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ABSTRACT We have isolated and sequenced genes from
the blind cave fish, Astyanax fasciatus, that are homologous to
the human red and green visual pigment genes. The data
strongly suggest that, like human, these fish have one red-like
visual pigment gene and multiple green-like visual pigment
genes. By comparing the DNA sequences of the human and fish
visual pigment genes and knowing their phylogenetic relation-
ship, one can infer the direction of amino acid substitutions in
the red and green visual pigments. The results indicate that the
red pigments in human and fish evolved from the green
pigment independently by identical amino acid substitutions in
only a few key positions.

In nature, a vast array of visual abilities exists, including
phototaxis of bacteria, the ability to see at night for nocturnal
animals, and complex color vision of humans. Thus, vision
strongly influences not only the survival of organisms but
also the processes of adaptation to different environments.
With the first molecular characterization of the human color
visual pigment genes (1), it became possible to study the
molecular mechanisms for specific wavelength absorptions
attributed to the different color visual pigments (2-6).

Absorption of different wavelengths has been accom-
plished by a series of gene duplications and accumulation of
mutations (1). It is likely that the common ancestor of the
human color visual pigment genes diverged first from that of
the rhodopsin gene =800 million years before present
(Mybp), that the long and short wavelength pigment genes
diverged >500 Mybp, and that the two human long wave-
length-sensitive pigments (red and green) diverged =30 Mybp
(1, 7). Although fish and mammalian lineages diverged ~400
Mybp, many fish are known to be similar to humans in having
more than one long wavelength-sensitive visual pigment
(e.g., see refs. 8-10). Thus, the molecular characterization of
red and green visual pigment genes in fish is important in
elucidating the evolutionary mechanisms of the long wave-
length-sensitive pigments.

The sequence of one such visual pigment gene of the blind
cave fish Astyanax fasciatus has already been characterized
(11). In the present paper, we report two other long wave-
length-sensitive pigment genes of Astyanax.* Data analysis
indicates that the red visual pigments of human and fish
evolved independently by identical amino acid substitutions
in only a few key positions.

MATERIALS AND METHODS

Screening of a Genomic DNA Library. A genomic library
was constructed by using the high molecular weight DNA
made from one blind cave fish as described (11). In short, the
genomic DNA was partially digested with Sau3AI and sep-
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Table 1. Correspondence between hybridizing genomic bands
and clones
A103 A101 A007
EcoRI* 5.5 kb, 1.9 kb 9.4 kb 5.5kb
Hindlll 8.8 kb 8.0 kb 4.5kb

The genomic bands were detected by Southern hybridization of
EcoRI- and Hindlll-digested blind cave fish DNA to human red

cDNA clone (hs7).
*A weakly hybridizing band of 4.0 kb is also present in some blots

(see figure 1 in ref. 11).

arated by size on an agarose gel. The DNA in the size range
of 9-23 kilobases (kb) was electroeluted from the gel and
ligated with A EMBL3 vector DNA that had been double-
digested with BamHI and EcoRI. Approximately 2 x 10°
recombinant plaques were screened with the human red
cDNA clone, hs7, generously provided by J. Nathans (The
Johns Hopkins University). After screening a genomic li-
brary of a blind cave fish with the human red cDNA clone
hs7, 33 A clones were obtained (11).

DNA Sequencing. The coding regions and introns of two
particular A clones, 007 (designated Ryg7) and 101 (G,q;), were
sequenced by the dideoxynucleotide chain-termination
method using double-stranded templates (12, 13) of subclones
in Bluescript. The subclones were obtained either by isola-
tion of specific restriction fragments and ligation with Blue-
script vector or by deletions of some subclones using exo-
nuclease III/mung bean nuclease following the protocol
recommended by Stratagene.

Data Analyses. We have compared the DNA sequences of
the two newly sequenced genes Ryy7 and Go; and a green-like
pigment gene (Gjg3; previously designated Gg in ref. 11) in
Astyanax, red (Ry), green (Gy), and blue (By) pigment genes
in human (1), and human (Rhy; ref. 14), bovine (Rhg; ref. 15),
and chicken (Rhc; ref. 16) rhodopsin genes.

Alignment of DNA sequences was initially performed by
the method of Wilbur and Lipman (17) and refined visually.
After the alignment, the proportion (p) of different nucleo-
tides for each pair of genes was computed. From this pro-
portion, the total number of nucleotide substitutions per site
(d) was estimated by d = —(3/4)In[1 — (4/3)p] (18). The
phylogenetic tree was constructed by using the neighbor-
joining method (19).

RESULTS AND DISCUSSION

Southern hybridization of EcoRI- and HindIII-digested blind
cave fish DNA with the human red cDNA clone (hs7) showed
three strongly hybridizing bands in each digest (Table 1). An

Abbreviations: Mybp, million years before present; Ry, Gy, and By,

red, green, and blue visual pigment genes in human; Rhy, Rhg, and

Rhc, rhodopsin genes in human, bovine, and chicken; Rog7, Gi01, and

Gjo3, visual pigment genes in Astyanax.

*The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M38619-M38630).
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GATCTACAC TTCAACTGAG AAGCACAATA AGGAACGGAG AGGCAAGATA
AAGGAGGGAA GAGAATCTTC AAAGAGGCTC AGAAGGTTAG AAGACACCGA GAACATCCTT AGGCCGCCTG TCCTTTCAGG CTTTCAGAGA GTTCCTCTCT AACTCACAGC

10 20 30
Met Ala Ala His Glu Pro Val Phe Ala Ala Arg Arg His Asn Glu Asp Thr Thr Arg Glu Ser Ala Phe Val Tyr Thr Asn Asn
ATG GOC GCA CAC *** *#* GAG CCT GTG TTC GOC GOC OGG OGC CAC AAT GAA GAC ACC ACA AGG GAG TCT GCA TTT GTC TAC ACA AAT GCT
G AC GTGGGGA TG T A A A GGG C G GCA 'GA T CKX C CAGC
] ‘ 50
Asn Asn Thr Arg A sp Pro Phe Glu Gly Pro Asn Tyr His Ile Ala Pro Arg Trp Val Tyr Asn Val
AAT AAT ACA AGA G GTAAGCACAT 113bp CTTTCCACAG AT CCT TTT GAA GGA CCA AAC TAT CAC ATT GCC CCT CGA TGG GTC TAC AAC GTA
C C GA A G TCA G c G c T C AA G TCG
(1] n . 1]

Ser Ser Leu Trp Met Ile Phe Val Val Ile Ala Ser Val Phe Thr Asn Gly Leu Val Ile Val Ala Thr Ala Lys Phe Lys Lys Leu Arg
TCA TCC TTA TGG ATG ATC TTT GTT GTC ATT GCA TCA GTC TTC ACT AAT GGT TTG GTA ATT GTA GCA ACA GCA AAG TTC MG AAG CTG CGA
GTAA GC T G GC C AA GG C C CC GCG G CT C A A T
90 100 110
His Pro Leu Asn Trp Ile Leu Val Asn Leu Ala Ile Ala Asp Leu Gly Glu Thr Val Leu Ala Ser Thr Ile Ser Val Ile Asn Gln Ile
CAC CCT CTA AAC TGG ATT CTG GTA AAC CTG GCT ATA GCC GAT CTC GGG GAG ACA GTT CTT GCC AGC ACA ATC AGT GIC ATC AAC CAG ATC
G c G T C T GTIA CATG c c TG T
120 130
Phe Gly Tyr Phe Ile Leu Gly His Pro Met Cys Ile Phe Glu Gly Trp Thr Val Ser Val Cys G
TTC GGC TAC TTC ATC CTT GGA CAC CCA ATG TGC GIT TTT GAG GGG TGG ACG GTG TCT GTC TGT G GTAAGTGTGT 1.0 kb TCCAATGCAG
c T T A A CTT A T6 K G ACCG CGTTCAT
140 150 160
ly Ile Thr Ala Leu Trp Ser Leu Thr Ile Ile Ser Trp Glu Arg Trp Val Val Val Cys Lys Pro Phe Gly Asn Val Lys Phe Asp Gly
GT ATC ACA GCT CTG TGG TCT CTG ACT ATA ATC TCC TGG GAG OGC TGG GTG GTT GTG TGC AAG CCA TTT GGA AAT GIT AM TTC GAT GGC
TGT & GT A AA G T G G T CG
170 180 190
Lys Trp Ala Ala Gly Gly Ile Ile Phe Ser Trp Val Trp Ala Ile Ile Trp Cys Thr Pro Pro Ile Phe Gly Trp Ser Ar
A TGG GCA GCA GGT GGC ATC ATC TTC TCC TGG GIT TGG GCC ATC ATC TGG TGC ACC CCT CCA ATC TTT GGC TGG AGC AG GTAGATAMC
AT AT C A TG A c TTGEAG GA c A ATA CTT
200 210
g Tyr Trp Pro His Gly Leu Lys Thr Ser Cys Gly Pro Asp Val Phe Ser Gly Ser Glu Asp Pro Gly Val Ala Ser
96tp TCTTTCTCAG G TAC TGG CCC CAT GGT CTG AAG ACA TCC TGT GGC CCT GAT GTG TTC AGT GGC AGT GAG GAT CCA GGA GTG GCC TCC
TCC GA T C c A A C A CT T CAG
220 30 260
Tyr Met Ile Thr Leu Met Leu Thr Cys Cys Ile Leu Pro Leu Ser Ile Ile Ile Ile Cys Tyr Ile Phe Val Trp Ser Ala Ile His Gln
TAC ATG ATC ACC CTA ATG CTT ACC TGC TGT ATT CTT CCT CTG TCC ATC ATT ATC ATT TGC TAC ATT TTT GIC TGG AGT GOC ATC CAC CAG
TGIT G AC CT A c GG T C T7CC Cea G TG T G ACT

30 20

Val Ala Gln Gln Gln Lys Asp Ser Glu Ser Thr Gln Lys Ala Glu lys Glu Val Ser Arg Met Val

GTATCTTATG 116bp TTCOCAACAG GTC GOC CAG CAG CAG AM GAC TCA GAG TCC ACT CAG AAG GCA GAG AAG GAA GTG TCC AGG ATG GTG
AG TC AT T A A A A
2n 20 20

Val Val Met Ile Leu Ala Phe Ile Val Cys Trp Gly Pro Tyr Ala Ser Phe Ala Thr Phe Ser Ala Val Asn Pro Gly Tyr Ala Trp His
GTA GTG ATG ATC CTT GOC TTT ATT GTG TGC TGG GGA CCA TAT GCC TCC TTT GOC ACC TTC TCT GCA GTG AAC OCA GGT TAT GOC TGG CAC
G C AG T A TGCTC T T CAT T G TGG G CT c c ¢ L §

300 310 320

Pro Leu Ala Ala Ala Met Pro Ala Tyr Phe Ala Lys Ser Ala Thr Ile Tyr Asn Pro Ile Ile Tyr Val Phe Met Asn Arg Gln

CCA CTG GCA GCC GCT ATG CCC GCT TAC TTC GOC AAG AGT GOC ACC ATC TAC AAT COC ATC ATT TAC GTC TTC ATG AAC CGC CAG GTGAGGG
A A C T C c Cc G c AA A ATT

330 340
Phe Arg Ser Cys Ile Met Gln Leu Phe Gly Lys Lys Val Glu Asp Ala Ser Glu Val Ser Gly Ser Thr Thr
CTA 814bp CACCTCACAG TTC CGG AGC TGT ATC ATG CAG CTG TTT GGA AAG AAG GTG GAG GAT GCA TCA GAG GTT TCC GGC TCT ACC ACA
TT TGT TG CGIA C [ G T [ TR ]
350
Glu val Ser Thr Ala Ser
GAA GTT TCT ACA GOC TOG TAA AAGTCTGTGC TGCCCTCTAC TGOGCAMATA CATATCACAC ATGGACTGCA GTCATTATCG ACCTGCACTG TACGCTACAT

drkle drieke Yk drivk deivke dokek

TCATTATGGT CACTTAGCAT AGCTCAGACA CACAAAGGAA TATTTTTATG TCATATCAGG ACTACATAAT AGTGGCTATG ATGACATTTA TCATTGAGAG TGCAGTGTGT
TCTGACATAA GCTCAGATGT GCTCCTGGTG TGTTOGCTTT TGCACCOGGA CATGCTTTTC CTTC

FiG. 1. Nucleotide sequences of Gy (first row) and Ry (second row) and deduced amino acid sequences of Gyg;. The sequence of Roor
is shown only for nucleotides that differ from G;q;, starting with the presumed first codon and ending 40 nucleotides prior to the presumed stop
codon. Asterisks indicate gaps in the corresponding sequence. The first and last 10 nucleotides of each intron are also included. The first, second,
third, fourth, and fifth introns of Ryy7 consist of 120, 124, 84, 91, and 99 nucleotides, respectively.



Evolution: Yokoyama and Yokoyama

Proc. Natl. Acad. Sci. USA 87 (1990) 9317

Number of nucleotides compared (n) and proportion of identical nucleotides (1 — p) between the coding regions of two genes

Table 2.

Ry Gu Bu Rhy Rhp Rhe Gion Gios Roo7
Ry 1092 1035 1041 1041 1044 1059 1065 1025
Gy 0.98 1035 1041 1041 1044 1059 1065 1025
By 0.55 0.55 1035 1035 1044 1017 1017 977
Rhy 0.54 0.55 0.54 1044 1044 1023 1023 983
Rhg 0.55 0.56 0.56 0.89 1044 1023 1023 983
Rhc¢ 0.56 0.56 0.56 0.93 0.83 1023 1023 983
Gio1 0.70 0.70 0.54 0.50 0.51 0.50 1059 1019
Gip3 0.70 0.70 0.53 0.49 0.50 0.50 0.94 1025
Roo7 0.74 0.74 0.53 0.53 0.51 0.53 0.76 0.75

Values above the diagonal are n values; values below the diagonal are 1 — p values.

additional faint 4.0-kb EcoRI band can sometimes be de-
tected (e.g., see figure 1 in ref. 11). Three blind cave fish
genomic clones A007, A101, and A103, which hybridized to the
human red cDNA clone, represent segments from all three
HindIII-hybridizing bands and the three strongest EcoRI-
hybridizing bands (see Table 1). Thus, these clones seem to
represent all the long wavelength pigment genes of the blind
cave fish. Although both A007 and A103 hybridized to the
same sized EcoRI band (5.5 kb), the molecular structures of
the two clones are very different and the identical 5.5-kb size
corresponds to nonhomologous regions (data not shown).
A103 (denoted G,o3) was sequenced and found to be much
more similar to the human green gene than to the human red
gene (11). The DNA sequences of the two clones A007
(designated Ryy7) and A101 (G;;) and the deduced amino acid
sequence of Gy, are shown in Fig. 1. Gyq, is two codons
shorter in the first exon than Ryy; (and Gg3). 007 is incomplete
at the 3’ region, missing the last 40 nucleotides of the coding
region. The five intron positions have been completely con-
served in R007, 01019 0103, RH, and GH.

Table 2 shows the proportion of identical nucleotides of the
coding regions of the six visual pigment genes Ry, Gy, By,
Rhy, Rhg, and Rhc and the three fish genes Ryg7, Gy, and
Gy3. Clearly, G;¢; and G,o3 have 94% sequence similarity and
are very closely related, whereas Ryy; and Gyg; (or Gy93) have
only =75% similarity. In fact, the latter value is about the
same as the level of the sequence similarity between Ryy7 and
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FiG. 2. Phylogenetic tree constructed for visual color pigment
genes Rpg7, G101, Gio3, Ry, Gy, and By by using the number of
nucleotide substitutions at all positions (d). The rooted tree was
constructed by the neighbor-joining method [Saitou and Nei 1987
(19)], using Rhy, Rhg, and Rhc as the outgroups.

Ry (or Gy). Since nonsynonymous nucleotide substitutions,
which cause amino acid changes, could affect the physico-
chemical properties of the protein, such changes often take
place more slowly than synonymous substitutions. When
only nonsynonymous sites are considered, the level of se-
quence similarity increases, but qualitatively the same evo-
lutionary relationships are observed. For example, the pro-
portion of identical nucleotides is 97% between Gy¢; and Gi3,
whereas it is =~87% between Ryy; and Ry (or Gy).

Fig. 2 shows the phylogenetic tree based on the d values,
where Rhy, Rhg, and Rh¢ are taken as the outgroup. Clearly,
GlOls 0103, and Roo'/ in fish and RH and GH in human are
clustered into two separate phylogenetic groups. In Asty-
anax, Gyg; and Gyo; were duplicated most recently and their
common ancestor diverged from the ancestor of Ryy; before
that. Even when only nonsynonymous nucleotide substitu-
tions were considered, the same tree topology was obtained.

As already noted, the branch points A and E were esti-
mated to be 500-600 and 30 Mybp, respectively. The time of
divergence between fish and human (Fig. 2, B) is =400 Mybp.
Knowing this divergence time and the relative branch lengths
for all nucleotide substitutions, branch points C and D are
estimated to be 240-290 and 50-70 Mybp, respectively. If we
consider nonsynonymous substitutions, branch points C and
D were estimated to be 190-320 Mybp and 40-70 Mybp,
respectively.

Although the three genes Rgy7, Gio1, and Gyp3 were ob-
tained from the blind cave fish, they are expected to be very
similar to those of the eyed Astyanax because the cave
isolation and eye loss occurred only within the last 1 million
years (20, 21). That is, even at the evolutionary rate of
nucleotide substitution in pseudogenes (4.8 x 10~ per site
per year; ref. 22), we would expect =5 nucleotide substitu-
tions in the 1-kb coding region during the evolution of the
blind cave fish. From all indications, the three genes still
appear to be capable of encoding functional proteins (see also
ref. 11). Thus, they may be regarded as typical long wave-
length-sensitive visual pigment genes in Astyanax.

There are only 15 amino acid differences between the
human red and green visual pigments (1) and we compared
the amino acids between the fish and human visual pigments
at these positions (Table 3; see also Table 4). From Table 3,

Table 3. Proportions of identical amino acids at the 15
polymorphic residues where the human red-
and green-sensitive visual pigments differ

Pigments
Pigments encoded by
encoded by Ry Gn
Roor 7/15 2/15
Gin 4/15 7/15
Gios 3/15 7/15

Residues considered were 65, 111, 116, 153, 180, 230, 233, 236, 274,
275, 277, 279, 28S, 298, and 309.
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it is clear that Rgg7 is much more similar to Ry, whereas G;q;
and Gjo; are much more similar to Gy. Therefore, we regard
Rogo7 as a red-like visual pigment gene and both G,¢; and Gz
as green-like visual pigment genes. Interestingly, like human,
there appears to be one red gene and multiple green genes in
Astyanax.

Fish and human lineages originally had the common long
wavelength-absorbing visual pigment gene, and the duplica-
tions and evolutionary changes of the duplicate genes have
occurred independently in the two lineages (see Fig. 2).
Knowing the phylogenetic relationship of the long wave-
length-absorbing genes of fish and human, we can infer the
directions of amino acid substitutions. For that purpose, we
compared the amino acid sequences deduced from the three
fish genes Rgg7, G101, and Gig3; four human genes Ry, Gy, By,
and Rhy; and bovine and chicken rhodopsin genes (Rhg and
Rh¢) at the 15 polymorphic residues (Table 4). The three
codon positions 180, 277, and 285 of Ry and Gy seem to be
of particular importance.

Atresidue 277, only pigments encoded by Rgy7 and Ry have
tyrosine when the other pigments, including the three
rhodopsins, have phenylalanine. Similarly, the pigments en-
coded by Ryy7 and Ry have threonine at residue 285, while the
others have alanine in that position. Clearly, in the red visual
pigments, phenylalanine was replaced by tyrosine at residue
277, whereas alanine was replaced by threonine at residue
285. Because of the strong amino acid conservation in other
pigments, these two amino acid substitutions are suspected to
have had an adaptive significance in the development of the
red visual pigment from the green visual pigment (see also ref.
11).

Similarly, alanine was replaced by serine at residue 180 of
the pigments encoded by Rgg7 and Ry (Table 4). However, at
this residue the human blue pigment has the amino acid
substitution from alanine to glycine (Table 4) and, therefore,
the amino acid substitution at this residue may not have been
as important as those at residues 277 and 285 in the devel-
opment of the red visual pigment.

Thus, the present comparative molecular analysis of the
fish visual pigment genes strongly suggests that the red visual
pigment in human and fish evolved from the green visual
pigment by identical amino acid substitutions at the two, or
possibly three, residues.

Table 4. Amino acids deduced from different visual
pigment genes

Visual pigments encoded by gene
Residue Ry, Gy Gies Ru By Rhy Rhg Rhc

65
111
116
153
180
230
233
236
274
275
277
279
285
298
309

The 15 residues were selected because the human red- and
green-sensitive visual pigments differ only at these sites.

-
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This assertion is compatible with the results obtained in
two other laboratories. First, from the comparative analysis
of structural models, Kosower (23) observed that the differ-
ence between the red and green visual pigments is due to the
net effect of residues 65, 180, 230, 233, 277, 285, and 309.
Second, the Southern analysis of Nathans et al. (2) strongly
suggests that the Ry and Gy sequence differences in exon 5
distinguish the spectral absorbance of the red and green
wavelengths (see also ref. 6). Interestingly, both codons 277
and 285 are located in exon 5.

Molecular characteristics of the visual pigment genes in
different species provide valuable information as to which
residues are important for specific wavelength absorption.
Fortunately, it will be possible to test such hypotheses of
adaptive evolution by using site-directed mutagenesis at
specific residues (such as 180, 277, and 285), expressing them
in cultured cells and measuring their absorbance spectrum as
has been done by Khorana and his colleagues (24, 25) and
Nathans and his colleagues (26, 27).

We thank J. Nathans for providing hs7 and other cDNA clones.
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