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Supplementary Text 
FOXQ2 gene has not been annotated in the genome of platypus, which is the closest 

relatives to humans among the vertebrate species having SWS2 gene (33). As observed in 
zebrafish (Fig. 4A-C and S5), platypus FOXQ2 is presumably expressed only in the retina (only 
in SWS2 cones), and the tissue-specific and low-level expression of the transcription factor could 
be one of the reasons why FOXQ2 has not been identified to date in the platypus genome. We 
examined whether platypus genome contains FOXQ2 gene, with special attention to the forkhead 
domain (a DNA-binding domain) highly conserved among FOXQ2 subfamily members (Fig. 
7A). A tblastn-guided searching and subsequent manual annotation identified a genomic region 
showing the highest alignment score against the amino acid sequence of the forkhead domain of 
zebrafish Foxq2 (Fig. 7A). In the phylogenetic tree based on the amino acid sequences of the 
forkhead domain, the platypus sequence is clustered into FoxQ2 subfamily composed of 
vertebrate and invertebrate members (Fig. S8). We also identified a previously unannotated 
FOXQ2 sequence in the genome of chicken (Fig. 7), which has been widely studied as a model 
species having SWS2 cone subtype (65). These lines of genomic evidence suggest that the 
FOXQ2-SWS2 axis is evolutionarily conserved among vertebrate species. 



 
 

 

 

Fig. S1. 
DNA-binding of Six6b and Six7. Visualization of Six6b and Six7 ChIP-seq peaks obtained 
from the adult retina of six6b-tg (ja70Tg), six7-tg (ja69Tg), and wild-type zebrafish with anti-
FLAG antibody. The ChIP-seq data were retrieved from our previous paper (20). The direction 
of transcription is indicated by an arrow. 5’-UTRs and coding exons are represented in black and 
blue boxes, respectively. 



 
 

 

 

Fig. S2. 
Analysis of another line of foxq2 mutant zebrafish  (A) Related to Fig. 1C and Fig.1D. 
Expression profiles of phototransduction genes in the 5-dpf larval eyes of foxq2 mutant (ja77). 
Mean values of expression levels for each genotype are indicated as bars, while individual values 
are shown as markers with distinct shape among three genotypes. The number of fish used is 



 
 

 

presented in the graph legend. (B) Expression profiles of phototransduction genes in the adult 
eyes of foxq2 mutant (ja77). Mean ± SEM (n = 5). *P < 0.05 by Student’s t-test. (C) Expression 
patterns of rod and cone opsin genes examined by in situ hybridization using the adult eyes of 
foxq2 mutant (ja77). The retinal pigmented epithelium (RPE, indicated by asterisks) is adjacent 
to the photoreceptor layer. Scale bar, 50 µm. 
 



 
 

 

 

 
 



 
 

 

Fig. S3. 
Expression pattern of phototransduction genes in foxq2 mutant zebrafish  (A) Expression 
pattern of cone opsin genes examined by in situ hybridization using 5-dpf larval eyes of the 
foxq2 mut (ja74). Magnified view (a box surrounded with white lines) is indicated in the right 
side of each panel. The retinal pigmented epithelium (RPE, indicated by asterisks) is adjacent to 
the photoreceptor layer. d-v, dorsal-ventral retina. Scale bar, 50 µm. (B) Related to Fig. 2B. 
Fluorescent images of the flat-mounted retinas prepared from the adult WT, the foxq2 mut (ja74), 
and Tg(-3.5opn1sw2:EGFP)kj11Tg (sws2:egfp). V: SWS1 cone, B: SWS2 cone, G: RH2 cone, R: 
LWS cone. The retinas were immunostained with zpr1 antibody to detect a RH2 and LWS cone-
specific phototransduction protein (arr3a, red) and also stained with DRAQ5 to highlight cell 
nuclei. Scale bar, 20 µm. (C) Related to Fig. 2C. Fluorescent images of the flat-mounted retinas 
prepared from the adult WT and the foxq2 mut (ja74). Expression of cone opsin genes and cone-
type phototransduction gene were visualized by in situ HCR. V: SWS1 cone, B: SWS2 cone, G: 
RH2 cone, R: LWS cone. Scale bar, 10 µm. (D) Related to Fig. 2D. (Left) Fluorescent images in 
retinal cryosections from the adult fish labeled for TUNEL (red). The cell nuclei were 
counterstained with DAPI (blue). Scale bar: 50 μm. (Right) Quantification of TUNEL-positive 
cells in the central and peripheral retina. The numbers of TUNEL-positive cells were counted for 
each cryosection and averaged (mean ± SEM, n = 56 for WT, n = 72 for the foxq2 mut; *P < 
0.05, Student’s t test). The TUNEL staining was independently conducted from that in Fig. 2D 
with distinct individual fish for each experiment. (E) Related to Fig. 2E. Expression pattern of 
sws1 and lws2 examined by in situ HCR using 5-dpf larval eyes of the foxq2 mut (ja74). The 
number in the upper-right corner for each panel represents the unique identity of the eye. Scale 
bar, 50 µm.  
 



 
 

 

 

Fig. S4. 
Analysis of cone-enriched gene mutants (A, C, E, G) Schematic representation of Thrb, E2f7, 
Nfia and Nr2f6b, and their partial nucleotide sequences. Frameshift site is indicated by an 
arrowhead. Nucleotide deletions are indicated by dashes. Nucleotide insertion is highlighted in 
yellow. The nucleotide sequences highlighted in blue indicate the target sequences of TAL-
effector nucleases or Cas9-sgRNA complexes. The recognition sites of the restriction 
endonucleases, NciI, PvuII, EcoRI, and NcoI are surrounded by black lines. The ja27 mutation 
(4-bp loss) caused a frame shift of the amino acid sequence of Thrb2, which is an isoform of 
Thrb and essential for LWS opsin expression in mice and zebrafish (13, 14). The ja17 mutation 
caused a frame shift of the amino acid sequence of E2f7 by a combination of 11 bp deletion and 
38 bp insertion. The ja19 mutation caused a frame shift of the amino acid sequence of Nfia by 2 
bp loss. The ja34 mutation impairs protein translation of Nr2f6b by 188 bp nucleotide deletion 



 
 

 

including the ATG initiation site. (B, D, F, H) Expression profiles of phototransduction genes in 
the larval eyes at 5 dpf. Mean ± SEM. *P < 0.05 by Student’s t-test. The number of fish used is 
as follows: n = 3 (thrb WT), n = 4 (thrb mut); n = 4 (e2f7 WT), n = 4 (e2f7 mut); n = 3 (nfia 
WT), n = 4 (nfia mut); n = 4 (nr2f6b WT), n = 4 (nr2f6b mut). The expression levels of sws2 
and rh2 genes are reproduced in the Fig. 1B. 
 



 
 

 

 
 

Fig. S5. 
Transcript levels of tbx2b and foxq2 in zebrafish adult tissues   
Related to Fig. 4A. FPKM (fragment per kilobase per million) values were retrieved from the 
previous study (66).  
 
 



 
 

 

 

Fig. S6. 
Nucleotide sequence of zebrafish sws2 promoter. The translational start site is indicated as +1. 
DNA-binding motifs of Fox and Crx transcription factors were predicted by our motif scanning 
analysis and are highlighted as follows: FkhP motif (RYAAAYA) in green, FkhS motif 
(AHAACA) in blue, and Crx motif (TAATCY) in yellow.  
 



 
 

 

 



 
 

 

Fig. S7. 
Expression analyses of foxq2-tg transgenic zebrafish lines.  (A-D) Related to Fig. 6C and 6D. 
Expression profiles of phototransduction genes (A and B) and transcription factors (C and D) in 
the 5 dpf-larval eyes of the foxq2-tg (ja79Tg and ja91Tg). Mean ± SEM (n = 4). *P < 0.05 by 
Student’s t-test. (E) Related to Fig. 6E and 6F. Fluorescent images used for quantification of the 
number of sws1- and sws2-positive cells. Magnified view (a box surrounded with white broken 
lines) is indicated in the right side of the panel. sws1 and sws2 are expressed in different cells in 
the wild-type, while some sws1 expression signals are colocalized with those of sws2 
(arrowheads). Scale bar, 50 µm. (F) Expression pattern of rh2-1 and rh2-2 examined by in situ 
HCR using 5-dpf larval eyes of the foxq2-tg (ja78Tg). The number of opsin gene-positive cells in 
the central region of the retina is indicated in a bar graph. Data are represented by Mean ± SEM 
(n = 6). Statistical significance between two genotype was determined by Student’s t-test (*P < 
0.05). Scale bar, 50 µm. (G) Related to Fig. 6F. Expression pattern of sws2, rh2-2, and lws2 
examined by in situ HCR using 5-dpf larval eyes of the foxq2-tg (ja78Tg). Magnified view (a 
box surrounded with white broken lines) is indicated in the right side of each panel. Scale bar, 50 
µm. 

 



 
 

 

 

Fig. S8. 
Phylogenetic analysis of FOX genes. A Maximum-likelihood tree constructed from amino acid 
sequences of the forkhead domain with 500 bootstrapping replications. Numerical values 
indicating bootstrap support are shown at the base of each node. The scale bar indicates 0.1 
substitutions per site. Accession numbers and their sequences used for tree construction are listed 
in Dataset S4. Branches with bootstrap value below 70% are collapsed. FOXA, FOXB, FOXC, 
FOXF, and FOXQ are categorized into Clade I, while FOXJ is categorized into Clade II. 



 
 

 

 

Table S1. Zebrafish lines used for this study 

Genotype Genomic 
Feature Figure Reference 

tbx2b ja20 1, 4 This study 
thrb ja27 1, S4 This study 
nr2f6b ja34 1, S4 This study 
e2f7 ja17 1, S4 This study 
nfia ja19 1, S4 This study 
foxq2 ja74 1, 2, 4, S3 This study 
foxq2 ja77 S2 This study 
six6a ja62 4 (20) 
six6b ja63 4 (20) 
six7 ja51 4, 6 (17) 
Tg(rho:egfp) ja2Tg 1  (46) 
Tg(gnat2:egfp) ja23Tg 1  (17) 
Tg(-5.5opn1sw1:EGFP), kj9Tg 3 (48) 
Tg(-3.5opn1sw2:EGFP) kj11Tg 3 (31) 
Tg(opn1mw2:EGFP) kj4Tg 3 (49) 
Tg(-0.6opn1lw1-lws2:GFP) kj19Tg 3 (50) 
Tg(-5.2crx:EGFP-2A-FLAG-foxq2) ja78Tg 6, S7 This study 
Tg(-5.2crx:EGFP-2A-FLAG-foxq2) ja79Tg S7 This study 
Tg(-5.2crx:EGFP-2A-FLAG-foxq2) ja91Tg S7 This study 
 



 
 

 

 

Table S2. Target sequences of TALENs and gRNA 

Target gene Target Sequence target 
exon 

foxq2 GGCTGGAAGAGCAGAACCAG Exon1 
foxq2 GGAAGTCTTGAAAGTTGGCC Exon2 
thrb GGATATGCGGTGCCGCCCGG Exon1 
nr2f6 GGCCCATCCCCCGCTCACCA Exon2 

tbx2b  
TATTGTGAGAGCCAACGAT (left)  
TATGTCCTGAAAGTGCTGT (right) Exon3 

e2f7  
TGACCCCACTGAAGAGCGAGT (left)  
TCTTCCCATGTCCATTC (right) Exon2 

nfia  
TCTCCTGTCCTCCTTCGCAG (left)  
TGGGGCAGCAGTGCTTCAATG (right) Exon2 

 



 
 

 

 

Table S3. Primers used for genotyping PCR 

Target  Forward (5’ to 3’) Reverse (5’ to 3’) 
Amplicon 
Length 
(bp) 

Restriction 
enzyme 

foxq2_exon1 
(HRMA) 

CAGCAATCGAGAAC
AACTTGGAC 

TCACTGTCCTGT
TCTGAG 168  

foxq2_exon2 
(HRMA) 

GGAGAAACAGCGTC
AGACACAA 

TGTTACCCTGCG
GATCCTTCTC 170  

foxq2_ja77 AAACTTTTGACCTTT
ATAGGAGTC 

CCAGCTCCAGTA
GACTCTAGG 359 HaeIII 

thrb TGTAAGCACGTCAAC
GTGATCG 

ACCTTTCTTATG
TGGCCCTTGC 470 NciI 

nr2f6b CTTCAGAGTGCTGTT
AAACGTG 

AACAGCGTGTG
ATTGGCTGTTG 541 NcoI 

tbx2b GTCCGCATGACTGGT
TTGTTTC 

CACCAAATGTA
CAGGCTCGTAG 499 HindIII 

e2f7 AGGATTTGCTTGGTG
TCAGAAC 

TCTACCTGACAC
GAGTCATC 460 PvuII 

nfia CTGGCCGAAATGTAA
CAAAGAC 

ACAAAATCCTC
GCGGAACTC 523 EcoRI 

 



 
 

 

 

Table S4. Primers used for quantitative PCR.  
Target gene  Forward (5’ to 3’) Reverse (5’ to 3’) 
crx CATAACTGGAGGGGAATCTG AAAGCACGACACAAGAACTC 
tbx2b CGACTCTGATGCTTCCTCAAG GTCCATTTCGTGCTCGCTATC 
six6b CGCAAAAAACAGGTTACAAC ATTCCCCAGTCGGTCTACAG 
six7 CTGCAGGACCCTTATCCAAAC CATTCAGGAGAACTTCCAGAC 
thrb AACTTGGACGATTCAGAGGTG TGAGCCACCTTGTGCTTACG 
thrb2* CTCAGTCACTATCACCAACAAG TGTCTCCACAAACAACACAC 
foxq2 CAGTCCTACATTGCCCTCATTTC GATTGTGTCTGACGCTGTTTCTC 

*Thrb isoform: ENSDART00000189391.1.  



 
 

 

 

Table S5. Combinations of Alexa fluor-conjugated hairpins and probe sets used for in situ 
HCR 

Figure B1 hairpins B3  hairpins B5  hairpins 
Probeset Alexa-Fluor Probeset Alexa-Fluor Probeset Alexa-Fluor 

Figure 2A arr3a 488 arr3b 647 sws1 546 
Figure 2C rh2-2cds 488 lws2 647 sws1 546 
Figure 2C arr3a 488 gnat2 647 sws1 546 
Figure 2E sws2 647 lws2 488 sws1 546 
Figure 2E rh2-2UTR 647 gnat2 488 rh2-1UTR 546 
Figure 3D sws2 546 foxq2 647   

Figure 3E arr3a 488 foxq2 647 sws1 546 
Figure 4C sws2 546 foxq2 647   

Figure 6E sws2 647   sws1 546 
Figure 6F sws2 647   sws1 546 
Figure 6F sws2 647 lws2 546   

Figure 6F sws2 647   rh2-1UTR 546 
Figure S3C rh2-2cds 488 lws2 647 sws1 546 
Figure S3C arr3a 488 arr3b 647 sws1 546 
Figure S3C arr3a 488 gnat2 647 sws1 546 
Figure S3E sws2 647 lws2 488 sws1 546 
Figure S7E sws2 647   sws1 546 
Figure S7F rh2-2UTR 647   rh2-1UTR 546 
Figure S7G sws2 647 lws2 546   

Figure S7G sws2 647   rh2-1UTR 546 
 



 
 

 

 

Table S6. Genomic locations of FOXQ2 gene used for synteny analysis 
Species assembly Chromosome/contig 

coelacanth Latimeria chalumnae LatCha1 Scaffold JH127062.1 

spotted gar Lepisosteus oculatus LepOcu1 LG19 

zebrafish Danio rerio GRCz11 chr 22 

Medaka Oryzias latipes ASM223467v1 Primary assembly 4 

Sparrowhawk Accipiter nisus Accipiter_nisus_ver1.0 Primary assembly 
BJBX01009521.1 

Chicken Gallus gallus GRCg6a chr 28 

Platypus Ornithorhynchus 
anatinus mOrnAna1.p.v1 Primary assembly X2 

Human Homo sapiens GRCh38.p13 chr 19 

 



 
 

 

 

Data S1.  
Cone- and rod-enriched genes identified by microarray analysis. Probes whose signal intensities 
10-fold higher in cone compared with rod (cone-enriched) and 4-fold higher in rod compared 
with cone (rod-enriched) are listed in this dataset. 
  

Data S2.  
Probe sequences used for in situ hybridization chain reaction 
 

Data S3.  
Results of motif scanning analysis. Unique IDs of transcription factor motifs in the JASPAR 
database are included in this dataset. 
 

Data S4.  
Nucleotide and amino acid sequences used for inferring phylogenetic tree. The nucleotide 
sequences of FOXQ2 genes, identified by blast searching and manual annotation in this study, 
are indicated by upper case letters for exons, while those are indicated by lower case letters for 
introns. 
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