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TABLE 1. Rod visual pigments and depth distribution of Baikal cottoids

Spectral class Amax Species Family Depth habitat (depth)

1 516 nm  Cottus kessleri Cottidae Littoral (1-5 m)
Paracottus kneri Cottidae Littoral (1-5 m)

2 505 nm  Procottus jettelesi Abyssocottidae Sub-littoral (1-120 m)
Cottocomephorus grewingki Cottidae Sub-littoral, pelagic (1-300 m)

3 495 nm  Cottocomephorus inermis Cottidae Supra-abyssal, pelagic (50450 m)

4 490 nm  Batrachocottus multiradiatus Cottidae Supra-abyssal (100-500 m)
Batrachocottus nicolskii Cottidae Abyssal (300-1000 m)
Limnocottus bergianus Abyssocottidae Abyssal (100-1000 m)
Limnocottus pallidus Abyssocottidae Abyssal (100-1000 m)

5 484 nm  Abyssocottus korotneffi Abyssocottidae Abyssal (4001500 m)
Cottinella boulengeri Abyssocottidae Abyssal (400-1500 m)

The species are grouped into five spectral classes. The 4., values were obtained either by microspectrophotometry on fresh or
fixed tissue, or from difference spectra of extracts (Bowmaker er al., 1994). In most cases, each gave a slightly different
mean value; the range of values for each class are as follows: class 1, 516-510 nm; class 2, 505-499 nm; class 3, 495-

493 nm, class 4: 490485 nm, class 5: 484481 nm.

METHODS

DNA was isolated by standard phenol-chloroform
methods from liver tissue of the following 11 species of
Baikal cottoids: Cottus kessleri, Paracottus kneri,
Procottus jettelesi, Cottocomephorus grewingki, Cotto-
comephorus inermis, Batrachocottus multiradiatus, Ba-
trachocottus  nicolskii,  Limnocottus  bergianus,
Limnocottus pallidus, Cottinella boulengeri and Aspro-
cottus korotneffi.

Amplification and sequencing of the rod opsin gene

A fragment of the rod opsin gene that included codons
30-318 was PCR amplified from genomic DNA with the
following primers based on previously-published teleost
rod opsin cDNA sequences (Archer et al., 1992): forward
primer 5'-CATATGAATACCCTCAGTACTACC-3, re-
verse primer 5-TCTTTCCGCAGCACAACGTGG-3'.
Each reaction contained approx. 100 ng of template
DNA, 100 ng of each primer, 4 mM MgCl,, 0.2 mM each
of dATP, dCTP, dGTP and dTTP, 0.5 unit of Tagq
polymerase and reaction buffer in a final volume of 25 ul.
Thirty-five cycles were used with an annealing tempera-
ture of 55°C for 30 sec, elongation temperature of 72°C
for 30sec, and denaturing temperature of 93°C for
30 sec. The products of the reaction were visualized by
electrophoresis in a low-melting-point agarose gel using
a 20 mM Tris-acetate, 0.5 mM EDTA buffer pH 8.0.
Amplified fragments were sequenced either by a direct
method using the PCR primers for the sequencing
reaction or after TA cloning (Invitrogen) into the pCR™
plasmid, by the dideoxy method using T7 polymerase and
either *°S-labelled dATP followed by autoradiography,
or a fluorescently labelled primer and a Pharmacia ALF
sequencer. Amplified fragments from two separate PCRs
were sequenced.

Phylogenetic analysis

The rate of nucleotide substitution for the rod opsin
gene of each species pair, corrected for multiple

replacements (Jukes & Cantor, 1969), was determined.
Phylogenetic trees based on total nucleotide substitutions
were generated by the neighbour-joining method of
Saitou and Nei (1987).

RESULTS

Amino acid sequence of rod opsin

The 11 species of Baikal cottoids examined have rod
pigments with A, values that differ by over 30 nm. The
species have been sub-divided into five spectral classes
with A at around 516, 505, 495, 490 and 484 nm
(Table 1) and, except for class 3 where only one species is
present, each class contains at least two species.
Fragments of the rod opsin gene that include the coding
region for all seven transmembrane regions of the opsin
protein were amplified from genomic DNA. The deduced
amino acid sequences of the opsin protein coded by this
gene region are shown in Fig. 1, aligned with the
published sequence of rod opsin from the goldfish,
Carassius auratus (Johnson et al., 1993). The level of
amino acid homology in rod opsin across the 11 species is
very high; in all cases it is better than 90% and the
average is 93.5%. This is consistent with a relatively
recent origin of these species from a common ancestor.

Spectral tuning

The chromophore, 11-cis-retinal, forms a Schiff’s base
with lysine-296 (Wang et al., 1980) and is contained
within a hydrophilic binding-pocket formed by the seven
a-helical transmembrane regions of opsin. For an amino
acid to interact directly with the chromophore, it must be
located towards the interior of this pocket. A model for
the three-dimensional arrangement of the seven helices,
based on comparisons of the amino acid sequence of 204
G-protein receptors, including 32 visual pigments, and
the two-dimensional crystal structure of rhodopsin
(Schertler et al., 1993), has recently been proposed by
Baldwin (1993). In this model, each a-helix is composed
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FIGURE 1. Deduced amino acid sequence of rod opsin in 11 Baikal cottoids aligned with the deduced sequence of goldfish rod

opsin (Johnson ez al., 1993). The positions of the seven transmembrane regions are indicated by horizontal bars. Species key:

Ck, C. kessleri; Pk, P. kneri; Pj, P. jettelesi; Cg, C. grewingki; Ci, C. inermis; Bm, B. multiradiatus; Bn, B. nicolskii; Lb, L.
bergianus; Lp, L. pallidus;, Cb, C. boulengeri; Ak, A. korotneffi, Ca, Carassius auratus (goldfish).
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TABLE 2. Position of non-conserved amino acid substitutions across the seven a-helical transmembrane regions

Spectral classes

1 2 3 4 5

Amino Position

acid site Ck Pk Pj Cg Ci Bm Bn Lb Lp Ak Cb in helix”
Helix 1 52 F F F F F F F S F F F 15
Helix 11 83 D D D D N D D D D N N 14
Helix TV 165 A S L L L L L L L L L 15
166 T T T T S T A A S A A 16
Helix V 214 I I I 1 T I I I I I I 13
217 I S S S 1 N S S S S S 16
220 F F F F S F F F F F F 19
Helix VI 260 G G G S S G G A G G G 11
261 Y Y F F F F F F F F F 12
Helix VII 292 A A A A A S S S S S S 7
297 S S T T S R R S§ R S R 12
298 P P s S S P P P A A P 13

"Indicates position within the 26 residues that comprise each a-helical region (Baldwin, 1993). Non-conserved substitutions are
underlined. See Fig. 1 legend for species key.

FIGURE 2. Three-dimensional model of opsin molecule showing the relative positions of the seven a-helical transmembrane

regions. The model is derived from Baldwin (1993). Each circle represents an a-helix and each radiating line within the circles

represents an amino acid. The position and length of each line within the circles indicates the position of each amino acid around

the circumference and in the depth of the helix, respectively. The positions of the non-conserved amino acid substitutions and
the chromophore, 11-cis-retinal, are denoted by arrows.
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of 26 residues, although only the central 18 or so residues
(5-22) are thought to be embedded in the membrane.

We have focused on amino acid substitutions within
the seven transmembrane regions that involve either a
non-conserved (Dayhoff, 1972; Lehninger, 1982) change
or the gain/loss of an hydroxyl group, since most of the
changes so far reported that affect the A.,,, of a pigment
fall into one or other of these categories (Nathans, 1990;
Nakayama & Khorana, 1990; Merbs & Nathans, 1993;
Asenjo et al., 1994). Across the 11 species studied, only
12 such changes were found (Table 2). By aligning the
rod opsin sequence with the conserved transmembrane
amino acid sites identified by the Baldwin model, a
relative position for each change within the transmem-
brane region was obtained (Table 2). When these
positions are plotted on to the Baldwin model (Fig. 2),
only three of the sites face into the interior of the binding
pocket: site 83 in helix II, site 261 in helix VI, and site
292 in helix VIL

Since the substitution of phenylalanine with tyrosine at
site 261 is already known to cause a 6—10 nm red shift in
hybrid primate MWS and LWS cone pigments (Merbs &
Nathans, 1993; Asenjo et al., 1994), and about an 8 nm
red shift in a modified (by site-directed mutagenesis) rod
pigment of the fish, Astyanax fasciatus (Yokoyama et al.,
1995), the presence of tyrosine at this site in the two class
1 species, C. kessleri and P. kneri, and its replacement in
all other species by phenylalanine, identifies this site as a
strong candidate for the 11 nm spectral shift between the
species of classes 1 and 2. A single non-conserved

substitution at site 83 distinguishes the class 3 species, C.-

inermis, from those of class 2 that include the very
closely related species, C. grewingki. It is proposed
therefore that replacement of aspartate by asparagine at
this site is responsible for the spectral shift from 505 nm
in class 2 to 495 nm in class 3, and this is supported by
site-directed mutagenesis of mammalian rhodopsin
where the same substitution has been shown to produce
a shift of similar magnitude (Nathans, 1990). Class 4
species at 490 nm lack this latter change but all show an
ala292ser change, and this substitution is also present in
the class 5 species. Indeed, this is the only non-conserved
transmembrane substitution that all these species have in
common. We propose therefore that the 15 nm blue shift
from class 2 to class 4 is achieved by this substitution and
mutagenesis experiments on mammalian rhodopsin
(Nakayama & Khorana, 1990) have again shown that
substitutions at this site (in this case, the replacement of
alanine by aspartate) result in spectral shifts. Finally, a
second asp83asn substitution would account for the 6 nm
shift from 490 to 484 nm that distinguishes the species of
spectral classes 4 and 5. The changes are shown
diagrammatically in Fig. 3.

Evolution of rod opsin gene

If the above interpretation is correct, these candidate
amino acid substitutions would be expected to corre-
spond to particular lineages of evolution in the Baikal
species flock. To examine this, a phylogenetic tree was
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generated by the neighbour-joining method (Saitou &
Nei, 1987), using the total nucleotide sequence diver-
gence of the rod opsin gene (Table 3). The rod opsin gene
of the goldfish was used as a outgroup. In this phylogeny,
the three main branches lead respectively to the two
Cottocomephorus species, to the two littoral and one of
the sub-littoral species (P. jettelesi), and to the supra-
abyssal and abyssal species (Fig. 4). Bootstrap analysis
(Kumar et al., 1993) supports the branching of the two
Cottocomephorus species (83%), and the sub-littoral/
littoral from the supra-abyssal/abyssal species (94%).
The later branches, however, gave lower values, reflect-
ing the small number of substitutions between the
remaining species. The reliability of tree topography in
these regions is therefore less certain. Nevertheless, the
branching pattern is consistent with sub-division of
species into the five spectral classes and with substitution
events at sites 261 and 292 occurring only once. The
phe261tyr substitution is located at the base of the littoral
lineage, the ala292ser substitution at the base of the
supra-abyssal and abyssal lineage, and one of the two
asp83asn changes at the base of the class 5 lineage. The
other asp83asn change is confined to the class 3 supra-
abyssal species, C. inermis. The alternative explanation
that only a single asp83asn change occurred at the base of
lineage is extremely unlikely since it would require
separate back-mutations in nearly every branch of the
tree.

DISCUSSION

The Amax of rod opsin in the 11 Baikal cottoids studied
varies from around 516 nm in littoral shallow-water
species to around 484 nm in abyssal species recovered
from depths of 400 m or greater, with sub-littoral or
supra-abyssal species showing intermediate values. The
species were assigned to five spectral classes based on the
/max Values of their rod opsins, and this also reflects their
differing depth habitats. The clustering of the A, values
of these rod pigments is similar to that described from
extracted visual pigments (Dartnall & Lythgoe, 1965;
Knowles & Dartnall, 1977) and from deep-sea fish rod
pigments (Partridge er al., 1989). The spectral shifts
between the five spectral classes of Baikal pigments can
be accounted for by only four substitutions, tyr261phe,
ala292ser and two asp83asn changes. The shift from class
1 (516 nm) to class 2 (505 nm) is attributed to substitu-
tion at site 261, the shifts from class 2 to class 3 (495 nm)
and from class 4 (490nm) to class 5 (484 nm) to
substitutions at site 83, and the shift from class 3 to class
4 to substitution at site 292. The effect of each
substitution on A,y i approximately additive.

Previous work on the cone and rod pigments of
mammals has shown that spectral shifts in these pigments
result from amino acid substitutions that are almost
entirely confined to one of the seven a-helical transmem-
brane regions of the opsin molecule and involve either a
non-conserved (Dayhoff, 1972; Lehninger, 1982) change
or the gain/loss of an hydroxyl group (Nathans, 1990;
Nakayama & Khorana, 1990; Merbs & Nathans, 1993;
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FIGURE 3. Interrelationships between Baikal cottoids for amino acid substitutions at spectral tuning sites.

TABLE 3. Inter-species divergence of the rod opsin gene in Baikal cottoids

Spectral classes

1 2 3 4 5
Ck Pk Pj Cg Ci Bm Bn Lb Lp Ak Ch Ca

Ck — 0033 0036 0043 0048 0034 0043 0045 0039 0042 0051 0235
Pk — 0018 0033 0041 0024 0030 0038 0033 0032 0038 0231
Pj — 0027 0034 0018 0027 0027 0032 0023 0031 0227
Cg — 0018 0024 0038 0035 0042 0029 0039 0224
Ci — 0029 0044 0040 0047 0029 0042 0219
Bm — 0019 0020 0027 0015 0024 0222
Bn — 0030 0032 0024 0027 0234
Lb — 0031 0020 0030 0236
Lp — 0.028 0037 0246
Ak — 0019  0.227
Cbh — 0.231

Total nucleotide substitutions have been corrected for multiple replacements (Jukes & Cantor, 1969). See Fig. 1 legend for species key.

Asenjo et al., 1994). The three amino acid sites at which
substitutions have been identified in the Baikal cottoid
pigments are of this type and all face into the retinal-
binding pocket formed by the transmembrane regions
where they can interact directly with the chromophore.
Moreover, all these substitutions have been shown to

affect the Ay, of visual pigments in other species. Sites
83 (Nathans, 1990), 261 (Chan et al., 1992) and 292
(Nakayama & Khorana, 1990) have all been modified by
site-directed mutagenesis in bovine rod opsin and all
result in spectral shifts. Site 261 is also responsible for
6-10 nm of the 30 nm shift between primate MWS and
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FIGURE 4. Phylogenetic tree of Baikal cottoid rod opsin gene based on total nucleotide substitutions. The tree was generated by

the neighbour-joining method of Saitou and Nei (1987). The positions of the candidate tuning sites on the respective branches of

the tree are shown. The branch points of the tree are labelled with the bootstrap confidence values. The length of each branch
corresponds to the average number of substitutions per site.

LWS pigments (Nathans, 1990; Merbs & Nathans, 1993;
Asenjo et al., 1994) and, when substituted in fish rod
opsin by site-directed mutagenesis (Yokoyama et al.,
1995), resulted in about an 8 nm shift. This site has also
been proposed as a tuning site in the visual pigments of
cephalopods (Morris, Bowmaker & Hunt, 1993) and, in a
phylogenetic comparison of 28 different vertebrate visual
pigments, site 292 was identified as a possible site for the
spectral tuning (Yokoyama, 1995).

In deep-sea fish, rod pigments have Ap,, values of
470480 nm that appear to be adapted to the spectral
maximum of the available downwelling light (Clarke,
1936; Lythgoe, 1979; Crescitelli et al., 1985; Partridge et
al., 1988). However, this correlation is not so apparent in
Lake Baikal since the upper layers of the lake are
yellowish and even though the deeper water approaches
in transparency the clearest oceanic waters, the down-
welling light at depths below about 300 m is bluish-green
with maximum transmission above 500 nm (Dovgij,
1977; Sherstjankin, 1975, 1979). Even in regions where
the surface waters are not yellowish, the maximum
transmission of the water is still close to 490 nm (Y. V.
Parfenov, personal communication). An alternative
explanation of the adaptive significance of the blue shift
in Anax Of rod visual pigments in deep-water fish, based
on visual pigment noise, has been proposed (Govardovs-
kii, 1972; Donner et al., 1990), and the thermal noise in
rods has been shown to depend on the position of the
visual pigment Ay, decreasing with a shift to shorter
wavelengths (Firsov & Govardovskii, 1990). The blue
shift of rod visual pigments in deep-water teleosts may

therefore be a means of reducing photoreceptor noise to
enhance performance at extremely low light levels.

A phylogeny based on the nucleotide sequence
divergence of the rod opsin gene is consistent with a
monophyletic origin of the 11 species and indicates that
the ancestral species to the Baikal flock had a rod pigment
with a A, around 505 nm, as seen today in the two sub-
littoral species, C. grewingki and P. jettelesi, and similar
to other freshwater cottoid species in which only an A -
based rod pigment is found (Bridges & Delisle, 1974).
From this ancestor, rod pigments of differing Anax values
arose by single amino acid substitutions, with each
change resulting in a step-wise shift in /Am.. The
asp83asn replacement is involved in blue shifts in class
3 (C. inermis) and class 5 species (A. korotneffi and
C. boulengeri), whereas the other two substitutions have
each occurred only once.
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