
?(&)2,)4!1%/\VELIC=*&IR,PLIC=!(2)!().)5%'/$B!:2(1+,)+2,)4!+),!(+)5") (*12$41)25&!.'=,2,3!
:2(10<-)$5)41/$!12!('$6.)!QSa@5)..//$!%&)N25I'/1Q)<-).1+.2%0/,78IN251'/!.'=,2,3!
+,)+2,2%'/$!12$41()<-)$5'$6!:),)!+),0/,7)4!=3IA4'$=-,6&!")$/7'5(8 !

|

X[)'0/,1#..-7'$2!()<-)$5'$6!:2(1)>%,25% )4!-('$6!2!+&)$/.;5&./,/0/,7'+,/%/5/.! ?[)((")%!2.8!
EL"EB!5,/((12..1(+)5')(12!112,)%3!/01.'=,2,31+,)+2,2%"/$(*1,) 24!.)$6%& (*I'$(), %! ('Z) (12$4!
()<-)$5'$6!+.2%0/,7(1:),)!-04!?@2=.)|QEB8!a[]!:2(1)>%,25%)4!0,/71\41.'<-'415- %- ) (- ($6!
s37/1a)()2,5&! @a#!a)26)$Y@+,/4-5%H#XELPLB2$41%&)!X',)524.!1a[]!S'$'+,)+!N.-(1C'%!
?2+,/4-5%!#XrlaELgLB!0/../:'$6!-(),!"$(%,-5% ' BB (%,2$4)41a[] ;()<!.'=,2,31:2(1+,)+2,)4!
0/,)25&!(+)5")(I-('$6!@,-Q)<!,)26)$%(*12$4!()<-)$5'$6!:2(1+),0/,7)4!/$!%&) #..- 7'$2!
K'Q)<!I!+.29%0/,712 G)6-,/$ I" PLI=+1+2" ) $4*1 CE6"#(-**-,. 2340+ $,&$)$ "LL!=+!
+2')4;)$4B8!]..1#..-7'$2!()<-)$5'$6!2$4!.'=,2,31+,)+2,2%'/$(!:),)!+),0/,7)4!1=31"#!K/$6!
i/$68 !

|

3.6.2 De novo genome assembly of Chlamydomonas incerta !

[/196)1%8&2%!"$1%&)10/../$61()5%'/$(1/$16)$/7)12(() 7=.317Y8 8E*1Y8 8YIKIY8 8\BI2..1(/0%:2,)!
+2,27)%),(*11), (1$(12$415'%2%'/$(12,)14/5-7)$%)AEBE.)(1Q 170+.)6-,/$B* @20+

*GH(-*+-,. BI2$4IQA0+-:$,83)$BS %/58/$4,'2.12(()7=.)(10/,12..1%&,))1(+)512),)!
2(()7=.)412$414)(5,'=)41=31Q7'%&!2$4!F,2'61?ELELB

|

@&)D+.)6-,/$6)$/7)1:2(12(()7=.)410,/71°8Y"I"=I/OIN25I/  142%62*1:'%&I217)2$!,)24!.)$6%&.!
/01g8 TIC=12$412$1[PL!,)241.)$6%&1/0!"Y 8P 1@2=.)| QBB ) (%'72%)16)$/7)!('Z)12$4!
2(0((1%&)!.'=,2,310/,1+/(('=.)15/$%27'$2$%(*121+).'7'$2,316)$/7)12(() 7=.3!:2(1+,/4-5) 41
-('$617'$'2(781@&)!%2>/$/7'5!/,'6'$!/01%&)!,)(-. %'$6!5/$%'6(1:2(14) %), 7'$)41=315/7+2,'(/$!
06/1%&) [FI#1$-5.)/%'4)15/..)5%'/$142%2=2() ?$SHEJRMEBH! 7)62=.2(M2$4121%23/$
2$$/%2%)4145/1),26)1+./1%!:2(1+,/4-5)41-($611./1=%I/.(8! @&'(12$2.3('('4)$%'0)412!('$6.)!

J: 35/1),26)IN,/%)/=25%), 2!5/$%27'$2$%*12$412..1,)24(172++'$61%/15/$%'6 (1'4)$%'0')412(!
=25%),2.1:),)10'.96),)41/-%8IF23$-1:2(1,-$!-('$6/6&)!6)$/7)!('Z)1/01%&)! 7'$'2(712(()7=.3!
2"YL8UIS=B*12$412(121+,)52-%'/$196&)1./=%//.(1+'+).'$)!: 29 /$1%&)!, ) (-.%'$6!2(() 7=.3*!



2$412$310-,%8&),!,)24(1'4)$%'0")412(1=25%),'2.1:),)!,) 7/1)481#$1%/%2.!w"j!/0!,) 24(!:),)!
'4)$%'0")412(1=25%),'2.1/1),1=/%8d)) $6!(%)+(8!F2$-1:2(1%&) &LP!-($6!%6&)!10'$2.!
5/$%27'$2$86.%),)4142%2()%8!@&)!,)(-.%'$6!2(() 7=.3!-$4),:)$%!%&.,))!,/-$4(1/0!'%),2%'1)!
+.'(&'$6!=3172++'$61%&)IN25I'/1)24(1-('$6!+=2.'6$12$41+),0/,7'$6!),,/,15/,,)5%'/$!-('$6!
%&)!],,/:1714-)1101%&)! N$/7'5F/$()$(-(1%//.8! !

1l

D-,%&),1),,/,;5/,,)5%'/$!:2(1+),0/,7)41-('$6!VU >15/1),26)!1/0!6)$/7'5!(&/,% ;,)24!42%212$4!
USELI"=1/01a[] ;()<!42%28!@&.)!6)$/7'5!(&/)24142%215/$('(%)4!/01%:/1.'=,2,") (1/O!"LL!=+!
+2')4;)$41,)24(1:'%&12$!'$(),%!('2)//0IV"ULI=8)BI/1),.2++'$6!,)241+2" (B*12$41%:/172%)
+2'1.'=,2,)(/O"LL!=+!,)24(1:'%&!23$!'$(), %! ('Z) /OIVP*LLLR@2=.)| QBB &)! (&/,%!"$(),%!('Z)!
U221 )+, +5)(041=31%,'7T7'$6!.: <-2.'%31=2()(12$4!242+%),!()<-)$5)!-('$6!%&,)!
11%//.(1+,/6,27!==4-C8(&*! 72++'$6!%&)!%,'77)4!,)24(1%/'%&)"], J+/.'(&)412(() 7=.3!
-('$6!1n] ;SAS *12$410'.%),'$6!+-%2%'1)INFal4-+.'52%)(!-($6!N'52,4!S2,CX-+.'52%)(8!D/,!
)25&1/01%8&)!1%:/1.'=,2,")(*1%&)!,)(-.%'$6!,)241+2" (1:),)1%&)$!7),6)4!-('$6!==7);8)%/8(&!%/!
5,)2%)!('$6.)!,)2410,/71%&)!/1),.2++'$6!,)241+2" (1:&),)!1+/(('=.)8!D/,1)25&!.'=,2,3*1%& (!
2$2.3('(1,)(-.%)4'$!/$)142%2()%!/0!-$+2',)41,)24(12'8)817),6)4!,)241+2'(B12$41/$)142%2()%!/0!
+2'))41)24(12,)241+2' (1%8&2%!5/-.41$/%!=)17),6)4B8! @ &#22%3,2,)(1:),)1%,'77)4! /0!
J-$5%'/$1242+%),(12$4!5.2(('0")412(16)$-'$) ! 72T) (*1+2',)4 ) $4*1/,1-$C$/:$(1-('$6!
[>@,'78!D/,1)25&!.'=,2,312$41)25&!5.2(('0'52%'/$*H/B)(('$6!:2(1+),0/,7)412(14)(5,'=)4!
2=/1)8!D'$2.!15.2(('0'52%'/$!2(16)$-'$)!72%)',(12'8)8!,)24(1+2",(1:'%&!6:2,41025'$6!
1,)$%2%'/$(B!/,'$/,72.1+2' ) 4)$412,)24(1:'%&"'$:2,41025'$6!/,)$%2%'/$(B!:2(125&") 1)4!=3!
2(0(('$61%8&)1,)241/,)$%2%"/$!'$1%&)12++,/+,'2%)1]S10".)*1,) (- %'$6!'$!/$)142%2() %40 ./$6
'$(),%!72%)2',(12$41/$)142%2()%!/0!(&ET, %!+2',)4)$41,)24(1+),!.'=,2,381]..16)$/7'5!
(&1,%,)24142%2()%(1:),)! 72++)41%/1%8&)"], 1+1.'(&)412(() 7=.3!-($6! In] ;SAS I+,/,1%/!
+.'(&'$68!@&)!a[] ;()<!42%2()%!5/$('(%)41/012!($6.)!.'=,2,31/0!(%,2$4)4!"PLI=+1)}4)4
)24(12@2=.)B!0-2.'%312$41242+%),1%, 7TT)$6+),0/,7)41:'%&! @, 77/72%'5*12$4!
)24(1:))172++)41%/1%8&)],./: +/.(&)412(()7=.3!-('$6!Q@]a!'$!E ;+2((!7/4)8!@/'+),0/,7!
)i,151,,)5%' I$*IN'./$!:2(1%&)$!,-$!=3!+,/1'4'$6!2..11]S!0".)(1/0!2.'6$)4!(&/,% ; ) 24(1?E>!
7),6)41('$6.)!,)24(12$4!E>!-$7),6)4!+2', )4;)$4!,)24(10,/71%&)(&/,%"'$(),%!.'=,2,") (*IE>!
72%)+2',1)24(12$41E>1+2')A$4!,)24(10,/71%&)1.1$6!'$(),%!.'=,2,") (*12$4!">!a[] ; (<!
+2'))4;)$4!,)24(B8!@&)!/+%'/$05>1=2() (H!:2(!1-()41%/!21/'416)$-'$)!'$%,/$(1=)'$6!,)7/1)4!
4-)1%/1%&)\(+.'5)4! 72++'$8I%&)!a[]; ()<!42%28!A1)$!:'%&!%&' (1/+%'/$*1:)!1$/%'5)41%&2%!N"./$!
5/,,)5%)4121$-7=),1/0!.2,6)I'$4).(*12$4!-+/$!72$-2..3!5&)5C'$6!2! (-£27+.)!/0!(-5&!52()(!
-('$61#10!:)10/-$41%8:2%!%&)\ 72/,'%31/0V'$4).(1:),)!$/%! (-++/,%)41=31%&) IN25I'/!,)24(12$4!
2++)2,)41%¢)152-()41=317-.%'+.3172++'$61#..-7'$2!,) 24(1?'8)8!%&) I'$4).(12++)2,)41%/!=)!
8)%),/Z36/-(1'$!%&)#..-7'$2!42%2B8!h)!%&),)0/,)!-()412!15-(%/7'N),.1(5,'+%!%/!,) (%/,)!2..I'$4).(!
fPI=+1%/1%8&)',!-$+/.'(&)410/,7120%),!,-$$'$6!N"./$S8IN"./$!:2(1,-$!'%),2%'1) B! %&) (*!:'%&!
2..1(8/,90)24142%21,)72++)41-('$6h] ;SAS WQ@]a!=)%:))$!)25&!'%),2%"/$8!1!!!

1l

@&)!/+%'72.1$-7=),1/01+/.'(&'$6!'%),2%'/$(10/,1],,/:12$4!N"./$!:2(14) %), 7'$)4!-('$6!%:/!
7)%,'5(r'%&)!$-7=),1/0!5/7+.)%)!('$6.)!5/+3!/,%&/./6(1'4)$%'0")4!=3!19QF?6)$/7)! 7/4)*!
A-C2,3/%2!/14=T142%2()%B*12$41%&)!()<-)$5)!('7".2,'%3!=)%:))$! 23!+ I6-FEHAQ @
'=,2,31?N/+)(5-1)%!2.8!ELL B!2$4!%&)!5/$%'6(*12(12(() {)82=82(B!N/.'(&'$6!:2(!
4))7)415/7+.)%)":&)$1%&),)!:2(1$/10-,%&),!'$5)2()!'$!)'%&),! 7)%, '5!=)%:))$!'%),2%'1$(8



D'$2.1+,/5)(('$6!:2(1+),0/,7)41=31,)7/1'$6!2$3!5/$%'6 (I(-++/,%)4!1=31/$.312!("$6.) IN25I'/!
,)2412'8)8!G,)24(c"H!"$!%&)!IF2$-102(%2!4)0'$'%'/$!.'$)B!12$4!=310".%),'$6!%&)!%:/17'%/5&/$4,'/$!
2341+.2(%'415/$%'6(8!FB{H%)!/,4),)41=3!('2)'12$416'1)$!-$'<-) 1#X (1:'%&!%&)!0/,72%!
FIIF:&) )N +,)()$%!/,4),)41$-7=),(17'8)8!%&)!.2,6)(%!5/$%'6!:2(1$27)4!
FLLL"B8!N/%)$%'2.!7'(2(()7=.")(":),)!"4)$%'0")4!11'2!(3$%)$3!2$2.3(10%H)"$,/..+
8°gB8!]..1=,)2C+/'$%(1=)¥8!(3$%)$3!=./5C(1/$!2!6'1)$!5/$%'6!%&2%!,) (-.%)4!'$12!%,2$('%'/$!
=)%:))$!10+,-.)"$,"..+ 5&,/7/(/7)(":),)!5&)5C)4!172$-2..3!-('$6!#"\b!12$412.'6$7)$%(!/0!
%&)IN251'1,)24(8!@&'(!,)(-.%)4!'$!0/-,15/$%'6(1=)'$6!(+.'%!4-)19%/1.'C).3!7'(2(() 7=.") (*!:'%&!
(+.'%'5/%0'6(1&21'$6!)'%&),!G2H!/,!G=H!2++)$4)41%/!%&)',!5Y$%'6!#X 8!

1l

@/"'4)$%'03!+-%2%'1)!+.2(%'415/$%'6 (*19)a24.2(%0/'<-),3!%&) ! +/.' (&) 4 F2$-12(() 7=.3!
"%&1()1),2.1 &-.)"$,'..+ +.2(%'4!6)9$)!()<-)$5)(126b *B/1OB/LAB "#IFL*:] *| )b 12$4!
&6JB8!]!('$6.)!'VEELIC=!5/$%'6":2(1'4)$%'0")41%&2%!,)+,) )$%)4!%&)")$%',)!+.2(%'4!6)$/7)*!:'%&!
)4-$42%5%!,)6'/$(1+,)()$%!2%!%&)10.2$C(14-)1%/12(() 7=.3!2(12!.'$)2,!7/.)5-.)8!@/!+,/4-5)12!
5.5-.2,12(()7=.3*1:)!1+,/1'4)4!F',5.2%/,!:'%&!%&) ! +-%2%'1)1+.2(%'4 | 2$HB! F2$-),,/, ;
5/,,)5%)4IN251'1,)24(1%&2%!72++)41%/1%&)!5/$%'68!! @&)!,)(-.%'$6!5',5-.2,12(() 7=.3":2(1%&)$!
'%6),2%'1).31+/.'(&)410',(%!:'%&!],,/:1-($6!%&)!,2:IN251'/1)24(*10/../:)4!=3IN"./$!-('$6!
1$.31%8&)!7),6)4!+2' )4)$4!,)24(8!N/.'(&'$6!:2(1+),0/,7 )4!:'%&!)25&!%//.!-$%'".!$/10-,%&),!
5&2%$6)(!:),)!'"$%,/4-5)4*1:&'5&!,)(-.%)41'$1%:/1,/-$4(1/01],,/:12$41/$)! /I-$4!/0IN"./$!
+/.'(&'$68!@&)!0'$2.1+.2(%'4!12(() 7=.3":2(12!('$6.)!5',5-.2,15& /7/(/7)"U\*Lg\!=+!"$!.) $6%0&8!
@&)'+.2(%'412(()7=.3":2(1/,)$%2%)4!:'Y%8t (%2,%'$6!2%!"'=+8

|

3.6.3 De novo genome assembly of Chlamydomonas schloesseri !

|

@&)D+*6"#(-**-,.46)$/7)1:2(12(()7=.)410,/7"8"UI"=1/0IN251'/142%2*!:'%&1217)2$!,) 24!
)$6%&!/01g8"g!C=12$412$![PL!,)24!.)$6%&!/0!"EBRIE2EH!Q8BN,).'7'$2,3!2(() 7=.3!2%4!
5/$%27'$2%%!2(()((7)$%!:),)!+),0/,7)412(1+),10+.)6-,/$-PY8 8B ! +-%62%'1)!5/$%27'$2$%!
5/$%'6(":),)!0/-$4!10/,'%&)!7'$'2(7'2(() 7=.3*12.%&/-6&!%:/!:))!'4)$%'0")4!0/,'%&)'$'%'2.!
F2$-12(()7=.38!a)24(172++'$6!%/!1%&)()!5/$%'6(!:),)!0'.%),)4!/-%!2$4F2B(!(-=()<-)$%.3!

) ,-38@&,))!'%),2%'1)!,/-$4(1/0!+/.'(&'$6!:),)!1+),0/,7)4!:'%&!],,/:8! |

1l

A,,1,15/,,)5%'/$":2(1+),0/,7)4!:"%&!N"./$*!-('$6!Vg">15/1),26)!/0!6)$/7'5#..- 7'$2142%2!
?20/-,1.'=,2, ) (*I"EPI=+1+2"))4)$4* @2=.)|@2$4!g8\E!"=!/0'a[] ; )<!?/$)!.'=,2,3*(%,2$4)4!
"LLI=+1+2'))4)$4*1 @2=.)BB8le/:1<-2.'%31=2()(12$41242+%),!()<-)$5)(!:),)!%,'77)4!-('$6!
==4-C8(&!?6)$/7'5!42%2B!/,\@,'77/72%'5!?a[]()<B*12$4!+-%2%'1)INFal4-+.'52%)(!:),)!
,)711)410,/7'%&)!6)$/7'5!142%2!-('$6!+'52,4!S2,CX-+.'52%) (8! @ &)'.%6-$6!42%2()%(":),)!
72++)41%/'%&)", ./ ;+1.'(&)4'12(()7=.3!-('$6! Ih] ;SAS 176)$/7'5!142%2B!/,!Q@]a!?a[}
(0<B*12$4!%&)!,)(-.%'$6!1]S!0".)(1:),)1+2(()41%/'N"./$8#..-7'$2!=2()4!+/.'(&'$6!:2(1'%),2%) 4!
%&,))!%'7)(8!

1l

D'$2.1+,/5)(('$6!:2(1+),0/,7)4!1=31,)7/1'$6!2$3 !5/$%'6(!(-++/,%)4!=31/$.3!12!('$6.)IN25I'/!
,)2412341=310".%),'$6!%&)!7'%/5&/$4,'$12$4!+.2(%'415/$%'6(8!N/%)$%'2.!7'(2(() 7=.")(":),)!
'4)$%'0")411'2!(3%%)$3!12$2.3('(04/L.)"$,/..+ 2¥8°¢B2(!1+),' Y8 8ER&'(!,)(-.%)4!'$!%:/!
5/$%'6(1=)"'$6!(+.'%!4-)1%/!.'"C).3!7'(2(()7=.)(B/$%'6(":),)!$27)4!12(!+),! Y8 BES8



|
1'('$6.)I\VE"IC=1+.2(%'4!5/$%'6!:2(1'4)$%'0")4!0,/71%&)+/.'(&)4'F2$-12(() 7=.3¥ (Y8 8&
@E&'(15/9%'6!12$4!F23-1),,/,'5/,,)5%)4!N251'/1))24(172++'$61%&)!5/$%'6!:),)+2(() 4%/
F',5.2%/,8IN/."(&'$6!:2(!+),0/,7)4!+),Y8 8E:'%&!$/!5&2%$6)(!/=(),1)4!20%),!%&)!0",(%!
'%),2%'/$!/0'],,/:1?'8)8!$/10-,%&),!+/.'(&'$6!:2(!+),0/,7)4!:'%&!N"./$B8! @&)!0'$2.1+.2(%'4!
2(07=.3:2(121('$6.)!5',5-.2,15&,/7/(/7)"TU*YT"l =+I'$1.)$6%&*!:&'5&!:2(!/,)$%2%)4!:'%&!
1-/14+(%2,%'86b!"1=48

|

3.6.4 De novo genome assembly of Edaphochlamys debaryana

|

@&A0+-:$,8%$)$6)$/7)!:2(12(()7=.)410,/7'P8gLI"=!/0IN25I'/142%2*1:'%&!217) 2$!,) 24!
)$6%&!/0!g8UE!C=12$4123![PL!,)24!.)$6%&!/GC¥E& 2=.)! Q8B ('$6!1./=%//.(12(!
4)(5,'=)412=/1)*1$/'5/$%27'$2$%!5/$%'6(!:),)!4)%)5%)4!'$!)'%&),'1%&)!+,).'7'$2,317'$2(7!
2(07=.31,1%8&)!(-=()<-)$%'F2%$-12(()7=.38'h)!1%&),)0/,)!+,/5))4)4!:'%&!%&)!"$'%'2.|F2$-!
2(0)7=.3*1:&'5&!:2(14/. (&) 4!:'%&!],,/:1?%&,)) '%),2%'/$(B!-('$6!2..1212'.2=.)IN25I'/1,)24(8!
1l

A,,/,15/,,)5%'/$!:2(1+),0/,7)4!:"%&!N"./$!-('$6!V\Y>15/1),26)!/0!6)$/7'5!#..- 7'$2!42%2!
?21$)1.'=,2,3*1"PLI=+1+2' )A$4* @2=.) | @2$4!g8\U"=!/0'a[] ; )<!?/$)!.'=,2,3*1(%,2$4) 4!
"LLI=+1+2')4)$4* 1 @2=.)1BY,); +,/5)(('$6":2(!+),0/,7)412(14)(5,'=)4! '$'Y8 8E!K!Y8BY
234IN'./$!:2(1,-$!"%),2%'1).3!%&,))!%"'7)(8!!

1l

D'$2.!1+,/5)(('$6!:2(1+),0/,7)41=31,)7/1'$6!2$3!5/$%'6 (! (- ++/,%)4!1=3!/$.3!2!('$6.) IN25I'/!
,)2412$4E310".%),'$6!%&)!+.2(%'4!5/$%'6!?$/1 7'%/5&/$4,'2.15/$%'6(":),)'4)%)5%)4B8! F/$%'6 (!
) )1$27)412(1+),! Y8 88h)!4'4!$/%!5&)5C!0/,1+/%)$%'2.17'(2(()7=.")(16'1)$!%&)!.25C!/0!
(3$%)$3))%:))$!A0+'-:$,&$)$2$410+,-.)"$,'/..+ ?Y8\8\B8

1l
1'('$6.)'VEU\IC=H.2(%'4!5/$%'6!:2(1'4)$%'0")4!0,/7!%&)!+/.'(&)4'F2$-12(() 7=.3!2(14) (4E)
'$IY8 8B @&'(15/$%'6!2$4!F23$-1),,/,15/,,)5%)4IN251'/1,)24(172++'$6!%/1%&)!5/$%'6!:),)!
+2(0)4!1%/'F',5.2%/,8'N/.'(&'$6!:2(1+),0/,7)4!12($'Y8 8E,)(-.%'$6!'$!%&,))!,/-$4(!/01],,/:!
2541/$)!,/-$41/0IN"./$!+/.'(&'$68! @&)!0'$2.1+.2(%'4!12(()7=.3!:2(12!('$6.)!5',5-.2,!
5&,/7I(I7) E\UX\P 1=+!'$!)$6%&*!:&'5&!:2(!/,)$%2%)4!:' % &1+ (%2,%'86b!"1=+8

3.6.5 Annotation of genes and repetitive elements !

|

114,).'7'$2,31,)+)2%!.'=,2,31:2(1+,/4-5)410/,1)25&!(+)5) (:'%&a)+)2%S/4).),!1"8L.8""!
?2Q7'%!2%4!K-=.)3!ELI{EL"PB!a)+)2%!7/4).(5.2(('0"4!12('G-$C3$/:$HI%&!&/7/./6 3!%/10+
-8, .+ 1P8 1234WOH63,/-,. £E8"1%,23(5,'+%(12) ) ('w"L; Y*17)62=.2(%B!:),)!0".%),)4!
1-%!%/1,)7/1)!,)+)2%!7/4).(1%&2%!723!&21)!=))$!=2()4!/$!6)$)!027".") (8! @&)!6)$/7'5!
2=-$42%$5)!1/01)25&!,)+)2%!7/4).1:2(")(%'72%)4!=3!+,/1'4'$6!a)+)2%S2(C), 1\&AGT%!) %!
2.8!EL"EL"PB'%&1%&)10'.%),)41a)+)2%S/4).),1/-%+-%12(12!5-(%/7!.'=,2,3*12$412$ 31 @A(!:'%&!
215-7-.2%'1)1%/%2.'f"LLIC=!:),)!()5%)4!0/,!72%$-2.15-,2%'/$*10/../:'$6!"8\8Y8!l,")0.3*!
7-.9%'+.)15/+")(1/012!16'1)$!@A!),)!,)%,")1)4!=31<-),3'$6!%&)!2++,/+,'2%)!,)0),)$5)!6)$/7)!
-('$6!7)62=.2(%*'=)0/,)N25&!5/+3":2(1)>%)$4)412%'=/%&!0.2$C(12$4!2.'6$)4!-('$6!S|DD @!



198E\P?i2%/&!12$41Q%2$4.)3WHR!].'6$7)$%(!:),)!%&)$! 72$-2..3!"$(+)5%)4*15/$ () S(-(!
0<-)$5)(%:),)!5,)2%)4*1234'@A!1027".")(")),)!5.2(('0"4!10/../:'$6! h'5C),N%!2.8!?ELLgH4!
i2+ '%/$/112$4!m-,C212ELBIUB6('4)1%&)!7/(%12=-$423$%! @A(*!)!12.(/!5-, 298) ) -#(1-;
'C)).)7)$%(1?NeA(B!)>&2-(%'1).3!-('$8+,-.)"$,"/..+ NeAl+,/%)'$(12(!<-),) (*1:&'5&!2,)!
4)(5,'=)4"$'F&2+%),'P8!@&'(!+,/5)4-)!:2(12.(/'+),0/,7)41)>&2-(%'1).3!010+-.)"$, /.. +
?'8)815-,2%'$6!2..1,)+)2%!7/4).(1,)62,4.)((1/0!6)$/7'5!2=-$42$5)B*|:&'5&!"(12.(/'4)(5,'=)4!'$!
F&2+%),!IP8ID'$2.1,)+)2%!.'=,2,")(1:),)!724)!=3!5/7="$'$6!%4&)!a)+)2%S/4).),!/-%+-%!0/,!12!
6'1)$!(+)5")(":'%&!2..1$/1).15-,2%)4! @ RX2%2() %! QB! 0+&,/-,.+,)+)2%('0,/7!a)+=2()8!
@A('12$4!(2%)..'%)(1:) )1 (/o2C)4!=3!+,/1'4'$6!a)+)2%S2(C),!:'%&!%&)12=/1)!.'=,2,") (8'#$!
SB)'%&1%&)7/(%!,)5)308,-.)"$, ..+ 2$5/%2%'8!12=31)%!2.8IELMB: ;5/7+.)>'%3!12$4!
(7+)1,)+)2%(1),)1$/%!72(C)4!12(1%&)!&'6&!"B/$%)$%!/016)$-'$) I FXQ!523!,) (-.%!"$!
)>5)(('1)!72(C'$68

|

142+%),(12%41./: ;<-2."%3!=2():),)!1%,'77)410,/7)25&'a[]  ;()<!42%2()%!-('$6!
@,'77/72%'5!1L.8YRN.6),1)%!2.8!ELB!:'%&!%&)!+2,27)%),(1/+%'7'()41S3572$) (I ?EL"\B3!
@,'77)41,)24(1:),)172++)41%/1,)+)2%; 72(C)412(() 7=.")(":'%&!%&)F-2((17/4)!/0'Q@]a!
1E8°8"2X/="$!)%!2.8!EL'8IM$)!2$$/%2%'/$!:2(1+),0/,7)4!:'%&!la]iAa! 1E8"8E!?K/00!) %!
2.8!EL""M!K/00!)%!2.8!EI2HR-%/72%)4!+'+).'$)!1%&2%!5/7="8)(1%&)'!6)$)!+,)4'5%'/$!%//.(!
M$)72,C ;A@Pe/7(242))%!2.8'EL"WEBH4!19"9Q@9Q! ?7Q%2$C)!)%!2.8!ELL " M!Q%2$C)!)%!2.8!
ELLUBa)241+2',(172++'$6!%/1%&)!0/,:2,412$41,)1),()1(%,2$4(":),)!)>%,25¥H6! (27%//.(!
1"8TPe')%!2.8!ELIZHRI+2(()4!12(1'$4'1'4-2.11]S10".) (1%/!1a]iAa*!:&'5&!:2(!,-$!'%&!
%&)\GO@ac/$HR$4!G.(%,2%$4)4cdtH0.26(1%/!+),0719@a! 2$$/%2%8%) (-.%0'$6!6)$)!
7/4).(1:),)'0.%),)40/,16)$)(1:'%&!'$%),$2.1(%/+!5/4/B(*1+,/%)'$! ()<-)$5) (WY L1 27'$/125'4 (*!
1IFXQ!/1),.2++)4!1=3cYLjl@A(W(2%).."%) (!/,\fcgLjl./: ;5/7+.)>'%3W('7+.)!,)+)2%(8
N,/%)'$(!":),)!0-$5%'/$2..312$$5/%2%)4!1'2!-+ 98A%&)!N&35/5/(7'2.62.!6)$/7'5(1+/,%2.
?21.'6/,)11)%!2.8!ELESB

|

3.6.6 Phylogenomic analyses !

|

N$/7)12$416)%)12$5/%2%'/$(10/,12..1212".2=3+.)"$,'/.).$+ (+)5")(12$4!().)5%)4!/-%6,/-+(!
A2%2()%AY*IQ\B!:),)1255)(()4!0,/7)'%&),IN&3%/Z/7)!1"E!?'01212".2=.)B!/,|[FI#8!D/,!
2$5/%2%'1$!=2()412%$2.3() (*!+,/%)'$!5.-(%),'$6!2$2.3('(1:2(1+),0/,7)4!:'%&! ,%&/D'$4),'1ESES8Q!
?AT7(12$4!1)..3'EL"PB*!-('$6!%&)!./$6)(%!'(/0/,7!0/,1)25&!6)$)36&)! 7/4'0") 4£.2(%d/+%'/$(!
G()<!I3)(*!;(/0%z72C'$6!%,-)H()z(:z%=25CH!?0/../'$65/,)$/ ;K26).(")=!2%4!e2%'7),!
PELLUB2$4!%&)!4)02-.%!'$0.2%'/$!12.-) /86 $!f<-)$5)(10,/7/,%&/6,/-+(15/$%2'$'$6!
21('$6.)!16)$)!'$!12..1""I'$5.-4)41(+)5") (1?'8)8!+-%2%'1) ! ('$6.)!5/+36&/./6(B!:),)!2.'65)4!:'%&!
S|IDD@!2%4%,'77)4!0/,',)6'/$(1/0V./: ;<-2.'%3!2.'63$7)$%!-('$6!%,'7].11"8\8,)1"P!?G
2-%/72%)4"HIB2+)..2"-%'R,,)Z")%!2.8!EL&TBe!(+)5")( ;%,))!:2(!+,/4-5)4!-('$6!
5/$52%)$2%)416)$)12.'6$7)$%(!:'%S@AAl1"8 8T16-3)$!)%!2.8IEL"PB$!:'%&!
S/4).D'$4),1?G; 7'SDNHB?i2.322$27//,%&3")%!2.8!EL' 288 !-.%,202(%!=//%(%,2++38!?G
"LLLHBXK/2$6!)%!2.8!EL8IB@ale ;###!1P8 83&2%$6!)%!2.8!EI'2YB()41%)/!+,/4-5)!12$!
2.90),$2%'1)!(+)6,%,))!0,/7!'$4'1'4-2.16)$);%,)) (*!:&'5&!:),)1%&) 7(). 1) ('+,/4-5)4!10/,1) 25&!
2.'6$)4!('$6.)!15/+3;/,%8&/./6!-($6!#0; @aAAI2(14)(5,'=)412=/1)*1:'%&12$3!=,2$58&)(:'%&!
=11%(%,2+!(-++/,%!W"Lj!5/$%,25%)4!2(!,)5/77)$4)48!



|

[$$/%2%'/90,))!+&3./6)$)(":),)!+,/4-5)4!  0,/7'2142%2()%!/0!('$Eb)+3!/,%&/./6/-(16)$)(!
'4)$%'0")4!1=3!19QF _!1Y8L&HR%),&/-()!)%!2.8!ELNJR'$!6)$/7)!7/4)!:'%&!%&)!+,) ;
))2(0)!F&.1,/+&3%21/4="1142%2()%!?2../"'$6!7'(('$6!42%2!'$!-+1%/1%&,))!(+)5") (B8!D/,!)25&!
I9QF _16)$)*!+,/%)'$(1:),)!12.'6$)412$4 19%,'77)4*12$41%:/1(+)5")(%,))(1:),)!+,/4-5)412(!
4)(5,'=)412=/1)8

|

3.6.7 General comparative genomics and synteny analyses !

|

12('5!6)$/7)12(()7=.3!7)%,'5(!:),)!6)$),2%)4!-('$6!09]Q@!1P8L8L! ?*-))1'5&!)%!2!BL"YB!
a)+)2%!5/$%)$%!:2(1)(%'72%)4!=31+),0/,7'$6!,)+)2%!72(C'$6!/$!2..16) RN (5,'=)4!'$!

Y8 8P!1?'8)8!(-++.3'$6!a)+)2%S2(C),!:'%&!%&)!a)+)2%S/4).),/-%+-%!'0/,1216'1)$! (+)5") (!+.-(!
72%$-2..315-,2%)4!,)+)2%(10,/7!2..1(+)5)(B8!(() 7=.3!5/7+.)%)3$) (2('12(()(()4!=3!,-$$'$6!
I9QF_I'$!6)$/7)!7/4)!:'%&!%&)!|A-C2,3/%2!/4=T'2$4!F&./,/+&3%2!/4="142%2()%(8!A25&!
(+)5(1:2(1,-$!:'%&! 10+,-.)"$,"/..+ 2(+!5&.273EL""'BI2$D+6$,/-,. 2 (+!1/.1/>B!
19"90@9Q!+2,27)%),(*12$4!%&)!,-$!:'%&!%&) 7/(%!5/7+.)%)I9QF_!6)$X(!,)%2'$)48

|

Q3%$%)$3!()67)$%(1:),)!'4)$%'0")4!1=)%:)JBH,-.)"$,"/..+ 2$41%&)!%&,))!$/1).16)$/7)(!-('$6!
Q3$F&,/PX,"..I$1)%!2.8!EL"\B6&!2!=./5C!(%,'$6)$53!12.-)124).%2B!/0!E8!@/!5,)2%)!%&)!'$+-%!
0'.)10/,110+,-.)"$,"/.. *1:)I5/7="$)41%8&)!,)+)29%8".%),)4!1P8"16)3$)!2$$/%62%'/$ 0V B B!
1'%&!1%8&)!15)$%,/7),)!./52%'/$(10/,!"P!/0!%&)!"g!5&,/7/(17)(*12(14)0'$)4!e3!)%!2.81?ELEUB
@)!,)(-.%'$6!(3$%)$3!=./59(! )!I-04! %B&)5C!%&}H.)6-,/$2$4!10+*6"#(-**-,.6)$/7)(!
0/,17'(2(07=.)( '?Y8 8E*!Y8 8YBS!

|

]'Se!+&3./6)$3!/0! bBe#[Al).)7)$%(:2(!+,/4-5)410,/71%&)")$4/$-5.)2()!2%$4!,)1),()!
%,2%(5,'+%2()!4/72'$(1?'8)8!_aDEB!/0!2..1C$/:$!5&./,/+&B)0)7)$%(8!N,/%) $i<-)$5)(!
),)12.'6$)4*19%,'77)412$412$2.3()4!:'%&I#0@aAAI2(I'$!Y8 87 81]I0+.)6-,/$*10+*6"#(-**-, .+
2$400+'-:$5,&%$)$}.)7)$%(":),)!172$-2..315-,2%)4!12(1+2,%!/0!%&) ' 2$$/%62%'/$!/0!,)+)2%(!? Y8 8PB8!
@&MO0+2).6(66SX+A2'(,.[$8!2$4)0+6%,/-,.6)$/7)(1:))!(  )2,5&)4!-('$6!%=.2(%$!:'%&!%&)!
U-11bBc6=-1+,/%)"$!()<-)$5)!2(!<-),3*12$41%&)!=)(%!&'%(!:),)!72$-2..3!5-,2%)4!12(!+),! Y8 8P!
%/'2(()((1%&)!+,)()$5)!/,12=()$5)!/@-110).) 7)$%(I"$!%&)()!(+)5") (8

3.6.8 Gene annotation metrics and gene family  evolution !

|

@&)0+,-.)"$,'/..+ 1P8°16)$)!7/4).(1:),)172$-2..3!10".%),)4!=2()4!/$!/1),.2+!:'%&!%&)!$/1).!
)1)2%!.'=,2, 31'B8'B*:&'5&!,)(-.%)4!'$!%&)!,)7/12.1/0!"*LUP!+-%2%'1)| @ AW,) +)2%!6)$)(
A8 8BB!D/,12..1(+)5") (*12$$/%2%'/$!5/7+.)%)$) ((:2('2(() (()4'=8Y%)'$! 7/4)19QF !
2$2.3()(1-('$6!%&)!A-C2,3/%2//4=T'2$4IF&./,[+&3%2!/4="L142%2()%(8!")$)!027".")(}:),)!
'4)$%'0")4!-('$6!_,%&/D'$4),12(14)(5,'=)4!'$!Y8 8 1:'%&!1%&) ! (>184,)"$,'1.).$+ (+)5)(!
1'%8&!16)$)!12$$/%2%'/$09,-.)"$,'/.. *10+.)6-,/$*10+*6"#(-*-,. *]A0+"-:$,&$)$LO+1-6/(,$#-
2$410+6$,/-, B8IN,/%)'$!()<-)$5)(10/,12..1(+)5")(%:),)12$$/%2%)4!:'%& 1#$%),N,/14/72'$1#X (!
-('$6!#$%),N,/Q52$!1P&YOBL?M/$)(1)%!2.8!ELB\R/72'$1#X(!:),)12(('6%$)4!1%//,%&/6,/-+(!



=31'$D'$!1"8L!2€2)%(5&!2$4!1.2>%), [ EL0IR+2,%'5-.2, 1#X!:2(12(('6$)4!%/12%!.)2(%! EL!/0!
%&)!6)3$)(12%4!+,))$%!'$12%!.)2(%!PLj1/0!1%&)! (+)5) ('$5.-4)4!'$1%&)!/,%&/6,/-+8!!

|

3.6.9 Mating type locus evolution !

|

Q'$5)!1%&0+,-.)"$,'/..+ ,)0),)$5)!16)$/7)!'(! 34 ' *1)10",(%!/=%2'$)4!1%&H,-.)"$,/..+ 34 !
15-(12$41+,/%)'$(10,/7'[FI#!12255)((/$! MOU"\L"P8" BI2$4!5,)2%)412!15/7+/('%)!
5&,/7/(/7)"1'%&!12$! 34 "1&2+./9%3+)8!]!,)5'+,/52.1=)(%!&'%!2++,/25&!:'%&!=.2(%+!:2(!-()4!%!/!
'4)$%'0B %&/.16(*1(-++.)7)$%)4!:'%&!%=.2(%$!<-),)(1%/!()2,5&!0/,!6)$) (12=()$%!0;#71%&)
2$$/%2%'/$(8'@/'1'(-2."()!(3%$%)$3*!:)!-()41%&)!SF(52%!+'+).'$)!0,/71%&) 'mFb#!-%'.'%3!
'=,2,)(11L8T8"\P@2$6!)%!2.8! EIU&ER.+),0/,7(1$-5.)/%'4)12.'6$7)$%!:'%&!e]Q@!
2i)1t=2(21)%!2.81EL19R/!'4)$%'03!/,%&/./6(8!h)12++.") 41208/ )!/0IL8 T T*:&'5&!0'.%),(!e] Q@!
&'%(1%/1/$.3!,)5'+,/52.1=) (%! &'% (*1&a&),:'()!,)%2'$'$6!4)02-.%!+2,27)%),(8!h)! 72$-2..3!
5/$0',7)41%&2%!%&)'e]Q@!,)5'+,/52.1&'%(!:),)!5/$5/,42$%!:'%&!/-,1=.2(%+#!,)(-.%(8

+

E. :2(152.5-.2%)4!0/,1)25&!6)$)!-('$6! X]SIAg! ?I'2!EL"UB!]!,)0),)$5)!()%!/0!&'6&.3!
)>+,)(04!6)$)(10/,1)25&!(+)5")(1:2(14).'$)2%)4!1=3!+),0/,7'$6!5/,,)(+/$4)$5)!12$2.3('(//$!
5/4/$!-(26)!12(1'7+.)7)$%)4!'$!F/4/$h!? &% %+rWW5/4/$:8(/-,5)0/,6B83P4 %2C'$6!%&)!
4)02-.%!Pj!/0'6)$)(10,/71%&)")>%,)7)!/0!2>'(1"1?20%),!5&)5C'$6!%&2%'%&'(!()%!:2(1)$,'5&)4!0/,!
6)$)(1)>+)5%)41%/1=)1&'6&.3")>+,)(()4!)868!&'(%/$)(12%4!,'=/(/72.1+,/%)'$(B8! @ &)!5/4/$!-(26)!
0/,1%8&)!&'6&.31)>+,)(()4!,)0),)$5)!6)$) (1:2(1%&)$'H, 4)41%/' X]SIAg*12$4! E. :2(!
52.5-.2%)410/,1%&)!FXQ!/0!)25&!6)$)!-('$6!%&)!4)02-.%!/+%'/$! (B AIAV 0/.4!
027".)(""$%/!EH8!D/,|=/%68H.)6- /$-RS410+*6"#(-**- | *BES+2(12$$/%2%)4!=31&2$412(1'%!:2(!
2=()$%!0,/71%&)'1a]iAa!2$$/%2%'/$(1?.'C).3!14%/!"%(1(&/,%!.)$6%& ! 2$4!-$-(-2.!15/4/$!
-(26)B8

|

3.6.10 Whole -genome alignment and estimating divergence !

|

1$!U;(+)5)(15/,) ;=-)"$,1.).$ 'h"]1:2(1+,/4-5)4!-($6!F25%-(!  ?],7(%,/$6!)%!2.8!EL'TB
'%&12..1212'.2=.)1&'6&-2.'%3!6)$/7)(120+,-.)"$,'/..+ 1PH0+.)6-,/$*10+*6"#(-**-, . *IA0+
-:$,&%$)$ *LO1-6/(,$#-X+M0+2).6(8682'(,.)$+*10$4!0+6%,/-,]1IEBBI@&)!,)<-',)4!6-'4)!
+&3./6)$3!:2(1+,/4-5)41=31)>%,25%'$6!2.'6$7)$%(!/ONX!("%) (10,/7! ($&H)+3!/,%&/./6(!
'4)$%'0")4!1=319QF_! ?6)$/7)!7/4)*\F&./,/+&3%2!/4="1L142%2()%B8!N,/%)'$!()<-)$5)(!/0!
"*P\Y!I9QF _!6)3$)(1+,)()$%!'$!2..1)'6&%!(+)5")(%:),)!2.'6$)4!:'%&!S|DD@!2$4!(-=()<-)$%.3!
=25C%,2%(.2%)4!1%/!$-5.)/%'4)!()<-)$5)(8!Q'%)(!:&),)!%&)!2.'6$)4!5/4/$!'$!2..1)'6 &%! (+)5")(!
5/$%2'$)2N\X!('%)!":),)!%&)$!)>%,25%) 41 ?EPL*Y "I('%) (B*12$42883'4)$3!:2(1+,/4-5)4!
=31(-++.3'$61%&)\X!('%)!2.'6$7)$%!2$41%/+/.[6B\7) EB1%/!+&3./D'%!?NK]Q@!1"8\B!
?2Q)+).)%!12.8'ELURBB&!:2(!,-$!:'%&!4)02-.%!+2,27)%),(1?'8)8!"@a! (-=(%'%-%'/$!7/4).B8
|

h&),)1212'.2=.)1%&)!a!4/72'$!/0!1%&)2%'$6!%32).).) 1$/%!'$5.-4)4I'$1216'1)R(() 7=.3":2(!
2++)$4)412(12$1244'%'/$2.15/$%)6%,25%)4!0,/7'%&)!0/../:'$6![FI#!1255) ((/$(10+

-)"$, ..+ 34 "1M9U"\L"P8" *1L0+1-6/(,$#34 ' leFL'EQ"T8"*MO0+2).6(6634 leFY"\\"Y 8"*!
A2'(,.)$+*10134 172.) eFY"\\"P 8"*10+6$,/-,.84 172.)1 "\9gU\T"" 8"B8!]..16)$/7)(!:),)!
(/0%72(C)410/,1,)+)292(1+),! Y8 8P2$41F25%-(1:2(!,-$!- ('$6!%&)!6-'4) &3./6)$312$4!2..!

! T"



6)$/7)(1()%!2(1,)0),)$5)!<-2.'%38IN/H/5)(('$6!:2(1+),0/,7)41=31)>%, 25%'$6!217-.%'+.)!
2.'6$7)$%!0/,729%!2S]DBI2.'6$7)$%!:'0&L.)"S, ..+ 2(1%&)!,)0),)$35)$/7)!0,/71%8&,)!
)(-.%'$61&),2,58'52.12.'6$7)$%!?K]eBI0".)*I-($61%&) K@ (15/772$41&2.E7201?1E8"B!
2K'5C)31)%!2.8!FIB!: %&1%&)!/+%' )98.3_,%&/./6(12$4} $/]$5)(%/,(8!N2,2./6/-(!
2.'6$7)$%(1:),)!,)4-5)419%6/1/$)1()<-)$5)!+), 1(+)5') (1=31,)%62'$'$6!%6&)1()<-)$5)!: % &1%&,)!
&'68)(%!('7".2,'%31%/1%&)!5/$()$(-(1/01%&)!2.'6$7)$%!=./5C*-('$6!720X-+.'52%)D'.%),!
2720@11.(/(-%)1L8"BA2,.1)%!2.81EL8\B

|

D'$2.1)(%'72%) (/0!+-%2%'1).31$)-%, 2.14'1),6)$5)!:),)1/=%2'$)4!-('$61217)%&/4124/+%)410,/7!
A))$1)%!2.812EL"@D/,1)2580+,-.)"$, /..+ +,/%)'$5/4'$616)$) *196&)12.'6$7)$%!/01)25&!1)>/$!
2(1)>%,25%)412$415/$529%)$29%)48!D/,1%&)!(-=()<-)$%!FXQ12.'6$7)$%(*121('%)!: 2 (148 ('4),)4!
=)\XT'019%6&)I5/4/$I'H0+,-.)"$, ..+ '$5.-4)4121\X1('%)*12$412..10)1)$!/%&),(+)5') (1&2412!
%,'+.)%1/012.'6$)41=2()(196&2%12. (/'$5.-4) 4121\X1('%)12961%8&) 1 (27)1+/('%'/$17'8)81%6&)12.'6$) 4196, '+.)¢
:2(12((-7)419%/1=)12112. 415/4/$*1=2()A1/$!' % (12.'6$7)$%61%IR4 - )"$, ..+ 5/4/$BSI@&)!
)(-.%'$612.'6$7)$%!/0"PPE*P E!('%)(1:),)1%&)$!+2(()4!%/1+&3./D'%!: %&!%&)! (+)5')(1%,)) 12!
4)(5,'=)412=/1)8!

3.6.11 Identification of false positive and missing genes in Chlamydomonas
reinhardtii

M$)(1:),)10,(%6!(+.'%!'$%6/15/$%, 112/, %& .16+ /%) $I14/72'$!/,1=/%E&BI2$41%) (%!7$) %&.), !
1,%8&1.161$/,1+,1%)'$14/72'$B1429%2()%(8!IN&3./FQD!(5/,)(1:),/=%2'$)4!=31+2(('$6!+),1)>/$!
FXQ!2.'6$7)$%(!)>%,25%)4!10,/71%&)!n"]1%/IN&3./PEB)%!2 8IELRB'5&!:2(!,-$!'$!
GI7)62H17/4)1-($6!%&)!$)-%, 2.1=, 2$5&!.)$6%8&1%,))/=%2'$)410,/71+&3./D'%! ?Y8 8"LB8!
D/../$6! |=2(52.1)%!2.817ELMIBR)!+)6)$)!(5/,):2(1%2C)$! 2(1%&,)!&'6&) (%! (5/,'$61)>/$*]
($5)121(72..1()5%/$!/017'(2.'6$7)$%!/,'$5/,,)5%! 2$$/%2%'/$12:&'5&! 7231=)1./52.' () 41%/12!
($6.)1)>/$B!52$152-()12$1/1),2..1$)62%'1)1(5/,)10/,1%68))$%',)IFXQU/OI 246)$+,/%)'$;
5/4'$616)$)81A>/$12.'6$7)$%(1:),)!%, 77)41%/15/4/$!=/-$42,)(1%/1+,)(),1)!,)24'$6!0,27)!
2$41/$.31)>/$(1/012%!.)2(%N\PI=+1:),)12$2.3()481#0I$/! (- %2=.)1)>/$(1:),)1212".2=.)10/, 12!
6'1)$!6)$)*1%&)!(5/,)1:2(1%2C)$!0,/71%&)1)$%',) FXQ8I)$) % 51448} :2(152.5-.2%)410,/7!
) :0<-)$5'$61429%621/01"¢0+,-.)"$, ..+ 0).41'(/.2%)(10,/710-)=)512(27+.)4AI"TTYWT\B*1=2()4!
1$1%8)112,'2$%!52..'$612$410'.%),'$6!2(14) (5, SF42:63)%!2.81 PELSEB :2(152.5-.2%) 410/,
)25&16)$)12(14)(5,'=)42=/1)10/,110+.)6-,/$RS410+*6"#(-**- .81 @&)!i/Z2C5/$()B(-(!
(<-)$5)L/6/10/,1 10+,-)"$,"..+ :2(14)%),7'$)41"'%&Ih)=e/6/1Y! ?F /IC(1)%!2.8!ELLS!
+,/1'4'$61%68&) I P1=+1:12$414/:$(%,)271/01%8) (%2, %!5/4/$(1/012),2$4/7.31().)5%)41&2.01/01%&,)!
5/$9%.,/.16)$)!()%!2g* UE!6)$)(B8!i/Z2C!(5/,)(1:),)!52.5-.2%) 410/, 1./:15/4'$6!+/%)$%'2.16)$)(!
2'8)816)$)(1%682%!02".)412..19%&.))15/4'$6!+/%)$%'2.1%) (% (*|Y 8\8UB*1%&)1/%&,), 1&2.0!/01%&)!5/$%,
6)$)(12$4!"L*LLL!,2$4/71()<-)$5)(1=2()41/$12$!21),26)16)$/7) ;:'4)"FI5/$%)$%!?"\8"B8!
D/..1"$6! F,/((1?EL"PBI%&)!(5/,)1:2(152.5-.2%)4!=31(-77'$6!%&):82()!="%!(5/,)!0,/71%&.)!
5/$()$(-(1()<-)$5)!10/,1)258172%5&'$6!=2()!"$!%&)1<-),3!()<-)$5)!/1),1%6&)!"LI (‘%) (| 285!
(%2,%15/4/$'%().0!:2(!)>5.-4)4B8!

|



8-+)(5(+6)9%)!12$$/%2%'/$!:2(1+),0/,7)41/$1%&P+,-.)"$,'/..+ 1P!6)$/7)!-('$6!la)iAa!
?:'%&/-%'19@a!2$$/%2%'/$B12$4!12.; [3142%2()%(!+,/4-5)41€3%,)$C),%")%!2.8! HEL"TB
N/%)$%'2.1$/1).16)$)(":),)!14)0'$)4!12(1%&/()!:'%&/-%!2$3!/1),.2+!'%&!IFXQ!/0!1P8"16)$)(8!
Q3BF&,1:2(1) ;,-$1262'$(%0+.)6-,/$RB410+*6"#(-**-,.+('$6!-+42%)4D+,-.)"$,'/..+ '$+-%!
0.)('5/$%2'$'$6!%&)!+/%)$%'2.1$/1).16)$) (8!N&3./FQD!(5/,)(1:),)/=%2'$)412(12=/1)*1)>5)+%!
(57,)(1:),)1%2C)$!0,/71)$%'", ) IFXQ!%/)$(-,)1/$.31%&)!&'6&) (%!5/$0'4)$5)!7/4).(!2),)!
,)%2'$)48!1a)iAal6)$)(1:),)!,)%2'$)4!'01%&)3!&24121(3$%)$'5!/,%&/./6/,'2IN&3./FQD!{5/,
f'LL8!

|

3.6.12 Conserved element identification and analyses

|

FA(!),)!'4)$%'0)410,/7'%&)!(+)5") (th]!-('$6!+&2(%F/$(!  ?2Q")+).)%!2.8!ELL'PER!%&)!
+&3./D'%!$)-%,2.17/4).1?Y8 8"LBI2$41%&)!(%2$42,419F QF +2 2 YA B U4 ) $6 %8 \P!
%2,6)%61),26)cL8Y*t ,&/CL8Y"H8IN2,27)%),!%-$'$6!:2(12%%)7+%)4*1=-%!"%!+,/1)414'00'5-.%!%/!
25&")1)121=2.2$5)!=)%:))$!/1),.3!./1$6!FA(!5/$%2'$'$6!%// 72 BB$5/$(%,2'$)4!=2()(12%!
19)1)>%,)7)*12$41/1),.310,267)$%)4!FA(12%!%&)!/%&),*12$4!%&)! (%2$42,4!+2,27)%),(!:),)!
0/-$41%/1+),0/,7'2(124)<-2%).3!12(!/%&). (8!

|

10+,-.)"$,'/..+ (%)!5.2(()(":),)!4).'$)2%)4!-('$6!%&)!,)+)206.%),)4!11P8 12$$/%2%'/$!?Y8 8UB*!
2-67)$%)4!:'%&!%&)!"\E!$/1).16)$)(1'4)$%'0")4!?Y8°8"'B8!@/'2(()((1%&)!6)$/7'5!4' (%, '=-%'/$!/0!
5/$(),1)41=2()(*1('%)!5.2(()(\:),)!52..)41-$'<-).3I'$121&"),2,5&'52.172$$),*1(/'%8&%!'012! ('%)!
:2(12%%5/%2%)412(171,)1%&2%!/$)!('%)!5.2((1'%!:2(152..)4!1=2()4!/$!%&)'0/../:'$6!&"),2,5&3r!
FXQ*IPn!9@a*!Yn!9@a*!'$%,/$'5*1'$%),6)$'58! _1),.2+(1=)%:))$!('%)!5.2(O)(12$4!FA(!),)!
52.5-.2%)4!-('$6!1AX%//.(11ESE "8ht'$.2$12$4!K2..|EL"LBD/,12$2.3()(1/0"'$%,/$!.)$6%&!
2$415/$(),12%'/$*12..I'$%,/$(!:),)!52)4!=2()4!/$!./$6)(%!"(/0/,7('2(1%&) 3! 2++)2,I'$!%&)!
2$$/%2%'/$!?'8)81$/1&"),2,5&'52.152..'$6!:2(1+),0/,7)412(14)(5,'=)4!2=/1)B8

|
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|
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F&2+%),8!h)!121'$4)=%)41%/'e):'(1Q%)1)$(*!X/7'$'Cle2)%(5&!2$4!S2,C!1.2>%),!0/,!%&)",!
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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

|

@&)!:/,CI'$1%&' (1I5&2+9R)H),0/,7)412(1+2,%!/0121.2,6)!5/..2=/,2%'1)1)00/,%!=)%:))$!
)02,5&),(10,/719F!1),C).)3*1%&)19%$'%)41Q%2%)(1X)+2,%7)$%!/0!A$), 63*12$41) . (Fi@kH!
%&)10' ¥, (/$!+.-,2. I'(1-()41%&,/-6&/-98)..1(27+.)1+,)+2,2%"/$*1$-5.)'5125'4(1)>%, 25%'/$!
2$41()<-)$5'$6!:),)!1+),0/,7)412%!%&)!m/'$%! )/ 7)1#$5(%'%-%) 8 E[H0!6)$/7)!
2(07=.)(":),)!+,/4-5)41=3Im),,3Im)$C'$(12%!%&) |K-4(/$]. +&21#$(%'%-%)10/,1'/%)5&$/./6 381!
+,/4-5)415& 1 7/(172. ;)1).12(07=.)("$!5/..2=/,2%"I$!:'%&! .'1'),'b2../$!12%!%&)!F[aQ8!
N,).' 7'$2,316)$)12$$/%2%'/$(1:),)!+,/4-5)41=31Q&)$6<'2$6!Q&-12%1%&)!m/'$%!")$/7)!
#$(%'%-%)81#1+),0/,7)412. 1+[(FH(('$6!/01%&)!6)$)!12$$/%2%'$(12(H4'=)4 I'$1%&'(15&2+%),8!
_$) 10)5%'/$1/01%&)10/,%8&5/7'$6!72$-(5,'+%!4)%2".'$6!.'$C26)!(-++/,%!0/,1%&)5&,/7/(/72.!
2(07=.)(1:2(1+),0/,7)4)$%",).31=3IN2%,'5)!Q2./7TRI2$41&2(1=))$2,6).3V7'%%)48! @ &)!42%2!
-$4),.3'$6!D'6-,)! 1 ),) 1+,/4-5)41=31Q)2$!"2..2&),8!@&)!:/,C!:2(I(-+),1'()4!=3IQR=) ) &2!
S),5&2%$%!2$41m),) 73!Q5&7SHZ/%)!2. 1%)3%),0/,7)412..14/:$(%,)2712$2.3() (1?-$.)((!
(%2%)412=/1)B41+,/4-5)412..10'6-,)(12$41%2=.1(3),2.1,)0),)$5)(1%/!:/,CI'$IF&2+%),(IE!
2$41Y2,)15'%)412(IF,2'61)%!2.81?EL"TB!2$4!F,2'6!) %! 2BFPH(+5%'1). 38!



4.2 Abstract !

|

_1),1%8&)!.2(%!%:/14)524)(*1%&)!F&.2734/7/$2(1")$/7)IN,/J)5%&24-5)4 10'1)!'%),2%"/$(!
[01%&NHS%& (% ()$*+,-.)"$,' ..+ ,)0),)$5)!6)$/7)8!@&)!5-,,)$%!1P12(()7=.312$4!
2$$/%2%'/$!:),)1,).)204'$IEL"EI2$41241235)(I'$!()<-)$5'$6!%)58&$/./631+,)()$%!2!72J/ !
[++/,%-$'%319%/1'7+,/1)196RI0-$427)$%2.1,)(/-,5)(8!h)!+,/4-5)IN25I'/ ;=2()412(()7=.")("
0/,1=1%&1%&)172%'$64%422¢ B4 ! BU$S6 ;%),7!,)0),)$5)!(%,2'$!FFPLY 12$41%&)!72%'$6!%3+)!
%.)2*34 "Bl(%,2'$IFRPYESIF&,/7/(/7) ;.)1).12()7=.)(":),)!+,/4-5)4!l  '-+)(5( 11'2!
)0),)$5)1%/1)>%,'$('5!()<-)$5'$6!42%2*1&'(%/,'52.1.'$C26)142%212$41$):1C$/:.)46)!/0!
5)$%.,/7),)(12%$4!(-=%)./7),)(8!()7 =.3!5/$%'6-'%3!:2(1'7+,/1)41=312$!/,4),1/0!726$'%-4)!
2$41=/%&!12(()7=.")(12,)!)>+)5%)41%/1=) 1$527+.)%)!:'%&!, ) (+)5%!%/16)$'5! ()<-)$5)*!:'%&!
W'LL!,)72'$'$6162+(1./52%)4!'$1%&)! 7/(%!,)+)%'%'1)16)$/7'5!,)6'/$(8![)2,.3!UL]!/010"..)4!
62+(1),) I'$!6)$'5!1()<-)$5)*1+,/1'4'$6!(-=(%2$%'2.!(5/+)10/,12$$/%2%'/$!'T+,/1) 7)$%8! @ &)!
$):12(07=.)(1,)1)2.)4)>%)$('1)!'$%, 2 : 12$4!'$%6)5&,/7/(/72.17'(2(() 7=.") (I'$! 1P8!
144'%'/$2..3*1:)10/-$41%&2%!%&)FAFY6)$/7) 1&2,=/-,)41723/,/(%,-5%-,2.17-%2%1%(
'$5.-4'$6121,)5'+,/52.1%,2$(./52%'/$*12$!IVPLLIC=I"$1), (/$*12$4!fPL14).)%'/$(1200)5%'$6! V"L L!
6)$)(8'h)1%&),)0/)1,)5/77)$4 1%&)!-()V/OFF ;\PYE!2(1%&)!+,'72,3!,)0),)$5)*!12.%&/-6&!:)!
2.(114'(5/1),)41%&2%\%86,2'$(1)>+),)$5'$6!2!,2+'41+,/.'0),2%'/$1/01%, 2$(+/(25).) 7)$%(!
2@ABA@&)(),)(-.%(I'7+.31%&2%!2..1.2=/,2%/,3!(%,2'$(12,)!)>+)5%)41%/1&2,=/-,1()1),2.1-$'<-)!
(%,-5%-,2.17-%2%'/$(8!D'$2..3*I-('SEW1 2$4!)>%)$ (‘1) 1a[] ; ()<!42%2()%(!:)!+),0/,7) 4L+
)(5(+(%,-5%-,2.12$$/%2%'/$!/$!)25&!12(() 7=.3*!(-=(% 2$842%3$6!2$4!'7+,/1'$6!-+/$!+2(%!
2$$/%2%'/$(8!F/..)5%'1).3*1%&)()!,)(/-,5)(1&),2.412$!)>5'%'$6!$): 1) | 240%6 &' (% () $*+
6)$/7'5(12$412,)1)>+)5%)41%/1+,/1'4)1%&)!10/-$42%'/$!/01,)()2,5&!"$!%&'(I'7+/,%2$%!7/4).!
(3(%)7/1),1%&)!15/7'$6!3)2,(8!

|



4.3 Introduction !
|

1("$%,/4-5)41'$!"8Y8"0'1)1,)0),)$5)!2(()7=.3! 1),(/$(1/0!%&)!0+,-.)"$,/..+ 6)$/7) 1&21)!
=))$!+,/4-5)4! %/142%)*12..1/01:&'BR) 1+,'72,'.31=2()41/$1Q2$6),!()<-)$5'$6*!:'%&!
244'%'1$2.\P\I()<-)$5'$6!+),0/,7)410/,!1P!1?7 /((72$!)%!2.8!ELLYM!S),582$%!)%!2.8!ELLgM!
1.2=31)%!2.8!EL"88).)2()4!"$!EL"E*1%&P!2(()7=.3!(+2$(!""'8"IS=*I:'%&V Y 8(j!62+(*!Y!
-$+.25)41(5200/.4(12$412!5/$%)@).![PL!/0!VEEL!C=8!].%&/-6&!%&)()!2(()7=.3!7)%,'5(!
)+.)0$%)41215/$('4),2=.)125&")1)7)$%!2%!%&)!%'7)!/01'%(!,).)2()*!,)5)$%!4)1)./+7)$%(!'$!./$6!
)241()<-)$5'$6!90)5&%$/./6") (1&21)!+,/1'4)41%&)!+.2%0/, 7' B PL)! (-=(%2$%'2..3!7/,)!
5/$%'6-/-(12(()7=.") (8! @&'(1&2(!,)5)$%0.3!=))$!,)2.'()410/,!5./()!,).2%' L) (/@+,-.)"$,'/.. X+
:&),)IN25'0'5!1'/(5")$5)(!?N251'/B!()<-)$5'$6!&2(!+,/4-5)412(() 7=.")(171,)'5/$%'6-/-(!
%&2$!1P!10/,10'1)!(+)5")(1/0!-$'5)..-.2,12$4!7-.%'5.2,!11/.1/5'$)12.62)! ?K272J')%!2.8!EL"UM!
F,2'61)%!2.8|ELESAB2=.3*1$/$)!/01%&)()!2(()7=.)(12,)!5&,/7/(/7) ;.)1).*12.%&/-6&!=3!
5/7='$'$6IN25I'/1()<-)$5'$6!:'%&!1244'%'$2.12++,/25&)(1?)868!/+%'52.172++'$6B!&'6&.3!
5/$%'6-/-(\5&,/7/(/7)  ;.)1).12(()7=.")(&21)!=))$!+,/4-5)410/,171,)14'(%2$%.3!,).2%)4!2.62!
(-5&12(1",(%(6"#(,.*+>(J.)9.-)*.*+ ?a/%&!)%!2.8!EB'DB %&),7/,)* qX/$$)..1)%!2.8!?ELELB
+,/4-5)412$!-$2$$/%2%)4!12(() 7=.3!/0!%EH!-.)"$,/.. 1.2=/,2%/,3!(%,2'$!FFTLI?cE"!6,B!
-('$6!-.96,2./$6![2$/+/,)1()<-)$5'$6!  ?e'-1)%!2.8!EL"TB!:&'5&!%&)!"g!5&,/7/(/7)(12,)!

2(()7 =.)412(1/$.3'E"15/$%'6(8

|

N),&2+(1/0!6,)2%0),!('6$'0'52$5)1%&2$!2(() 7=.3!5/$%'6-'%3*1%:/!,)5)$%! (%-4') (1&21)!&'6 &.'6 &%) 4!
'$5/$('(%)$5")(1=)%:))$!6)$)%'F2++'$6!,)(-.%(12$41%&)! 1P!2(() 7=.3*1+/%)$%'2..3!'"$4'52%'$6!
7'(2()7=.)(8! Q2./7TR!2$4!S),5&2$%!?EL¥TR)$%)4!%&)!52()!/0!%&)!+&3%/)$)!(3$%6&2()!
6)$)! @ GRb&A!'(17-%2%)4!'$!1%8&.)":&'%) | 7T AEBBRIS&!"(15-,,)$%.3!./52%) 4!/$!5&.,/7/(/7)!
E!4)(+'%)!=)"$6!+,)1'/-(.3!72++)41%/'5&,/7/(/7)!""! ?S5F2,%&3!)%!2.8!EBIIAB:2!)%!2.8!
?ELELB&2,25%),'()4!%&)!/5%/%,'5/+)+%'4)!,)+) 2% B4PEEY%&2%!" (17-%2%)4!'$1%&) 1$/$
+&/%1/(3$%8&)%'5! 7-%B3YIRS4!/=(),1)41%82%!%&)!6)$)!'(1./52%)4!/$58&.,/7/(/7)1"g'4) (+'%)!
&21'$6!./$6!('$5)!=))$172++)41%/15&,/7/(/7)!"P! ?X-%5&),!)%!2.8!"B#8%),)(%'$S6-B&
'$5/$('(%)$5)(1),)!'$%,/4-5)414-,'$6!%&)!%,286'/$!0,/711\1%/! 1P*!, 2'('$6!%&) ! +/(('=".'%3!
%&2%!(/7)1/101%&)'2(()7=.3""7+,/1)7)$%(17231&21)!5/7)12%!%&)!5/(%!/0Y),,/ (8!

|

#$1244'%'1$1%/1%&)!1+/(('=".'%3!/017'(2(() 7=.") (*!%&),)!" (12!0-,%8&),!+/%)$%'2.!"((-):'%&!2..!
+)1'7-(12(()7=.3!1),(/$(8! @17))%!%&)!&'6&!X[]!3").4!,)<-',)7)$%(!/0!%&)")2,.3!6)$/7)!
+,/13)5%*1215)..1:2;.)((17-%2$%!:2(!-()4!2(1%&)!,)0),)$5)! (%, 2'$8! @&'(! (%, 2 Bt F P67 C[B*!
:2(14),'1)410,/7'%8&)!34 ' 1(%,2'$!FE'EP!?2¢"Yg5B*:&'5&!qG:".41%3+)H!.2=/,2%/,3!(%,2'$
0,/7'%&)!A=)/.4We)1'$)!(-=.'"$) !?"EY B&&)!5)..1:2.;. ) ((1+&)$/%3+) 2(I'$4-5)4!=3!
7-%26)$)('(1:'%&1%8&)!7)%&3.2%'$6!26 /%83 [N ;$'%,/[ ;$'%,/(/6-2$'4'$)!?S[[*B!=3!
K327(12$4X21")(1?"TQEB2.%&/-6&1%&)! 7-%2%'/$!-$4),.3'$61%&)!+&)$/%3+)!1&2(1$)1),!=))$!
5&2,25%),'()48!S[[M+,'72,".3!'$4-5) (I'rF1%/'r@!%, 2$('%'/$(*12.%&/-6&!&'6&!4/() (152$!
'$4-5)14/-=.)1(%,2$4!=,)2C(1?XQI(B!2$4!5&,/7/(/72.12=),,2%"/$Pi2'$2! ELL\M'h2%%!2$4!
N'%%72$!ELR@R&)!025%!%&PANAFEC).3!5/$%2'$(12%!.) 2(%!/$)8i5%'/$2.16)$)1&2(1=))$!
%1.),2%)4!1=2()4!/$!%&)1)>+)5%2%"/$!%&2%!%&'(1:/-.418&21)!=))$!%&)!,)(-.%!/012!+/'$%! 7-%2%'/$!
2('7'.2,1%/1%&)'-$,).2%)4! 7-%2%' | PESBASAPEA D08 2%\ +,) 1)$%! $' %2%RR0'/$!12$4!2,)



+)0$% ' SIFE"EP*12$419%&),)0/,)12.(IFPLY12$419%8&)!,)0),)$5)!6)$/7)B8IK/) 1), *12(1$/$)!
101%&)16)$)%'51/,17/.)5-.2,172++'$61,)(-.%(:),)!14), 1)410,/7IFF ;PLY*1'%!'(1+/(('=.)!%&2%!
(I7)1/01%&)'$5/$( (%)$5') (1=)%:))$!72++'$612$41%6&)12(@73! 723!'$1025%!=)152-()41=3!
)2,,2$6)7)$%(1-$'<-)1%/IFF PLY8!Q-5&121&3+/%&)((1&2(1$)1),!=))$!%)(%)48!

|
1)3/$419%8)!(%,-5%-,)1/01%&)12(() 7=.3"'%().0*1%&)1 7/(%!'7+/,%2$%! (/-,5)/0V'$0/, 72%'/$12,)1%8&)!
(%,-5%-,2.12$$/%2%'/$(1%& 2% 4)(BEAVIRY0!6)$) (12$41%6&)!+,/%6)(J5K-)$5)( 1%&)3!
)$5/4)81(14/5-7)$%) 4'$I"8Y 8"*1968)12$$/%2%/$(1&21)12.(/1=))$!,)6-.2,.31-+42%6)4I'$1.'$)!
1%6&1%6&)!,)0),)$5)16)$/7)41-%" ($6!'7+,/1)7)$%(I'$12$$/%2%'/$12.6/,'%& 7 (*1%&)!1212".2=".'%3!
101&/71.163142%21%4(H5 (<+6S, /-, + /%)B(1?N,/58$'C1)%! 2.8 EEIRBHT7/(%!'7+/,%2$%. 31%&,)!
%,2$('%'/$10,/71Q2$61R2$4N\P\; ()<-)$5)41)>+,)(()4!()<-)$5)1%26(1?AQ @ fBII 4))+!
%,2$(5,%/7'51()<-)$5'$6!2'8)81a[] ;()<B!+),0/,7)41=31#..-7'$21()<-)$5'$68].%&/-6& P &)!
5-,,)$%!1P12$$/%2%IBEB (16)$),2..315/$('4),)41%/1=)/01&'6&1<-2.'%3*1()<-)$5'$6!
2412$5)(1/$5)1262'$!+,)()$%!%&) 1+, /(+)5%!1/010-,%&),I'7+,/1) 7)$%(8!D/,1)>27+.) 4286
()<-)$5'$6!82(1=))$!12++.")41%/10.)$6%&!ISX[](*)$2=.'$6!5/7+.)%)'(/0/, 7(1%/!1=)!
52+%-,)41=31('$6.)!,)24(12$4!+,/1'4'$6!-$+,)5)4)$%) 41 ) (/.-%'/$!/0!6)$)!(%,-5%-,)(8IN25I'/!
5X[] 1.'=,2,)(12'8)81(Q)<B),)!,)5)$%.31()<-)$5)410/,! 10+,-)"$,1.. *1.)24'$61%/1%&)!
4'(5/1),31/01+/.35'(%,/$'5!6)$)1)>+,) ((/$ I'$1%&)!(+)5')"2..2&,),)%!2.8! ELETIRL), 2.
)5)$%!(%-4")(18&:21)12.(/1&'6&.'6&%)41(+)5'0'510)2%-,)(1/01%&) | 1 P! BHBH&2%6Y5/-.41=)!
'7+,/1)4810'219%8)15/7+2,'(I$!/012!-+) (5(+ %,2$(5, +%/7)12(() 7=.31%/1%8&) ' 1P!6)$/@*!'$!
2$41F /((1?EL" B'4)$%'0)417/,)19%&2$!"LLIG&'44)$H!)>/$(1:'%&'$12(()7=.3!62+(*'$4'52%'$6!
0682%!'$5,)2()(19%6/15/$%'6-'%6312,)1)>+)5%)41%/!'7+,/1)12$$/%2%'/$81#$! 2! (B /KA (Y6-43*!
20 "PB(&/:)41%&2%!/1),\LLLIB)$)!7/4).(1&21)1'$0,27)1-+(%,)271/+)$!,)24'$610,27)(!
2_aD(B*12$41%8&2%!2!(-=(%2$%'2.1+,/+/,%'/$1/01%&)()12,)1.'C).31%/!,)+,) ) $ Y810 -5
)>%)$('/$(1%/1%&) !+ 1) $5/4)41=31%&)()!6)$) (B12=312$4!1.2=3;K22(I?EL"gR+/,%)A4!
0%682%!/1),I"LLI6)S)(1+, 5P $12$$/%62%'/$11\8YI:),)1$/%!(-55)((0-..31%,2$(0),,)41%/1 1P!

5/7+2,2%'1)16)$/7'5(12++,/25& T, 2'61)%!2.81?ELEDB%'0)4!"\E7'(($6 16)$)(*!

)5/ 1),'$6!Ygl/019%&)!G./(%H!1\16)$)(IRBA'$SBEPS):16)$)(!I %&2%:)3,)()$%!/$!
+1.35'(%,/$'51%,25(5, +9%(1%/6)%&),1:'%&!)>'(%'$6!1PBME) 2K, ) %!2. 8! ELE]B/$.3!Ug!
+1.35'(%,/$'51./5':),)'4)$9%'0') 41'$1%6/%2.1%&' (1, 2' ) (1%6&) +/((=". %31%82%!+,) 1'/-(12$$/%2%'/$(!
7231&21)!/1),.//C)41()5/$42,3!_aD(8!D'$2..3*F,2'61)%!2.81?ELE4IB/, 7)4121%&/ /-6&!
<-2.'9%312(()((7)$%/011P8"16)$)! 7/4).(*|,)+,YBB/6&2%!()1),2.1&-$4,)416)$) (1&21)!./:!
5I4'$61+/%)$%'2.12$4!1.'C).3!,)+,)()$%!02.()!+/('%'1)! 7/4).(8!

|

K),)E)H,) 0$%!%&)10', (%1 72/, 1-+42%)1%/1=/%QW684)8, /.. 2(()7=.312$412$$/%2%'/$!'$!
11),1)'6 &%!3)2,(8!h)!0",(%!+,)()$%!I2IN25R()4!-+)(5( 12(()7=.310/,IFF ;PLY*&'5&!:)!
-()1%/14/5-7)$%!%&)15/,)5%"/$!/01()1),2.1.2,6)17'(2(() 7=.") (12$419%/14)(5,'=)1%&)! () <-)$5)!
5/$9%)>%!/012(()7=.3!62+(I'S!1P1%6&2%!&21)1$/:1=))SIRU:)BBH/- 1-+42%)412(() 7= .3!
)1)2.)41%82% 1% &IFEFY 16)$/7)182,=/-,(172$3!.2,6)!(%,-5%-,2.17-%2%'/$(1+,)4'5%) 41%/!
200)5%!V"LL!6)$)(8!h)12.(/1+,) ) $%!2IN25£R ()4!-+)(5( 2(()7=.3!/0!%&B4 "1.2=/,2%/,3!
(%,2'$IFRPYE*12$41,)5/77)$41%82%!%8&' (12(() E3!3)412(1%&),'72,3 1,)0),) $5)!6)$/7)!
'$17/(%-(),152()(8!)!+,) () $%!&'6&1<-2.'%31(%,-5%-,2.12$$/%2%'/$(10/, 1=/%&!2(() 7=.") (*!: %&!
%&)!'$5/,+/,2%'[$I/01#(Q)<!429%21.)24'$61%/15/$('4),2=.)1'T+,/1) 7)$%(8! @&)()!-+42%)(172,C!

I Tc

<



0%6&)1(%2,%!/012$1)>5'%'$61$): ) 24E&' (%()$* 16)$/7'5(*!: '%&14)1)./+'$6!/++ %-$'%")(!
%/1+,/4-5)1,)0),)$5)1<-2.'%312(() 7=.") (12$412$$/%62%/$(10/,1()1),2.1(%, 2'$(@HAT (/.2%)(!
1019%&)!(+)5')(8!

|

4.4 Results and Discussion !
|

4.4.1 CC-503 version 6: along read Chlamydomonas reinharadtii reference

genome !

|

1" %&)!0',(%!(%26)!'$!-+42%'$6!%&)! O)PHFI)!:)!+,/4-5)4121  '-+)(5( 6/$%'6)1).!
2(()7=.3!0/,!FF ;PLY!0,/7!12!&'6&!5/1),26)!?V"Eg>B!./$24142%2()%!()<-)$5)4!/$!%&)!
N25I'/1Q)<-).!+.2%0/, "?\8P8&@#3$!.'$)!:'%&!%&)!,)+/,%)4!'$5/$(' (%) $BFYB:)!'4) $%'0")4!
01),2.15/$%,24'5%'/$(1=)%:))$!%&) 1 1P!5&,/7/(/7)(12$4!%&)(5( 2(()7=.)4!5/$%'6(8
FI$()<-)$%.3*1:)N$%").3!)2(()7=.)412..1;).. ;(-++/,%)4!15/$%'6(1%/'\5&,/7/(/7)(*!:'%&/-%!
2$3!,)0),)$5)!1%/!+,)1'/-(11),(/$(8'@&'(1:2(125&")1)4!=3!"$%)6,2%'$6!) 18)!0,/7!()1),2.!
42%2!(/-,5)(8IN,'72,".3*1:)172++)41%&)!5/$%'6(1%/!%&) ! &'6 &.3!5/$%'6-/-({[2$£2() 4 FF;
“TLI2(()7=.3! 7_gX/$$)..1)%!2.8!ELEU@E)!,)(--%2$%! 72 +HN5( 12(()7=.)4!5/$%'6(1%!/!
FF;"TL!:2(1%&)$!0-,%8&),!12.'42%)41262'$(%!%&) INJBB(! 2(()7=.)4!5/$%'6(!/0!FF;
\PYE!?\8FB8!@&'(12++,/25&!$/%!/$.31)$2=.)4!5/$%'6(1%/'=)!+. ZRITRI7) (!'$! 2!
72%$9),15/$('(%)$%!25,/((12..1%&,))12(() 7=.") (1?:'9BE&H)>5)+%"'/HO0!5&,/7/(/7)('E!2$4! T*!
\8\8\B*!=-%012.(/10/,162+!.)$6%&(!=)%:))$!,) 72'$'$6!5/$%'6!=,) 2C(1%/!=)!)(%'72%)4!,).2%'1)!%/!
FF;"TL8] ..172J/,(%,-5%-,2.15&2$6)(!:),)!12.'42%)4! 3G%6)$)%'5!2$31.)5-.2, 172++'$6!
42%28!D'$2..3*1,)5)$%!C$/:.)46)!/01%&)!,)+)%'%'1)|(%,-5%-,)!/0!5)$%,/7),'5!12$4!(-=%)./7),'5!
,)6'$(1+,/1'4)41)>%,'$('5!)1'4)$5)! (-++/,%'$6!%&)!12.'4'%31/0!1%&)!$):15&,/7/(/7)'7/4).(!
?'8)81%&2%!)25&!5&,/7/(/7)!5/$)488$)!5)$%,/7),)!12$41%),7'$2%)4!'$!(-=%)./7),) (B8!

|

@8&),)(-.%'$6!5&,/7/(/7) ;.)1).12(()7=.3! 2FF,PLY!1 Bb&'='%)4!4,272%'5!'7+,/1)7)$%(!'$!
5/$%'6-'%3!,).2%'1)1%/!+,)1'/-(11),(/$(1?@2=.)!"B8IF/7+2,'$6! 1P 1 2$REF! 1 *1%&)!$-7=),!
10162+(1:2(1,)4-5)4!=312$!/,4),1/01726$'%-4)*14)5,)2('$6!0,/7!"\ TP!%/!"\P8IF/$()<-)$%.3*!
%&)!5/$%BL). [PL!"$5,)2()4!0,/7!LBEE!S=!%/'ESTE!S=*!."%&!VUPj!/OfFLY!1"!
2(()7=.)41/$!5/$%'6(!f"1S=8!@&)!+,/+/,%'/$!/0!-$C$/:$!=2() (! ?'8)8![(B!4,/++)4!7],)!
7/4)(%.3!0,/7'Y8gj!%/!"80j*12.%&/-6&!%&'(10'6-,)!'(1'$0.2%) 4" PHEFY 1 171=31%&)!'$5.-('/$!/0!
1),31./$6!)(%'72%)4162+(1?72>'7-7'YLLIC=B!'$!%&)! 7/(%!,)+)%'%'1)!,)6'/$(!/0!%&)!6)$/7)8!
9%.'C)I'$!+,)1'/-(12),('/$(*1%&)!-$+.25)4!()<-)$5)(1:),)!12(()7=.)4!12(15/$%'6 (122 (!/++/() 4!
%/!(5200/(B*!1$27)415/$%'62"U!%/!5/$%'62 L8!@&)!5-7-.2%'1)!.)$6%&!/0!-$+.25)41()<-)$5)!
:2(1,)4-5)410,/7/ESE!S=!%/!"8P!S=*12$4!2.%&/-6&!%&)!$-7=),!/0!-$+.25)4!()<-)$5)("'(!
(7.2,1=)9%0:))$!1),(/$(1?Yg!(5200/.4('$!1 1PI2$4NE!S/$%'6 (I'$IEFPLY 1 B*1%&)!()<-)$5)(!
%&)7()1)(12,)!.2,6).3!-$,).2%)48!Q)<-)$5)!2%!.)2(%!+2,%'2..3!5/,,) (+/$4'$6!%/! Y Y/0!%&)'Yg! 1 P!
-$+.25)41(5200/.4(1:2(12(()7=.)4Y$!5&,/7/(/T)("'$!IFF  ;PLYI1*1:'%&!%&)!-$+.25)4!5/$%'6(!
5/$('(%'$6!/0!1%&)!,)72'$'$6!1P!-$+.25)41(5200/.4(*1$/1).1()<-)$5)!0,/7!)>%,)3),)+)%'%'1)!
,)6'/$(12%4121$-7=),1/01,)6'1$(17'(2(() 7=.)4US$!S&,/7/(I7)(I'$' 1P!%&2%!5/-.41$/%!=)!
,)-2=.31+.25)41/$I5&,/7/(/7)("'$!IFF  ;PLY!1 81'%&/,/-6&!2(()((7)$%!/0!%&)!12(()7=.3!
T+,/1)7)$%(12$41%8&)!,)72'$'$6!+,/=.)72%'5!,)6'/$(1'(1+,) ) $%)4!'$!%&) ! 01'$6!%)>%88!



+$,- /1 IF/7+2,'(I$1/012(()7=.317)%,'5(1=)%:))$ +)0),)$5)!6)$/7) 11),(/$(8!

0..2,9%G/12-.(") / AAE+&!IO!1 | AAE+&IO) | AAE+&!0( | AABE,&AO(
U2&-/"AlI-2%2&.2 %++5 %+$%% D D
1%&:2E/%2)3'4/;19¢ $+%' (% $+5)H $$+'$+4 $$%'&%
R)#%&:2EI&AA"YE.*:")' (3. 8% &8 *04 4|
R)#%&:2E/%2)3'4/;19E )'(5! %'%d+ $*, | $'8%
@$,92-I"Al:")'(@3. / YBE&)! $5), ! $*, ! $%+
+")'(3/@>7/;19= / +'4)! +'%% %")% %'(,!
K+/;<=/ (*'+( ! (*'+5! (*+8! (*'$3 !
@./;<=/ 8'.* ! &'(,! $((! +%
L-&).#".&9%2/2%2,2)"./;<=/ )'8( ! $+',% $+'84 $%'&K
I (-".&2%%('2/;,")",2-.IV67/9%=/,<= | $'&% $* | $'8& $'88
F&'2%%(2/W@0/;,")",2-./5X67/9#=/,<# %'5( &'$* &'54 *$%

|

I

4.4.2 The version 6 assembly reveals misassemblies in version 5 !

|
FF;PLY!11)>&'='%)4172J/,1(%,-5%-,2.14'00),)$5)(1%/!1P*!:&'5&!200)5%)4!%8&)!/,4),'$6!2$4!
1,)$%2%'/$/0!()<-)$5)!=/%&!:'%&'$!2$4!=)%:))$!5&,/7/(/7)(8!_1),2..*1/$.3!(">!
S5&,/7I(/7)(1?2"*I\*1"*Ig*1"Y12$4!"\B!))72'$)41)$%',).3!5/$('(%)$%!:'%&!,) (+)5%! %/ % &) BE1)
/01(5200/.4("'$!'1P8!@&)!)>%)$%!/0!%&)!5&2%$6)(1%/'%&)!,)72'$'$6!""15&,/7/(/7)(!,2$6)4!0,/7!
%&JT$/,! '$%,B&,/7/(172.! )I,4),'$6!/01(&/,%!5/$%'6(1%/' 72 H$%),5&,/7/(/72.!
)2,,2%$6)7)$%(1200)5%'$6!7)62=2()(!/0!()<-)$5)8!1$!/1),1"):1/01%&)!=)%:))$!5&/(/7)!
5&2%6)("'(+,)()$%)4!'$!D'6-,)!"18!

|

S23$3!/0!%&)!5&2%6)(!/55-,,)41"$!5./()!1+,/>'7'%31%/1%&)! 7/(%!,)+)%'%'1)!6)$/7'5!,)6'/$(*!
$/%2=.31%8&)!+-%2%'1)!5)$%.,/7),) (*'(-=%)./7),)(12%$4!)6'/$(!5/,,) (+/$4'$6!%/!-$+.25) 4!
(5200/.4("$!+,)1'/-(12),(/$(8!("'$!  72$3!(+)5")(*!+,)5'()!5)$%.,/7),'5!./52%'/$('$10+

-)"$, .+ &21)1,)72'$)41).-('1)8! e'$1)%!2.812EL'WB,%)41%&)!+,)()$5) /0! ELULLIC=!
,)6'13(15/$%2'$'$6!7-.%'+.)16)$) (1) $5/4'$6!+,/%)'$(!:'%&!,)1),()!%,2$(5, +%2()!4/72'$(1%&2%)!
0.2$C)4!7/.)5-.2,172,C),(IC$/:$!%/!=)1%'6&%.3!.'$CHI5)$%,/7),)(&,2'61)%!2.8! ?ELE"2B
(&/:)41%&2%!%8&)()!6)$)(12,))$5/4)4!1=3!7-.%'+.)!5/+")(!/0'BBle#[A!,)%,/%, 2B (+/(/$'%&2%!"(!
&I71.16/-(1%/! U-11*1%&)!+-%2%'1)!5)$%,/7),'5!5/7+/$)$%!/0!%&)!4'(%2$%.3!,).2%)4!2.62!
1(66(%&<$+*2:-##.1*(.'-821.2$5!)%!2.8IELFB &) (M-11;.'C)! U-11bB!).)7)$%(12,)8'6&.3!
152.'()4!2%!%8&)!+-%2B¥EPp,/7),) (*12.%&/-6&!5&,/7/(IT) ' E*IY*IP12$41U!5/$%2'$)4!%:/!
5.-(%),(!+),I5&,/7/(IT)!'$I11P*12$415&,/7/(/7)(1""12$4!"P!)$%",).3!.25C)4!5.-(%),(! ?e'$!) %!
2.8IEL"UMIF,2'6!)%!2.8! BRIERP+,-.)"$,'/..+ %)./7),'5!,)+)2%!?@ @ @ @] "R (1=))$!
5&225%),'()4'+,)1'/-(.31?N)%,25)C"%!2.8!"*T-8BLR./$6!5/7+.)>!(2%)..'%)!2,,23(1%&2%!2,)!
&'6&.3!5&2,25%),'(%'5%#094)./7),'5!,)6'/$(1&21)!,)5)$%.3!=))$!'4)$%'0")412$414)(5,'=)4!
?F&2->m-C'5!)%!2.8'EIBE"B

|



|
"#$968 |)A2-#2(-=1$/101-INNQ TLI2R!+, -><@B7
“+ IN(#'$,16@$M#nB=(),I(1-01+ @ 7! TESZ-,-) 0+0(FB/NNQ TLI2RF #-BI$S&O-#I<@$'I, 1#-6#-,-)O!
"1#$>$,$>- P1=(011+%%(0($)+ @!'S@$&H, ' 1(*1@ (*10()**-)$>('#-*($),101+01=-#-1+, -><@-%!$)1$01-#!
1H$>$,$>- 1$#1$)18)6 @ +'-%!,'+H/S@%, ()1 2g 713+#11*#-BI#-*($), W#-6#-,-)01*+6,1<-0=--)'$)0(*,P!=(01!
+)BI*+6,1QTI<!()#-+,-%10$1QTIO+(%12(,&+@(,+0($) 7/5@ @!>-0#(',|=-#-I'+@'&@+0-%T$#Ig T I<!)$)
$2-#@+66()*1=()%$=, 7INFI1B6-#>-01B@+0-%1#-*($),|=-#-10+1 JBEHL 01+ @ 719] TEBRF>+66-%!
J#$>12g10NN@TLIR7!
%o 1Z()-+#1#-6H-,-)0+0($) 1S/ LHS>S, $>-1QQ 7 \HH#I-#1%-)- 1+#-HSM+01 (#-01+ @ 7' ) TRIR1- 1@ (*10!
*4-)1<$J- 1#-6#-,-)0101-DE&SI*- )-I'@&,0-#,1(%-)0(/(-% BER@$&(, -0+ @79 Qg?
|

F/7+2,'(I$(/01%&) 1 1P12$4EF ; PLYL 12(()7=.)(//0!5&,/7/(/7)(\P1?D'6-,) E]BI2$4!™"]
2D'6-,)IEIB!"..-(%,2%)1%&)!%3+) (/017" (2(() 7=.") (1%&2%!&21)1200)5%) 41%&)()!,) SHIERI#S! 1 P!
)0%!12,71/015&,/7/(I7)!P1%),7'$2%)(!'$!121\g! C=15/$%'6!5/$%2 BEBIN).) 7)$%6(12+-, +.)!

= /5C*ID'6-,)|E|B*1:&'5&ISEF ; PLY1 1&2(1=))$12(()7=.)4!:%& ' $1%&)!+-%2%'1)!5)$%,/7),)!/0!
5&,/7/(/7)I"LI?D'6-,)  Q'XB8I@8&)!,)72'$'$6!,)6'/$(1/015&,/7/(/7)IP*1%&)19810,26 7)$%(!
JOIVL8g*I"8E12$41"8g!S=1?.'68%!=.-)*13)../:12$41/,2$6)*1,)(+)5%'1).3B*1&21)1%&)$!=))$!
)2,,2$6)481@&)! 70/'$1=)%:))$1%&)!.'6&%!=.-)12$413)../:10,26 7)$%(!'$1/.1)412$12(() 7=.3!
62+15/,,)(+/$4'$6!%/!(5200/.41E\I'$!1P!?5/$%2'BF8Y '$!D'6-,)!E]B*!:&'5&!'$IFF;PLY1 !
(12(07=.)412)%:))$1%8&)/,2$6)12$41.'68%!=.-)10,267)$%(8! @ EIVBI=)%:))$!%&,)!3)../:!
2$41/,2$6)10,267)$%(15/$%2'$)4121(-=%)./7),'5!,)+) 296 FBPLYL *1:&'5&!"(1$/:15/,,)5%.3!



+.25)4120%),1%8&,)!3)../:10,26 7)$%!:2(1, ) ONB! @&-(*1%&)!,)2(() 7=.)415&.,/7/(/7)!P1&2(!
(-=9%).17),'51,)+)2%(12%!=/%&1%), 7'$*121 ('$6.)'$9), $2H5 .- (%), *12$41'D. (/1 )$%",).3!
5I$('(%)$%!:'%&1%&)! 71.)5-.2,172i0%&,1)%!2.8! EIALERII1)7)$% /012$1VggL!C=!,)6/$!
0,/715&,/71(I7) E1%/""1(7-.%2$)/-(.3!,)(/.1)41%&)12=()$5)!/0!2!+-%2%'1)15)$%,/7),)/$!
5&,/7/(I7)!""12$41%8&)1+,)()$5)!/01%:/! U-11b5.-(%),(1/$!5&,/7/(/7)!E!?D'6-,) EIBS! @& (!

)6 $12.(/'$5.-4)(! @GM&'5&12(14)(5,'=)AI$N\8YI&2(1=))$!6)$)%'52..3! 72++)41%/!
5&,/7/(IT)!™  ?S5F2,%&3!)%!2.81ELL\MIQ2./7RI2$4!S), 58 TMA#EL)+)$4)$%.3+12$VU L!
C=10,267)$%!2.'68%!=.-)BL:2(I'$1),%)4*:&'5&! (15/$( (%) $%!: % &%&)15&,/7/(/72.1+/(%'/$(1/O!
@AA412$4IKbD 1=)'$6!'$4'(%'$6-'(&2=.)10,/7/$) 1 25/%RI'$1%&)17/.)5-.2,172+12i2%8&,1)%!2.8!
ELLYBIA>27+.)(1/0!7'(2(()7=.)(1200)5%'$6!/%&),15&,/7/(I7)(12,)1+,) ) $%)4!'$!D'6-,) '8

|

@8&)17/(%!4,272% 558 R 00)5%)415&.,/7/(/7)!"P*:&'5&!2%!"8 TE!S=!:2(1%&) ! (&/,%) (%!
5&,/7/(/7)'$I1P8I#S$! FF; PLYL *I5&. /7/(/7)1"P1&2(12.7/(%!%, +.)4'$12(() 7=.)41.) $6%&1%/!

P8 YIS=*125<-" '$61()<-)$5)!+,)1'/-(.312(() 7=.)41/$10/-,I5&,/7/(/7) ( PEX Y *IU12$41"gB12$4!]
"1-$+.25)41(52@/.4(1?D'6-,)!"IB8ID/,15&.,/7/(/7)E*12..1()<-)$5)!0,/71USLIS=1/$:2,4(!
2V"8E!S=196/%2.BI'SI1P!:2(1,)2(('6$)4!%/1%&,))14'00),)$%!,)6'/$(1/015&.,/7/(/7)I"PI?D'6-,)I"I*!
D'6-,)! Q1B8!_$)!1/01%&)()!,)6'/$(15/$%2'$)BPIC *I:8'5&1&241+,)1'/-(.3!=))$!6)$)%'52..3!
72++) M%/I5&,ITI(IT)!"P! ?N/,%),1)%!2.8!"TT MIi2%&',1)%!2 BIEI&)YE6.)|LSET!IS=!,)6'/$!
)2(('6$)410,/715&,/7/(17)!"g!5/$%2'$)4!  34PEB:&'5&12(14)(5,'=)AI$N8Y1:2(12. (/!
6)$)%'52..3172++)41%/15&,/7/(/7)!"PRX-%5&),1)%!2.81"TT"M!_Z2:21)%!2. SIEBEL-B)4!
27/$6(%!1%8&)!,)6'/$(1,)2(('6$)410,/715&,/7/(/7)\U1?L8EE!S=1%/%2.B12$41()1),2.1/01%&)!
+,)1'/-(.31-$+.25)41(5200/.4(1?L8TLIS=19%/%2.BL:),)!,)6/$(15/$%2' RBAILN).) 7)$%6(*!
)>+.2'$'$619%6&)1+,)1'/(12=()$5)1/015)$%,/7),'5!()<-)$5) /$I5&,/7/(/7)"P8!]. %&/-6&1/$.3!
ELIC=1:2(1,)2(('6$)4!0,/7'5&,/7/(/7)1Y%/1"P*1244'%'[$2.1()<-)$5)!+,)1/-(.312(() 7=.)4!
I$15&,17/(IT)IYI$/:151,,) (+/$4(1%/15/$%'62" TI?UTIC=BI'$SFF ; PLY1 1?D'6-,)! Q'IB8!
Q'7'.2,.3*1()<-)$5)(12( () 7=.)4Y/$I5&,/7/(/7)((E12$4UISI 1PI5/, ) (+/$41%/1,)6'/$(1/0!
5/$%'62"U1?EL 1C=B!2$415/$%'62EE!?P BICERMI' 17D'6-,)| QI FB8

|

@&)'$):.312(()7=.)415&,/7/(I7)!"P1&2(1()1),2.10)2%-,)(1%&2%!4'(%'$6-'(&!'%!0,/71/%&.),!
5&,/7/(/7)(81#%!"(1=3102,1%&)17/(96%) 2% '5&!2$416)$) +//,*1:'%&12$121),26)!,)+) 2%!5/$%) $%!
JONP8Y|127)28$!"P8"j10/,1%&)!/%&), " I5&,/7/(/7)(B!2$416)$)14)$(%3!/0NY 8\j177) 2$!
ULSE]!0/,1%8&)!" 1/%&),15&,/7/(I7)(B1?@2=.)!Q"B8!D-,%&),7/,)*1%&(1+2%%),$" (1$/%!-$'0/, 7*!
1'%6&1%8)10',(%!V"STISHR).)0%!2, 712++)2,'$61%/1=)1,).2%'1).31$/,72.12,)+)2%!5/$%) $%! E"8gj*!
6)$)14)$('%3!gEBU]BI2$41%&)!,) 72'$4),1/01%&)!5&,/7/(/7)1=)'$6172(('1).3!,)+)%'%'1)!

2 "8Y|BI2$416)$)!+//,1?EYSEjB!?D'6-,)!"IB8!(12!,)(-.%*15&,/7/(/7)"P!'(1=3102,1%&)! 7/(%!
0,267)$%)4I'SIF ; PLY!1 *1:'%6&1'%(IE"15/$%'6(12$417)2$1)(%'72%)4162+1.)$6%&!/0NY8Y!C=!
5/$('4),2=.31&'6&),12$41./$6),1,).2%'1)1%/1%&)!,)72'$'$6!5&,/7/(/7)(1?P8"15/$%'6(*!"P8LIC=!
7)2$162+1.)$696& B8N 1)$1968)!./$6!62+(12$41968)1)>%,)7)!,)+)2%15/$%)$%!/01%&)!-$+.25)415/$%'6
2098Pj!,)+)2%(B*1:)!)>+)5%!%8&2%! 2! (-=(%2$%'2.1+,/+/,%'/$!/01%&) -$+.25) 41 ) < PSS! FF
1'1=)./$6(/$I5&,/7/(/7)!"P8I9S0/, %-$2%).3+1:)1:),)1-$2=)196/1-$27="6-/-(.3!+.25)1%&)()!
5/$%'6(1=3172++'$6!=)%:))$1%&) T LI2$4IFF;\PYE!IL 12(() 7=.)(*!/,1=312$3!/%&),!
(I-,5)1/01)1'4)$5)8 !

|



"HE06&'.)UI+>6@-,1$/12g!>(,+,,-><@(-,1+)%!01-(#1#- $@&O(SBJINRRY

N1#$>$,$>-1,-4>-)0, 1+#-I'S@$&H-%10$!, 1$=101-1#-$#%-#()*1+) Yo #t-$#(-) 0+0($)1$/1,6-'(/(1#-*($),P1+) %!
Vo+#I1#-BIH-*($), 1#-6#-,-) 01+, -><@BI*+6, 7\+#1-#K),(,0-)0!=(01!101-b$ @-'& @+#6!$/!M-+01 (#!-0!
+@719]TRER!, 1$=)!()! @ (*10!*#-B10-007!

%4 -+, -><@BI$/N1HE>$,$>-1gPI01-16&HE@-!,-+>-)01L+,1<--) -+, (*)-9610$! 1#$>$, $>-IQTIOV (*&#-!
DQ3?71Z(*101*#-BI#-*($),1$) OMNQ TLRRI'1#$>$, $>-I'$##-,6$)%!10$! - &-)'-)$014-64-,-)0-%!$)!
01-12g!'1#$>$,$>-19-7*7101-1<@$'1'$)0+() (BGH I'$#-,6$)%, 108!, #$@%!]H! ()1 2g20%+) %!

=IH 41 (FL<S&H()*1*-)-, |01+0V'$H##-, 6$) %! 0S! BROOBK L HYpO('1>+#1-#, Pl#-,6-0(2-@B
9380'1-#I]TQHP

% 1d-+, -><@B!$/I'1#$>$,$>-1QQP!$) @B!01-1/(#,0H7]\<I$SHELA>-1]!(,|,1$=)7! F-)-,101+0!
$H(*()+@ @B!'$H#-,6$)%-%610$1%-)-0('1>+#INHIQL (#1-01+ @ 7 IFFFLI2MIX/. 39%'N+#01B!-01+@7!
JTTHP:MNI&IXNSKLEYE>+>$0$!-01+ @7 TPRRIUOBKLIBEO'1-#] TQWRISI% CYE19P%:1=91%
Va1

|

@&)1-$-(-2.10)2%-,)(1/OI5&,/7/(I7)"P,2' 010 1), 2.1<-)(%'/$(12=/-% % () 1/.-%'/$2,3!/,'6'$(*!
6)$)!5/$%)$%!2$4!5&,/7/(/72.1)$1' /$7)$%855)+%!0B4PEBR. 15&,/7/(/7)!"P172,C),!
6)$)(I2UMGHMA4IB 12$4BPIC BI2,)1./52%)41:'%&'$1%&.)!,).2%'1).316%)0", (%!VTEB=/0!
%&)I5&,/7/(I7)8!@&'(1,)6'/$!'(12.(/1$/%2=.)10/,15/$%2'$'$612.7/(%!2..1/0196BH6)$) (*12!
6)$)1027".3Y/01a[] 1='$4'$6!+,/%)'$(196&2%!"(1)>+),)$5'$6!25!/$6/'$6!4'1),(0'52% ' IHES!
-)'$, L. RU-J-(1)%!12.8IEL"PEB!_01%&)!YUI'4)$% 4! 6)$)(*IYE!2,)1+,) )$%!"$121('$6.)!
5.-(%),/(+2$$'$6!V\"LIC=*1:8")1210-,%8&), 196&,))12,)1+,) ) $%!'$121 (&/,%), - +(%,)27'5.- (%), 1%6&2%!
:2(12((7=.)4Y/$!(5200/.4I"TI'$I1P1?7D'6-,)I"IBS!@&)!3)../:;'$; % &N 2, CI7-%2% ' BB&2(12. (/!
=))$172++)41%/1%8&,)1.)0%!2, 71/01B&IT)I"P12$41'(1.'$C)41%/! 8PIC+?N/,%),1)%!2.8!"TH B!
(141(('=.)19%82%1%&)-SCHIMBBYS$):2(12(()7=.)41/$1)'%&),15&,/7/(/T)IE!, 12$1-$+.25) 41
(5200/.4I'S11P*12$41'0%617231=)1/,%&1,) 1'('%'$6!2%%) 7+%(1%/!'4)$%'03!'%8! @&)!,)72'$4), /0!



5&,/71(/7)"P'5/$%2'$(1/$.3! "PE 2$$/%2%)4!6)$)(*12.%&/-6&!()1),2.1/0'%&)()!2,))>+)5%)4!%/!
=N(0$%'2.90/,1)>27+.)1%&)!1+.2(%'41PL(!,'=/(/72.1+,/%) ' $'e @2 @ B! % &) E " (1+,/%)2(/7)!
,)6-.2%/,3!(-=-$'% 2@ ?®*12$4!'$4))BAPEBB!1)$!'%(!,) +)2%!5/$%)$%*!'%! /- .4!=)!
'$%),)(%'$6!%/!4)%),7'$)!'0!7-5&!/015&,/7/(/7)!"P!'(1+25C26)4!2(1&)%),/5&,/72%'$*12$4!'0!
%&2%8%6&)!52()*!:&)%&),'6)$)(12,))>+,)(()4!0,/7'&)%),/5&,/72%'5N)$1',/$7)$%(1?)868!2(!'(!
%&)!52()!0/,172%$3!6)$)(1/$!%&)!,)+)25&!4/%!5&,/7/(I7)'$! 8,(*(1".#$ Lo-#3)(9%*/-,!
?2a'44.)12$4!A.6'$IEL"UER)'7'.2,.3*!'%):/-.41=)1'$%),) (%'$6!%/!C$/:1'0!%&)&'6&!,)+) 2%6!5/$%6) $%!
)(-.%("'$R$12%3+'52.1,)5/7="$2%'"/$!.2$4(52+)/$!5&,/7/(/7)!"P8!9$0/,%-$2%).3*!.'%%.)!'(!
5-,,)9%.3!C$/:$!12=/-%!6)$/7);:'4)!12,'2%'/$"'$")' % &), &)%),/5&,/72%'$!/,'0'FPp2.)!
,)5/7="$2%'"/$!,2%)8

|
1(M/-%.'$)412=/1)'0/,'\5&,/7/(/7)(IP*!""12$4!"P*I&'(%/,'5!.'$C26)!42%2! (-++/,%)4!%&)!'$0),,)4!
7'(2(07=.3'5/,,)5%'/$(8! @:/"'$4)+)$4)$%!.'$C28Y2+(!:),)!+,/4-5)410/,12..15&,/7/(/7)(!
-('$6!)'%&)2..77/.)5-.2,! 72,C),(10,/7! i2%&',1)%!2.8!?ELL. YB&)/.) ;6)$/7)!,) ;

()<-)$5'$6 142%/D'%)%,24!+,/6)%BI7 le'-1)%!2.8!?EL"IBS2.3()(!+),0/,7)4!=3IN2%,'5)!
Q2./7R*142%2!1$/%!(&/:$B8!1,)0.3*I'$1215/7+2,'(/$!1=)%:))$! LPI12$4!IFFLI ?/$!: &' 5&IFF ;
PLY1L!'(1=2()4B1%&Yb/%22+!4'(%2$5)!:2(!,)4-5)40,/7V* g 15S1%/!"*\gY!5S 10/,!%4&)
72,C),;=2()4!72+*12$410,/7"*T PI15S1%/!"*Y" YI58/,1%&)!,Y)<-)$5'$6 ;=2()4!72+8!]..!
5&,/7/(/7)(!,)5)'1)4!(%,/$6!12.'42%'/$!0,/7'%&'(12$2.3('()>5)+%!05&,/7/(/7)(E!2$4! T!

'SIFF ;PLY!1°8!](14/5-7)$%)4!'$1\8\8" 196&'(14'(5,)+2$53!:2(&),)(-.%!/0121+-%2%'1)!
,)5'+,/52.1%,2%$(./52%'/$!=)%:))$!%&)()!5&,/7/(/7) % &2%Hk-)!%/'FF ;PLY8!!

|

4.4.3 Sequence context of filled gaps and the final assembly challenges !

|

N1)$1%&)! (-=(%2%$%'2.1'$5,)2()!"$!5/$%'6-'%31=)%:)) ! LIPR2$AIY1 *1:)12'7)41%/!
5&2,25%),"'()!%&)!12(()7=.3!62+(1%&2%!&21)!=))$!0"..)4!12$4!%4&)!6)$/7'5!,)6'/$(1%&2%'&21)!
5/$%'$-)41%/")('(%!'2(()7=.38'h)!'"4)$%'0") 4! @A(!-('$6!%&)!-+4R99))"'$,'/..+ @A!.'=,2,3!
P8\8B!2%$41a)+)2%S2(CTQ7'%!)%!2.8!EELYPBI2$4!7'5,/(2%)..'%) (1 ?%2$3}) 2% (!:'%&!
71$/7),('wW"L!=+B!12$4!(2%).."%X[] ?7/$/7),(!,"L!=+B!-('$6!@2%$4)7'a)+)2%(!D'$4),!
?2D)S(/$"TTTBI\SAE8!](12!,)(-.%!/0!0'..)4162+(12$4!$):.3!12(()7=.)4!()<-)$5)*IFEPLY!1"!
5/$%2'$(IVE8’!1S=!/0!$/1).!()<-)$5)8! @&)!+,/+/,%'/$!/0!%&)!6)$/7)!'4)$%'0")4!2(!,)+)%'%'1)!
'$5,)2()410,/7!"P8"j!1%/!""8Y[!=)%:))$!1P12$4!FF ;PLY!1L'1?7@2=.)!"B*!,)+,)()$%'$6!23!
'$5,)2()// 0!'V"8\IS=8!K/:)1),*1%&),)":2(1/$.3!2!7/4)(%!'$5,)2()!"$!%&)!+,/+/,%'/$!/0!%&)!
6)$/7)!'4)$%'0)412('@A(!?"L8PjI1(1"L8gjB8!' 7/ )!(-=(%2$%'2.I'$5,)2()":2(1/=(),1)4!
=)%:))$!1\12$4!1P1?2T8Uj!1(1"L8P]B*!'$4'52%'$6!%&2%!%&.)1%2,6)%)4162+!0'..'$6!+),0/,7)410/,! 1P!
: 2(1.2,6).3!(-55)((0-.1'$!12(()7=."$6'@A(8!F/$1),().3*1%&) V)N 7/ ) (-=(%2%$%'2.1'$5,) 2 ()(!
'$1%&)!12(()7=.31/0!7'5,/(2%)..'%)(12$4!(2%)..'%) ! X[]*!:'%&!=/%&!5.2(() (I'$5,)2("$6!=3!VEL}!
,).2%'1)1%/11P8!].%&/-6&!%&)()!()<-)$5)(!,)+,)()$%!2!,).2%'1).3!(72/,%%0,/$!/0!%&)!
6)$/7)12"80j!7'5,/(2%)..'%) (12$4!Y8T]!(2%).."%) X []'$IFF ; PLYL *1@2=.)!"B!%&)3!2++)2,!%/!
&21)!1=))$!,)(+/$('=.)10/,121.2,6)!+,/+/,%"/$!/0!1%&)!1P!2(() 7=.3!62+(8!

|

_01%8&)!gL162+(1%&2%!5/-.41=)1-$27="6-/-(.3172++)410/,:2,412$411),'0")412('@1'$FF;
PLY1*IE"8E|!5/$%2'$)4!+,)4/7'$2$%.3!7'5,/(2%)..'%)(*!"P87j!(2%)..'%)!X[]!12$4!"L8"| @A(!
?D'6-,)!Y|B8!a).2%'1)!%/!9%&)IPLY1 8"12$$/%2% ' BWBBEESLj!/0!0'..)4162+(!:),)!



'$9%),6)$'5*1\"8 j1:),)'$%,/$'512$41Y 8\j1&24129%!.)2(%!+2,%'2.1/1),. 2&!$/1).)>/$'5!
()<-)$5)8!@8&)!'$%,/$'5!62+(1:),)1+2,%'5-.2,.31)$,'5&)410/,17'5,/(2%)..'%)12$41(2%)..'%)!
()<-)$5)(*1:&".)1%&)!72J/,'%31/010'..)41'$%),6)$'5!6 BH(&.2%6!5/-.41=)15.2(('0) 41%/12!('$6.)!
)+)2%15.2(),)12((/5'2%) 41 %&! @A(1?D'6-, M|BSIHS!.'$)'%&1%& (*1/$.3\8Uj!/0'$%,/$'5!
()<-)$5)1:2(14),'1)410,/ 7' @A(*I5/7+2,)41%/1YUBY gj!0/,'$%),6)$'5!()<-)$5)1 ?@2=.)| QEBS!
F/$1),().3*Y8P}12$41\8gj!/0!'$%, /$'5!()<-)$5)!:2(12$$/%2%) 412(17'5,/(2%)..'%)12$41(2%).. %)!
()<-)$5)(*1,)(+)5%'1).3*1,).2%'1)1%/1"8\jR41P8 j10/,'$%),6)$'5!()<-)$5)8@/!)>+,)((1%& (!
1%6&),)(+)5%!%/1%8&)!,)+)%'%' 1) ()<-)$5)(1%6&)7(). 1) (*I"Y 8Uj1/01%/%2. | @Al ()<-)$5)*! "8g;!/O!
7'5,/(2%)..'%)1()<-)$5)12$41Y g8Ej!/01(2%)..'%)!()<-)$5)!: 2(10/-$4V'$!'$%, /$(*1,).2%'1) 1 %/!
gUBLj*I"g8gj12$41Y"8EjI'$!'$%),6)$'5!()<-)$5) 8B &-(*12.%&/-6&!'$%, I$(15/$(%'%-%)!7/,)1%E&2$!
YLjl/019%&)!6)$/7)12$41$)2,.3ULjl/0I$/$ :)>/$'51()<-)$5) H06&)312++)2,1%/!)>&'='%!2$!
-$4),,)+,)($%2%"/$1/0I@AI()<-)$5)*1=-2%12$1/1),,)+,) ) $%2%'/$!/01%2$4) 7!, ) @Z¥([8!
)+)29%(10,)<-)$%.31FR412(() 7=.3162+("$!+,)1/-(11), (/(*12$4 1%6&)!'7+,/1)7)$%(!'$!
5/$%'6-'%31&21)1%&),)0/,)1+,/1'4) 41 (-=(%2$%'2.1+/%)$%'2.1%/1'7+,/1)16)$) 7/4).12$$/%2%'/$
2\8\8gB

|

@&JEF ;PLYIL5&,/7/(/7)(15/$%2'$1/$.31U"1,) 72'$'$6!62+(*1:&'5&12,)1)>+)5%) 41%/1/55-,12%!
%&)17/(%!,)+)%'%"1)!,)6'/$(1/01%&)16)$/7)8]++,/>'72%).31&2.01/01%&)!62+(12,)1./52%)4I'$!
+-962%'1)15)$%.,/7),)(1?Y\I62+(B12$41(-=%)./7),)(1?()1)$!62+(B8!_01%&)!,)72'$'$6!62+(*!""!
),) 10.2$C)Al$I=/%&1('4)(1=31(2%)..'%)!X[]*1()1)$!=3!7'5,/(2%)..'%) (*10/-,1=310,26 7)$%(!/0!
0%&)!(27)| @A*I12$41EY!=314'00),)$%!5.2(()(/01()<-)$5)!(-66)(%'$6!2!7/,)15/7+.)>1(%,-5%-,)!
2D'6-,)IVI*! X2%2()GB BSIF/$('4),'$6!+-%2%'1)!5)$%,/7),) (*1) 25&!5&,/7/(/7)1$/:15/$%2'$(12!
($6.)1./52./()415.-(%),1/01U-110).)7)$%(1?D'6-,)"|B8I@&)V/$.31+/(('=.)1)>5)+%'/$!:2(!
5&,/7/(/7)1"P*1:&),)1%&)! U-11H).)7)$%:(1:),)10/-$417/,)14'(+2,2%).3125,/((12$!V"8P!S=!
)6'1$81N)1)(%'72%)41%8&)12(()7=.315/7+.)%)$)((/01%&) ()!,)6'/$(!,). 2YA/ FE " TLH'$!
:&'5&1%68&)1+-%2%'1)15)$%,/7),)(1/012..15&,/7/(/7)(1?)>5)+%I5&,/7/(/7)I"PBI2,)12(() 7=.)4!
1%6&/-%6162+P_qX/$S$)..1)%!2.8! ELEIRY6'72%'$6!96&)!.)$6%&!12(1%&,) | (+ RBYOIH &%), (*!
0%&)1+-%2%'1)15)$%,/7),)(1,2$6)!0,/7}MTIC=""$IFE" TL*:'%&!217)2$!/0IELPIC=1?7D'6-)!
YFH1@2=J0YB8!@&)!+,/+/,%'/$1/01%&)()!,)6'/$(12(() 7=.) 4B ; PLY1'1,2$6)410,/7!Y " 8Uj!

%N TTBL{*:'%&IgP8"[12(()7=.)4125,/((12..15&,/7/(/7)(8! @& ('5/,,) (+/$4(1%/VUgL!C=1/0!
()<-)$5)19%8&2%!"(17'(($6!0,/TF ; PLYL I5&,/7/(/7)(*12$41.'C).31%&))$%",)12(()7=.3!('$5)!
1$.31%:/1-$+.25)415/$%'6(15/$%A$1.10).) 7)$%(8!](1,)+/,%)4!=3F, 2'61)%!2.81 ?EL E19ER.)!
+-9%2%'1)15)$%.,/7),)(12,)12.(/N$,'5&) 410/, 11%&),| @A(1?D'6-,)!"T*ID'6 RO/, IFF ;" TLB*!
1%&1%8)H11B1BCO=-.3.)7)$%!'%().015/ 7+, ($6!V Lj1/01%&)!+-%2%'1)!5)$%, /AR 2=.)!
QYB8L),2..*1%&Y1-11b%5.-(%),(1255/-B 0/, [EP8\j/012..|@Al()<-)$5)14) (+'%) | (+2$$'$6!
1$.31Y8"]1/01%&)!6)$/7)81@&)>25%!,)+)2%! (%, -5%-,)1/01%&)()!,)6'/$(12$41%8)112,"2%'/$!%&2%!
)>'(%(1=)%:))$I5&,/7/(IT)(! :2,,2$%(10-,%8&),!(%-4381]$/%&),!'7+/,%2$%! (%) +!%/!5/$0", 71%&2%!
%&)()!,)6'$(12,)1%&)!806,/7),)(:"..1=)1%/! 4)%),7'$)1%&)!./52.'(2%'/$!/01%&)!5)$%,/7),'5!
&'(%/$)IKYI?2F)$KY*12. (NFANI$I72$31$/$ ;+.2$%!(+)5)(R(1:2(1,)5)$%.3+),0/,7)4 10/,!
80+%-#%$)(9%$*/- AF&2$61)%!2.8IEB'TB

|
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"#$%&0)V (@ @-%!*+6,1+)%!01-1#->+() ()*I+,,-><@B!'1+@ ®ND T)PRY
*+,1d-6-+0!'@+,,!$/129!*+6,!/(@ @MNAQTLRRP!<+#,1+#-, 6@ (0!<B!-)0(#-@B!()0-#*-)("1*+6,P!-)0(#-@B!
(0#$)('1*+6,!+)%64+6,!=(01!+0! @-+,0!6+#0(+@!-I$) ("1$2-#@+67'sd-6-0(0(2-t!#-/-#,!0$!*+6,!=(01!b]gc!
#-6-+0!'$)0-)0!<&0)$!$2-#+@ @!>+ $#(0B!$/!1#-6-+0!0B6-7!SA01-#t!/(@ @-%'*+6,! 1+%!#-6-+0!'$)0-)0, !g]gc
9H7g7L?7

*, !l\?@+,,(/(‘+O($)!$/!01-!#->+()()*!*+6,!OI!N@TLQH:’!*+6,!'@+,%!+,!s$01-#t!‘$)0+()-%!>$#-!01+)!
$)-1#-6-+0I'@+,,!+0!-+'11/@+)I1+)%! () @&%-,'$>6 @-J1#-*($),|,&'1!+,10+)%->1%& 6@ *70(3) | SQR!
I<!#-6-+0,tPIH7HYg?7

*/, ID&>>+#B1$/101-1680+0(2-@B!'"-) O#$SHEFBYD &, 0-#!@-)*01,!()!01-@IRST!+,,-><@BP!+)%!01-!
6#5$#0($),!$/101-I'@8&,0-#,101+0!+#-1+, -><@NBTI2R 7!

|

@8&)1&'6&.3!,)+)%'%'1)!1$2%- )1/0!(-=%)./7),'5!()<-)$5)*!)(+)5'2..31%&)!+,) ()$5)!/0!5/7+.)>!
(2%)..'%)!2,,23F&->;m-C'5!)%!2.8!EFE)B.%)4!'$1%&)!%,-$52%'/$!/0'E\I/0!%&) 'Y \!
5&,/7/(17)1%),7'$"  12'8)81/$.3!"LI5&,/7/(17) 12,7(1%),7'$2%)¥5!12(()7=.)41%)./7),'5!
)+)2%(BBI&)!$2%HP!%&)!(2%)..'%)!,)+)2%(172C)(12(()7=.3!5&2..)$6'$6!)1)$!:'%&!./$6!,)24(*!
2$419%8)()!,)6'/$(17231$))41%/!=)1%2,6)%)4!:'%&}-/$6/2) 24(1?2(10/,!FF; " TLB!/,!
2.9%),$2%'1)!%)5&%/./6])(870&,))I$6!,)24!2(()7=.)(!? FF;PLY1L*IFF;" TLIKIFF ;\PYE
1'B!,)1)2)41%8&2%!%&)!,'=/(/72.IX[]'?, X[[B!+,) ) $%!2%!%&)!.)0%!2,71%),7'$-(/0'5&,/7/(/7)!
"I'(1$/%!2!15/7+.)%)!2,,2312(10/-$412%!%&)!,'6&%!2,71%),7'$'1/015&,/7/(/7) (1U! 2$4!"\81#$(%) 24*!
%&)I5&,/7/(/7)1"1%),7'$-(15/$%2'$(1/$.31/$)14'(,-+%)415/7+.)%)!, X[]!5/+312$41/$) 1+ 2,%'2.1
5/+31'77)4'2%).3!-+(%,)27!/01%&)!1?@ @ @ @]6%B/7),'5!,)+)2%! ?D'6-,\DYBB

|

D'$2..3*1)1) :2(0((4!%&)!6)$/7'5!./52%'/$(1/01%&)IF I &3+),7)%&3.2%)41,)6'/$(1'4)$%'0") 4!
=3ke/+)Z1)%!2.81?ELP@&)()!,)6'/$(16)$),2..3!5/'$5'4)4!:'%&!%&) 1+-%2%'1)15)$%,/7),) (*!
2.%&/-68&1%:/1:),)1./52%)412%! (-=%)./7),)B5&,/7/(/7)(IP12$41"*12$41%:/1:),)!./52%)4!
2%!$/%5)$%,/7),'5W(-=%)./7),'5!,)6'/$(1/$!5&,/7/(/7)(I"P12$4!"1?D'6-,)!"|B8!
K3+),7)%&3.2%'/$!/0!(-=%)./7),)(1&2(1=))$!5/$0',7)4!1=F&2-> m-C'5!)%!2.8! ?E{ B K-.%!
%&2%(12C).3!.2,6).317'( ()4!1=31%&)!+,)1'/-(1&3+),7)%&3.2%)4!,)6'/$(14-) 1%KY:!
2(()7=.31<-2."%301%&)()!,)6'/$(!'$! 1P2$414'00'5-.%") (I'$! 72++'$61(&/,%!,)241="(-.0'%)!
()<-)$5'$6! 42%24/1(2%)..'%)!X[|8!F/..)5%'1).3)H,) (-.%(! (-66)(%!%&2%!2.%&/-6 & F/!
7)%&3.2%'/$!'(16)$2,.3!1),31./:1?2W"|B12%1%&)!6)$/7):'4)!(52.)! ?e/+)Z!)%!2.8!EL*PB

&3+),7)%8&3.2%/35-, (I'$1%8&)!7/(9%4)$().3!,)+)%'%'1)!,)6'/$(101%&,)!6)$/7)8!
|
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