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Visual Pigment Homologies Revealed by

DNA Hybridization

R. L. MARTIN,* C. WoOD,T W. BAEHR, M. .. APPLEBURY

A bovine rhodopsin complementary DNA probe was used to detect homologous visual
pigment genes in a variety of species. Under stringent DNA hybridization conditions,
genomic DNA from most vertebrate species carried a single homologous fragment.
Additional homologies were detected in some vertebrates by reducing the hybridiza-
tion stringency. Homologous fragments were also detected in DNA isolated from
invertebrate species, a unicellular alga, and an archaebacterium; many of these
fragments were homologous to a Drosophila opsin probe. These results suggest that
photosensory pigments in a wide variety of species arose from a common precursor.

ISUAL PIGMENTS ARE A CLASS OF

receptor proteins that absorb light

and trigger sensory signals. Rho-
dopsins, the visual pigments in vertebrate
rod-type photoreceptor cells, consist of an
intrinsic membrane protein (opsin) cova-
lently linked to a vitamin A chromophore
(1). Other classes of visual pigments, includ-
ing cone-type photoreceptor pigments and
invertebrate visual pigments, have been less
well characterized biochemically because of
their low abundance and instability. As an
alternative to studying visual pigments at
the protein level, the genes encoding these
proteins can be identified, their sequences
can be determined, and the comparative
genetic information can be assessed. We
explored the potential for using a bovine
opsin complementary DNA (cDNA) probe
to identify homologous genes in other spe-
cies. Using genomic Southern blot hybrid-
ization (2), we probed the genomes of a
variety of species in a manner analogous to
that reported for other protein families (3).
Our results demonstrate that bovine opsin
has coding regions homologous with visual
pigment genes of vertebrate, invertebrate,
and phortotactic unicellular species.

We surveyed a variety of vertebrate spe-
cies for homologous visual pigment genes
under stringent hybridization conditions
that allow reannealing of the probe with
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only closely related sequences (4). Genomic
DNA isolated (5) from human, mouse, cow,
sheep, chicken, chameleon, gecko, frog, and
goldfish tissues was prepared and hybridized
by the method of Southern (2) with a
radioactive cDNA probe (SP1116) contain-
ing the entire coding sequence for bovine
opsin (Fig. la). Under these conditions,
homologous DNA fragments were detected
in most of the vertebrate DNA tested (Fig.
2a and Table 1). With one possible excep-
tion—goldfish—the homologous sequences
were confined to a single restriction frag-
ment in the pattern produced by at least one
of the restriction endonucleases used. Such a
hybridization pattern, combined with an
assessment of the intensity of hybridization
(lane 1 in Fig. 2a), suggests that the ho-
mologous sequences are present as single
copies within their respective genomes. The
hybridization patterns shown in Fig. 2a and
Table 1 for the bovine and human DNA
samples are entirely consistent with the re-
striction maps (6) for the corresponding
opsin genes shown in Fig. 1, b and c. It is
apparent that SP1116 hybridizes specifically
to the rod visual pigment genes present as a
single copy in these two species. We suggest
that the homologies detected for the other
vertebrate DNA under these stringent hy-
bridization conditions also represent opsin
genes with marked sequence conservation.

The two reptile species included in our
survey, the gecko and chameleon, produced
some unusual hybridization results. Hybrid-
ization of SP1116 to gecko DNA under
stringent conditions gave no detectable sig-
nal, indicating a lack of strong homology
between the gecko and bovine rod visual
pigment genes (Table 1). The lack of hy-
bridization to gecko DNA under these con-
dirions cannot be attributed to a large
genome size, as reptiles generally have ge-
nomes that are smaller than those of mam-
malian species (7). Although both the bo-
vine and gecko retinas contain rod-type
photoreceptor cells, gecko rods are unlike
the rod cells of other species (8). It has been
proposed that gecko rods evolved from
cone-type photoreceptors by a process of
transmutation, and there is corroborating
physiological evidence that the gecko rod
pigment is more like a cone pigment than an
opsin (8). Such a hypothesis would explain
our inability to detect opsin-like visual pig-
ment genes in this species under stringent
hybridization conditions. Conversely, the
chameleon Awnolis carolinensis is considered to
lack rod-type photoreceptors altogether (9),
yet our data show hybridization of SP1116
under stringent conditions (lane 7 in Fig.
2a). Thus we can detect the presence of a
gene closely related to bovine opsin in an
animal with an all-cone retina. Possible ex-
planations are (i) that the gene encodes a
cone visual pigment that is strongly homolo-
gous to the rod pigments of other animals,
(if) that the gene is not expressed in the
retina, and (iii) that this animal does indeed
possess a small population of rod photo-
receptor cells that have escaped detection by
other methods. A detailed molecular analy-
sis should provide a clearer understanding of

Department of Biological Sciences, Purdue University,
West Lafayette, IN 47907.

*Present address: BRL Research Laboratories, Gaithers-
burg, MD 20877.

tPresent address: Northwestern University Medical
School, Ward Memorial Building, Chicago, IL 60611.

SCIENCE, VOL. 232



the nature of the reptilian visual pigment
genes.

tantly related, sequences could be detected
with the bovine opsin probe, some hybrid-
ization experiments were performed under
reduced stringency conditions. Conditions
of low stringency should allow reannealing
of SP1116 with genomic fragments bearing
as much as 35% base-pair mismatch with
the probe sequence (4). Figure 2b illustrates
that, in addition to the putative opsin genes
identified under hybridization conditions of
high stringency, a number of weakly hybrid-
izing fragments can be detected in chicken,
goldfish, and chameleon DNA with low-
stringency conditions and prolonged auto-
radiographic exposures. Although the na-
ture of these additional hybridizing frag-
ments is unclear, they potentially represent
genes that encode proteins related to opsin.
Such proteins could include cone visual
pigments or opsin-like pigments reported to
be present in the iris and brain tissues in
some species (10). A summary of the data
for the various hybridization conditions is
shown in Table 1. Interestingly, while it is
possible to detect additional homologous
fragments under conditions of reduced
stringency for most species, the mouse, bo-
vine, and sheep genomes do not demon-
strate additional fragments.

After identifying homologies to SP1116
in vertebrate DNA samples, we extended
our survey to several invertebrate species.
Homologies between vertebrate and inver-
tebrate visual pigments might be predicted
on the basis of biochemical similarities be-
tween bovine and cephalopod rhodopsins
and the fact that the latter can substitute for
bovine rhodopsin in triggering activation of
the G-protein cyclic guanosine monophos-
phate phosphodiesterase cascade (11). We
probed the DNA of three commonly stud-
ied invertebrate species—the fruit fly, cray-
fish, and octopus. As shown in Fig. 3a (see
also Table 1), homologous fragments could
be detected under low-stringency hybridiza-
tion conditions in all three species.- The
potential of SP1116 for identifying inverte-
brate visual pigment genes is verified by its
recent use in the isolation of a Dresophila
melanggaster opsin gene (12). A comparison
of the SP1116 and Drusophila opsin sc-
quences reveals that the hybridization is
driven by short regions with 77 to 89%
homology (12). The restriction map of the
Drosophila opsin gene (Fig. 1d) accurately
predicts the sizes of the strongest hybrid-
izing fragments in the Southern blots (lanes
1 and 2 in Fig. 3a; see also Table 1). The
additional hybridizing fragments in the Dro-
sophila blots might represent additional visu-
al pigment genes, as fly retinas are known to
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To determine whether other, more dis-
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contain several different types. Likewise, the
homologies detected with SP1116 in the
crayfish and octopus DNA (lanes 3 to 5 in
Fig. 3a) probably also represent visual pig-
ment genes. Southern blots hybridized with
a Drosophila opsin probe yielded an identical
hybridization pattern (Table 1).

ait 2 3 4 5 6 7 b1

2= - T

Fig. 2 (left). Southern blot hybridizations of restric-
i i vertebrate animal geno-

tion endon

2 3 4 5

- g - [ ] ™
78 2
5 &b . et
e 'S
o S

g
-
-

Fig. 1. Structure of the bovine opsin probe and
restriction maps of the bovine, human, and Dro-
sophila opsin genes. DNA fragment sizes are given
in units of kilobase pairs. Untranslated sequences
are shown as open boxes and coding regions as
closed boxes. (a) The SP1116 probe was con-
structed from a 2.65-kilobase (kb) cDNA clone
(cbr26) isolated in our laboratory (18). A Sma I-
Pst I restriction fragment containing the full
1044—basc pair (bp) coding region plus 40 and
30 bp of 5' and 3’ flanking sequences, respective-
ly, was joined by blunt-end ligation to Pst I
linkers and subcloned. The isolated insert was gel-
purified and used as the hybridization probe. (b
to d) Restriction maps of the (b) bovine, (c)
human, and (d) Dresphila opsin genes (6, 12).
The predicted sizes of the restriction fragments
carrying the opsin genes are in t with the
Southern blot data shown in Figs. 2 and 3 and
Table 1. Restriction sites are Eco RI (E), Bam HI
(B), Hind III (H), Pst I (P), and Sma I (S).

The homologies between SP1116 and the
invertebrate DNA samples, as well as the
similarities between the bovine and Drasoph-
#la opsin genes (I12), point to a common
evolutionary origin for vertebrate and inver-
tebrate visual pigments.

Because many present-day unicellular spe-
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mic DNA. DNA (10 pg per well) was digested
exhaustively with enzyme, subjected to electrophore-

sis in 0.5% agarose gels, and further processed (2). The salt and ' conditions of the filter
hybridization and washing steps are given elsewhere (4). The SP1116 probe was nick-translated
(Amersham kit N5000) to a specific activity of >1 x 10° dpm/pg, denatured, and added to the
hybridization solution at a concentration of 25 ng/ml. After hybridization for 36 hours, filters were air-
dried and autoradiographed for 1 day. (a) High-stringency hybridizations. Lane 1 is a hybridization
control containing 8.2-, 6.8-, 5.4-, and 4.0-kb plasmid constructs of bovine opsin cDNA present at 10,
3, 1, and 0.3 mammalian mic equivalents, respectively. A 2.7-kb nonrecombinant plasmid was
included as a control to ensure that the SP1116 insert was free from possible plasmid contamination
(three genomic equivalents). Lane 2, Hind III-digested bovine DNA; lane 3, Bam HI-digested mouse
DNA; lane 4, Eco RI-digested human DNA; lane 5, Eco RI-digested chicken DNA; lane 6, Eco RI-
digested goldfish DNA; and lanc 7, Eco RI-digested chameleon DNA. (b) Low-stringency hybridiza-
tions. Arrows indicate weakly hybridizing fragments detectable only under reduced stringency. Lane 1,
Eco RI-digested chicken DNA, 1-day exposure [compare with lane 5 in (a)]; lane 2, longer exposure (4
days) of the material ted in lane 1; lanc 3, Eco RI-digested goldfish DNA, 1-day exposure
[compare with lane 6 in (a)]; lane 4, longer exposure (4 days) of the material represented in lanc 3; and

lane 5, Eco RI-digested chameleon DNA, 1-day exposure [compare with lane 7 in (a)].  Fig. 3
(right). Low-stringency Southern blot hybridizations of restriction endonu i nonverte-

brate genomic DNA. (a) Invertebrate DNA. Lane 1, Hind III-digested dla DNA and lanc 2, Pst
I-digested Drusophila DNA. The major hybridizing fragments, indicated by the arrows, correspond to
the published restriction map of the Drasgphila opsin gene (12). The weaker hybridizing fragments
might represent additional pigment genes, as fly retinas are known to contain several different visual
pigment types. Lanc 3, Sst I-digested crayfish DNA, 1-day exposurc. Lane 4, a longer exposure (5
days) of the material represented in lane 3, demonstrating the existence of an additional weakly
hybridizing fragment. Lane 5, Eco RI-digested octopus DNA. A weakly hybridizing fragment can be
detected (asterisk) after 7 days of . The same fragment is more easily detected with a Drasophila
opsin DNA probe (Table 1). (b) Unicellular organism and plant DNA. Lane 1, Sst I-digested

nuclear DNA; lane 2, Bam HI-digested Halobacterium halobium DNA,; lane 3, Eco RI-
digested Blastocladiella DNA; and lane 4, Eco RI-digested Z. maize DNA.
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cies have photosensory pigments, it is possi-
ble that visual pigments first evolved in
single-celled organisms. Accordingly, we
tested for and observed hybridization of
SP1116 with genomic DNA from two pho-
totropic unicellular species, Chlamydomonas
reinhardtii and  Halobacterium  halobium
(lanes 1 and 2 in Fig. 3b). Chlamydomonas is
a motile green alga with an eyespot and with
a photosensitive action spectrum similar to
that of animal rhodopsins. Recently, Foster
et al. (13) showed that the bovine and
Chlamydomonas pigments behave similarly
when recombined with synthetic vitamin A
analogs, implying that the two pigments are
structurally related. Our hybridization ex-
periments detected the presence of opsin-
like genes in this organism, consistent with
the idea that the Chlamydomonas visual pig-
ment is related to higher animal rhodopsins.

We also identified homologies to the bo-

vine opsin probe in genomic DNA from the
archacbacterium Halobacterium  halobium.
This is an intriguing result since a vitamin
A-based photopigment, bacteriorhodopsin,
has already been identified and characterized
in this organism (14). Bacteriorhodopsin,
which functions as a light-driven proton
pump rather than a sensory transducer,
shares striking conformational similarities
with animal opsins, yet bears no apparent
amino acid sequence homology (15). How-
ever, Halobacterium also contains other pho-
topigment molecules for which there is no
sequence information. At least one of these
additional pigments is a sensory rhodopsin
that serves to direct the phototactic behavior
of the cell (I16). Spudich and Bogomolni
(16) recently reported kinetic similarities in
the behavior of certain animal visual pig-
ments and Halobacterium sensory rhodop-
sin. Thus the Halobacterium sensory rho-

dopsin might be considered functionally
analogous to the visual pigments of higher
animals. It will be interesting to ascertain
whether the opsin-like sequences we have
detected in Halobacterium DNA represent
sensory rhodopsin genes.

It seems unlikely that many of the frag-
ments we detected with SP1116 are the
result of homology to noncoding DNA
sequences or genes unrelated to visual pig-
ments. We have demonstrated by hybridiza-
tion methods the ability of this probe to
isolate opsin clones from a Drosophila geno-
mic library. The Southern blot hybridization
patterns we report are consistent with the
known restriction fragment sizes for the
bovine, human, and Drosophila opsin genes.
We have searched the NIH GenBank reposi-
tory (over 4000 sequences) for homologies
to SP1116 using criteria that permit identi-
fication of the weak homologies between

Table 1. Compilation of Southern blot hybridization data generated with the
SP1116 bovine opsin cDNA probe. Values are derived from two or more
blots, with the exception of the frog data. Homologous fragment sizes are
given in units of kilobase pairs (kb), as estimated by comparison to
restriction digests of A phage and pBR322 plasmid DNA standards. All
fragments listed were detectable under conditions of reduced hybridization
stringency. When high-stringency hybridization experiments were per-

formed on identically prepared blots, those fragments that were detectable
under both high and low stringency are boldface. Double asterisks indicate
those samples in which identically prepared blots were hybridized with a
Drosophila opsin cDNA probe restricted to 84% of the coding region (bases
284 through 1225). Those fragments that hybridized with both probes are
likewise indicated by double asterisks.

. Homologous . Homologous
Organism Enzyme fragment sizges (kb) Organism Enzyme fragment sizges (kb)
Vertebrates Vertebrates (continued)
Human* Eco RI 8,2 Frogs . Eco RI 13, 9.5, 5,4.5
(Homo sapiens) Bam HI 21,12.3,10, 44, 2.5, 2 (Rana pipiens) Bam HI 12.3,7.3
Hind III 10,2.7,2, 1.4 Hind III 10, 7.3, 1.2, 0.9
Pst I 5,4.4,24, 14 Pst I 5,32,15,12
Goldfish Eco RI 19,11, 6, 5.7, 5, 4, 2.6, 2
M?jlf;j - o N (Carassius auratus) Bam HI 11,7,58,38,2.7
C57BL/G]) . Hind III 15,12,8.5,6.5,6,3.6,3,2
Pst I 6,55,3.8,31,2.7,2,1.1
Bovine Eco RI 18
(Bos bos) Bam HI 15 Nonvertebrates
Hind III 12.5 Fruit fly Eco RI 16, 11, 7.3, 6, 44, 2.7, 2
Pst I 33,19,1 (Drosophila melano- Bam HI 9,52,28, 18,1
Sst I 5.5 gaster, Oregon R) Hind III** g% 7ex 5 3%¥ 3]
Xbal 12 DstI 7.3,58,52,28,1.1
Sheep Eco RI 18 Crayfish Sst I** 7.3%%, 2.5%*
(Ovis familiaris) Bam HI 6 (Procambuorus
blandingii)
Chicken Eco RI 21,12,6,55,32
(Gallus domesticus) Bam HI 4.4,32,3,25,138 Octopus Eco RI** 2.6%*
Hind III 15,10, 7.3,5.5,4.2, 4, 2.5 (Argonanta argo)
Pst I 17.4,75,3,2,1.5
Chlamydomonas Pst I** 12, 4.4, 1.3**
Chameleon Eco RI 4, 2.7, 1.8 (Chlﬂmydomonm Sst I** 9_5**’ 3
(Anolis cavolinensis) Bam HI 6.8,5,2.7 resnhavdtit)
Hind III 8.5,6.2,4,2.7
Pst I 44,33,22 Halobacterium Bam HI 16, 11
(Halobacterium Hind III 33,28
Geckot Bam HI 8.5 halobinm, strain S9) DPst I** 10, 5.5%%, 3.2, 1.8** 0.9
(Gekko gekko) Hind ITI 4 Sma I** 5.4%% 3.7, 3,2.7%%, 1.7

*Because low-stringency hybridization conditions resulted in excessive background
hybridization to the DNA lane, moderate hybridization conditions (4) were used when
examining human genomic samples under reduced stringency. Only high-stringency
hybridizations were performed for Eco RI-digested samples. For the human genome,
underscored values indicated for Bam HI and Hind III are from (6); values for Pst I
are based on the restriction sites determined from the complete gene sequence ob-
tained from NIH GenBank. An additional Pst I fragment of >2.9 kb is also pre-
dicted. tLow-stringency hybridization experiment not performed for Bam HI.

1268

1High-stringency hybridization not observed for these s;&écics. Previous studies have
demonstrated antigenic and peptide-mapping similarities between the bovine and frog
opsin proteins (19). The lack of hybridization of SP1116 to frog DNA under stringent
conditions is probably due to the large size of amphibian genomes (7)—in some cases
up to 20 times the size of mammalian genomes—rather than a lack of homology
between the bovine and frog orisin genes. In contrast, reptiles (gecko) generally have
genomes that are smaller than those of mammalian species (7).
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the bovine and Drosophila opsin sequences,
and we have found no homologies other
than to opsin genes. We did not detect
SP1116 hybridization to DNA from the
cubacteria Klebsiella pnewmoniae and Esche-
richia colt, the fungus Blastocladiella emevsont,
and the plant Zea maize (lanes 3 and 4 in
Fig. 3b). Thus we are able to detect homolo-
gies only in organisms for which there is
independent evidence for the existence of
photosensory pigments. Finally, additional
Southern blot results suggest that many of
the genomic fragments that hybridize to
SP1116 are also homologous to a Drosaphila
opsin DNA probe (Table 1).

On the basis of our observations that
opsin-like genes can be identified in a wide
variety of vertebrate, invertebrate, and uni-
cellular species, we speculate that a primitive
photopigment gene first evolved in unicellu-
lar organisms and was passed on, with some
degree of sequence conservation, to a wide
variety of present-day species. Because it is
possible to identify more than one class of
opsin-like genes in some animals, it seems
likely that the progenitor gene was amplified
during evolution, giving rise to a family of
related products. Some of these products are
probably themselves visual pigments, since
many organisms have more than one type.
Recently, Nathans and Hogness (6) found
that the human cone pigment genes have
weak sequence homology to the opsin gene
and similar intron positions, supporting the
idea that they arose from a common precur-
sor (17). Perhaps in other cases a duplicated
photopigment gene became adapted to a
different function. This could have occurred
during the evolution of Halobacterium, re-
sulting, for example, in one class of photo-
pigment that is involved in ion pumping and
another that subserves a sensory function.

The bovine opsin probe has excellent po-
tential for identifying genes encoding pho-
tosensory pigments in a wide variety of
species. Comparisons of the structure of
photosensory receptors should reveal the
extent to which vertebrate, invertebrate, and
unicellular organisms employ the same func-
tional mechanisms for triggering a sensory
response.
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Technical Comments

Human Brain Receptor Distribution

D. F. Wong et al. (1) describe the use of
11C-labeled 3-N-methylspiperone and posi-
tron emission tomography for the measure-
ment of regional alterations in dopamine
and serotonin receptors in the living human
brain and demonstrate the feasibility of rou-
tine imaging of receptor ligand distributions
by emission tomographic methods. The ulti-
mate goal of this and earlier studies (2) is the
development of a quantitative procedure for
measurement of regional neurotransmitter
receptor density in vivo in the human brain.
Such methodology would then allow direct
testing of hypotheses implicating receptor

alterations in a variety of neurologic and

psychiatric disorders. While the experiments
presented by Wong and his colleagues are
encouraging with respect to eventual
achievement of this goal, we have reserva-
tions about their data analysis and interpre-
tation.

Wong et al. present a three-compartment
model describing tracer distribution in brain
tissue similar to that in use in a number of
laboratories, including ours (3, 4):

Ky K3
C, K:2 Ce K:4 C, (1)

where C,, is the content of tracer in the
plasma, C. is the content of exchangeable
(free plus nonspecifically bound) tracer in
tissue, and C, is the content of receptor-
bound tracer in tissue. The descriptions of
the intercompartmental transfer coefficients
in the model above require clarification.
First, Ky and K, describing diffusion of
ligand berween capillary plasma (Cp) and
extracellular space (C,) require redefinition
in order to account for potential influences
of cerebral blood flow on ligand delivery to
the brain.

K; K3
C.=C.=C (2)
K3 K4

Introduction of C,, the arterial tracer con-
centration, replacing C,,, allows direct quan-
titative comparison of different brain re-
gions from the same animal. K| and K3 are
then functions of both the blood-brain bar-
rier permeability surface area product (Kj)
and cerebral blood flow (F), as described
previously (5).

Ki=F(1 - ¢ %) A3)
K3 = KKK, 4)
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