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Introduction

i Light exerts a powerful influence on most vegetable tissues, and there can be no doubt that it
generally tends to check their growthj! oll).-2%8!>.-L"&H!QhhR
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1. The origin and evolution of phytochromes
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NGEG$G!=1&HHEB5-:%-H!.&/'$G!F.()%L8®lovel phytochrome lineages and complex
evolutionary histories revealed across extant plant diversityG!(3-%!11?73&"6.("1&8 H

in review!
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1.1 Introduction
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1.2.6 Viridiplantae

\"-"1"72.&(.%!61?7-"8%!(L1!2"&%.'%8H!)21-17):(.1.&/1$(-%7(17):(.G!)21-17):(.!
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Lycophyte PHY Legend for support values:
MLBS-nucGTR / PP-nucGTR / aLRT-codon / MLBS-aaJTT / PP-aaJTT
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Figure 5: Phylogenetic relationship of neochromes and phytochromes. S)%!83771-(!#.23%8!.-%!
8)1L&!41-1()%!&%16)-1?%!9-.&6)%8!1&2:H!"&!()%!412211L"&"11-/%-+!?.["?3?12"A%2")11/!911(8(-.7!83771-(!
XF*@$Y!4-1?INST!&362%1("/%!?1/%2!V!@.:%8".&!718(%-"1-17-19.9"2"("%8!X55Y14-1?INST!&362%1("/%!?1/%2!V!

FTSI837 71-(14-1?161/1&!171/%2!V1?.["?3?12"A%2")11/1911(8(-.7!#.23%8!4-1?1KSS!.?"&11.6"/1?1/9%62!V!
@.:%8".&!1718(%-"1-17-19.9"2"("%8!4-1?!KSS!.?"&1!.6"/1?1/%2G!irj!"&/"6.(%8!.22!()%!83771-(1#.23%8!v!IQPP!1-IQGPG!
i §1/%&1(%8!F*@$!wlaPH!*TS!w!laPH!1-155!wIPGbRG! @-%6)%826&%/!L)%&!IF*@$!x!aPH!.*TSIx!laPH!.&/!55!

x!IPGbRG!

1.2.7 Neochromes

F: 1.(.183"%8(1().(1(0%!7):(16)-17%!?1/32%!141&%16)-1?%!)./1.18"&'2%!1-""&!X  ;"3-%!
fHD77%&/"[!;"3-%! Q&Y G!5392"8)%/!/.(.1"&/"6.(%0!().(1()%!7)1(1(-17"&!?1/32%!141&%16)-1?%8H!"&!
61&(-.8(H!).N""&/%7%&/%&(11-""&8!"&!.2".%!.&/1)1-&L1-(8 IX*"1%(!.2GH! @R QDA (Y- !If YHI"?72:"&'!
(L1'8%7.-.(%!438"1&!%#%&(8!"&#12#"&'17):(16)-1?7%8!().(18).-%/1.1617?1&!.&6%8(1-G!S1!143-()%-!
%[721-%!()"8!4"&/"&'BL&.2:_%/!()%!&%16)-17%!&362%1("/%!/.(.8%(I1X8%%!.91#%Y!38"&'18%#%-.2!
&362%1("/%H!61/1&!.&P"&1!.6"/1?1/%28H!.&/17%-41-?%/!.1(17121":1(%8(GU61&8"8(%&(2:!
-%61#%-%)%!?1&17):2:1141()%!7):(16)-1?%!?1/32%!141&%16)-1?%8H!.&/!1383.22:1L"()1)")!

83771-(H!4-1?!.&.2:8%8!38"&'1.22121/%281%-%! RYG!D2()13")Unthoceros!X.!)1-&L1-(Y!1&%16)-12%!

L.81-%6812#%/1.818"8(%-!(11.1p:'&%7.(.2%8!X.2'.2Y1&%16)-1?%H!()"8!-%2.("1&8)"7!L.8!&1(183771-(%!!
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X%[6%7(1"&!()%!F-@.:%8!.&.2:8"81141()%!&362%1("/%!/.( BOXOEBI8Y%/! () %!$L 14414 28%&
=/1%22 dN"2218$,=WY!(%8(!(116177.-%!()%!(17121":L"()!.22!8%16)-12%8!X()%!7):(16)-1?%!
21/32%Y141-2"&'1.18"&'29%!62./%H!."."&8(1.&!.2(%-&.("#%!"&IL)"6)!&%16)-1?%8!141p:'&%?.(.2%8!
L%-%!41-6%/!(11&1(!"-137L"()!)1-&L 1-(8!S!4%-&BGIS)%!.2(%-&. ("#%!):71()%8"8!L.8!-% Z 5o/ X

PGPPPPQYH!.&/()%!?1&17):2:11410P616)-17%!21/32%!1418%16)-17%8IL.814.#1-%/G!

1.2.8 Bryophytes

5):(16)-1?%814-1?12188%8H!2"#%-L1-(8H!.&/!) 1-&L1-(8!%.6)141-?1.121&17):2%("6!"-137!
%3-%! gY GI%(%6(%/!8"&'2%!7):(16)-12%!)12121'81"&!1)1-&L1-(1.&/12"#%-L1-(I(-.& 86-"7(12%8G!
S)%!'%8&%!7):21'%&"%8!2.(6)!1()%!87%6"%8!-%2. (" 1&8)"28.--%.2!.&/I T%&&%-HIOPQOM(I%ERGH!
OPP@Y61&8"8(%&(IL"()!()%!7-%8%&6%!14!8"&'2%!1-()121'138!'%6&%8!"&!()%8%!(.[.G!U&/%%/H!.18"&'2%!
7):(16)-12%!).819%%&!"/%& ("4 %/ 1#" 1621 &"&"1?%() 1/8!"&! () %!2"#%- L 1 Nkt chantia paleacea #.- .
diptera X$3_3A"1%(1.2GH!@BRBY8%.-6)%/!()%!21461#%-.'%!/-.4(1'%&1?%! 14! ()%!) 1-&L1-(!
Anthoceros punctatus!’XOPtm!*"1%(1. 2GHHIPQ@o-If ¥.8/1413&/11&2:11&%!7):(16)-1?%G!S1143-()%-!
%#.23.(%!'%&%!617:1&329%IH9-"/"_%/1()%! Anthoceros punctatus '%&1?"6!>"DIL"()!
7):(16)-12%!T D!7-19%8H!.&/!38%/1U2237?"&.IF"$%M!(118%M3%&6%!()%!6.7(3-%/!>"D!4-."2%&(8G!
S)%1!8.2%!7):(16)-12%!61&(""I1X.&/11&2:1().(16 1&(""YIL.81-%61#%-%/H!183"%8("&'().(!()"8!
)1-&L1-(1/1%81&1(1).-91-L//"("1&.2H!/"#%-'%&(17):(16)-1?%!  617"%&G!

U&!61&(-.8(H!7):(16)-1?%8!"&!12188%81.-%!/"#%-8%HIL"()!.(12%.8(1413-1/"8("&6(162./%8!
-06832("&'14-121()-%%!"%&%!/372"6.("1&8IN06! gY GIS)%!7):21'%&:1-%#%.28!()18%! 188!
7):(16)-12%81().(1.-%!1-()121'138!(1!()%!7-%#"1382:1& .?%l! Physcomitrella patens!7):(16)-1?%8H!
PpPHY1-5G!S)%hyscomitrellal7):(16)-17%8!.&/1()%"-11-()121'8141-?1()%!41221L"&'162./%8+12188!
PHY1_31X"&623/"&PpPHY11.&/! PpPHY3YHI?18BHY2_4!X"&623/'& PpPHY?2!.&/' PpPHY4YH!.&/!
2188IPHY5!X"&623/"& PpPHY5A-CYGID&6"%& (1/372"6.("1&!Xi>]"&}"3-%! gY!" #%!-"8%!(1!?188!

PHY133!.&/1?188! PHY2_4!SIPHY5!62./%8G!S)%!("?"&'114!()"8!/372"6.("1&!"8!/%7%&/%& (1 1&!() %!
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7):21'%8&%("61718"("1&!141()Pakakia!7):(16)-1?%H!L)"6)!L.81-%8124#%11)%-%!.8!8"8(%1{()%! ?188!
PHY2_4!s!PHY5162./%!93(1L"()13(183771-(1X;"3-%! gY G!@%6.38%akia!XS.A.A"178"/.Y1-%7-%8%&(8!
()%!%.-2"%B%-"8&'12"&%.'%!"&!()%! ?2188!87%6"%817):21'%%).&'.&/IN-.).?HIOPQQY H!()%!4"18(
7):(16)-12%!1/372"6.("1&17-19.92:17-%/.(%8!()%! 1-""&!141.221%[(.&(1?188%8GU&! () %! ? TgBY2_4s!
PHY5162./%H!.&1()%-1/372"6.("1&!Xi0j!"&1'3-%! gY!1663--%/1412211"&'1()%!872" (Mdreaea!
XD&/-%.%178"/.Y193(19%4 1 Ahichum!X512:¢"6)178"1.Y\/"#%-'%/H18%7 .-.("&'1?188! PHY2_41.&/!
PHY5G!S)%!?18BHY5!62./%!)./1.&1.//"("18.21/372"6.("L&!Xi;jI"&!  ;"3-%! gYH!7-19.92:1.4(%-!
Physcomitrellall"#%-'%/H!().(1-%832(%/!"&!?188HY5D!.&/! PHY5E!83962./%8G!

F: 1-96832(8!8)1L().(1()%!7):(16)-17%!617"%817-%#"1382:1621&%/14-1Peratodon
purpureusHIL)"6)!L%-%!&.2%/ICpPHY1-4 XF"((?.&&1%(!.2GHIOPRIY6!()%!412211"&'1-%2.("1&8)"78!
L"()!1()%!?18817):(1 6)-17%8+CpPHY1 .&/! CpPHY2!.-%1%.6)11()%-816218%8(1-%2.("#%8H!.&/!.-%!
2%7?9%-81141()%!?18BHY1_312"8€%. %EHPHY3!.&1! CpPHY4!.-%!2%?9%-81141()%!?18BHY5!
2"8%.'YX;"G!dYG!S)%8%!-%832(8!83"%8(!().(1()%!413-IA&Ipdpureus 7):(16)-17%8 n
i CpPHY1jH!iCpPHY2jHIiCpPHY3jL.&/N  CpPHY4j!X;"3-%! gY!8)132/19%-%8&.?%/\(0pPHY1_3AH!
CpPHY1_3B, CpPHY5D!.&! CpPHY5EH!-%87%6("#%2:H!.&/1().(1()%!&1E%atpureus 7):(16)-12%!

1"861#%-%/1)%-%!8)132/19%!/%8"'&.(%/! @pPHY2_4G

1.2.9 Lycophytes

%61 7):(%!7):(16)-12%8!.-%!-%812#%/!.8121&17):2%("6!.&/1.-%!8"8(%-1(11()%!4%-&!7238!
8%96/172.8(17):(16)-1?7%8!X'3-%! aY Gklaginellal.&I! Isoetes'’XUB1%(178".Y1%.6)!).4#%!.18"&'2%!
7):(16)-12%H!L"()!()%!%[6%7 (" 1&!14. mollendorffiiH!L)%%!(L118&%.-2:1"/%&("6.2!7):(16)-17%8!.-%!
T7.-%&(1"&1()%!L)12%%&12%!8%M3%&6%!/.(.GIS)%"-1)")1/%'-%%! 1418"2"2.-"(:183"%8(8!().(1() %:!
2")(19%!7-1/36(81141.187%6"%&87%6"4"6!'%&%!/372"6.("1&GIU&I61&(-.8(H!*:6171/".2%8!).#%! (L1!
1"8("&6(17):(16)-12%162./%81().(! U&.?%!*:6171/".2%8! PHY1!.&/1*:6171/".2%8! PHY2G!@%6.38%!.22!

()%!*:6171/".2%812"8&%. %RE"AS(-1?H!OPPQYo!-%7-%8%& (%/!"&1%.6)17):(16)-12%!62. /U184 %-!
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Figure 6: Phytochrome phylogeny for bryophytes. 5):(16)-1?%8!7-%#"1382:!"/%&("4"%/!.-%!"&!
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718(%-"1-17-19.9"2"("%8!X55Ym!()%8%!.-%!1&2:1/"872.:%/!X.21&'IL"()!() "6 A%&%/!19-.&6)%8Y!"4!@$!x!aP!.&/!55!x!
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1.2.10 Ferns
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("2"&'1141()"81/372"6.("1&!%#%&(19%6 .38 ()%!-%2.("1&8)"78!.21&'1512:71/". 2%BH Y4A-BH!
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7-%#"1382:1A&1L&!1&2:14-1 A diantum capillus-veneris X.8AcPHY4YGIU(814"-8(1"&(-1&!"&61-71-.(%/!
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1.2.11 Seed plants
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1%%7!"&IT.&3&632.2%8M!) 1L%#%-H!21-%1%[(%&8"#%!8.272"&'1"&IT.&3&632.2%8!"818%%/%/!(11-%81 2#%!

(%! ("?"&'1141()"81/372"6.("1&Q!



Inferred gene duplication

Gymi
Cys

Le
Pteridi
98/1.0,

Lindsaea

Woodsia ilvensis
Woodsia scopulina
Blechnum spicant
Athyrium filix-femina
Diplazium wichurae
Deparia lobato-crenata

nocarpium dryopteris
topteris fragilis

Homalosorus pycnocarpos

Asplenium platyneuron
Polypodium hesperium

92/1190Iys(\chu m acrostichoides

ucostegia immersa

um aquilinum

Gaga arizonica

Notholaena montieliae
Myriopteris rufa

Argyrochosma nivea

Vittaria appalachiana
Adiantum capillus-veneris

Polypodiales PHY2

Cryptogramma acrostichoides

Pteris ensigormis
Pityrogramma trifoliata
Ceratopteris thalictroides

Culcita macrocarpa

Pl

Lonchitis hirsuta

PHY2 ¢
Pol

rid
PHY4 Blechnu
Cystopt

Plagiogyria jalponica Cyatheales PHY2
pteris elegans
2 Pilularia Salviniales PHY2
Anemia Schizaeales PHY2

Anemia tomentosa 2

Vittaria appalachiana
Adiantum capillus-veneris
Adiantum tenerum

Argyrochosma nivea

Myriopteris rufa

Gaga arizonica

Ceratopteris thalictroides
Pteris ensigormis

ryptogramma acrostichoides

ypodium hesperium

Polypodiales PHY4A

Polystichum acrostichoides
Leucostegia immersa

Asplenium platyneuron
m spicant
eris fragilis

Lonchitis hirsuta

Lindsaea microphylla
a

Pill
D

Azolla
ularia globulifera

Salviniales PHY4

Athyrium filix-femina

iplazium wichurae

Woodsia ilvensis
Gymnocarpium dryopteris
Cystopteris fragilis

Polypodiales PHY4B

Blechnum spicant

L — pte
Thyrsopteris elegans
Cyathea spinulosa
Plagiogyria japonica

77/1.0!

acrostichoides
ridium aquilinum

Cyatheales PHY4

Lygodium

Dipteris conjugata
Osmunda javanica
Osmunda sp
Osmundastrum cinnamomeum
Osmunda javanica

Projected attachment of
seed plant PHY. See
Supplementary Fig. 1

— OsmL um ci im
il nudum
di

tum

— Botrypus virginianus
Botrypus virginianus
= Sceptridium dissectum
Marattia attenuata

Danaea nodosa

Depat

PHY2/4

97/1.0,

Anemia tomentosa

Equisetum diffusum
i diffusum

]

Schizaeales PHY4
Gleicheniales PHY2/4
Osmundales PHY2/4A
Osmundales PHY2/4B

Psilotales PHY2/4
Ophioglossales PHY2/4B

Ophioglossales PHY2/4A
Marattiales PHY2/4
Equisetales PHY2/4

Blechnum spicant

ria lobato-crenata

Woodsia scopulina

Polypodium glycyrrhiza

Cystopteris protrusa

Asplenium platyneuron Polypodiales PHY1

Vittaria appalachiana

PHY1

Lonchi
Thyrsopteris elegans

Cyathea spinulosa

Plagiogyria japonica

Ceratopteris thalictroides

Pteridium aquilinum

itis hirsuta

Cyatheales PHY1

Azolla fili

Salviniales PHY1

Dipteris conjugata

Osmunda sp
Danaea nodosa
Marattia howeana

Pilularia ifera
Gleicheniales PHY1
Osmundales PHY1

Marattiales PHY1

Selaginella lepidophylla
94/1.0 Selaginella apoda
Selaginella moellendorffii

Equisetum diffusum = Equisetales PHY1

98/1.0 i kr
Selaginella wallacei
Isoetes tegetiformans

PHY1 98/1 Dendrolycopodium obscurum
eudol i

a

L Huperzia lucidula

81/7] G %— Dendrolycopodium obscurum

caroliniana

Isoetales
Lycopodiales PHY1

Lycopodiales PHY2

Pseudol
S i .
PHY2 Huperzia selago 0.1 substitutions/site I
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1.3 Discussions
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F: 14"&/"&'81)")2")(1()%!/"44%-%& (1%#123("1&.-:1)"8(1-"%8!14!()%!7):(16)-1?%!4.&/Il <
(%-7"&.21?1/32%8G!S)%K%-?"&.2!17)1(18%&81-:1?1/32%!"8!/%%72:16 1&8%-#%/!.6-188!%3A.-:1(%8!
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A"&.8%!/17."&8!).#%!.28119%%&!"&/% 7% &/%&(2:!-%6-3"(%/1"&(1!()%!-%'32.(1-:1?1/32%!"&! () %!
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1372"6.("1&816127.-%/1(111()%-19-:17):(%!2"&%.'%81X'3-%! gYGIU(I"8!7188"92%!().(!()%!%#123("1&!14!
7):(16)-1?%!8(-36(3-.2!.&/14386("1&.2!/"#%- 8"(:1%&).&6%/!()%!.9"2"(:1141712:71/14%-&8).&/!
@-:178"1.12188%8!(11.1.7(1(11/"#%-8%!2") (1%&#"- 1&?%&(8GIU&/%%/H!8%%/!72.&(8H!4%-&8H! .&/17188%8!
%.6)1).#%!.(12%.8(118%!7):(16)-12%!/372"6.(%!(). (16 1&#%-'%& (2:1%#1 2#%/! 1-1-%(."&%/1()%!-12%! 14!
20/".("&N)") - .[".&6%!-%8718&8%811A%!%(!.2GH!Qbbfm!5188.-(1.&/!W"2(9-3&&%-H!OPQfm!F.()%L8H!
OPPgm!F.()%L8!.&/!S-%7?1&(%H!OPODY' (12" A%2:1(119%!"?71-(.&(1483-#"#" &1 3&/%-1/%%7!
6.&17:18)./% IXC.&1#8A:1%(1.2GH!QbXBYVI%!9%21LYG!S)"8!i7):(16)- PY#%&!87%6"%8!

I"#%-8"4"6.("1&"):71()%8"8H!) 1L%#%-H!&%%/8!-"1-138!(%8("&'19:17):21'%&%("6!6 1?7 .-.("#%!



2%()1/8!.&/1438&6("1&.218(3/"%8!"&!&188%%/172.8&(8!(). (Y2%6&("4:1() %" %&%("6!9.8%8!1417):(16)-17%!
4386("1&8G

S)%!"&/%7%&/%&(17):(16)-17%!/"#%-8"4"6.("1&1%#%&(8!"&!8%%/! 72.&(8H!4%-&8H!?188%8!.&/!
*:6171/".2%81).#%!8"&"4"6.&(1"?72"6.("1&8141-17):(16)-1?%!43&6("1&.2!8(3/"%8G!F 188!
7):(16)-1?%8H!41-1%[.272%H!.-%!?116218%2:1-%2.(%/!(1!%.6)!1()%-1(). &!(1!.&:1141() %! 8B Xk (!
7):(16)-1?%81X.&/1()%!8.7%!"8!(-3%H!141613-8%H141-17):(16)-1?%8!4-1?14%-&8H!.&/1()18%!4-17!
*:6171/".2%8YGI$%%2.8&(17):(16)-12%8!).#%!3&/%-'18%!8"'&"4"6.&(/"44%-%&(".("1&!"&(1(L1!
2.21-1(:7%8GR%!"81-%7-%8%&(%/19:17):D!1Atabidopsis thalianaHIL)"6)!"81()%!7-"2.-:12%/".(1-114!
-%6/<2")(1-%8718&8%8!"&!/%%7!8)./%!.&/19%&%. ()!()%!81"2!83-4.6%G!U(/%'-./%8!-.7"/2:1"&!2") (H!
2%/".(%81#%- 2 1L A423%&6%!.&/!)" K --./" &6%!-%871&8%8H!.&//%7%&/8!1&! 7-1]YB.-(8&%-8!
"WCQIX;DT T0>10*,"NDS0>IWc5,,cS*IQY L&/ WX WeQI*UE0Y!41-1&362%. !
(-.&8216.("1&G!S)%!1()%-!"8!-%7-%8%&(%/19: FY@A. thalianaH!L)"6)!.-%!()%!7-"2.-:12%/".(1-8!
141-%K2") (1-%8718&8%8!"&117%&1).9"(.(8G!S)%:!.-%! 28J(92%H!2%/" (%! 22 3%&6%!-%8718&8%8m!.&/!
"&1()%!6.8%!1417): @H!/%7%&/11&!.&!"&(%-&.2!8362%.-1216.2" .("1&!8"&.2!141-1&362%.-1(-.&8216.("1&
X;-.&A2"&1.&/103."2HIOPQPM!I)%&!.&/!1)1-:HIOP@IX8"?"2.-17 -("("1&"&'114143&6("1&1).819%%&!
11632%&(%/!"&!1812%!4%-&!.&/1718817):(16)-12%!/372"6.(%8X$"&%8)6)%A1#1%(1.2GHIOPQfm!5188.~(!
&/IW"2(9-3&8&%-H!OPQfm!5188.-(1%(!. 2GHIHPQES(-. ("&'1.16.8%!1416 1 &#%-'%& (/" 44%-%&&1("1
412211"&1"&I% T %E&/%& (1'% &%!/372"6.("1&8GIU&I43(3-%!8(3/"%8H!"(1L132/19%!1417 .- ("632.-1"&(%-%8(!(1!
"&A4%-1()%!.86%8(-.2!7-17%-("%8!1412.&/172.&(17):(16)-12%+!=.81"(122)0"2%!1-18(.92%I!=).(IA"&/8!
1417):8"121"6.21-%8718&8%8!/"/1"(12%/".(%|'W1LIL.8!&362%(-.&8216.(" 1&!1%[%6 3(%/1$(3/"%8! 14!
2"#%-L1-(H1)1-&L1-(1.&/! Selaginellal7):(16)-17%8HIL)"6)1%["8(!.81.18"&' 266 17:'%&%H16132/18%-#%!
81i9.8%2"8%!21/%28j!41-13&/%-8(.&/"&"1()%!"%&%("6!9.8"811417):(16)-1?%!43&6("1&.2!
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T%6%&(143&6("1&. 3IBY68! 18.1.187.22193(14#.-"%/18%(1141.2'.217):(16)-1?%8!-%6#%.2%/.!
83-7-"8"&1/%"-%%!14187%6(-. 2!/"#%-8"(:HIL)"6)!12") (1-%642%6(!./.7(.("1&8!(11.!-. &'%! 1412 -"8%.&/!
M3.("619%&#"-1&2%& (R T 16AL%221%(!.2GH!IOPQdm!>3.&231%(! GGH!BRIRO6H! 7) 1 (1-%#%-8"92%!
7):(16)-12%8!"&!17-.8"&17):(%!.2'.%!"&623/%!1-.8'%V 4. <%/1-%6%7(1-8!.81L%22!.81-%6/ 484!
-%66%7(1-8H!.&/1"&1.2' %!13(8" /%1 141\"-""72.&(.%H!()%-%!. 281!.-%!9 28%N.&A-%/\/923%!-%6%7(11-8
X>3.8231%(!.2GHIOPQGY'8!8).-72:161&(-.8(8IL"()! () %!#%-:12"2"(%/!187%6 - 2!/"#%5(8"&16.8&18."6.2!
72.&(17):(16)-17%8H!.22!141L)"6)!.-%!-%/V4<%/!-%6%7(1-8G!U(. 77%.-81()%&H!().(1()%!(-.&8"("1&!14!
72.8(814-1212.-"8%!1-1.M3.("6!(11(%--%8(-". 2106 &#"- 18 7%&(8!" &#12#%/!.16%&(%-"811417):(16)-1?%!
%#123("1&11&!1.12"2"(%/121/%2G!S)%!& 1#%2173. (26)-12%!62./%8! UB&61#%-%/1)%-%!.-%!.!
T1(%&(".2!(-%.83-%!(-1#%!41-1/"86 1#%-"&"1()%!8(%78!/3-"&1()"8!(-.&8"("1&H!.&/141-16) - 6 (%-"_.("1&!
14189%L19"16)%7"6.21#.-" &(8H!81?%!141L)"6)1?.:1) #9%!"272"6.("188141-13&/%-8(.&/"&'1()%!-12%! 14!
7):(16)-12%19%6#123("18"&1-%6121&"_.("1&!1412.-"8%.&/!.M3.("61%6&#"-182%&(819:!(%--%8(-".2!
72.8(8G!

U&I83272.-:H!I 2 18(3/:1).81-06#%.29%/1().(1() %!/ #%-8" (1 14N"-"/"72.&(.%!7):(16)-1?%8!"8!
4.-1%.(%-1().&!L.81-%.2"_%/H!.&/171"&(8!(11%[6"("&"11771-(3&"("%8!(112"&A!()"8!8(-361B"#%-8"(:!

L"()!143&6("1&!.&/1%6121":G



1.4 Materials and Methods

1.4.1 Transcriptome- and genome-mining for phytochrome
S)%!(-.&86-"7(12%8!.8/!'%&1?%8!8.272%/1"&!()"8!8(3/:1.-%!2"8(%/'"R 7 7%&/"[ 1S.92%13Y

38%/1()%!5:()1&!7"7%28.%! @23%>%#"2141221 L Bk AROP QM ?"& %! (-.&86-"7 (L ?%8G!S1!8%.-6)!

()%!L)1296%&1?%!/.(.H!UB8%/| @*D$S7!"?272%?%&(%/1"&!5):(1_1?9%N11/8(%"&!%(!.2GH!@PQOY

"&I"#"13.2I'%&1 ?%!7-12%6(171-(.2BIK7%&/"[1S. 9290 G!S)%!7-1(%"&!/1?."&!1617718"("1&!41-1%.6)!

141()%!7):(16)-1?7%!8%M3%&6%!L .8!/%(%-?"&%/19:!M3%-:"&'1()%!" | @U!11&8%-#%/1>1?."&!

>.(.9.8% IXF.-6)2%<@.3%-1%(|.2GH!GPQQY

1.4.2 Sequence alignment
U&L/"("1&1(11()%!7):(16)-17%!)17121'812"&%/!4-1?!(-.&86-"7(17%8  |.&/I'%&1?%8HU
2811".()%-%/18%2%6(%/!N%&9.&A!.66%88"188!.8/!.18%M3%&6%!621 88t Moweanal
X#136)%-+$G=GN-.).?{I$GF.()%L8!QRH!/%718"(%/!"&! $=m!7-"2%-8+ @QP4!
RKNS'DI'NI'SDccS IDTIN'DSNfkH!ahh-! ol
RKNSFDIDSISSNT$IFDIDDDTIDCDIf|YG !
U.88%7?92%/143-18%M3%&6%!/.(.8%(8H!1&%!L.8!(-.882.(%/1"&(1!.&!.7"&11.6"/1.2"" & ?%&(!.&/!
()%!1()%-8IL%-%!.8.2:_%1!.8!&362%1("/%!?.(-"6%8G!S)%!.?"&11.6"/1/.(.8%(!"8623/%/1()%!?.Z1-"(:!14!
()%!8%M3%&.6968%!XdOfI8%M3%&6%8!" &I &/ ! ;"'3-%! Qar G!S)%!8%M3%&6%68!L %-%!"&"(".22:!
2"8%/138"&'IFB$I*0  1X0/'.-HIOPPdM!.&/!U?.&3.22:163-.(%/!()%!.2" &?%&(!9.8%/!1&! A&1L&!
/12."&1913&/.-"%81.&/17-1(%"&!8(-36(3-%8G!S)%!3&.2"'&.92%!-%" 188! %-%!%[623/%/1.8/1()%!4"&..2!
2"&?%&(1"&623/%/IQHQPg!.?"&11.6"/18"(%8G!S)%!8&362%1("/%!/.(.8%(8!L %-%!.88%292%/!(117-1#"I%!
)")%-17):21'%8&%("6!-%8123("1&!L"()"&!4%-&!5!2:617):(%!7):(16)-1?%8DQf18%M3%&6988¥1!aY H!
9-:17):(%!7):(16)-12%8!Xba!8%M3%&6%688! gY H!.8/18&%16)-1?%8!XQQQ!8%M3I%EEH6RNG!
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$%M3%&6%8IL%-%!.2"&%/!.81.7"&11.6"/8!.&/1()%&! 9 GA&S2. (9 (11&362%1("/%8H!.&/1()%!
2"87%&(IL.8!-%4"8%/19:12.&3.21%/"("&'GS)%!4%-&!S12:617):(%H!.&/19-:17):(%!7):(16)-12%!

2" 8&7%&(8!61&(."&%/!fHfgg!.&/IfHIOD!&362%1("/%!8" (%8H!-%87%6("#%2:G!S)%!&%16)-17%!.2" &?%& (!
"&623/%/11&2:1()%! (%-?"&.217)1(18%&1-:1?1/32%X5D$ND; SWc!/1?."&8m!QHbOP!&362%1("/%!

8"(%8YGID22!.2"&?2%&(8!.-%!.#."2.92%!4-121>-: /IX)((7+VV/[G/1"G1-'VQPGRPgQV/-:./G] " TAYG!

1.4.3 Phylogenetic reconstruction

11-1009%!9-1./ <86.2%!.7"&11.6"/!.2"&?%&(H!KSS!s!U!SIN!L.8!8%2%6(%/!.8!() 44 AY58&(!
%?7""6.2121/%219:15-15%8(138/%-!DA."A%!U&A1-2.("1&!1-"(%-"1K&.--"9.!%(!. 2GH! O REIRH%/!
N.-2"1#OGRpL"6A2HIOPRHA"&/1()%!?.["23212"A%2") 1 1/)(-%%HIL"()|(%&!"&/%7%&/%& (1-388!.&/!
'%&()-%8)41-(171(%-?!8%(!(1!1QPPHPPPG!S)%!8(.-("&'/(-%%!41-IN.-2"16.?%!4-1?! IK[FZ (. A"8H!
OPP@B&ES1!19(."&!911(8(-.7!9-.&6)!83771-(8H! TD[F*IL.8!-.&!-3&!L"())QHPPP!-%72"6.(%8!38!
KSSISING!

11-1()%!&3629%1("/%!. 2" &?%&(B88%/!5.-("("1&;"&/%-X*.84%.-1%(!. 2GH! QRQ&X%-1() %!
9%8(161/1&8!718"("1&!7.-("("1&!86)%?%8!.&/18398("(3("1&!?71/%28H!38/%-IDA."A%!U&41-?.("1&!
I-"(%-"1&GIF.["?3?12"A%2")11/!(-%%!8%.-6)"&'!.&/1911(8(-. 77"&' I XQHPPP!-%72"6.(%8 YL %-%!/1&%!"&!
TD[ F*G!@.:%8".&!"&4%-%&6%!L.8!6.--"%/!13(!"&!F-@ XF8 &M3"8(1%(!. 2GH! BRI 1!
"&I%T%&I%&(IF.-A1#16)."&F1&(%4.-21IXFIFIY!-388!.&/1413-16)."881%.6)G! UB&2"&A%/!()%!
8398("(3("1&17.-.2%(%-8!.&/18%(!()%!-. (%! 7-"1-1(11#.-:1.21&'17.-("("1&8G!S) %!FIFI113(73(IL.8!
"&87%6(%/138"&'1S-.6%KT.?9.3(1.8/1>-3221&/HIOPQfY  1(1!%883-%!618#%-'%&6% &K !
X%44%6("#%!8.272%!8"_%8!.22!xOPPYMIORZ!141()%!(1(.2!'%&%-.(" 1&8!L%-%!/" 86 &I/ B TB!E&

&.2:_"&'()%!718(%-"1-1/"8(-"93("1&G!



D//"("1&.21.&.2:8%81L%-%!.772"%/!(1!()%!&%16)-1?7%!/.(.8%(G!;"-BA8R6/11/1&5):F* |
XN"21%(1. 2GHIqREA%-1()%! (-%%! (17121":1.&/!(1!.88%88!8377 1-(32BAY6! *TS!9-.86)!183771-(YH!
38"8'1.161/1&!8398("(3("1&!?1/%2G!;13-16.(%'1-"%8114!84R.&1&:?138V8:&1&:?138!18398("(3("1&!
-.(%t.("181L%-%!/-.L&!4-121.1/"86-%(%!".22.1/"8(-"93("1&H!.&/161/1&!4-%M3%&6"%8!L %-%!
%8("2.(%/14-121()%!&362%1("/%!4-%M3%&6"%8!.(1%.6)!61/1&! 718" ("1&!X;IHdY GURYBAR (PH/! () %!
8362%1("/%8!"&(1!.2"&11.6"/8H!.&/16.--"%/113(1?.["?3?12"A%2") 1 1/)(-%%!8% ' B.'1.&/!
911(8(-.77"&"1X"&I TD[F*YH!.8!L%22!.8!@.:%8".&!"8&4%-%&6%! X"&!F-@.:%8Y!13&/%-1()%!KSS!s!U!sIN!
21/%2G!;"&.22:H88%/!()%!$L1441-b,28%8=.//%22 0W"22"8IX$,=WY!(%8(H!"272%?%&(%/1"&!
$,=WDS IX1)3-6)!%(!.2GOPQRII(1I"&#%8(".(%!L)%()%-1()%!"&4%--%/!(-%%! (17121"1X7):(16)-1?%!
71-("1&!1418%16)-17%141-7"&'1.162./%Y"818"'&"4"6.&(2:19%((%-1().&!()%!.2(%-&.("#%!(17121":!
X&%16)-1?%!1&1(171&17):2%("6 Y GIU&!$, =WDIBAY/!()%!/%4.32(18(177"&"16-"(%-"1&!.&/1.772"%/!.!

(17121"6.2!61&8(-."&(141-6"&'12.8/172.&(1.&/!_:'&%?.(.2%.&!&%16)-17%!(119%&18<1&17):2%("6G

1.4.4 Confirming gene copy number in hornworts by target
enrichment

UB8%/1.1(.-'%(1%&-"6)?%& (18(-.(%":1(11(%8(IL)%()%-1)1-&L 1-(8!).#%!.18"&'2%!7):(16)-12%!
21638G!U&!()"8!.77-1.6)H!87%6"4"6!T"DI7-19%8!.-%!):9-"/"_%/!(1!'%6&17?"6!>"DI(11%6§4)%!
-%7-%8%&(.("1&114!7 -("632.-'%68%!4-."2%&(8G!S.-' % (1%&-"6) ?%&(!).8!8%#%- . 2!./#.&(.'%8! 1#%-1()%!
(-./"("1&.2!$13()%-&!1921(("&'1.77-1.6)GIU&!7 -("632.-H!"(138%8!() 138.8&/8!141/"44%-%&(1):9-""_.("1&!
7-19%81X-.()%-1().&!Z38(1.14%L Y H!.&/1()%!%&/! 7-1/36831&1 (1> D!19.&/8H!93(!.6(3.2!8%M3%&6%!
1(G!

W%8"&%/!.1(1(.2!141aHRPOIQORIT DI 7-19%8!(1!(.-'%(17):(16)-12%H!7)1(1(-17"&!.&/!
8%16)-12%!'%&%8HIL"()!.187%6".2141638!1&!()18%!14!)1-&L1-(8!.&/14%-&81X7-19%!8%M3%&6%8!

#."2.92%!14-121>-: ) ((7+VV/[G/1"G1-' VQPGRPgQV/-:./G] " AYGIS) %! 7-19%8!1#%-2.71%#%-:IgP97!
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X.JOt("2"&"18(-.(%": YH!.&/!IL%-%18:&()%8"_%/!.&/19"1(4&.9%2%/19:!F:6-1.--.:GIN%&1?"6!>"D!14!
(0%!)1-&L1-(! Anthoceros punctatus!L.81%[(-.6(%/138"&'1.121/"4"%/ISD@!7-1(1612H!.&/18)%.-%/!
O:N1#.-"8IL"()  14-.'2%&(817%.AL(fPPO7GI*"9- -:17-%7 - ("1&!41-1U2237"&.18%M3%&6"&'IL.81/1&%!
38"&'1.IED5D!@"18:8(%?1A"(H!"&!6179"&.("1&IL"() 0@ %[(IF32("72%][!, 2" 18G!S11%&-"6)141-!
TL(%&(".22:1"#%-'%&(1)12121'8HIB8Y%/()%!(136)/1L&!7-16%/3-%! 141" % (1. ABOPQAY'&IL)"6)!() %!
'06&1?"61>"D12"9- -:1.&/1()%! 7-19%8!L%-%1):9-"/"_%/!.(IgR!~1141-1QQ!)13-8141221L%/!9:!gP!~1XQQ!
)13-8YH!RRI~I!XQQ!)13-8Y!.&/IRP!~IIXQQ!)13-8YGIS)%!):9-"/"_%/!>"D!4-."2%&(8!L%-%!6.7(3-%/!9:!
8(-%7(#"/"&19%./81.&/IL.8)%/141221L"&1()%!7-1(1612114IF:6-1.--.:G!S)%!4"&.2!7-1/36(IL.8!
7112%/1L"()!&"&%!1()%-12"9-.-"%8!"&1%M3"?12.-1.&/18%M3%&6%/!1&!U223?"&.IF"$%MIXORRI7!7."-%/
%&/YG1S117-16%88!()%!-0aIEBIb/163(./.7( XF.-("&HIOPQQY-%?1#%!()%!./.7 (1-18%M3%&6%8H!.&/!
38%/!8"6A2¥K18)"1.&/!;.88HIOPQQN-"?!121L dM3.2"(:19.8%8G!S)%!-%832("&'1-%./8!L %-%!()%&!
.88%7292%/19:1$,D5/%&1#101X*311%(!.2GH!ORREIN)%!7):(16)-17%!61&("1L.8!"/%&("4"%/19:!
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2. The origin and evolution of phototropins

*'HI,&=GHGKG!T1()4%REHF%62A1&". &KIBIGI\"22.--9%.2H!>G=G!$(%#%&81&HI$BHG!N
NGEG$G!=1&'H!$G!F.()%L8HIBREFG!5-:%-Ch the origin and evolution of phototropinsG!
"&L%#"%LG!

!

2.1 Introduction
>9%87"(%!()%"-18%/%&(.-:!&.(3-%H!72.&(8!.-%!&1(18(.("6!.&/!.-%!6.7.92%!14!.183-7-"8"&'"1-.&'%!
141?21 ("1&IX>.-L"&!.&/!1>.-L"&H!QhhPYG!52.&(8!).#%!%#12#%/1817)"8("6.(%/! 7) 1(1(-17"6!
-%871&8%8'&#12#"&"1?1#%?%&(114!8)11(8!.&/V1-16)21-172.848(1!17("?"_%!()%"-1%[7183-%! (1!
2")(G).-2%8!>.-L"&!7"1&%%-%/1?1/%-&!7)1(1(-17"8?!-%8%6.-6)!9:/%?1&8(-.("&"().("()%!8) 1 1(!
("71"81()%!71"&(11412™)(17%-6%7 ("1&!4-1?11)%-%!i423%&6%:;!"8!(-.&8/36%/!(1!1"&" (".(%6!(-17"6!
?1#%?%&(8X>.-L"&!.&/1>.-L"&H!IQhhPYG!$398%M3%&(18(3/"%8!811&!129%81(186 1#%-:1141()%!72.&(!
)1-?21&%!.3["&!X>.-L"&k8!i1423%&6%jYH!.&/12.(%-1()%!"/%&("4"6.("1§34923%")(!
7)1(1-%6%7(1-8 7)1(1(-17"&8!X*"863?!1%(!.2GH!OBQdY
5)1(1(-17"&8!-%'32.(%!A%:!./.7("#%!7):8"121"6.2!-%871&8%8!().(1.-%!3&/%-12") (16 1 &(-12H!
"&623/"&'18)11(<718"("#%!7)11(-17"8?H!-11&%".("#%!7)1(1(-17"8?H!6)21-172.8(!
.663?232.("1&V.#1"/.&6%H!8(1?.(.2!117%&"&'H!6"-6./".&!-):()?H!2%.4!%[7.&8"1&H!.&/18%%/2"&'"!
%21&".("1&XI)-"8("%H!OPRAB-163--%&(13&/%-8(.&/"&"114!()%!43&6("1&!.&/19"16)%?"8(-:114!
7)1(1(-17"&8!1-""&.(%8!4-1?19.8"6!-%8%.-6)! 1 & rabidopsis thaliana!X.1421L%-"&172.&(YH!L.&/(1!.!
?36)!12%88%-1%[(%&(\A&dintum capillus-veneris'X.14%-&Y!.&Physcomitrella patens!X.1?188Y G!>%gFo!
(%!7):21'%&%("6!87.&!%&61?7.88%/19:1()%8%!?1/%2!1-'.&"8?8H!()%!1-()121":11417)1(1(-17"&!

'%&%8!).8!19%%¢&!.?79"3138H!61&413&/"&"1&1(11&2:143&6("1&.2!)1?121":1.88"'&?%&(8H!93(1.281113-!
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Figure 8: Organismal lineages screened for phototropin homologs. XDY\"-"/"72.&(.%!.&/!.2".%G!*"&%.'%8!
0-(12.6AI7)1(1(-17"&!.-%!/%7"6(%/1"&!"-%:GIS17121":!/%-"#%/14-1?!="6 A%((!% (1 XGPQE&/!' @3-A"1%(!.2G!
XOPQ@%)1(1(-17"&!.&/!7):(16)-17%!/372"6.("1&8!.-%!1&2:18) 1L &!1&!2.&/!72.&(!9-.&6)%8!XL"()"&!'-%:!

91[YGIX@Y!;%-&8!.&/12:617):(%8m!(17121":1/%-"#%/!4=16A%((1%(!.2G!XOPQAY!.&/'E31!%(!.2GXXOP (BBY:8m!

(17121":1%-"#%/14-1?111[!1%(! .26KOPQEBY.7"(.2!2%((%-8!.91#%!923%!8M3.-%8!/%&1(%!7)1(1(-17"&!/372"6.("1&!
%#%&(8!?%&("1&%/!"&!() %! (%[(1.&/"&!; ™ GIOG!iuj!"&/"6.(%8!().(1()%!9%[.6(17):21'%&%("6!718"("1&!14!()%!" % &%!

1372"6.("1&!%#%&(1"8!.29"'3138G

2.2 Results

2.2.1 The origin of phototropins
SU7"&71"&(1()%!1-"""&!1417)1(1(-17"&8!.8/1-%61&8(-36(1()%"-1%#123("1&..-:1)"8(1LH!

%[.?"&%/10OQRI(-.&86-"7(12%8!.&/1'%&1?7%8187.8&"&'1.221%[(.&(172.&(1.&/!.2'.212"&%. %8!

YO77%&/"! S.92%dHS.9294RYEB) 1L!)%-%!().(17)1(1(-17"&8!.-%!7-%8%&(1"&!.2212.21-12.&172.&(!
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2"8&%.'%81X8%%/!72.&(8H!4%-&8H!2:617):(%8H!?188%8H!2"#%-L1-(8H!.&/1)1-&L1-(8YH!.8!L%22!.81"&'-%%&
2'.%IX6).-17):(%8H!6)21-17):(%8H!.&/!7-.8"&17):(%81MB-%! hY GRE1&(-.8(HY"/1&1(!-%61#%-!
7)1(1(-17"&814-121'2.3617):(%8H!-%/!.2' %H!6-:7(17):(%8H!).7(17):(%8!.&/18(-.?%&17"2%8H!
"&/1"6.("&"1().(1()%!1-""&!1417)1(1(-17"&!1?18(12"A%2:1(11A! 72.6%!"&!.&!. &6%8(1-114N"-"/"72.&(.%!
X-%0%8&!.2'.%1S12.8/172.&(8H13-%! hY G!@%6.38%()%!6)21-17):(%\Cllkmydomonas reinhardtii"8!
A&1L&!(1138%!7)1(1(-17"&8!(1171/32.(%!"(8!8%][3.2!7-16%85%0E.&'.&/! @%6AH!OPRFY!"817188"92%!
0.(10%!438&6("1&!141%.-2:17)1(1(-17"&812.:1&1(). #%!"&#12#%/) 1 (1(-17"6 1-%871&8%8G!
B&A41-(3&.(%2:H!18112"((2%!"8!A&1L&!.913(17) 1(1(&A3&6("1&!"&!-%%&!. 2" 212"&%.'%8!().(IL%!

6.8&1(1/%(%-?"8&%!L)%&!7)1(1(-17"&8IL%-%!-%6-3"(%/!(11/"-%6(1(-17)"6!-%871&8%8G!

2.2.2 Phototropin phylogeny
$%9672.8(17)1(1(-17"&8!41-21.121&17):2%("6!"-1371().(1"8!8"8(%-!(1!4%-&!7) 1 (1(-17"&S8!
X""3-%! bY GIWOAREUY%-!.18"&'2%!"%68%!/372"6.("1&!%#%& (1"&!8%%/172.&(8H! 18.%! 20ali8H4ib!
PHOT1.&/'()%!1()%-!(1! Arabidopsis!PHOT2 XI)-"8("%H!OPEA® 986%!()YPHOT1!.&/! PHOT2!
62./%81%.6)!"&623/%!.8&"187%-281.&/!":2&187%-?8H!()%!/372"6.("1&!%#%&(!(). (' #%!-"8%!(1!()%8%!
(L11)1?2121'817-%/.(%8!()%!/"#%-'%&6%!141.221%](.&(18%%/!72.&(8! XiD|t38%! bY @128114"&/18(-1&'!
%#"1%&869%H)%!?21817):2:11414%-&17)1(1(-17"&8!Xi@]!"&!3-%! bYG!*%7(1871-.&" .(%!4%-&8!).#%!
(L117)1(1(-17"&!)12121'8!().('1L%!/%8"&.(%! PHOTI1!.&/! PHOT2H!"&!-%4%-%& 6%t 1im
capillus-veneriss PHOT11.&/! PHOT2 XE.".L.1%(!.2GH!OPRdN%87%6("#%2:G!S)%! % *2%6 881 4%-&!
2"8%.'%8H!I0M3"8%(.2%8H!58"21(.2%8!.&/!,7)"1'2188.2%8H!%.6)!).#%!1&%!7)1(1(-17"&!'%&%H!
-%7-%8%&("&'1()%! 87 2"6.(%/!1#%-8"18!1414%R&IOT1!.&/! PHOT2G!S)%!%[.6(17):21'%&%("6!
718"("1&!1.8!(1!L)%-%!4%RHOT1!.&/! PHOT2!/"#%-'%/!"81.29"3138!/3%!(1!.12.6A!1419-.&6)!

83771-(H1.2()13")1"(17-19.92:1L.817-"1-1(112%7(1871-.&™.(%!4%-&8!/"#%-"8&14-17 IF .-.((".2%8! !

I fQ



Xi@j!"&"3-%! bYG!
D8IL"()!8%%/'72.&(8!.&/12%7(1871-.&".(%!4%-&B1¥1%-!.18"&'2%!/372"6.("1&!%#%& (1" &!()%6!
2:617):(%!SelaginellaH!61--%871&/"&'(PHOT1!.&/! PHOT2!9.8%/11&!()%!"%&1?%!.&&1(.("1&!14!
moellendorffii X@.&A8!%(!.2GHIGBYRN):21'%&%("6!718"("1&!141()"8!/372"6.("1&!"8!.28113&62%.-!Xil]!
"&L™3-%! QRY HI93(1"(1?38(17-%/.(%!()%!61?7?1&!.&6%8(1-!114!%[(Ke(hginella!9%6.38%!)RHOTI!
62./%!61&(."&8!.22!A&1L&!?.Z1Sklaginelln!2"&%.' UZKE1-.22!.&/'E%&-"6 AH!ORROYIU81%/(.2%8!.&/!
*:6171/".2%8H!LYM13&/11&2:11&%!7)1(1(-17"&!)1?121'H!93(!L)%()%-!1-1&1(1"(1"8!"&/%%/!.18"&'2%
617:1%&%!"&!()%8%!2"&%.'%8IL"22!-%M3"-%!43-()%-161&4"-?.("1&G
D2212"#%-L1-(!(-.&86-"7(1?%8!L%!%[.?"&%/161&(."&%/!'1&2:11&%!7)1(1(-17"&%! QFYH!.!
-%82(161&8"8(%&(IL"()!()%!-%6%&(1/%?1&8(-.("1&!().(17) L(L(-17"&N&drchantia polymorpha!"8!.!
8"&'2%617:1"%&WXE1?.(83!%(1.2GH!OREMM -&L 1-(17)1(1(-17"&8!.2811.77%.-1(119%!8"&'@A7:H!
9.8%/11&!13-18690%&"&"1141)1-&L1-(!(-.&86-"7(1?%8!.&/1.121L61#%-.'%!"%&17%!/-.4(114!
Anthoceros X*"1%(1.2GHWDRID.7(%-!f ¥G!S1143-()%-161&4"-?1()%!'%&%!617:1&379%-1"&!)1-&L1-(8H!L%!
38%/1.1(.-'%(1%&-"6)?%&(18(-.(%":1(1!18%M3%&6%!.2217) 1 (1(-¥Z"A%!'%&1?"6!4-."?%& (8!"&!
Anthoceros punctatusH!.&/N413&/1&11.//"("1&.21/"#%-'%& (16 17"%8G!
F188!7)1(1(-17"&8H!1&!()%!1()%9.&/H!).#%!.18"&"4"6.&(2:1?71-%!61?72%[!%#123("1&.-:!
)"8(1-:GW%(%-?"&%/!().(1(0%!7)1(1(-17"&!.&&1(.("1&8!4-1?!()%!?188Physcomitrella patens!
'%&1?%!RpPHOTA1-4HPpPHOTBI1-3Y/1!1&1(1-%42%6(!'%&%!1-()121":G! @ %6PFBIlAS)!. &/!
i PHOTBsj!.-%!"&(%-?"&'2%/H-%62.88"4"%/!()%!?188!7)1(1(-17"&8!9.8%/11&!()%"-17):21'%&%("6!
-%2.("1&8)"78!8) 1L &!)%-YEBO2%TH!"3-%! QFY G!5-"1-1(1!()%!/"#%-'%&6%!14!.221%[(.&(!?188%8H!.!"%&%!
1372"6.("1&!%#%&(IXi>]1"&!3-%! QFYI(11A!72.6%H!"#"&'-"8%! (11?880 T1!.&/! PHOT2G!U&!

PHOTIH!.!18%61&/'/372"6.("1&!1663--%/!"&!()%!61?71&!.&6%8(1-114!@-:178"/.1.&/'512:(-"6)178"/.!
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Xi0j!"&!;"3-%! QY!1().(1872"(PHOT1!"&(1PHOT1AL&N PHOT1BGV&PHOT2H!(L1L//"("1&.2!
1372"6.("1&8!(11A172.6%!Xi;jL.&/NINjI"&! ;"3-%! QFY18398%M3%&(!(1!()%!/"#%-'%&6%!14!@3[9.3?"/.%!
X@-:178"[.YH!-%832("&' P&IOT2A-C@HOT2A!L &N PHOT2B!.-%!91()!7-%8%&(!"&!>"6-.&"/.%!.&/!
@-:"1.%H!L)%-%.FHOT2C!"8!1&2:1A&1L&!" 8P hyscomitrella patens'X;3&.-""[.%Y @hyscomitrella
patens!?.:1.2811).#%!1218(I()%!PHOT2A )1?121'GIU&!"-%%&!.2".%H!?18(114!()%!(-.&86-"7(1?%8!.&/!
"%&17%8!-%#%.2%/!1.18"&'2%!7)1(1(-17"&!"%&BK! QY G!S)%!8"823-19%[6%7 ("1&!"8!p:'&%?.(.2%8H!
L)%-%!(L1!7)1(1(-17"&!1)1?121'8!.-%!7-%8%&(IRHOTA!.&/' PHOTBYG!!

Table 1: Reclassification of Physcomitrella patens phototropins based on gene
orthology.

Proposed new name Previous annotation Genbank No.

PpPHOT1A-1 PpPHOTA1 XM_001774204
PpPHOT1A-2 PpPHOTA2 XM_001774562
PpPHOT1A-3 PpPHOTB3 XM_001755269
PpPHOT1B PpPHOTA3 XM_001765356
PpPHOT2B PpPHOTB2 XM_001785674
PpPHOT2C-1 PpPHOTB1 XM_001766357
PpPHOT2C-2 PpPHOTA4 XM_001763052

*0616)-12%!X 0,H! ;"3-9%! QR4!"3-96! QQY1"81.13&"M3%!7)1(1(-17"&!#.-".&(().(17188%88%8!
83772%2%&(.-:1-%/V4<%/B%&8"&'1/1?."&814-1717):(16)-17%8 1X'1_3%!%(!.2GH!QBBIE6%&(!
8(3/"%8!).#%!-%#%. 2%/!(L 11" &/%7%&/%&(11-""&8!141&%16)-1?%8H!1&%!"&!_:' &% 22%!.&/!
()%!1()%-1"&!)1-&L 1-(81X$3%(83'31%(!. 2GHIOPPRm!*"1% (BGHIORQH!.&/!(). (1()%!&%16)-1?%8!
4138/!"&14%-&8IL%-%!/%-"#%/14-1?1)1-&L1-(81#" 1) 1-"_1&(.21'%&%! (- &8XF6%(!.2GH! AR P6-!
fYG! %16)-12%!7%-6%"#%8191()1923%!.&/1-%ALA2") (1(112%/".(%!7)1(1(-17"8?!.&/16)21-172.8(!
21#%2%&(XE.&%".%1%(!.2GHIOPPgmIE.L."1%(!. 2 GRIMIBRREH!.&/!"(1.77%.-81(11) #%!172.:%/1.!
8"&"4"6.8&(1-12%!"&!()%"-!/"#%-8"4"6 . (Xi%)&%"/%-1%(!.2GHIOPPdM!$6)3%((7%2_!.&/!5-:@+-HIOPPbY

"%16)-1?7%!43&6("1&!"&!_:'&%7?.(.2%&!.2". %H!) 1L %#%-H!"8!8("22!3&62%.-G!@%6.38%!_:'&%7?.(.2%.&!
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2'.%1) H%172.(%2"A%!6)21-172.8(81().(-1(.(%!"&!-%871&8%!(1191()!923%!.&/!-4sAbA2™) (!

"M ("1& IXW.37(1.&/1$6)%3%-2%"&HIQBEIBIIY.81):71()%8"_%/1().(1.2'.21&%16)-12%H!1-""&.22:!
1"861#%-%/1"@Wougeotia scalarisHI"81()%!'%&8%!16.&/"].(%!-%871881RSH6(83'31%(1. 2GHIGRIPRY
W1L%#%-H!&%16)-1?%Mcalaris!-%871&/811&2:1(11-%/V 4<%/12") (1.&/1&1(}(11923%12™)(!
X$3%(83'31%(!.2GH!GEBRIV6[721-%!L)%()9¢-scalaris!?") (19%!.&113(2"%-1.21&" | _:'&%?.(.2%.&!
2'.%1"&17%-).781).#" &1 1i/%4%6("#%j!&%16)-12% /M 3-()%-"&H#%8(".(%/!.221()%!.2'.21&%16)-17%8!
0.(1 U?"&%/GW"861#%-%/!().(1&18%!141()%?").81()%!61&8%-#%/16:8(%"&%!-%8"/3%!"&! ()%!* \O!
117."&HI().(1"81%88%&(".2141-142 #"&1218&18&362%16)M4217) 1-%!.//36(141-?.("1&1.&/1923%!2")(!
8"&.21(-.&8/36("1& IXI)-"8("%H!OPEAS)%-%41-%H!"(1"812"A%2:1().(1.22!_:'&%7.(.2%.&!.2".%!38%)!
89%16)-17%!1&2:141-18%&8"&'1 V. <%/12") (H!.&/!38%!1()%-192325") (17)1(1-%6%7(1-8!

X7)1(1(-17"&811-16-:7(16)-12%8Y!(11?.8%3#%-16)21-172.8(I-1(.("1&8G!
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Figure 9: Phylogeny of seed-plant and fern phototropins. ,-.&'%!6"-62%8!"&/"6.(%!"&4%--%!/!
7)1(-17"8&1/372 "6.("1&I%H#%E&(8G!S)%!"(.2"6"_%/16.7"(.212%((%-1L"()"&!%.6)!6"-62%!61--%871&/8!(11()%!/372"6.("1&!
%oH%08&(1?7%&("18%6/1"&1 () %! (%6[(H!.&/1()%!&379%-8V2%((%-81./Z.6%&(!(1!%.6)!1-.8'%!6"-62%!.-%!()%!&.2%8! 141() %!'%6&%!
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To Fig. 11

Fig. 10

Lycophytes -

Selaginella moellendorffii 1-2
Selaginella moellendorffii 1-1
Selaginella willdenowii
Selaginella kraussiana
Selaginella acanthonota
Selaginella selaginoides

Selaginella moellendorffii 2-1
Selaginella moellendorffii 2-2
Selaginella willdenowii

Selaginella kraussiana

Selaginella acanthonota

Isoetes tegetiformans

84/4— Dendrolycopodium obscurum

Lycopodium deuterodensum

Diphasiastrum digitatum

To Fig. 9

Selaginella
PHOT1

Selaginella
PHOT2

Isoetes PHOT

Lycopodiales

Pseudolycopodiella caroliniana
Huperzia lucidula PHOT
Phylloglossum drummondii
LATLs Porella pinnata
Radula lindenbergia
Scapania nemorosa
Bazzania trilobata
Schistochila sp .
Metzgeria crassipilis Liverwort
Pellia neesiana PHOT
Marchantia polymorpha
Conocephalum conicum
Lunularia cruciata
. Sphaerocarpos texanus
Liverworts 93/+— Rhynchostegium serrulatum
Neckera douglasii
Loeskeobryum brevirostre
Leucodon brachypus
Orthotrichum lyellii
Bryum argenteum H
Scouleria aquatica Bryop5|da
Ceratodon purpureus PHOT1A
Aulacomnium heterostichum
Physcomitrella patens PHOTA2
Funariidas Physcomitrella patens PHOTB3
741+ 5 82/ Physcomitrella patens PHOTA1
uxbaumiidae . . .
Buxbaumia aphylla Polytrichopsida
Atrichum angustatum PHOT1A
Neckera douglasii
Rhynchostegium serrulatum
Leucodon brachypus
Loeskeobryum brevirostre H
PHOT1B Bryidae Aulacomnium heterostichum Bryop5|da
Orthotrichum lyellii PHOT1B
Funariidae Bryum argenteum
Physcomitrella patens PHOTA3 Po|ytrichopsida
Atrichum angustatum PHOT1B
Sphagnum lescurii Sphagnopsida PHOT1
Neckera douglasii
Loeskeobryum brevirostre
Rhynchostegium serrulatum
Leucodon brachypus .
Aulacomnium heterostichum Bryop5|da
Orthotrichum lyellii PHOT2A
Bryum argenteum
98/+. PHOT1 Ceratodon purpureus
PHOT2A Scouleria aquatica
i Leucodon brachypus
Mosses PHOT2 717 Neckera douglasii
PHOT2B Rhynchostegium serrulatum .
Orthotrichum lyellii Bryopsmia
Scouleria aquatica PHOT2B
Fissidens adianthoides
Physcomitrella patens PHOTB2 .
Physcomitrella patens PHOTB1 Bryopsida
Physcomitrella patens PHOTA4 PHOT2C
Buxbaumia aphylla ~ Bryopsida PHOT2
- Atrichum angustatum Polytrichopsida PHOT2
Andreaea rupestris Andreaeopsida PHOT2
Sphagnum lescurii Sphagnopsida PHOT2
Takakia lepidozioides Takakiopsida PHOT2
Dennstaedtia punctilobula
73/ Plagiogyria distinctissima
971 Phegopteris hexag
Diplazium wichurae
“Allantodia dilatata Fern NEO
Dipteris conjugata
Adiantum capillus veneris
Hemidictyum marginatum
Adiantum tenerum
Nothoceros aenigmaticus
Megaceros flagellaris
[— Phaeomegaceros coriaceus
Neochrome 87/.99 Phymatoceros phymatodes Hornwort NEO
99/+ Paraphymatoceros hallii
Phaeoceros carolinianus
Anthoceros punctatus
Anthoceros bhardwajii
Anthoceros puncatatus
Megaceros tosanus
Hornwor‘ts Megaceros aenigmaticus

Phaeomegaceros coriaceus Hornwort PHOT
Phymatoceros phymatodes

Phaeoceros carolinianus

Paraphymatoceros hallii

0.1 substitution/site



Figure 10: Phylogeny of lycophyte and bryophyte phototropins. ,-.&'%!6"-62%8!"&/"6.(%!"&4%--%!/!
7)1(-17"&1/372"6.("1&!%#%E&(8G!S)%!"(.2"6"_%/16.7"(.212%((%-1L"()"&!%.6)!6"-62%!61--%8718&/8!(1!()%!/372"6.("1&!
Yo% (1?7%&("1896/1" &1 () %! (%6[(H!.&/1()%!&329%-8V2%((%-81./Z.6%&(!(1!%.6)!1-.&'%!6"-62%!.-%!()%!&.?%8!141 () %!'%6&%
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718(%-"1-17-19.9"2"("%8G!iuj!"&/"6.(%8!().(1()%!%][.6(17):21'%&%("6! 718" ("1&! 141()%!'%&%!/372"6. (" 1&1%#%&(1"8!
.79"3138G !



d

Streptophytes

To Fig. 10 Mesotaenium kramstei

Zygnemopsis sp

Cylindrocystis cushleckae

Mesotaenium caldariorum

Mougeotia scalaris
Cylindrocystis brebissonii 2

Cylindrocystis sp 2

Cylindrocystis brebissonii 1
Cylindrocystis sp 1

Mesotaenium kramstei
Zygnemopsis sp
Cylindrocystis cushleckae
Mougeotia scalaris
Mesotaenium caldariorum
Desmidium aptogonum
Cosmarium tinctum
Staurodesmus convergens
Penium exiguum
Phymatodocis nordstedtiana
Planotaenium ohtanii
Gonatozygon kinahanii

Roya obtusa

Mesotaenium endlicherianum
Mesotaenium braunii

Zygnematales
PHOTB

Zygnematales
PHOTA

Demidiales
PHOT

Zygnematales PHOT

Coleochaete irregularis
Coleochaete scutata
Chaetosphaeridium globosum

Interfilum paradoxum
Klebsormldlum subtile
Entransia fimbriata
Spirotaenia minuta
Chlorokybus atmophyticus
Mesostigma viride
o7/ Pediastrum duplex

Scenedesmus dimorphus
Cylindrocapsa geminella
Volvox carteri
Chlamydomonas reinhardtii
Chloromonas tughillensi
Oogamochlamys gigantea
Heterochlamydomonas inaequalis
Brachiomonas submarina
Carteria obtusa
Hafniomonas reticulata
Aphanochaete repens
Hormidiella sp
Fritschiella tuberosa
Oedogonium foveolatum
Oedogonium cardiacu
Trebouxia arboricola
Prasiola crispa
Coccomyxa pringsheimii
Botryococcus terribilis
Scherffelia dubia
Tetraselmis cordiformis
Persursaria percursa
Entocladia endozoica
Bolbocoleon piliferum
Helicodictyon planctonicum
Pyramimonas parkeae
Scourfieldia sp
Nephroselmis olivace
Dolichomastix tenuilepi
Ostreococcus lucimarinus
Ostreococcus tauri
Micromonas pusilla

93/+

74/+

99/+
99/+

99/+
99/+
97/+

88/+

Pycnococcus provasolii

Mougeotia scalaris

Mougeotia scalaris NEO1 NEO2
Mesotaenium caldariorum
Cylindrocystis cushleckae
Zygnemopsis sp
Cylindrocystis brebissonii 2 Zygnematales

Cylindrocystis sp 2 EO
Cylindrocystis brebissonii 1
Cylindrocystis sp 1

Mesotaenium braunii

Mesotaenium braunii

Mesotaenium endlicherianum

Coleochaetales PHOT
Klebsormidioales PHOT

Mesostigmatales PHOT

Chlorophyceae PHOT

Trebouxiophyceae PHOT
Prasinophyte PHOT

Ulvophyceae PHOT

Prasinophyte PHOT

0.1 substitution/site |

Figure 11: Phylogeny of algal phototropins. ,-.&'%!6"-62%8!"&/"6.(%!"&4%--%/!7)1(-17"&!/372"6.("1&!
%#%&(8G!S)%!"(.2"6"_%/16.7"(.212%((%-!L"()"&!%.6)!6"-62%!61--%871&/8!(1!()%!/372"6.("1&!%#%&(1?%& ("1 &%/!" &!() %!
(%[(H!.&/1()%!&3?9%-8V2%((%-8!./2.6%&(!(1!%.6)!116862%0!.-%!()%!&.7%8!14!()%!"%&%!/372"6.(%8G!S)%!#.23%8!
.8816".(%/!L"()!9-.&6)%8!.-%!?.["?3?12"A%2")11/1911(8(-.7'#.23%8!V!@.:%8".&!718(%-"1-17-19.9"2"("%8G!iuj!
"&/1"6.(%8!().(1()%!%[.6(17):21'%&%("6! 718" ("1&!14!()%!'%&%!/372"6.("1&!%#%&(1"8!.?79"3138G



2.3 Discussions

F: 17)1(1(-17"&!7):21'%&:1-%43(%8!() %! 7-%#"138!.88%-("1&!() PHOT2j!"8!()%!.&6%8(-.2!
NLA(-17"&L&N().(NT  PHOTIj'%#12#%/'2.(%-1"&!8%%/! 7 2 B2#«&D?73/".1.&/!,44-"&" . H!
OPPd&YS)%&6%8(-.2!7)1(1(-17"&!"8!&%"()9RHOT1j!&1-li PHOT2jH!9%6.38%!()%"-17.-.21'8!"&!
8%%/!72.&(8H!2:617):(%8H!4%-&8!.&/1?188%8!L%-%!/%-"#%/14-1?18%7 .-.(%!"%&%!/372"6.("1&8!().(!.-%!
61&4"&%/1(11%.6)!1-'.&"8?.212"&%.'%G!'U&!1()%-!L1-/8H!8PA®R('PHOT1 .&/' PHOT?2!. -%!?1-%!
6218%2:1-%2.(%/!1(1!11&%!.&1()%-!().&!(1!4BH&QTs!1-1?7188! PHOTsGF: -%#"8%/!'%&%!1-()121"1).8!
"271-(.&(143&6("1&.2!.&/'%#123("1&.-:1"?72"6.("1&8G!52.&(8!14(%&!-%871&/!/"44%-% & (2:13&/%-121L
&I RM)(12%#%28m!6)21-172.8(8H!"&!7.-("632.-HI%9B&/%-!L %. Al2") (193(1-%(-%. (L) %&!() %!
"&(%&8"(:1"8!(11!)")G!11&8%M3%&(2:H!.8!8)1L&!"&!13-17):21'%&%("6!-%61&8(-36 ("1&H!7)1(1(-17"&!
7.-.21'81) . #%!-%7%.(%/2:H!.&/16 1 &#%-'%&(2:H!87%6".2"_%/!"&(11?%/".("&'1%"()%dP1)") 2™)(!
-%871&8%8H!"&!8%%/(FR14%-8&8H!2:617):(%8!.8/!?188%8H!.2()13")!1812%!-%/3&/.&6"%8!/11%6["8(
X1)-"8("%H!OPRHWH()%!(L1!7)1(1(-17"&8!A&1L&!"&A rabidopsis thalianaH!D(7)1(Q!?%!/".(%8!
7)1(1(-17 "8213&/%-121LL2")(1"&(%&8" (:H!.&/!"8!?1-%!8%&8" ("#%!().&!D(7)1(O!"&!(-""%-"&'!
6)21-172.8(1.663732.("1&!X$.A."1%(!.2GH!OBHIY) 1 (OH!"&!61&(-.8(H!-%8718/8!7-%/1?"&.&(2:!(1!
)" 2")(1"&(%&8"(:H!.&/1"81812%2:1-%871&8"926§241172.8(!.#1"/.8&6%!38/%-18(-1&'12"")( !
XE."L.!1%(!.2GH!OPR®D!8"?"2.-143&6("1&.2//"44%-%&(".("1&!6.&!.28119%!8% % & " &Y )atdhiR !
capillus-veneris!'D67)1(Q!.&/!D67)1(0!7)1(1(-17"&8G!D67)1(0!61&(-128!6)21-172.8(!.#1"/.&6%!
3&/%-1") 2")(""&(%&8"(:HIL)%-%.8!D67)1(Q!72.:8!.1?"&1-1-12%!"&!()"8!-%871&B%L .!%(!.2GH!
OPPdY1$"?"2.-2:HIE.8.).-.1%(!.2XOPPEH].?"&%/!413-17) 1(1(-17"&8!"&!()%! ?188Physcomitrella
patensH!.&/14138&/1().(1577)1(QD <O!X8YBB29%Y "811417-"2.-:1"271-(.&6%!"&!6)21-172.8(!

#1". &6%19%).#"1-HIL)%-%.8!()%!1()%-8161&(-"93(%!(1!()"8!-%871&8%!(1!.1736)!2%6881%[(%&(G!
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S1138/%-8(.&/1)1L17)1(1(-17"&143&6("1&.2!/"#%-'%&6%8!X83943&6("1&.2"_.("1&8Y!
~%7%.(%/2:1%#124#%1"&172.&(8H()%!A%:1"8!(1!-%661&8(-36 (1()%!43&6("1&! 14!.86%8(-. 2! 7)L(1L(-17"&!
9%["8(8.81.18"8'2%617:'%&%G!U&!()%"-1-%6%&(18(3/:114!()%! 2" #9uickhintia polymorphal
7)1(1(-1 7"&!IX8"&'2%!617:YHIE1?.(83!%HAPQdY3&/!().("(1%&6177.88%8!.22!()%!43&6("1&.2!
6).-.6(%-"8("68!14191()!D(7)1(Q!.&/!D(7)1(0G!S)"8!4"&/"&'183"%8(8!().(1()%!.&6%8(-.212.&/172.&(!
7)1(L(-17"&IL.812"A%2:1.1'%&%-. 273-718%;!7) 1(1-%6%7 (1-1().(-%871&/%/1(11.IL"/%!-.& %! 14!
2")(1"&(%&8"("%8G!S)%!8398%M3%&(1.&/I TISTAB2" .("1&8!1417)1(1(-17"&1"&(11241&/)™) <
2")(1"&(%&8" (:143&6("18.21-%871&8%8!?.:1) #%!172.:%/1.&"271-(.&(1-12%!"&! ()% ./.7(.("1&!141%.-2:!
2.8&/172.&(81(110.-()k8!6).&"&'12.&/86.7%8G!$"&6%!()%!41-2.("1&! 141()%!%.-2"%8(141-%8(8!19:1%[("&6(!
4%-&8).8)1-8%(."28!%2./1[:2178"/8Y 1.913(1fhRI?"22"1&!:%.-81.'1 IX$(%"&!%(!.2GHIQPE)Y(1!
(1/.:k81.&"187%-2 417"&.(%/!(%--%8(-".2!%618:8(%?8H!2")(1%&#"- P&RA(8!).#%!9%612%!
"&6-%.8"8'2:1)%(%-1'%&%138!.&/!/:&.7"6G15188%88"&'1/372"6.(%/! 7)1 (1(-17"&!"%&%8!.&A6 1
17("&"1()%?141-1/"44%-%&(12") (1" &(%&8" ("%8IL132/19%!%87%6". 22:19%QY 2968126 (1. 2GH! DEPdY
J#.8&(.'%13811#%-1()%!.&6%8(-. 2H!"%&%T3-718%! 7)1 (1(-17"&GIU&I%%/HI?18(1141()%!2.&/!72.&(!
2"8%.'%8().(17188%88!/372"6.(%/!7)1(1(-17"&!)1?7121'81X8%%/!72.&(8H! 496 RBHIBSH! .&/!
2188%8Y!.-%!?1-%!87%6"%8!-"6)!().&!()18%!().(//11&1(1X2"#%-L 1-(8!.&/1)1-&L1-(8YG!!

S)%!%#123("1&.-:1)"8(1-:17.((%-&!(). (' W198%-#%!)%-%141-17)1(1(-17"&8!8) 1L 8!.18(-"A"&!
-%68%7?92.&6%!(1!1().(141-17):(16)-1?%8G!D!8"?"2.-18%M3%&6%! 1416 1 &#H YR&(11&..-:1%6#% &(@
412211"&'1'%&%!/372"6.("180).8!.28119%%&1-%71-(%/141-17):(16)-17%8!.6-188!.2212.21-172.&(!
2"8%.'%807 (%-1Q YG!@1()!7)1(1-%6%7 (1-81X7):(16)-1?%8!.&/17) 1(1(-17"&8Y/372"6.(%!!
-%7%.(%/2:1"&!8%%/172.&(8H!4%-&8H!2:617):(%8!.&/17188288K):1-%?."&%/!8"& 2l 7:1"&!

2"#%-L1-(81.&/1)1-&L1-(8!X;"3-%! bYGID2()13')!()"8!7.((%-&!1416186%-(%/!'%&%!4.7"2:1%[7.&8"1&!
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.&/18(.8"816132/19%1/3%!(11L)12%!"%&17%!/372"6.("1&8IX=N>YH!()%8%!(L1!7)1(1-%6%7 (1-8!/'44%-1"&!
()%!%][ 6(1%#123("1&.-:1718"("1&8!141'%&%!/372"6.("L&I%HVEAB /" &1 (1.221).77%&). 2181 () %!
8.2%!7):21'%&%("619-.&6)%81)3-%! bYH!83"%8("&'1().(I=N>1"81&1(1812%2:1-%871&8"9A%6TA18%!
)%-9%1().(1()%-%!).819%%&.!("") (16@6#123("1&.4-%2.("1&8)"719%(L%%&! 7)1 (1(-17"&8!.&/!
7):(16)-1?%8G! T%6%&(18(3/"%8!).#%!18) 1L&!().(1()%8%! (L1!7)1(1-%6%7(1-8!&1(11&2:18).-%!6-188
(2AI"&1()%"-18"&.2!(-.&8/36("1&!I7.()L.:8 IX*.-"3%(1%(!.2GH!OPPgm!/%!.-91&8%2!%(!.2GH!OPQPmM!
>067?.-8:1%(1.2GH!OPIIOY(!.28116.&17):8"6.22"&(%-.6(XK.%/"6A%!%(!. 2G HEIBQON("1&H!()%!
618#%-'%&(1%#12BR1.&/1)1-"_1&(.2!'%&%!(-.&84%-11418%16)-170%683%(83'3!%(!.2GHIOPPRmM!*"1%(!.2GH!
OPQU!).7(%-1f¥43-()%-1"2238(-.(%!().(H!()-13)13(172.&(1%#123("1&.-:1)"8(1-:HLI (") (17 .-(&%-8)"7!
).81-%6832(%/19%(L%%&!()%! (L117)1(1-%6%7 (@:8E()%8"_%!().(1()%!"&(%'"-.("1&!14191()!923%!.&/!
-0BV4.-<%/12")(1"&41-?.("1&1%8&.92%/!72.&(8!(11-%871&/!117("2.22:1(116).&"'& 1% &#"-1& 2%&(8!
0-13)1("?2%G!>372"6.("1&!1411&%!7)1(1-%6%7(1-12.:1). #%!7-127(%/!/372"6.("1&!"&!()%! 1()%-H!.&/!
)%&6%!-%832(%/1"&!()%!-.()%-!7.-.22%2!'%&%!4.2"2:1%#123("1&.-:1) "&(L-"%8
U&!8327.-:H1)%-%U2%#%- .'%/!()%!-%6%&(183-'%!"&!'%6&17"6!.&/!(-.&86-"7(12"6!/.(.I(1!
"%&("4:17)1(1(-17"&8!4-1?!.6-1881.19-1./1-%7%-(1"-%! 1 41%][ (.& (19" 1/"#%-8" EG18(3/:1-%#%.281().(!
7)1(1(-17"&8!.-%!3&"M3%!(L\"-"/"72.&(.%H!.&/1().('%&%!4.2"2:1%[7.&8'&! . &/18(.8"8!).8!17%-.(%/!
3&"M3%2:1L"()"&!%.6)!141()%!#.-"13812.&/172.8&(12"&%. 687 .((%-&!8"2"2.-1(11().(1141() %!
7):(16)-12%!7)1(1-%6%7(1-G!0["8("&'143&6("1&.2!/.(.141-17) L (1(-17"&8H!"&(%-7-%(%/!"&12") (7141
'06&%!7):21'%&:H!83"%8(81.1)"8(1-:1141-% 7406/ %&%!/372"6.("1&8!412211.%/19:17 - 22%2143&6("1&..2!
I"#%-'%&6%8!X83943&6("1&.2"_.("1&8YG!,3-19-1./17):21'%&%("6!.77-1.6)!-%.(2:161772%?%&(8!

1&'1"&"17)1(19"121":1-%8%.-6)!41638%/!1&!8%2%6(172.&(1?71/%2!1-'.&"87?8H!.&/!L"22!%&.92%!43(3-%!



-%68%.-6)12"&A"& 1UEL " HI%#123("1&H!.&/17)1(16)%7?"8(-:|(1!13&/%-8(.&/ &) 1L!72.&(8!.1.7(1X.&/!

) H%1.L.7(%/Y I (114.-".92%!12") (1%&H"-1&?%& (8!

2.4 Materials and Methods

2.4.1 Mining phototropins from transcriptomes and genomes
S)%!(-.&86-"7(12%8!.&/1"%&1?%8U!138%/1%!2"8 (¥6&! D77%&/"[! S.92%HS.929MGB 112" &%!

7)1(1(-17"&!)1?7121'8H!U!38%/() %! @23%>%#"2!7:()1&! 7"7%2"8%!41221L "8 MABRQY-!

(-.&86-"7(12%8H!.&/141-'%&1?%RI38%/!| @*D$S7!"272%?%&(%/MR):(1_17% XN11/8(%"&!1%(!.2GH!

OPQAYI"&/"#"13.2!'%&12%!71-(.2 XD 77%&/"[! S.92%dHS. 92948 B! 7)1 (1(-17"&!8%M3%&.894r!

Anthoceros bhardwajii! XH1.36)%-A'22.--%. 21€YL.8119(."&%/19:151T1.&/1621&"&"  IX7-"?%-8+!

7)1(;QbaP!.&/!7)1(TAQPOMB%%!D77%&/"[!S.9 294

2.4.2 Sequence alignment and phylogenetic reconstruction

U38%/IFB$I*0  IX0/'.-HIOPPAY1!.2"&!()%!.?"&1!.6"/18%M3%&6%8H!.&/!()%&!HBA
(-.&82.(%/1()%8%!(11&362%1("/%8G!S)%!-%832("&'1.2" &?%&(IL.812.&3.22:1"27-1#%/19.8%/! 1&IA&1LA&!
/12."&1.&N?1("419138&/.-"%8H!.&/13&.2"8& .92%!-%""1&8!L%-%!%[623/%/17-"1-1(117):21'%&%("6!
&.2:8%8@B8Y%/!5.-("("1&;"&I%-1X*.&4%.-1%(1.2GH! QRQIOY"&! () %!17("2.21/.(.17.-("("1&!86)%?%!
X9:161/1&1718"("1&Y1.&/1()%!.8816".(%/1&362%1("/%!8398("(3("1&!?1/%28GINGRPL"6A2HIOPPgY
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RPPHPPPL&/!"&/%7%&/%& (- BBBG6/113(1911(8(-.77"&1(11.88%88!9-.&6)!183771-(H!38"&!
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2.4.3 Target enrichment for confirming phototropin copy number in
hornworts

! S)%!(.-'%(1%&-"6)?%&/.(.!L%-%14-1?1 1).7(%-1Q HIL)%-%9:!.)1-&L1-(IXAnthoceros
punctatusY!> DI2"9-.-:1L.81):9-""_%/IL"()]aHRPO!IQOP?%-1T"D!7-19%8!(11%&-"6)17)1(1(-17"&H!
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IF"$%MIXORPO7!150Y!-3838%/18"6AZXK18)"!.&/!;.88HIOPQ@W63(./.7(  XF.-("&H!IOPQQY62%.&!
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3. The origin and evolution of neochromes

*'HI:@&=GH!e32 co-authors... HbG!F.()%L8H!.&/'EGFG!5-:%-G!OFQaiEontal transfer of an

adaptive chimeric photoreceptor from bryophytes to fernsG!5-16%%/"&'8!14!()%!".("1&.2!

D6./%?: 1141$6"%&6%8H!B$D!QQ Gy tipr®

!
3.1 Introduction

52.&("-1L().&/1/%#%2172%&(.-%!?1/32.(%/19:17)1(1-%6%7(1-18:8(%?8!().(17-1#"/%!
"&41-?.("1&!.913(1()%!83--13&/"&'1%&#"-1&?%&(G!F.Z1-17%.A8!"&!()%!.6("1&!87%6(-.114!()%8%!
"&41-2.("1&.217)1(1-%6%7 (1-81295Y) %-!"&! () %! BO23%!X%G'GH!6-:7(16)-17%8!.&/17) 1 (1(-17"&8Y!1-!
-%/IV4.<%/1X7):(16)-12%8Y12")(1-%" 1&8XF J'2"6)1%(!. 2GHIORRIB)P6!6)"?%-"617) 1(1-%6%7 (1-H!
&9%16)-1?%H!"8!.1-%7?.-A.92%!%[6%7 ("1&G!IU (14 38R Fd.' 7):(16)-17%!.&/1923%<8%&8"&'"!
7)1(1(-17"&!1?1/32%8!"&(1!.18"&'2%!?12%632%@%0! QD Y!().(1?%/".(%8!7)1(1(-17"6!-%871&8%8!
X1_3%!19%(!.2GH!Qbbhm!E.L."1%(!.2GH!OPPfm!E.&%'. %! %6{ ABHIIPFBENH%!.1-%8(-"6(%/!
1663--%8&6%!"&!1()%!72.&(1(-%%!1412"4%H!.&/\(L1!"&/%7 % &/% &B3YGH 31% (1. 2GH!OP P&I6!"&!
()%!"-%%8&!.2'. Mougeotia scalaris).&/1.&1()%-1"814%-&8 83"%8("&'1().(1()%!7188%88"1&!14!
&9%16)-1?%!?.:19%!%#123("1&.-"2:1./#.&(.'%138GS5)"8!"8!61&8"8(%&(!L"() ! %#"1%&6%6!14!'-%.(2:!
%&).&6%/!17)1(1(-17"6!-%8718%8!"&!14%-&8!L"()!&%16)-1XBIL."1%(!.2GH!OPPfM!IE.&%'.%!%(!.2GH!
OPPd¥.8!L%22!.8!"(8!7):21'%&%("6!/"8(-"93("1&!L"()"&!()%!4%- & | 2" E8}VBIRG - 24 "#%0- " & 1 4%-&!
1-/%-8!,8?73&/.2%8!.&/'$6)"_.%.2%8!/11&1(!7188%88!&%16)-1?%E.L."1%(!.2GH!ORPY(!).8!9%%&!
-%71-(%/11&21&!1:.()%.2%8!Xc.&'1%(!.2GH!OR@P¥12:71/".2%8! XE.L."1%(!.2GH!OPPfm!c.&'1%(!.2GH!
OPQPIY2"&%.'%B(1218(2:!/"#%-8"4"%/141221L"&"1()%!I-%(.6%138VS%-(".-:1968(.92"8) ?%& (11 421L

2")(H!.&"187%-?<417"&.(%/141-%8(16.&17"%H$6)&%"/%-1%(!.2GH!OPPdmM!$6)3%((7%2_!.&/!5-:&-H!OPPbY
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D8!.1-%6832(H!"(!).819%%&!83"%8(%/!().(1()%!%#123(" 1 & MBWE P06 !L.8).|A%:I"&&1#.("1&!(). (!
6184%--%/1.17)1(1(-17"6./#.&(.'%!1&!4%-&8"-1L"&'13&/%-121L 2")(161&/"("1&8H!4.6"2"(.("&'1()%"-!
21/%-&!/"#%-8"4"6.("1&!"&!()%8)./1L1141.&"187%-?8]!  X$6R%"/%-1%(!.2GHIOPPAM!$6)3%((7%2_!.&/!
5-:%-HIOPPbm!E.L."1%(!. 2GH@RPIG') 1 71(%&(".22:18"&"4"6.&(14-17).&!%#123("1&.-:18(.&/71"&(H!
()%!1-""&!11414%-&18%16)-17%!).81-%7."&%/1.1?:8(%-:H!.&/1&117-%#"13818(3/:1).8!-%#%.2%/!) 1LI"(!
2")(1) #%!%#1 2#%/Gl

U&()"818(3/:HI U &#%8("".(%/1()%!1-""&!1418&%16)-1?%!9:18%.-6)"&'141-1)1?121'138!
8%M3%&6%8!"&!dfd!(-.&86-"7(1?7%8!.&/!dPIL)12%!'%&1?%8!14172.8&(8!.&/DRTHH&/"[! S.92%g Y H!
&/183-7-"8"8'2:1/"861#%-%/1&%16)-12%!)17121'814-1?1)1-&L  1-(81X"3-%! Q@HD77%&/"[! S.92%!
gYGID&.2:8%8!141()%!)1-&L 1-(1/-.4("'%&1 2%k hoceros punctatusY'83"%8(1().(18&%16)-1?%!
1-""& . (%/1"&!)1-&L1-(8H!"&/% 7 %&I%&(14-121()%!"-%%&!. 2" %G I*.<86.2%!7):21'%&%("8.2:8%8!
& "HY%-'%&6%!("?%!1%8("?.("1&8143-()%-1/%?1&8(-.(%!().(14%-&8!.6M3"-%/1&%16)-1?%!4-17!

)1-&L1-(8".)1-" 1&(.2!'%&%!(-.&84%-IXWNIYG!

3.2 Results and Discussions

3.2.1 Algal neochrome
S)%!1&2:17392"8)%/1.2'.21&%16)-17%!"8!4-1?1.18"&'2%!87%6NoBktotia scalaris X$3%(83'3!

%(1.2GHIOBRRY%&("4"%/1)1?121'811418%18Y6!"&!()%!(-.&86-"7(1?7%8!141.221QP!8.272%/12%7?9%-8!

141()%!ip:'8&%7.(.6%.%;!837%-62./%pensu!N1&6).-1#.&/IF%2A1&".&! XOPQRN"&623/"&.!

MougeotiaHVlesotaeniumHTylindrocystisH!.&/'\Zygnemopsis!93(1"&!&111()%-!1.2".2!(-.&86-"7(1?%8!

83-#%:%/1X'3-%! QBID7 7%&/"[!S.92%dH!"3-%! QN G!
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Figure 12: The origin of fern neochrome. XDY!" %16)-17%!"8!.16)"?%-"6!7)1(1-%6%7(1-!"&!L)"6)!()%!
T q%-?"&38!61&8"8(8!14!.17):(16)-17%!8%&81-:1?1/3%!438%/!(1!.&!.2718(161772%(%!7)1(1(-17"&!8%M3%&6%!.(!
(%!l {%-?"&38G!S)"6A!.&/1()"&!2"&%8!-%7-%8%&(1%[1&8!.&/!"&(-1&8H!-%87 %6 ("#%2:m!2%&'()!&1(!(1!86.2%G!X@Y!>.(
7):21'%&:11417)1(1(-17"&!.&/'&%16)-1?%H!8)1L"&'1&%16)-1?%!WNS!4-1?!)1-&L 1-(8!(1!4%-&8!X/%(28!"&
Figure 21YG!XIY!51-("1&!14!()%!7)1(1(-17"&!7):21'%&:H!8)1L"&"!-%2.("1&8)"78!1414%-&!&%16)-1?%H!)1-&L1-(!
7)1(1(-17"&!.&/1&%16)-1?%H!IL"()!)")2:183771-(%/19-.&6)%8!()"6A%&%/! X/%(."28!"&igure 13YGIX!D!
86)%7.("6!/%7"6("&'1()%!1-""&!1414%-&!&%16)-12%G

3.2.2 Novel neochrome in hornworts
D?1&'12.&/172.&(8H! W/1632%&(%/!()%!1663--%&6%!141&%16)-1?%!"&IOR.//"("1&.214%-&!

87%6"%B13%%! QfH!"3-%! QdY $B8-7-"8"&'2:HU.281!/"861#%-%/!&%16)-1?%!"&!)1-&L 1-(8H!.!187.22!
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9-:17):(%!2"&%.'%!().(1/"#%-'%/1%.-2:1"&!()%!)"8(1-:11412.&/!72.&(8G!D2()13")!()%!%[.6(19-.&6)"&'!
1-/%-1.21&"()%!()-%%!9-:17):(%!2"&%.'%8!X)1-&L1-(8H!?188%8H!2"#%-L1-(8Y!"8!&1(!-%6812#%/L"()!
6%-(."&(:H!81?%!-%6%&(!.&.2:8%8!).#%!83"%8(%/!().(!) 1-&L 11(86!8"8(%-!(1!#.8632.-172.&(8!
X:617):(%8H!4%-&8H!.&/18%%/! 7 2!¢&@frb(!.2GH!ORII?7"-"6.22:16 1&4"- 2%/ () %! 7-%8%&6%!14!
&%1B1?%!"&!)1-&L1-(8!()-13")!5I1T!.&/1621&"&'H!.&/!"812.(%/!&%16)-1?%!8%M3%&6%8!4-1?!()%!
'%&%-.NothocerosHWegacerosHPhymatocerosHPhaeocerosHParaphymatoceros .&/! AnthocerosH!
-%7-%8%&("&'1413-113(1141()%!4"#%!)1-&L 1-(11-/%-8!X>%&/-16%-1(.2%8H!5):?.(18%8H!
"1(1():2./.2%8H!.&/'D&()16%-1(.2%8YWL.8 13&.92%!(1!19(."&!./%M3.(%!?.(%-".21141()%!?1&1(:7"6!
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0-(! 0%)1-&L1-(1&%16)-1?%!8%M3%&6%!/.(.1L%-%!"&/ %%/ /Y 432! ()%!)1-&L1-(1&362%.-!
'%&17%!.&/1&1(14-1?161&(.?"&.&(!.2".%!1-14%-&BHI7%-41-?%/!"%&1?%L.2A"&"&! Nothoceros!
aenigmaticus!(1119(."&!42.&A"&''%&1?"6!8%M3%&6%8G!>11L &8(-%UMI13&/!.178%3/1'%&%!41-!
"?2"._12%'2:6%-127)187).(%!/%):/-.(.8%!XUN5>Y!.& /H!9%6.38%!"(8!8%M3%&6%!"8!?18(16218%2:!
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3.2.3 Neochrome HGT from hornworts to ferns
S)%!17):21'%&%("6!/"8(-"93("1RL.41&%16)-17%!"&!2.8/172.&(8!X7-%8%& (11&2:!"&!)1-&L 1-(8!
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3.2.4 Recurrent fern-to-fern HGT

W% (%6 (Y681 %((-. 1-/"&.:1"&61&-3%&6%!9%(L%%&: 14%-&!&%16)-12%!'%&%)!(-%%!.&/!()%!
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Phegopteris hexagonoptera kji9s023
Athyrium filix-femina AFPO «jiss025
Deparia acrostichoides kjissoi3
Adiantum aleuticum WCLG kji95006
Onoclea sensilibis kji195024
94/96/98/+/+ Thelypteris noveboracensis kjiss034
\ Macrothelypteris torresiana kjissoi2
Homalosorus pycnocarpos OCZL «ji9s008
Coniogramme intermedia var glabra rsoiss4
Plagiogyria distinctissima fsoi96s
Alsophila podophylla kji9so14
Dennstaedtia punctilobula kjisois
Pronephrium lakhimpurense fsoises
97/97/98/+/+\ Dryopteris amurensis kjissoi7 Fern NEO
Allantodia dilatata fasss7
86/83/96/+/+ Diplazium wichurae UFJN «ji95009
Blechnum spicant jissoo7
95/93/96/+/+ Plagiogyria japonica UWOD kji9s018
+/+/98/+/+\ D|pte[!s conjugata P’!EKP KJ195011
indsaea linearis NOKI kji95004
Go to 99/99/96/+/4 | Adiantum capillus-veneris agoi20s2
Appendix 87/85/93/+/% ¥ Hemidictyum marginatum «ji9s037
3.961 Qh Hypolepis.tenuifolia k195036
' : 99/§9/95/+/+ Adiantum raddianum BMJR kji9s003
Nothoceros aenigmaticus kji2ss2
Megaceros flagellaris UCRN «jiss000
93/93/98/+/+ 94/89/95/ Phymatoceros phymatodes jisso02
_|: Paraphymatoceros hallii FAJB kjis4999 Hornwort NEO
99/+/98/+/+ Phaeoceros carolinianus WCZB «jis4998
Anthoceros punctatus ji94997
+/+/99/+/+ Nothoceros aenigmaticus ji2s3s3
{Megaceros flagellaris UCRN kji95132
+/99/+/+/+ gg7+7+ Phymatoceros phymatodes kjissi3s
87/89@ F(araphymatoceros hallii FAJB kji95133 Hornwort PHOT

L—— Phaeoceros carolinianus WCZB «jiss134

Anthoceros punctatus kji9si31
0.3 substitutions/site

Figure 13: Phylogenetic relationships of fern neochrome (NEO), hornwort neochrome and
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Gene Tree

Deparia lancea
Deparia lobato-crenata -a
Deparia acrostichoides

Onoclea sensilibis

Pronephrium lakhimpurense
Thelypteris noveboracensis

Phegopteris hexagonoptera
Matteuccia struthiopteris

Macrothelypteris torresiana
Coniogramme intermedia
Tectaria zeylanica
Didymochlaena truncatula
Plagiogyria distinctissima -«—
Alsophila podophylla <—
Dennstaedtia punctilobula

Adiantum aleuticum
_E Adiantum pedatum
Adiantum andicola

951 De tichoid
p— para acrostichoides
—_ Deparia lancea -

94/+/.99

98/95/+ —_\\ Dryopteris expansa
98/97/+1— Dryopteris amurensis
99/+/+__\\ Dryopteris filix-mas

NEO <‘

Bolbitis auriculata
Hypolepis tenuifolia
Hypolepis punctata

Hornwort

— 0.02 substitutions/site

Adiantum tetraphyllum

Adiantum raddianum

Adiantum hispidulum

Lindsaea linearis
_{ Adiantum capillus-veneris

Species Tree

Deparia lancea

Deparia lobato-crenata
Deparia acrostichoides
Matteuccia struthiopteris
Onoclea sensilibis
Thelypteris noveboracensis
Pronephrium lakhimpurense
Macrothelypteris torresiana
Phegopteris hexagonoptera
Dryopteris expansa
Dryopteris amurensis
Dryopteris filix-mas

Bolbitis auriculata

Tectaria zeylanica
Didymochlaena truncatula

Adiantum aleuticum
Adiantum pedatum
Adiantum andicola
Adiantum capillus-veneris
Adiantum tetraphyllum
Adiantum hispidulum
Adiantum raddianum
Coniogramme intermedia

Polypodiales

Lindsaea linearis

1 formosana
distinctissima
ophila podophylla

Cyatheales

Dipteris conjugata Gleicheniales |

Figure 14: Phylogenetic incongruence between fern neochrome gene tree and fern species tree.
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Deparia lancea
Deparia lobato-crenata
Deparia acrostichoides
Athyrium filx-femina
Phegopteris hexagonoptera
Matteuccia struthiopteris
Adiantum tetraphyllum
Pronephrium lakhimpurense
Onoclea sensilibis
Deparia lancea
Deparia acrostichoides
Thelypteris noveboracensis
Macrothelypteris torresiana
Homalosorus pycnocarpos
Coniogramme intermedia
Tectaria zeylanica
Didymochlaena truncatula
Dennstaedtia punctiobula
Alsophila podophylla

codon model

Diplazium bombonasae
Diplazium wichurae
Allantodia diatata
Blechnum spicant
Plagiogyria formosana
Plagiogyria distinctissima
Dipteris conjugata
Doodia media

Adiantum raddianum
Adiantum hispidulum
Bolbitis auriculata
Hypolepis punctata
Hypolepis tenuifolia

indsaea linearis
Adiantum capillus-veneris
Hemidictyum marginatum

Horwort
NEO

0.3 substitutions/site

D

== Purifying selection
== Neutral or nearly neutral

== Positive selection

15t 4 2nd position

Horwort

Deparia lancea
Deparia lobato-crenata
Depariz acrostichoides

Onoclea sensilibis

Athyrium flixfemina

Phegopteris hexagonoptera
Matteuccia struthiopteris

Deparia lancea

Deparia acrostichoides
Thelypteris noveboracensis
Pronephrium lakhimpurense
Adiantum tetraphyllum

Macrothelypteris torresiana
Homalosorus pycnocarpos
Coniogramme intermedia
Alsophila podophylla
Plagiogyria distinctissima
Dennstaedtia punctilobula
Tectaria zeylanica
Didymochlaena truncatula

Alantodia dilatata
Blechnum spicant
Plagiogyria formosana
Plagiogyria japonica
Dipteris conjugata

Hemidictyum marginatum

0.05 substitutions/site

Deparia acrostichoides
Depari lancea
Adiantum andicola
Adiantum aleuticum
Adiantum pedatum

Deparia lancea

Onoclea sensilibis

Pronephrium
R

Allantodia diatata
Diplazium wichurae

Dryopteris filx-mas
Dryopteris amurensis
Dryopteris expansa
— Blechnum spicant
Plagiogyria formosana
{ngmgyma distinctissima
Dipteris conjugata
Hypolepis tenifolia
Hypolep's punctata
Bolbitis auricul

Alsophila podophylla

Plagiogyria japonica

Dennstaedtia punctiobu
Didymochlaena truncatula

Tectaria zeylanica

Deparia lobato-crenata
Deparia acrostichoides

Thelypteris noveboracensis

fiantum tetraphyllum
Matteuccia struthiopteris r

Adiantum raddianum

Deparia lancea
Deparia lobato-crenata
Deparia acrostichoides
Thelypteris noveboracensis

Pronephrium lakhimpurense
Adiantum tetraphyllum
Onoclea sensilibis
Macrothelypteris torresiana
Homalosorus pycnocarpos
Athyrium filx-femina
Phegopteris hexagonoptera
Matteuccia struthiopteris
Deparia lancea
Deparia acrostichoides

‘oniogramme intermedia
Tectaria zeylanica
Didymochiaena truncatula

C

31d position

Alsophila podophyla
Plagiogyria distinctissima
Adiantum aleuticum

Dryopteris amurensis
Dryopteris expansa
Dryopteris filx-mas
Allantodia dilatata

Diplazium wichurae
Doodia media

Adiantum hispidulum

Adiantum raddianum

Bolbitis auriculata

Hypolepis punctata

Hypolepis tenuifolia

Adiantum capillus-veneris

Lindsaea linearis

Hemidictyum marginatum

Horwort
NEO

0.3 substitutions/site

la

GC Content

0.2

lakhimpurense

0.0

Coniogramme intermedia
E Homalosorus pycnocarpos
Macrothelypteris torresiana

Diplazium bombonasae

lata

Adiantum hispidulum
Adiantum raddianuum
Doodia media
Hemidictyum marginatum
Lindsaea linearis
Adiantum capil

Paraphymatoceros halli
Phaeoceros carolinianus

Phymatoceros phymatodes
Vegaceros flagellaris

Nothoceros vincentianus
Nothoceros aenigmaticus

Anthoceros punctatus

— 0.02 substitutions/site

T T T T T
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Figure 15: Phylogeny, selection profile and GC content of fern neochromes. F.["?3?!2"A%2")11/!

-%61&8(-36("1&8!14!1'%&%)!7):21'%&:19.8%/! 1&YX61/1&!?1/%2HBX 14"-8(!.&/!8%61&/161/1&!718"("1&8H!.&IK
()"-/'61/1&!718"("1&G!S)"6A%&%/19-.&6)%8!"&/"6.(%!.*TS!83771-(8!XA¥11-1911(8(-.7!83771-(8!X"&HCLY x!aPG!
XY I1$%2%6("1&! 72%41"872.:%/1.21&'17):21'%&%("6!9-.&6)%8!41-14%-&!.&/!)1-&L1-(1&%16)-17%8G!S-%%!
(17121":1/%-"#%/'4-1?1()%!9%8(1?.["?3?12"A%2")11/I(-%%Bigure 13YG!S)%!L"/()!141%.6)!6121-.21&1.
9-.&6)!"8!7-171-("1&.2!(1!()%!&379%-114161/1&!8" @' &!()%!61--%871&/"&'18%2%6("1&!62.88G!S)"6A%&%/!9-.&6)%8!
).#%!%][7%-"%&6%/!18"&"4"6.&(1%7"81/"6!718" ("#%!8%2Po6{PIGPREYGHR"/"&'IL"&/1L!.&.2:8"8! 14!INI!
61&(%&(141-14%-&!&%16)-1?%G!0.6)!12"&%!/"872.:8!()%!N1161&(%&(141-1%.6)!&%16)-17%!8% M IHBEEHH B! 1&
4%-&8!"&! 18(3/:1L%-%!/%#".&(!"&!9.8%!61?718"("1&!41-1&%16)-1?%G!0.6)!L"&/1L!"8IdPPI7!"&!8" %!.&/!()%!
L"&/1L!82"/%8!%#%-:IRPI7G!



U()%-%41-%!"):71()%8"_%/'().(1()%!"&61&"-3%&(1(-%%!6132/19%!()%!-%832(114!QY 1?32 72%!4%-&
(1<4%-&!WNS!96#%& (8H! @626, (%/!"%&%! (3-&1#%-1-.(%!().(1?.:1). #%!19%%&!8%2%6/(%/141-1.4(%-IWNS!
X*"&/19%(!.2GH!OPQPmM!" f 8#. Z2NMAQPRIDYTY!.16179"&.("1&!14!191() @) .#%!81?%!%#"/% &6 %!
83"%8("&"1-%663--"&"14%-&(14%-&IWNS!?")(!).#%!9%%&!"&#12#%/G!;1-19%6[.? 7 W68 1#%-%/!
&%16)-1?%!'%&%8!14-1?1(L11%.-2'#%-""&'14%-&!1-/%-8IIN2%"6) % &". 2WBIKris conjugataY!.&/!
I:.()%.2%8!XAlsophila podophyllal.&/! Plagiogyria 877.YM().('L%-%!2"A%2:!/%-"#%/14-1?18%61&/.-:!
WNS!96#%&(81%%! QH!.--1L8YG!S)%8%!&%16)-1?%8!.-%!&1(17):21'%&%("6.22:!-%812#%/!.8!.132/19%!
7-%/"6(%/!9.8%/!1&!7392"8)%/!4%-&!87%6"%8!-%.{AI&B6)3%((7%2_!.&/15-:%-H!OPPAY(!"&8(%./!
~%!&%8(%/!.?1&'1512:71/".2%8!X3-%! Q& G!;3-()%-?1-%H!()%!872"(19%(L%%&!()%68%!.&/11()%-!4%-&!
&%16)-1?%8!XPFcDH!bRZ!)™)%8(1718(%-"1-1/%&8"(:!"&(%-#.2 HRBg!FcDND 77%&/"[! ;"'3-%! OY'!
1663--9%/121&'.4(%-1()%!%8("?.(%/!1-'.&"87.2!/"#%-'%&6%!/.(%8!41-IN2%"6)%&".2%8!XOag!FcDY!.&/!
1:.()%.2%8! XOOf!IFcD YX$6)3%((7%2_!.&/15-:AGPPIY.17.((%-&!().(1?.:19%8(19%!%[ 72."&%/!19:!
4%-&1<4%-&WNSEG

F: D:71()%8"8!14171(%&(".22:1-%63--%&(!WNS!96#%&(8!L"() "&!4%-&8!"8!&1(13&7-%6%/%&(%/G!U&!
&"187%-?8H!-.?27.&(IWNS8!).#%!9%%&!/163?%&(%/!141-1()%!?"(16)1&/-".2bx11)1?"&'"&(-1&G!
S)"8!"&(-1&'819%2"%#%/!(1!).#%1%[7%-"%&6%/11&%!"&" (".21i8%%/!(-.&84%-{!4-1?!43&™!().(!L.8!
412211.%/19:1.(12%.8('hP!"&6"/%&(8! 14172187 2. &('WNS!. 21 & Thffl/"#%-8%!.& " 187 %-?!87%6"%8!
X1)11%(!.2GH!Qbbhm!$.&&380-(.!1%(!.2GH!OPPhmBI8YQQ ¥8!&%16)-17%!"818"?"2.-2:1.8816".(%!/!

L"()1219"2%!%62%7?%&(81().(1?.:1).#%!4.6"2"(.(%/!"(8!?1#%?%&(!.6-188!87%6"%8!913&/. '%8G!

3.2.5 Evolutionary and physiological implications of neochrome in
hornworts
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%6#123("1&11417)1(18%&81-:18:8(%?81"&!72.&(8GIU&! ()Y@ 188Bitrella patensHI91()1-%/!.&/1923%!
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2")(16.819%62"6" (1/"-%6("1&..216)21-172.8(12 1#%2%&(8H!.&/1()%8%!.-%!2%/".(%/19:1212%632.!
"&(%6("1&819%(L%%&!7):8"6.22:18%7 .-.(%!7):(16)-17%!.&/17) L (1(-17"&17-1(%"&BK.%/"6A%!%(!.2GH!
OPQGYS)%!)1-&L1-(1&%16)-127%!-%7-%8%&(8!.18(-"A"&'2:1/"44%-%&(18(-.(%"141-1"&(%"-.("&' () %8%!
(L117)1(18%&81-:18:8(%?8H!6129"&"&'1()%?!"&(1!.18"&'2%H!6)"2%-"6!'%&%G ¥'&YB6 %!!
I"-%6("1&.216)21-172.8(121#%2%&(1).81&1(1:%(19%%&.! 18" &1)1-&L 1-(8H!7-19.92:19%6.38%!
(0%"-1%7"1%-?.216%2281383.22:16 1&(."&!1&2:118%!6)21-172.8(1().(116637"%8!218(1141()%!6%2232.-187.6%G!
W1L%#%-H!8%.-2:IRP!:%.-8!. @8--XQbgh¥632%&(%/!.&!3&383.2!6)21-172.8(17) 1(1-%871&8%!"&!
Megaceros!)1-&L 1-(8m!8)%!/"86 1#%-%/!().(1()%!2.-'%!6)21-172.8(81i61&(-.6(j!(1141-?161?7.6(!
8).7%8!3&/%-18(-1&'12")(G!D2()13")! U61&4"-2%/1()"8!7)%&127%& 1&&!)1-&L 1-(8!X:"3-%! QdrH!
43(3-9%!8(3/"%8!.-%!8&%%/%/1(11%][.?"8&%!"418%16)-12%!"81-%871&8"92%!41-1()%!61&(-.6("1&!1-%871&8%!

&/N(119%[721-%!1()%-17188"92%!7):8"121"6.2!-12%8G!

Figure 16: Hornwort chloroplasts contract under strong light. XAY!@%41-%!"--./".("1&H!6)21-172.8(8!
14Nothoceros aenigmaticus X.--1L)%./Y! 16637:1218(1141()%16%2232.-187 . 6T@ADG(%-!"--./".("1&IL"()1923%!2")(!
XRal,?121?98Ly141-101)13-8H!6)21-172.8(8!%#"/%&(2:!-%/36%/!"&!8"_%G!$6.2%!9.-W!dP!,?G!

3.2.6 Evolutionary significance of plant-to-plant HGT
S)"818(3/:17"&71"&(8!()%!1-""&!1412.8/172.&(18&%16)-17%!L"()"&!()%!) 1-&L 1-(12"&%.'%!.&/!

1%72188(-.(%8!().(\8%16)-17%!L.8!)1-"_1&(.22:!(-.&84%--%/!4-1?1)1-&L 1-(8!(114%-&8G!S)%!2"4%!

)"8(1-:11414%-&817.:1) %271(119%[72."&1()%"-1): 71()%8"_%/18386%7("9"2"(:!(LIWNSG!F18(12.8/172.&(8!

8).-%!.161271&!8%][3.212"4%!6:62%!(). (1. 2(%-&.(%819%(L%%&!.1/"721" 8 71-17):(%!.&/1.1). 721" !



' 2%(17):(%m!182:1"&14%-&8!.&/12:617):(%8!.-%! ()%!871-17):("6!.&/!".2%(17):("6!7).8%8191() !
4-%'H" 8. &114322:1"&/% T%E&/%&(G!$%%/172.&(8"&832.(%!()%"-I". 2%(17):(%8!4-1?113(8"/%!
"&(%-.6("1&8IL"()1-%2. ("#%2:1"27%-#"13816%221L.2281"&!?"6-1'.2%(17):(%8!.&/19:1%29%//"&!
2%".".2%(17):(%8IL"()"&! 7-1(%6("#%!871-17):(%!("883%8G! @:!61&(-.8(H!.2?18(422-&!
' 2%(17):(%8!.-%!&1(1%&6218%/1.&/!'-1L1"&!/"-%6(H!"&("?.(%!61&(.6(IL"()!11()%-14%-&!.&/!
9-117):(%"".2%(17):(%8!X"&623/"8'1()18%!141)1-&L 1-(8Y G!S)%8%!6).-.6(%-"8("68!?.:14.6"2"(.(%! () %!
%0&(-.&6%!14141-%"&!'%&%("61%2%?%&(8!"&(11 4 BERAMVYB.&'HIOPQRY
S11/.(%H!1218(1/1632%&(%/1%[.272%8114172 &1 <7 2. &(\WNS!"&#12#%!?"(16) 1&/-".2!> D!
&IV1-17.-.8"(%918(!(-.&84%-8H@%-'()1-881&1%(!.2GH!IOPPfm!IOPPdm!> #"8!.&/1=3-/.6 AHIOPPdm!>.#"81%(!
2GHIOPPRM!c18)"/.1%(1.2GH!IOPQPM! T%&&%-1.&/! @%221(H!OP QISP Ky:£) 2831 DB EES!
"&623/%!43&6("18.2!&362%.- 'YX VEBE&Y-!. &/ @ %221 (HIOPQOM!t"1%(!.2GHIOPQOM!p).1&!184(!. 2GH!OPQfY

%oH%&IA%L %-1).#%!7188"92%!./.7("#%!"272"6.(XLREB("&!%(!. 2GH! O BQD&BY%M3%& (2:H! 721&(

N"#9%&1().(1&%16)-12%!?.:1) #%172.:%/1.12.21-1-12%!"&1 7-121 ("&"1()%!/"#%-8"4"6 (" 1&!14%o-&8!
38&/%-1()%!1-%(.6%138VS%-(".-:1.&"187%-2!6.&17:X$6)&%"/%-1%(!.2GH!OPPAmMI$6)3%((7%2_!.&/15-:%-H!
OPPbmIE.L."1%(!.2GH!GPPI8(3/:1).8!"271-(.&(1"?72"6.("1&8!41-1()%!?.6-1%#123("1&.- !

8"&"4"6.&6%!14172 4(<72.&(!WNSG!

3.3 Materials and Methods

3.3.1 Mining transcriptomes and whole genome sequences for
homologs of neochrome, phototropin and phytochrome

D22193(11&%!141()%!dfd!(-.&86-"7(17%813("2"_%/!L%-%!"%&%-.(%/19:1()%!,&%!S)138.&

52.&(8!5-1Z%6(!XQERME1&%A7G61Ym!()%8%!(-.&86-"7(17%8!L%-%!/%-"#%/14-1?1.1/"#%-8%!

8%2%6("1&!1419-11L.&!.2".%H!-%/!.2".%H!"-%%&!.2"'.%H!9-:17):(%8H!2:617):(%8H!4%-&8H!.&/18%%/!72.&(8!
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YOT77%&/"[1 S.929%dYG!>%(."28!1&!T D!%[(-.6("1&H!8%M3%&6"&".&/!.88%792:141-1QE5!6.&!9%!413&/!
"&!K1)&81&!%(POPQ@D//"("1&.22:HI.1L)12%!72.&(1&1-?.2"_%/1U223?"&.!(-.&86-"7(1?%!2"9-.-:!
L.8!61&8(-36(%/!.&/18%M3%&6%/ 4Rt ridium aquilinum!38"&'17112%/'T"D!4-1?!8"[1871-17):(%!
("883%8!X:13&'1871-%2"&"12%) 4AHR%! ("7H!4"//2%)%./H!?.(3-%!8(%-"2%!7"&&.%H!.&/' 7"&&.%!L"()!
1%#%217"&').&/1?.(3-%!871-.&".YG!S)%Pteridium!(-. &86-"7(1?%!L.8!.88%?92%/!38"&'1/%4.32(!
7.-.2%(%-8!"&!()%!S-"&"(:IT"D 8%M!7"7%2"&%#%-8" 1 &HTFIRT QUN-.9)%--1%(!.2GH!OBR) %Y
8%M3%&6"&'1-%./8!L%-%!/%718"(%/1"&!".("1&.211%&(%-141-1@"1(%6)&121'2I¢&&1X |@UY!
$%M3%E&6%! T%./EPH#%!IXSTDY!3&/%-1%[7%-"?%&(!1$TtdOfQddG!
11-10%!QES!(-.&86-"7(1?%8KB8%/!191()!$, D5!de novol.&/'$,D5! de novo trans
.88%792"%8G!;1-1%.6)!.88%792:H!.!|@*D$S!/.(.9.8%!L.8!61&8(-36(%/!138"&'()%! @*D$Ss!7.6A.'%!
X1.2.6)11%(!.2GH!OPRBN%16)-1?%H!7)1(1(-17"&!.&/17):(16)-1?%!8%M3%&6%8!L %-%!8%7 .-.(%2:!
M3%-"%/!1X9:/(@*D$S&!41-IQE5!. &/ @*D$S&! Pretidium .88%?92"%8Y!.&/1()%!8"&"4"6.&(!)"(8!(1!
(-.&86-"7(1?7%!86.4412/8!L%-%!%][(-.6(%/G!;1-1%.6)!86.4412/H!()%!9%8(!17%&!-%./"&'4-.?%!L.8!
"1%&("4"%/H!.&/!()%!8%M3%&6%!L&BR.(%/!"&(1!.7"&11.6"/8!.&/'()%&!@*D$S7!."."&8(!()%!" I@U!
&18<%/3&/.&(17-1(%"&!/.(.9.8%!X&-YG!S)%!86.4412/8!L%-%!/"86.-/%/!"41()%:1/"/'&1(!?.(6)!
&9%16)-1?%H!7)1(1(-17"&H!1-17):(16)-17%!")1?2121'8!"&!()%!&-!/.(.9.8%!L"()!.&!% <%.23%!()-%8)12/!
14\wPGPPQG!;151QR86-"7(1?%8H!()%!4"2(%-%/!86.4412/814-1?'$ D 5l0v0!.&/1$,D5!  de novo
trans .88%7?92"%8!L%-%!()%&!?%-'%/!38"&'IDSXW3.&'H!QbbIBY6.--"%/!113(!1()%!.91#%!7-16%0/3-%8!
38"&'17?: 15:()1&!7"7%2"&%!@23%>%H(Z+VV/[G/1"G1-'VQPGRPgQV/-../GABX281 !8%.-6)%/!.&/!
19(."&%/!7)1(1-%6%7(1-1)17121'8!4-1?1fb172.&(".&/".2".%!L)12%!'%&1?%!8%M3%&6%8!()-13")!
5):(1_1?%! XN11/8(%"&!%(!.2GH! O&MYPY Amborella!N%&17%!>.(.9.8%)!

A((7+VVLLLG.?91-%22.G1YG!




3.3.2 Assembling and mining an Anthoceros punctatus draft genome
for homologs of neochrome, phototropin and phytochrome

S1I'%&%-.(%!.1/-.4('%&1?%!41Anthoceros punctatusH!"%&1?"6!>"D!L.8!8)%.-%/!"&(1!
...dPP97!14-."?%&(8H!.&/'8%M3%&6%/!38"&"'1U223?"& \W"$%MOPPPH!"'#"&'.1(1(.2!114!0R!?"22"1&!bP97!
7."-%/ &/1-%./8!X.913('OP1!'%&17%!61#%-." %Y G!S) %! S .%-%!8392%6(%/!(1!(L1!6:62%8!14!-%./!
%--1-161--%6("1&!38"&'()%!D*5DSW&N!;"&/0--1-17-1'-.?! XF.61.223?1%(\.2GH!OPPBY41-%)!
9%"&'1.88%792%/138"&"N\%2#%(1%-9"&1!.&/!@"-&%:H!IORPNE8% ?92"%8!L %-%!"%&%-.(%/141-!.1-.&'%!
141A?%-1#.23%8!XAVOQH!fQHIdQH!RQ!.&/!'gQY!.&/1()%&!6179"&%/G!S)%!-%/3&/.&(186.4412/8!L%-%!
-%?1#%/138"&'1B8%.-6)'X0/'.-HIOPQPX&/11#%-2.77"&"16 1&("'8!L %-%!8392%6(!(1!.//"("1&.2!
.88%792:138"&"ID5f!1(1!7-1/36%!.!/-.4(1'%&1?%!.88%792:G!S)%!4"&.2!.88%792:161&(."&8!ObHRIO!
61&("8IL"()!.1(1(.216179"&%/1.88%7292:12%&()!14!bbGRFI!.&/!.I' RP!141dbRRI7G!1&(""12%&'()!
-.&'%8!4-1?1bQb97!(1!agGRAIHIL"()!Qgdf!61&("18¥-IQPAIG!S)%!?2%/".&!.&/12%.&).88%292%!!
61&("161#%-.'%!"8!QhGQt!.&/!ddtH!-%87%6 ("#%2:G!S)%!-.L!-%./8!L%-%!/%718"(%/""&!" | @U!3&/%-!
$TDPbgghaG!

S)"81.88%7?92:1L.818%.-6)%/!41-1)1?121'81141&%16)-1?7%H!7)1(1(-17"&!.&/17):(16)-17%!
38"8'1(-.&82.(%/! @*D$S!8%.-6)%B!I=)"2%!7) 1(1(-17"&!.&/!7):(16)-1?%!"%&%8!L %-%!-%./"2:!
"1%&("4"%/H!&1161&("'IL.8!413&/161&(."&"&" 73 (.("#%!&%16)-17%!8%M3%&6%G!S1!8%.-6141-1()%!
punctatus!'&%16)-1?%!"%&%!().(14."2%/1(1!9%!.88%7?92%/H!.2218%M3%&6"&'!-%./8!L%-%!8%.-6)%/!."."&8(!
12"9-.-:11 418&%16)-17%!7-1(%"&!8%M3%BBBER*DSS[G!T%./8!119(."&"&'.&1%#.23%!141T Q[P
L%-%!"812.(%/!.&/!.88%7?92%/!138"&'\%2#%(IL"()!2"9%-.2!.88%7?92:17 .-. 2% (%63 BC63(144'Q)!
?"&C7."-C613&(1Q®6/'%;-.6("1&13(144'PGB6.4412/"&":%82"&C61&("'C2'()!bPY!.(IRY/"44%-%&(!
#.23%8141-1A?%-12PKOQHFQHIdQH!IRQ!.&/!'gQYG!S)%!-%832("&'.88%792"%8!L %-%!6179"&%/H!

-%/38&/.&(161&("'8!L%-%!/"86.-/%/!38"&'1B8%.-6)!.&/11#%-2.77"&'161&("'8!L%-%!?%-'%/!38"&'!
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ID5fGID22!18%M3%&6"&'1-%./81L %-%!()%&!?.77%/!(11()%8%!i8%%/j!61&("8!38" &' @ IX{'&s¥%./!
&/1$.2_9%-"HIOPQIDY()!()%!i#%-: B%&8"("#24.6.2j!17("18G!5."-%R6&/1-%./8!L)%-%!.(12%.8(11&%!
-%./12.77%/1(11()%!8%%/16 1&(""8!L %-%!8%2%6(%/G!D22!()%!8%2%6 (%/!-%./8!L % SBHPORYHH.8!
91#%G!S)"81?.77"&'1.&/1.88%792:17-16%88IL.8!-%7%. (%/13&("21&1143-()%-1-%./816132/19%!
"1%&("4"%/!.&/161&("816132/1&112186-19%!%[(%&/%/G!S)%!4"&.21.88%292:16 1&(."&%/!.18"&'2%!6 1 &(""!
6177-"8"&'1.1aba97!4-."2%&(11418%16)-1?7%G!S)"814-."2%& (IL.8! () %&!%[(%&/%/!(11"&623/%!.2218(!
(%!%&("-%!17%&1-%./"&'14-.7%!38"&'1.16179"&.("1&! 1415 TIX8%%!9%21L Y!.&/1.//"("1&.21-%./!

277'&'1.&/1. 88%792:G!!

3.3.3 Cloning of neochrome, phototropin and phytochrome

IS114#%-"4:1%27"-"6.22:1()%! 7-%8%&6%!141()%!) 1-&L 1-(17) 1 (1-%6%7 (1-'%6&%81413&/1"&! () %!
(-.&86-"7(17%81.&/1(1119(."&!"&(-1&V%[1&!"&41-2.("1&HBB21&%/! () %!"%&%8!4-1?1'%&12"6!> D!
4-1214"#%1)1-& 1-(187%6" % DK 7%&/"[! S.9204Y GIU&L//" (" 1&H!&%16)-12%!8%M3%&6%8!L %-%!19(."&%/!
4-1?10R!14%-&187%6"%8!9:15IT1.&/1621& " ®TA%&/"[! S.92941Y GIN%&17?"6!> DIL.81%[(-.6(%/138"&!
q".'%&!>"D%.8:152.&(IF"&"IE"(IXq ".'%&YG!S)%!'%&%!4-."2%&(81L%-%!.272"4"%/138"&'15)38"1&!
>"DI712:2%-.8%!X %L10&'2.8/!@"12.98Y!1-1>%&#"22%!1)1"6%!S.MIX>%&#"22%Y GIS)%! 7-"2%-8.&/!
1%(."2%/151 TI61&/"("1&8!.-%!8322.-"_%/1"&! D77%&/"[! S.92981.8/! S.929HG!S)%!.272"4"%/!

7-1/36(8!L%-%!621&%/!"&(1!5-17%".17TNOF<S!X5-1?7%".Y!.&/18%M3%&6%/G

3.3.4 Genome walking in hornwort phototropin and neochrome
S11-329%!13(1(). (10%! 7)1 (1(-17"81'%&%!413&/1"&!)1-&L 1-(8!2™)(19%!.17 .-(". 2!&%16)-17%H]
38%/1"&#%-8%!31X,6)?.81%(!.2GH!QbH{Y19(."&!()%!42.&A"&'%&17?"6!-%"18&GIN%&1?"6!>" DI 14!
Nothoceros aenigmaticus!L.8Y/"%8(%/19:.71UIX %L!10&'2.8/!@"12.98Y!.&/!18%242" (%/!38"&'1Sd!
>"DI2".8%!X %L!10&'2.8/!@"12.98YG! %8(%/!5I T8IL%-%!()%&!61&/36(%/!1&!()%!6"-632.-"_%/!>"DG!
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S)%!.272"61&8!L%-%!6218%/!38"&'15-17%'.INOF <S!.&/!8%M3%&6%/G!S1!8%.-6)!141-1()%!'%&%8!

42 .&A"8'\&Y%16)-12%!"&1. aenigmaticusHIB8%/1()%!121&(%6)IN%&12%=.2A%-IA"(1XI218&(%6)Y!.&/!
412211%/1()%!?.834.6(3-%-k8!?.&3.2G!S)%!-%832("&'15IT1.272"61&8!L.%-%!6218%/!.&/!8%M3%&6%/G!
U&!(1(.2H119(."&%/!fObQ!97&/1dRah!97!-%" 1&8I374.&/1/1L&  <B(-%.?H!-%87%6("#%2:H!14!

89%.16)-12%G!S)%! 7-"2%-8141-1()%!.91#%!51 T!-%.6("1&8!.-%!2"8 D TEE/"[| S.929HE

3.3.5 Sequence alignment for neochrome, phototropin and
phytochrome

U93"2(1(L112.-'%!.2"&2%&(8!41-17)1(1(-17"&).&/17):(16)-12%HIL"()1%.6)!.2"'&?%&(!
"&623/"&'1()%!61--%871&/"&'1/1?."&814-1?1)1-&L1-(.&/14%-&!&%16)-1?%G!S)%! 7)1 (1(-17"&!
1.(.8%(161&(."&8!Qqf18%M3%&6%8!4-1?1QPg!87%6"%8H!.&/1()%!7):(16)-12%!/.(.8%(!"&623/%8!Qfb!
8%M3%&6%8!4-1BAYH6"%BG!S11-%/36%!.29"3"("%8!"&!8%M3%&6%! . 2URRVREH23/%/! () %!
61&8%-#%1!/1?."&81X"G%GH!* \QH!* \OL.&/N$SE!41-17)1(1(-17"&8m!5SD$HIND;HISWCH!5D$!-%7%. (8H!
W"8ED!.&/!'WDS5.8%!41-17):(16)-1?%8YG!S)%!/1?."&19138&/.-"%8!L%-%!"/%&("4"%/!19:IM3%-:"&!
%.6)186.4412/1."."&8(1()%! 1@U!11&8%-#%/!1>1?."&!>.(.9.8%! XF.-6)2%<@.3%-!%(|.2GH!CGRQY
117."&IL.818%7 .-.(%2:1.2" &%/1X9.8%/11&!()%!.?"&1!.6"/18%M3%&6%8Y!38"&'| F386206!-H!IOP P!

&/ 1()%&161&6.(%&. (YoABYo#%217%/).15:()1&!86-"7 (ML ?."&>"#"/%- |
X)((7+VV/[G/1"G1-'VQPGRPGQV/-:./GARIDI(L?.(%!()%8%!7-16%88WIEBIL'%&Y%- . (%/!.18%7 .-.(%!
2"87%&(141-1)1-&L1-(1.&/14%-&1&%16)-1?%8G!S)"81.2" &?%& (L.8!9.8%/!1&!%& ("-%!&%16)-12%!
8%M3%868!-.()%-1().&!/1?."&8GID22!.2" & 2%&(81L%-%!?.8&3.22:1"&87%6 (%/!.&/1.29"31382:!

2" 8%/1-%"1&81L%-%!%[623/%/17-"1-1(117):21'%&%("6!.&.2:8BPBI7) 1 (1(-17"&H!7):(16)-12%H!
&/18%.16)-12%!.2"&?%&(8!61&(."&!QHaQgH!OHhPOH!.&/!dHPPO!97H!-%87%6 ("#%&A8!S)%!N%&@.

.66%88"1&!&3?9%-8!.-%!2"8(%/"%d6! QfH!"3-%! QAH!D77%&/"[1"3-%! QHH!"3-%! Q!
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3.3.6 Phylogenetic analyses of phototropin and neochrome

5)1(1( -17"&!.&/1&%16)-12%!7):21'%&" %8!L%-%6!"&A4%--%6/19.8%/!1&!()%"-1&362%1 (/%!
2" &7?%&(8GIB8Y%/15.~("("1&;"&I%-1X*.&4%.-1% (1. 2GHI QROONE("4:1() %! 17 ("2.21/.(17.~("("1&!
86)%7%8!.&/1&362%1("/%!8398("(3("1&!?1/%28!38&/%-1()%!DA."A%!U&41-2.("1&!1-"(%-"1&G!@.8%/1&!
()"8!.8.2:8"8H1%.6)!6 1/1&!71&"1&!L.8!(-%.(%/!.81.1/"8("&6(17.~("("1&G!;1-17) 1(1(-17"&H4"-8(H!8%6 1&/!
&/1()"-/1718"("1&8!L%-%!.88" &%/INSTsI'sU!8398("(3("1&!?1/%28m!41-1&%16)-1?%HINSIF
NSTSI'SUHINSTsU!?1/%281L%-%!.772"%/(11%.6)!61/1&1718"("1&!-%87%GI38%2NEL 2" XpL "6 A2H!
OPP4(L!19(."&!()%!?.['?23212"A%2") 11/1(-%%6!3&/%-1()%!.41-%?%&(" 18&%6/1?1/%28HIL"()!
'%&()-%8)41-(171(%-?18%(!(LIQHPPPHPPP!.&/Ih!"&/% T %&/%&(I-3&8G!F32("7.-.?%(-"61911(8(-. 77"&!
L.8Y/1&%!38"&!TD[F*  X$(.2.(.A"8HIOPPYY()!QPPP!-%72"6.(%8G!; 1-|(W618)-1?%!.2" & 2% & (I
28116.--"%/!13(1()%!8.7%!2.['73212"A%2") 11/1.&.2:8%8!1&!()%!4"-8(!s!8%61&/161/1&!718"("1&8H!.8!
L%22!.8!1&1()%!()"-/!61/1&1718"("1&8!8%7 -.(%RIGA%/!F-@.:%8X T1&M3"8(1%(!. 2GH! QR QIZY36(!
@.:968" &!(-%%!"&A%-%&6%! 3&/%-1()%6!8.2%! 21/%28HIL" () (L1!"&/%7 %&/%&(!FIFI!-3&8H!413-16)."&8!
%.6)H!.&/1(-%968!8.272%/!%#%-:|QPPP!'%&%-.("1&8G!$398(" (3CHKYE-8!L %-%! 3&2" &A%/!.&/! () %6!
-.(%!7-"1-1L.818%(!(11#.-:1.21&'17.~("("1&8G!S)%!F-@.:%8!13(73(IL.8!"&87%6(%/!38"&'!S-.6%-!
XT.29.3(1.&/1>-3721&/HIOPQfY  !(1196&83-%6!7-17%-161&#%-'%&6%!.&/12"[" &' IX%A4%6("#%6!8.272%!
8"_%8!.22!x!OPBNEIRZ!14!()%!(1(.2!'%&%-.("1&8!L%-%!/"86.-/%/!.8193-€&17-"1-!(112.A"&'!() %!
RPZz!?.71-"(:161&8%&838!(-%%G!@%6.38%!()%!8(.("1&.-1H!)1?1'%&%138!.8837?7("1&8!14INST!?")(19%!
#'12.(%/1"816.8%81.8816".(%/1L"()WNS!.&/ /%% /"#%-'%&6065-9:2.1%(!. 2GH! O PDRPB1!%7?721:%/!
1&1&8(.("1&.-H!)%(%-1'%&%138!&362%1("/%!8398("(3("1&!?1/%2!"272%7%&(%/!"&1&)5): F*!
X@1388.3!.&/IN13:HIOPPGM"&4%-1()%!7) 1(1(-17"&!(-%%G!S)%!.&.2:8"8IL.8!6.--"%/! 13(IL"()!(%&!

1"86-%(%!6.(%'1-"%8!14IN11%6M3"2"9-"3?14-0%M3%& 6" VPBHOBNAG"-%/!8( .- ("&' (-%%!L .81 () %!9%8 (! (-%%!

I gC
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3.3.7 Phylogenetic analyses of phytochrome
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3.3.8 Topology test
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3.3.9 Phylogenetic analysis of imidazoleglycerol-phosphate
dehydratase gene (IGPD)
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3.3.10 Divergence time estimation of the phototropin gene family
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3.3.11 Inferring episodic selection and GC content variation in
neochrome evolution
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Appendix A: Supplementary Figures for Chapter One
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Figure 17: The phylogeny of phytochromes reconstructed from 423 protein sequences.!S17121"!
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Sphagnum palustre Moss PHY2 4/5
Takakia lepidozioides -
100 Leucodon brachypus
Leucodon julaceus
Pseudotaxiphyllum elegans
Neckera douglasii
Claopodium rostratum
Rhynchostegium serrulatum
Stereodon subimponens
Loeskeobryum brevirostre
Aulacomnium heterostichum
Hedwigia ciliata
Bryum argenteum Moss PHY1_3
Philonotis fontana
Ceratodon purpureus “PHY2"
o

C. bryophyte PHY

ToB
(ferns + lycophytes)
98

93

1 purpureus “PHY1"
Leucobryum albidum

Racomitrium varium
Physcomitrella patens 1
Physcomitrella patens 3

Andreaea rupestris
Scapania nemorosa
Odontoschisma prostratum
Bazzania trilobata
Porella pinnata
Metzgeria crassipilis
Schistochila sp
Pellia neesiana Liverwort PHY
Conocephalum conicum
Ricciocarpos natans
Marchantia paleacea
Sphaerocarpos texanus
Lunularia cruciata

87y Paraphymatoceros hallii
541 L Phaeoceros carolinianus
B L Megaceros flagellaris

llaris Hornwort PHY
Nothoceros aenigmaticus
Anthoceros punctatus

To Fig. 1D
ToE (neochrome)
(green algae)

73

0.1 substitutions/site |
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D. neochrome

ToC Blechnum spicant
b hyte 63 Dipteris conjugata
(bryophytes) sl adiantum capillus-veneris Fern neochrome

Hemidictyum marginatum

Megaceros flagellaris

Nothoceros aenigmaticus

Phaeoceros carolinianus Hornwort neochrome
Paraphymatoceros hallii

Cylindrocystis sp

Cylindrocystis brebissonii
Cylindrocystis sp

Cylindrocystis brebissonii Zygnemata|es neochrome
Zygnemopsis sp
% M tia scalaris 2
Mougeotia scalaris 1
o Hornwort neochrome

ToE

reen algae;
(] gae) 0.5 substitutions/site
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E. green algae PHY

' To C (bryophytes)

To D (neochromes)
Onychonema laeve
Desmidium aptogonum
Cosmarium granatum
Staurodesmus convergens
Cosmarium subtumidum

Gosmarium granatum Desmidiales PHY2C

Penium exiguum

P T a

Gonatozygon kinahanii 1

Gonatozygon kinahanii 2

Onychonema laeve

Desmidium aptogonum

Staurodesmus convergens

Cosmarium subtumidum Desmidiales PHY2B
Phymatodocis nordstedtiana

Penium exiguum

Gonatozygon kinahanii

Onychonema laeve
Desmidium aptogonum
Cosmarium granatum
Cosmarium subtumidum
“Staurodesmus convergens

Phymatodocis nordstedtiana Desmidiales PHY2A

Planotaenium ohtanii

Roya obtusa

Zygnemopsis sp

Mesotaenium kramstei

Mesotaenium caldariorum

Mougeotia scalaris

Cylindrocystis brebissonii Zygnematales PHY2
Cylindrocystis sp

Mesotaenium braunii

Netrium digitus

o O e Coleochaetales PHY2

f

98 100 Interfilum paradoxum

mE: !K‘ebwm@'umsuwe Klebsormidiales PHY2
Entransia fimbriata

Staurodesmus convergens

Cosmarium granatum
Phymatodocis nordstedtiana

Penium exiguum Desmidiales PHY1
Gonatozygon kinahanii

Roya obtusa

Planotaenium ohtanii

Entransia fimbriat Klebsormidiales PHY1

100 Chlorokybus atmophyticus 1
82 Spirotaenia minut .
W" o B Mesostigmatales PHY1/2
Mesostigma viride

Mesotaenium kramstei
100 Zygnemopsis sp

100 Cylindrocystis cushleckae Zygnematales PHYX2

100 Netrium digitus

(o] idium
B " Coleochaste iregularis Coleochaetales PHYX2
67 Zygnemopsis sp
Mesotaenium kramstei
Cylindrocystis cushleckae
Cylindrocystis brebissonii Zygnematales PHYX1
Cylindrocystis sp
Netrium digitus
Coleochaete irregularis Coleochaetales PHYX1
54 Doli ix tenuilepsis
Prasinoderma coloniale
parkeae

Py
Nephroselmis pyriformis

93

,&'— Tetraselmis cordiformis Prasinophyte PHY
100 T is astigmati

pusilla

100

L, i irescen:
Chroomonas sp PEK
Guillardia theta PEK1

illardia theta
RI as sp* PEK3
Guillardia theta PEK2 Cryptophyte PHY
curvata®
theta PHY2
Guillardia theta PHY 1
98 iana 4
Gloeochaete wittrockiana 3
Gloeochaete wittrockiana 1
C paradoxa 1
9 Glaucocystis nostochinearum
100 iana 2
L Cyanophora paradoxa 2
Glaucocystis inearum Glaucophyte PHY
C paradoxa 4
c che

um

(prokaryotes’

yanoptyche
Glaucocystis nostochinearum

stramenopiles
fungi)
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ToE
(green algae)

F. prokaryote +
stramenopile + fungi PHY

Petalonia fascia

Ishige okamurai

Ectocarpus siliculosus

Feldmannia species virus isolate FsV

Brown algae PHY

virus isolate Esv. Brown algae virus PHY

Tr ira pseudonana
83, Neurospora crassa

Sclerotinia sclerotiorum
Cochliobolus heterostrophus
Aspergillus fumigatus
Penicillium marneffei

Neurospora crassa

s

Nostoc punctiforme

Anabaena variabilis

Lyngbya sp

Microcoleus chthonoplastes.
T s sp

Nodularia spumigena
Anabaena variabilis
Tolypothrix sp
Cyanothece sp
Microcystis aeruginosa
Synechocystis sp
Tolypothrix sp

Nostoc sp

Agrobacterium tumefaciens
Stenotrophomonas maltophilia
Ralstonia pickettii

palustris

Ectocarpus sil
Pt tricornutumgi

Diatom PHY

Fungi PHY

Cyanobacteria PAS-less PHY

Cyanobacteria PHY

illum

P: aeruginosa
Oceanicola granulosus
Methylocella silvestris

P syringae

Bacteria PHY

0.5 substitutions/site
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Appendix B: Supplementary Tables for Chapter One

Table 2: List of transcriptomes and genomes screened for phytochromes. $f+!&1(1.772"6.92%G

Taxa Source 1KP® identififer Taxa Source 1KP® identififer
Angiosperm Trebouxiophyceae
Amborella trichocarpa Genome, Amborella Genome Project’ - Botryococcus braunii Transcriptome, 1KP ETGN
Aquilegia coerulea Genome, Phytozome® - Botryococcus terribilis Transcriptome, 1KP Qvxy
Arabidopsis thaliana Genome, Phytozome - Coccomyxa pringsheimii Transcriptome, 1KP GXBM
Buxus sempervirens Transcriptome, 1kP* IWMW Eremosphaera viridis Transcriptome, 1KP MNCB
Capnoides sempervirens Transcriptome, 1kP AUGY Geminella sp. Transcriptome, 1KP PFUD
Cucumis sativus Genome, Phytozome - Leptosira obovata Transcriptome, 1kP ZNUM
Fragaria vesca Genome, Phytozome - Mici igi Transcriptome, 1KP DXNY
HHlicium floridanum Transcriptome, 1kP vzal Nannochloris atomus Transcriptome, 1KP MFYC
Laurelia sempervirens Transcriptome, 1kP WAIL Neochloris oleoabundans Transcriptome, 1KP EEJO
Oryza sativa Genome, Phytozome - Parachlorella kessleri Transcriptome, 1KP AKCR
Peperomia fraseri Transcriptome, 1kP xsz1 Prasiola crispa Transcriptome, 1KP wely
Phaseolus vulgaris Genome, Phytozome - Prototheca wickerhamii Transcriptome, 1KP BILC
Pistia stratioides Transcriptome, 1kP MFIN Stichococcus bacillaris Transcriptome, 1KP WXRI
Platanthera clavellata Transcriptome, 1kP MTHW Trebouxia arboricola Transcriptome, 1KP NKXU
Solanum lycopersicum Genome, Phytozome - Ulvophyceae
Vitis vinifera Genome, Phytozome - Acrosiphonia sp. Transcriptome, 1KP JIw)
Gymnosperm Blastophysa cf. rhizopus Transcriptome, 1KP VHI
Cephalotaxus harringtonia Transcriptome, 1kP WYAJ Bolbocoleon piliferum Transcriptome, 1KP LSHT
Encephalartos barteri Transcriptome, 1KP GNQG Bryopsis plumosa Transcriptome, 1KP me
Ginkgo biloba Transcriptome, 1kP SGTW Cephaleuros virescens Transcriptome, 1KP ypea
Gnetum montanum Transcriptome, 1kP GTHK Cladophora glomerata Transcriptome, 1KP VBLH
Pinus parviflora Transcriptome, 1kP oL Codium fragile Transcriptome, 1kP GYBH
Podocarpus rubens Transcriptome, 1kP XLGK Desmochloris halophila Transcriptome, 1KP KSFK
Taiwania cryptomerioides Transcriptome, 1kP QsN) Entocladia endozoica Transcriptome, 1KP 0QON
Thuja plicata Transcriptome, 1kP VFYZ Halochlorococcum marinum Transcriptome, 1KP ALZF
Welwitschia mirabilis Transcriptome, 1kP TOXE Helicodi i Transcriptome, 1KP AAU
Fern Ignatius tetrasporus Transcriptome, 1KP KADG
Adiantum tenerum Transcriptome, 1kP BMIR Ochlochaete sp. Transcriptome, 1KP caap
Anemia tomentosa Transcriptome, 1kP capw Oltmannsiellopsis viridis Transcriptome, 1KP PZBH
Argyrochosma nivea Transcriptome, 1kP XDDT Oltmannsiellopsis viridis Transcriptome, 1KP QX
Asplenium platyneuron Transcriptome, 1kP KizG Percursaria percursa Transcriptome, 1P OAEZ
Athyrium filix-femina Transcriptome, 1KP AFPO Planophila laetevirens Transcriptome, 1KP CBNG
Azolla caroliniana Transcriptome, 1kP CVEG Planophila sp. Transcriptome, 1KP LETF
Azolla filiculoides Transcriptome, Brouwer et al." - Pirula salina Transcriptome, 1KP NavP
Blechnum spicant Transcriptome, 1kP vITX Pseudoneochloris marina Transcriptome, 1KP [<I1%
Botrypus virginianus Transcriptome, 1KP BEGM Trentepohlia annulata Transcriptome, 1KP NATT
Ceratopteris thalictroides Transcriptome, 1kP PIVW Chlorophyceae
Gaga arizonica Transcriptome, 1KP DCDT Ankistrodesmus sp. Transcriptome, 1KP oTaG
[@ Transcri 1KP wamL Aphanochaete repens Transcriptome, 1KP umT
Culcita macrocarpa Transcriptome, 1kP PNZO Asteromonas gracilis Transcriptome, 1KP NTLE
Alsophila spinulosa Transcriptome, 1kP GANB Botryosphaerella sudetica Transcriptome, 1KP vipz
Cystopteris fragilis Transcriptome, 1kP LHLE Brachiomonas submarina Transcriptome, 1KP GUBD
Cystopteris protrusa Transcriptome, 1kP Yowv Carteria crucifera Transcriptome, 1KP VIAU
Danaea nodosa Transcriptome, 1kP DFHO Carteria obtusa Transcriptome, 1KP RUIF
Deparia lobato-crenata Transcriptome, 1kP FCHS Chaetopeltis orbicularis Transcriptome, 1KP BAZF
Diplazium wichurae Transcriptome, 1kP UEIN Chlamydomonas reinhardtii Genome, Phytozome -
Dipteris conjugata Transcriptome, 1KP MEKP Chlamydomonas bilatus Transcriptome, 1KP MULF
Equisetum diffusum Transcriptome, 1kP CAPN Chlamydomonas cribrum Transcriptome, 1KP BCYF
Gymnocarpium dryopteris Transcriptome, 1kP HEGQ Chlamydomonas moewusii Transcriptome, 1KP JRGZ
Homalosorus pycnocarpos Transcriptome, 1kP oczL Chlamydomonas noctigama Transcriptome, 1KP VALZ
Leucostegia immersa Transcriptome, 1kP WGTU Chlamydomonas sp. Transcriptome, 1KP TSBQ
Lindsaea microphylla Transcriptome, 1kP YIXP Chlamydomonas sp. Transcriptome, 1KP AoUJ
Lonchitis hirsuta Transcriptome, 1kP VVRN Chlorella variabilis Genome, Blanc et al.”
Lygodium japonicum Transcriptome, 1kP PBUU Chloromonas oogama Transcriptome, 1KP IHOI
Marattia attenuata Transcriptome, 1KP UGNK Chloromonas perforata Transcriptome, 1KP QRTH
Myriopteris rufa Transcriptome, 1kP GSXD Chloromonas reticulata Transcriptome, 1KP LBRP
Notholaena montieliae Transcriptome, 1kP YCKE Chloromonas rosae Transcriptome, 1KP AUW
Osmunda javanica Transcriptome, 1kP VIBO Chloromonas subdivisa Transcriptome, 1KP GFUR
Osmunda sp Transcriptome, 1kP uomy Chloromonas tughillensis Transcriptome, 1KP UTRE
el m ci Transcri , 1KP RFMZ Cylindrocapsa geminella Transcriptome, 1KP DZP)
Pilularia globulifera Transcriptome, 1kP KX Dunaliella salina Transcriptome, 1KP RHVC
Pityrogramma trifoliata Transcriptome, 1kP uItt Dunaliella tertiolecta Transcriptome, 1KP iz
Plagiogyria japonica Transcriptome, 1kP uwob Eudorina elegans Transcriptome, 1KP RNAT
Polypodium glycyrrhiza Transcriptome, 1kP CINT Fritschiella tuberosa Transcriptome, 1KP VIV
Polypodium hesperium Transcriptome, 1kP GYFU Golenkinia longispicula Transcriptome, 1P BZSH
bl 1KP FQGQ Gonium pectorale Transcriptome, 1KP KU
Pteridium aquilinum Transcriptome, Der et al.” - Haematococcus pluvialis Transcriptome, 1KP oDXI
Pteris ensiformis Transcriptome, 1kP FLTD Haematococcus pluvialis Transcriptome, 1KP AGIO
Sceptridium dissectum Transcriptome, 1kP EEAQ Hafniomonas reticulata Transcriptome, 1KP FXHG
Thyrsopteris elegans Transcriptome, 1kP EWXK Heterochlamydomonas inaequalis Transcriptome, 1KP IRVH
Vittaria appalachiana Transcriptome, 1kP NDUV Lobochlamys segnis Transcriptome, 1KP OFUE
Woodsia ilvensis Transcriptome, 1KP YaEC Lobomonas rostrata Transcriptome, 1KP IKKI
Woodsia scopulina Transcriptome, 1kP Yuy Microspora cf. tumidula Transcriptome, 1KP Fova
Isoetopsida Neodesmus pupukensis Transcriptome, 1KP MWAN
Selaginella cf pallescens Transcriptome, 1kP ABI Neochlorosarcina sp. Transcriptome, 1kP UsIX
Selaginella moellendorffii Genome, Phytozome - Oedogonium cardiacum Transcriptome, 1KP DVYE
Selaginella willdenowii Transcriptome, 1kP KIve Oedogonium foveolatum Transcriptome, 1KP SDPC
Selaginella kraussiana Transcriptome, 1kP ZFGK Oogamochlamys gigantea Transcriptome, 1KP XDLL
Selaginella wallacei Transcriptome, 1KP IKAA pandorina morum Transcriptome, 1KP RYIX
Selaginella apoda Transcriptome, 1kP LGba Pediastrum duplex Transcriptome, 1KP XKWQ
Isoetes tegetiformans Transcriptome, 1KP PKOX Pediastrum duplex Transcriptome, 1KP XTON
Lycopodiales Phacotus lenticularis Transcriptome, 1KP vz
Dendrolycopodium obscurum Transcriptome, 1kP XNXF Pleurastrum insigne Transcriptome, 1KP PRIQ
Huperzia selago Transcriptome, 1kP GTUO Pteromonas angulosa Transcriptome, 1P LNIL
Huperzia lucidula Transcriptome, 1kP GKAG Pteromonas sp. Transcriptome, 1KP ACRY
Pseudolycopodiella caroliniana Transcriptome, 1kP uPm Scenedesmus dimorphus Transcriptome, 1KP PZIF
Moss Spermatozopsis exsultans Transcriptome, 1KP MXDS
Andreaea rupestris Transcriptome, 1KP WOoGB Spermatozopsis similis Transcriptome, 1KP ENAU
Anomodon attenuatus Transcriptome, 1kP amwe Stephanosphaera pluvialis Transcriptome, 1KP 7LQE
Claopodium rostratum Transcriptome, 1kP VBMM T ptome, 1KP MUl |



Atrichum angustatum Transcriptome, 1KP ZTHV Uronema sp. Transcriptome, 1KP ISGT
Aulacomnium heterostichum Transcriptome, 1KP WNGH Uronema belkae Transcriptome, 1KP RAWF
Bryum argenteum Transcriptome, 1KP IMXW Vitreochlamys sp. Transcriptome, 1KP QWRA
Ceratodon purpureus Transcriptome, 1KP FFPD Volvox carteri Genome, Phytozome -
Hedwigia ciliata Transcriptome, 1KP YWNF Volvox aureus Transcriptome, 1KP JWGT
Stereodon subimponens Transcriptome, 1KP LNSF Volvox aureus Transcriptome, 1KP WRSL
Leucobryum albidum Transcriptome, 1KP VMXJ Volvox globator Transcriptome, 1KP 1SPU
Leucodon brachypus Transcriptome, 1KP ZACW Pedinophyceae
Neckera douglasii Transcriptome, 1KP ™AJ Pedinomonas minor Transcriptome, 1KP RRSV.
Philonotis fontana Transcriptome, 1KP ORKS Pedinomonas tuberculata Transcriptome, 1KP PUAN
Physcomitrella patens Genome, Phytozome - Red Algae
Pseudotaxiphyllum elegans Transcriptome, 1KP akao Betaphycus gelatinae Transcriptome, 1KP BWVJ
Racomitrium varium Transcriptome, 1KP RDOO Ceramium kondoi Transcriptome, 1KP VZWX
Rhynchostegium serrulatum Transcriptome, 1KP JADL Chondrus crispus Genome, Collen et al.* -
Loeskeobryum brevirostre Transcriptome, 1KP WSPM Chondrus crispus Transcriptome, 1KP UGPM
Leucodon julaceus Transcriptome, 1KP IGUH Chroodactylon ornatum Transcriptome, 1KP 184}
Scouleria aquatica Transcriptome, 1KP BPSG Cyanidioschyzon merolae Genome, Matsuzaki et al.” -
Sphagnum palustre Transcriptome, 1KP RCBT Dumontia simplex Transcriptome, 1KP IEHF
Syntrichia princeps Transcriptome, 1KP GRKU Eucheuma denticulatum Transcriptome, 1KP JEBK
Takakia lepidozioides Transcriptome, 1KP skap Galdieria sulphuraria Genome, Barbier et al.® -
Liverwort Glaucosphaera vacuolata Transcriptome, 1KP RSOF
Scapania nemorosa Transcriptome, 1KP IRBN Gloeopeltis furcata Transcriptome, 1KP SBLT
Porella pinnata Transcriptome, 1KP UUHD Gracilaria asiatica Transcriptome, 1KP VNAL
Schistochila sp Transcriptome, 1KP LGow Gracilaria blodgettii Transcriptome, 1KP UPN
Metzgeria crassipilis Transcriptome, 1KP NRWZ Gracilaria chouae Transcriptome, 1KP FTRP
Pellia neesiana Transcriptome, 1kP JHFI Gracilaria lemaneiformi Transcriptome, 1KP IKWM
Odontoschisma prostratum Transcriptome, 1KP YBQN Grateloupia filicina Transcriptome, 1KP plo)]
Conocephalum conicum Transcriptome, 1KP 1LBQ Grateloupia livida Transcriptome, 1KP IKIZ
Lunularia cruciata Transcriptome, 1KP TXVB Grateloupia turuturu Transcriptome, 1KP URSB
Sphaerocarpos texanus Transcriptome, 1KP HERT Grateloupia chiangii Transcriptome, 1KP PWKQ
Ricciocarpos natans Transcriptome, 1KP wiLo u: T 1KP CKXF
Bazzania trilobata Transcriptome, 1KP W2zYK Heterosiphonia pulchra Transcriptome, 1KP YSBD
Hornwort Kappaphycus alvarezii Transcriptome, 1KP IHIY
Nothoceros aenigmaticus Transcriptome, 1KP DXOU Mazzaella japonica Transcriptome, 1KP WEIN
Megaceros flagellaris Transcriptome, 1KP UCRN Polysiphonia japonica Transcriptome, 1KP XAXW
Paraphymatoceros hallii Transcriptome, 1KP FAIB Pyropia yezoensis Genome, Nakamura et al."* -
Phaeoceros carolinianus Transcriptome, 1KP wczs Porphyra yezoensis Transcriptome, 1KP z0u
Anthoceros punctatus Genome, Lietal.® - Porphyridium cruentum Transcriptome, 1KP 0BUY
Phaeomegaceros coriaceus Transcriptome, 1KP AKXB Porphyridium purpureum Genome, Bhattacharya et al.”? -
Leiosporoceros dussii Transcriptome, 1KP ANON Porphyridium purpureum Transcriptome, 1KP PVGP
Desmidiales Rhodella violacea Transcriptome, 1KP RTLC
Cosmarium granatum Transcriptome, 1KP MNNM Rhodochaete parvula Transcriptome, 1KP zR
Cosmarium subtumidum Transcriptome, 1KP WDGV inotubi i Transcri 1KP PYDB
Desmidium aptogonum Transcriptome, 1KP DFDS Symphyocladia latiuscula Transcriptome, 1KP UYFR
Gonatozygon kinahanii Transcriptome, 1KP KEYW Prasinophyte
Onychonema laeve Transcriptome, 1KP GGWH i I i , 1KP BTFM
Penium exiguum Transcriptome, 1KP vsar Pyramimonas parkeae Transcriptome, 1KP TNAW
Phymatodocis nordstedtiana Transcriptome, 1KP RPQV Tetraselmis cordiformis Transcriptome, 1KP DUMA
Planotaenium ohtanii Transcriptome, 1KP SNOX Cryptophyte
Roya obtusa Transcriptome, 1KP XRTZ Chroomonas sp Transcriptome, 1KP ROZZ
Staurodesmus convergens Transcriptome, 1KP wecau Cryptomonas curvata Transcriptome, 1KP BAKF
Zygnematales Guillardia theta Genome, Curtis et al." -
Cylindrocystis brebissonii Transcriptome, 1KP YOXI Hemiselmis virescens Transcriptome, 1KP MMQ
Cylindrocystis cushleckae Transcriptome, 1kP Jola Rhodomonas sp Transcriptome, 1KP IAYV
Cylindrocystis sp Transcriptome, 1KP VAZE Glaucophyte
Mesotaenium braunii Transcriptome, 1KP wsjo Cyanophora paradoxa Genome, Price et al.™* -
Mesotaenium kramstei Transcriptome, 1KP NBYP Cyanoptyche gloeocystis Transcriptome, 1KP IKHA
Netrium digitus Transcriptome, 1KP FFGR T 1KP POOW
Zygnemopsis sp Transcriptome, 1KP MFZO Haptophytes
Coleochaetales Isochrysis sp. Transcriptome, 1KP BAJW
Coleochaete irregularis Transcriptome, 1KP Qpoy Pavlova lutheri Transcriptome, 1KP NMAK
Chaetosphaeridium globosum Transcriptome, 1KP DRGY Prymnesium parvum Transcriptome, 1KP LXRN
Klebsormidiales Stramenopiles - Chrysophytes
Interfilum paradoxum Transcriptome, 1KP FPCO Mallomonas sp. Transcriptome, 1KP BOGT
Klebsormidium subtile Transcriptome, 1KP FaLp Ochromonas sp. Transcriptome, 1KP EBWI
Entransia fimbriata Transcriptome, 1KP BFIK Synura petersenii Transcriptome, 1KP DBYD
Mesostigmatales Synura sp. Transcriptome, 1KP VKVG
Chlorokybus atmophyticus Transcriptome, 1KP AZZW Stramenopiles - Brown algae
Mesostigma viride Transcriptome, 1KP KYIo Ishige okamurai Transcriptome, 1KP APTP
Spirotaenia minuta Transcriptome, 1KP NNHQ Petalonia fascia Transcriptome, 1KP VRGZ
Charales Scytosiphon lomentaria Transcriptome, 1KP ICXF
Chara vulgaris T 1KP MWXT

*Amborella Genome Project. The Amborella genome and the evolution of flowering plants. Science 342, 1241089 (2013).
*Goodstein, D. M. et al. Phytozome: a comparative platform for green plant genomics. Nucleic Acids Res. 40, D1178-86 (2012).
*Matasci, N. et al. Data access for the 1,000 Plants (1KP) project. Gigascience 3, 17 (2014).

“Brouwer, P. et al. Azolla domestication towards a biobased economy? New Phytol 202, 1069-1082 (2014).

*Der, 1. P., Barker, M. ., Wickett, N. J., Depamphilis, C. W. & Wolf P. G. De novo ization of the i in bracken fern, Pteridium aquilinum. BMC Genomics 12, 99 (2011).
Li, F.-W. et al. Horizontal transfer of an adaptive chimeric photoreceptor from bryophytes to ferns. Proc. Natl. Acad. Sci. USA 111, 6672-6677 (2014).
"Blanc, G. et al. The Chlorella variabilis NC64A genome reveals ion to iosi ion with viruses, and cryptic sex. Plant Cell 22, 2943-2955 (2010).

xC(J"En, J. et al. Genome structure and metabolic features in the red seaweed Chondrus crispus shed light on evolution of the Archaeplastida. Proc. Natl. Acad. Sci. USA 110, 5247-5252 (2013).

*Matsuzaki, M. et al. Genome sequence of the ultrasmall unicellular red alga Cyanidioschyzon merolae 10D. Nature 428, 653-657 (2004).

“Barbier, G. et al. Comparative genomics of two closely related unicellular thermo-acidophilic red algae, Galdieria sulphuraria and Cyanidioschyzon merolae, reveals the molecular basis of the metabolic flexibility of
Galdieria sulphuraria and significant differences in carbohydrate metabolism of both algae. Plant Physiology 137, 460-474 (2005).

“Nakamura, Y. et al. The first symbiont-free genome sequence of marine red alga, Susabi-nori (Pyropia yezoensis). PLoS ONE 8, e57122 (2013).

“Bhattacharya, D. et al. Genome of the red alga Porphyridium purpureum. Nat Comms 4, 1941 (2013).

Curtis, B. A. et al. Algal genomes reveal evolutionary mosaicism and the fate of nucleomorphs. Nature 492, 59-65 (2012).

“Price, D. C. et al. Cyanophora paradoxa genome elucidates origin of photosynthesis in algae and plants. Science 335, 843-847 (2012).
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Table 3: Sources and GenBank accession numbers of the phytochromes used in
phylogenetic analyses. $t+!&1(1.772"6.92%G

Phytochrome;

Source

1KP identififer

GenBank accession

Phytochrome;

Source

1KP identififer

GenBank accession

Angiosperm PHYA
Arabidopsis thaliana
Fragaria vesca
Phaseolus vulgaris 1
Phaseolus vulgaris 2
Cucumis sativus 1
Cucumis sativus 2
Vitis vinifera
Solanum lycopersicum
Buxus sempervirens
Aquilegia coerulea
Oryza sativa
Platanthera clavellata
Pistia stratioides
Laurelia sempervirens
Peperomia fraseri
HHlicium floridanum
Amborella trichocarpa

Gymnosperm PHYN
Cephalotaxus harringtonia
Podocarpus rubens
Thuja plicata
Taiwania cryptomerioides
Pinus parviflora
Welwitschia mirabilis
Gnetum montanum
Ginkgo biloba
Encephalartos barteri

Angiosperm PHYC
Arabidopsis thaliana
Fragaria vesca
Cucumis sativus
Vitis vinifera
Solanum lycopersicum
Buxus sempervirens
Aquilegia coerulea
Oryza sativa
Platanthera clavellata
Pistia stratioides
Laurelia sempervirens
Peperomia fraseri
Hllicium floridanum
Amborella trichocarpa

Gymnosperm PHYO
Podocarpus rubens
Thuja plicata
Taiwania cryptomerioides
Pinus parviflora
Ginkgo biloba
Encephalartos barteri

Angiosperm PHYB
Arabidopsis thaliana D
Arabidopsis thaliana B
Fragaria vesca
Phaseolus vulgaris
Cucumis sativus
Vitis vinifera
Solanum lycopersicum 1
Solanum lycopersicum 2
Buxus sempervirens
Aquilegia coerulea
Oryza sativa
Platanthera clavellata
Pistia stratioides
Laurelia sempervirens
Peperomia fraseri
Hllicium floridanum
Amborella trichocarpa

Angiosperm PHYE
Arabidopsis thaliana
Fragaria vesca 1
Fragaria vesca 2
Phaseolus vulgaris
Cucumis sativus
Solanum lycopersicum
Capnoides sempervirens 1
Aquilegia coerulea 1
Capnoides sempervirens 2
Aquilegia coerulea 2
Laurelia sempervirens
HHlicium floridanum

Gymnosperm PHYP
Thujalicata
Taiwania cryptomerioides
Cephalotaxus harringtonia
Podocarpus rubens
Pinus parviflora
Gnetum montanum
Welwitschia mirabilis
Ginkgo biloba
Encephalartos barteri

Fern PHY1
Equisetum diffusum
Marattia howeana
Osmunda sp
Dipteris conjugata
Pilularia globulifera
Plagiogyria japonica
Adiantum capillus-veneris

Genome, Phytozome*
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Transcriptome, 1KP?
Genome, Phytozome
Genome, Phytozome
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Genome, Amborella Genome Project®

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Transcriptome, 1KP
Genome, Phytozome
Genome, Phytozome
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Genome, Amborella Genome Project

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Transcriptome, 1kP
Genome, Phytozome
Genome, Phytozome
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Genome, Amborella Genome Project

Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Genome, Phytozome
Transcriptome, 1KP
Genome, Phytozome
Transcriptome, 1KP
Genome, Phytozome
Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1KP
Cloning, this study
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
GenBank

GNQG

XLGK
VFYZ
QsNJ
oL

GNQG

XXXXXXXX

XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX

XXXXXXXX
K1195161
XXXXXXXX
K1195162
K1195163
K1195164
K1195165
XXXXXXXX
K1195166

XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX

K1195167
XXXXXXXX
K1195168
K1195169
XXXXXXXX
K1195170

XXXXXXXX

XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX

XXXXXXXX

XXXXXXXX
XXXXXXXX
XXXXXXXX

XXXXXXXX
K1195155
XXXXXXXX
K1195156
K1195157
K1195158
K1195159
XXXXXXXX
K1195160

XXXXXXXX
XXXXXXXX
K1195150
XXXXXXXX
K1195151
K1195152
AB016151

Moss PHY2_4

Atrichum angustatum
Physcomitrella patens 4
Physcomitrella patens 2
Rhynchostegium serrulatum
Aulacomnium heterostichum
Hedwigia ciliata

Philonotis fontana
Ceratodon purpureus
Leucobryum albidum
Racomitrium varium
Scouleria aquatica

Bryum argenteum
Loeskeobryum brevirostre
Neckera douglasii
Cladopodium rostratum
Leucodon brachypus
Leucodon julaceus
Pseudotaxiphyllum elegans
Anomodon attenuatus
Stereodon subimponens

Moss PHYS

Atrichum angustatum
Physcomitrella patens A
Physcomitrella patens B
Physcomitrella patens C
Rhynchostegium serrulatum D
Aulacomnium heterostichum D
Hedwigia ciliata D

Philonotis fontana D
Leucobryum albidum D
Ceratodon purpureus D
Scouleria aquatica D
Racomitrium varium D
Syntrichia princeps D

Bryum argenteum D

Leucodon brachypus D
Anomodon attenuatus D
Cladopodium rostratum D
Loeskeobryum brevirostre D
Pseudotaxiphyllum elegans D
Racomitrium varium
Scouleria aquatica £

Syntrichia princeps £

Hedwigia ciliata £

Philonotis fontana
Leucobryum albidum E
Ceratodon purpureus
Rhynchostegium serrulatum €
Aulacomnium hetero: umE 1
Aulacomnium heterostichum E 2

Anomodon attenuatus E
Neckera douglasii £
Pseudotaxiphyllum elegans £
Cladopodium rostratum £
Loeskeobryum brevirostre E
Leucodon julaceus £
Leucodon brachypus E

Hornwort PHY

Nothoceros aenigmaticus
Megaceros tosanus
Paraphymatoceros halli
Phaeoceros carolinianus
Anthoceros punctatus
Phaeomegaceros coriaceus
Leiosporoceros dussii

Hornwort NEO

Nothoceros aenigmaticus
Megaceros flagellaris
Paraphymatoceros halli
Phaeoceros carolinianus
Anthoceros punctatus

Fern NEO

Adiantum capillus-veneris
Dipteris conjugata
Blechnum spicant
Hemidictyum marginatum

Zygnematales NEO

Mougeotia scalaris 1
Mougeotia scalaris 2
Cylindrocystis brebissonii 1
Cylindrocystis sp 1
Cylindrocystis brebissonii 2
Cylindrocystis sp 2
Zygnemopsis sp

Desmidiales PHY2C

Desmidium aptogonum
Onychonema laeve
Cosmarium granatum 1
Staurodesmus convergens 1
Cosmarium subtumidum
Staurodesmus convergens 2
Cosmarium granatum 2
Phymatodocis nordstedtiana
Penium exiguum
Gonatozygon kinahanii 1
Gonatozygon kinahanii 2

Desmidiales PHY2B

Desmidium aptogonum

aF

Transcriptome, 1KP
Genome, Phytozome
Genome, Phytozome
Transcriptome, 1KP
Transcriptome, 1KP
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Transcriptome, 1KP
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Transcriptome, 1KP
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GenBank
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Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
GenBank
Transcriptome, 1KP
Transcriptome, 1KP.
Transcriptome, 1KP.
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Cloning, Li et al.”
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Genome, Lietal.”
Transcriptome, 1KP
Transcriptome, 1KP.

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Cloning, Li et al.

GenBank

Cloning, Li et al.
Cloning, Li et al.
Cloning, Li et al.

GenBank

GenBank

Transcriptome, 1KP.
Transcriptome, 1KP.
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1kP

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP.
Transcriptome, 1KP.
Transcriptome, 1KP.

Transcriptome, 1KP
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XXX
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XXXXXXXX
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XXXXXXXX
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KI195184
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XXXXXXXX
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k1195197
k1195198
KI195199
KI195038
XXX
XXXXXXXX

k1128382
k1195132
k1194999
K1194998
K1194997
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KI195011
K1195007
K1195037
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AB206962
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k1195041
KI195039
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XXXKXXXX
XXX
XXX
XXX
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Peridium aquilinum
Cystopteris protrusa
Blechnum spicant
Polypodium glycyrrhiza
Asplenium platyneuron
Alsophila spinulosa
Woodsia scopulina
Deparia lobato-crenata
Vittaria appalachiana
Danaea nodosa
Azolla filiculoides
Thyrsopteris elegans
Ceratopteris thalictroides.
Lonchitis hirsuta

Fern PHY2/4
Equisetum diffusum A
Equisetum diffusum B
Botrypus virginianus A
Sceptridium dissectum A
Botrypus virginianus B
Sceptridium dissectum B
Psilotum nudum
Marattia attenuata
Osmunda sp A
Dipteris conjugata
Danaea nodosa
°

Transcriptome, Der et al.*
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, Brouwer et al.®
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1kP
Transcriptome, 1KP
GenBank

Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
i 1KP

Osmunda javanica A
°

Transcriptome, 1kP
1KP

Osmunda javanica B

Fern PHY2
Anemia tomentosa
Pilularia globulifera
Plagiogyria japonica
Adiantum capillus-veneris
Peridium aquilinum
Polystichum acrostichoides
Cystopteris fragilis
Blechnum spicant
Leucostegia immersa
Polypodium hesperium
Gymnocarpium dryopteris
Homalosorus pycnocarpos
Athyrium filix-femina
Diplazium wichurae
Deparia lobato-crenata
Asplenium platyneuron
Woodsia scopulina
Woodsia ilvensis
Vittaria appalachiana
Pityrogramma trifoliata
Pteris ensiformis
Myriopteris rufa
Gaga arizonica
Argyrochosma nivea
Notholaena montieliae
¢ N

Transcriptome, 1KP

Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
GenBank
Transcriptome, Der et al.
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
1KP

Thyrsopteris elegans
Culcita macrocarpa
Lindsaea microphylla
Lonchitis hirsuta
Ceratopteris thalictroides
Fern PHY4A
Plagiogyria japonica
Pilularia globulifera
Adiantum tenerum
Polystichum acrostichoides
Cystopteris fragilis
Blechnum spicant
Leucostegia immersa
Polypodium hesperium
Adiantum capillus-veneris
Asplenium platyneuron
Gaga arizonica
Myriopteris rufa
Argyrochosma nivea
Vittaria appalachiana
Pteris ensiformis
[€

Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
GenBank
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
i 1KP

Alsophila spinulosa
Azolla caroliniana
Lonchitis hirsuta
Ceratopteris thalictroides
Anemia tomentosa A
Anemia tomentosa B
Lindsaea microphylla
Lygodium japonicum
Thyrsopteris elegans
Fern PHY4B
Pteridium aquilinum
Cystopteris fragilis
Blechnum spicant
Polystichum acrostichoides
Gymnocarpium dryopteris
Woodsia ilvensis
Athyrium filix-femina
Diplazium wichurae
Isoetopsida PHY
Selaginella cf pallescens
Selaginella moellendorffii

Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP
Transcriptome, 1kP
Transcriptome, 1KP

Transcriptome, Der et al.
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1kP
Genome, Phytozome

SRX423244
XXKXXXXX
k1195153
k1195154
XXKXXXXX
XXXXXXXX
XXXXXXXX
XXKXXXXX
XXXXXXXX
XXXXXXXX

XXXXXXXX
XXKXXXXX
XXXXXXXX

KI195136
XXXXXXXX
k1195137
XXXXXXXX
XXXXXXXX
XXXXXXXX
X74930
XXKXXXXX
k1195138
/195139
XXKXXXXX
XXXXXXXX
XXXXXXXX
XXKXXXXX
XXXXXXXX

/195140
k1195142
k1195141
AB016232
SRX423244
XXXXXXXX
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k1195143
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XXKXXXXX
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XXXXXXXX
XXKXXXXX
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XXXXXXXX
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XXXXXXXX
XXXXXXXX
XXKXXXXX
XXXXXXXX
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k1195145

KI195146

k1195147

XXKXXXXX
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KI195148

XXKXXXXX
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AB003364
XXXXXXXX
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XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX
XXKXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX
XXKXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX

SRX423244
XXKXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX
XXKXXXXX
XXXXXXXX

XXXXXKXX
XM_002991595

Onychonema laeve
Cosmarium

Transcriptome, 1KP
1KP

1KP

Penium exiguum
Gonatozygon kinahanii

Desmidiales PHY2B.

D

1KP
Transcriptome, 1KP
Transcriptome, 1KP

1KP

Cosmarium
Cosmarium granatum
Onychonema laeve

, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
1KP

1KP

Penium exiguum
Gonatozygon kinahanii
Roya obtusa
Planotaenium ohtanii

Zygnematales PHY2

Mougeotia scalaris
Mesotaenium kramstei
Mesotaenium caldariorum
Zygnemopsis sp
Cylindrocystis sp
Cylindrocystis brebissonii
Mesotaenium braunii
Netrium digitus

Coleochaetales PHY2

Coleochaete irregularis
Chaetosphaeridium globosum

Klebsormidiales PHY2

Interfilum paradoxum
Klebsormidium subtile
Entransia fimbriata

Desmidiales PHY1

Cosmarium granatum

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Genbank

Transcriptome, 1KP
Genbank

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1KP

Transcriptome, 1KP

Cosmarium

, 1KP.
P

Onychonema laeve

Transcriptome, 1KP

P
Penium exiguum
Gonatozygon kinahanii
Roya obtusa
Planotaenium ohtanii

Klebsormidiales PHY1

Entransia fimbriat

Mesostigmatales PHY1/2

Mesostigma viride

, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1KP

Transcriptome, 1KP

Chlorokybus 1

1KP
kP

Chlorokybus 2
Spirotaenia minuta

Zygnematales PHYX2

Zygnemopsis sp
Cylindrocystis cushleckae
Mesotaenium kramstei
Netrium digitus

Coleochaetales PHYX2

Coleochaete irregularis
Chaetosphaeridium globosum

Zygnematales PHYX1

Zygnemopsis sp
Mesotaenium kramstei
Cylindrocystis cushleckae
Cylindrocystis brebissonii
Cylindrocystis sp
Netrium digitus

Coleochaetales PHYX1

Coleochaete irregularis

Prasinophyte PHY

Transcriptome, 1KP

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP

Transcriptome, 1KP

Pyramimonas parkeae
Tet

Dolichomastix tenuilepsis
Tetraselmis astigmatica
Prasinoderma coloniale
Nephroselmis pyriformis
Micromonas pusilla

Cryptophyte PHY

Hemiselmis virescens
Cryptomonas curvata
Rhodomonas sp
Guillardia theta 1
Guillardia theta 2
Chroomonas sp
Guillardia theta PEK1
Guillardia theta PEK2
Guillardia theta PEK3

Glaucophyte PHY

Cyanophora paradoxa 1
Cyanophora paradoxa 2
Cyanophora paradoxa 4

KP

Transcriptome, 1KP
i 1KP

GenBank

GenBank

GenBank

GenBank

GenBank

Transcriptome, 1KP
Transcriptome, 1KP
Transcriptome, 1KP
Genome, Curtis et al.”
Genome, Curtis et al
Transcriptome, 1KP
Genome, Curtis et al.
Genome, Curtis et al
Genome, Curtis et al.

Genome, Price etal.”
Genome, Price et al.
Genome, Price et al.

GPS2 Duanmu etal.”

Gloeochaete wittrockiana GPS4 Transcriptome, Duanmu et al.

GPs3 i Duanmu etal.

GPs1 Rockwell et al."®

Cyanoptyche gloeocystis 1 Transcriptome, 1KP
Cyanoptyche gloeocystis 2 Transcriptome, 1KP
Cyanoptyche gloeocystis 3 Transcriptome, 1KP
i i 1 i 1P
2 1KP
3 1KP
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K1195203
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K1195210
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KF876183
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KF754357
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KF597305
KF615870
KF894953
XXXXXXXX
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XXXXXXXX
XXXXXXXX
XXXXXXXX
XXXXXXXX



Selaginella willdenowii Transcriptome, 1KP KIve XXKXXKXX um 4 1KP POOW XXXXXXXX
Selaginella kraussiana Transcriptome, 1KP ZFGK XXXXXXXX Diatom PHY
Selaginella wallacei Transcriptome, 1KP IKAA 195172 Thalassiosira pseudonana GenBank - XM_002290775
Selaginella apoda Transcriptome, 1KP L6bQ XXXXXXXX Phaeodactylum tricornutum GenBank - XM_002179026
Isoetes tegetiformans Transcriptome, 1KP PKOX KI195171 Brown algae PHY

Lycopodiales PHY1 Petalonia fascia Transcriptome, 1kP VRGZ XXXXXXXX
Dendrolycopodium obscurum Transcriptome, 1KP XNXF KJ195173 Scytosiphon lomentaria Transcriptome, 1KP JCXF XXXXXXXX
Huperzia selago Transcriptome, 1KP GTUO KI195174 Ishige okamurai Transcriptome, 1KP APTP XXXXXXXX
pseudolycopodiella caroliniana Transcriptome, 1KP uPMmy XXXXXXXX Ectocarpus siliculosus GenBank - FN649030

Lycopodiales PHY2 Feldmannia species virus isolate FsV GenBank - EU916176
Dendrolycopodium obscurum Transcriptome, 1KP XNXF KI195175 Ectocarpus siliculosus virus isolate EsV GenBank - AF204951
Huperzia lucidula Transcriptome, 1KP GKAG KJ195176 Fungi PHY
pseudolycopodiella caroliniana Transcriptome, 1KP uPM) XXXXXXXX Aspergillus fumigatus GenBank - DS499603

Liverwort PHY Ustilago maydis GenBank - AACP01000210
Scapania nemorosa Transcriptome, 1KP IRBN k1195177 Cochliobolus heterostrophus GenBank - AV456024
Porella pinnata Transcriptome, 1KP UUHD k1195178 Neurospora crassa 1 GenBank - BK004087
Schistochila sp Transcriptome, 1KP Leow k1195179 Neurospora crassa 2 GenBank - DQ128077
Metzgeria crassipilis Transcriptome, 1KP NRWZ KI195180 Penicillium marneffei GenBank - XM_002144684
pellia neesiana Transcriptome, 1KP IHFI KI195181 Cyanobacteria PHY
Odontoschisma prostratum Transcriptome, 1KP YBQN XXXXXXXX Microcystis aeruginosa GenBank - AP009552
Marchantia paleacea GenBank - AB022917 Nodularia spumigena GenBank - AAVW01000039
Conocephalum conicum Transcriptome, 1KP itQ KI195182 Synechocystis sp GenBank - BA000022
Lunularia cruciata Transcriptome, 1KP VB XXXXXXXX Anabaena variabilis GenBank - NC_007413
Sphaerocarpos texanus Transcriptome, 1KP HERT k195183 Cyanothece sp GenBank - ABVE01000001
Ricciocarpos natans Transcriptome, 1KP WiLo XXXXXXXX Nostoc sp GenBank - BA000019
Bazzania trilobata Transcriptome, 1KP wzyk XXKXXKXX Tolypothrix sp 1 GenBank - AF309559

Moss PHY1_3 Tolypothrix sp 2 GenBank - AF309560
Andreaea rupestris Transcriptome, 1KP WOGB XXXXXXXX Cyanobacteria PAS-less PHY
Rhynchostegium serrulatum Transcriptome, 1KP JADL XXXXXXXX Microcoleus chthonoplastes GenBank - DS989848

i i i 1KP WNGH XXXXXXXX Lyngbya sp GenBank - AAVU01000002

Hedwigia ciliata Transcriptome, 1KP YWNF k1195194 Nostoc punctiforme GenBank - CP001037
Philonotis fontana Transcriptome, 1KP ORKS XXKXXKXX Anabaena variabilis GenBank - CP000117
Ceratodon purpureus A GenBank - U72993 Synechococcus sp GenBank - ABDO0881
Ceratodon purpureus B GenBank - 87632 Bacteria PHY
Leucobryum albidum Transcriptome, 1KP ) XXXXXXXX Agrobacterium tumefaciens GenBank - C58AE007869
Physcomitrella patens 1 Genome, Phytozome - XM_001765983 Pseudomonas aeruginosa GenBank - CHA82383
Physcomitrella patens 3 Genome, Phytozome - XM_001778103 Pseudomonas syringae GenBank - AE016853
Racomitrium varium Transcriptome, 1KP RDOO XXXXXXXX Ralstonia pickettii GenBank - CP0O01068
Leucodon julaceus Transcriptome, 1KP IGUH XXXXXXXX Stenotrophomonas maltophilia GenBank - AM743169
Leucodon brachypus Transcriptome, 1KP ZACW XXXXXXXX Rhodopseudomonas palustris GenBank - BX572602
Pseudotaxiphyllum elegans Transcriptome, 1KP akao XXXXXXXX Oceanicola granulosus GenBank - AAOT01000028
Neckera douglasii Transcriptome, 1KP TVAJ XXKXXKXX Methylocella silvestris GenBank - CP001280
Stereodon subimponens Transcriptome, 1KP LNSF XXXXXXXX Sclerotinia sclerotiorum GenBank - CH476645
Loeskeobryum brevirostre Transcriptome, 1KP WSsPM XXXXXXXX Magnetospirillum magnetotacticum GenBank - AAAP01003476
Cladopodium rostratum Transcriptome, 1KP VBMM 195193
Bryum argenteum Transcriptome, 1KP IMXW k1195195

Moss PHY2_4/5
Andreaea rupestris Transcriptome, 1KP WOGB XXXXXXXX
Sphagnum palustre Transcriptome, 1KP RCBT XXXXXXXX
Takakia i 1KP SKQD XXXXXXXX
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"Curtis, B. A. et al. Algal genomes reveal evolutionary mosaicism and the fate of nucleomorphs. Nature 492, 59-65 (2012).

®Price, D. C. et al. Cyanophora paradoxa genome elucidates origin of photosynthesis in algae and plants. Science 335, 843-847 (2012).

*Duanmu, D. et al. Marine algae and land plants share conserved phytochrome signaling systems. Proc. Natl. Acad. Sci. USA 111, 15827-15832 (2014).
“Rockwell, N. C. et al. Eukaryotic algal phytochromes span the visible spectrum. Proc. Natl. Acad. Sci. USA 111, 3871-3876 (2014).
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Appendix C: Supplementary Tables for Chapter Two

Table 4: List of transcriptomes and genomes screened for phototropins. f+!&1(1.772"6.92G

Taxa Source 1KP” identififer Taxa Source 1KP? identififer
Angiosperm Zygnematales
Amborella trichocarpa Genome, Amborella Genome Project’ - Mesotaenium endlicherianum  Transcriptome, 1KP WDCW
Aquilegia coerulea Genome, Phytozome - Mesotaenium kramstei Transcriptome, 1KP NBYP
Arabidopsis thaliana Genome, Phytozome’ - Zygnemopsis sp Transcriptome, 1KP MFZO
Austrobaileya scandens Transcriptome, 1KP FZIL Desmidiales
Citrus clementina Genome, Phytozome - Roya obtusa Transcriptome, 1KP XRTZ
Fragaria vesca Genome, Phytozome - Gonatozygon kinahanii Transcriptome, 1KP KEYW
Goodyera pubescens Transcriptome, 1KP? VTUS Planotaenium ohtanii Transcriptome, 1KP SNOX
Illicium floridanum Transcriptome, 1KP vzcel Phymatodocis nordstedtiana  Transcriptome, 1KP RPQV
Magnolia grandiflora Transcriptome, 1KP WBOD Penium exiguum Transcriptome, 1KP ysQr
Medicago truncatula Genome, Phytozome - Desmidium aptogonum Transcriptome, 1KP DFDS
Smilax bona-nox Transcriptome, 1KP MWYQ Staurodesmus convergens Transcriptome, 1KP wcaQu
Solanum lycopersicum Genome, Phytozome - Cosmarium tinctum Transcriptome, 1KP BHBK
Vitis vinifera Genome, Phytozome - Coleochaetales
Zea mays Genome, Phytozome - Coleochaete irregularis Transcriptome, 1KP QpPDY
Gymnosperm Coleochaete scutata Transcriptome, 1KP VQBIJ
Cephalotaxus harringtonia Transcriptome, 1KP WYAJ Chaetosphaeridium globosum  Transcriptome, 1KP DRGY
Cunninghamia lanceolata Transcriptome, 1KP ouol Klebsormidioales
Gnetum montanum Transcriptome, 1KP GTHK Interfilum paradoxum Transcriptome, 1KP FPCO
Podocarpus rubens Transcriptome, 1KP XLGK Klebsormidium subtile Transcriptome, 1KP FQLP
Stangeria eriopus Transcriptome, 1KP KAWQ Entransia fimbriat Transcriptome, 1KP BFIK
Thuja plicata Transcriptome, 1KP VFYZ Mesostigmatales
Welwitschia mirabilis Transcriptome, 1KP TOXE Chlorokybus atmophyticus Transcriptome, 1KP AZZW
Ferns Mesostigma viride Transcriptome, 1KP KYIO
Adiantum aleuticum Transcriptome, 1KP WCLG Spirotaenia minuta Transcriptome, 1KP NNHQ
Adiantum capillus-veneris GenBank - Prasinophyte
Anemia tomentosa Transcriptome, 1KP capPw Ostreococcus tauri Genome, Phytozome -
Asplenium platyneuron Transcriptome, 1KP KIZG Ostreococcus lucimarinus Genome, Phytozome -
Athyrium filix-femina Transcriptome, 1KP URCP Micromonas pusilla Genome, Phytozome -
Azolla caroliniana Transcriptome, 1KP CVEG Dolichomastix tenuilepi Transcriptome, 1KP XOAL
Blechnum spicant Transcriptome, 1KP VITX Pyramimonas parkeae Transcriptome, 1KP TNAW
Botrypus virginianus Transcriptome, 1KP BEGM Scourfieldia sp Transcriptome, 1KP EGNB
Ceratopteris thalictroides Transcriptome, 1KP PIVW Nephroselmis olivace Transcriptome, 1KP MMKU
Cryptogramma acrostichoides ~ Transcriptome, 1KP wamL Tetraselmis cordiformis Transcriptome, 1KP DUMA
Cystopteris reevesiana Transcriptome, 1KP RICC Scherffelia dubia Transcriptome, 1KP FMVB
Danaea nodosa A Transcriptome, 1KP DFHO Pycnococcus provasolii Transcriptome, 1KP MXEZ
Davallia fejeensis Transcriptome, 1KP oQww Ulvophyceae
Dennstaedtia davallioides Transcriptome, 1KP MTGC Bolbocoleon piliferum Transcriptome, 1KP LSHT
Dipteris conjugata Transcriptome, 1KP MEKP Persursaria percursa Transcriptome, 1KP OAEZ
Equisetum hymale Transcriptome, 1KP sz Helicodictyon planctonicum Transcriptome, 1KP AJAU
Gaga arizonica Transcriptome, 1KP DCDT Entocladia endozoica Transcriptome, 1KP 0OQON
Gymnocarpium dryopteris Transcriptome, 1KP HEGQ Trebouxiophyceae
Homalosorus pycnocarpos Transcriptome, 1KP oczL Coccomyxa pringsheimii Transcriptome, 1KP GXBM
Leucostegia immersa Transcriptome, 1KP WGTU Botryococcus terribilis Transcriptome, 1KP Qyxy
Lindsaea linearis Transcriptome, 1KP NOKI Prasiola crispa Transcriptome, 1KP WwcCLv
Lonchitis hirsuta Transcriptome, 1KP VVRN Trebouxia arboricola Transcriptome, 1KP NKXU
Lygodium japonicum Transcriptome, 1KP PBUU Chlorophyceae
Onoclea sensibilis Transcriptome, 1KP HTFH Oedogonium foveolatum Transcriptome, 1KP SDPC
Ophioglossum vulgatum Transcriptome, 1KP QHVS Uronema sp. Transcriptome, 1KP ISGT
Osmunda sp. Transcriptome, 1KP uomy Aphanochaete repens Transcriptome, 1KP UMT
Pilularia globulifera Transcriptome, 1KP KIX Fritschiella tuberosa Transcriptome, 1KP VFIV
Pityrogramma trifoliata A Transcriptome, 1KP uTT Hafniomonas reticulata Transcriptome, 1KP FXHG
Plagiogyria japonica Transcriptome, 1KP uwoD Carteria obtusa Transcriptome, 1KP RUIF
Polypodium hesperium Transcriptome, 1KP GYFU Scenedesmus dimorphus Transcriptome, 1KP PZIF
Polystichum acrostichoides Transcriptome, 1KP FQGQ Cylindrocapsa geminella Transcriptome, 1KP DzPJ
Psilotum nudum Transcriptome, 1KP QVMR Pediastrum duplex Transcriptome, 1KP XTON
Pteridium aquilinum Transcriptome, Der et al* - Brachiomonas submarina Transcriptome, 1KP GUBD
Pteris vittata Transcriptome, 1KP POPJ Heterochlamydomonas inaequa Transcriptome, 1KP IRYH
Sceptridium dissectum Transcriptome, 1KP EEAQ Volvox carteri Genome, Phytozome -
Thyrsopteris elegans Transcriptome, 1KP EWXK Chlamydomonas reinhardtii Genome, Phytozome -
Tmesipteris parva Transcriptome, 1KP ALVQ Oogamochlamys gigantea Transcriptome, 1KP XDLL
Vittaria lineata Transcriptome, 1KP SKYV Oedogonium cardiacum Transcriptome, 1KP DVYE
Woodsia scopulina Transcriptome, 1KP Yy Chloromonas tughillensi Transcriptome, 1KP UTRE |



Selaginella Red Algae

Selaginella acanthonota Transcriptome, 1KP ZYCD Betaphycus gelatinae Transcriptome, 1KP BWVIJ
Selaginella kraussiana Transcriptome, 1KP ZFGK Ceramium kondoi Transcriptome, 1KP VZWX
Selaginella moellendorffii Genome, Phytozome - Chondrus crispus Genome, Collen et al.® -
Selaginella selaginoides Transcriptome, 1KP KUXM Chondrus crispus Transcriptome, 1KP UGPM
Selaginella willdenowii Transcriptome, 1KP KJYC Chroodactylon ornatum Transcriptome, 1KP LLXJ
Isoetales Cyanidioschyzon merolae Genome, Matsuzaki et al.” -
Isoetes tegetiformans Transcriptome, 1KP PKOX Dumontia simplex Transcriptome, 1KP IEHF
Lycopodiales Eucheuma denticulatum Transcriptome, 1KP JEBK
Dendrolycopodium obscurum  Transcriptome, 1KP XNXF Galdieria sulphuraria Genome, Barbier et al.® -
Diphasiastrum digitatum Transcriptome, 1KP WAFT Glaucosphaera vacuolata Transcriptome, 1KP RSOF
Huperzia lucidula Transcriptome, 1KP GKAG Gloeopeltis furcata Transcriptome, 1KP SBLT
Lycopodium deuterodensum  Transcriptome, 1KP PQTO Gracilaria asiatica Transcriptome, 1KP VNAL
Phylloglossum drummondii Transcriptome, 1KP ZZEI Gracilaria blodgettii Transcriptome, 1KP LPN
Pseudolycopodiella caroliniana Transcriptome, 1KP upmJ Gracilaria chouae Transcriptome, 1KP FTRP
Liverwort Gracilaria lemaneiformi Transcriptome, 1KP IKWM
Bazzania trilobata Transcriptome, 1KP WZYK Grateloupia filicina Transcriptome, 1KP Alo]]
Conocephalum conicum Transcriptome, 1KP ILBQ Grateloupia livida Transcriptome, 1KP IKIZ
Lunularia cruciata Transcriptome, 1KP TXVB Grateloupia turuturu Transcriptome, 1KP URSB
Marchantia polymorpha Transcriptome, 1KP JPYU Grateloupia chiangii Transcriptome, 1KP PWKQ
Metzgeria crassipilis Transcriptome, 1KP NRWZ Gymnogongrus ftabelliformis ~ Transcriptome, 1KP CKXF
Pellia neesiana Transcriptome, 1KP JHFI Heterosiphonia pulchra Transcriptome, 1KP YSBD
Porella pinnata Transcriptome, 1KP UUHD Kappaphycus alvarezii Transcriptome, 1KP IHIY
Radula lindenbergia Transcriptome, 1KP BNCU Mazzaella japonica Transcriptome, 1KP WEIN
Scapania nemorosa Transcriptome, 1KP IRBN Polysiphonia japonica Transcriptome, 1KP XAXW
Schistochila sp Transcriptome, 1KP LGOW Pyropia yezoensis Genome, Nakamura et al.? -
Sphaerocarpos texanus Transcriptome, 1KP HERT Porphyra yezoensis Transcriptome, 1KP zuy
Moss Porphyridium cruentum Transcriptome, 1KP OBUY
Andreaea rupestris Transcriptome, 1KP WOGB Porphyridium purpureum Genome, Bhattacharya et al.*® -
Atrichum angustatum Transcriptome, 1KP ZTHV Porphyridium purpureum Transcriptome, 1KP PVGP
Aulacomnium heterostichum  Transcriptome, 1KP WNGH Rhodella violacea Transcriptome, 1KP RTLC
Bryum argenteum Transcriptome, 1KP JMXW Rhodochaete parvula Transcriptome, 1KP NzZR
Buxbaumia aphylla Transcriptome, 1KP HRWG Sinotubimorpha guangdongensi Transcriptome, 1KP PYDB
Ceratodon purpureus Transcriptome, 1KP FFPD Symphyocladia latiuscula Transcriptome, 1KP UYFR
Fissidens adianthoides Transcriptome, 1KP NwQC Glaucophyte
Leucodon brachypus Transcriptome, 1KP ZACW Cyanophora paradoxa Genome, Price et al.”* -
Loeskeobryum brevirostre Transcriptome, 1KP WSPM Cyanoptyche gloeocystis Transcriptome, 1KP JKHA
Neckera douglasii Transcriptome, 1KP TMAJ Glaucocystis nostochinearum  Transcriptome, 1KP POOW
Orthotrichum lyellii Transcriptome, 1KP CMEQ Cryptophyte
Physcomitrella patens Genome, Phytozome - Chroomonas sp Transcriptome, 1KP ROZZ
Rhynchostegium serrulatum Transcriptome, 1KP JADL Cryptomonas curvata Transcriptome, 1KP BAKF
Scouleria aquatica Transcriptome, 1KP BPSG Guillardia theta Genome, Curtis et al.* -
Sphagnum lescurii Transcriptome, 1KP GOWD Hemiselmis virescens Transcriptome, 1KP MIMQ
Takakia lepidozioides Transcriptome, 1KP skab Rhodomonas sp Transcriptome, 1KP IAYV
Hornwort Haptophytes
Anthoceros puncatatus Genome, Li et al® - Isochrysis sp. Transcriptome, 1KP BAIW
Paraphymatoceros hallii Transcriptome, 1KP FAIB Pavlova lutheri Transcriptome, 1KP NMAK
Phaeoceros carolinianus Transcriptome, 1KP WcCzB Prymnesium parvum Transcriptome, 1KP LXRN
Phaeomegaceros coriaceus Transcriptome, 1KP AKXB Stramenopiles - Chrysophytes
Megaceros flagellaris Transcriptome, 1KP UCRN Mallomonas sp. Transcriptome, 1KP BOGT
Nothoceros aenigmaticus Transcriptome, 1KP DXou Ochromonas sp. Transcriptome, 1KP EBWI
Zygnematales Synura petersenii Transcriptome, 1KP DBYD
Cylindrocystis brebissonii Transcriptome, 1KP YOXI Synura sp. Transcriptome, 1KP VKVG
Cylindrocystis cushleckae Transcriptome, 1KP Jola Stramenopiles - Brown algae
Cylindrocystis sp Transcriptome, 1KP VAZE Ishige okamurai Transcriptome, 1KP APTP
Mesotaenium braunii Transcriptome, 1KP WSJO Petalonia fascia Transcriptome, 1KP VRGZ
Mesotaenium caldariorum Transcriptome, 1KP HKZW Scytosiphon lomentaria Transcriptome, 1KP JCXF

*Amborella Genome Project. The Amborella genome and the evolution of flowering plants. Science 342, 1241089 (2013).

2Goodstein, D. M. et al. Phytozome: a comparative platform for green plant genomics. Nucleic Acids Res. 40, D1178-86 (2012).

*Matasci, N. et al. Data access for the 1,000 Plants (1KP) project. GigaScience 3, 17 (2014).

“Der, J. P., Barker, M. S., Wickett, N. J., Depamphilis, C. W. & Wolf P. G. De novo characterization of the gametophyte transcriptome in bracken fern, Pteridium aquilinum. BMC Genomics 12, 99 (2011).
°Li, F.-W. et al. Horizontal transfer of an adaptive chimeric photoreceptor from bryophytes to ferns. Proc. Natl. Acad. Sci. USA 111, 6672-6677 (2014).

®Collen, J. et al. Genome structure and metabolic features in the red seaweed Chondrus crispus shed light on evolution of the Archaeplastida. Proc. Natl. Acad. Sci. USA 110, 5247-5252 (2013).
"Matsuzaki, M. et al. Genome sequence of the ultrasmall unicellular red alga Cyanidioschyzon merolae 10D. Nature 428, 653-657 (2004).

®Barbier, G. et al. Comparative genomics of two closely related unicellular thermo-acidophilic red algae, Galdieria sulphuraria and Cyanidioschyzon merolae, reveals the molecular basis of the metabolic
flexibility of Galdieria sulphuraria and significant differences in carbohydrate metabolism of both algae. Plant Physiology 137, 460—-474 (2005).

°Nakamura, Y. et al. The first symbiont-free genome sequence of marine red alga, Susabi-nori (Pyropia yezoensis). PLoS ONE 8, e57122 (2013).

®Bhattacharya, D. et al. Genome of the red alga Porphyridium purpureum. Nat Comms 4, 1941 (2013).

price, D. C. et al. Cyanophora paradoxa genome elucidates origin of photosynthesis in algae and plants. Science 335, 843-847 (2012).

Curtis, B. A. et al. Algal genomes reveal evolutionary mosaicism and the fate of nucleomorphs. Nature 492, 59-65 (2012).



Table 5: Sources and GenBank accession numbers of the phototropins used in phylogenetic
analyses. f+1&1(1.772"6.928%

Taxa Source 1KP” identififer GenBank accession Taxa Source 1KP* identififer GenBank accession
Angiosperm PHOT1 Moss PHOT18
Arabidopsis thaliana Genome, Phytozome® - - Aulacomnium heterostichum Transcriptome, 1P WNGH XXXXXXXX
Medicago truncatula Genome, Phytozome - - Ceratodon purpureus Transcriptome, 1KP FFPD XXXXXXXX
Citrus clementina Genome, Phytozome - - Orthotrichum lyellii Transcriptome, 1KP CMEQ XXXXXXXX
Fragaria vesca Genome, Phytozome - - Bryum argenteum Transcriptome, 1P IMXW K195092
Solanum lycopersicum Genome, Phytozome - - Loeskeobryum brevi Transcri 1KP WSPM XXXXXXXX
Vitis vinifera Genome, Phytozome - - Leucodon brachypus Transcriptome, 1KP ZACW XXXXXXXX
Aquilegia coerulea Genome, Phytozome - - Neckera douglasii Transcriptome, 1KP ™A XXXXXXXX
Zzea mays Genome, Phytozome - - Transcri 1KP JADL XXXXXXXX
Goodyera pubescens Transcriptome, 1KP* VTUS XXXXXXXX Atrichum angustatum Transcriptome, 1P ZTHY XXXXXXXX
Smilax bona-nox Transcriptome, 1KP MwyQ XKXXXXXX Moss PHOT2
Magnolia grandiflora Transcriptome, 1kP WBOD XXXXXXXX Takakia lepidozioides Transcriptome, 1KP skap XXXXXXXX
Hllicium floridanum Transcriptome, 1kP vzal XXXXXXXX Sphagnum lescurii Transcriptome, 1KP GowD 195101
Austrobaileya scandens Transcriptome, 1kP 2L XXXXXXXX Andreaea rupestris Transcriptome, 1P woGs XXXXXXXX
Amborella trichocarpa Genome, Amborella Genome Project” - - Atrichum angustatum Transcriptome, 1P ZTHY XXXXXXXX
Gymnosperm PHOT1 Buxbaumia aphylla Transcriptome, 1P HRWG XXXXXXXX
Cunninghamia lanceolata Transcriptome, 1kP ouol 1195049 Moss PHOT2A
Thuja plicata Transcriptome, 1kP VFYZ 1195050 Aulacomnium heterostichum Transcriptome, 1P WNGH XXXXXXXX
Cephalotaxus harringtonia Transcriptome, 1kP WYAJ 1195047 Scouleria aquatica Transcriptome, 1P BPSG KI195096
Podocarpus rubens Transcriptome, 1kP XLGK 1195048 Ceratodon purpureus Transcriptome, 1KP FFPD XXXXXXXX
Gnetum montanum Transcriptome, 1kP GTHK KI195053 Orthotrichum lyellii Transcriptome, 1KP CMEQ XXXXXXXX
Welwitschia mirabilis Transcriptome, 1kP TOXE K1195052 Bryum argenteum Transcriptome, 1P IMXW KI195095
Stangeria eriopus Transcriptome, 1kP KAWQ K1195051 Transcri 1KP JADL XXXXXXXX
Angiosperm PHOT2 Neckera douglasii Transcriptome, 1KP T™AJ XXXXXXXX
Arabidopsis thaliana Genome, Phytozome - - Loeskeobryum brevi Transcri 1KP WSPM XXXXXXXX
Medicago truncatula Genome, Phytozome - - Leucodon brachypus Transcriptome, 1P ZACW XXXXXXXX
Citrus clementina Genome, Phytozome - - Moss PHOT28
Fragaria vesca Genome, Phytozome - - Physcomitrella patens Genome, Phytozome - XM 001785674
Solanum lycopersicum Genome, Phytozome - - Orthotrichum lyellii Transcriptome, 1KP CMEQ XXXXXXXX
Vitis vinifera Genome, Phytozome - - I 1KP JADL XXXXXXXX
Aquilegia coerulea Genome, Phytozome - - Neckera douglasii Transcriptome, 1P ™A XXXXXXXX
Zea mays Genome, Phytozome - - Leucodon brachypus Transcriptome, 1KP ZACW XXXXXXXX
Goodyera pubescens Transcriptome, 1kP VTUS XXXXXXXX Scouleria aquatica Transcriptome, 1KP BPSG K1195098
Smilax bona-nox Transcriptome, 1KP MwyQ XKXXXXXX Fissidens adianthoides Transcriptome, 1KP Nwac XXXXXXXX
Magnolia grandiflora Transcriptome, 1KP WBoD XXXXXXXX Moss PHOT2C
Hllicium floridanum Transcriptome, 1kP vzal XXXXXXXX Physcomitrella patens 2C-1 Genome, Phytozome - XM 001766357
Austrobaileya scandens Transcriptome, 1kP FziL XXXXXXXX Physcomitrella patens 2C-2 Genome, Phytozome - XM 001763052
Amborella trichocarpa Genome, Amborella Genome Project - - Hornwort PHOT
Gymnosperm PHOT2 Anthoceros puncatatus Genome, Lietal® - 1195131
Cunninghamia lanceolata Transcriptome, 1KP ouol K1195056 Anthoceros bhardwajii Cloning, This study - XXXXXXXX
Thuja plicata Transcriptome, 1kP VFYZ 1195057 Paraphymatoceros hallii Transcriptome, 1KP FAIB KI195133
Cephalotaxus harringtonia Transcriptome, 1kP WYAJ 1195054 Phaeoceros carolinianus Transcriptome, 1P wcze 195134
Podocarpus rubens Transcriptome, 1kP XLGK K1195055 Phymatoceros phymatodes Cloning, Li et al® - KI195135
Gnetum montanum Transcriptome, 1kP GTHK K1195060 Phaeomegaceros coriaceus Transcriptome, 1P AKXB XXXXXXXX
Welwitschia mirabilis Transcriptome, 1KP TOXE K1195059 Megaceros flagellaris Transcriptome, 1KP UCRN K1195132
Stangeria eriopus Transcriptome, 1kP KAWQ 1195058 Nothoceros aenigmaticus Cloning, Li et al. DXOU K1128383
Fern PHOT1 Hornwort NEO
Polypodium hesperium Transcriptome, 1kP GYFU K1195061 Anthoceros punctatus Genome, Li et al - K1194997
Polystichum acrostichoides Transcriptome, 1kP FQGQ XXXXXXXX i 1KP wcze K1194998
Leucostegia immersa Transcriptome, 1kP WGTU 1195062 Paraphymatoceros hallii Transcriptome, 1KP FAIB K194999
Cystopteris reevesiana Transcriptome, 1kP RICC K1195063 Phymatoceros phymatodes Cloning, Li et al. - KI195002
Adiantum capillus-veneris GenBank - AB037188 Phaeomegaceros coriaceus Transcriptome, 1KP AKXB XXXXXXXX
Gaga arizonica Transcriptome, 1kP DCDT XXXXXXXX Megaceros flagellaris Transcriptome, 1KP UCRN KJ195000
Ceratopteris thalictroides Transcriptome, 1kP PIVW XXXXXXXX Nothoceros aenigmaticus Cloning, Li et al. DXOU KI128382
Pteridium aquilinum Transcriptome, Der et al* - 1195064 Fern NEO
Lonchitis hirsuta Transcriptome, 1kP VVRN XXXXXXXX Hemidictyum marginatum GenBank - K1195037
Pilularia globulifera Transcriptome, 1kP KX K1195065 Adiantum capillus-veneris GenBank - AB012082
Dipteris conjugata Transcriptome, 1kP MEKP XXXXXXXX Adiantum raddianum Transcriptome, 1KP BMIR KJ195003
Osmunda sp. Transcriptome, 1kP uomy K1195066 Allantodia dilatata GenBank - FI455447
Danaea nodosa A Transcriptome, 1kP DFHO XXXXXXXX Dipteris conjugata Transcriptome, 1KP MEKP K1195011
Danaea nodosa B Transcriptome, 1kP DFHO XXXXXXXX Diplazium wichurae GenBank - KJ195009
Danaea nodosa C Transcriptome, 1kP DFHO XXXXXXXX Phegopteris hexagonoptera GenBank - 1195023
Fern PHOT2 Plagiogyria distinctissima GenBank - FI501965
Polypodium hesperium Transcriptome, 1kP GYFU 1195067 Dennstaedtia punctilobula GenBank - KI195016
Davallia fejeensis Transcriptome, 1KP oaww XKXXXXXX Zygnematales PHOTA
Leucostegia immersa Transcriptome, 1kP WGTU K1195068 Mougeotia scalaris GenBank - AB206963
Transcriptome, 1kP FQGQ XXXXXXXX Mesotaenium caldariorum Transcriptome, 1KP HKZW XXXXXXXX
Athyrium filix-femina Transcriptome, 1kP URCP XKXXXXXX Cylindrocystis cushleckae Transcriptome, 1KP JoQ K1195120
Blechnum spicant Transcriptome, 1KP VITX XXXXXXXX Zygnemopsis sp Transcriptome, 1KP MFZO K1195119
Onoclea sensibilis Transcriptome, 1kP HTFH XXXXXXXX Mesotaenium kramstei Transcriptome, 1KP NBYP XXXXXXXX
Woodsia scopulina Transcriptome, 1kP Yoy XXXXXXXX Zygnematales PHOTB
Homalosorus pycnocarpos Transcriptome, 1KP oczL XXXXXXXX Mougeotia scalaris GenBank - AB206964
Cystopteris reevesiana Transcriptome, 1kP RICC 1195069 Mesotaenium caldariorum Transcriptome, 1KP HKZW XXXXXXXX
Gymnocarpium dryopteris Transcriptome, 1KP HEGQ XKXXXXXX Cylindrocystis cushleckae Transcriptome, 1KP Joia K1195118
Asplenium platyneuron Transcriptome, 1kP KIzG XXXXXXXX Zygnemopsis sp Transcriptome, 1P MFZ0 195117
Peridium aquilinum Transcriptome, Der et al - 1195070 Mesotaenium kramstei Transcriptome, 1KP NBYP XXXXXXXX
D i i Transcriptome, 1kP MTGC XXXXXXXX [ 1 bl 1KP Yoxi 195114
Adiantum capillus-veneris GenBank - AB115545 Cylindrocystis sp 1 Transcriptome, 1P VAZE K1195113
Adiantum aleuticum Transcriptome, 1kP WeLG XXXXXXXX cyli i issonii 2 Transcri 1KP YOXI K1195116
Vittaria lineata Transcriptome, 1kP SKyv XXXXXXXX Cylindrocystis sp 2 Transcriptome, 1KP VAZE 1195115



Gaga arizonica Transcriptome, 1KP DCDT XXXXXXXX Zygnematales NEO
Pityrogramma trifoliata A Transcriptome, 1KP Vi XXXXXXXX 1KP wocw XXXXXXXX
Pityrogramma trifoliata B Transcriptome, 1KP s XXXXXXXX Mesotaenium braunii Transcriptome, 1P WsIo k1195046
Pteris vittata Transcriptome, 1KP POP) XXXXXXXX Mesotaenium braunii Transcriptome, 1KP wsI0 K1195045
[ bl 1KP wamL XXXXXXXX Cylindrocystis cushleckae Transcriptome, 1KP Jolq k1195040
Ceratopteri Transcri , 1KP PIVW XXXXXXXX Zygnemopsis sp Transcriptome, 1P MFZO k1195039
Lindsaea linearis Transcriptome, 1KP NOKI XXXXXXXX Cylindrocystis brebissonii 2 Transcriptome, 1KP YoxXI K1195044
Lonchitis hirsuta Transcriptome, 1KP VVRN XXXXXXXX Cylindrocystis sp 2 Transcriptome, 1KP VAZE k1195043
Plagiogyria japonica Transcriptome, 1KP uwob XXXXXXXX Cylindrocystis brebissonii 1 Transcriptome, 1kP Yoxi k1195042
Thyrsopteris elegans Transcriptome, 1KP EWXK XXXXXXXX Cylindrocystis sp 1 Transcriptome, 1KP VAZE K1195041
Azolla caroliniana Transcriptome, 1KP CVEG XXXXXXXX 1KP HKZW XXXXXXXX
Pilularia globulifera Transcriptome, 1KP KilX 1195071 Mougeotia scalaris NEO2 GenBank - AB206962
Lygodium japonicum Transcriptome, 1KP PBUU XXXXXXXX Mougeotia scalaris NEOL GenBank AB206961
Anemia tomentosa Transcriptome, 1KP capw XXXXXXXX Zygnematales PHOT?
Dipteris conjugata Transcriptome, 1kP MEKP XXXXXXXX 1KP wocw XXXXXXXX
Osmunda sp. Transcriptome, 1KP uomy 1195072 Mesotaenium braunii Transcriptome, 1P WsIo XXXXXXXX
Fern PHOT1/2 Desmidiales PHOT
Equisetum hymale Transcriptome, 1KP wsz XXXXXXXX Roya obtusa Transcriptome, 1KP XRTZ XXXXXXXX
Ophioglossum vulgatum Transcriptome, 1KP QHVS XXXXXXXX Gonatozygon kinahanii Transcriptome, 1P KEYW XXXXXXXX
Sceptridium dissectum Transcriptome, 1KP EEAQ XXXXXXXX Planotaenium ohtanii Transcriptome, 1KP SNOX KI195111
Botrypus virginianus Transcriptome, 1KP BEGM XXXXXXXX 1KP RPQV XXXXXXXX
Psilotum nudum Transcriptome, 1KP QVMR XXXXXXXX Penium exiguum Transcriptome, 1P vsar XXXXXXXX
Tmesipteris parva Transcriptome, 1KP ALVQ XXXXXXXX Desmidium aptogonum Transcriptome, 1KP DFDS. k1195109
Selaginella PHOT1 1KP wecau XXXXXXXX
Selaginella moellendorffii 1-1 Genome, Phytozome - XM 002965438 Cosmarium tinctum Transcriptome, 1P BHBK XXXXXXXX
Selaginella moellendorffii 1-2 Genome, Phytozome - XM 002982913 Coleochaetales PHOT
Selaginella willdenowii Transcriptome, 1KP Kye XXXXXXXX Coleochaete irregularis Transcriptome, 1KP apPDY k1195102
Selaginella kraussiana Transcriptome, 1KP ZFGK 195076 Coleochaete scutata Transcriptome, 1P vag) k1195103
Selaginella acanthonota Transcriptome, 1KP zveD XXXXXXXX d idium globosum i 1KP DRGY XXXXXXXX
Selaginella selaginoides Transcriptome, 1KP KUXM XXXXXXXX Klebsormidioales PHOT
Selaginella PHOT2 Interfilum paradoxum Transcriptome, 1KP FPCO k1195105
Selaginella moellendorffii 2-1 Genome, Phytozome - XM 002971663 idium subtile i 1KP FaLp K1195104
Selaginella moellendorffi 2-2 Genome, Phytozome - XM 002991543 Entransia fimbriat Transcriptome, 1KP BFIK k1195106
Selaginella willdenowii Transcriptome, 1kP Kye XXXXXXXX Mesostigmatales PHOT
Selaginella kraussiana Transcriptome, 1KP 2FGK 195077 [@ y 1KP AZZW k1195107
Selaginella acanthonota Transcriptome, 1KP 2veD XXXXXXXX Mesostigma viride Transcriptome, 1KP KYIO k1195108
Isoetales PHOT Spirotaenia minuta Transcriptome, 1KP NNHQ XXXXXXXX
Isoetes tegetiforman: Transcri , 1KP PKOX 195078 Prasinophyte PHOT
Lycopodiales PHOT Ostreococcus tauri Genome, Phytozome -
bl 1KP uPm K195074 Ostreococcus lucimarinus Genome, Phytozome - -
Diphasiastrum digitatum Transcriptome, 1KP WAFT XXXXXXXX Micromonas pusilla Genome, Phytozome - -
D jum obscurum  Transcri 1KP XNXF XXXXXXXX Doli tenuilepi i 1KP XOAL XXXXXXXX
! I 1KP PQTO K195073 Pyramimonas parkeae Transcriptome, 1KP TNAW XXXXXXXX
Transcri 1KP 2261 XXXXXXXX Scourfieldia sp Transcriptome, 1P EGNB XXXXXXXX
Huperzia lucidula Transcriptome, 1KP GKAG K1195075 Nephroselmis olivace Transcriptome, 1KP MMKU K1195123
Liverwort PHOT 1KP DUMA XXXXXXXX
Sphaerocarpos texanus Transcriptome, 1KP HERT KI195086 Scherffelia dubia Transcriptome, 1P FMVB XXXXXXXX
Conocephalum conicum Transcriptome, 1KP BQ K1195085 Pycnococcus provasolii Transcriptome, 1KP MXEZ XXXXXXXX
Lunularia cruciata Transcriptome, 1KP TXVB XXXXXXXX Ulvophyceae PHOT
Marchantia polymorpha Transcriptome, 1KP IPYU KJ195084 Bolbocoleon piliferum Transcriptome, 1KP LSHT k1195127
Pellia neesiana Transcriptome, 1KP JHFI KI195083 Persursaria percursa Transcriptome, 1P OnEz k1195126
Metzgeria crassipilis Transcriptome, 1KP NRWZ K1195082 icodi 1KP AAU XXXXXXXX
Bazzania trilobata Transcriptome, 1KP wzvk XXXXXXXX Entocladia endozoica Transcriptome, 1KP 0QON XXXXXXXX
Porella pinnata Transcriptome, 1KP UUHD KJ195080 Trebouxiophyceae PHOT
Radula li Transcri 1KP BNCU XXXXXXXX Coccomyxa pringsheimii Transcriptome, 1KP GXBM k1195129
Scapania nemorosa Transcriptome, 1KP IRBN KI195079 Botryococcus terribilis Transcriptome, 1KP Qvxy k1195130
Schistochila sp Transcriptome, 1KP LGow KI195081 Prasiola crispa Transcriptome, 1P wewy k1195128
Moss PHOT1 Trebouxia arboricola Transcriptome, 1KP NKXU XXXXXXXX
Sphagnum lescurii Transcriptome, 1KP GOWD KI195093 Chlorophyceae PHOT
Moss PHOT1A o 1KP SDPC XXXXXXXX
Physcomitrella patens 1A-1 Genome, Phytozome - XM 001774204 Uronema sp. Transcriptome, 1KP 1SGT XXXXXXXX
Physcomitrella patens 1A-2 Genome, Phytozome - XM 001774562 Aphanochaete repens Transcriptome, 1KP umT XXXXXXXX
Physcomitrella patens 1A-3 Genome, Phytozome - XM 001755269 Fritschiella tuberosa Transcriptome, 1P VEIV XXXXXXXX
Aulacomnium heterostichum Transcriptome, 1KP WNGH XXXXXXXX Hafniomonas reticulata Transcriptome, 1KP FXHG XXXXXXXX
Buxbaumia aphylla Transcriptome, 1KP HRWG XXXXXXXX Carteria obtusa Transcriptome, 1KP RUIF XXXXXXXX
Orthotrichum lyelli Transcriptome, 1KP cMEQ XXXXXXXX dimorph i 1KP PZIF XXXXXXXX
Bryum Transcri , 1KP IMXW K1195089 Cylindrocapsa geminella Transcriptome, 1P DzP) XXXXXXXX
L v Transcri 1KP WSPM XXXXXXXX Pediastrum duplex Transcriptome, 1KP XTON XXXXXXXX
Leucodon brachypus Transcriptome, 1kP ZACW XXXXXXXX Brachiomonas submarina Transcriptome, 1KP GUBD XXXXXXXX
i Transcri 1KP JADL XXXXXXXX Heterocl inaequalis i 1KP IRVH XXXXXXXX
Scouleria aquatica Transcriptome, 1KP BPSG K1195088 Volvox carteri Genome, Phytozome - -
Neckera douglasii Transcriptome, 1KP ™AJ XXXXXXXX Chlamydomonas reinhardtii Genome, Phytozome - -
Moss PHOT1B o gigantea i 1KP XDLL XXXXXXXX
Atrichum angustatum Transcriptome, 1KP ZTHY XXXXXXXX Oedogonium cardiacum Transcriptome, 1KP DVYE k1195125
Physcomitrella patens Genome, Phytozome - XM 001765356 Chloromonas tughillensi 1KP UTRE k195124
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Figure 18: Phylogenetic relationships of land plant and algal phototropin (PHOT) and the
corresponding domains from hornwort, fern, and algal neochrome (NEO). S17121":1/%-"#%/!4-1?!()%!9%8(!
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Figure 19: Phylogenetic relationships of land plant and algal phytochrome (PHY) and the
corresponding domains from hornwort and fern neochrome (NEO).S17121":1/%-"#%/!4-1?1()%!9%8(!
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Figure 21: Chronogram of land plant and algal phototropin (PHOT) and the corresponding
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Appendix E: Supplementary Tables for Chapter Three

Table 6: List of transcriptomes and genome sequences screened for neochrome, phototropin
and phytochrome genes. D22!()%!(-.&86-"7(1?%8!L%-%!4-1?1QE5IXLLLG1&%A7G612YH!%[6%7(141-!
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Angiosperms
Amborella trichopoda*
Aquilegia coerulea*
Arabidopsis lyrata*
Arabidopsis thaliana*
Brachypodium distachyon*
Capsella rubella*
Carica papaya*
Citrus clementina®
Citrus sinensis*
Cucumis sativus*
Eucalyptus grandis*
Fragaria vesca*
Glycine max*
Gossypium raimondii*
Linum usitatissimum®
Malus domestica*
Manihot esculenta®
Medicago truncatula*
Mimulus guttatus*
Oryza sativa*
Panicum virgatum*
Phaseolus vulgaris*
Populus trichocarpa®
Prunus persica*
Ricinus communis*
Setaria italica®
Solanum lycopersicum*
Solanum tuberosum*
Sorghum bicolor*
Theobroma cacao®
Vitis vinifera®
Zea mays*

Gymnosperms
Austrotaxus spicata BTTS
Callitris macleayana RMMV
Cathaya agryrophylla NPRL
Cedrus libani GGEA
Cephalotaxus harringtonia WYAJ
Cryptomeria japonica DSXO
Cunninghamia lanceolata OUOI
Cupressus dupreziana QNGJ
Cycas micholitzii XZUY
Dioon edule WLIC
Encephalartos barteri GNQG
Ephedra sinica VDAO
Ginkgo biloba SGTW
Glyptostrobus pensilis OXG)
Gnetum montanum GTHK
Juniperus scopulorum XMGP
Keteleeria evelyniana JUWL
Larix speciosa WVWN
Nothotsuga longibracteata AREG
Phyllocladus hypohyllus JRNA
Picea engelmanii AWQB
Pinus jeffreyi MFTM
Pinus parviflora I10L

Ferns
Adiantum aleuticum WCLG
Adiantum raddianum BMIR
Anemia tomentosa CQPW
Angiopteris evecta NHCM
Argyrochosma nivea XDDT
Asplenium nidus PSKY
Asplenium platyneuron KIZG
Azolla caroliniana CVEG
Athyrium filix-femina URCP
Athyrium filix-femina AFPO
Blechnum spicant VITX
Bolbitis repanda JBLI
Botrypus virginianus BEGM
Cibotium glaucum ORJE
Crepidomanes venosum TWFZ

Culcita macrocarpa PNZO
Cyathea spinulosa GANB
Cystopteris fragilis XXHP
Cystopteris fragilis LHLE
Cystopteris protrusa YOWV
Cystopteris reevesiana RICC
Cystopteris utahensis HNDZ
Davallia fejeensis OQWW
Dennstaedtia davallioides MTGC
Deparia lobato-crenata FCHS
Didymochlaena truncatula RFRB
Diplazium wichurae UFIN
Dipteris conjugata MEKP
Equisetum diffusum CAPN
Equisetum hyemale JVSZ

Gaga arizonica DCDT
Gymnocarpium dryopteris HEGQ
Hemionitis arifolia 2XJO
Homalosorus pycnocarpos OCZL
Hymenophyllum bivalve QIAD

Leucostegia immersa WGTU
Lindsaea linearis NOKI

Lindsaea microphylla YIXP
Lygodium japonicum PBUU
Marattia sp. UXCS

Myriopteris eatonii GSXD
Nephrolepis exaltata NWWI
Notholaena montieliae YCKE
Onoclea sensibilis HTFH
Ophioglossum petiolatum QHVS
Ophioglossum petiolatum WTIG
Osmunda javanica VIBO
Osmunda regalis YKSS
Osmunda regalis UOMY

Pilularia globulifera KilX
Pityrogramma trifoliata UJTT
Plagiogyria japonica UWOD
Pleopeltis ioides UIWU

Cryptogramma acrostichoides WQML

Hymenophyllum cupressiforme TRP)

Osmundastrum cinnamomeum BIVQ

Lycophytes
Dendrolycopodium obscurum XNXF
Diphasiastrum digitatum WAFT
Huperzia lucidula GKAG
Huperzia myrisinites CBAE
Huperzia selago GTUO
Huperzia selago NYBX
Huperzia squarrosa GAON
Lycopodiella apressa ULKT
Lycopodium annotinum ENQF
Lycopodium deuterodensum PQTO
Phylloglossum drummondii 2ZEl

Pseudolycopodiella caroliniana UPMJ

Selaginella moellendorffii*
Selaginella acanthonota ZYCD
Selaginella apoda LGDQ
Selaginella kraussiana ZFGK
Selaginella lepidophylla ABL
Selaginella selaginoides KUXM
Selaginella stauntoniana ZZOL
Selaginella wallacei JKAA
Selaginella willdenowii KIYC
Isoetes sp. PYHZ
Isoetes sp. FITN
Isoetes tegetiformans PKOX

Horaworts
Anthoceros punctatus**
Megaceros flagellaris UCRN

Charophytes
Bambusina borreri QWFV
Chaetosphaeridium globosum DRGY
Chara vulgaris MWXT
Chlorokybus atmophyticus AZZW
Closterium lunula DRFX
Coleochaete irregularis QPDY
Coleochaete scutata VQBJ
Cosmarium broomei HIDG
Cosmarium granatum MNNM
Cosmarium ochthodes HIVM
Cosmarium ochthodes STKJ
Cosmarium subtumidum WDGV
Cosmarium tinctum BHBK
Cosmocladium cf. constrictum RQFE
Cylindrocystis brebissonii YOXI
Cylindrocystis brebissonii RPGL
Cylindrocystis cushleckae JOJQ
Cylindrocystis sp. VAZE
Desmidium aptogonum DFDS
Entransia fimbriata BFIK
Euastrum affine GYRP
Gonatozygon kinahanii KEYW
Interfilum paradoxum FPCO
Klebsormidium subtile FQLP
Mesostigma viride KYIO
Mesotaenium braunii WSJO
Mesotaenium caldariorum HKZW
wi

Chiorophyceae
Ankistrodesmus sp. OTQG
Aphanochaete repens IMT
Asteromonas gracilis NTLE
Brachiomonas submarina GUBD
Carteria crucifera VIAU
Carteria obtusa RUIF
Chaetopelts orbicularis BAZF
Chlamydomonas reinhardtii*
Chlamydomonas bilatus MULF
Chlamydomonas cribrum BCYF
Chlamydomonas moewusii JRGZ
Chlamydomonas noctigama VALZ
Chlamydomonas sp. TSBQ
Chlamydomonas sp. AOUJ
Chloromonas oogama IHOI
Chloromonas perforata QRTH
Chloromonas reticulata LBRP
Chloromonas rosae AJUW.
Chloromonas subdivisa GFUR
Chloromonas tughillensis UTRE
Chlorosarcinopsis halophila KSFK
Dunaliella salina RHVC
Dunaliella tertiolecta ZDIZ
Eudorina elegans RNAT
Fritschiella tuberosa VFIV
Golenkinia longispicula BZSH
Gonium pectorale KUJU

Nothocero: Tcee
Nothoceros aenigmaticus DXOU
Paraphymatoceros hallii FAJB
Phaeoceros carolinianus WCZ8

Liverworts
Bazzania trilobata WZYK
Blasia sp. AEXY
Calypogeia fissa RTMU
Conocephalum conicum ILBQ
Frllania sp. CHIJ
Frullania sp. TGKW
Lunularia cruciata TXVB
Marchantia emarginata TFYI
Marchantia paleacea IHWO
Marchantia paleacea HMHL
Marchantia polymorpha JPYU
Metzgeria crassipilis NRWZ
Odontoschisma prostratum YBQN
Pallavicinia lyellii YFGP
Pellia epiphylla PIUF
Pellia neesiana JHFI
Plagiochila asplenioides NWQC
Porella navicularis KRUQ
Porella pinnata UUHD
Radula lindenbergia BNCU
Riccia berychiana WILO
Scapania nemorosa IRBN
Schistochila sp. LGOW

texanus HERT

Pinus ponderosa JBND
Pinus radiata DZQM
Podocarpus coriaceus SCEB
Podocarpus rubens XLGK
Pseudolarix amabilis AQFM

Polypodium amorphum YUA
Polypodium glycyrrhiza CINT
Polypodium hesperium GYFU
Polypodium hesperium IXLH
Phlebodium zaw

Mosses
Anomodon attenuatus QMWB
Anomodon rostratus VBMM
Atrichum angustatum ZTHV

DCW

pluvialis ODXI

Mesotaenium kramstei NBYP
Micrasterias fimbriata MCHJ
Mougeotia sp. ZRMT
Netrium digitus FFGR
Nucleotaenium eifelense KMNX
Onychonema laeve GGWH
Penium exiguum YSQT
Penium margaritaceum AEKF
Phymatodocis nordstedtiana RPQV
Planotaenium ohtanii SNOX
Pleurotaenium trabecula MOYY
Roya obtusa XRTZ
Spirogyra sp. HAOX
Spirotaenia minuta NNHQ
Spirotaenia sp. TPHT
Staurastrum sebaldi ISHC
Staurodesmus convergens WCQU
Staurodesmus omearii RPRU
Xanthidium antilopaeum GBGT
Zygnemopsis sp. MFZO
‘Trebouxiophyceae
Botryococcus braunii ETGN
Botryococcus sudeticus VIDZ
Botryococcus terribilis QYXY
Chlorella minutissima MWAN
Coccomyxa pringsheimii GXBM
Eremosphaera viridis MNCB
Geminella sp. PFUD
Leptosira obovata ZNUM

Haematococcus pluvialis AGIO
Hafniomonas reticulata FXHG
Helicodictyon planctonicum AJAU

Heterochlamydomonas inaequalis IRYH

Lobochlamys segnis OFUE
Lobomonas rostrata JKKI
Microspora cf. tumidula FOYQ
Neochloris oleoabundans EEIO
Neochloris sp. GIIY
Neochlorosarcina sp. USIX
Oedogonium cardiacum DVYE
Oedogonium foveolatum SDPC
Oogamochlamys gigantea XDLL
Pandorina morum RYJX
Pediastrum duplex XKWQ
Pediastrum duplex XTON
Phacotus lenticularis ZIVZ
Pirula salina NQYP
Pleurastrum insigne PRIQ
Pteromonas angulosa LNIL
Pteromonas sp. ACRY
Scenedesmus dimorphus PZIF
Scourfieldia sp. EGNB
Spermatozopsis exsultans MXDS
Spermatozopsis similis ENAU
Stephanosphaera pluvialis ZLQE
stigeoclonium helveticum JMUI
Uronema sp. ISGT

Uronema belkae RAWF

DXNY
Nannochloris atomus MFYC
Parachlorella kessleri AKCR

Pseudotaxus chienii YLPM
Pseudotsuga menziesi IOVS
Sciadopitys verticilata YFZK
Stangeria eriopus KAWQ
Taiwania cryptomerioides QSNJ
Taxus baccata WWSS

Taxus cuspidata ZYAX

Thuja plicata VFYZ

Thujopsis dolabrata NKIN
Torreya nucifera HQOM
Torreya taxifolia EFMS

Tsuga heterophylla GAMH
Welwitschia mirabilis TOXE
Widdringtonia cedarbergensis AUDE
Wollemia nobilis RSCE

Polystichum acrostichoides FQGQ
Psilotum nudum QUMR
Pteridium aquilinum®

Pteris ensiformis FLTD

Pteris vittata POPJ
Sceptridium dissectum EEAQ
Sticherus lobatus XDVM
Thelypteris acuminata MROH
Thyrsopteris elegans EWXK
Tmesipteris parva ALVQ
Vittaria appalachiana NDUV
Vittaria lineata SKYV
Woodsia ilvensis YQEC
Woodsia scopulina Y1IY

WNGH
Bryum argenteum JMXW
Buxbaumia aphylla HRWG
Ceratodon purpureus FFPD
Dicranum scoparium NGTD
Funaria sp. XWHK

Hedwigia ciliata YWNF

Hypnum subimponens LNSF
Leucobryum albidum VMXJ
Leucobryum glaucum RGKI
Leucodon sciuroides ZACW
Neckera douglasii TMAJ
Orthotrichum lyellii CMEQ
Philonotis fontana ORKS
Physcomitrella patens*
Physcomitrium pyrimorfe YEPO
Plagiomnium insigne BGXB
Polytrichum commune SZYG
Pseudotaxiphyllum elegans QKQO
Racomitrium varium RDOO
Rhynchostegium serrulatum JADL
Rhytidiadelphus loreus WSPM
Scouleria aquatica B
Schwetschkeopsis fabronia IGUH
Sphagnum lescurii GOWD
Sphagnum palustre RCBT
Sphagnum recurvatum UHLI
Syntrichia princeps GRKU
Takakia lepidozioides SKQD
Thuidium delicatulum EEMJ
Timmia austriaca ZQRI

minor RSV
Pedinomonas tuberculata PUAN
Prasiola crispa WCLV
Prototheca wickerhamii BILC
stichococcus bacillaris WXRI
Trebouxia arboricola NKXU

QwRA
Volvox carteri*
Volvox aureus JWGT
Volvox aureus WRSL
Volvox globator ISPU

Ulvophyceae
Acrosiphonia sp. JIWJ
Blastophysa cf. rhizopus VHIJ
Bolbocoleon piliferum LSHT
Bryopsis plumosa ITIG
Cephaleuros virescens YDCQ
Cladophora glomerata VBLH
Codium fragile GYBH
Cylindrocapsa geminella DZP)
Entocladia endozoica OQON
Halochlorococcum marinum ALZF
Ignatius tetrasporus KADG
Ochlochaete sp. CQQP
Oltmannsiellopsis viridis PZBH
Oltmannsiellopsis viridis QJYX
Percursaria percursa OAEZ
Planophila laetevirens CBNG
Planophila terrestris LETF
Trentepohlia annulata NATT

Prasinophytes
Bathycoccus prasinos MCPK
Cymbomonas sp. XIVI
Dolichomastix tenuilepis XOAL
Mantoniella squamata QXSZ
Micromonas pusilla*
Monomastix opisthostigma BTFM
Nephroselmis olivacea MMKU
Nephroselmis pyriformis ISIM
Ostreococcus tauri
Ostreococcus lucimarinus*
Picocystis salinarum TGNL
Prasinococcus capsulatus XMCL
Prasinoderma coloniale HYHN
Pseudoscourfieldia marina JMTE
Pycnococcus provasolii MXEZ
Pyramimonas parkeae TNAW
Scherffelia dubia FMVB
Tetraselmis chui HYNO
Tetraselmis cordiformis DUMA
Tetraselmis striata HHXJ
coccoid prasinophyte XIGM

Glaucophyta
Cyanophora paradoxa QFND
Cyanophora paradoxa YTYU
Cyanoptyche gloeocystis IKHA
Glaucocystis cf. nostochinearum POOW
Gloeochaete wittrockiana PQED

Red Algae
Betaphycus gelatinae BWV)
Ceramium kondoi VZWX
Chondrus crispus UGPM
Chroodactylon ornatum LX)
Dumontia simplex IEHF
Eucheuma denticulatum JEBK
Glaucosphaera vacuolata RSOF
Gloeopeltis furcata SBLT

ria asiatica VNAL
Gracilaria blodgettii LIPN
Gracilaria chouae FTRP
Gracilaria lemaneiformi IKWM
Grateloupia filicina 2J0J
Grateloupia livida KIZ
Grateloupia turutury URSB
Grateloupia chiangii PWKQ
Gymnogongrus ftabelliformis CKXF
Heterosiphonia pulchra YSBD
Kappaphycus alvarezii IHJY
Mazzaella japonica WEIN
Polysiphonia japonica XAXW
Porphyra yezoensis ZULJ
Porphyridium cruentum OBUY
Porphyridium purpureum PVGP
Rhodella violacea RTLC
Rhodochaete parvula JZR
Sinotubimorpha guangdongensis PYDB

Chromista
Chroomonas sp. ROZZ
Colpomenia sinuosa QLMZ
Cryptomonas curvata BAKF
Desmarestia viridis FSQE
Dictyopteris undulata LIRF
Hemiselmis virescens MIMQ
Ishige okamurai APTP
Isochrysis sp. BAIW
Kjellmaniella crassifolia RAPY
Laminaria japonica 0GZM
Laminaria japonica QDTV
Mallomonas sp. BOGT
Nannochloropsis oculata JQFK

Pavlova lutheri NMAK
Pavlova lutheri RFAD
Petalonia fascia VRGZ
Prorocentrum micans TZIQ
Proteomonas sulcata IRZA
Prymnesium parvum LXRN
Punctaria latifolia ASZK
Rhodomonas sp. IAYV
Sargassum horneri RWXW
Sargassum thunbergii YRMA
Sargassum vachellianum HFIK
Sargassum fusiforme LORY
Sargassum hemiphyllum VYER
Sargassum henslowianum FIKG
Sargassum integerrimum FOMH
Sargassum muticum JGGD
Scytosiphon lomentaria JCXF
Scytosiphon dotyo ULXR
symphyocladia latiuscula UYFR
Synura petersenii DBYD
Synura sp. VKVG
Undaria pinnatifida FIDQ
Excavata
Euglena sp. UNBZ

*P.G. Wolf 923 (UTC); Norwich, UK.
*D.G. Long s.n. (OXF); Edinburgh, UK



68

Table 7: The calibrations used in dating the divergence of phototropin gene family

No. Clade Calibration Date (MYA) Prior Reference Justification
1  Tracheophyta Zosterophyllum sp. 416 lognormal (mean: 3.5, STD: 1, offset: 416) 71,75 Oldest unequivocal record of total group of lycoposid; see Ref. 71 for detailed justifications
2 Euphyllophyta Ibyka sp. 388.2 lognormal (mean: 3.5, STD: 1, offset: 388.2) 71,76  Oldest unequivocal record of monilophyte based on protoxylem morphology; see Ref. 71 for detailed justifications
3 Bryophyta PHOTA "type IlI" fragment 330.9-346.7 lognormal (mean: 1.5, STD: 1, offset: 330.9) 72 Oldest unequivocal record of crown Bryophyta; the fibrils and pores similar to those of Sphagnum water-storage cells
4  Bryophyta PHOTB "type IlI" fragment 330.9-346.7 lognormal (mean: 1.5, STD: 1, offset: 330.9) 72 Oldest unequivocal record of crown Bryophyta; the fibrils and pores similar to those of Sphagnum water-storage cells
5  Jungermanniopsida Riccardiothallus devonicus 407-411  lognormal (mean: 1.5, STD: 1, offset: 407) 73 Oldest unequivocal record of crown Jungermanniopsida; gross morphology similar to the extant Riccardia species
6  Polypodiopsida PHOT1 Rastropteris pirtgquanensis 296 lognormal (mean: 1.5, STD: 1, offset: 296) 8,77  Oldest unequivocal record of Osmundaceae stem; see Ref. 8 for detailed justifications
7  Polypodiopsida PHOT2 Rastropteris pirtgquanensis 296 lognormal (mean: 1.5, STD: 1, offset: 296) 8,77  Oldest unequivocal record of Osmundaceae stem; see Ref. 8 for detailed justifications
8  Eupolypod PHOT1 imported secondary date 116.7 Normal (mean: 116.7, STD: 35.01) 8 A well-established time estimate for the divergence of Eupolypods
9  Eupolypod PHOT2 imported secondary date 116.7 Normal (mean: 116.7, STD: 35.01) 8 A well-established time estimate for the divergence of Eupolypods
10 Spermatophyta PHOT1 Cordaixylon iowensis 306.2 lognormal (mean: 2.5, STD: 1, offset: 306.2) 71,78  Oldest unequivocal record of Acrogymnospermae; see Ref. 71 for detailed justifications
11 Spermatophyta PHOT2 Cordaixylon iowensis 306.2 lognormal (mean: 2.5, STD: 1, offset: 306.2) 71,78  Oldest unequivocal record of Acrogymnospermae; see Ref. 71 for detailed justifications
12 Grass PHOT1 phytoliths in dinosaur coprolites 65-67 lognormal (mean: 1.5, STD: 1, offset: 65) 74 Oldest unequivocal record of PACMAD or BEP of grass; phytoliths morphology similar to subclades in PACMAD or in BEP
13 Grass PHOT2 phytoliths in dinosaur coprolites 65-67 lognormal (mean: 1.5, STD: 1, offset: 65) 74 Oldest unequivocal record of PACMAD or BEP of grass; phytoliths morphology similar to subclades in PACMAD or in BEP
14  Coniferae PHOT1 Araucaria mirabilis 147 lognormal (mean: 1.5, STD: 1, offset: 147) 71 Oldest unequivocal record of Cupressophyta crown; see Ref. 71 for detailed justifications
15 Coniferae PHOT2 Araucaria mirabilis 147 lognormal (mean: 1.5, STD: 1, offset: 147) 71 Oldest unequivocal record of Cupressophyta crown; see Ref. 71 for detailed justifications




Table 8: The primers and PCR protocols used in this study.

Taxa Gene Primary PCR primers lary PCR primers’  PCR program’ voucher
Hornworts:
Phymatoceros phymatodes neochrome neoF65 + neoR2818 neoF430 + neoR2776 a/a J. Pittermann s.n. (DUKE)
Phymatoceros phymatodes  neochrome NneoF65 + neoR4110 NneoF2367 + neoR3456 a/a 1. Pittermann s.n. (DUKE)
Phymatoceros phymatodes ~ neochrome neoF65 + neoR4110 neoF3230 + neoR4110 a/a J. Pittermann s.n. (DUKE)
Phymatoceros phymatodes  phototropin neoF65 + neoR4110 neoF2367 + neoR3456 a/a J. Pittermann s.n. (DUKE)
Phymatoceros phymatodes  phototropin photF1856 + photR2508 photF1970 + photR2245 a/a 1. Pittermann s.n. (DUKE)
Phymatoceros phymatodes  phototropin photF2774 + photR4339 - a J. Pittermann s.n. (DUKE)
Megaceros flagellaris neochrome NeoF65 + neoR902 b B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris neochrome neoF649 + neoR1950 - b B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris neochrome neoF1844 + neoR2361 - c B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris neochrome NneoF2239 + neoR3300 - b B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris neochrome neoF2361 + neoR4110 - c B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris phototropin photF1856 + photR4339 photF1970 + photR4339 a/a B. Crandall-Stotler s.n. (ABSH)
Nothoceros aenigmaticus neochrome F5+R1_T1 F565 +R1_T1 d/d F.W. Li 1291 (DUKE)
Nothoceros aenigmaticus neochrome?® neoF4018 + AP1 neoF4110 + AP2 e/f F.W. Li 1569 (DUKE)
Nothoceros aenigmaticus neochrome?® neoR429 + AP1 R3re_phyN + AP2 e/f F.W. Li 1569 (DUKE)
Nothoceros aenigmaticus neochrome? NaNEO_3-1_GM1 + AP1 NaNEO_3-1_GM2 + AP2 eff F.W. Li 1569 (DUKE)
Nothoceros aenigmaticus phototropin SupF1+R7 SupF2 +R7 /g F.W. Li 1291 (DUKE)
Nothoceros aenigmaticus phototropin® F565 + |_R1 I_F2+1_R2 d/d F.W. Li 1291 (DUKE)
Nothoceros aenigmaticus  phytochrome ~ F-200_Maphy + R4850_Maphy F-3_Maphy + R4450_Maphy h/h F.W. Li 1291 (DUKE)
Phaeoceros carolinianus neochrome neoF65 + neoR877 - c B. Crandall-Stotler s.n. (ABSH)
Phaeoceros carolinianus neochrome neoF649 + neoR1950 - b B. Crandall-Stotler s.n. (ABSH)
Phaeoceros carolinianus neochrome neoF1576 + neoR4104 - a B. Crandall-Stotler s.n. (ABSH)
Anthoceros punctatus neochrome neoF67 + neoR832 - c D. Chamberlain s.n. (E)
Anthoceros punctatus neochrome neoF428 + neoR3049 neoF812 + neoR2938 a/g D. Chamberlain s.n. (E)
Anthoceros punctatus neochrome neoF2938 + neoR4104-2 neoF3049 + neoR4104-2 a/a D. Chamberlain s.n. (E)
Ferns:
Adiantum andicola neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c C.J. Rothfels 2641, DB5549° (DUKE)
Adiantum hispidulum neochrome neoF58 + neoR4238 neoF651 + neoR3718 c/c L. Huiet s.n., DB9529 (DUKE)
Adiantum hispidulum neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c L. Huiet s.n., DB9529 (DUKE)
Adiantum pedatum neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c C.J.Rothfels 3839, DB7517 (DUKE)
Adiantum pedatum neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c C.J.Rothfels 3839, DB7517 (DUKE)
Adiantum tetraphyllum neochrome NneoF20 + neoR4242 neoF651 + neoR3718 i/c L. Huiet 105, DB2505 (UC)
Adiantum tetraphyllum neochrome neoF20 + neoR4242 neoF20 + neoR2236 i/c L. Huiet 105, DB2505 (UC)
Adiantum tetraphyllum neochrome neoF1108 + neoR3065 - k L. Huiet 105, DB2505 (UC)
Alsophila podophylla neochrome NneoF20 + neoR4242 NneoF20 + neoR2336 i/l E. Schuettpelz 1201A, DB4948 (DUKE)
Alsophila podophylla neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/l E. Schuettpelz 1201A, DB4948 (DUKE)
Alsophila podophylla neochrome neoF20 + neoR4242 neoF538 + neoR4000 i/l E. Schuettpelz 1201A, DB4948 (DUKE)
Bolbitis auriculata neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c F. Rakotondrainibe, DB3504 (P)
Dennstaedtia punctilobula neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c C.J. Rothfels 4167, DB8975 (DUKE)
Dennstaedtia punctilobula neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/l C.J. Rothfels 4167, DB8975 (DUKE)
Dennstaedtia punctilobula neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/l C.J. Rothfels 4167, DB8975 (DUKE)
Deparia acrostichoides neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c C.J. Rothfels 3894, DB7797 (DUKE)
Deparia acrostichoides neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c C.J. Rothfels 3894, DB7797 (DUKE)
Deparia acrostichoides neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c C.). Rothfels 3894, DB7797 (DUKE)
Deparia lancea neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c E. Schuettpelz 298, DB2558 (DUKE)
Deparia lancea neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c E. Schuettpelz 298, DB2558 (DUKE)
Didymochlaena truncatula neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c E. Schuettpelz 267, DB2435 (DULE)
Diplazium bombonasae neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c R.C. Moran 7493, DB3764 (DUKE)
Doodia media neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c E. Schuettpelz 295, DB2555 (DUKE)
Dryopteris amurensis neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c A. Uchida 1392, DB7982 (TNS)
Dryopteris amurensis neochrome NneoF20 + neoR4242 neoF2115 + neoR4242 i/c A. Uchida 1392, DB7982 (TNS)
Dryopteris expansa neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c A. Ebihara TH2007-507, DB7977 (TNS)
Dryopteris expansa neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c A. Ebihara TH2007-507, DB7977 (TNS)
Hemidictyum marginatum  neochrome NneoF20 + neoR4242 NneoF20 + neoR2336 ilj M. Christenhusz 2476, DB3054 (CAY)
Hemidictyum marginatum neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/i M. Christenhusz 2476, DB3054 (CAY)
Hemidictyum marginatum neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/j M. Christenhusz 2476, DB3054 (CAY)
Hemidictyum marginatum neochrome neoF1108 + neoR3065 - k M. Christenhusz 2476, DB3054 (CAY)
Hypolepis tenuifolia neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c E. Schuettpelz 286, DB2574 (DUKE)
Macrothelypteris torresiana  neochrome NneoF20 + neoR4242 NeoF651 + neoR3718 i/c Schuettpelz 335, DB2980 (DUKE)
Macrothelypteris torresiana  neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c Schuettpelz 335, DB2980 (DUKE)
Macrothelypteris torresiana  neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c Schuettpelz 335, DB2980 (DUKE)
Matteuccia struthiopteris neochrome neoF20 + neoR786 - b A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF649 + neoR1950 - b A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF1530 + neoR2300 m A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF2239 + neoR3300 - m A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF2935 + neoR3720 - m A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF58 + neoR4238 neoF651 + neoR3718 c/c A. Larsson 258, DB7946 (DUKE)
Onoclea sensilibis neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c E. Schuettpelz 353, DB2998 (DUKE)
Onoclea sensilibis neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c E. Schuettpelz 353, DB2998 (DUKE)
Phegopteris hexagonoptera  neochrome NneoF20 + neoR4242 NneoF651 + neoR3718 i/c M. Christenhusz 3844, DB2731 (TUR)
Phegopteris hexagonoptera  neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c M. Christenhusz 3844, DB2731 (TUR)
Plagiogyria formosana neochrome neoF20 + neoR786 - b E. Schuettpelz 1083A, DB4826 (DUKE)
Plagiogyria formosana neochrome neoF649 + neoR1950 - b E. Schuettpelz 1083A, DB4826 (DUKE)
Plagiogyria formosana neochrome neoF1530 + neoR2300 - m E. Schuettpelz 1083A, DB4826 (DUKE)
Plagiogyria formosana neochrome NneoF2935 + neoR3720 m E. Schuettpelz 1083A, DB4826 (DUKE)
Tectaria zeylanica neochrome neoF20 + neoR4242 - i E. Schuettpelz 514, DB3569 (GOET)
Thelypteris noveboracensis neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/l C.J. Rothfels 4164, DB8972 (DUKE)

The primer pair for secondary PCR in nested PCR reaction.
The PCR program used (primary PCR/secondary PCR, if nested PCR was used).

3Genome walking using Clontech Genome Walker kit.

“Genome walking using Inverse PCR.

°Fern DNA Database number (http://fernlab.biology.duke.edu).

a98:30s, (98:10s, 70:30s,72:90s)x35, 72:600s
b 98:30s, (98:10s, 60:30s,72:90s)x35, 72:600s

€ 98:30s, (98:10s, 72:120s)x35, 72:600s
d 98:30s, (98:10s, 72:180s)x35, 72:600s

indicates no nested PCR was conducted.
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e (94:25s, 72:180s)x7, (94:25s, 67:180s)x32, 67:420s
(94:25s, 72:1805)x5, (94:25s, 67:1805)x20, 67:420s
g 98:30s, (98:10s, 67:30s,72:90s)x35, 72:600s

h 98:30s, (98:10s, 67:30s,72:1505)x35, 72:600s
98:30s, (98:10s, 68:30s,72:1205)x35, 72:600s
j94:300s, (94:60s, 60:60,72:120s)x35, 72:600s
k 94:300s, (94:60s, 56:60,72:240s)x35, 72:600s
198:30s, (98:10s, 70:30s,72:1205)x35, 72:600s
m 98:30s, (98:10s, 55:30s,72:90s)x35, 72:600s



Table 9: The primer sequences used in PCR.

Primer Sequence (5'-3') Primer Sequence (5'-3')

SupF1 ATTCACAAATGTTGCCCGATGTGC neoF812 ACAAGTTYCAYGAGGACGAGCACG
SupF2 CTGCACTCCTACTCGTTACCG neoR1950 CCYCGAAYNGCYTCCATCCAYTCCTG
AP1 GTAATACGACTCACTATAGGGC neoR2236 AGAAGYTGCTGCCRTCTTTCCTGTA
AP2 ACTATAGGGCACGCGTGGT neoR2361 CRGAAACCTTGTCCTGGTGCCG
F-200_Maphy AGCGTGTAGCCTTGTCCTGTAC neoR2776 GCGAAGATGATGGGGTTGTCCG
F-3_Maphy GCGACAGCGGCAAAGTTGAAG neoR2818 GCACCTCCTCCCTGCTGTACTCTGTCAG
F5 GCGGCAGGCTGCTCAACTACAG neoR2938 GGTGTAGTTCACGATCTCCAGGGACAG
F565 TACACCGAAGGCTACAAGGCTAATG neoR3049 GGAACATAATCCGCCACCTTCTGTTG
I_F2 CAAGTGCAATCCAATGATGCCGC neoR3065 CTGHACTCCGATGAAGTACTGGA

I_R1 TTCTGTAGTTGAGCAGCCTGCC neoR3300 GYARCCTSGGATCTGWGATCAC

I_R2 GAGGAGTAGCCGGTCATGGTGAAG neoR3456 AGCATCATSGCCTTGTCCATG
NaNEO_3-1_GM1 TGTGGAACAAAGGCAACTTGGGACGAA neoR3718 TGACVCCCATGCAGTGGAGGTACTC
NaNEO_3-1_GM2 ATGTGAAGCCTCAAGCAAATGTTACAAGT neoR3720 GTTCTCBGGCTTSAGRTCBCGGTAGATG
neoF1108 GTGCAGCTCAACATKGAGCTGGA neoR4104 ATGCTGGTKGGGAATGTRAGCTCCTTG
neoF1530 TCBTRTTTTGGTTYAGGTCRCAYACTGC neoR4104-2 AYGCTGSTSGGGAAKGTGAGCTCCTTG
neoF1576 CTGGACAGGGACGACGACTCTCG neoR4110 AGGCTCACTGGGATGCTGGTTGGG
neoF1844 CATTGAGGGACAAGGAGGAGTTACCAGG neoR4238 CGGATRAGAGGCCAGTYGATKYCTYGGA
neoF20 CCAAGACGAAGCACAGCGTG neoR4242 CGGATGAGAGGCCAGTCGATKYCT
neoF2115 GGAGGTGATTGGAGSCAACTGC neoR429 GAGTGAACAGCATCCGCACATCCGTG
neoF2239 AGGAAAGATGGYAGCWRYTTYTGGAA neoR786 GGTARTGCARGCCVAGRTAHGGCTCC
neoF2300 GCTRGAGGTDASCAAGTACACDGAGGG neoR832 GAGGCTGATCGGCTGGTGGAGC
neoF2361 CGGCACCAGGACAAGGTTTCTG neoR877 ATGTACTGCGTGTGGCAACCGTGC
neoF2367 CAGTCSCTCATCAAGTACGAYGT neoR902 GACGAGACGGAGCCCATGTTGC
neoF2935 GTKCAGCTYATCCGAGATGCAGT photF1856 CTGGTGSTCAAGGAGGAGCTGG
neoF2938 CTGTCCCTGGAGATCGTGAACTACACC photF1970 GCTCTCCWCCTTCCAGCAGACG
neoF3049 CAACAGAAGGTGGCGGATTATGTTCC photF2645 CTTCGCCTCYGACCAYTTCCTGG
neoF3230 CAGACCATCTATGGGTGCGGCATTC photF2774 GGAGAGACGGGACATCACTGTGC
neoF4018 ATCTTGCTCTACGAGATGCTCTATGGC photR2508 AGCAGCGACAGAAATCCCGAGGAC
neoF4110 TACATTCCCAACCAGCATCCCAGTGAG photR2901 GCTCGTACTCGCTSCCRTCCAG
neoF428 GYACGGATSTGCGGATGCTCTTCAC photR4102 ATGCTGSTSGGRAATGTGAGCTCCTTGTT
neoF430 ACGGATSTGCGGATGCTCTTCAC photR4339 TCYKCCTCGTCCCACTCCAGRTC
neoF58 AGBGCNGATGCMAGRCTYCATGC R1_T1 ACCCAGGATCAAAACACATCGCTG
neoF649 GATCGDGTGATGGCBTACAARTTYCA R3re GACGCATTCTCGCTCATTGCCAGGAT
neoF649 GATCGDGTGATGGCBTACAARTTYCA R4450_Maphy CCATCCACCACAGGTTCTGAACAC
neoF65 ATGCGAGGCTKAATGCGGCGTTTGAG R4850_Maphy AAAATGTCCAGGACCGTCAGGTTC
neoF651 TCGGGTGATGGCCTACAAGTTCCA R7 AGAGTGGTGGCCAAGTCAATTCC
neoF67 GCGAGGCTGMATGCGGYGTTYGAG
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