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Figure S1. (a—g) Normalised mean bleaching difference spectra (black circles) of visual pigments measured using
microspectrophotometry from emu photoreceptor outer segments. Difference spectra are overlayed with best-fit
rhodopsin (vitamin A1) templates (black line). (h) Histogram shows the spectral distribution of the wavelength of
maximum absorbance change (A.x) values for individual photoreceptor cell outer segments that were used to
generate the mean spectra. The A,.x value distribution of long-wavelength-sensitive (LWS) pigments includes
measurements from LWS single cones as well as both the principal and accessory members of double cones. UVS,
ultraviolet-sensitive; SWS, short-wavelength-sensitive; MWS, medium-wavelength-sensitive.
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Figure S2. Normalised mean spectral transmittance of the combined ocular media (cornea, aqueous humour and
lens) of the emu (n = 2 eyes from different birds). The wavelength at 0.5 normalised transmittance (Args) is 355 nm
and is indicated by the dashed line.
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Figure S3. Maximum Likelihood phylogenetic analysis of emu (Dromaius novaehollandiae) LWS, SWS1, SWS2, RH2
and RH1 visual opsins compared to orthologues present in other representative birds with Drosophila RH1 opsin
(GenBank accession no. X65877) as an outgroup (not shown). The degree of support for internal branching is
expressed as a percentage with the scale bar indicating the number of amino acid substitutions per site. The



sequences used for generating the tree are as follows: (1) RH1 opsin class: emu (Dromaius novaehollandiae),
KU568456; pigeon (Columba livia), AH0O07730; chicken (Gallus gallus), NM001030606; zebra finch (Taeniopygia
guttata), NM001076695; canary (Serinus canaria), AJ277926; crimson rosella (Platycercus elegans), KF134487; (2)
RH2 opsin class: emu (Dromaius novaehollandiae), KU568455; pigeon (Columba livia), AHO07731; chicken (Gallus
gallus), M92038; crimson rosella (Platycercus elegans), KF134489; canary (Serinus canaria), AJ277924; zebra finch
(Taeniopygia guttata), NM001076696; (3) SWS2 opsin class: emu (Dromaius novaehollandiae), KU568454; zebra
finch (Taeniopygia guttata), NM001076697; pigeon (Columba livia), AHO07799; chicken (Gallus gallus), NM205517;
crimson rosella (Platycercus elegans), KF134491; (4) SWS1 opsin class: emu (Dromaius novaehollandiae), KU568453;
crimson rosella (Platycercus elegans), KF134492; pigeon (Columba livia), AH007798; chicken (Gallus gallus),
NM205438; canary (Serinus canaria), A)277922; zebra finch (Taeniopygia guttata), NM001076704; and (5) LWS opsin
class: emu (Dromaius novaehollandiae), KU568452; crimson rosella (Platycercus elegans), KF134493; chicken (Gallus
gallus), NM205440; pigeon (Columba livia), AHO07800; canary (Serinus canaria), A1277925; zebra finch (Taeniopygia
guttata), NM001076702.



SW51 sequences

Zebra finch
Canary
Chicken
Pigeon
Rosalla

Emu

Zebra finch
Canary
Chicken
Pigeon
Rosella

Emu

Zebra finch
Canary
Chicken
Figeon
Rosella

Emua

Zebra finch
Canary
Chicken
Pigeon
Rosella

Emu

Zebra finch
Canary
Chicken
Pigeon
Rosella

Emu

Zebra finch
Canary
Chicken
Figeon
Rosella

Emu

FH2 sequences

Zebra finch
Canary
Chicken
Pigeon
Rosella

Em

Zebra finch
Canary
Chicken
Pigeon
Rogella
B

Zebra finch
Canary
Chicken
Pigeon
Rosalla

Em

Zebra finch
Canary
Chicken
Pigeon
Rosella

Brmt

Zebra finch
Canary
Chicken
Pigeon
Rosella
Em

Zebra finch
Canary
Chicken
Figeon
Rosella

Erm

H-DEEEFY LFKROSSVGPWDGEQYHI APMWAFY LOT IFMG LVEVAGTE LNAIVLIVTIKY
HM-DEEEFY LFENQSS VGPWDGFOYHT APMWAFY X0 T IFMGLVEVAGTE LNA IVLIVTVKY
MESDDDEY LF TRGEVPGEWDGEQYH AP PRAFY LO TAFMG I VE AVGTE LNAVVLNVTVERY
MSGDEEFY LFKNGSSVGPWDGEQYHI AP PWAFY LOTAFMGFVE LVGTE FNAIVLVVTIEY
MEGEEEFY LFKNGSVGGPWDGFOYHI AP PRAFY LOT AFMGVVE LVGTP LNATVIVVTIKY
S e VGPN'.I%(‘;FQ&IA’I‘SWH FYLOTAFMGFFE EVGTE LNAVVLVVTVEY

KELRQPLNYILVWISVSGIMCCOVECI FTVF 1AS SCGYFVF GFHMCAFEGFAGATGGLVIG
KELRQFPLNYILVNISVSGIMCCVFCT FTVFVAS SOGYFVF GKHMCRFEGFAGATGGMVIG
KELRQPLNYILVN IS ASGFVSCVLSVEVVE VAS ARG YFVF GKRVCELEAFVGTHGGLVTG
KELROPLNYILVNISFSGFISCIFSVFTVFVSS S0GYF IFGKDMCALEAFVGATGGLVIG
KELROPLNYILVNISFOGFLACT FCIFTVEVSS SOGYFVF GKHVCAFEGFMGATAGLVTG
KKLRQPLNYILVNIS LGGFIFCVLCVEMVF 155 50GYF IFGRH LCALEGFMGE TAGLVTG

WELAF LAF ERY TVICK EFGNF RFNSREALLVVARTW I TGVGVA TP PFFGWS RY TP EGLOC
WELAFLAFERY IVICKPFGHF RENSRHALLVVAATWIIGVGVA TP PFEGWS RY IFEGLOC
WELAFLAF ERY IVICKPFGNFRF SSRHALLVVVATWLIGVGVELE FFF GWS RYME EGLOC
WSLAFLAFERY IVICKPFGNFRFN MAVVATWVIGLGVALP EWF GWS RYVE EGLOC
WSLAFLAF ERY IVICKPLGNF RF TSKHALVVVWATWVIGIGVAIP PFFGWS RYVP EGLOC
WSLAF LAFERY IVICKEPFGNFRF SSKHALVVVAATWVIGVGVS IF PEEGWSRY IFEGLOC

SOGPDWYTVGTRYKSEYYTWFLF IFCFIVPLSLIIFSYSOLISALRAVARDQOESATTOK
SCGPDWY TVETRYRSEYY TWFLF IFCFIIFLSLITF SYSQLISPCGAVARCODESATTOR
SOGPDWY TVGTRY RS EYY TWFLF IFCFIVPLSLIIF SY SO LIS ALRAVARDOOESATTOR
SOGPDWYTVGTHKYRS EYY TWFLFIFCFIVPLSLIIFSYSQLISALRAVAADOOES ATTOK
SOGPDWYTVETEYRSEYY TWFLFIFCFIVPLSLIIFSYSOLISALRAVAADQOESATTOK
SOGPDWY TVGTEYKS EYY TWFLF IFCFIVPLSLIIFSYSQLLS AL RAVARDQOES ATTUK

AEREVSRMWWVMVGS F OMCYVEY AALAMYMVNNREHGI DLRLVTI PAF FSKSSCVYNEIT
AEREVSRMVVVMYGE FOMCY VEY AALAMYMVNNREHGI DLRIVTI PAF FSKSSOVYNPIT
AEREVSEMWVMVCE F CLCYVEYAALAMYMVNN RDHGLDLRLVTI PAF FSKSACVYNEPTT
AEREVSRMWVMVGS FCLCYVEYAALAMYMVHNRHHGLDLRIVTI EAF FSKSSCVYNEIT
AEREVERMVWVMVGE FOLOYVEY AALAMYMVNN REHGI DLRIVTI PAF FSKSSCIYNPII

YCEFMNKQY RAC IMETVOGRPMTDDSEVS S5 ADRTEVSEVS SS0VG P S =
YCFMHEQF RAC IMETVOGRPMSDDSDVS S5 AQRTEVESVE SSQVGPGLFAM
YCFMHKQF RACTMET VOGKP LTDDSDAS TSAQRTEVSSVE SS0VGET-
YCFMNKQF RAC ILELVOGRPMTDDSDVESSAORTEVSSVE SS0VEP S~
YCFMNKQF RGC IMEMVOGKFMTDDSDMS S5 AQRTEVSSVE §80VS RS-

MNGIEGINFYVEMSNETGVVRS PEEY POY YLABPWKY RLVCCY IFF LISTGFFINFLTLL
= = === ===~ PMSNK TGVVES FF EY POV YLAEPWRY RLVCCYIFF LISTGFFINFLTLL
MNGTBGINEYVEMSNK TGV VRS PFEY PO YLAEFWKY RLVCCYTFF LISTGLEINLLTLL
MNGTEG INEYVEMSHETGVVRES PEEY POY YLAEPWKY RVVCCYTFF LISTGLFINLLTLL
-=FNSNKTGVVES PFEY FOY YLAEPWKYRIVCCYTFF LISTGLEFINLLTLL

83 86 97
VTFKHEKLEQPLNY ILVNLAVADL(MACF GF TVT FYTAWNGY FVEGP IGCAVEGFFATLG
VTFEHEKLROPLNY ILVNLAVADLOMACE GF TVT FYTAWNGY FVEGPVGCAVEGFFATLG
VTEFKHEKLROPLNY ILVNLAVADLEMACE GF TVT F YT AWNGY FVFGPVGCAVEGFFATLG
VTFKHEKLREQPLNY ILVNLAVADLFMACF GF TVT FYTAWNGY FVEGPVGCA L EGFFATLG
VTFKHEKLROPLNY ILVNLAVADLEMACE GF TVT FYTAWNGY FVFGPIGCAVEGFFATLG
-—-KHEKLRQPLNY ILVHLAVADLFMACE GF TVT FYT AWNGY FVEGPVGCAVEGFFATLG

GOVALWSLVVLAIERY IVICHKFMGNF RFSASHALMGT AF TWVHAIS CAAPE LEGWSRYIR
GOVAIWS INVLATERY IVI CKPMGNF RESASHAMMGT AF TWYMATS CARPPLEGWSRYIE
GOVALWS LVVLATERY IVWCHPMGNE RES ATHAMMGLAF TWVMAES CAAPP LEGWS RYMP
GOVALWSIVVLATERY IVVCKPMGNE RES AS HAMMGT AF TWIMAFS CAAPF LEGWSRYME
GOVAIWS IVVLATERY IVVCKPMGENF RFS SSHAMMGT AF TWVMAFS CAR PP LEGWSRYME
GOVALWS LVVLATERY IVVCHPMGNF RFS STHAMMGIAF TWIMAFE CAAPP LEGWS RYMP

EGMCS CGP DY Y THHNPDFHNES YVLYMEVIHF 11 PVWIIFFS YGRLVCKVRERAARDOOES
EGMCS CGEDYY THNPDFHNE SYVLYMFVIHS T1 PVVIIFFE YGRLVCK VP EAMMNOOES
EGM2CS CGFDYY THREDYHNES YW LYMEVIHF 11 PVVVIFE S YGRLICKVREARAQOOES
EGMICSCGPDY Y THHPDYHNESYVIYMFI IHF ITPVWVIFFSYGRLI CKVREARAQDOES
EGMRCS CGEDYY THNPDYHNE SYVLYMEVIHF 11 PVVVIFFS YGRLICKVREAAMDOES
EGMZCS CGEDYY THREDFHNESYVLYMFI IHF IVPVVVIFFSYGRLICKVREAAMIOOES

ATICKAEKEVTRMVILMVLGEMLAWT PYAVVAFW IFTNKGADFTAT LMAVP AFFSKSSS L
ATTOKAEKEVTRMVILMVLGFHMLAWT PYAVVAPW IFTNKGADFTAT LMAVE AFFSKSS5 L
ATTOKAEKEVTRMYILMVLGFMLAWT PYAVVARW IFTNKGADFTAT LMAVP AFFSKSSS L
ATTOKAEKEVTRMVILMVLGFMLAWT PYAVVARW IFTNEGADFTAT LMAVP AFESKSSS L
ATTOKAEKEVTRMVILMVLGFMLAWT FYAVVAFW IFTNEGADFTAT LMSVE AFFSKSS5 L
ATIZKAEKEVTHMVILMVLGE MLAWT PYAVVAEW LFTNKGADFTAT LMSVPAFFSKSSS L

YNPITYVIMNKQOFRNCMIT TICOGKNP FGDEETS STVSQSKT EI‘J'SS‘-'SS SQVEPA
YHPITYVIMNKQFRNCMITTI

YHPIIYVIMNKQFRNCMITTI COGEN PEGDEDVS STVSQSKTEVSS V;:S SQVEPA
YNEITYVIMNKOFRNCMIT TI COGENF FGDEDVS STVSOSKTEVSSVSSSOVSEA
YHPIIYVIMNKQFRNCMITTICOGEN PEGDEDTS SAVSQSKTEVSS I aSSQJSL—A
YNPLIYVIMNKQFRNCMITTI CCGKNPEFGDEEVS STVSQSKT

SWIS2 sequences

Zebra finch
Chicken
Pigeon
Rosella

Emu

Zsbra finch
Chicken
Figeon
Rosella

Emu

Zebra finch
Chicken
Figeon
Rozella

Emu

Zebra finch
Chicken
Pigeon
HRosella

Emu

Zebra finch
Chicken
Pigeon
Rosella
Emu_SW32

Zebra finch
Chicken
Pigeon
Rosella

Em

Zebra finch
Chicken
Pigeon
Rosella

Em

LWS sequences

Zebra finch
Canary
Chicken
Pigeon
Hesella

Emu

Zebra finch
Canary
Chicken
Pigeon
Regella

Emu

Zebra finch
Canary
Chicken
Plgeon
Resella

Emu

Zebra finch
Canary
Chicken
Figeon
Rosells
Bmu

Zebra finch
Canary
Chicken
Pigeon
Resella

Bmu

Zebra finch
Canary
Chicken
Pigeon
Rosella

B

Zebra finch
Canary
Chicken
Pigeon
Resella

Em

MPEFREMADELFEDFYTPMSLETPNLTALSPF IVPOTHLGSPGI FKAMAAF MFLIVLLGV
MHFFRPTTD-LEEDFY I PMALDAPNI TALSPFLVPOTHLGSPGLFRAMAAFMFLLI ALGV
MORAREARDELFLDFYI PMALDAPNLTALSPF LVFQTHLGE FGVFRGMAAFMLALLI ALGG
POTHLGEAGLFAAMAAFMVALVA LGV

EINALTVICTAKYEKLESHLNY ILVN LAVAN LIVVCVGS TTAFY SESCMYFALGPLACKT
BINTLTIFCTARFRKLESHLNYILVN LALAN LIV ILVGS TTACY SESQMYFALGPTACKT
FINALTIACTARYKKLESHINY ILVH LAAAN LIV ICVGS TTAFY SFSOMYFALGFTACKL

VGS TTAAYSFASTYFVIGPTACKY

RYRKLESHLNYTLVN LALANLL}

EGFIAT LGGMVE LW S LAVVAF ERF LV ICK PLGNF TFRGSHAV LGCAL IWIFGLIASLFPL
EGFAAT LGGMYS LWSLAVVAF ERF LV I CKPLGNF TF RGS HAVLGCVATWVLGEVASAPPL
EGFARAT LOGMYS LW SLAVVAF ERF LVICKFLGNF TFRGS HAV LGCAATWIFGLVARVEPL
BEGFMAT LGGMYS LWSLAVVRF ERF IV ICK PLGFF TF RGSHAL LGCALTWACGLARRAFFL
= e = GGMUS WS LAVVAF ERF LV I CKPLGNF TF RGTHAVLGCAVTWIFGLI ASAPPL

FGWS RY TPEGLOCS OGP IWYT TDNEWNNE SYVIF LECFCFGE PLTVIVFSYGRLLLT LRA
FGWSRY I PEGLOCS COGFDWYT TONEWHNE SYVLF LETFCPGVPLAI IVFSYGRLLI TLRA
FGWSRY I PEGLQCS OSEDWYT ANNEWNNE SYVIF LFCFCFGVPLALI VFSYGRLLLTLRA
LGWSEY I PEGLQUS CGFDWYT TNNEWHNE SY VLF LF LFCFGEVPLTIL IFCYGRLLLT LRE
FGRSRY IPEGLOCS COPDWYT THNEWNNE SYVIF LFCFCFGVPLAT I IFSYGRLLI TLRA

269
VAKDOEQSASTOFAEREVTEMVVWMY LGF LV CWLEYCSFALWWITHRGHPFDLGLAS IPS
VARQUEQSATTQKADREVTEMVVWMVLGE LVCWAPYTAF ALWVWTHRGRSFEVGLASIPS
VARDQEQSASTOFAEREVTEMVVVMVLGE LVCWAPY SAF ALWWWTHRGRPFDVGLASIPS
VARJOEQSASTOKAEREVSAMVVVMY LGF LT CWAPYAAF ALWAVTHRGRFLEFALASLES
VARDOEQSATTOKAEREVTEMVVVMY LGF IVCWAPY SAF ALWVWTHRGOPFIVGIASVPS

VFSKAS TVY NP I TYVFMNKOF RSCHMLELVFCGRS PFGDECDVSG55QATOVSEV-585~-~
VFSKSSTVYNEVIYVLMNKDF RECMLKLLFCGRS PEGIDEDVSGESOATOVEEV-555-—
VFSKAS TVY NPV IYVFMNKQF RSCHMLKLLFCGRS PFGDEDDV 5G5S QATOVSSVEE ASAS
VFSEAS TVINEVIYVIMNROF RSCMLKLLFCGRS PLADECDASGESQATOVS SV == —~
VFSKSSTVYNPVIY VFMNKQE RS- —-—

OVSEA
HVAPA
QVAPA

MATGVWDGAVF AARRRHDDEDTT RDS IF TYTHSNNT RGEFEGENYH IAPRWVYNLT SLWM
--------------------------- FTYTHSHNT BGEFEGENYHIAPRWVYNLT SLWM

“MARWE-ARF AARRRHEEEDTT RDSVF TYTNSNNT RGPFEGPNTHIAPRWWVYNLT SVIWM
————— MDGFAAARRRHEDEDTT RDSVF TY THNSNNT RGEF EGENYH TAPRWVYNLT SLWM
~=MARAWP AVMAARBRHEDEETT RDSVE TY T HSNNT RGPFDGENYH TAPRWVYNLT SLWM

IFVVWASVFTNGLVLVAT AKFEKK LRHPLNWI LVNLAVADLGETVIAST [ISVVNQIFGYFI
IFVVVASYFTNGLVLVAT AKFKK LRHFLNWI LVKLS VAELGETVIASTISVVNQIFGYFI
IFVVAASVFTHGLVLYATWRKFEK LRHPLNWI LYNLAVADLGETVIASTISVINQISGYF1
IFVWASVFTHGLVLYATWRFKE LRHPLNWI LVNLAVADLGETVIASTISVVNQISGYFV
IFVYVAASVFTHGLVLAATWRF KK LRHPLNWI LVNLAVADLGETLIAST ISVVNOVSGYFYV
164
LGHFMCVI BY TVEACSI TALWS LAT ISWERWF VWCEF EGN IKFDGELAVAGYLESWIWS
LGHEMCVI EGY TVEACGI TALWS LAT ISWERWE VVCXP FGN IKFDGELAVAGVLESWIWS
LGHEMCWWEGY TVEACGI TALWS LAT ISWERWF VWCKE FGN IKFDGELAVAGI LESWLWS
LGHPMCVLEGY TVEACGI TALWS LAT ISWERWF VWCKPFGN TKFDGELALAGI LESWVWS
LGHPLCVI EGY TVEACGI TALWS LAT ISWERWF VWCHPEGN IKFDGELAVAGIVE SWVWS
LGHPLCIIEGY TVEACGI TALWS LAT ISWERWF VWCKP FGH IKFDGELAVAGI LESWIWA
b7 51
CAWTAFPI FGW SRYWPHGLKT SCGPOVE 5G5S TDEGVOS YMVVLMVTCCFFE LAVI I FCYL
CAWTAP PIFGW SRYWPHSLKT SCGPOVF 3GT TDEGVOS YMVVLMVT CCFEF LAVII FCYL
CHWTAE PIFGW SRYWPHELEKT SCGPDVE 5G8 SDEGVOS MVVLMVT CCFFELAITI LCYL
CAWTAF FVFGW SRYWPHGELKT SCGPOVF 5G5S SDPGVOS YMVVLMVTCCFFF LATIVLCYL
CHATAP PIFGWSRYWPHELKTSCGPOVF SGE SDFGVOS YMVVLMVI CCFLELSITTLCYL
CSWTAE PIFGWSRYWPHSLKTSCGPDVE 365 SDEGVOS YMVVLMVI CCFFELTIIILCYL
261 269
CWLAT RAVAACOKES ES TOKAEKEVSRMVW WM ILAYCFCWGEYT I FACFAAANFGYAFH
QW LAL RAVARCOKES ESTOKAEKEV SRMVWVMILAYCFCWGEYT IFASEFAAANE - YAFH
SVWWLAT RAVAAQOKES ES TQHAEKEV SEMVVVMIVAYCFCWGEYTF FACFAAANEG YAFH
OVWLAT FAVAACOKES ES TORAEKEVSEMVWWHMIVAYCFCWGEYT IFACFARANEGYAFH
QVWLAI FAVARQOKES ES TQKAE REVSRMVWVMILAYCFCWGE YT I FACEARMANPGYAFH
VWLAT RAVAAQOKES ES TOXAEKEV SEMVW WM I LAYCFCOWGE YT F FACFAAANEG YAFH
282
PLTAALPAFFAKSATIYNEPIIYVFMNROFRNCI LOLFGKKVIDGSEVSTSRTES
PLTAALPAFFAKSAT[YNPL IYVFMNROF.
PLAAALPAYFAKSATIYNEI IYVFMNROFRNCI LOLFGEKVODGSEVSTSRTEVES VS !‘15
PLAAALPAYFARSATIYNPI IYVFMNROFRNCI LOLFGRKVEDGSEVSTSRTEVESVSSS
PLAAALPAYFAKSATIYNPL IXVPPWWQERNFI. LQLF;J"KVEDG&E\'STS T VENS
PLAMMLEPAYFAKSATIVNLIT -~ —

S

SVsSEA
SVSFA
SVSEA
SVSEA

Figure S4. Alignment of the amino acid sequences of four cone opsins (SWS1, SWS2, RH2 and LWS) expressed in the
emu (Dromaius novaehollandiae) compared to orthologues found in other bird species, including zebra finch
(Taeniopygia guttata), canary (Serinus canaria), chicken (Gallus gallus), pigeon (Columba livia), and the crimson
rosella (Platycercus elegans). Gaps inserted to maintain a high degree of sequence identity and unsequenced regions
are indicated by dashes (—). Spectral tuning sites mentioned in the text are highlighted in red.
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Rosella EGMQCSCGIDYYTLKPEINNESEFVIYMEVVHFMIPLMIIFFCYGNLVCTVKEAAAQQQES
Emu EGMQCSCGIDYYTLKPEVNNESFVIYMFVVHFTIPLMVIFFCYGNLVCTVKEAAAQQQES
Bovine EGMOCSCGIDYYTPHEETNNESEVIYMEVVHFIIPLIVIFFCYGQLVETVKEAAAQQQES

Zebra finch

ATTOKAEKEVTRMVIIMVIAFLICWVPYASVAFYIFTNQGSDFGPIFMTIPAFFAKSSAT

Canary ATTOQKAEKEVTRMVIIMVISFLICWVPYASVAFYIFTNQGSDFGPIFMTIPAFFAKSSAT
Chicken ATTQKAEKEVTRMVIIMVIAFLICWVPYASVAFYIFTNQGSDFGPIFMTIPAFFAKSSAT
Pigeon ATTQKAEKEVTRMVIIMVIAFLICWLPYASVAFYIFTNQGSDFGPIFMTIPAFFAKSSAL
Rosella ATTQKAEKEVTRMVIIMVIAFLICWVPYASVAFYIFTNQGSDFGPIFMTIPAFFAKSSST
Emu ATTQKAEKEVTRMVVIMVIAFLICWLPYASVAFYIFTNQGSDFGPIFMTIPAFFAKSSATL
Bovine ATTQKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTHQGSDFGPIFMTIPAFFAKTSAV

Zebra finch

YNPVIYIVMNKQFRNCMITTLCCGKNPLGDEDTSAGKTETSSVSTSQVSPA

Canary YNPVIYIVMNKQFRNCMITTLCCGKNPLGDEDTSAGKTETSS———-———-—-——
Chicken YNPVIYIVMNKQFRNCMITTLCCGKNPLGDEDTSAGKTETSSVSTSQVSPA
Pigeon YNPVIYIVMNKQFRNCMITTLCCGKNPLGDEDTSAGKTETSSVSTSQVSPA
Rosella FNPLIYVFRDKQFRNCMITTLCCGKNPLGDEDTSAGKTETSSVSTSQVSPA
Emu YNPVIYIVMNKQFRNCMI-=========——-—————-———mm— e —— =
Bovine YNPVIYIMMNKOFRNCMVTTLCCGKNPLGDDEAST---TVSKTETSOVAPA

Figure S5. Alignment of the amino acid sequences of the emu (Dromaius novaehollandiae) rod opsin (RH1) compared
to orthologues found in other bird species, including zebra finch (Taeniopygia guttata), canary (Serinus canaria),
chicken (Gallus gallus), pigeon (Columba livia), and the crimson rosella (Platycercus elegans), as well as the common
cow (Bos taurus). Gaps inserted to maintain a high degree of sequence identity and unsequenced regions are
indicated by dashes (-). Spectral tuning sites mentioned in the text are highlighted in red.



Supplementary Tables:

Table S1. Primers used to isolate and amplify emu opsin gene sequences from retinal cDNA.

Primer Sequence

LWS_F1 AAGCGTATTYAYTTAYACCRACASCAACAA
LWS_R1 CATCCTBGACACYTCCYTCTCVGCCTTCTG
LWS_F2 AGTGTCATCAACCAGWTCTYBGGSTAYTTC
LWS_R2 CATCATCCACYTTYTTSCCRAASAGCTGCA
SWS1_F1 TCCCATGTCCGGAGAVGAVGABTTYTACCT
SWS1_R1 CACCACSACCATSCGVGASACCTCCCGCTC
SWS1_F2 GGCCTTCGARCGHTACATYGTYATCTGCAA
SWS1_R2 TTAGCTGGGGCYGACYTGRCTGGAGGACAC
SWS2_F1 CAACATCACRRCSCTSAGCCCBTTCCTGGT
SWS2_R1 CAGGAAGCCCADSACCATSACYACYACCAT
SWS2_F2 CTGCAAGATAGAGGGNTTYDCBGCMACGCT
SWS2_R2 AAGAATTTTABGCBGGGGMSACBTGGCTGG
RH2_F1 ATCAACATCCTCACCYTVYTKGTSACCTTC
RH2_R1 CAAGGAGGAATCCMADCACCATSARRATCA
RH2_F2 CTTCTCTGCCACTCAYGCCWTRWTRGGCAT
RH2_R2 CACTTGGCTGGAAGARAYRGAVGAKACCTC
RH1_F1 GTCAAAATTTCTAYRTBCCCWTKTCCAACA
RH1_R1 ACAGTGCAGACAAGRYKYCCRTAGCAGAAG
RH1_F2 AATAGGATGCWRCWTYGARGGCTTCTTTGC
RH1_R2 ATTCTTTCCACARCARAGRGTBRTGATCAT




Table S2. Spectral absorption characteristics of retinal photoreceptors in the emu measured using MSP. A..,, wavelength of maximum absorbance/absorbance change; A..,
cut-off wavelength; A5, wavelength of half maximum absorptance. Values are +1 standard deviation. Avian rods do not contain oil droplets and no oil droplets were
observed in the accessory members of double cones in the emu (although a diffuse pigmentation was present). T-, C-, Y-, R- and P-type oil droplets are located in the UVS,
SWS, MWS and LWS single cones, and the principal members of the LWS double cones, respectively. D, dorsal retina; V, ventral retina; N, number of cells used in the

analysis. Subscripts 1 and 2 identify two different spectral types of P-type oil droplet located in the dorsal retina.

Single Cones Double Cones Rods
Visual Pigments uvs SWS MWS LWS Principal Accessory
Mean A, of prebleach spectra (nm) 367.0+2.5 453.2+2.3 502.3+2.8 562.0+2.0 562.8+2.6 563.4+2.0 501.0+1.0
Amax Of mean prebleach spectrum (nm)  366.8 453.1 501.2 562.0 562.9 562.1 500.7

0.023+0.00

Mean transverse absorbance at A« 0.018+0.008 0.012+0.003 0.016+0.005 0.018+0.004 0.013+0.004 0.012+0.003 4
Mean A, of difference spectra (nm) 366.616.8 453.7+3.5 507.2+4.0 564.2+1.9 562.8+2.8 563.5+2.3 504.0+1.7
Amax Of mean difference spectrum (nm)  366.5 454.0 507.0 564.0 563.0 563.7 503.5
N prebleach (difference) 9(8) 9(13) 21 (25) 10 (14) 12 (12) 7(8) 21(22)
Oil Droplets T-type C-type Y-type R-type P-type A-type

D \Y D Vv D Vv D \Y D, D, Vv D \Y
Mean A of absorptance spectra (nm) - - 408.4+4.3 408.5+3.5 508.1+1.9 507.0+4.0 558.8+3.8 559.9+4.2 404.0+2.0 475.9+11.8491.1+3.8 480.2+3.9 479.5+2.0 -
A Of mean absorptance spectrum (nm) - - 409.3 407.5 507.6 506.8 559.2 560.6 403.5 479.2 492.3 479.2 480.1 -
Mean A,y of absorptance spectra (nm) - - 426.0+1.9 432.0+4.9 524.6+3.4 526.8+4.2 580.9+3.8 582.2+4.2 433.5%#5.9 499.1+6.2 507.4%+2.3 494.4+3.5 491.9+0.6 -
Amiq Of mean absorptance spectrum (nm) - - 426.2 430.9 524.3 527.3 581.4 582.8 432.9 500.6 508.1 494.6 492.1 -
Mean maximum absorptance 0.04£0.02 0.05+0.03 0.54+0.09 0.47+0.11 0.84+0.08 0.8410.06 0.85+0.08 0.83+0.08 0.46%0.10 0.66+0.14 0.58+0.10 0.21+0.13 0.20+0.08 -
Mean diameter (um) 2.410.2 3.0+0.4 3.330.8 3.7+t0.6  3.3x0.6  3.6£0.4  3.2+0.3 3.5+0.5 2.840.3  3.1+0.3  3.1x04 - - -

N 5 4 12 11 18 22 13 19 13 11 20 9 7 -




Table S3. Amino acid differences between ultraviolet-sensitive (UVS) and violet-sensitive (VS) short-wavelength-
sensitive-1 (SWS1) visual pigments at known or potential tuning sites, including residues 46, 49, 52, 114 and 118 [1];
261, 269 and 292 [2]; 86 and 90 [3, 4]; and 93 [5]. Sequence data for avian SWS1 pigments are derived from this
study and published articles [6-13], and are compared to residues found in the green anole (Anolis carolinensis)

SWS1 pigment (GenBank Accession Number AH007736).

Pigment Tuning sites

46 49 52 86 90 93 114 118 164 261 269 292

Phe Leu

Avian UVS Leu Met Thr Ala Cys  Thr Gly Ala Gly Phe Ala Ala
Cys
Val Val
. Phe Ala Cys Thr Ala Ala
Avian VS lle Leu Thr Ser Ser Val Gly Thr Gly Phe Ala Ala

Anole UVS Phe Phe Thr Phe  Ser Thr Ala Ser Gly Phe Ala Ala

Emu UVS Phe Phe Thr Phe Cys Met Gly Ser Gly Phe Ala Ala
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