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Molecular characterization of a blue visual pigment gene in the fish
Astyanax fasciatus
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We report here the isolation and sequence determination of a gene closely linked to the Astyanax red visual pigment gene. Reverse transcription

polymerase chain reaction assays show that this new gene (823 ) and the previously characterized red and green visval pigment genes of Astyanax

are all expressed in the eye. Phylogenetic analysis shows that B23,, belongs to the group consisting of short wavelength-sensitive pigment genes
from different species and is most closely related to the goldfish blue visual pigment gene.
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I. INTRODUCTION

The retina of the eyed Mexican characin, Astyanax
Jfasciatus, contains rods and single and double cones.
The rods function in dim light and do not perceive
color. The single cones are responsible for blue vision,
whereas one member of the double cone is red-sensitive
and the other is green-sensitive [I]. The red and green
visual pigment genes from a blind cavefish of the same
species, 4. fusciatus ([2]; references therein), have previ-
ously been characterized [3-5]. The A clone containing
the Asryanax red visual pigment gene cross-hybridized
to the bovine rhodopsin and human blue cDNA probes.
A DNA segment 6 kilobases (kb) upstream from the red
gene was found to have high sequence similarities to
visual pigment genes. We report here the cloning and
sequencing of this gene (mamed B23,). Phylogenetic
and expression analyses of this and other visual pigment
gencs strongly suggest that 823, is a bluc visual pig-
ment gene.

2. MATERIALS AND METHODS

2.1. A clone characterization and DNA sequencing

To characterize the visual pigment gene that is physically linked to
RGO7 4, a red visual pigment gene from clone 1007 [4,5], an overlap-
ping clone A23 was isolated from the same genomic library (see [3]).
The maps of A007 and 423 are shown in Fig. 1. Subcloning and double
stranded sequencing were conducted as previously described [3,4].

2.2. RNA isolation and gquantirative RTIPCR amplification

Total RNA from whole eyes of 24-day-old Astvanax fasciatus was
isolated by a guanidinium isothiocyanate procedure [6].

A quantitative performance of the reverse transcription polymerase
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chain reaction (RT/PCR) assay was determined by initially trying
various RNA dilutions with 20, 25 and 30 amplification cycles. 25
cycles of amplification showed a linear increase of PCR products
within the 20-fold range of RNA concentration used. RNA was mixed
with the PCR reaction mix (10 mM Tris-HCI, pH 9.0, 1.5 mM MgCl,,
50 mM KCl, 0.1% Triton X-100, 200 4M dNTPs and primers at | gM
each), and ribonuclease’inhibitor, Taq polymerase and Moiloney mur-
ine leukemia virus reverse transcriptase. The samples were placed in
a thermal cycler at 30°C for 8 min, followed by 25 cycles of 94°C for
I min, 60°C for 2 min and 72°C for 2.5 min. The following four sets
of primers were used: (1) 007: 8-TTTCTTTGCCTGCTTTGCGGC-
GGC-3(F); ¥-GTGTGAGGTATACATGGTGTTTTA-3 (R) (posi-
tions 1786 and 2134 of R007,. [S]; (2) 23: ¥-GGGTGGTGTTTA-
ACCGCGGGCAAT-3" (F); S-CCGTTAGATTTATTTCTCCGGT-
CC-3 (R) (codons 279 to 9 nucleotides 3’-flanking sequence of 823,
this paper); (3} 23 5-CCAGACTGGTACACCACTGAAAAC-3
(F). -CGTTCCCAACCGCAGATCAAACGA-¥ (R) (codons 194
through 294 of B23,, this paper), and (4) 193; 5-CCTGGCACCC-
ACTGGCAGCTGCTC-3 (F), 5-AGTAAAGGGCGCCATAGAT-
TTTTA-3 (R) (codon 295 to 21 nucleotides 3'-flanking sequence of
G103 4, [31).

2.3, Data analyses

Using invertebrate rhodopsin genes as the outgroup, the rooted
phylogenetic tree of 27 currently known vertebrate visual pigment
genes was first constructed (results not shown). The evolutionary tree
obtained shows that (1) B23,,is evolutionarily closely related to the
visual pigment genes trom human (B,,; [7]), chicken (B¢, and Ve, [8]),
and goldfish (B, [9]) and (2) the UV-absorbing visual pigment gene
from zebrafish ({/Vg,; [10]) is most closely related to the rhodopsin
gene from goldfish (RA.; [9]).

To consider all known visual pigment genes from fishes in the
analyses, two sets of visual pigment genes were considered: (1) the blue
and closely rclated short wavclength-sensitive (SWS) genes (823,
B, Vi Be,. and Bg); and (2) thodopsin and related genes. For the
second group, the rthodopsin gencs were selected from lamprey (R,
[11]}, chicken (RhAg,; [12]), human (Rh,; [13]), RhA, from goldfish, and
UV, from zebrafish as representatives.

To evaluate the evolutionary relationship of these 10 visual pigment
genes, the amino acid sequences deduced from them were subjected
to statistical analysis. The proteins encoded by the visual pigment
genes B, V.. Be,, B23,, Bg,, Rh;, Rhe,, Uvy,, R, and Rhy, were
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denoted as By, Ve, B, B23.,. Bg,, Rhy, Rh, UV, Rhg,, and
Rhy,. respectively. The number of amino acid replacements per site
for two polypeptides (K) was estimated by K = —In (1 — p), where p
is the proportion of different amino acids between the two sequences.
Topology and branch lengths of the phylogenetic tree were evaluated
by applying the neighbor-joining (NJ) methed [14] to the K values.
Bootstrap probabilities for branches of the NJ tree for the amino acid
replacements were estimated by bootstrap analysis with 1000 replica-
tions {CLUSTAL V; [13]).

3. RESULTS AND DISCUSSION

3.1. Nucleotide sequence of B23 ¢

The sequencing strategy and nucleotide sequence of
B23 ,;are shown in Figs. | and 2, respectively. This gene
has 5 exons and 4 introns, as is the case for the verte-
brate rhodaopsin genes [12,13,16] and By, [7]. This is
unlike the red- and green-sensitive genes which have 6
exons [3.4,7]. The GT/AG consensus intron splice junc-
tions are conserved. Although B23,,is only about 6 kb
away from R007 4, their sequences differ considerably.
For example, when the sequence of the coding region
of 823 ,, was compared to those of the red- and green-
sensitive visual pigment genes in human [7] and fish
[3-5]. human blue visual pigment gene [7] and thodop-
sin genes from lamprey [11], human [13], and chicken
[12], the proportions of identical nucleotides are 51—
54%, 57%. and 58-62%, respectively. However, B23 ;. is
about 74% identical at the nucleotide level to the gold-
fish blue visual pigment gene [9].

B23,; shares several structural features with other
opsins: (1) a lysine at position 301, important for Schiff
base linkage to a chromophore [17,18], (2) a glutamic
acid at position 118, the Schiff base counterion [19-22],
(3) cysteines at residues of 115 and 192, the sites for an
esscntial disulfide bond [23], (4) cysteine at 145, in-
volved in phosphorylation through interacting with the
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C-terminal tail [24], (5} glutamic acid and arginine at
139 and 140, respectively, believed to be important for
transducin interaction [25], and (6) C-terminal serines
and threonines, potential sites for phosphorylation [26].
It is interesting that B23 ,, position 297 is serine like the
blue opsins in goldfish [9], human [7], and chicken [8],
whereas all other opsins contain alanine at this position
and may be important for interaction with retinal [9].

3.2. Expression of the color visual pigments

To determine 823, is a functional gene, primers were
designed to reverse transcribe and PCR amplify 2 ¢xons
of the red (R0O7 ;) green (G103 ,) and B23,. Condi-
tions were chosen [or a linear increase dependent upon
the RNA concentration to avoid plateau amplification
of rare RNAs (see section 2). Fig. 3 shows that all three
of these genes are expressed in the eye in approximately
cquivalent amounts. The PCR products were subcloned
and/or directly sequenced to verify that each band con-
sisted of the expected visual pigment (data not shown).

3.3. A phylogenetic iree

The phylogenetic tree for the SWS visual pigments
and rhodopsins is shown in Fig. 4. The identical tree
topology was obtained when the NJ method was ap-
plied to K values for all known visual pigments (result
not shown). The same result was also obtained when the
NJ methed was applied to the numbers of nucleotide
substitutions per site for pairwise comparison, which
was estimated by using Kimura’s [27] two-parameter
method (result not shown). The bootstrap analysis sup-
ports that the distinction between the SWS visual pig-
ments (SWS group) and the rhodopsins (Rhodopsin
group) is highly rcliable. Note that B23,, 1s most closely
related to Be,. Within the SWS group, By, and Vi, form
one subgroup and Bc,, B23, and Bg, form another.
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Fig. 1. The genomic structure and sequencing strategy of the Astyanax B23 visual pigment gene. The black boxes indicate the purative coding
sequence. The genomic clone was subcloned into Bluescript SK~ plasmid by using the indicated restriction enzyme or exonuclease II/mung bean
nuclease deletions. (B) BamHT; (E) EcoRl; (H) HindITl; (Ha) Heelll; (P) PsiT; (R) Rsal; (8) Sau3A I; (Sp) Spel: and (Ss) Ssel.
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COCT GCAGCAAAGC AGATTAAAGA GGAATGTCTT ATACAATTCA ATTCTACCTG
TGTGTCTTTG TGTGTGTGTG TGTGTGTGTG TGTGTGTGTG TGTGAGTGTG TGTGTGTGTG TGTGTAAGAG AGAGAGAGAG AGTATTAGTC AGTAATTAAT GGGGACGACC
CTATTAGGOC CCTATAAAAG ATGACAGGAG ATCCTACAGC TCAGAGATCA GGGTCAGTAA COGGTCGGTC COCCGTCTCC TGTCTCCTGT CCTCTGTCTC CTGTCTCACC
GCTGATCTGA TGAGGTTCCA GCTCYCGGTA ATCGTGTAGA TTTCTGTAAG AACTCTAAAG GAACCGGTTC TGCTGATCAC TGTACTGTAG ATCATCATCC CTGAGTCAGA
10 2 30
Met Lys Ser Arg Pro Gln Glu Phe Gln Glu Asp Phe Tyr Ile Pro Ile Pro Leu Asp Thr Asn Asn Ile Thr Ala Leu Ser Pro Phe Leu
ATG AAG AGT CGT CCG CAG GAG TTT CAG GAG GAT TTC TAC ATC CCC ATC CCT CTG GAC ACC AAT AAC ATC ACG GCC CTC AGC CCG TTC CTG
40 50 60
val Pro Gln Asp His Leu Gly Gly Ser Gly Ile Phe Met Ile Met Thr Val Phe Met Leu Phe Leu Phe Ile Gly Gly Thr Ser Ile Asn
GIC CCG CAG GAC CAT CTA GGA GGG TCA GGG ATT TTC ATG ATC ATG ACC GTC TTC ATG CTT TTC CTG TTT ATT GGT GGA ACC AGC ATC AAC
70 & 0
Val Leu Thr Ite Val Cys Thr Val Gln Tyr Lys Lys Leu Arg Ser His Leu Asn Tyr Ile Leu Val Asn Leu Ala Ile Ser Asn Leu Leu
GTC CTC ACC ATC GTC TGC ACC GTC CAG TAC AAG AAG CTC CGA TCA CAT CTC AAC TAC ATC CTG GTG AAC CTG GCC ATC TOC AAC CTG CTG
100 110 120
Vat Ser Thr Val Gly Ser Phe Thr Ala Phe Val Ser Phe Leu Asn Arg Tyr Phe Ile Phe Gly Pro Thr Ala Cys Lys [le Glu Gly Phe
GTC TCC ACC GIC GGG TCC TTC ACC GCC TTC GIC TCC TTC CTC AAC CGA TAC TTT ATT TTT GGA CCC ACA GCT TGT AM ATT GAG GGA TTT
130 140
val Ala Thr Leu Gly G ly Met Val Ser Leu Trp Ser Leu Ser Val Val Ala Phe Glu Arg Trp Leu
GTT GCA ACT TTA GGA G GTAATGTGTT 867tp CTCTCTGCAG GT ATG GTG AGT CTG TGG TCT CTG TCG GTC GTG GCG TTT GAG AGG TGG CIG
150 160 170
val Ile Cys Lys Pro Val Gly Asn Phe Ser Phe Lys Gly Thr His Ala Ile Ile Gly Cys Ala Leu Thr Trp Phe Phe Ala Leu Leu Ala
GTT ATC TGT AAA CCT GTG GGG AAT TTC TCC TTT AAA GGA ACT CAC GCT ATA ATC GGC TGT GCT CTC ACC TGG TTT TTC GCT CTG CTC GCC
180 190
Ser Thr Pro Pro Leu Phe Gly Trp Ser Ar g Tyr Ile Pro Glu Gly Leu Gin Cys Ser Cys Gly Pro
TCC ACA CCT CCA CTG TTC GGC TGG AGC AG  GTCAGATATA 745bp TTTTCTGCAG G TAC ATC CCT GAA GGT CTG CAG TGT TCC TGT GGT CCA
200 210 220
Asp Trp Tyr Thr Thr GLu Asn Lys Tyr Asn Asn Glu Ser Tyr Val Met Phe Leu Phe Cys Phe Cys Phe Gly Phe Pro Phe Thr val lle
GAC TGG TAC ACC ACT GAA AAC AAA TAC AAC AAC GAG TCT TAT GTC ATG TTC CTC TTC TGC TTC TGC TTC GGA TTC CCG TTT ACT GIT ATC
230 240
Leu Phe Cys Tyr Gly Gln Leu Leu Phe Thr Leu Lys Ser Ala Ala Lys Ala Gln Ala Asp Ser Ala
CTT TTC TGC TAC GGC CAA CTG CTC TTC ACT CTC AAA TCA GTGAGACACC 325bp TGTCCACTAG GCG GCC AAA GCT CAG GCT GAC TCC GCC
250 260 27
Ser Thr Gln Lys Ala Glu Arg Glu Val Thr Lys Met Val Val Val Met Val Met Gly Phe Leu Val Cys Trp Leu Pro Tyr Ala Ser Phe
TCC ACG CAG AAG GCG GAG CGA GAG GTG ACT AAG ATG GTG GTG GTG ATG GIG ATG GGG TTT CTG GTG TGC TGG CTG CCC TAC GCC TCC TTC
280 290 300
Ala Leu Trp Val Val Phe Asn Arg Gly Gln Ser Phe Asp Leu Arg Leu Gly Thr Ile Pro Ser Cys Phe Ser Lys Ala Ser Thr val Tyr
GCC CTG TGG GTG GTG TTT AAC CGC GGG CAA TCG TTT GAT CTG CGG TTG GGA ACG ATA CCG TCC TGC TTC TCT AAA GCT TCT ACC GTC TAC
310 320
Asn Pro Val lie Tyr Val Phe Met Asn Lys Gln Phe Arg Ser Cys Met Met Lys Leu Ile Phe Cys
AAT CCC GTA ATC TAT GTC TTC ATG AAC AAA CAG GTGCAGCAAT 754bp TIGTGTGCAG TTC CGC TCC TGC ATG ATG AAG CTG ATT TTC TGT
330 340 350
Gly Lys Ser Pra Phe Gly Asp Asp Glu Glu Ala Ser Ser Ser Ser Gln val Thr Gln Val Ser Ser val Gly Pro Glu Lys
GGG AAG AGT CCG TTT GGA GAT GAT GAA GAA GCC TCC TCC TOC TCT CAG GTG ACC CAG GTG TCT TCT GTA GGA CCG GAG AAA TAA

ATCTAACGGA CAGAAGAATC ACAAACACCT CCAGCGTCAC ACAGCGTCAT ARAGCCTOGG GAAGTCTGTT AGACGTTTGC AGGAAGGTGC GTCTCTGAGG CTCAGGTTAT
TCAGCAGAGC ACGAACCGTC ATACTCCCTC CTTTTTCCCT CTGAGAACAT TCTGCTTTTC CTCTCTGATC
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Fig. 2. Nucleotide sequence and deduced amine acid sequence of the Aszyanax B23,, gene. The deduced amino acid sequence is written above each
nucleotide triplet.

Distinction of these two subgroups is again well sup-
ported by the bootstrap analysis (see Fig. 4). The two
subgroups also reflect some functional differences. That
is, the visual pigments By, and V;, have absorption
maxima of 424 nm [28] and 415 nm [8], respectively,
whereas Bg, and B¢, have much longer absorption max-

ima at 455 nm [8] and 441 nm [9], respectively. The
divergence of the ancestral genes of By, and V, in
chicken predates the speciation event between fish and
chicken. Clearly, the gene duplication between the two
groups of SWS genes preceded the divergence between
fish and bird, some 400 million years ago.
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Fig. 3. Agarose gel stained with ethidium bromide, demonstrating
expression of Asryanax visual pigment genes. RNA isolated from
24-day-old fish eyes were reverse transcribed and PCR amplificd with
primers designed to amplify the last two exons of B23 ,, (lancs labelled
23), G103 ¢ (lanes labelled 103), and R0O07,, (lanes labelled 007), and
exons 3 and 4 of B23 , (labelled 237). Lanes marked 23/103 and 237007
had both scts of primers indicated in the RT/PCR reaction. Lane M
contains ¢XHaclll as a marker. Lane C contains the same PCR
sample as lane 2 without reverse transcriptase to verify that amplifica-
tion requires reverse transcription.

As noted before, four different types of visual pig-
ments are distinguished in Astyanax, ic. rhodopsin,
blue-, green-, and red-sensitive visual pigments [1]. The
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red and green visual pigments belong to a different
group which is distantly related to the SWS group [8.9]
and an Astyarax rhodopsin is closely related to Rh,
and UV, (Yokoyama and Yokoyama, unpublished).
Since B23,,1s expressed in the Astyanax retina and has
high homology to the goldfish biue, it is highly likely
that this gene encodes a blue opsin.

The ancestral genes cncoding the human red (and
green) and blue visual pigments and rhodopsins seem to
have arisen more than 500 million years ago [29,30].
Because of their long evolutionary histories, it is not
surprising to see that the three major groups of visual
pigment genes are localized in different chromosomes.
1t turns out that, in human, the rhodopsin and the blue
visual pigment genes are located on chromosomes 3 and
7, respectively, and the tandemly located red and green
visual pigment genes are on X-chromosomes [29]. Since
human and fish diverged about 400 million years ago,
the three groups of visual pigment genes in Astyanax
seem to share the same three different common an-
cestors of the human visual pigment genes [30]. It is
therefore totally unexpected to see that B23,, and
R007 ,, are still linked with each other so closely.
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