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Supplementary Figures
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Supplementary Figure S1. Micrographs of Atlantic halibut following in-situ hybridization with
rh2 and rhlsense riboprobes. (A) Tangential section at 960 ATU exposed to rh2 sense riboprobe.
(B) Radial section at 1170 ATU stage exposed to rhl riboprobe. No labeling was apparent in
either section. Black arrows point to single cones and white arrows point to the partitioning
membranes between double cones. Abbreviation: rpe, retinal pigment epithelium. Magnification
bar = 10pm.
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Supplementary Figure S2. Locations of predicted opsin coding sequences and their immediate
flanking genes in Atlantic halibut (Hippoglossus hippoglossus) compared to turbot



(Scophthalmus maximus) and zebrafish (Danio rerio) for (A) rh2 (B) sws2 and Iws, (C) rhl, and
(D) swsl. Note that the sws2-lws gene cluster in turbot does not include gnl3l as the immediate
flanking gene in the current NCBI annotation, but an uncharacterized protein (shown in grey). As
such, for the sws2-lws gene cluster, two downstream flanking genes were shown.
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Supplementary Figure S3. Predicted rh2 sequences in Atlantic halibut. (A) One of the
predicted sequences (XP_034442261.1; pseudo-rh2) overlaps with the other two rh2 sequences
(accessions: XP_034442261.1 and XP_034442262.1) and has six exons, which is unusual for
teleost rh2 opsins. As such, we hypothesize that this sequence is a pseudo-rh2 gene. (B) Refined
rh2 sequence structures, where only the first three exons of the pseudo-rh2 sequence is retained.
Opsin names included in this figure follow those that were assigned after phylogenetic analysis.



Supplementary Figure S4. Micrograph of Atlantic halibut retinal peripheral growth zone. The
contours of two unit mosaics are traced showing double cones (green), single centre cones (red)
and single corner cones (black). Black arrows point to other single corner cones. Abbreviation:

rpe, retinal pigment epithelium. Magnification bar = 10um.



Supplementary Tables

Supplementary Table S1. Predicted opsins from the Atlantic halibut reference genome*

generated from BLASTp queries of zebrafish opsins (e-value < 1e-5, percent identity >50%).

Included in the table are the opsin subclasses assigned after phylogenetic analysis.

Opsin Opsin Protein accession CDS chromosome: location Gene ID
class subclass
SWsS1 SWS1 XP_034434209.1 23 (complement): 18,346,408 opnlswl
to 18,348,321
SWS2 SWS2A XP_034440595.1 5: 23,451,385 to 23,452,968 LOC117761093
SWS2B XP_034441481.1 5: 23,458,711 to 23,462,900 LOC117761574
RH1 RH1 XP_034445498.1 7 (complement): 19,548,054  LOC117764105
to 19,549,112
RH2 RH2B XP_034442261.1 5 (complement): 12,972,356  LOC117761967
to 12,973,875
RH2C XP_034442262.1 5:12,981,421 to 12,982,946 LOC117761968
pseudo- RH2  XP_034442263.1 5: 12,967,537 to 12,982,946
LWS LWS XP_034441780.1 5: 23,469,900 to 23,471,991 LOC117761719




Supplementary Table S2. Predicted opsin proteins compared to published opsin proteins from

Atlantic halibut®. Predicted opsin names follow those assigned after phylogenetic analysis.

Published Predicted Opsin accession  No. of Percent Query E-value
opsin opsin amino identity cover
acids (%0)

SWS1 SWS1 XP_034434209.1 339 100 100 0

SWS2 SWS2A XP_034440595.1 353 99 100 0
SWS2B XP_034441481.1 353 75 100 0

RH1 RH1 XP_034445498.1 352 100 100 0

RH2 RH2B XP_034442261.1 352 100 100 0
RH2C XP_034442262.1 352 86 100 0

LWS LWS XP_034441780.1 357 99 100 0

Supplementary Table S3. Amino acid sequence similarity between predicted and published?
Atlantic halibut opsins. Predicted opsins with an identity > 70% to published opsins are bolded.

Predicted opsin names follow those assigned after phylogenetic analysis.

Predicted Published Atlantic halibut opsins

opsins SWS1 SWS2 RH1 RH2 LWS
SWS1 100 46 47 48 45
SWS2A 47 99 49 54 42
SWs2B 46 75 50 52 41
RH1 46 50 100 62 38
RH2B 48 53 61 100 45

RH2C 50 53 61 86 45



LWS 45 42 39 45 99

Supplementary Table S4. Predicted opsin proteins from Atlantic halibut compared to
corresponding visual opsins in zebrafish and nonvisual opsins from Atlantic halibut and
zebrafish. Disulfide bridges are noted by C110 and C187, the chromophore binding site by
K296, counterion residue at site 113, and motifs at sites 134-136°. See Supplementary Tables
S11 and S13 for accession numbers. Predicted opsin names follow those assigned after

phylogenetic analysis.

Opsinclass  Species C110 El1130or ERW Cc187 K296
Y113 134-136

SWS1 Atlantic halibut SWS1 C E ERY C K
Zebrafish C E ERY C K

SWS2 Atlantic halibut SWS2A C E ERW C K
Atlantic halibut SWS2B C E ERW C K
Zebrafish C E ERW C K

RH1 Atlantic halibut RH1 C ERW C K
Zebrafish RH1 C ERW C K

RH2 Atlantic halibut RH2B C E ERY C K
Atlantic halibut RH2C C E ERY C K
Zebrafish RH2.1 C E ERY C K
Zebrafish RH2.2 C E ERY C K
Zebrafish RH2.3 C E ERY C K
Zebrafish RH2.4 C E ERY C K

LWS Atlantic halibut LWS C ERW C K
Zebrafish LWS.1 C ERW C K

Zebrafish LWS.2 C E ERW C K




opn4m1/ Atlantic halibut C Y DRY C K

melanopsin-1  Zebrafish C Y DRY C K
opn4xb Atlantic halibut C Y DRY C K
opn4dxb Zebrafish C Y DRY C K
tmt opn3a Atlantic halibut C Y ERY C K

Zebrafish C Y ERY C K

Supplementary Table S5. Key amino acid tuning sites for sws1 opsins*®. All amino acid sites

reported are standardized to bovine rhodopsin.

Opsin Species 46 49 52 86 90 93 114 118

name

Predicted Atlantic halibut SWS1 S F T F S Q S S

SWS1 Japanese flounder S F T F S Q S S
Spotted halibut S F T F S Q S S
Barfin flounder S F T F S Q S S
Marbled sole C F T F S Q S S
Turbot F F T F S Q A S
Zebrafish F I T F S Q A S




Supplementary Table S6. Key amino acid tuning sites for sws2 opsins™°. All amino acid sites

reported are standardized to bovine rhodopsin.

Opsin Species 46 52 91 93 94 116 269 292

Name

Predicted Atlantic halibut SWS2A F T S V G M A S
Atlantic halibut SWS2B  F T S T C T A S

SWS2A  Japanese flounder F T S V G M A A
Spotted halibut F T S V G M T A
Barfin flounder F T S V G M T A
Marbled sole F T S V G M A A

SWS2B  Japanese flounder F T S T C T A S
Spotted halibut F T S T C T A S
Barfin flounder F T S T C T A S
Marbled sole F S S T C T A S

SWS2 Common sole I S T V G M A A
Senegalese sole F T S T A M T S
Turbot F T S T C S A S
Zebrafish F T S V A T A S



Supplementary Table S7. Key amino acid tuning sites for rh1 opsins*”. All amino acid sites
reported are standardized to bovine rhodopsin. The following acronyms are used for each
species: AH (Atlantic halibut), JF (Japanese flounder), SH (Spotted halibut), BF (Barfin
flounder), MS (Marbled sole), TB (Turbot), CS (Common Sole), SS (Senegalese sole).

Opsin Predicted RH1

name

AHRH1 JF SH BF MS TB CS SS ZB
83 N N N D N N N D
90 G G G G G G G G G
96 Y Y Y Y Y Y Y Y Y
102 Y Y Y Y Y Y Y Y Y
113 E E E E E E E E E
118 T T T T T T T T T
122 E E E E E E E E E
124 G A A A S G G A G
132 A A A A A A A A A
164 A A A A A A A A A
183 M M M M M M M M M
194 R R R R R R R R R
195 A A A A A A A A T
207 M M M M M M M M M
208 F F F F F F F F F
211 H H H H H H H H H
214 | I I | I I I | |
253 M M M M M M M M M
261 F F F F F F F F F
265 w w w w w w w w W
269 A A A A A A A A A
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Supplementary Table S8. Key amino acid tuning sites for rh2 opsins*®. All amino acid sites
reported are standardized to bovine rhodopsin.

Opsin Species 49 52 97 122 207 292
name
Predicted Atlantic halibut RH2B C T S E M A
Atlantic halibut RH2C C T T Q L A
RH2A1 Japanese flounder C F S Q M A
Turbot C F S Q L A
RH2A2 Japanese flounder C F T Q M A
Turbot C F T Q M A
RH2A Marbled sole C T S Q M A
RH2B1 Turbot C T S E M A
RH2B2 Turbot C T S E M A
RH2B Japanese flounder C T S E M A
Spotted halibut C T S E M A
Barfin flounder C T S E M A
Marbled sole C T S E M A
RH2C Japanese flounder C T S Q L A
Spotted halibut C T T Q L A
Barfin flounder C T T Q L A
Marbled sole C T T Q L A
Turbot C T S Q L A
RH2.1 Zebrafish I F C Q M A
RH2.2 Zebrafish C L C Q M A
RH2.3 Zebrafish C F T Q M A
Common sole C L T Q M A
Senegalese sole S L T Q M A
RH2.4 Zebrafish C F T E M A
Common sole C T S E M A
Senegalese sole C T S E M A




Supplementary Table S9. Key amino acid tuning sites for lws opsins*®. All amino acid sites
reported are standardized to bovine rhodopsin.

Opsin Species 164 181 261 269 292
name

Predicted Atlantic halibut LWS S

T
<
=
>

LWS Japanese flounder A H Y T A
Spotted halibut A H Y T A
Barfin flounder A H Y T A
Marbled sole S H Y T A
Turbot P H Y T A
Common sole A H Y T A
Senegalese sole A H Y T A
LWS.1 Zebrafish A H Y T A
LWS.2 Zebrafish A H F T A

Supplementary Table S10. Predicted Amax for Atlantic halibut visual opsins based off of

variable amino acid tuning sites. Residue number is standardized to bovine rhodopsin.

Opsin Name Reference Amino acid substitutions at tuning sites Predicted
Amax (nm) (xnm shift in Apy) Amax (nm)
SWS1 367 nm® - ~367 nm
SWS2A 465.6 nm’ A292S (-8 nm)* ~457.6 nm
SWS2B 416 nm® -- ~ 416 nm
RH1 494 nm® -- ~494 nm
RH2B 506 nm?® - ~506 nm
RH2C 490 nm?® -- ~490 nm

LWS 552 nm® A164S (2-6 nm)™ ~554-558 nm




Supplementary Table S11. NCBI and SoleaDB protein accession numbers used in this study.

Previously predicted opsins® from Atlantic halibut (Hippoglossus hippoglossus) are also

included.
Organism Common name Opsin name Protein accession
Danio rerio Zebrafish SWS1 NP_571394.1
SWS2 NP_571267.1
RH1 NP_571159.1
RH2.1 NP_571328.2
RH2.2 NP_878311.1
RH2.3 NP_878312.1
RH2.4 NP _571329.1
LWS.1 NP_001300644.1
LWS.2 NP_001002443.1
Hippoglossus Atlantic halibut  SWS1 AAM17917.1
hippoglossus SWS2 AAM17920.1
RH1 AAM17918.1
RH2 AAM17916.1
LWS AAM17921.1
Paralichthys olivaceus  Japanese SWS1 BAW35575.1
flounder SWS2A BAW35586
SWS2B BAW35589
RH1 BAW35583.1
RH2A1 BAW79257.1
RH2A2 BAW79258.1
RH2B BAW35578.1
RH2C BAW35580.1
LWS BAW35572.1
Pseudopleuronectes Marbled sole SWS1 BCL84791.1
yokohamae SWS2A BCL84789.1
SWS2B BCL84790.1
RH1 BCL84792.1
RH2A BCL84786.1
RH2B BCL84787.1
RH2C BCL84788.1
LWS BCL84785.1
Scophthalmus Turbot SWsS1 AW098359.1
maximus SWS2 AWP03347.1

RH1 QDY91961




RH2A1 QDY91963.1

RH2A2 QDY91964.1
RH2B1 QDY91965.1
RH2B2 QDY91966.1
RH2C QDY91967.1
LWS AAQ02802.1
Solea senegalensis Senegalese sole  SWS2 solea_v4.0_unigene481685
RH1 solea_v4.1_unigene22024
RH2.3 solea_v4.0_unigene28898
RH2.4 solea_v4.0_unigene416478
LWS solea_v4.0_unigene34221
Solea solea Common sole SWS2 solea_solea_v1.1 unigene342597
RH1 solea_solea v1.1 unigene42150
RH2.3 solea_solea v1.0_unigene71547
RH2.4 solea_solea v1.0_unigene94070
LWS solea_solea v1.1 unigenel89057
Verasper variegatus Spotted halibut ~ SWS1 BAW35573.1
SWS2A BAW35584
SWS2B BAW35587
RH1 BAW35581.1
RH2B BAW35576.1
RH2C BAW35579.1
LWS BAW35570.1
Verasper moseri Barfin flounder  SWS1 BA093915.1
SWS2A BAO93916
SWS2B BAO93917
RH1 BAO93912.1
RH2B BAO93913.1
RH2C BA0O93914.1

LWS BAO93911.1




Supplementary Table S12. Opsins initially predicted by BLASTp queries of the Atlantic
halibut reference genome’ with zebrafish opsins. These predicted proteins were eliminated from
further analyses after examination of their sequence structure and location. Note that the
predicted opsin corresponding to RH1 (accession: XP_034447460.1) is actually an exo-

rhodopsin protein but was initially classified as an RH1-like protein.

Opsins  Protein accession Reason for elimination
class

SWS1 XP_034434208.1 Two SWSL1 proteins are predicted from the same region of the genome.
Compared to zebrafish SWSL1, this protein has a lower percent identity
(62%) and query cover (81%) than the other protein (73% and 97%,

respectively).

SWS2 XP_034440596.1 Two SWS2 proteins are predicted from the same genomic region. The
proteins have comparable percent identities and query covers to Zebrafish
SWS2, but the sequence corresponding to this protein has a 5 UTR
region approximately 8.4 Mbp upstream of the first exon.

RH1 XP_034447460.1  Contains introns similar to exo-rhodopsin (exorh), found in pineal glands

of teleosts such as zebrafish'* and Atlantic halibut®2.
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Supplementary Table S13. Non- visual opsin protein accession numbers obtained from NCBI.

Nonvisual opsin name Species Protein accession
OPN4M1/ melanopsin-1 Atlantic halibut A1G92840.1

Zebrafish ADN39430.1
OPN4XB Atlantic halibut XP_034451267.1

Zebrafish NP_001245152.1
Teleost multiple tissue opsin 3a Atlantic halibut XP_034453944.1
(TMT OPN3A) Zebrafish NP_001269303.1
VA opsin ~ Zebrafish - NP_571661.1
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