
 

 
 
 

 

 

Identities: 577 of 817 nucleotides (71%), gaps: 8 of 817 nucleotides (1%). 

 



 

Identities: 259 of 351 nucleotides (74%), gaps: 10 of 351 nucleotides (3%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S1. Nucleotide sequence alignment of the VChR1 and VChR2 coding sequences. BLASTn result 

(basic local alignment search tool, nucleotide) using the National Center for Biotechnology Information (NCBI) 

databases. Numbers on both sides of the sequence alignment correspond to nucleotide numbering of VChR1 (Acc. No. 

EU285658) and VChR2 (Acc. No. EU285660) coding sequences.  

 



 

 
 
 

 

 

 

 

Identities: 1004 of 1432 nucleotides (70%), gaps: 48 of 1432 nucleotides (3%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S2. Nucleotide sequence alignment of the VChR1 and Chlamydomonas ChR1 coding sequences. 

BLASTn result (basic local alignment search tool, nucleotide) using the National Center for Biotechnology Information 

(NCBI) databases. Numbers on both sides of the sequence alignment correspond to nucleotide numbering of VChR1 

(Acc. No. EU285658) and ChR1 (Sineshchekov et al., 2002, Acc. No. AF508965) coding sequences.  

 



 

 
 
 

 

 

 

 

Identities: 596 of 804 nucleotides (74%), gaps: 15 of 804 nucleotides (2%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Identities: 282 of 401 nucleotides (70%), gaps: 10 of 401 nucleotides (2%). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S3. Nucleotide sequence alignment of the VChR2 and Chlamydomonas ChR2 coding sequences. 

BLASTn result (basic local alignment search tool, nucleotide) using the National Center for Biotechnology Information 

(NCBI) databases. Numbers on both sides of the sequence alignment correspond to nucleotide numbering of VChR2 

(Acc. No. EU285660) and ChR2 (Sineshchekov et al., 2002, Acc. No. AF508966) coding sequences.  

 









Supplemental Figure S4. Aligned coding sequences of , ,  and  with highlighted 

intron positions. Alignment of nucleotide sequences was done using the MUltiple Sequence Comparison by 

Log-Expectation program (MUSCLE) . Alignments were illustrated using GeneDoc 2.6 . White letters on 

black background, conserved in 100% of the sequences at the corresponding position; white letters on dark 

gray background, conserved in 75% of the sequences at the corresponding position; black letters on light gray 

background, conserved in 50% of the sequences at the corresponding position. Intron positions are indicated 

within each coding sequence by vertical red bars. Sites with introns are highlighted with red arrows. Numbers 

at the right side of the sequence alignment correspond to nucleotide numbering of  (Acc. No. 

EU285658),  (Acc. No. EU285660),  (Sineshchekov et al., 2002, Acc. No. AF508965), and 

 (Sineshchekov et al., 2002, Acc. No. AF508966) coding sequences. The numbers above the alignment 

(marker line) are for orientation. 
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con1 

 

Identities: 51 of 70 residues (73%), similarities: 64 of 70 residues (91%), 

gaps: 0 of 70 residues (0%). 

 

 

 

 

 

con2 

  

Identities: 86 of 113 residues (76%), similarities: 98 of 113 residues (87%), 

gaps: 0 of 113 residues (0%). 

 

 

 

 

 

 

 

con3 

  

Identities: 17 of 21 residues (81%), similarities: 18 of 21 residues (86%), 

gaps: 0 of 21 residues (0%). 

 

 

 

 

 

 

Supplemental Figure S5. Protein sequence alignment of the con1, con2 and con3 regions of VChR1 and VChR2. 

BLASTp result (basic local alignment search tool, protein) using the National Center for Biotechnology Information 

(NCBI) databases. Numbers on both sides of the sequence alignment correspond to amino acid residue numbering of 

VChR1 (Acc. No. EU285658) and VChR2 (Acc. No. EU285660). Identical and similar (“+”) amino acid residues are 

given between the sequences. 

 

 



 

  

 

 

 
                      10        20        30        40        50        60        70        80        90       100               
             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
VChR1/V.c.   YCEGWLWVVFALSVACLGWYAYQAWRATCGWEEVYVALIEMMKSIIEAFHEFDSPATLWLSSGNGVVWMRYGEWLLTCPVLLIHLSNLTDYSKRTMGLLV  
VChR2/V.c.   FCMKWLWAAFALSVIILIYYAYATWRTTCGWEEVYVCCVELTKVVIEFFHEFDEPGMLYLANGNRVLWLRYGEWLLTCPVILIHLSNLTDYNKRTMRLLV  
ChR1/C.r.    FCLAWLWITFALSALCLMFYGYQTWKSTCGWEEIYVATIEMIKFIIEYFHEFDEPAVIYSSNGNKTVWLRYAEWLLTCPVILIHLSNLTDYNKRTMGLLV  
ChR2/C.r.    YCAGWIWLAAGFSILLLMFYAYQTWKSTCGWEEIYVCAIEMVKVILEFFFEFKNPSMLYLATGHRVQWLRYAEWLLTCPVILIHLSNLTDYSRRTMGLLV  
Br/G.v.      SVSDSLSFAIAAMFASALFFFS.AQALVGQRYRLALLVSAIVVSIYHYFRIFNSAAYVLENGVKFNDAYRYVDWLLTVPLLLVETVAVLKEARPLLKLTV  
Ops2/G.t.    SGAIFDVLAWIALLFTALFMAFKAVNA.DPVVRKFYYINAFVCGVFSYFAMISGMGWETIMGCRQMFYVRYIDWFITTPLMILNIGLLAGEEQWMIAIMG  
Ops1/G.t.    TGVGALTITFLILAVST..IIFITRVGPATSQKVYYYCNVFICGLMSYFAMLSGQGWTAVAGCRQFFYARYVDWTITTALIILELGLIAGAEPALIGVMG  
Ops/Cry.sp.  TGIGGLTLGFLALTVTTVVMVAKAANA.DPERRKYYFCNTFICGIFAYFAMLSGQGWTAISGCRQFFYAHYVDWLLTTPLIILNLGLIAGQDYVTIAVCG  
Nop-1/N.c.   PTPTEYWVTFALMVLSSGIFALLSWNVPTSK.RLFHVITTLITVVLSYFAMATG.HATTFNCDRQVFWGRYVDWALTTPLLLLELCLLAGVDGAHTMAIV  
Hop/S.r.     ALASSIYVNIALAGLTIIVIAVMSRSIHDSRAKLITMSTLMISVVSSYMGLASGIDPLVMPEGVLSLWGRYLTWAFSTPFILLALGLLARSTTDKISAIV  
ChoP3/Ha.v.  LLNSSLWVNIALAGVVILLFVAMGRELESSRAKLIWVATMLVPLVSSYAGLASGVGFLQMPPGVLSPWGRYLTWTFSTPMILLALGLLADTDMASLTAIT  
Hop/H.m.     LLNSSIWVNIALAGVVILLFVAMGRDLESPRAKLIWVATMLVPLVSSYAGLASGVGFLQMPPGVLSPWGRYLTWTFSTPMILLALGLLADTDIASLTAIT  
Hop/N.p.     LLASSLYINIALAGLSILLFVFMTRGLDDPRAKLIAVSTILVPVVASYTGLASGISVLEMPAGVVTMWGRYLTWALSTPMILLALGLLAGSNATKLTAIT  
Hop/H.sp.    LLASSLWINIALAGLSILLFVYMGRNVEDPRAQLIFVATLMVPLVSSYTGLVSGVSFLEMPAGVLTPWGRYLTWALSTPMILIAVGLLAGSNTTKLTAVV  
Hop/Hr.sod.  LLASSLWINIALAGLSILLFVYMGRNLEDPRAQLIFVATLMVPLVSSYTGLVSGVSFLEMPAGVLTPWGRYLTWALSTPMILVALGLLAGSNATKLTAVT  
Hopa/Ht.sp.  LLHSSLWVNIALAGLSILVFLYMARTVRANRARLIVGATLMIPLVSSYLGLVTGAGPIEMPAAVLSQWGRYLTWTLSTPMILLALGWLAEVDTADLVVIA  
Hopb/Ht.sp.  LLHSSLWVNIALAGLSILVFLYMARTVRANRARLIVGATLMIPLVSSYLGLVTGAGPIEMPAAVLSQWGRYLTWTLSTPMILLALGWLAEVDTADLVVIA  
Hop/H.s.     LLSSSLWVNVALAGIAILVFVYMGRTIRPGRPRLIWGATLMIPLVSSYLGLLSGVGMIEMPAGVRSQWGRYLTWALSTPMILLALGLLADVDLGSLTVIA  
Hop/H.w.     LLSSSLWVNIALAGLSILLFVYMGRNITSGRARLIWGATLMIPLVSSYLGLASGVGFIEMPAGVMSQWGRYLTWALSTPMILLALGVLADVDRGSLTVIA  
Br/N.sp.     LESLLHWIYVAGMTIGALHFWSLSRNPRGVPQYEYLVA.MFIPIWLAYMAMAIDQGKVEAAGQ.IAHYARYIDWMVTTPLLLLSLSWTAKKDWTLIFLMS  
Xop2/H.m.    QEIVWYGAGAGAFFVSAVVFVWFAATRGNIRSSFYYLPPIHTS.VAAYVAMAL.IAGGQLGDTVSITTLRFADWIVSTPIITYYLARLAGVDTQTRLAVA  
Sop1/H.sp.   AVSAAYWIAAVAFLVGLGITAALYAKLGESEDRGRLAALAVIPGFLAYAGMALGIGTVTVNGA.ELVGLRYVDWIVTTPLLVGFIGYVAGASRRAIGVML  
Sop/Hr.sod.  AVTSAYWLAAVAFLIGVGITAALYAKLEGSRARTRLAALAVIPGFLSYVGMALGIGTVTVNGA.ELVGLRYVDWVVTTPLLVGFIGYNAGASRRAIGVMI  
Sop1/H.s.    AVATAYLGGAVALIVGVAFVWLLYRSLDGSPHQSALAPLAIIPVFLSYVGMAYDIGTVIVNGN.QIVGLRYIDWLVTTPILVGYVGYAAGASRRSIGVMV  
Csr3/Ha.v.   AVAVVYGITAAGFAVGVAIVGYLYASLEGSEERSILAALALIPGFISYVAMAFGIGTVTIGET.TLVGFRYLDWVVTTPLLVGFVGYAAGASRRAIGVMV  
Sria/S.r.    PITIVYIIGTLGMLVGI....PPALSLVGDEVGLDFDYVWAIPGIFMYLLMTFDVGSVQFQGY.HVPIPRYIDWALTTPLLVGYTAYIAGASRGMIGTAL  
Srib/S.r.    ATTIVLMLGTAGMLFGI....PPCLRLLDMEADGHFGYLLLIPGFLMYALMTFGVGTQTFQGQ.TVPLLRYLDWLVTTPIMIGYAAYVAGTSKRGIGAAL  
BopII/H.w.   SEATWLWIGTIGMVLGTVYFAVRGRGSTDPEQQTYYIITTLIPAIAAYLAMATGLGVISMPIRIDIYWARYADWLLTTPLLIIDLALVAGARKQTLKLII  
BopI/H.w.    GEGIWLALGTIGMLLGMLYFIADGLDVQDPRQKEFYVITILIPAIASYLSMFFGFGLTEVSLAVDVYWARYADWLFTTPLLLLDIGLLAGASQRDIALVG  
Xop1/H.m.    GEGIWLALGTVGMLLGMVYFMAKGWDVQDPEQEEFYVITILIAGISSYLSMFFGFGLTEVELVIDVYWARYADWLFTTPLLLLDIGLLAGASNRDMSLIT  
Bop/H.s.     PEWIWLALGTALMGLGTLYFLVKGMGVSDPDAKKFYAITTLVPAITMYLSMLLGYGLTMVPFGNPIYWARYADWLFTTPLLLLDLALLVDADQGTIALVG  
Ar2/H.sp.    PETLWLGIGTLLMLIGTFYFIARGWGVTDKEAREYYAITILVPGIAAYLAMFFGIGVTEVELALDIYYARYADWLFTTPLLLLDLALLAKVDRVTITLIG  
Ar3/Hr.sod.  PETLWLGIGTLLMLIGTFYFLVRGWGVTDKDAREYYAVTILVPGIAAYLSMFFGIGLTEVTVGLDIYYARYADWLFTTPLLLLDLALLAKVDRVTITLVG  
Ar1/H.sp.    PETLWLGIGTLLMLIGTFYFIVKGWGVTDKEAREYYSITILVPGIAAYLSMFFGIGLTEVQVGLDIYYARYADWLFTTPLLLLDLALLAKVDRVSITLVG  
Aop/H.x.     PETLWLGIGTLLMLIGTFYFIVKGWGVTDKEAREYYSITILVPGIAAYLSMFFGIGLTEVQVGLDIYYARYADWLFTTPLLLLDLALLAKVDRVSITLVG  
Br/H.l.      PESLWLWVGTIGMTLGTLYFLGRGRGVRDPKMQQFYIITIFVTTIAMYFAMATGFGVTEVTVGLTIYWARYADWIFTTPLLLLDLALLAGANRNTITLLG  
Bop/Ht.sp.   PESIWLWIGTIGMTLGTLYFVGRGRGVRDRKMQEFYIITIFITTIAMYFAMATGFGVTEVMVGLTIYWARYADWLFTTPLLLLDLSLLAGANRNTITLIG  
Cop2/H.sp.   GESIFLWVGTAGMFLGMLYFIARGWSVSDQRRQKFYIATIMIAAIVNYLSMALGFGVTTIELGRAIYWARYTDWLFTTPLLLYDLALLAGADRNTISLVG  
Bop/H.m.     SEGIWLWLGTAGMFLGMLYFIARGWGETDGRRQKFYIATILITAIVNYLAMALGFGLTFIEFGHPIYWARYTDWLFTTPLLLYDLGLLAGADRNTISLVS  
Cop/H.j.     SEAIWLWLGTAGMFLGMLYFIGRGWGETDSRRQKFYIATILITAIVNYLAMALGFGLTIVEFAHPIYWARYSDWLFTTPLLLYDLGLLAGADRNTISLVS  
Cop3/Ha.v.   GEAIWLWLGTAGMFLGMLYFIARGWGETDSRRQKFYIATILITAIVNYLAMALGFGLTIVEIARPIYWARYSDWLFTTPLLLYDLGLLAGADRNTISLVS  
Sop2/H.s.    ALTTWFWVGAVGMLAGTVLPI..RDCIRHPSHRRYDLVLAGITGLIAYTTMGLGITATTVGDR.TVYLARYIDWLVTTPLIVLYLAMLARPGHRTSWLLA  
Pr/H.sp.     DTTVWAWIGALAMGAGTLWAWLSGSSATDESHGVYYGTLAGVTGVLAYLAMALGVGTLSTAAG.ELEVVRYVDWLVTTPLILLYLGLLARPSRRVLGLIG  
Sop2/Ha.v.   TITTWFTLGLLGELLGTAVLAY.GYTLVPEETRKRYLLLIAIPGIVAYALMALGFGSIQSEGH.AVYVVRYVDWLLTTPLNVWFLALLAGASREDTKLVV  
Sop2/N.p.    GLTTLFWLGAIGMLVGTLAFAWAGRDAGSGERR.YYVTLVGISGIVAYVVMALGVGWVPVAER.TVFAPRYIDWILTTPLIVYFLGLLAGLDSREFIVIT  
 
 
 



 

 

 

 

 
                     110       120       130       140       150       160       170       180       190         
             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|. 
VChR1/V.c.   SDVGCIVWGATSAMCTGWTILFFLISLSYGMYTYFLVRVMAWTFFVAWGMFPVLFLLGTEGFGHISPYGSAIGHSILDLIAKNMWGVLYLR  
VChR2/V.c.   SDVGTIVWGATAAMSTGYIVIFFLLGCMYGANTFFLVRAMAWLFFVSWGMFPVLFLLGPEGFGHLSVYGSTIGHTIIDLLSKNCWGLLFLR  
ChR1/C.r.    SDIGTIVWGTTAALSKGYVVIFFLMGLCYGIYTFFLVRYLAWLYFCSWAMFPVLFLLGPEGFGHINQFNSAIAHAILDLASKNAWSMMFLR  
ChR2/C.r.    SDIGTIVWGATSAMATGYVVIFFCLGLCYGANTFFVVTGMAWLFFVSWGMFPILFILGPEGFGVLSVYGSTVGHTIIDLMSKNCWGLLYLR  
Br/G.v.      ASVLMIATGYPGEISDDITIIWGTVSTIPFAYILYLVRNMRWLLLLSWGVYPIAYLLPMLGSGTSAAVGVQVGYTIADVLAKPVFGLLVF.  
Ops2/G.t.    ADMGMIFAGYMGSVALVPTWLWFVIGLVVYIPVVILYGKVSLLTVVSWSVYPFVWLLSV.GTGGLGVSAESILYALLDVTSKCFFSFM...  
Ops1/G.t.    ADVIMIVGGYLGTVSIVTTWFWFVISMALFVVVLYVYGRLAWLTIVSWIFYPVVWLF.SDGFASFSVSFEVCAYSILDIASKAIFGFMVMS  
Ops/Cry.sp.  ADVLMIISGYMASVSVVTTWFWYLFGIGMFLPIIYLYGKVAWLTIIIWCFYPIVWLF.SQGFASFSVSFETVAITIMDVIAKCVFSFMIIA  
Nop-1/N.c.   ADVIMVLCGLFAALGEGGNWGWYTIGCFSYLFVIWLFTGLAVFALLLWTAYPIIW..GIAGARRTNVDTEILIYTVLDLLAKPVFGFWLLL  
Hop/S.r.     LDVFMCLTGLAAALTTSSHWLWYALSTAFFVGVLYIFSTLQWMTIVLWIGYPVVWALGNEGLALLEVGATSWAYSGLDIFAKYAFTIILVL  
ChoP3/Ha.v.  MDIGMCITGLAAALVTSSHWVFYGISCAFFIAVLYIFGTLKLLTVVLWLGYPILWALGSEGVALLSVGVTSWGYSGLDILAKYVFAFLLLR  
Hop/H.m.     MDIGMCVTGLAAALITSSHWVFYGISCAFFVAVLYIFGTLKILTVVLWLGYPILWALGSEGVALLSVGVTSWGYSGLDILAKYVFAFLLLR  
Hop/N.p.     FDIAMCVTGLAAALTTSSHWFWYAISCACFLVVLYMFNTLKLLTVVMWLGYPIVWALGVEGIAVLPVGVTSWGYSFLDIVAKYIFAFLLLN  
Hop/H.sp.    ADIGMCVTGLAAALTTSSYWVWYAISCAFFVVVLYIFNTLKVLTVVLWLGYPIFWALGAEGLAVLDVAITSWAYSGMDIVAKYLFAFLLLR  
Hop/Hr.sod.  ADIGMCVTGLAAALTTSSYWVWYVISCAFFVVVLYIFNTLKLLTVVLWLGYPIFWALGAEGLAVLDVAVTSWAYSGMDIVAKYLFAFLLLR  
Hopa/Ht.sp.  ADIGMCLTGLAAALTTSSYWAFYLVSTAFFVVVLYIFGTLRWLTVILWLGYPILWALGVEGFALVSVGLTSWGYSLLDIGAKYLFAALLLR  
Hopb/Ht.sp.  ADIGMCLTGLAAALTTSSYWAFYLVSTAFFVVVLYIFGTLRWLTVILWLGYPILWALGVEGFALVSVGLTSWGYSLLDIGAKYLFAALLLR  
Hop/H.s.     ADIGMCVTGLAAAMTTSALWAFYAISCAFFVVVLSIFDTLRVLTVVLWLGYPIVWAVGVEGLALVSVGVTSWAYSVLDVFAKYVFAFILLR  
Hop/H.w.     ADIGMCVTGLGAALITSSYWAFYIISCTFFVVVLFIFSTLRLLTVVLWIGYPVIWAAGVEGFALISVGLTSWGYSGLDILAKYAFSFLLLR  
Br/N.sp.     TQIVVITSGLIADLSERDWYLWYICGVCAFLIILWLYDKLVTYFTVLWIGYPIVWIIGPSGFGWINQTIDTFLFCLLPFFSKVGFSFLDLH  
Xop2/H.m.    ANVVMIGVGYGFVSMSGSLWIAFAVSTVAFIGLLYLFQSLRDLTVVTWSLYPVVYFLGPLGTGIIQAPDLNFLVAVLDTIAKVGFMSILLV  
Sop1/H.sp.   ADALMIAFGAGAVVTGGTLWVLFGVSSIFHVTLFALFSLLKNHVGLLWLAYPFVWLMGPAGIGFTTGVGAALTYAFLDVLAKVPYVYFFYA  
Sop/Hr.sod.  ADALMIVFGAAAVVSGGTLWALFGVSALFHVSLFALFSLLKNHVGLLWLAYPFVWLMGPAGIGFTGAVGAALTYAFLDVLAKVPYVYFFYA  
Sop1/H.s.    ADALMIAVGAGAVVTDGTLWALFGVSSIFHLSLFALFNLLKNHIGLLWLAYPLVWLFGPAGIGEATAAGVALTYVFLDVLAKVPYVYFFYA  
Csr3/Ha.v.   ADALMILTGVGAVVADGTLWVLFGVSTVFHVSLFALFSLLKNHIGLLWIAYPLVWLAGPEGLGLATYVGVSITYAFLDLLAKVPYVYFFYA  
Sria/S.r.    ADFMMIVFGLGAVVFSSTAWVFFGLSSACHLTLLALARLLLNYVGLLWLAYPLVWLFGP.GLQWVDAAGIAVIISYLDVTAKVPFVYFIYR  
Srib/S.r.    VDAVMIGLGTAAVVTAPPTWIFFGLAALCHLVLLGLARLLVNHTGLLWITYPVVWVFGP.GLQLISATGVSIMIMYMDVLAKVPFVYFVYR  
BopII/H.w.   IDAIMILGGLAGSMMQQGAIVWWAVSTAAFIILLYVFNRLRNITLGLWALYPIVWILGTGGFGIIAVTTEIMLYVMLDIGTKIGFGAVLLE  
BopI/H.w.    IDAFMIVTGLVATLTKVVVYAFWTISTISMVFLLYTFNALRNIILVTWAIYPVAWLVGTEGLALTGLYGETLLFMVLDLVAKVGFGFILLR  
Xop1/H.m.    IDAFMIVTGLAATLMKVPVYAFWTISTIAMLFVLYTFNVLRNIILVAWAIYPVAWLVGTEGLGLVGLFGETLLFMILDLTAKIGFGFILLR  
Bop/H.s.     ADGIMIGTGLVGALTKVYSFVWWAISTAAMLYILYTFKVLRNVTVVLWSAYPVVWLIGSEGAGIVPLNIETLLFMVLDVSAKVGFGLILLR  
Ar2/H.sp.    VDALMIVTGLIGALSKTPLYTWWLFSTIAFLFVLYTFNTLTALVAVLWTAYPILWIVGTEGAGVVGLGIETLAFMVLDVTAKVGFGFVLLR  
Ar3/Hr.sod.  VDALMIVTGLIGALSHTAIYSWWLFSTICMIVVLYTFNTLTALVLVLWTAYPILWIIGTEGAGVVGLGIETLLFMVLDVTAKVGFGFILLR  
Ar1/H.sp.    VDALMIVTGLVGALSHTPLYTWWLFSTICMIVVLYTFNTLTALVLVLWTAYPILWIIGTEGAGVVGLGIETLLFMVLDVTAKVGFGFILLR  
Aop/H.x.     VDALMIVTGLIGALSHTPLYTWWLFSTICMIVVLYTFNTLTALVLVLWTAYPILWIVGTEGAGVVGLGIETLLFMVLDVTAKVGFGFILLR  
Br/H.l.      LDVFMIGTGTIAAFAATPGIAWWGISTGALLVLLYLFSTLRNLLIVLWLLYPVVWILGTEGFGILPLYWETAAFMILDLSAKVGFGVLLLR  
Bop/Ht.sp.   LDVFMIGTGAIAALSSTPGIAWWAISTGALLALLYLFGRLRNLVIALWFLYPVVWILGTEGFGILPLYWETAAFMVLDLSAKVGFGVILLQ  
Cop2/H.sp.   LDVLMIGTGALATLSAGSGLVWWGISTGFLLVLLYKFSTLRNLVLVLWLVYPVLWLVGTEGLGLVGLPIETAAFMVLDLTAKIGFGIILLQ  
Bop/H.m.     LDVLMIGTGVVATLSAGSGLVWWGISTAFLLVLLYTFKTLRNLVTVVWLVYPVWWLVGSEGLGLVGIGIETAGFMVIDLVAKVGFGIILLR  
Cop/H.j.     LDVLMIGTGLVATLSAGSGLVWWGISTAFLLVLLYTFKTLRNLVTVVWLVYPVWWLIGTEGLGLVGIGIETAGFMVIDLTAKVGFGIILLR  
Cop3/Ha.v.   LDVLMIGTGLVATLSAGSGLVWWGISTAFLLVLLYTFKTLRNLVTVVWLVYPVWWLVGTEGIGLVGIGIETAGFMVIDLVAKVGFGIILLR  
Sop2/H.s.    ADVFVIAAGIAAALTTGVQWLFFAVGAAGYAALLYLFVTLRNITVVLWTLYPVVWLLSPAGIGILQTEMYTIVVVYLDFISKVAFVAFAVL  
Pr/H.sp.     VDVVVIAGGVTGAATGGAVWAAFAVGGGAYLALVYVFGTLRNITVVLWTLYPVVRLLAPTGFGLLTSATEMLVFVYLDIVSKVGFVVIAVA  
Sop2/Ha.v.   LQALTIVFGFAGAVTPSPVYALFAVGGALFGGVIYLYRTLRNFVVVLWLVYPVVWLLGAAGVGLMDVETATLVVVYLDVVTKVGFGVIALL  
Sop2/N.p.    LNTVVMLAGFAGAMVPGIEYALFGMGAVAFLGLVYLYVRLRNLTVILWAIYPFIWLLGPPGVALLTPTVDVALIVYLDLVTKVGFGFIALD  
 
 
 



Supplemental Figure S6. Trimmed alignment of 45 rhodopsin-related proteins from green algae, fungi, cyanobacteria, 

cryptomonads, and halobacteria. 
 

Alignment of protein sequences was done using the MUltiple Sequence Comparison by Log-Expectation program 

(MUSCLE) (Edgar, 2004). Minor manual optimization of alignments, trimming, and management of multi-aligned data 

was done with BioEdit v7.0.9 (Hall, 1999). Investigated rhodopsins and source organisms are as follows: VChR1/V.c., 

channelrhodopsin-1, Volvox carteri; VChR2/V.c., channelrhodopsin-2, Volvox carteri; ChR1/C.r., channelrhodopsin-1, 

Chlamydomonas reinhardtii; ChR2/C.r., channelrhodopsin-2, Chlamydomonas reinhardtii; Br/G.v., bacterioopsin, 

Gloeobacter violaceus; Ops2/G.t., opsin-2, Guillardia theta; Ops1/G.t., opsin-1, Guillardia theta; Ops/Cry.sp., opsin, 

Cryptomonas sp.; Nop-1/N.c., opsin-1, Neurospora crassa; Hop/S.r., halorhodopsin, Salinibacter ruber; ChoP3/Ha.v., 

cruxhalorhodopsin-3, Haloarcula vallismortis; Hop/H.m., halorhodopsin, Haloarcula marismortui; Hop/N.p., 

halorhodopsin, Natronomonas pharaonis; Hop/H.sp., halorhodopsin, Halobacterium sp.; Hop/Hr.sod., halorhodopsin, 

Halorubrum sodomense; Hopa/Ht.sp., halorhodopsin, Haloterrigena sp.; Hopb/Ht.sp., halorhodopsin, Haloterrigena sp.; 

Hop/H.s., halorhodopsin, Halobacterium salinarum; Hop/H.w., halorhodopsin, Haloquadratum walsbyi; Br/N.sp., 

bacteriorhodopsin, Nostoc sp.; Xop2/H.m., opsin, Haloarcula marismortui; Sop1/H.sp., sensory rhodopsin-1, 

Halobacterium sp.; Sop/Hr.sod., rhodopsin, Halorubrum sodomense; Sop1/H.s., sensory rhodopsin-1, Halobacterium 

salinarum; Csr3/Ha.v., bacterial rhodopsin, Haloarcula vallismortis; Sria/S.r., sensory rhodopsin a, Salinibacter ruber; 

Srib/S.r., sensory rhodopsin b, Salinibacter ruber; BopII/H.w., bacteriorhodopsin II, Haloquadratum walsbyi; BopI/H.w., 

bacteriorhodopsin I, Haloquadratum walsbyi; Xop1/H.m., bacteriorhodopsin, Haloarcula marismortui; Bop/H.s., 

bacteriorhodopsin, Halobacterium salinarum; Ar2/H.sp., archaerhodopsin-2, Halobacterium sp.; Ar3/Hr.sod., 

archaerhodopsin-2, Halorubrum sodomense; Ar1/H.sp., archaerhodopsin-1, Halobacterium sp.; Aop/H.x., 

archaerhodopsin, Halorubrum xinjiangense; Br/H.l., bacteriorhodopsin, Halobiforma lacisalsi; Bop/Ht.sp., 

bacteriorhodopsin, Haloterrigena sp.; Cop2/H.sp., cruxrhodopsin-2, Haloarcula sp.; Bop/H.m., bacteriorhodopsin, 

Haloarcula marismortui; Cop/H.j., cruxrhodopsin, Haloarcula japonica; Cop3/Ha.v., cruxrhodopsin-3, Haloarcula 

vallismortis; Sop2/H.s., sensory rhodopsin-2, Halobacterium salinarum; Pr/H.sp., phoborhodopsin, Halobacterium sp.; 

Sop2/Ha.v., sensory rhodopsin-2, Haloarcula vallismortis; Sop2/N.p., sensory rhodopsin-2, Natronomonas pharaonis. 
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Supplemental Figure S7. Multiple alignment of the con1, con2 and con3 regions of the 

channelrhodopsins from Volvox and Chlamydomonas. Conserved amino acid residues were 

shaded with similarity groups enabled. White letters on black background represent residues 

conserved in 100% of the sequences at the corresponding position; residues seen in white letters on 

gray background are conserved in >60% of the sequences. 



Supplemental Table S1. Sequence comparison of VChR1 and VChR2 to related rhodopsins. 

    Comparison to VChR1 Comparison to VChR2 

Gene product Species Group Acc.No. Percent 

identity* 

Percent 

similarity* 

E-value Percent 

identity* 

Percent 

similarity* 

E-value 

channelrhodopsin-1 Volvox carteri  green  

algae 

EU285658 100% 

(837/837) 

100% 

(837/837) 

0.0 63% 

(335/530) 

77% 

(412/530) 

0.0 

channelrhodopsin-2 Volvox carteri green 

algae 

EU285660 62% 

(331/526) 

77% 

(410/526) 

0.0 100% 

(747/747) 

100% 

(747/747) 

0.0 

channelrhodopsin-1 Chlamydomonas 

reinhardtii 

green 

algae 

AF508965 66% 

(328/496) 

80% 

(397/496) 

0.0 62% 

(328/522) 

77% 

(403/522) 

0.0 

channelrhodopsin-2 Chlamydomonas 

reinhardtii 

green 

algae 

AF508966 56% 

(300/532) 

70% 

(375/532) 

1e-177 60% 

(325/534) 

73% 

(393/534) 

0.0  

bacterioopsin Gloeobacter 

violaceus 

cyano-

bacteria 

NP_923144 25% 

(42/164) 

45% 

(75/164) 

5e-10 30% 

(46/152) 

49% 

(75/152) 

4e-13 

bacteriorhodopsin Nostoc sp. cyano-

bacteria 

BAB74864      34% 

(16/47) 

53% 

(25/47) 

6e-05 30% 

(12/39) 

56% 

(22/39) 

6e-04 

opsin-2 Guillardia theta crypto- 

monads 

 ABA08438 22% 

(32/141) 

48% 

(68/141) 

6e-06 20% 

(33/163) 

49% 

(81/163) 

5e-05 

opsin-1 Guillardia theta crypto- 

monads 

 ABA08437 25% 

(38/148) 

50% 

(74/148) 

4e-08 25% 

(43/170) 

44% 

(76/170) 

4e-07 

opsin Cryptomonas sp. crypto- 

monads 

ABA08439 24% 

(34/141) 

47% 

(67/141) 

7e-09 25% 

(38/149) 

48% 

(73/149) 

1e-09 

opsin-1 Neurospora crassa fungi AF135863 47% 

(9/19) 

57% 

(11/19) 

0.43 26% 

(42/158) 

46% 

(74/158) 

0.024 

halorhodopsin Salinibacter ruber haloarch. 

(Cl-) 

YP_446872 23% 

(35/150) 

42% 

(64/150) 

4e-08 22% 

(33/149) 

44% 

(67/149) 

2e-06 

cruxhalorhodopsin-3 Haloarcula 

vallismortis 

haloarch. 

(Cl-) 

P94853 26% 

(40/151) 

47% 

(72/151) 

7e-07 27% 

(44/159) 

47% 

(75/159) 

8e-09 

halorhodopsin Haloarcula 

marismortui 

haloarch. 

(Cl-) 

YP_136278 26% 

(40/151) 

47% 

(71/151) 

6e-08 28% 

(45/160) 

45% 

(73/160) 

7e-08 

halorhodopsin Natronomonas 

pharaonis 

haloarch. 

(Cl-) 

P15647    38% 

(19/49) 

65% 

(32/49) 

9e-05 23% 

(38/160) 

43% 

(70/160) 

1e-04 

halorhodopsin Halobacterium sp. haloarch. 

(Cl-) 

CAA49773 24% 

(38/157) 

45% 

(72/157) 

1e-05 22% 

(38/166) 

43% 

(73/166) 

5e-08 

halorhodopsin Halorubrum 

sodomense 

haloarch. 

(Cl-) 

O93742 25% 

(40/157) 

45% 

(72/157) 

2e-06 23% 

(36/155) 

45% 

(70/155) 

1e-08 

halorhodopsin Haloterrigena sp. haloarch. 

(Cl-) 

 O93741   23% 

(36/152) 

46% 

(71/152) 

1e-07 23% 

(33/143) 

46% 

(66/143) 

3e-07 

halorhodopsin Haloterrigena sp. haloarch. 

(Cl-) 

BAA75201 23% 

(36/152) 

46% 

(71/152) 

2e-07 23% 

(33/143) 

46% 

(66/143) 

5e-07 

halorhodopsin Halobacterium 

salinarum 

haloarch. 

(Cl-) 

P16102 23% 

(43/181) 

42% 

(77/181) 

5e-07 22% 

(42/185) 

42% 

(78/185) 

3e-06 



halorhodopsin Haloquadratum 

walsbyi 

haloarch. 

(Cl-) 

YP_658762 26% 

(40/153) 

46% 

(71/153) 

4e-06 24% 

(37/150) 

47% 

(71/150) 

3e-07 

opsin Haloarcula 

marismortui 

haloarch. 

(SR) 

YP_135281  21% 

(31/142) 

45% 

(64/142) 

5e-07 23% 

(36/156) 

44% 

(69/156) 

9e-09 

sensory rhodopsin-1 Halobacterium sp. haloarch. 

(SR) 

P33743 25% 

(37/147) 

53% 

(78/147) 

1e-09 25% 

(39/154) 

49% 

(76/154) 

7e-11 

rhodopsin Halorubrum 

sodomense 

haloarch. 

(SR) 

O93743 26% 

(40/152) 

48% 

(74/152) 

6e-09 26% 

(41/155) 

48% 

(75/155) 

3e-11 

sensory rhodopsin-1 Halobacterium 

salinarum 

haloarch. 

(SR) 

P25964 26% 

(39/147) 

51% 

(75/147) 

6e-12 26% 

(52/198) 

46% 

(93/198) 

3e-13 

bacterial rhodopsin Haloarcula 

vallismortis 

haloarch. 

(SR) 

Q48334    25% 

(38/148) 

50% 

(74/148) 

1e-09 28% 

(42/148) 

47% 

(71/148) 

6e-10 

sensory rhodopsin a Salinibacter ruber haloarch. 

(SR) 

YP_446609    26% 

(40/149) 

44% 

(67/149) 

6e-04 23% 

(29/124) 

42% 

(53/124) 

0.017 

sensory rhodopsin b Salinibacter ruber haloarch. 

(SR) 

YP_446677 40% 

(8/20) 

70% 

(14/20) 

0.007 25% 

(39/155) 

42% 

(66/155) 

1e-04 

sensory rhodopsin-2 Halobacterium 

salinarum 

haloarch. 

(SR) 

P71411 27% 

(42/151) 

48% 

(73/151) 

3e-09 31% 

(48/151) 

52% 

(79/151) 

1e-12 

phoborhodopsin    Halobacterium sp. haloarch. 

(SR) 

BAB86796  32% 

(12/37) 

56% 

(21/37) 

0.003 37% 

(14/37) 

59% 

(22/37) 

3e-05 

sensory rhodopsin-2 Haloarcula 

vallismortis 

haloarch. 

(SR) 

P42197 27% 

(42/155) 

45% 

(71/155) 

9e-09 25% 

(40/155) 

50% 

(79/155) 

2e-10 

sensory rhodopsin-2 Natronomonas 

pharaonis 

haloarch. 

(SR) 

P42196 25% 

(35/140) 

46% 

(65/140) 

9e-06 26% 

(38/146) 

45% 

(67/146) 

2e-07 

bacteriorhodopsin II Haloquadratum 

walsbyi 

haloarch. 

(H+) 

YP_656804 25% 

(41/158) 

43% 

(69/158) 

4e-07 22% 

(37/162) 

46% 

(75/162) 

1e-07 

bacteriorhodopsin I Haloquadratum 

walsbyi 

haloarch. 

(H+) 

YP_656801  31% 

(46/148) 

47% 

(71/148) 

4e-11 27% 

(43/158) 

49% 

(78/158) 

5e-11 

bacteriorhodopsin Haloarcula 

marismortui 

haloarch. 

(H+) 

YP_136594   32% 

(47/144) 

48% 

(70/144) 

3e-09 28% 

(46/164) 

43% 

(71/164) 

3e-08 

bacteriorhodopsin Halobacterium 

salinarum 

haloarch. 

(H+) 

  P02945   20% 

(35/168) 

35% 

(60/168) 

2e-04 20% 

(36/174) 

37% 

(65/174) 

3e-05 

archaerhodopsin-2 Halobacterium sp. haloarch. 

(H+) 

P29563    26% 

(42/159) 

45% 

(73/159) 

8e-06 27% 

(12/43) 

60% 

(26/43) 

0.002 

archaerhodopsin-2   Halorubrum 

sodomense     

haloarch. 

(H+) 

P96787      27% 

(41/151) 

46% 

(70/151) 

3e-05 28% 

(13/46) 

58% 

(27/46) 

9e-04 

archaerhodopsin-1 Halobacterium sp. haloarch. 

(H+) 

J05165 26% 

(40/151) 

46% 

(70/151) 

5e-05 28% 

(13/46) 

58% 

(27/46) 

8e-04 

archaerhodopsin Halorubrum 

xinjiangense   

haloarch. 

(H+) 

AAS15567   26% 

(40/151) 

46% 

(70/151) 

6e-05 28% 

(13/46) 

58% 

(27/46) 

0.001 

bacteriorhodopsin Halobiforma 

lacisalsi 

haloarch. 

(H+) 

AAU04564   42% 

(6/14) 

64% 

(9/14) 

0.006 28% 

(45/156) 

46% 

(73/156) 

6e-05 

bacteriorhodopsin Haloterrigena sp.  haloarch. 

(H+) 

O93740   32% 

(50/156) 

48% 

(76/156) 

2e-07 29% 

(47/157) 

49% 

(78/157) 

2e-07 



 

 

* The number of identical or similar amino acid residues as well as the total number of residues is given in parentheses. 

haloarch., haloarchaea; SR, sensory rhodopsin; Cl-, chloride pump; H+, proton pump. 

   

 

 

cruxrhodopsin-2 Haloarcula sp. haloarch. 

(H+) 

AAB32951   38% 

(17/44) 

59% 

(26/44) 

3e-05 34% 

(16/46) 

60% 

(28/46) 

5e-05 

bacteriorhodopsin Haloarcula 

marismortui 

haloarch. 

(H+) 

YP_137573    25% 

(38/152) 

45% 

(69/152) 

7e-05 22% 

(46/206) 

44% 

(92/206) 

1e-06 

cruxrhodopsin Haloarcula japonica haloarch. 

(H+) 

BAA81816   37% 

(16/43) 

60% 

(26/43) 

1e-04 24% 

(37/152) 

45% 

(69/152) 

1e-05 

cruxrhodopsin-3 Haloarcula 

vallismortis 

haloarch. 

(H+) 

P94854 37% 

(16/43) 

62% 

(27/43) 

4e-05 24% 

(37/152) 

46% 

(70/152) 

7e-06 



> VChR1/V.c. 

YCEGWLWVVFALSVACLGWYAYQAWRATCGWEEVYVALIEMMKSIIEAFHEFDSPATLWL 

SSGNGVVWMRYGEWLLTCPVLLIHLSNLTDYSKRTMGLLVSDVGCIVWGATSAMCTGWTI 

LFFLISLSYGMYTYFLVRVMAWTFFVAWGMFPVLFLLGTEGFGHISPYGSAIGHSILDLI 

AKNMWGVLYLR 

 

> VChR2/V.c. 

FCMKWLWAAFALSVIILIYYAYATWRTTCGWEEVYVCCVELTKVVIEFFHEFDEPGMLYL 

ANGNRVLWLRYGEWLLTCPVILIHLSNLTDYNKRTMRLLVSDVGTIVWGATAAMSTGYIV 

IFFLLGCMYGANTFFLVRAMAWLFFVSWGMFPVLFLLGPEGFGHLSVYGSTIGHTIIDLL 

SKNCWGLLFLR 

 

> ChR1/C.r. 

FCLAWLWITFALSALCLMFYGYQTWKSTCGWEEIYVATIEMIKFIIEYFHEFDEPAVIYS 

SNGNKTVWLRYAEWLLTCPVILIHLSNLTDYNKRTMGLLVSDIGTIVWGTTAALSKGYVV 

IFFLMGLCYGIYTFFLVRYLAWLYFCSWAMFPVLFLLGPEGFGHINQFNSAIAHAILDLA 

SKNAWSMMFLR 

  

> ChR2/C.r. 

YCAGWIWLAAGFSILLLMFYAYQTWKSTCGWEEIYVCAIEMVKVILEFFFEFKNPSMLYL 

ATGHRVQWLRYAEWLLTCPVILIHLSNLTDYSRRTMGLLVSDIGTIVWGATSAMATGYVV 

IFFCLGLCYGANTFFVVTGMAWLFFVSWGMFPILFILGPEGFGVLSVYGSTVGHTIIDLM 

SKNCWGLLYLR 

 

> Br/G.v. 

SVSDSLSFAIAAMFASALFFFS-AQALVGQRYRLALLVSAIVVSIYHYFRIFNSAAYVLE 

NGVKFNDAYRYVDWLLTVPLLLVETVAVLKEARPLLKLTVASVLMIATGYPGEISDDITI 

IWGTVSTIPFAYILYLVRNMRWLLLLSWGVYPIAYLLPMLGSGTSAAVGVQVGYTIADVL 

AKPVFGLLVF- 

 

> Ops2/G.t. 

SGAIFDVLAWIALLFTALFMAFKAVNA-DPVVRKFYYINAFVCGVFSYFAMISGMGWETI 

MGCRQMFYVRYIDWFITTPLMILNIGLLAGEEQWMIAIMGADMGMIFAGYMGSVALVPTW 

LWFVIGLVVYIPVVILYGKVSLLTVVSWSVYPFVWLLSV-GTGGLGVSAESILYALLDVT 

SKCFFSFM--- 



> Ops1/G.t. 

TGVGALTITFLILAVST--IIFITRVGPATSQKVYYYCNVFICGLMSYFAMLSGQGWTAV 

AGCRQFFYARYVDWTITTALIILELGLIAGAEPALIGVMGADVIMIVGGYLGTVSIVTTW 

FWFVISMALFVVVLYVYGRLAWLTIVSWIFYPVVWLF-SDGFASFSVSFEVCAYSILDIA 

SKAIFGFMVMS 

 

> Ops/Cry.sp. 

TGIGGLTLGFLALTVTTVVMVAKAANA-DPERRKYYFCNTFICGIFAYFAMLSGQGWTAI 

SGCRQFFYAHYVDWLLTTPLIILNLGLIAGQDYVTIAVCGADVLMIISGYMASVSVVTTW 

FWYLFGIGMFLPIIYLYGKVAWLTIIIWCFYPIVWLF-SQGFASFSVSFETVAITIMDVI 

AKCVFSFMIIA 

 

> Nop-1/N.c. 

PTPTEYWVTFALMVLSSGIFALLSWNVPTSK-RLFHVITTLITVVLSYFAMATG-HATTF 

NCDRQVFWGRYVDWALTTPLLLLELCLLAGVDGAHTMAIVADVIMVLCGLFAALGEGGNW 

GWYTIGCFSYLFVIWLFTGLAVFALLLWTAYPIIW--GIAGARRTNVDTEILIYTVLDLL 

AKPVFGFWLLL 

 

> Hop/S.r. 

ALASSIYVNIALAGLTIIVIAVMSRSIHDSRAKLITMSTLMISVVSSYMGLASGIDPLVM 

PEGVLSLWGRYLTWAFSTPFILLALGLLARSTTDKISAIVLDVFMCLTGLAAALTTSSHW 

LWYALSTAFFVGVLYIFSTLQWMTIVLWIGYPVVWALGNEGLALLEVGATSWAYSGLDIF 

AKYAFTIILVL 

 

> ChoP3/Ha.v. 

LLNSSLWVNIALAGVVILLFVAMGRELESSRAKLIWVATMLVPLVSSYAGLASGVGFLQM 

PPGVLSPWGRYLTWTFSTPMILLALGLLADTDMASLTAITMDIGMCITGLAAALVTSSHW 

VFYGISCAFFIAVLYIFGTLKLLTVVLWLGYPILWALGSEGVALLSVGVTSWGYSGLDIL 

AKYVFAFLLLR 

 

> Hop/H.m. 

LLNSSIWVNIALAGVVILLFVAMGRDLESPRAKLIWVATMLVPLVSSYAGLASGVGFLQM 

PPGVLSPWGRYLTWTFSTPMILLALGLLADTDIASLTAITMDIGMCVTGLAAALITSSHW 

VFYGISCAFFVAVLYIFGTLKILTVVLWLGYPILWALGSEGVALLSVGVTSWGYSGLDIL 

AKYVFAFLLLR 



> Hop/N.p. 

LLASSLYINIALAGLSILLFVFMTRGLDDPRAKLIAVSTILVPVVASYTGLASGISVLEM 

PAGVVTMWGRYLTWALSTPMILLALGLLAGSNATKLTAITFDIAMCVTGLAAALTTSSHW 

FWYAISCACFLVVLYMFNTLKLLTVVMWLGYPIVWALGVEGIAVLPVGVTSWGYSFLDIV 

AKYIFAFLLLN 

 

> Hop/H.sp. 

LLASSLWINIALAGLSILLFVYMGRNVEDPRAQLIFVATLMVPLVSSYTGLVSGVSFLEM 

PAGVLTPWGRYLTWALSTPMILIAVGLLAGSNTTKLTAVVADIGMCVTGLAAALTTSSYW 

VWYAISCAFFVVVLYIFNTLKVLTVVLWLGYPIFWALGAEGLAVLDVAITSWAYSGMDIV 

AKYLFAFLLLR 

 

> Hop/Hr.sod. 

LLASSLWINIALAGLSILLFVYMGRNLEDPRAQLIFVATLMVPLVSSYTGLVSGVSFLEM 

PAGVLTPWGRYLTWALSTPMILVALGLLAGSNATKLTAVTADIGMCVTGLAAALTTSSYW 

VWYVISCAFFVVVLYIFNTLKLLTVVLWLGYPIFWALGAEGLAVLDVAVTSWAYSGMDIV 

AKYLFAFLLLR 

 

> Hopa/Ht.sp. 

LLHSSLWVNIALAGLSILVFLYMARTVRANRARLIVGATLMIPLVSSYLGLVTGAGPIEM 

PAAVLSQWGRYLTWTLSTPMILLALGWLAEVDTADLVVIAADIGMCLTGLAAALTTSSYW 

AFYLVSTAFFVVVLYIFGTLRWLTVILWLGYPILWALGVEGFALVSVGLTSWGYSLLDIG 

AKYLFAALLLR 

 

> Hopb/Ht.sp. 

LLHSSLWVNIALAGLSILVFLYMARTVRANRARLIVGATLMIPLVSSYLGLVTGAGPIEM 

PAAVLSQWGRYLTWTLSTPMILLALGWLAEVDTADLVVIAADIGMCLTGLAAALTTSSYW 

AFYLVSTAFFVVVLYIFGTLRWLTVILWLGYPILWALGVEGFALVSVGLTSWGYSLLDIG 

AKYLFAALLLR 

 

> Hop/H.s. 

LLSSSLWVNVALAGIAILVFVYMGRTIRPGRPRLIWGATLMIPLVSSYLGLLSGVGMIEM 

PAGVRSQWGRYLTWALSTPMILLALGLLADVDLGSLTVIAADIGMCVTGLAAAMTTSALW 

AFYAISCAFFVVVLSIFDTLRVLTVVLWLGYPIVWAVGVEGLALVSVGVTSWAYSVLDVF 

AKYVFAFILLR 



> Hop/H.w. 

LLSSSLWVNIALAGLSILLFVYMGRNITSGRARLIWGATLMIPLVSSYLGLASGVGFIEM 

PAGVMSQWGRYLTWALSTPMILLALGVLADVDRGSLTVIAADIGMCVTGLGAALITSSYW 

AFYIISCTFFVVVLFIFSTLRLLTVVLWIGYPVIWAAGVEGFALISVGLTSWGYSGLDIL 

AKYAFSFLLLR 

 

> Br/N.sp. 

LESLLHWIYVAGMTIGALHFWSLSRNPRGVPQYEYLVA-MFIPIWLAYMAMAIDQGKVEA 

AGQ-IAHYARYIDWMVTTPLLLLSLSWTAKKDWTLIFLMSTQIVVITSGLIADLSERDWY 

LWYICGVCAFLIILWLYDKLVTYFTVLWIGYPIVWIIGPSGFGWINQTIDTFLFCLLPFF 

SKVGFSFLDLH 

 

> Xop2/H.m. 

QEIVWYGAGAGAFFVSAVVFVWFAATRGNIRSSFYYLPPIHTS-VAAYVAMAL-IAGGQL 

GDTVSITTLRFADWIVSTPIITYYLARLAGVDTQTRLAVAANVVMIGVGYGFVSMSGSLW 

IAFAVSTVAFIGLLYLFQSLRDLTVVTWSLYPVVYFLGPLGTGIIQAPDLNFLVAVLDTI 

AKVGFMSILLV 

 

> Sop1/H.sp. 

AVSAAYWIAAVAFLVGLGITAALYAKLGESEDRGRLAALAVIPGFLAYAGMALGIGTVTV 

NGA-ELVGLRYVDWIVTTPLLVGFIGYVAGASRRAIGVMLADALMIAFGAGAVVTGGTLW 

VLFGVSSIFHVTLFALFSLLKNHVGLLWLAYPFVWLMGPAGIGFTTGVGAALTYAFLDVL 

AKVPYVYFFYA 

 

> Sop/Hr.sod. 

AVTSAYWLAAVAFLIGVGITAALYAKLEGSRARTRLAALAVIPGFLSYVGMALGIGTVTV 

NGA-ELVGLRYVDWVVTTPLLVGFIGYNAGASRRAIGVMIADALMIVFGAAAVVSGGTLW 

ALFGVSALFHVSLFALFSLLKNHVGLLWLAYPFVWLMGPAGIGFTGAVGAALTYAFLDVL 

AKVPYVYFFYA 

 

> Sop1/H.s. 

AVATAYLGGAVALIVGVAFVWLLYRSLDGSPHQSALAPLAIIPVFLSYVGMAYDIGTVIV 

NGN-QIVGLRYIDWLVTTPILVGYVGYAAGASRRSIGVMVADALMIAVGAGAVVTDGTLW 

ALFGVSSIFHLSLFALFNLLKNHIGLLWLAYPLVWLFGPAGIGEATAAGVALTYVFLDVL 

AKVPYVYFFYA 



> Csr3/Ha.v. 

AVAVVYGITAAGFAVGVAIVGYLYASLEGSEERSILAALALIPGFISYVAMAFGIGTVTI 

GET-TLVGFRYLDWVVTTPLLVGFVGYAAGASRRAIGVMVADALMILTGVGAVVADGTLW 

VLFGVSTVFHVSLFALFSLLKNHIGLLWIAYPLVWLAGPEGLGLATYVGVSITYAFLDLL 

AKVPYVYFFYA 

 

> Sria/S.r. 

PITIVYIIGTLGMLVGI----PPALSLVGDEVGLDFDYVWAIPGIFMYLLMTFDVGSVQF 

QGY-HVPIPRYIDWALTTPLLVGYTAYIAGASRGMIGTALADFMMIVFGLGAVVFSSTAW 

VFFGLSSACHLTLLALARLLLNYVGLLWLAYPLVWLFGP-GLQWVDAAGIAVIISYLDVT 

AKVPFVYFIYR 

 

> Srib/S.r. 

ATTIVLMLGTAGMLFGI----PPCLRLLDMEADGHFGYLLLIPGFLMYALMTFGVGTQTF 

QGQ-TVPLLRYLDWLVTTPIMIGYAAYVAGTSKRGIGAALVDAVMIGLGTAAVVTAPPTW 

IFFGLAALCHLVLLGLARLLVNHTGLLWITYPVVWVFGP-GLQLISATGVSIMIMYMDVL 

AKVPFVYFVYR 

 

> BopII/H.w. 

SEATWLWIGTIGMVLGTVYFAVRGRGSTDPEQQTYYIITTLIPAIAAYLAMATGLGVISM 

PIRIDIYWARYADWLLTTPLLIIDLALVAGARKQTLKLIIIDAIMILGGLAGSMMQQGAI 

VWWAVSTAAFIILLYVFNRLRNITLGLWALYPIVWILGTGGFGIIAVTTEIMLYVMLDIG 

TKIGFGAVLLE 

 

> BopI/H.w. 

GEGIWLALGTIGMLLGMLYFIADGLDVQDPRQKEFYVITILIPAIASYLSMFFGFGLTEV 

SLAVDVYWARYADWLFTTPLLLLDIGLLAGASQRDIALVGIDAFMIVTGLVATLTKVVVY 

AFWTISTISMVFLLYTFNALRNIILVTWAIYPVAWLVGTEGLALTGLYGETLLFMVLDLV 

AKVGFGFILLR 

 

> Xop1/H.m. 

GEGIWLALGTVGMLLGMVYFMAKGWDVQDPEQEEFYVITILIAGISSYLSMFFGFGLTEV 

ELVIDVYWARYADWLFTTPLLLLDIGLLAGASNRDMSLITIDAFMIVTGLAATLMKVPVY 

AFWTISTIAMLFVLYTFNVLRNIILVAWAIYPVAWLVGTEGLGLVGLFGETLLFMILDLT 

AKIGFGFILLR 



> Bop/H.s. 

PEWIWLALGTALMGLGTLYFLVKGMGVSDPDAKKFYAITTLVPAITMYLSMLLGYGLTMV 

PFGNPIYWARYADWLFTTPLLLLDLALLVDADQGTIALVGADGIMIGTGLVGALTKVYSF 

VWWAISTAAMLYILYTFKVLRNVTVVLWSAYPVVWLIGSEGAGIVPLNIETLLFMVLDVS 

AKVGFGLILLR 

 

> Ar2/H.sp. 

PETLWLGIGTLLMLIGTFYFIARGWGVTDKEAREYYAITILVPGIAAYLAMFFGIGVTEV 

ELALDIYYARYADWLFTTPLLLLDLALLAKVDRVTITLIGVDALMIVTGLIGALSKTPLY 

TWWLFSTIAFLFVLYTFNTLTALVAVLWTAYPILWIVGTEGAGVVGLGIETLAFMVLDVT 

AKVGFGFVLLR 

 

> Ar3/Hr.sod. 

PETLWLGIGTLLMLIGTFYFLVRGWGVTDKDAREYYAVTILVPGIAAYLSMFFGIGLTEV 

TVGLDIYYARYADWLFTTPLLLLDLALLAKVDRVTITLVGVDALMIVTGLIGALSHTAIY 

SWWLFSTICMIVVLYTFNTLTALVLVLWTAYPILWIIGTEGAGVVGLGIETLLFMVLDVT 

AKVGFGFILLR 

 

> Ar1/H.sp. 

PETLWLGIGTLLMLIGTFYFIVKGWGVTDKEAREYYSITILVPGIAAYLSMFFGIGLTEV 

QVGLDIYYARYADWLFTTPLLLLDLALLAKVDRVSITLVGVDALMIVTGLVGALSHTPLY 

TWWLFSTICMIVVLYTFNTLTALVLVLWTAYPILWIIGTEGAGVVGLGIETLLFMVLDVT 

AKVGFGFILLR 

 

> Aop/H.x., Aopbd1_H.x. 

PETLWLGIGTLLMLIGTFYFIVKGWGVTDKEAREYYSITILVPGIAAYLSMFFGIGLTEV 

QVGLDIYYARYADWLFTTPLLLLDLALLAKVDRVSITLVGVDALMIVTGLIGALSHTPLY 

TWWLFSTICMIVVLYTFNTLTALVLVLWTAYPILWIVGTEGAGVVGLGIETLLFMVLDVT 

AKVGFGFILLR 

 

> Br/H.l. 

PESLWLWVGTIGMTLGTLYFLGRGRGVRDPKMQQFYIITIFVTTIAMYFAMATGFGVTEV 

TVGLTIYWARYADWIFTTPLLLLDLALLAGANRNTITLLGLDVFMIGTGTIAAFAATPGI 

AWWGISTGALLVLLYLFSTLRNLLIVLWLLYPVVWILGTEGFGILPLYWETAAFMILDLS 

AKVGFGVLLLR 



> Bop/Ht.sp. 

PESIWLWIGTIGMTLGTLYFVGRGRGVRDRKMQEFYIITIFITTIAMYFAMATGFGVTEV 

MVGLTIYWARYADWLFTTPLLLLDLSLLAGANRNTITLIGLDVFMIGTGAIAALSSTPGI 

AWWAISTGALLALLYLFGRLRNLVIALWFLYPVVWILGTEGFGILPLYWETAAFMVLDLS 

AKVGFGVILLQ 

 

> Cop2/H.sp. 

GESIFLWVGTAGMFLGMLYFIARGWSVSDQRRQKFYIATIMIAAIVNYLSMALGFGVTTI 

ELGRAIYWARYTDWLFTTPLLLYDLALLAGADRNTISLVGLDVLMIGTGALATLSAGSGL 

VWWGISTGFLLVLLYKFSTLRNLVLVLWLVYPVLWLVGTEGLGLVGLPIETAAFMVLDLT 

AKIGFGIILLQ 

 

> Bop/H.m. 

SEGIWLWLGTAGMFLGMLYFIARGWGETDGRRQKFYIATILITAIVNYLAMALGFGLTFI 

EFGHPIYWARYTDWLFTTPLLLYDLGLLAGADRNTISLVSLDVLMIGTGVVATLSAGSGL 

VWWGISTAFLLVLLYTFKTLRNLVTVVWLVYPVWWLVGSEGLGLVGIGIETAGFMVIDLV 

AKVGFGIILLR 

 

> Cop/H.j. 

SEAIWLWLGTAGMFLGMLYFIGRGWGETDSRRQKFYIATILITAIVNYLAMALGFGLTIV 

EFAHPIYWARYSDWLFTTPLLLYDLGLLAGADRNTISLVSLDVLMIGTGLVATLSAGSGL 

VWWGISTAFLLVLLYTFKTLRNLVTVVWLVYPVWWLIGTEGLGLVGIGIETAGFMVIDLT 

AKVGFGIILLR 

 

> Cop3/Ha.v. 

GEAIWLWLGTAGMFLGMLYFIARGWGETDSRRQKFYIATILITAIVNYLAMALGFGLTIV 

EIARPIYWARYSDWLFTTPLLLYDLGLLAGADRNTISLVSLDVLMIGTGLVATLSAGSGL 

VWWGISTAFLLVLLYTFKTLRNLVTVVWLVYPVWWLVGTEGIGLVGIGIETAGFMVIDLV 

AKVGFGIILLR 

 

> Sop2/H.s. 

ALTTWFWVGAVGMLAGTVLPI--RDCIRHPSHRRYDLVLAGITGLIAYTTMGLGITATTV 

GDR-TVYLARYIDWLVTTPLIVLYLAMLARPGHRTSWLLAADVFVIAAGIAAALTTGVQW 

LFFAVGAAGYAALLYLFVTLRNITVVLWTLYPVVWLLSPAGIGILQTEMYTIVVVYLDFI 

SKVAFVAFAVL 



> Pr/H.sp. 

DTTVWAWIGALAMGAGTLWAWLSGSSATDESHGVYYGTLAGVTGVLAYLAMALGVGTLST 

AAG-ELEVVRYVDWLVTTPLILLYLGLLARPSRRVLGLIGVDVVVIAGGVTGAATGGAVW 

AAFAVGGGAYLALVYVFGTLRNITVVLWTLYPVVRLLAPTGFGLLTSATEMLVFVYLDIV 

SKVGFVVIAVA 

 

> Sop2/Ha.v. 

TITTWFTLGLLGELLGTAVLAY-GYTLVPEETRKRYLLLIAIPGIVAYALMALGFGSIQS 

EGH-AVYVVRYVDWLLTTPLNVWFLALLAGASREDTKLVVLQALTIVFGFAGAVTPSPVY 

ALFAVGGALFGGVIYLYRTLRNFVVVLWLVYPVVWLLGAAGVGLMDVETATLVVVYLDVV 

TKVGFGVIALL 

 

> Sop2/N.p. 

GLTTLFWLGAIGMLVGTLAFAWAGRDAGSGERR-YYVTLVGISGIVAYVVMALGVGWVPV 

AER-TVFAPRYIDWILTTPLIVYFLGLLAGLDSREFIVITLNTVVMLAGFAGAMVPGIEY 

ALFGMGAVAFLGLVYLYVRLRNLTVILWAIYPFIWLLGPPGVALLTPTVDVALIVYLDLV 

TKVGFGFIALD 

 

 

 

Supplemental Data Set S1. Trimmed sequences of 45 rhodopsin-related proteins from green algae, fungi, 

cyanobacteria, cryptomonads, and halobacteria corresponding to the alignment in Supplemental Figure S6. 

 

Source organisms: VChR1/V.c., channelrhodopsin-1, Volvox carteri; VChR2/V.c., channelrhodopsin-2, 

Volvox carteri; ChR1/C.r., channelrhodopsin-1, Chlamydomonas reinhardtii; ChR2/C.r., 

channelrhodopsin-2, Chlamydomonas reinhardtii; Br/G.v., bacterioopsin, Gloeobacter violaceus; 

Ops2/G.t., opsin-2, Guillardia theta; Ops1/G.t., opsin-1, Guillardia theta; Ops/Cry.sp., opsin, 

Cryptomonas sp.; Nop-1/N.c., opsin-1, Neurospora crassa; Hop/S.r., halorhodopsin, Salinibacter ruber; 

ChoP3/Ha.v., cruxhalorhodopsin-3, Haloarcula vallismortis; Hop/H.m., halorhodopsin, Haloarcula 

marismortui; Hop/N.p., halorhodopsin, Natronomonas pharaonis; Hop/H.sp., halorhodopsin, 

Halobacterium sp.; Hop/Hr.sod., halorhodopsin, Halorubrum sodomense; Hopa/Ht.sp., halorhodopsin, 

Haloterrigena sp.; Hopb/Ht.sp., halorhodopsin, Haloterrigena sp.; Hop/H.s., halorhodopsin, 

Halobacterium salinarum; Hop/H.w., halorhodopsin, Haloquadratum walsbyi; Br/N.sp., 

bacteriorhodopsin, Nostoc sp.; Xop2/H.m., opsin, Haloarcula marismortui; Sop1/H.sp., sensory 

rhodopsin-1, Halobacterium sp.; Sop/Hr.sod., rhodopsin, Halorubrum sodomense; Sop1/H.s., sensory 



rhodopsin-1, Halobacterium salinarum; Csr3/Ha.v., bacterial rhodopsin, Haloarcula vallismortis; 

Sria/S.r., sensory rhodopsin a, Salinibacter ruber; Srib/S.r., sensory rhodopsin b, Salinibacter ruber; 

BopII/H.w., bacteriorhodopsin II, Haloquadratum walsbyi; BopI/H.w., bacteriorhodopsin I, 

Haloquadratum walsbyi; Xop1/H.m., bacteriorhodopsin, Haloarcula marismortui; Bop/H.s., 

bacteriorhodopsin, Halobacterium salinarum; Ar2/H.sp., archaerhodopsin-2, Halobacterium sp.; 

Ar3/Hr.sod., archaerhodopsin-2, Halorubrum sodomense; Ar1/H.sp., archaerhodopsin-1, Halobacterium 

sp.; Aop/H.x., archaerhodopsin, Halorubrum xinjiangense; Br/H.l., bacteriorhodopsin, Halobiforma 

lacisalsi; Bop/Ht.sp., bacteriorhodopsin, Haloterrigena sp.; Cop2/H.sp., cruxrhodopsin-2, Haloarcula sp.; 

Bop/H.m., bacteriorhodopsin, Haloarcula marismortui; Cop/H.j., cruxrhodopsin, Haloarcula japonica; 

Cop3/Ha.v., cruxrhodopsin-3, Haloarcula vallismortis; Sop2/H.s., sensory rhodopsin-2, Halobacterium 

salinarum; Pr/H.sp., phoborhodopsin, Halobacterium sp.; Sop2/Ha.v., sensory rhodopsin-2, Haloarcula 

vallismortis; Sop2/N.p., sensory rhodopsin-2, Natronomonas pharaonis. 

 


