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Abstract

Purpose—To determine the genomic organization of the zebrafish crx gene and to evaluate if
mutations in crx are responsible for the retinal degeneration phenotype in the zebrafish (Danio
rerio) mutants niezerka (nie™”43) and mikre oko (mok™M632),

Methods—Overlapping fragments were PCR amplified from genomic DNA isolated from
homozygous mutant embryos and wild-type siblings (sibs). Amplicons were sequenced and sequence
data assembled into contigs. Genomic organization was determined by alignment of contigs with
published cDNA sequences and zebrafish genomic sequence from Sanger and Ensembl databases.
Linkage analysis used DNA from mapping panels of single homozygous mutant animals with mixed
genetic backgrounds.

Results—The analysis indicated that the zebrafish crx gene consisted of three exons and 2 introns,
and spans 3.8 kb of genomic DNA. The splice junctions were all located within the coding region.
Highly repetitive sequences present in non-coding regions of crx and extended tetra-nucleotide
repeats in intronic regions were associated with sequence variation between different strains.
Homozygous mok™M832 or nieM743 mutants and their respective wild-type sibs, showed identical
patterns of heterozygosity and sequence variations within each line. No mutation in crx were
identified in homozygous mok™632 or nieM743, Consistent with the absence of identified mutations,
linkage analysis excluded linkage of the mutant phenotypes to crx.

Conclusions—Despite the presence of sequence variations in their respective genetic
backgrounds, within each line the sequence of crx was identical. Consistent with the absence of
mutations, further analysis excluded linkage of the mutant phenotypes to crx. Analysis is in progress
to map these loci and identify the genes responsible for the retinal degeneration phenotype in these
mutant lines.
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Crx (cone rod homeobox) is a divergent member of the Otx/orthodentical family of
transcription factors and functions as a key transcriptional regulator of photoreceptor-specific
gene expression [1,2]. Itis expressed in rod and cone photoreceptors, horizontal cells and inner
nuclear layer neurons in the retina and cells within the photosensitive pineal gland in mammals
[1-3] and zebrafish [4]. Mutations in CRX have been identified in human patients with various
degenerative retinal diseases including cone-rod dystrophy [5-8], Leber congenital
amaurosis [7,8,9,10-12], and autosomal dominant retinitis pigmentosa [8]. Mice homozygous
for atargeted disruption of Crx initially have a morphologically normal retina, but subsequently
manifest changes in both the outer and inner nuclear layers [13,14]. In the outer nuclear layer,
rod and cone photoreceptors fail to elaborate outer segments and degenerate; in the inner
nuclear layer, bipolar and horizontal cells show increasingly abnormal arborization of their
axonal and dendritic processes with age. To date, a crx null mutation in zebrafish has not been
identified, although morpholino knockdown of crx expression during embryogenesis results
in reduced retinal size, reduced proliferation and increased death of retinal progenitors, and a
near total absence of rhodopsin and cone opsin immunoreactivity in the retina by three days
post-fertilization (dpf) [15].

Zebrafish have become increasingly valuable as a model system for studying development in
general, and the development of the visual system in particular, because of their extra-uterine
development, transparency of their embryos, availability of methods to manipulate gene
expression, and the rapid maturation of their visual system [16-19]. The optic primordium is
visible by 12 h post-fertilization (hpf), the first differentiated ganglion cells are identifiable by
30 hpf [20,21], and visually evoked behaviors such as the startle reflex are detectable around
68 hpf [16,22]. In a large-scale zebrafish mutagenesis using N-ethyl-N-nitrosourea, 49
recessive mutations with morphological defects in the eye were identified and subsequently
classified into seven phenotypic groups [23]. The mutant phenotypes include neuronal
patterning defects, cyclopia, defects of the outer retina, and retinal degeneration. Among those
with outer retinal defects or retinal degeneration, only niezerka (nie™"43), and mikre oko
(mokM632) display a retina-specific phenotype without obvious morphological defects in other
tissues.

Although non-allelic, both nie™743 [24] and mok™832 [25] homozygotes show retinal
degeneration as early as 3 dpf that is characterized primarily by a failure of the photoreceptors
to develop proper morphology, increased cell death in the outer nuclear layer and degeneration
of both rod and cone photoreceptors. In both mutant lines, the loss of photoreceptors is
distinguished by the loss of immunoreactivity to opsin-specific antibodies that progresses from
the peripheral to central retina. In addition to the loss of photoreceptors, homozygous
nie™743 and mok™M632 |arvae manifest defects in the inner retina that include an approximately
34% decrease in the total number of inner nuclear layer cells in nie™”43, a reduction in the
number of Miiller glia in mok™632, and an absence of morphologically identifiable horizontal
cells in both.

The retinal defects observed in nie™’43 and mok™M832 mutants are localized to crx expressing
cells [4] and the failure of outer segment formation, early death of photoreceptors and changes
in the inner retina are remarkably similar to the pattern of retinal defects observed in Crx null
mice [13,14]. We undertook these studies to determine the genomic organization of the
zebrafish crx gene and to evaluate whether mutations in crx are responsible for the retinal
phenotype in nie™’43 and mokM632,
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Methods

Zebrafish breeding, handling, and genotyping

Zebrafish (Danio rerio) mutants, nie™’43 and mok™632, \vere recovered in a large scale
mutagenesis screen in zebrafish and were maintained in an AB, Tubingen, or WIK background
[23]. Animals were kept on a 14 h light/10 h dark cycle according to standard procedures
[26]. Embryos were collected from pairwise matings of heterozygous animals and raised at
28.5 °C. Homozygous mutant embryos were distinguished from their heterozygous and wild-
type siblings (sibs) by morphology under a dissecting microscope at 5 dpf. The genetic crosses
used to generate the mapping panels for linkage analysis are shown in Figure 1. Briefly, GO
(generation zero) heterozygous males [nie™43 (AB background) or mok™632 (AB
background)] were mated with wild-type females (WIK background). Heterozygous F1
progeny from individual clutches were mated to each other to generate homozygous F2 mutant
embryos that were identified on the basis of their morphology as previously described [24,
25]. All procedures using fish were performed in accord with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research.

DNA purification

Genomic DNA was isolated from either homozygous mutant embryos or a combination of
heterozygous and wild-type sibs by standard methods [27]. For linkage analysis, DNA was
isolated from individual homozygous F2 mutant animals. Briefly, embryos were extensively
digested in Proteinase K (0.05 mg/ml Proteinase K in 10 mM TrisHCI, pH 8.0, 5 mM EDTA,
0.1 M NacCl, 0.5% SDS) followed by phenol/chloroform extraction, ethanol precipitation and
resuspension in TE.

PCR amplification and sequencing

Genomic DNA was PCR amplified using primers listed in Table 1. PCR was done in 100 pl
reactions using Taq polymerase (Invitrogen, Carlsbad, CA) with 1.5 mM MgCl, (2 min
denaturation at 94 °C, 35 cycles of 94 °C, 30 s; anneal 30 s (Table 1); 72 °C, 2 min; and a final
10 min 72 °C extension). PCR amplification of introns 1 and 2 used the Advantage PCR system
(Clontech, Palo Alto, CA) following manufacturer's recommendations. PCR products, purified
using PCR purification columns (Qiagen, Inc., Va lencia, CA), were sequenced using CEQ
Dye Terminator Cycle Sequencing kit (Beckman Coulter, Fullerton, CA) and analyzed using
aBeckman CEQ2000 according to manufacturer's instructions. For each fragment both forward
and reverse strands were sequenced with 2-4 fold coverage. Sequence assembly and alignment
used Contig Express and AlignX software (Vector NTI version 8; Invitrogen, Carlsbad, CA).
For microsatellite analysis, PCR was carried out in a 20 pl reaction mixture containing 50 ng
of genomic DNA, 2 mM MgClI, and 1.0 U of EX-Taq polymerase (Takara Mirus Bios Inc.;
Madison, W1) for 32 cycles. PCR products were analyzed by electrophoresis on 6% denaturing
polyacrylamide gels. Sequence data has been deposited in GenBank: genomic crx sequence
for mok™M632 (AY703034, AY703035) and for nie™"43 (AY 703036, AY703037, AY703038).

Results & Discussion

To determine the sequence and genomic organization of the zebrafish crx gene, we used a PCR
based strategy with oligonucleotide primers that were designed using the published zebrafish
crx cDNA sequence (GenBank accession number AF503443; Table 1) [4]. Amplicons (Figure
2) were sequenced and the overlapping genomic fragments were assembled; exons were
identified by alignment with zebrafish crx cDNAs. Zebrafish crx consisted of three exons: exon
1 (>507 bp), containing 410 bp of the 5’ UTR, the ATG initiation methionine, and 97 bp of
coding sequence; exon 2 (152 bp), containing part of the homeodomain; and exon 3 (1726 bp),
containing 594 bp of coding sequence including the remaining portion of the homeodomain,
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a TAG stop codon, and a 1129 bp 3' UTR. (Figure 3). All identified introns were located within
the coding region and examination of the intron/exon boundaries showed that all followed the
AG/GT rule (Table 2). The splice junctions in zebrafish crx were located at the same position,
relative to the translation initiation (ATG) site, as were the splice junctions within the coding
regions of human and mouse Crx (Table 2).

The zebrafish crx introns were relatively small: 722 bp for intron 1 and 585 bp for intron 2. A
tetra-nucleotide (ATCT) repetitive element was identified in both introns; it contained 34 and
21 repeats inintrons 1 and 2, respectively. Intron 2 contained an additional ATCC element that
was repeated ten times. We compared our genomic sequence data to the publicly available
zebrafish genome sequences from the Ensembl and Sanger databases and the published
zebrafish crx cDNA sequence (GenBank accession number AF503443). We found several
areas of sequence variation: one in the 5’ untranslated region (UTR), a second in intron 2, and
athird in the 3' UTR (Figure 4). These regions showed variability in the number of repeat
elements, along with minor single nucleotide substitutions or small deletions/insertions.
However, none of these variants were located within the crx coding region, therefore, these
changes would likely not affect the CRX protein.

Overall, the zebrafish crx gene was relatively small, with the three exons spanning 3.8 kb of
genomic DNA. This differs from mammalian crx genes that span considerably larger regions;
mouse and human CRX genes encompass 15 kb and 25 kb, respectively [28]. The difference
between the mammalian and hon-mammalian crx genes appears to be attributable to the
presence of an additional intron(s) in the mammalian genes that subdivides the 5’ UTR [28].
The 5" UTR (410 bp) in the identified zebrafish crx cDNAs (Figure 5 and Liu et al. [4]) is
considerably longer than the identified 5’ UTR in any of the mammalian crx genes (e.g., 207
bp in human (BG396702); 126 bp in mouse (AK053533) [28]; 102 bp in canine (AF454668)
[29]). Although we cannot exclude the possibility of an additional 5’ exon in zebrafish, several
observations would argue against it. First, there are currently eleven zebrafish crx cDNAs in
the public databases that contain 5" UTR sequence, none of which extend further 5’ than
AF503443 or contain additional introns within the known exon 1 sequence. Second, there is
sequence conservation between the zebrafish exon 1 and both exons 1 and 2 of the mammalian
Crx orthologues (Figure 5;Table 3). Zebrafish crx exon 1 shares 47.6-49.3% sequence identity
with mammalian Crx exon 1 and 55.6-57.1% identity with exon 2, compared to 33.6-42.5%
between the 3' UTR sequences of zebrafish and mammalian Crx (Table 3). Third, cross-species
comparisons of the known mammalian Crx cDNAs to zebrafish and fugu genome databases
failed to identify any regions of sequence homology with the genomic region 5’ to exon 1 of
zebrafish crx. Likewise, there is no detectible sequence homology between the genomic regions
5’ of zebrafish crx and syntenic regions of mouse, human, or fugu genomes. Finally, the length
of zebrafish crx cDNA (2.385 kb) corresponds closely to the transcript size as determined by
Northern blot (approximately 2.4 kb) [4].

To look for crx mutations in nie”3 and mok™632, we sequenced all exons, splice junctions, and
flanking intronic regions of the crx locus in homozygous mutant animals and their
phenotypically wild-type sibs. Based on Mendelian segregation of gametes and the recessive
inheritance of these two mutations [24,25], the population of phenotypically wild-type animals
from each clutch should consist of a combination of heterozygous mutants and wild-type sibs
with a predicted ratio of one mutant to two wild-type chromosomes. Sequence heterozygosity
observed in the control group that was not present in the homozygous mutant animals would
be considered a potential mutation. We found no evidence for crx mutations in either
mok™632 or nieM’43 homozygous mutant lines. There were bases that were heterozygous in the
control group and in each case, the same pattern of heterozygosity was also present in DNA
from homozygous mutants. Ambiguous bases can be the result of sequencing artifacts, however
these are typically specific to one direction of sequencing and are not detected when sequencing
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in the opposite direction. Although this was the case for a fraction of the ambiguous bases
detected, there were multiple instances where the same pattern of heterozygosity was present
in the sequence of both the forward and reverse strands. The absence of identifiable mutations
in crx in the two mutant lines and the presence of sequence heterozygosity in homozygous
nie™743 and mok™632 mutants support the conclusion that retinal degeneration in these animals
is not attributable to mutations in crx.

At least 14 neurological diseases are associated with dynamic instability of tandem arrayed
repetitive elements located in both coding and non-coding regions of genes [30]. Expansion
of tetra- or penta-nucleotide repeats within intronic regions have been shown to contribute to
splicing anomalies in myotonic dystrophy [31] and spinocerebellar ataxia type 10 [32]. To look
for possible expansion of the tetranucleotide repetitive elements, introns 1 and 2 were PCR
amplified using primers located in the flanking exons (Table 1). In all cases, the size of the
amplicons from homozygous mutant animals was indistinguishable from those amplified from
their wild-type sibs (e.g., Figure 2D) and we concluded that variations in repeat length within
introns 1 or 2 are not responsible for the mutant phenotype.

Our analysis of crx in mok™832 and nie™743 mutants focused on the coding region, flanking
untranslated regions, and splice junctions. Mutations located in regulatory regions of crx would
not have been detected. In order to definitively exclude crx, we used linkage analysis. For these
analyses, we generated mapping panels for each mutant line by out-crossing heterozygous
mutants to wild-type fish of a different genetic background (Figure 1). By mating the resulting
F1 progeny to each other, we generated homozygous mutant embryos that each carried two
identical alleles of the mutated chromosome originating from a single GO (generation zero)
parent. If the mutant phenotype and crx are linked, we expect little or no heterozygosity or
sequence variation within crx in homozygous mutants. Although sequence heterozygosity or
variations can result from recombination between the mutant and wild-type chromosomes in
the F1 animals, the frequency of recombination within tightly linked loci is, by definition,
extremely low. For nie™43, five of seven homozygotes had at least one base that showed
heterozygosity or a substitution compared to the consensus (Figure 6). This result is consistent
with independent segregation of crx and the mutant phenotype and we conclude that nie™743
and crx are not linked.

Similar analysis of mok™832 did not identify any sequence variations in a mapping panel of 8
homozygotes, therefore a second panel was used for mapping analysis using microsatellite
markers [33]. The CA repeat marker 213833 maps to a location 50.3 cM from the top of
Linkage Group 5, close to the known map location of crx (49.6-54.5 cM from the top of Linkage
Group 5) [4]. Given an estimated distance of 4.2 cM between 713833 and crx, the
recombination frequency between these markers should be less than 5% and no more than one
in 20 homozygous mutant animals would be expected to have a recombinant genotype for
713833 and crx. We observed that all allele combinations (AA, AB, and BB) were present in
both the wild-type and the mok™632 mapping panels (Table 4). A maximum of four of eight
mutant animals (50 percent) displayed a single allele combination. Therefore, we conclude that
segregation of 213833 is independent of the mutant phenotype and that mok™®32 js not linked
to either 213833 or crx. Studies are currently underway to complete the mapping and
characterization of the genes responsible for the mutant phenotypes.

Linkage analysis in human patients and murine models has made major contributions to the
identification of genes and mutations that cause inherited retinal degenerative disease.
However, the potential of zebrafish models for studying the visual system has just begun to be
realized. Progress in completion of the genome projects of zebrafish and other vertebrate
species will continue to facilitate the identification of both developmentally important and
disease-associated genes. The identification of genes and mutations that underlie the
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phenotypes of zebrafish mutants isolated from large scale mutagenesis screens through the
analysis of candidate genes and linkage analysis has the potential to identify novel genes and
pathways involved in both normal development and to provide new models for the
understanding of degenerative retinal disease.
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Figure 1.

Genetic crosses used to generate homozygous mutant fish. Diagram showing genetic crosses
used to generate homozygous mutant fish for linkage analysis. In the F1 and F2 generations,
the relative Mendelian proportions of each class of progeny is shown. Homozygotes are solid
color, heterozygotes are two colors. The mutant chromosome is shown in black. The wild type
chromosomes (+) are shown in blue (AB background) or white (WIK background).
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Figure 2.

PCR amplification zebrafish crx fragments from genomic DNA used for sequence analysis.
Photographs of ethidium bromide-stained agarose gels showing representative PCR
amplifications of zebrafish crx from genomic DNA isolated from mok (mikre oko), nie
(niezerka) homozygous mutants (m) and their phenotypically wild-type sibs (w) using primers
listed in Table 1. A: 5" end of Exon 1 including repetitive region within 5" untranslated region
(UTR). B: 5’ coding region of Exon 3 and flanking portion of Intron 2. C: 3’ end of coding
region of exon 3 and repetitive sequences in 3' UTR. D: Intron 2 shows a small, but detectable
difference in the size between mok (1026 bp) and nie (1064 bp) although within each line, the
amplicons from homozygous mutant and wild-type sibs co-migrate.

Mol Vis. Author manuscript; available in PMC 2010 June 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Otteson et al. Page 10

EXON1
CGGCACGAGGCTCATAGTGTCCCGCTCCTGTCCGGTCTTACCCAAGGGACACGGGCCTTTACCAACGCCAAAACTCTGAC
CAAGAGCCAGCAACTTTTGTGCATATAGACATTTATTTGTTCTTTAACTCACATTAAGGGTCTATTATTGGATATTTAGA
GCGATAGTAATGGTAGATTGGTAGTTAAACTTGGGCAAAAGTGTAAGCTTATTGAAGACAGCGAGTAGCGCGCGCGCGAG
CATCTACAGGTGTTTGAGGAGCACAGACACGCGCCAGGCGCGAGCACAGACACGAGACC

GCAATAGAGAGAGTGTGCGAG
AGACGCGGCCGTCCCAAGAATGATGTCCTACATAAAGCAGCCCCATTATGCTGTGAACGGGTTAACACTGTCCGCCTCAG
GAATGGACCTGCTCCACACCGCCGTCGGCTACCCAGgtcagttcattctcattaatcattaatggtgtttctgttagacg
ttttataattttttttgtgtccaatgaactgaaaagagaggggtaaagcacaactcaagtataacctcgttttcctttca
tttgatataataacctatccgcatttccaatctacaatttaagaaacgtgcatttactaagcgatagcttgaccacatta
attgcacttgctcacgtaataacaaacgcactgcccacgttcaaacagaaataaattacgtaagcacgagcattaagttt
ggaaatacaaggtttgagaatttttcgtagtgcaattttattacatacattaaaaaagttagcctatcttttagtttttt
gcttattagctatacaaaattacttttagccaattatgaagccattacagattttaaatctacaaagttgtttttcccta
ttgttacaagaaaatctatctatctatctatctatctatctatctatctatctatctatctatctatctatctatctatc
tatctatctatctatctatctatctatctatctatctatctatctatctatctatctatctatctatcaaacattttaat
gactttaacaggctcttattaaaatgcttaaaactgatgctgcactctacatgatgacaagtgggaaacctcctgaattt

EXON2
gttttaagctgagtgattgttcatatttgtatgtatagCCACTCCGAGGAAGCAGCGTCGAGAGCGCACCACCTTCACTC
GCACCCAGCTGGACATTCTGGAAGCTTTGTTCACCAAAACACGCTATCCAGACATATTTATGAGAGAAGAGGTAGCTCTG
AAAATCAACCTTCCCGAGTCCAGAGTTCAGgtgagtcctctgatgcctctcacacatccttctcaacacgttctcttgtg
tctagcagaaactcatgatgtccataaagttatgaatttaatctatctatctatctatctatctatctatctatctatct
atctatctatctatctatctatctatctatctatctatctatctatccatctatccatccatccatccatccatccatcc
atccatccatccattcatccatctaacacttggttgctgtaatttaaataatgttgactgtatacacatgcaactaagaa
ttcgaaaataagtgtgaatctaatctaatttgttaaattgcacttactgaaaatgacaaaaacattgacgattagtgtga
cgattaggcctgttattggttcagatgaccacagattaggcatgagatgatagtttctatagtatattcattccttgatc
tgcaatgaaataagccagccatttggttaaatttcttaatcaatttttaacacaaaaaagtttgtatttttatattttac
EXON3

ccaaatttgtcttaaaacaatccatcaataacatcaataactccattgttgtttcttcagGTGTGGTTTAAGAACCGTCG
TGCTAAATGCCGCCAGCAGCAGCAGCAGACCAGCGGTCAGCCCAAGCCCCGTCCCCCCAAAAAGAAGTCCTCCCCTCCCC
CTGATCTGACCTCTGACCCTGGCACTAGCTCCTCGGTGGTGGCTGCCCCGACCCCGACCGTGCCCCCTAGTGTGAGCGCA
GGCACAGCACCAGTTTCTGTATGGAGTCCCACTTCTCTTTCCCCCCTCCCTGATCCACTGTGTGGTTCAGGCACCCCCTG
CGTGCAGCGTCCTGCTCCATATCCCATGAGCTACGGTCAGCCCTCTTCCTACAGCCAGGGCTATGGCTCTTCTCCTTACT
TCAGCGGATTGGATTGCAGCCCGTACCTTTCTCCCATGACCACCCAGCTGTCAGCAAGTGGAGGCGCCCTCTCCCCCCTC
ACCGTGCCCTCCATGGGCGGCTCGCTCAGCCAGTCGCCCTCTCTCTCCTCCCAGGGATACAGCACTGCGTCGTTGGGCTT
CAGTTCGGTAGACTGCCTTGACTACAAGGACCAGCAGGCCTGGAAGCTCAACTTCAGCACTGTGGACTGCCTCGACCACA
AATTCCAGGTGCTGTAGAAAAGAAAGTGAGAGAGAGAGAGAGTGAAGCGCGAGAGGGAAAGACATATGCGTGAAGAAGAA
ATGATGCAGAACTATTGCCGGAGACATTGTGATGATGAACAGGACTGAATCAGCGTGATTCATGTGATCTTAGAGGTGAA
AAAAGGAGCACCCATTTTGGAACAGGTGAAGACTGTTCCTCTGTAATCCAGATCTGCTCTGTGATTGGCTGAGATTGAAG
GGACTCTTCAAGTCTACTGATCAGTCATCATTATTAACCATTTACCTCACACATGCACACACCATTGACTAACTTTCACA
ATGCATACACACAAACACACATTGGTATTAATGGTTTATAAGGACATGCCATTGGCATTATGTATTTTATACAGTTAAAA
CCATTTTTATATGACCCCACCCCTAAATCTGACCCTTCCAAGAAATCTGTGGCACATTTGAAATGTCAATTTAAGCATTT
TGAATTACAAGGACATAAGAAATGTCCTCATAAACCACAGCAATGTTGTAATTCCTAGGTCATACCCATGTCATTATACA
TTTCTGTCCTTGTAAACCACAAAAACCAGTACACACAGAAACAAAGACATGCACATAACTGGAGGGGAATCTGTGTTTGT
TTGTTTTTTTGCAGATACAGTTAGCTTATTGTTGGACAAAGTTGTTCTTTCTACTTTTTTCATGAGTTTGGTTTGGTTTG
TCTGTACTGGGAGACATTAGGAGTTCTTGTGTCGTGCTTTTAGCTTGCTGTTATTTATGTATCGTTAAATTATGTTAACT
TATAACAAATAATGTTGTTTTCTGTTAGTTTGAGTTAATCGTTACTAATTAAACTTCATTTAATGGCATCGTATGCATGC
TGTCGACATATGTTTTCTATTTGGGTGACCTTGTGTTGAAAAATGTTGGTGTTTACAAATGTCATTATGTTGCTTTGACT
GAA

Figure 3.

Genomic organization and sequence of zebrafish crx. Consensus genomic sequence of
zebrafish crx obtained from wild-type sibs in the mok™M832 background. Exons are in capital
letters with the coding sequence shown in blue; introns are in lower case. Bases in puple indicate
intron 1 sequence from Sanger contig (zcl2909). Three regions of sequence variability located
inexon 1 ( ), intron 2 (red), and exon 3 (97%€1) are shown in detail in Figure 4.
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A:

mok

nie
AF503443
zc12909
ctgl3244

B:

mok
zc12909
ctgl3244

C:

mok

nie
AF503443
zc12909
ctgl3244
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CCAGACCCGTAACACAGCGTCGCAGAGAAAAAAGAGAGTGAGAGAGGGGTGAGAGAGGGAGGGAGAGAGAGAGATAGAGA
CCCGACCCGTAAAACAGCGTCGCAGAGAAAAAAGAGAGTGAGAGAGGGGTGAGAGAGGGAGGGAGAGAGAGAGATAGAGA
CCCGACCCGTAAAACAGCGTCGCAGAGAAAAAAGAGAGTGAGAG- GGGGTGAGAGAGGGAGGGAGAGAGA- - - - - - - - GA
CCCGACCCGTAAAACAGCGTCGCAGAGAAAAAAGAGAGTGAGAGAGGGGTGAGAGAGGGAGGGAGAGAGAGAGATAGAGA
CCCGACCCGTAAAACAGCGTCGCAGAGAAAAAAGAGAGTGAGAGAGGGGTGAGAGAGGGAGGGAGAGAGA- - - - - - - - GA

* * * k3K K K >k 3k ok %

CTATCTATCCATCTATCCATCCATCCATCCACATCC-TCC-T-CATC---------------- CATCCATTCAT
CTATCTATCCATCTATCCATCCATCCATCCA--TCCATCCATCCATCCATCCATCCATCCATTCATCCATTCAT
CTATCTATCTATCTATCCATCCATCCATCCA--TCCATCCATCCATCCATCCATCCATC- - - -CATCCATTCAT

* * % * x kX sk ok K oK oK K K ok oK K oK ok ko K

AAGTGAGAGAGAGAGAGAGTGAAGCGCGAGAGGGAAAGACATATGCGTGAAGAAGAAATGATGCAGAACTATTGCCGGAG
AAGTGAGAGAGAGAGAGAGTGACGCGCGAGGGGGA - - GAGAGATATGTGT - GAA - AAATGATGCAGAACTATTGCCGGAG
AAGTGAGAGAGAGAGAG- - TGAAGCGCAAGAGGGAAGGAAAGATGCGTGAAGAAGAAATGATGCAGAACTATTGCCGGAG
AAGTGAGAGAGAGAGAGAGTGAAGCGCAAGAGGGAAGGAAAGATGCGTGAAGAAGAAATGATGCAGAACTATTGCCGGAG
AAGTGAGAGAGAGAGAGAGTGAAGCGCAAGAGGGAAGGAAAGATGCGTGAAGAAGAAATGATGCAGAACTATTGCCGGAG

* % * * kK x k% kkk % * *

Figure 4.

Alignment of DNA sequences of zebrafish crx showing regions of sequence variability.
Alignment of crx sequence data from mok and nie wild-type sibs with published zebrafish
genomic and cDNA sequences reveals areas of sequence variability associated with repetitive
sequence elements in both non-coding and intronic regions. A: The GA repeat in the 5’
untranslated region of exon 1; B: the CATC tretranucleotide repeat region in intron 2; and C:
the GA repetitive element and flanking G/A rich sequence in the 3’ untranslated region in exon
3. Asterisks (*) under sequence indicate variable bases; dashes indicate gaps introduced to
optimize alignment. Sequence data from mok and nie were obtained from the present study;
additional zebrafish sequences were obtained from the publicly available databases as follows:
AF0503443 from crx cDNA sequence NCBI database [4]; zc12909 genomic sequence from
Sanger database; and ctg13244 genomic sequence from Ensembl Database.
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zebrafish EXON 1 (1) CGGCACGAGGCTCATAGTGTCCCGCTCCTGTCCGGTCTTACCCAAGG-GA
human EXON 1 (1) ------------------- TGCCAC-CTTGGCCGGGATTACCCTCCGAGT
mouse EXON 1 (1) -----cmmmmcmem e e e -

dog EXON 1 (1) - mmmmmmmmmm oo e oo

zebrafish EXON 1 (50) CACGCGCCTTTACCAACGCCAAAACTCTGACCAAGAGCCAGCAACTTTTC
human EXON 1 (31) TCCAGGCCATGACAAATGACATCACTC—-CC—GGCCCAGAAAATCTCC

mouse EXON 1 (1) ----ommmmmmmm e

dog EXON 1

zebrafish EXON 1 (100) TCGCATATAGACATTTATTTGTTCTTTAACTCACAT-TAGGGTCTATTA
human EXON 1 (76) CCATGTGAGGGGATGTGTTTCCT-TCAGCCTCTGCTGTCTGGCCGCTCT
mouse EXON 1 (1) =---=--czmmmnn- GATTTCCTCT-AGCCTCTGCTGTCTGATGACACC
dog EXON 1 (1) =--ecmmmmmmammmcmacoaaeooe CCACCTGAGGACTC-TGACTCC

zebrafish EXON 1 (149) TTGGATATTTAGAGCGAT-AGTAATG-GTAGATTCCTACTTAAACTTGG
human EXON 1 (125) GTCTAGGTCCTGGGCCAC-GGGAGAG-CCCCGTCCCTCCTTTCTGAAG-
mouse EXON 1 (33) ATCCAGTACCTGAACATCCAGGAGAGTCCCCATTTCTCCTTTCCAAAG-

dog EXON 1 (23) AACCAGGTCCTGGGCCACCAGGAGAG--CCTGACCCTGTTTTTGGAAG-

zebrafish EXON 1 (196) GCAAAAGTGTAAGCTTATTGAAGACAGCGAGTAGCGCGCGCGCGAGCAT
human CRX 7 ) T
mouse CRX 2] )

dog CRX (B8) == == m i m e e

zebrafish EXON 1 (246) CTACAGCTGTTTGAGGAGCACAGACACGCGCCAGGCGCGAGCACAGACA
human CRX (170) = o m oo oo e
mouse CRX = ) T

dog CRX (B8) === mm i m e eieaaaoo-

zebrafish EXON 1 (296) CGCGACCCCCGACCCGTAAAACAGCGTCGCAGAGAAAAAAGAGAGTGAG
human CRX (170) ~-mmmmmmmm e

mouse CRX (80) ~--c-rmecmcme e e e
dog CRX (68) ~--mmmmmcmenee i crc e
zebrafish EXON 1 (348) AGGGGTGAGAGGGAGGGAGAGAGAGAGCAATAGAGAGAGTGTGCGAGAG
mouse EXON 2 (1) ------mmmmmmmmim o GTGCCCTC- -ATCTGGG
human EXON 2 (1) --------mmmmmmmmmm e oo GCCCCCTG- -ACTTGGG
dog EXON 2 (1) --------mmmmmmmmm e GCCCGCAGAGACCTGGG
k% k
zebrafish EXON 1 (398) ACGCGGC-CGTCCCAAGA--ATGATGTCCTACATAAAGC---AGCCCC
mouse EXON 2 (19) CCACAG--TCTCTGAAGATCATGATGGCATATATGAACCCGGGGCCTC
human EXON 2 (21) CCTCAGTGTCCCCGAAGATCATGATGGCGTATATGAACCCGGGGCCCC
dog EXON 2 (23) CCACAGTATCCCCAAAGATCATGATGGCGTATATGAACCCGGGGCCCC
zebrafish EXON 1 (440) ATTATGCTGTGAACGGGTTAACACTGTCCGCCTCAGGAATGGACCTGC
mouse EXON 2 (69) ACTATTCAGTCAATGCCTTGGCTCTGAGTGGCCCCAATGTGGACCTGA
human EXON 2 (71) ACTATTCTGTCAACGCCTTGGCCCTAAGTGGCCCCAGTGTGGATCTGA
dog EXON 2 (73) ACTACTCGGTCAACGCCTTGGCCCTCAGCGGTCCCAGCGTGGATCTGA
zebrafish EXON 1 (490) TCCACACCGCCGTCGGCTACCCAG
mouse EXON 2 (119) TGCACCAGGCTGTCCCATACTCAA
human EXON 2 (121) TGCACCAGGCTGTGCCCTACCCAA
dog EXON 2 (123) TGCACCAAGCTGTGTCCTATCCAA

Figure 5.

Alignment of exon 1 from zebrafish crx with exons 1 and 2 from mammalian CRX identifies
two regions of sequence similarity. Exon 1 of zebrafish crx contains regions of sequence
similarity with both exons 1 and 2 of the mammalian CRX genes. The highest sequence identity
is in the coding region and flanking 5’ untranslated regions of exonl in zebrafish crx and exon
2 in mammalian crx. There is a second region of sequence similarity between the 5’ UTR of
the zebrafish and exon 1 of the mammalian crx genes. The translation start site (ATG) is
indicated by the three astericks (***) and identical bases are shown in blue. The following
sequences were used in this alignment: Zebrafish (Danio rerio; AF503443) human (Homo
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sapiens; BC016664, BG396702); mouse (Mus musculus; AK053533); and dog (Canis
familiaris; AF454668).
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#Jb nizd T A A A

CTTHNIGIGILC

T A A A
consensus T A A A

Figure 6.

CTTAGBGBL
CTTAGGEC
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«JMnz1 AGCGAGTAGELCEG

ry
H{MM

CGARG 4 6 C &
CGHaGGEGLEELCIG

S GCGAGGGGTCG
<JMniz? AGCGAGNARGTEG

EGCEBAGNAGC G
«JMni3 AGCBAGTAIGC B

r

EGLCLEAGT ADLRLCIG
consensus A G CGAGNADGELCILG

Chromatographs showing representative results of linkage analysis of the crx gene in
homozygous niem’43 mutants from mapping panel. Variable regions of crx exon 1 were PCR
amplified from a mapping panel generated from individual homozygous niem’43 mutants
(IJM_niz1 thru JM_niz7) and sequenced. Alignment of the sequence data using VectorNTI/
Contig Express software (Invitrogen) identified regions of sequence variability, indicated on
the chromatographs by vertical gray lines and arrowheads. In the left panel, JM_niz4 has a
double peak (heterozygous for A and G) compared to JM_niz5 has a single peak (homozygous
for A). Intheright panel, arrowheads indicate a variable di-nucleotide sequence: TAinJM_nizl
and GG in JM_niz 5.
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Table 1

Primers for PCR amplification of zebrafish CRX from genomic DNA

Page 15

Forward primer (5'-3') Reverse primer (5’-3") Target Temp (anneal) (°C)  Size (bp)
CTCATAGTGTCCCGCTCCTGTCC GCTCTCTCTCTCCCTCCCTCTCTCAC exonl:5 60 364
TTCTCGCATATAGACATTTATTTG ATAAAACGTCTAACAGAAACACCATTA exonl:3' 55 471
AACCTCCTGAATTGTTTTAAGCTG TGTTGAGAAGGATGTGTGAGAGGC exon 2 55 242
ATCCATCCATTCATCCATCTAACAC CTCTCTCACTTTCTTTTCTACAGCAC exon3:5 55 990
ACGGTCAGCCCTCTTCCTACAGCC GGAAGGCTCAGATATAGGGGTGG ex_c(;jn 3: 60 725
mi

GGAAGGAAAGATGCGTGAAGAAG  AACCTTCAGCTCCCCTCTGTACGTG exon3:3' 60 933
TTCTCGCATATAGACATTTATTTG TGTCTGGATAGCGTGTTTTGGTGA intron 1 62 1243
ACCACCTTCACTCGCACCCAG TGTAGGAAGAGGGCTGACCGTAGC intron 2 62 1026-1064
AACCTGCCAGAGGGTTACT TCAACAGATGGCTTCAGTGC 713833 50 177 [33]

Oligonucleotide primers used for PCR amplification of zebrafish crx for sequence analysis were designed using Primer3 (Primer3) or Vector NTI
(Invitrogen Corp.) software and the published zebrafish crx cDNA sequence (GenBank accession number AF503443) [4] and obtained from IDT as
standard, desalted oligonucleotides (25 nmole synthesis). Annealing temperatures were optimized using a gradient program on a MJ Research DNA

Engine thermocycler (BioRad).
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Comparisons of CRX sequences by exon across species (percent identity)

Table 3

A. 5 UTR (non-coding)

ZEXON1 HEXON1 MEXON1 DEXON1
ZEXON 1 100 55.5 47.6 49.3
HEXON 1 100.0 69.2 66.2
M EXON 1 100.0 60.0
B. 5 UTR + Coding

ZEXON1 HEXON2 MEXON2 DEXON2
ZEXON 1 100.0 56.0 57.1 55.6
HEXON 2 100.0 84.4 87.6
M EXON 2 100.0 75.5
C. Coding

ZEXON2 HEXON3 MEXON3 DEXON3
Z EXON 2 100.0 74.3 69.7 73.0
H EXON 3 100.0 90.8 88.2
M EXON 3 100.0 88.9

ZEXON3 HEXON4 MEXON4 DEXON4
ZEXON 3 100.0 56.4 53.0 57.2
HEXON 4 100.0 87.0 88.8
M EXON 4 100.0 84.7
D. 3' UTR (non-coding)

ZEXON3 HEXON4 MEXON4 DEXON4
ZEXON3 100.0 41.6 33.6 42.5
HEXON 4 100.0 44.9 48.1
M EXON 4 100.0 45.6

Page 17

Cross-species sequence comparisons of Crx. The three identified exons in zebrafish Crx share sequence identity with all the four identified exons in
the mammalian CRX genes. A: Zebrafish Crx Exon 1 shares a region of moderate sequence identity with human, mouse and dog Crx Exon 1 in the
non-coding, 5" untranslated region. B: A second region of zebrafish Crx Exon 1 shares slightly higher sequence identity with human, mouse and dog
Crx Exon 2. This slight increase in sequence identity is attributable to the high sequence identity within the coding regions. C: The coding regions in
Zebrafish Crx Exon 2 and the mammalian Exon 3 and zebrafish Exon 3 and the mammalian Exon 4 share the highest sequence identity. D: The lowest
level of identity is in the non-coding, 3’ untranslated regions of zebrafish Crx exon 3 and the mammalian CRX exon 4. These comparisons used
sequences from zebrafish (“Z”; Danio rerio; AF0503443); human (“H”; Homo sapiens; BC016664, BG396702); mouse (“M”; Mus musculus;
AKO053533); dog (“D”; Canis familiaris; AF454668).
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Table 4
Linkage of microsatellite repeat Z13833 in MOKM®32 mapping panel

Allele
AA AB BB
mutant (n=8) 4 3 1
wild-type (n=10) 2 3 5

Linkage analysis of the CA microsatellite repeat 213833, located about 4.2 cM from crx on chromosome 5, identified two alleles (designated A and
B) in the mokm®32 mapping panel. All allele combinations (AA, AB and BB) are present in both homozygous mutant mokm®832 and their wild-type

sibs. A maximum of 4 out of 8 homozygous mokm®32 mutants showed a single allele combination, corresponding to a 50% recombination rate. In
contast, the predicted recombination rate between 213833 and the closely linked crx gene is 4.2%. These results indicate that 213833 and crx segregate

independently from the mokm®32 mutant phenotype.
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