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Since the end of the Pliocene, ancestral strains of Astyanax fasciatus have been accidently
washed into different caves at the time of flooding and have lost their eyes and body pigments.
Availability of this independently derived cave fish and their ancestral form within a single
species provided a unique opportunity for studying the process of molecular evolution of the
visual pigment gene. The nucleotide sequence comparisons of an ancestral river fish and two
cave fish showed that nucleotide polymorphism of a green-like visual pigment gene between
the eyed and blind form of A. fasciatus was much higher than that between the same blind
form. Considering the number of nucleotide substitutions per nucleotide site and the direction
of the nucleotide substitutions, more nucleotide substituions between the different forms of
fish rather than the same one were probably due to more frequent mutations in the eved river
form. Nucleotide substitutions per site at the intron have been ocurred more than three times
faster than those at the exon. This result indicates that the functional constraint has affected
the green-like visual pigment gene of the blind ¢ave fish although its eye sight is no longer

required.
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Introduction

Early in vertebrate evolution, fish are cru-
cial for studying the evolution of vertebrate
color vision. Many fish contain both long
and short wavelength-sensitive pigments
and are known for their diverse array of vi-
sual systems depending on the environment

they live (Walls, 1963). Thus, fish provide

an excellent model system in studying the
molecular evolution of visual pigment ge-
nes.

Molecular characterization of the visual
pigment genes in fish has been initiated
using Mexican tetra, Astyanax fasciatus. Mo-
lecular analysis of the red and green visual
genes in Astyanax shows that fish and hu-

man lineages originally had the common
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long wavelength-absorbing visual pigment
gene and the duplications and evolutionary
changes of the duplicated genes have occur-
red independently in the lineages (Yokoy-
ama and Yokoyama, 1990b). More impor-
tantly, the data analysis strongly suggested
that the red visual pigment in human and
fish evolved from the green visual pigment
by identical amino acid substitutions in only
a few key positions (Yokoyama and Yokoy-
ama, 1990b).

Within the last one million years, the an-
cestral form of 4. fasciarus had been accide-
ntly washed into different caves at the time
of flooding. During this short evolutionary
time span, fish in different caves have be-
come morphologically very different from
the ancestral river fish, frequently having
lost both body pigments and eyes. Some
cave fish, however, have some intermediate
forms in blindness and body pigmentation.
Since each cave has been colonized by the
ancestral form of A. fasciatus independently,
each cave fish population has its own evolu-
tionary history. Thus, using Astyanax groups
from different caves and their ancestral
form, the effects of different cave environ-
ments on the evolution of visual pigment
genes can be evaluated. Since the sight is
no longer a requirement in cave dwellers,
it may be expected that visual pigment ge-
nes are not required. However, an electro-
physiological study demonstrated that the
pineal organ of the blind cave fish still has
photosensory function of both green-like pi-
gment and rhodopsin, having the maximum
abosorption at 525 nm and 494 nm, respec-
tively (Tabata, 1982). Thus, these genes are
still functional and are mediating, and It is

also possible that blind cave fish are still
phylogenetically young and sufficient evolu-
tionary changes have not occurred to make
these genes non-functional. If the functional
constraints were relaxed for a certain visual
pigment gene in the cave environment, that
gene would evolve faster than those of the
surface form. Therefore, the accumulation
pattern of mutation in both coding and non-
coding regions (including regulatory re-
gions) of visual pigment genes will be impo-
rtant for studying the evolutionary processes
of these genes under both constrained and

relaxed environments.

Method and Material

Species to be examined

The epigean form of Astyanax fasciatus,
belonging to the family Characidae, were
originally distributed in South America. Af-
ter the land bridge had been established in
late Pliocene time, Astyanax could reach the
southern part of Texas through Mexico
(Myers, 1966). The blind cave fish from the
Chica cave in San Luis, Mexico, was first
described as a new genus and species and
named, Anoptichthys jordani (Hubbs and In-
nes, 1936). This “species” differed from its
nearest relative Astyanax fasciatus by the ab-
sence of pigmentation and eyes. The com-
mercial blind cave fish seem to be derived
from the Chica cave (Wilkens, 1988). Des-
pite their morphological differences and in-
dependent historical background, the cave
fish and eyed Astyanax can interbreed one
another (Sadogiu, 1956) and are therefore
known as the same species, Astyanax fascia-
tus. The epigean form of A. fasciatus were
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collected from Waller Creek in Texas. The
Chica fish have been obtained from local
pet stores in Champaign, Illinois.

Genomic DNA preparation

The genomic DNA of A. fasciatus was pre-
pared using a modified protocol of Blin and
Stafford (1976). Briefly, each fish was put
in liquid nitrogen and homogenized to fine
powder. The powder was transferred to a 17
x100 mm sterile polypropylene tube having
100 mM EDTA, and added 2% Sarkosyl
and 100 g/ml Proteinase K, and incubated
overnight at 50C. The DNA was extracted
two times with phenol, and two times with
chloroform ' isoamyl alcohol (24 : 1), and
then precipitated with 70% ethanol. After
that, DNA concentration was determined
with a spectrophotometer.

Primer design and PCR amplification

Eight different oligonucleotides were con-
structed by using the known nucleotide se-
quences at non-coding regions (Fig. 1). It
was necessary to avoid coding regions be-
cause of the nucleotide sequence similarity
observed among different visual pigment ge-
nes. In designing the primers for PCR-amp-
lification, 50 to 60% G+ C composition was
considered to improve the amplification ef-
1990). The
protocol for PCR-amplification was basica-
lly followed by Saiki (1990) :
genomic DNA was amplified in a PCR rea-

ficiency (Innis and Gelfand,

about 0.1 g

ction mixture (final volume of 50 ul) con-
taining 50 yM forward and reverse primers,
1x PCR buffer, 1.25 mM dNTPs, and then
0.5 ul of Tag polymerase was added to the

mixture. Twenty-five amplification cycles

were carried out by using automated PCR.
With each cycle, double-stranded DNA was
denaturated by 94C for 2 min and the pri-
mers were allowed to anneal to their comp-
lementary sequences by briefly cooling to 55
T for 90 seconds, followed by heating to 72
C, 2 min to extend the annealed primers
with Taq polymerase. After the 25th cycles,
an additional incubation at 72T, 7 min was
carried out to ensure that the amplified
DNA is double-stranded. Amplified PCR
product was extracted with 50 ul of chloro-
1) and then

electrophoresed on a 8% agarose gel.

form : isoamyl alcohol (24 :
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Fig. 1. The location of primers for the direct seque-
ncing (A) and PCR amplification (B) of a
green-like visual pigment gene. A103 refers to an
original genomic clone and the boxes show the loca-
tions of exons. 1 : GI1160, 2 . GI1500, 3 . GI1880,
4 GI2407, 5 GI2698, 6 . GI2961, 7 : GI3321, 8
- GI3953, B : BamH]1, E ' EcoR1, H . Hind3.

Direct sequencing of PCR products

The sequencing of double-stranded DNA ge-
nerated by PCR using dideoxynucleotide chain
termination method presents two major diffi-
culties, namely the residual presence of pri-
mers used in PCR and template reannealing.
These two problems were solved by using Gene
Clean 2 Kit (from Bio 101 Inc.) and a “snap-

—297—



Choon Bok Song and Shozo Yokoyama

cooling” procedure (Casanova et al., 1990 ;
Kusukawa et al., 1990), respectively. With 50
ut of PCR product, carryover primers were
removed by the Gene Clean 2 protocol, and
15 yl of DNA in TE buffer was obtained. Out
of 15 pl of DNA, 7 ul was mixed with 2 @
10x sequencing buffer and 0.5 pM sequencing
primer, and then boiled for 5 min. This tube
was immediately placed on dry ice for 5 min.
Except for reducing the sequencing reaction
time, sequencing was conducted using the
protocol from USB DNA Sequencing Kit.

Results and Discussions

The primers constructed for this study are
shown in Table 1. Using these primers, one
green-like visual pigment gene from both
eyed and blind (Chica) fish has been suc-
cessfully amplified (Fig. 2). The size of one
fragment is about 2 Kb and it was amplified
with primers, GI1160 and GI12698, whereas
another one of about 1.6 Kb has been done
with GI12407 and GI13953 primers. The amp-
lified regions of two fragments covered all
exons, introns and a part of 5’-flanking re-
gion. From these PCR products, direct double-
strand sequencing has been accomplished

Table 1. Primers used for PCR

kbp

abcde

=N
oo
1

Fig. 2. PCR-amplication of green-like visual pigment
gene fragments from the eyed (a,b) and blind type
(¢e,d) of Astyanax fasciatus. Each sample (1 pl out
of 50 pD) from amplified DNA was resolved on a
0.8% agarose gel and visualized by ethidium bro-
mide. The primers, GI1180 and GI2698 were used
for amlification in a lane a and ¢, whereas GI2407
and GI3953 were for b and d. Lane e was a control,
in which genomic DNA was replaced by H.O.

and clear nucleotide sequence ladders are
consistently obtained. Nucleotide sequence
data are readable starting from 20 to 30 nu-
cleotides from the end of each sequencing
primer. The nucleotide sequences from the
whole exons and parts of introns were ob-

Primer # Primers Location Oligonucleotides Direction
1 GI1160 5’ -flanking region GAAGGGAGAGACTACACAAAC Forword
2 GI1500 Intron 1 TGATTACAATATGACATGTGC Forword
3 GI1880 Intron 2 ACTAGGAATGTCAATCATAGC Reverse
4 GI2407 Intron 2 CCTTGCTTCCCGAAATCAATG Forword
5 GI12698 Intron 3 AATCGCACACCTGCAATTGAA Reverse
6 GI2961 Intron 4 TGTTGAGTGTAGTGAAAGGTT Reverse
7 GI3321 Intron 5 CAGACACACCTGATATAACTC Reverse
8 GI3953 3’ -flanking region CAGATGCACAGCAAACAACGG Reverse

All sequences are written 5’ to 3’. The four digit number refers to the nucleotide position origina-
ting from the start of the sequenced 5°-flanking region of GI (green-like visual pigment gene).

—298—



Nucleotide Polymorphism of Green-like Visual Pigment Gene from Eyed and Blind
Forms of the Mexican Tetra, Astyanax fasciatus

tained from one eyed river fish and one
Chica derivative (data not shown).

For the microevolutionary study, it is ne-
cessary to know the direction of mutations
because we can detect the detail process of
nucleotide substitutions with it. This infor-
mation sometimes provides a unique oppor-
tunity for studying the adaptive evolution
(Yokoyama and Yokoyama, 1990b). In the
multigene family, the present nucleotide se-
quence must have been derived from their
ancestral sequence by gene duplications and
the accumulation of mutations (Ohno, 19
70). Therefore, the rooted phylogenetic tree
is very useful for the detection of patterns
of the nucleotide changes. For example,
there is one nucleotide substitution at the
first position of the codon in exon 2 (Table
2). The phylogenetic tree (Fig. 3) including
human and fish color visual pigment genes
clearly indicated that the codon, GTA, of
the blind cave fish has been changed to
ATA in the eyed river fish because all cases
exept in the eyed fish has the nucleotide G
at the first position of this codon. In other
words, the nucleotide change, G to A, has
occurred in the eyed river fish, but not in
the blind cave fish.

Using the same method mentioned, nuc-
leotide changes and its direction were exa-
mined with the alignment of DNA sequen-
ces from one eyed river fish and one Chica
derivative, as well as from another Chica
derivative (Yokoyama and Yokoyama, 1990a),
and it showed a small number of nucleotide
differences as shown in Table 2. From the
comparison of the two blind cave fish indi-
viduals, one polymorphism was found at
exon 4 and two at intron 3. The nucle-

| TIIAC
BH
RH GH GTG
GCG
ROO7
GTG
G101 G103
GTA

ETA Blind tish
ATA Eyed ftish

Fig. 3. Phylogenetic tree constructed for visual color
pigment genes of the blind cave fish (R007, G101,
and G103) and human (RH, GH, and BH) by using
the number of nucleotide substitutions at all posi-
tions (d). R, G, and B refer the red-, green-, and
blue-like visual pigment genes, respectively. This
tree was come from Yokoyama and Yokoyama

(1990hb).

otide substitution at exon 3 happened at the
first position of the codon, and thus does
not change the amino acid. Considering the
types of nucleotide changes within the eye-
less form, all three differences were caused
by the transitional change. On the other
hand, when the eyed and eyeless forms of
A. fasciatus were compared, the higher level
of polymorphism has been detected at both
exons and introns and all nucleotide cha-
nges were transitional except one case of A
to C at intron 3. Interestingly, no mutations
have been detected at exon 1, 5 and 6. In
particular, exon 5 has been known to inc-
lude important residues for specific wavel-
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Table 2. Comparisons of nucleotide sequences between the different forms of A. fasciatus

Fish Forms 5'-flaf1king Exon 2 Fon 3 Intron 3 Exon 4
region 1 2 3 1 2

Eyed form C A (Isoleucine) C C T C C T
Blind 1 T G (Valine) T C C A T C
Blind 2 T G (Valine) T T T A C C

Nucleotide sequence data of Blind 2 were come from Yokoyama and Yokoyama (1990a).

ength absorption (Nathans et al., 1986 ; Yo-
koyama and Yokoyama, 1990b). However,
it is not obvious whether this observation
was due to the strong functional constraint
at this domain or the small sample size. Fu-
rthermore, one nonsynonymous substitution
has been detected at exon 2 as mentioned
above, encoding isoleucine in the eyed fish
and valine in the blind fish. However, both
are nonpolar hydrophobic amino acids and
thus it is not likely affect the function of the
visual pigment.

With these nucleotide sequence data, the
simple statistical analysis has been accomp-
lished to know whether or not the functio-
nal constraint has affected one green-like
visual pigment gene. For this purpose, the
number of nucleotide substitutions per nuc-
leotide site (d) was estimated using the me-
thod of Jukes and Canter (1969). The resu-
Its are shown in Table 3. If there is the fun-
ctional constraint at a gene, we can expect
that the ratio of A./A; would be less than 1,
where A. and A; refers the rate of nucleotide
substitution per site per year at the exons
and the introns, respectively. If it is not, the
ratio would be approximately 1. As a result
of the estimation, the ratio (A./A;) has been
turned out approximately 0.33 when the
mean value of d was used. In other words,
the nucleotide substitutions at the intron
have been occurred more than three times

faster than those at exon. This indicates the
functional constraint has affected the green-
like visual pigment gene we studied.

Table 3. The number of nucleotide substitutions per
nucleotide site(d) at the exons and introns of one
river fish and two blind cave fish

Fish form Eyed Blind 1 Blind 2
Eyed 3.77(1065)  2.82(1065)
Blind 1 10.64(284) 0.94(1065)
Blind 2 9.29(325)  4.65(431)
Values above the diagonal are from the

exons ; values below the diagonal from the int-
rons. Values in the parenthesis indicate the
number of nucleotides compared.

Unit of d is x107*
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