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Arabidopsis YLDWR---------------ARQDLLTIMILHDKVVDVLNPLAREYKSIGTVKKELAGLQEELSKAH
Selaginella FLDLR---------------ARQDVLAIKDAHDKVVEVLNPLARETKSINTLKRELANLQEDLQRAH
Physcomitrella YLDWK---------------ARQDVLTIVHAHDKVVEVLNPLVRDVKSVETLRSELAGLQEELSKAH
Klebsormidium YLDWR---------------ARQDVYAIKAAHDKVVETLNPVAREHKSVSTLKNQLAALQDELSKAH
Mesostigma MLLRR---------------AEEDTQRVVDLHGKVVESLNPAKREQRSVQSSVERLVSLQKELQEAH
Palmophyllum VVDVTK--------------------TILDLHEQIVIALNPIARERKSLRQAKAELNVLRDELQLAH
Nephroselmis FISERLSN-----------DSSVTVDALVAARDQMLQLLGRKTGSVEDVEELKRQVQMLQAELQTAQ
Pyramimonas YLKMRRENWELIYNTVTQTDAEATLASIEEANRKVEEALDEQRRDKTSVTSLKAQLEGLQSEVQEAH
Chlorella YLKRRRRNWELVYQHVTRADALCTLSAIEEANARVEELLSEESRERHSVSALKRQLVELQGEVSDAH
Chlamydomonas YLRKRRKNWERIFEYVTRQDAAATLAMIEEANRKVEESLSEEAREKTAVGDLRDQLESLRAQVAQAQ
Bryopsis YLKTRKRNWEMIYQQVTAKDAVTTLRSLEEANRKVEAALSEESRESTSVGDLKKVLVDLQGEVNEAH
Prasinoderma ------------------------MESAVRAATTLGD-MRTLERAAGGASDSSSSDSDIGGVRIDEH
Pseudoscourfeldia TQAEDNE---------------RKLEQMTLQMQRLQQSVDATSETRPNVNAPPPQSRQVSDTTNEDG
Micromonas_CAO1 SGSDRPG---------------SKFALPSERRRRMRCDAEGFAAIGRRDARTRTSAASSSSSSTVAK
Micromonas_CAO2 ------------------------------MAPEVSSSPAPVDASRGGAEKAARRLG-MGRRFAD--

degron conserved region
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Supplementary Fig. S1
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Supplementary Fig. S1 Overview phylogeny of the green lineage. This figure was 

drawn based on F. Leliaert et al. Species with asterisk were used in this study. 
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Supplementary Fig. S2 Room temperature absorption spectra of Arabidopsis leaves, 

Bryopsis thylakoid membranes, and other green algae cells. Solid vertical line is peak 

of chl a, and the dashed line is the peak of chl b. 
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Supplementary Fig. S3 Separation of chlorophyll-protein complexes from 

Nephroselmis. Nephroselmis chlorophyll-protein complexes were analyzed by two-

dimensional CN/SDS-PAGE, followed by silver staining. PsaA and PsaB are the 

apoproteins of PSI core antenna, while CP43 (PsbC) and CP47 (PsbB) are the apoproteins 

of PSII core antenna.  
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Supplementary Fig. S4

684
704

Supplementary Fig. S4 The low-temperature fluorescence emission spectrum of the 

Nephroselmis PSI-LHCI separated by the CN-PAGE. The 684 nm peak might be due 

to the slight contamination of the PSII dimer, as judged by the two-dimensional 

SDS-PAGE (Fig. S3). 
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Supplementary Fig. S5 

A 

Supplementary Fig. S55 Phylogenetic tree of CAO proteins. Maximum likelihood tree 

(A) was constructed by MEGA v6.1 based on an alignment (B) generated by M-Coffee 

under the LG model with discrete gamma distribution in eight categories with 2,000 

bootstrap replicates. Bootstrap support percentages and accession numbers of the 

analyzed aligned protein sequences are shown. Two cyanobacterial homologous 

proteins (Synechocystis sp. PCC 6803 (GI: 499174829), Cyanothece sp. PCC 7424 (GI: 

506434500)) were used for the outgroup.  
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Arabidopsis ADLKHDTMVPIECFEQPWVIFRGEDGKPGCV-RNTCAHRACPLDLGTVNE-GRIQCPYHGWEYSTDGECKKMP------S----TKLL-K
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PCC6803 EDLDKRKPTRFTLLGEDLVIWWEANSQQWRVYADQCPHRLAPLSEGRINKAGQLECPYHGWTFAGSGQCQAIPQQHTGGQ----AHTSKR
PCC7424 KDLDKTKPTPFTLLDRKLVIWWDKNASVWRVFDDKCPHRLALLSEGRINEQGLIECPYHGWTFSGSGKCEFIPQQREGTN----AEESKR
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Chlorella VAVSALPCAEQDGFVWVWPGWEE--PTL---PLPAV--TRPP--AG-YRIHAEIEVEVPVEHGLLVENLLDLAHAPFTHTSTFARGWPVP
Chlamydomonas VGVAALPCAEKDGFIWVWPGDGL--PAE---TLPDF--AQPP--EG-FLIHAEIMVDVPVEHGLLIENLLDLAHAPFTHTSTFARGWPVP
Bryopsis IRVASLPVAERDGFVWIWPGDDV--PG----EVPDF--TPPP--KG-YSIHAEIEVQVPVEHGLLLENLLDLAHAPFTHTSTFAKGWPVP
Prochlorothrix NPILTLPVMEQGGMIWVWPGTDE--PG----ALPSL--APTLP-DN-FTLQAELVMDLEVEHGLMLENLLDLAHAPFTHTGTFAKGWPVP
Prochloron AAVKALPAIEQSGMIWVWPGSGV--PG----ELPKL--APAIP-EN-FTLQAEITMELDVEHGLFMENLLDLAHAPFTHTGTFAKGWPVP
PCC6803 ACVRSLPTQVAQGLLFAFPGETDQAEKV---ALPLVDVLDGD--QS-EWVCLNTFRDLPYDAFTLMENVLDSSHIPYTHHKTVGKRSNVS
PCC7424 ACVTSLPTTVCQGLLFTYPGNPENAPKV---KVPIIESLEDN--SG-EWVCIDTFRDLPYDALTLLENVLDASHVPFTHHGTVGNRNNAA
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Arabidopsis -SLVKFLTPTS-----------GLQGYWDPYPIDMEFKPPCIVLSTIGISKPGKLE-GKSTQQCATHLHQLHVCLPSSKNKTRLLYRMSL
Klebsormidium -NSVKFKTAAA----------AALSGFWDPYPIDMEFRPPCMVFSTIGLSQPGKLS-GTNTKDCPNHLHQLHVCVPSKTGTTRLLYRMSL
Mesostigma -DSVNFKVAAQ-----------SLAGHWEPYPISMKFEPPCMTISEIGLAKPGQLEAGKFSGECKQHLHQLHVCMPAGEGRTRILYRMCL
Palmophyllum -NFVNFKTTKNQDQDSSSSVGGTFPGYWDPYPIDMAFQPPCMVLSTIGLAQPGKLENGVRAKQCDKHLHQLHVCLPAGSGKTRLLYRMGL
Nephroselmis -DLVKWTTDPL----------QALAGAWEPYPITMSFEPPCMVLSTIGLAQPGKIRRGLRAEECEKHLHQLHVCVPSKPGHTRLLYRMHL
Prasinoderma -DRVDFKTVKNAVAQQIG---G-LGGEWQPYPIDMTFQPPCMVLSQIGLVKPGQVEAETRASDCDRHLHQLHVCLPAKDGETRLLYRMSL
Pseudoscourfieldia -DSVKFHLDSG-----M----GIVSGAWDPYPIDMQFVEPCFVISTIGLAAPGDIRRGVKAEDCDKHLRQVHACVPASEGKTRLLYLMHL
Pyramimonas -ELVNIKMN------------GALVGNWDPYPIDMSFEAPCITLSTIGLARPGQVEKGLRAEDCPKHLYQMHVCLPSKKGHTRLLYRMAL
Chlorella -DAVKFHAS------------RLLGGNWDPYPIEMSFNPPCMTLSHVGLARPGKAGVGATPQDCQNHLHQLHVCLPSRAGHTRLLYRMAT
Chlamydomonas -DFVKFHAN------------KALSGFWDPYPIDMAFQPPCMTLSTIGLAQPGKIMRGVTASQCKNHLHQLHVCMPSKKGHTRLLYRMSL
Bryopsis -DVVKFNTA------------KLLGGNWEPYPIDMSFEPPCMVVSKIGLAQPGKIMRGQRADTCDKHLHQLHVCLPNRKGEVRLLYRMSL
Prochlorothrix -PFVRFANAAT----------TPWTGHWDPYPIHMTFEPPCFVISTIGLR----------GKDCGRHLHQVHACLPRGQGRTRLLYRLAL
Prochloron -DFVRFANLPK----------TPLTGHWDPYPIDMSFEPPCYVISTIGLR----------GRDCGRHLHQVHVCLPKGKGKTRLLYRLAL
PCC6803 PVDLEIIHGDR----------QGFTGIWEEGP-----RKGTLGKQTTTFIAPGLMWHDLTSKQFGRTLTVVYAT-PIRPGECRLFARFPF
PCC7424 PVELELVKSGR----------QGFTGIWEEGP-----RKGTLGKQDTLFIAPNFMTHDLTSKQFGRTLTVVYAT-PISKGKCRLFARFPF
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Nephroselmis DFLPWA-KH-IPGMHVVWEQMANQVLGEDLRLVAGQQDRMERG-DDV------WGSPVI
Prasinoderma DFAKFA-KN-LPFVSEFWEELANQVLGEDLVLVEGQQRNMKAG-MDV------WSNPVA
Pseudoscourfieldia DFWPWM-KN-LPLMEELWLSQANQVLGEDLRLVLGQQERMLKSQGDV------WGAPVA
Pyramimonas DFMPWV-QY-VPFINSVWQQMANQVLGEDLRLVLGQQERMAVG-SDT------WANPVS
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PCC7424 QFSSKLPKFFINLTPRWYSHTNQNTILEDDQIFLHYQERFLEEAGGSQNYTKACYLPTK

B



 Arabidopsis

 Klebsormidium

 Mesostigma

 Palmophyllum

 Prasinoderma

 Nephroselmis

 Pseudoscourfieldia

 Pyramimonas

 Chlorella

 Chlamydomonas

 Bryopsis

 Prochlorothrix

 Prochloron

 PCC6803

 PCC7424100

68

91

86

76

72

31

33

59

30

12

24

0.5

Supplementary Fig. S5 

A 

Supplementary Fig. S55 Phylogenetic tree of CAO proteins. Maximum likelihood tree 

(A) was constructed by MEGA v6.1 based on an alignment (B) generated by M-Coffee 

under the LG model with discrete gamma distribution in eight categories with 2,000 

bootstrap replicates. Bootstrap support percentages and accession numbers of the 

analyzed aligned protein sequences are shown. Two cyanobacterial homologous 

proteins (Synechocystis sp. PCC 6803 (GI: 499174829), Cyanothece sp. PCC 7424 (GI: 

506434500)) were used for the outgroup.  
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PCC7424 KDLDKTKPTPFTLLDRKLVIWWDKNASVWRVFDDKCPHRLALLSEGRINEQGLIECPYHGWTFSGSGKCEFIPQQREGTN----AEESKR
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Arabidopsis VKIKSLPCLEQEGMIWIWPGDEP--PAP---ILPSL--QPP---SG-FLIHAELVMDLPVEHGLLLDNLLDLAHAPFTHTSTFAKGWSVP
Klebsormidium TSVRALPCVEQDGMIWIWPGDKV--PEA---TLPDL--SPP---SG-YTIHAQITLEVPVEHGLLVENLLDLAHAPFTHTTTFAKGWPVP
Mesostigma VRVSTLPVREHDGMIWVYPGSNE--PPE---HLPSF--LPP---SN-FTVHAELVLEVPIEHGLMIENLLDLAHAPFTHTETFAKGWSVP
Palmophyllum ASIEALPCVERSEMIFVWAGDGV--PPVDDENFVGL--NPP---RN-FDVHAEIVLEVDVEHGLLMENLLDLAHAPFTHTSTFAKGWKVP
Nephroselmis VGVRSIPVREVEGMIFVWPGDRE--PDS---EPHMG--LLPGAGQG-YENHAEIVLDVPVEHGLLLENLLDLAHAPFTHTSTFAKGWPVP
Prasinoderma IRVEALPVVERDGMIWVYPGEED--PPEDHQNFTAL--APP---GDEFTIHAEIVLTVPVEHGLLMENLLDLAHAPFTHTSTFAKGWSVP
Pseudoscourfieldia VKVENLVVREADGLIWAWPGEPS--RAEST-PIPSL--LPEG--SN-FEQHAQIQLDVPVEHGLLMENLLDLSHAPFTHTSTFAKGWPIP
Pyramimonas VGVKSLTVQEQDGLIWVWPGGAE--PTT---EVPRF--HAP---EG-FTTHAELMLDVPVEHGLLIENLLDLAHAPFTHTSTFAKGWSIP
Chlorella VAVSALPCAEQDGFVWVWPGWEE--PTL---PLPAV--TRPP--AG-YRIHAEIEVEVPVEHGLLVENLLDLAHAPFTHTSTFARGWPVP
Chlamydomonas VGVAALPCAEKDGFIWVWPGDGL--PAE---TLPDF--AQPP--EG-FLIHAEIMVDVPVEHGLLIENLLDLAHAPFTHTSTFARGWPVP
Bryopsis IRVASLPVAERDGFVWIWPGDDV--PG----EVPDF--TPPP--KG-YSIHAEIEVQVPVEHGLLLENLLDLAHAPFTHTSTFAKGWPVP
Prochlorothrix NPILTLPVMEQGGMIWVWPGTDE--PG----ALPSL--APTLP-DN-FTLQAELVMDLEVEHGLMLENLLDLAHAPFTHTGTFAKGWPVP
Prochloron AAVKALPAIEQSGMIWVWPGSGV--PG----ELPKL--APAIP-EN-FTLQAEITMELDVEHGLFMENLLDLAHAPFTHTGTFAKGWPVP
PCC6803 ACVRSLPTQVAQGLLFAFPGETDQAEKV---ALPLVDVLDGD--QS-EWVCLNTFRDLPYDAFTLMENVLDSSHIPYTHHKTVGKRSNVS
PCC7424 ACVTSLPTTVCQGLLFTYPGNPENAPKV---KVPIIESLEDN--SG-EWVCIDTFRDLPYDALTLLENVLDASHVPFTHHGTVGNRNNAA
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Arabidopsis -SLVKFLTPTS-----------GLQGYWDPYPIDMEFKPPCIVLSTIGISKPGKLE-GKSTQQCATHLHQLHVCLPSSKNKTRLLYRMSL
Klebsormidium -NSVKFKTAAA----------AALSGFWDPYPIDMEFRPPCMVFSTIGLSQPGKLS-GTNTKDCPNHLHQLHVCVPSKTGTTRLLYRMSL
Mesostigma -DSVNFKVAAQ-----------SLAGHWEPYPISMKFEPPCMTISEIGLAKPGQLEAGKFSGECKQHLHQLHVCMPAGEGRTRILYRMCL
Palmophyllum -NFVNFKTTKNQDQDSSSSVGGTFPGYWDPYPIDMAFQPPCMVLSTIGLAQPGKLENGVRAKQCDKHLHQLHVCLPAGSGKTRLLYRMGL
Nephroselmis -DLVKWTTDPL----------QALAGAWEPYPITMSFEPPCMVLSTIGLAQPGKIRRGLRAEECEKHLHQLHVCVPSKPGHTRLLYRMHL
Prasinoderma -DRVDFKTVKNAVAQQIG---G-LGGEWQPYPIDMTFQPPCMVLSQIGLVKPGQVEAETRASDCDRHLHQLHVCLPAKDGETRLLYRMSL
Pseudoscourfieldia -DSVKFHLDSG-----M----GIVSGAWDPYPIDMQFVEPCFVISTIGLAAPGDIRRGVKAEDCDKHLRQVHACVPASEGKTRLLYLMHL
Pyramimonas -ELVNIKMN------------GALVGNWDPYPIDMSFEAPCITLSTIGLARPGQVEKGLRAEDCPKHLYQMHVCLPSKKGHTRLLYRMAL
Chlorella -DAVKFHAS------------RLLGGNWDPYPIEMSFNPPCMTLSHVGLARPGKAGVGATPQDCQNHLHQLHVCLPSRAGHTRLLYRMAT
Chlamydomonas -DFVKFHAN------------KALSGFWDPYPIDMAFQPPCMTLSTIGLAQPGKIMRGVTASQCKNHLHQLHVCMPSKKGHTRLLYRMSL
Bryopsis -DVVKFNTA------------KLLGGNWEPYPIDMSFEPPCMVVSKIGLAQPGKIMRGQRADTCDKHLHQLHVCLPNRKGEVRLLYRMSL
Prochlorothrix -PFVRFANAAT----------TPWTGHWDPYPIHMTFEPPCFVISTIGLR----------GKDCGRHLHQVHACLPRGQGRTRLLYRLAL
Prochloron -DFVRFANLPK----------TPLTGHWDPYPIDMSFEPPCYVISTIGLR----------GRDCGRHLHQVHVCLPKGKGKTRLLYRLAL
PCC6803 PVDLEIIHGDR----------QGFTGIWEEGP-----RKGTLGKQTTTFIAPGLMWHDLTSKQFGRTLTVVYAT-PIRPGECRLFARFPF
PCC7424 PVELELVKSGR----------QGFTGIWEEGP-----RKGTLGKQDTLFIAPNFMTHDLTSKQFGRTLTVVYAT-PISKGKCRLFARFPF
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Arabidopsis DFAPIL-KN-LPFMEHLWRHFAEQVLNEDLRLVLGQQERMLNG-ANI------WNLPVA
Klebsormidium DFAWWA-KY-VPFIHKLWEYMANQVLSEDLRLVEGQQDRMIRG-ANV------WNHPVA
Mesostigma DFAHWV-KY-IPGIQNVWSGMATQVLGEDLRLVEGQQDRMLRG-ADI------WYNPVA
Palmophyllum DFAHFA-KF-VPFMDKFWLSLANQVLGEDLVLVRGQMDRMKQG-ADV------WANPVS
Nephroselmis DFLPWA-KH-IPGMHVVWEQMANQVLGEDLRLVAGQQDRMERG-DDV------WGSPVI
Prasinoderma DFAKFA-KN-LPFVSEFWEELANQVLGEDLVLVEGQQRNMKAG-MDV------WSNPVA
Pseudoscourfieldia DFWPWM-KN-LPLMEELWLSQANQVLGEDLRLVLGQQERMLKSQGDV------WGAPVA
Pyramimonas DFMPWV-QY-VPFINSVWQQMANQVLGEDLRLVLGQQERMAVG-SDT------WANPVS
Chlorella DFLWWT-EL-LPGIQHFWRYIAGQVLGEDLVLVLGQQDRLLRG-GDT------WRHPVS
Chlamydomonas DFLPWM-RH-VPFIDRIWKQVAAQVLGEDLVLVLGQQDRMLRG-GSN------WSNPAP
Bryopsis DFLGWM-RA-LPFMDKIWKNVANQVLGEDLVLVQGQQKRMSKG-GNT------WANPVS
Prochlorothrix DFGHWL-RW-VPGTHCLWQHLANRVIQEDLRLVQGQQERLKGG-ANV------WNQPVG
Prochloron DFYKWL-RF-VPGMNLFWEHMAQRVIGEDIRLVRGQQKSLQEG-GNV------WNQPVG
PCC6803 KFPSKFPRLVIGFTPRWYSHLGQNRVLEDDQIFLHFQERFVQGKGGSPNYEKDCYLPTK
PCC7424 QFSSKLPKFFINLTPRWYSHTNQNTILEDDQIFLHYQERFLEEAGGSQNYTKACYLPTK

B
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Arabidopsis M~~~~~~~~~~~~~~~~~~~~~NAAVFSPSALSLPISF~SKTRSSFLSRKKGVKGEFR~~~~VFAVFGDE
Selaginella M~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Physcomitrella M~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~SES
Klebsormidium M~~MVGAAVSVEGLAKGPIGGLHARASCRALTDPSSHG~VAVRALVKSVRPVGRKARKQGTVSLGEFAGQ
Mesostigma M~~~~~~ASTTSLLASAVELCASNSYSVQTPIRNSISK~ARRSIPKSAVATQWLGGSVKK~~HLNGLKSP
Palmophyllum M~~~LSTLCNVQLRAKDSASIASSFKSGSKLVVQTSVS~AVQTAAYRNVARAMEVQDQQP~~AAAGSESV
Nephroselmis M~~~~~~~~~~~~~~MAGSLLADAGAFAGVPAVTPGSAVASRRGVSLPSAASG~~~~~~~~~~~~~~~~~
Pyramimonas M~~~~~~~~~PPVNAQNNSVLACSARFCLARVRFNARPHARLRITCTMGSDRPNGDDEDG~~LGSDPQQR
Chlorella MSAPLGSLLAPGSGLQCHGISKGAAPGPQVQLGAPARP~RRRRPQALPPRSAWGGHEQPPKDLAKDPEAR
Chlamydomonas M~~~~~~LPASLQRKAAAVGGRGPTNQSRVAVRVSAQP~KEAPPASTP~~~~~~~~~~~~~~IVEDPESK
Bryopsis M~~~~HPACSVSLPQVRDGGHLVSRPIASSSRGFHCAP~RSFRCAATPSDDESTGANVPL~~NFPDPEAK

80 90 100 110 120 130 140
....|....|....|....|....|....|....|....|....|....|....|....|....|....|

Arabidopsis SGLVEKKSQWRPLFDVE~~~~~~~~~~~~~~~~~~~~~~~~DPRSKAPPYKGKFLDV~~NQAIEVARFDI
Selaginella ~~~~~~~~~~~~GLEIG~~~~~~~~~~~~~~~~~~~~~~~~DFSHADAERGSRVIDV~~NQAWELLRHDV
Physcomitrella SSRKDQQAGIVRIFDVE~~~~~~~~~~~~~~~~~~~~~~~~DPRGASSSLKKGTIDV~~NTAWELLRQDV
Klebsormidium RVPLDRESGKRSAVQCV~~~~~~~~HISPRQSRNGPDDGGWEELFQVPDPREQGGRL~~KNNWDVVLNDV
Mesostigma LVVSLGSGEWCRRGEVS~~~~~~~~~~~~~~~~~~~~~~~~CSAIREGESEEKSPDE~~IA~~~~VANAM
Palmophyllum ~~~~~~PSALRGPVRSD~~~~~~~~~~~~~~~~~~~~~~~~DLPPQPILKRDSKPQA~~LAAEEKTRSEE
Nephroselmis ~~~~~~~PPGRRGLRID~~~~~~~~~~~~~~~~~~~~ARKAQLVMASASFSEGKPAKYPKTNLEVIENDV
Pyramimonas YYRLGKDAGQSYKLKIDGTTDNSWIKGVPQIRRRTSESRQRELLTELAMVNERLSGVGGKKAST~VRQRL
Chlorella FRQYGEDFGKGYFLQGV~~~~~~~IESAPRVRVRTSADRARDQLADLAVLNERLAGKEEMEAAT~IRQRL
Chlamydomonas FRRYGKHFGGIHKLSMD~~~~~~WLDSVPRVRVRTKDSRQLDDMLELAVLNERLAGR~~LEPWQ~ARQKL
Bryopsis FRRYGKFFGGRYSLAVD~~~~~~WLGRAPRIRFRQKADRGVDQLSELAILNERLAGR~~~PPWE~IRRKV
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Arabidopsis QYLDWR~~~~~~~~~~~~~~~ARQDLLTIMILHDKVVDVLNPLAREYKSIGTVKKELAGLQEELSKAHQQ
Selaginella EFLDLR~~~~~~~~~~~~~~~ARQDVLAIKDAHDKVVEVLNPLARETKSINTLKRELANLQEDLQRAHAQ
Physcomitrella LYLDWK~~~~~~~~~~~~~~~ARQDVLTIVHAHDKVVEVLNPLVRDVKSVETLRSELAGLQEELSKAHAQ
Klebsormidium RYLDWR~~~~~~~~~~~~~~~ARQDVYAIKAAHDKVVETLNPVAREHKSVSTLKNQLAALQDELSKAHAQ
Mesostigma NMLLRR~~~~~~~~~~~~~~~AEEDTQRVVDLHGKVVESLNPAKREQRSVQSSVERLVSLQKELQEAHLK
Palmophyllum DVVDVTK~~~~~~~~~~~~~~~~~~~~TILDLHEQIVIALNPIARERKSLRQAKAELNVLRDELQLAHEQ
Nephroselmis SFISERLSN~~~~~~~~~~~DSSVTVDALVAARDQMLQLLGRKTGSVEDVEELKRQVQMLQAELQTAQAK
Pyramimonas DYLKMRRENWELIYNTVTQTDAEATLASIEEANRKVEEALDEQRRDKTSVTSLKAQLEGLQSEVQEAHSR
Chlorella EYLKRRRRNWELVYQHVTRADALCTLSAIEEANARVEELLSEESRERHSVSALKRQLVELQGEVSDAHQR
Chlamydomonas EYLRKRRKNWERIFEYVTRQDAAATLAMIEEANRKVEESLSEEAREKTAVGDLRDQLESLRAQVAQAQER
Bryopsis DYLKTRKRNWEMIYQQVTAKDAVTTLRSLEEANRKVEAALSEESRESTSVGDLKKVLVDLQGEVNEAHQK
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Arabidopsis VHISEARVSTALDKLAHMEELVNDRLL~~~~~~~~~~~~~~~~~~~~~~
Selaginella VHISEARVNHTLSKLAEMETMVNDELL~~~~~~~~~~~~~~~~~~~~~~
Physcomitrella VHLSEARVEHTLRKLGEMESLFNTKLL~~~~~~~~~~~~~~~~~~~~~~
Klebsormidium LHVSEARVEHTLSKLTDMEDKLMETLP~~~~~~~~~~~~~~~~~~~~~~
Mesostigma VHRSEIQVRDTLVQMRRMEEVMNQL~~~~~~~~~~~~~~~~~~~~~~~~
Palmophyllum VHLSEARMGHALSRLQEMEERLRQSLP~~~~~~~~~~~~~~~~~~~~~~
Nephroselmis AELAEMKLSDSLSKLAEVEEVSSVLES~~~~~~~~~~~~~~~~~~~~~~
Pyramimonas LHATEARVAQNIERISALKAEAEALA~~~~~~~~~~~~~~~~~~~~~~~
Chlorella LHLTQARVEQNLQRISELKEESRRLGDVVAARGEEAAAPGVGQREQAAI
Chlamydomonas LAMTQSRVEQNLQRVNELKAEATTLERM~~~~~RKASDLDIKERERIAI
Bryopsis LHLTEARVKQNMDRINTLKREAEELDAL~~~~~DKSM~~~~~~~~~~~~

Supplementary Fig. S6

Supplementary Fig. S6 Amino acid sequence comparison of CAO regulatory 

domain among green plants. Multiple sequence alignment was generated by Muscle in 

MEGA v6.1 with default settings and manual refinement. Black shading indicates the 

residues conserved in more than half of the aligned CAO sequences. Prasinoderma, 

Pseudoscourfieldia and Micromonas CAO sequences were omitted, because no 

significant similarity was found to other CAO seuqences. 



Supplementary Table S1 Pigment profiles of A. thaliana leaves and green algae total cells. 

Classification Name DVP 
Chl c 
cs170 

α-car β-car Vio Neo Zea Lut Dihy Sip Pra 
Sip 
B1 

Sip 
B2 

Lor 

Streptophyta 
Arab - - - + + + - + - - - - - - 
Kleb - - + + + - - + - - - - - - 
Meso - - + + + + - + - + - - - - 

Fresh water  
chlorophyta 

Chlo - - + + + + - + - - - - - - 
Chla - - + + + + - + - - - - - + 

Sea water  
chlorophyta 

Palm - - + - + + - - + - - - - - 
Neph + + + + + + + + - - - + + - 
Pras + - + + + + + - + - + - - - 
Pseu + - + + + + + - + - + - - - 
Pyra + - - + + - + + - - - - - - 
Micr + - + + + + + - + - + - - - 
Bryo + - + - + + - - - + - - - - 

Arab, Arabidopsis; Kleb, Klebsormidium; Meso, Mesostigma; Chlo, Chlorella; Chla, Chlamydomonas, Palm, Palmophyllum; Neph, 

Nephroselmis, Pra, Prasinoderma; Pseu, Pseudoscourfieldia; Pyra, Pyramimonas; Micr, Micromonas; Bryo, Bryopsis. DVP, 

8-vinyl-protochlorophyllide, Chl c cs170, Chlorophyll c CS170, α-car, α-carotene; β-car, β-carotene, Vio, Violaxanthin; Neo, 

Neoxanthin; Zea, Zeaxanthin; Lut, Lutein, Dihy, Dihydrolutein; Sip, Siphonaxanthin; Pra, Prasinoxanthin, Sip B1, 

Siphonaxanthin-derivative B1; Sip B2, Siphonaxanthin-derivative B2. Lor, Loroxanthin. 



Supplementary Table S2 The pigment contents of PSI cores and LHCII trimers in 
seawater chlorophytes. 
 

      Streptophyte 
Freshwater 

chlorophyte 
  Sea water chlorophytes 

  Sample   Arab Chla   Palm Neph Pras Pseu Pyra Bryo 

α,β-carotene         

/total Chl 

PSI   0.1 0.58   0.09 0.33 0.15 0.17 0.46 0.34 

LHCII   n.d. n.d.   n.d. n.d. n.d. n.d. n.d. n.d. 

(dihyrdo)lutein      

/total Chl 

PSI   0.02 n.d.   n.d. n.d. n.d. 0.04 0.03 n.d. 

LHCII   0.47 0.49   0.16 n.d. 0.07 0.32 0.22 n.d. 

 

Arab, Arabidopsis; Chla, Chlamydomonas, Palm, Palmophyllum; Neph, Nephroselmis, 

Pra, Prasinoderma; Pseu, Pseudoscourfieldia; Pyra, Pyramimonas; Bryo, Bryopsis. PSI 

cores (heterodimer of PsaA/PsaB ) and LHCII trimers (LHCII) were separated by native 

green gel electrophoresis. The pigments were extracted from the corresponding bands 

and determined. The relative amounts of the pigments were calculated using the areas of 

the peaks.  

 



Supplementary Table S3 List of degenerate and race primers used in this study for 
cloning of CAO. 
Organism Primer name Sequence Use 

Klebsormidium 5’race outer primer GCGCCAGGTCCAGCAGGTTCTCCAC 5' race PCR 

 
5’race inner primer GAGGGTGGCCTCCGGCACTTTGTCC 5' race PCR 

Mesostigma 5’race outer primer AGGTGCTGCTTGCACTCGCCACTGA 5' race PCR 

 
5’race inner primer ATCGTCATGCACGGCGGCTCAAACT 5' race PCR 

 
3’race outer primer CCTTCCTCCGCCACTGCGGTCAC 3' race PCR 

 
3’race inner primer TGAAGGACAAGCCCAACCCGATGGA 3' race PCR 

Palmophyllum CAO Degenerate Fw GCAYMGIGCITGYCCICT Degerate PCR 

 
CAO Degenerate Rv CCAICKICGGTAICGIACICC Degerate PCR 

 
5’race outer primer GGAATGTGCCACCAACTGAGCTGGAGC 5' race PCR 

 
5’race inner primer CGACGTATGCGTAAACGGCGCATGTGCC 5' race PCR 

 
3’race outer primer GGCACATGCGCCGTTTACGCATACGTCG 3' race PCR 

 
3’race inner primer GCTCCAGCTCAGTTGGTGGCACATTCC 3' race PCR 

Nephroselmis 5’race outer primer CGTGCGCCAGGTCCAGGAGGTTCT 5' race PCR 

 
5’race inner primer GCTCCACGGGCACGTCCAGCACTAT 5' race PCR 

 
3’race outer primer GGGGAGGGGGGGGTCGGCTGCGTCTA 3' race PCR 

 
3’race inner primer CGGCAACGTGCAGTGCGCGTACCACG 3' race PCR 

Prasinoderma 5’race outer primer GCTGAAAGGTCATGTCGATGGGGTAGGG 5' race PCR 

 
5’race inner primer GCGACGGCGTTCTTCACGGTCTTG 5' race PCR 

Pseudoscourfieldia 5’race outer primer CGATGCCCATGCCGGAGTCGAGGTGGAAC 5' race PCR 

 
5’race inner primer CAGCAGGCCGTGCTCGACGGGAACGTCCAA 5' race PCR 

 
3’race outer primer GAGCGGGAACTCGAAACGCCTCCTG 3' race PCR 

 
3’race inner primer CTGGCGCAACAACGAAGGCGAGGTA 3' race PCR 

Pyramimonas 5’race outer primer GGGTCCCAGTTTCCAACCAAAGCGCCGTTCA 5' race PCR 

 
5’race inner primer GAGTGAATGGAGCATGCGCCAAGTCCAGCA 5' race PCR 

 
3’race outer primer GCAGGACGGGTTGATCTGGGTGTGG 3' race PCR 

 
3’race inner primer GGACGTGCCTGTGGAGCACGGTCTT 3' race PCR 

Bryopsis CAO Degenerate Fw GCAYGGCCTGCTSATKGAGAA Degerate PCR 

 
CAO Degenerate Rv CAWGCACACRTGSAGCTGGTG Degerate PCR 

 
5'race primer AGACATGTCGATGGGATAGG 5' race PCR 

  3'race primer GAGAGAGAAGGATCCAAGAGC 3' race PCR 

  

* Italic boldface letters represent the degenerate nucleotides. 
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