J Mol Evol (2004) 58:314-321
DOI: 10.1007/500239-003-2553-z

OLECULAR
EVOLUTION

© Springer-Verlag New York Inc. 2004

JOURNAL OF

Ancestral Loss of Short Wave-Sensitive Cone Visual Pigment in Lorisiform
Prosimians, Contrasting with Its Strict Conservation in Other Prosimians

Shoji Kawamura, Naoya Kubotera

Department of Integrated Biosciences, Graduate School of Frontier Sciences, The University of Tokyo, Seimeitou 502,

5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8562, Japan

Received: 17 June 2003 / Accepted: 6 October 2003

Abstract. Mammals are basically dichromatic in
color vision, possessing middle to long wave-sensitive
(M/LWS) and the short wave-sensitive (SWS) cone
opsins in the retina, whereas some nocturnal mam-
mals lack functional SWS opsins. Prosimians, prim-
itive primates consisting of three extant groups
(Lorisiformes, Lemuriformes, and Tarsiiformes), in-
clude many nocturnal species. Among nocturnal
prosimians, a species of lorisiforms, the greater gal-
ago (Otolemur crassicaudatus), is known to lack a
functional SWS opsin gene, while lemuriforms and
tarsiiforms appear to retain SWS opsins in the retina.
It has not been established, however, whether the loss
of SWS opsin is a universal phenomenon among
lorisiforms and whether the functional SWS opsin
genes of lemuriforms and tarsiiforms are under strict
or relaxed selective constraint. To gain better insight
into an association between nocturnality and loss of
SWS function, we isolated and sequenced the SWS
opsin genes from two species of lorisiforms, the slow
loris (Nycticebus coucang; nocturnal) and the lesser
galago (Galago senegalensis; nocturnal), and one
species each of lemuriforms and tarsiiforms, the
brown lemur (Eulemur fulvus, cathemeral) and the
western tarsier (Tarsius bancanus; nocturnal), re-
spectively. Our sequence analysis revealed that (1) the
SWS opsin gene was disrupted in the common an-
cestor of galagids and lorisids and (2) the rate of
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nonsynonymous nucleotide substitution has been
kept significantly lower than that of synonymous
substitution in tarsier and lemur, demonstrating the
presence of strict selective constraint on the SWS
opsin genes in tarsiiforms and lemuriforms.
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Introduction

Visual pigments are photoreceptive molecules for vi-
sion and, in vertebrates, reside in rod and cone
photoreceptor cells in the retina. They consist of
a protein moiety, opsin, and a chromophore, cither
11-cis retinal or 11-cis 3,4-dehydroretinal in verte-
brates. The visual opsins of vertebrates are classified
into five groups: rod opsin or the rhodopsin group
(RH1), ultraviolet-blue or the short wave-sensitive
type 1 cone-opsin group (SWS1), blue or the short
wave-sensitive type 2 cone-opsin group (SWS2),
green or the rod opsin-like cone-opsin group (RH?2),
and green—red or the middle to long wave-sensitive
cone-opsin group (M/LWS) (Yokoyama 2000). Rod
cells/opsins are specialized for dim light (scotopic)
vision and cone for bright light and color (photopic)
vision.

While many species of birds, reptiles, and fish re-
tain the four types of the cone opsins and are po-
tentially tetrachromatic in color vision (Ebrey and



Koutalos 2001), mammals are considered to have lost
SWS2 and RH2 opsins in the Mesozoic nocturnal
ancestor (Ahnelt and Kolb 2000). Extant mammals
are basically dichromatic, with only SWS1 (SWS
hereafter) and M/LWS as cone opsins and with solely
11-cis retinal as a chromophore (Jacobs 1993). Higher
primates are unique in attaining trichromatic vision
by diversifying the M/LWS opsin gene through either
gene duplication or allelic diversification (Jacobs
1999).

Some mammals, on the contrary, appear to have
decreased the chromatic dimension even further by
losing SWS opsins. The growing list of them includes
nocturnal rodents and carnivores (Calderone and
Jacobs 1999; Jacobs and Deegan 1992; Peichl and
Moutairou 1998; Szel et al. 1996) and marine animals
(Fasick et al. 1998; Levenson and Dizon 2003; Peichl
et al. 2001; Peichl and Moutairou 1998). In primates,
two nocturnal species, the owl monkey (Aotus tri-
virgatus) and the greater galago (Otolemur crassi-
caudatus), are documented as lacking functional SWS
opsin gene by independent disruptive mutations
(Jacobs et al. 1996). The owl monkey is the only
nocturnal species among higher primates (simians)
and the galago belongs to the primitive primate
group (prosimians) which includes many nocturnal
species. These observations imply some causal rela-
tion between nocturnality and loss of the SWS opsin
in terrestrial mammals.

Prosimians comprise two strepsirhine groups,
Lorisiformes and Lemuriformes, and one haplorhine
group, Tarsiiformes (Fleagle 1999). While lorisiforms
and tarsiiforms are all nocturnal, lemuriforms include
not only nocturnal but also diurnal and cathemeral
species. A diurnal and a cathemeral lemuriform spe-
cies, the ringtail lemur (Lemur catta) and the brown
lemur (Eulemur fulvus), respectively, have been shown
to retain sensitivity to short-wavelength light in an
electrophysiological study (Jacobs and Deegan 1993).
Importantly, a nocturnal lemuriform species, the gray
mouse lemur (Microcebus murinus), and a tarsiiform
species, the eastern tarsier (Tarsius spectrum), are also
shown to retain SWS opsins in the retina by immu-
nohistochemistry (Dkhissi-Benyahya et al. 2001;
Hendrickson et al. 2000). The absence of a SWS cone
is suggested for a Loris species by an immunohisto-
chemical study but the finding needs confirmation
from further samples (Ahnelt and Kolb 2000).
Among nocturnal mammals whose SWS opsin is
known, or supposed, to be lost, so far only the owl
monkey and the greater galago have been examined
for the gene structure (Jacobs et al. 1996). Even for
the two species, only partial nucleotide sequences of
one coding exon (exon 1 in owl monkey and exon 4 in
greater galago) are available, which has made difficult
a phylogenetic analysis with any statistical signifi-
cance.
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To gain a better insight into an association be-
tween nocturnality and loss of SWS function in
prosimian primates, we aimed here to clarify (1)
whether the loss of SWS opsin is specific to the
greater galago or occurs also in other galagid species
and in lorisids, the sister group of galagids in lorisi-
form prosimians, and (2) whether the seemingly
functional SWS opsins in tarsiiforms and lemuri-
forms are indeed under strict selective constraint.
Toward this goal, we determined complete gene
structures of the SWS opsins of two species of lor-
isiforms, the lesser galago (Galago senegalensis) and
the slow loris (Nycticebus coucang), one lemuriform,
the brown lemur (Eulemur fulvus), and one tarsiiform,
the western tarsier (Tarsius bancanus), and examined
their nucleotide sequences with special attention to
the difference of silent (synonymous) and amino acid-
altering (nonsynonymous) nucleotide substitutions.

Materials and Methods
Genomic Library Screening

Genomic DNA of a lesser galago (Galago senegalensis) and a
western tarsier (7arsius bancanus) was extracted from the fibroblast
cell lines. Genomic DNA of a brown lemur (Eulemur fulvus) was
extracted from a frozen tissue. That of a slow loris (Nycticebus
coucang) was provided by Dr. O. Takenaka (Kyoto University).
Genomic libraries of these primates were constructed using
BamHI-digested EMBL3 1 phage vector and Sau3Al-partially
digested genomic DNA (12-20 kb). For the probe preparation, the
cDNA encoding full coding region of the SWS opsin gene of a
common marmoset (Callithrix jacchus) was isolated from its pre-
viously prepared ocular RNA (Kawamura et al. 2001) by reverse-
transcription (RT) polymerase chain reaction (PCR) using the
oligo nucleotide primers designed based on the published nucleo-
tide sequence (GenBank accession No. L76201).

The ¢cDNA probes were labeled with [6-*?P]dCTP using the
random primer method. Plaque hybridization was carried out at
55°C in a solution consisting of 6x SSC, 5x Denhardt’s solution,
0.5% SDS, and 5 pg/ml E. coli DNA. The hybridized membranes
were washed in 1x SSC/0.1% SDS at 55°C four times (20 min each),
which allows approximately 30% mismatch (Sambrook and Russel
2001). One clone each from the four species was found to contain
the entire exons of the SWS opsin gene (Fig. 1). After restriction
mapping of these clones, the restriction fragments hybridized to the
screening probes were subcloned into the pBluescript I1I (SK-)
plasmid vector (Stratagene, La Jolla, CA). Sequencing of these
subclones was carried out for both strands using the Thermo Se-
quenase Cycle Sequencing Kit (Amersham, Piscataway, NJ) with
dye-labeled primers and the LI-COR 4200L-1 automated DNA
sequencer.

DNA Sequence Analysis

Repetitive sequence elements were identified using Repeat Masker
(http://ftp.genome.washington.edu/cgi-bin/RepeatMasker). Nucle-
otide sequences were aligned using CLUSTAL W (Thompson et al.
1994) and the alignment was refined visually. Subsequent phylo-
genetic analyses were conducted using the MEGA2 program
version 2.1 (Kumar et al. 2001; Nei and Kumar 2000). The number
of nucleotide substitutions per site (d) for two sequences was
estimated by Tamura and Nei’s (1993) method, which takes into
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Fig. 1.  Genomic structures of the SWS opsin genes of western EMBL/GenBank accession numbers of the sequence data are

tarsier, brown lemur, lesser galago, and slow loris. The five exons
are indicated by black boxes. The Alu and L1 repetitive elements
are depicted by hatched boxes. The nucleotide sequences were de-
termined for the regions indicated by the arrowed lines. The DDBJ/

account substitutional rate differences between nucleotides and
inequality of nucleotide frequencies and compensates for multiple
substitutions. In the calculation, gap sites were removed from the
alignment and only common sites among all sequences compared
were considered. The number of substitutions per synonymous site
(ds) and per nonsynonymous site (dn) was estimated by the Pa-
milo—Bianchi-Li method (Li 1993; Pamilo and Bianchi 1993). For
calculation of ds and dy for the coding region, gap sites were ex-
cluded from the analysis, and when a gap exclusion disrupted the
codon triplet, the remaining nucleotide sites of such codons were
also excluded. When a sequence contained premature stop codons,
such codon sites were also removed from the alignment. The first
nine nucleotides shown in Fig. 2 were regarded as the coding region
in this study despite the position shift of the initiation codon in the
tarsier, loris, and galago. Phylogenetic trees were constructed by
applying the neighbor-joining method (Saitou and Nei 1987). The
reliability of the tree topology was evaluated by bootstrap analysis
with 1000 replications.

Results

Genomic Structures of the SWS Opsin Genes of
Prosimians

The genomic DNA clones containing the SWS opsin
genes were isolated from genomic libraries of four
prosimians, western tarsier, brown lemur, lesser gal-
ago, and slow loris (Fig. 1). The vertebrate SWS
opsin genes consist of five exons and four introns
(Yokoyama 2000). The same exon—intron structure
was identified in the four species on the basis of the
nucleotide sequence similarities to the exons of the
human SWS opsin gene (Nathans et al. 1986). No
other related gene was detected by Southern hybrid-
ization to the genomic DNA in the four species (data
not shown). In the region where the nucleotide se-

ABI111463 (western tarsier), AB111464 (brown lemur), AB111465
(lesser galago), and AB111466 (slow loris). B, BamHI; Bg, Bg/lI; E,
EcoRI; K, Kpnl; S, Sacl.

quence was determined (Fig. 1, arrowed lines), one
Alu repetitive element was detected in intron 4 of the
tarsier SWS opsin gene. In the galago and loris genes,
L1 and multiple Alu elements were detected in the
upstream flanking region and in intron 2, respec-
tively. An additional Alu was found in the down-
stream flanking region of the loris SWS opsin gene.
An Alu and a merl3 element previously identified in
intron 3 and intron 4, respectively, of the human and
squirrel monkey SWS opsin genes (Shimmin et al.
1997) were not identified in the four prosimian spe-
cies. Similarly, the Alu elements in the prosimian
genes were not found in the human and squirrel
monkey SWS opsin genes. These indicate multiple
insertional events of repetitive elements around the
SWS opsin gene during primate evolution.

Coding Disruptions in the SWS Opsin Genes of
Lesser Galago and Slow Loris

In the coding region of the tarsier and lemur SWS opsin
genes, no insertion/deletion (indel) or nonsense point
mutation was found and functionary important resi-
dues are conserved. These residues include a lysine for
the Schiff-base linkage to the chromophore (Wang et
al. 1980), a glutamate residue for the Schiff-base
counter ion (Sakmar et al. 1989; Zhukovsky and Op-
rian 1989), and two cysteine residues for the disulfide
bond (Karnik et al. 1988) (Fig. 2). Multiple serines and
threonines in the C-terminal region for the targets of
opsin kinase (Ohguro et al. 1994) are also observed.
On the contrary, multiple out-frame indels and
nonsense mutations creating premature stop codons
were identified in the coding regions of the lesser
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Human ATG AGA AAA ATG TCG GAG GAA GAG AAA AAT ATC TCT TCA GTG GGG CCG 72
Tarsier ACA AGC AAT ATG TCA GAG ATC TCC TCG GTA GGG CCG 75
Lemur ATG TGT AAG ATG TCA GGG TTT CTC TCC CCG GTG GGG CCG 75
Loris GTG AGC AAC ATG TCA GGG crT mee ooo moe oo oo oo 32
Galago  GTG GGC AAG ATG TCA GGG TTT = - - - - - 32
Human CAG TAC CAC ATT GCC CCT TTC TIC ATG GGC ACT GTC TTC CTT ATA GGG TTC 147
Tarsier CAG CAC CAC CTT GCT CCC TTC TTC ATG GGC GTG GTC TTC TCT GTG GGG ATA 150
Lemur ccr TTC TTC ATG GGC CTT GTC TTC TTT GCA GGG GCA 150
Loris ccT TTC TTC ATG GGC TTT GTC TTT TTT GCA GGG ACA 104
Galago CCT GTC TGG GCC TTC TGT CTC CAG GAA GCC TTC ATG GGC TTT GTC TTT TTT GCA GGG ACA 104
Human CCA CTC AAT GCC ATG GTG CTG GTG GCC ACA CTG CGC TAC AAA AAG TTG CGG CAG CCC CTC AAC TAC ATT CTG GTC 222
Tarsier CCA CTC AAC ACC ATG GTG CTG GTG GCC ACG CTG CGC TAC AGG AAG TTG CGG CAG CCC CTC AAC TAC ATT CTC GTIC 225
Lemur CCA CTC AAT GTC ATG GTG CTG GTG GCC ACA CTG CGC TAC AAA AAG TTG CGG CAG CCA CTC AAC TAC ATT CTG GTC 225
Loris CCA CTT AAT GTC ATG GTG CTG GTG GCC ACA CTG TGC TAC AAA AAG CTG TGG CAG CCA CTC AGC TAC ATT CTC GTC 179
Galago  CCA TTT AAT GTC ATA GTG CTG GTG GCC ACA TTG TGC TAC AAA AAG CTG TGG CAG CCA CTC AGC TAC ATT CTG GTC 179
Human AAC GTG TCC TTC GGA GGC TTC CTC CTC TGC ATC TTC TCT GTC TTC CCT GTC TTC GTC GCC AGC TGT AAC GGA TAC 297
Tarsier AAC GTG TCC TTG GGA GGC TTC CTC CTC TGT ATC TTC TCC GTC CTA CCT GTC TTC ATC GCC AGC TGT CGA GGG TAC 300
Lemur AAT CTG TCC TTT GGA GGC TTC CTC TGC TGC ATC TTC TCT GTC CTC CCG GTC TTC ATT GCC AGC TGT CGA GGA TAC 300
Loris AAT TTG TCC TCG GGA GGC TTC CTC TAC TGC ATC TTC TCT GTC TTA CCC ATC TTC GTC GCC AGC TGT IGA GGT TAC 254
Galago  AAT TTG TCC TTG GGA GGC ATC CTC TAC TGC ATC CTT TCT GTC TTG CCC ATC TTT GTC GCC AGC TGT CGA GGT TAC 254
Cyc Glu
Human TTC GTC TTC GGT CGC CAT GTT TGT GCT TTG GAG GGC TTC CTG GGC ACT GTA GCA Ggt=intl=agGT CTG GTT ACA GGA 366
Tarsier TTC GTIC TTT GGC CGC CAT GTT TGT GCT TTG GAG GGC TTC CTG GGC GTA GCA Ggt=int1=agGT CTG GTG ACA GGC 369
Lemur TTC CTC TTT GGC CGC CAT GTT TGT GCT CTG GAG GGC TTC CTG GGC TCC GCA GCA Ggt=intl=agGT CTG GTG ATA GGC 369
Loris TIC CCC TTT GGC TGC CAT GCT TGT GCT CTG GAG GGC TTT CTA AGC TCT GCA GCA Ggt=intl=agGT CTA GTG ATA GGC 323
Galago  TTC CTC TTT GGC TGC CAT GCT TGT GCT CTG GAG GGC TTT CTA AGC TCT GTA GCA Ggt=intl=agGT CTA GTG ATA GGC 323
Human TGG TCA CTG GCC TTC CTG GCC TTT GAG CGC TAC ATT GTC ATC TGT AAG CCC TTC GGC AAC TTC CGC TTC AGC TCC 441
Tarsier TGG TCA CTG GCC TTC CTG GCC TTT GAG CGC TAC ATG GTC ATC TGT AAG CCC TTT GGC AAT TTC CGC TTC AGC CCC 444
Lemur TGG TCA CTG GCC TTC CTG GCC TTT GAG CGC TAC GTT ATC ATC TGT AAG CCC TTC GGC AAC TTC CGC TTC AGC TCC 444
Loris TGG TCC CTG GCC TTC CTG GCC TTT GAG CTC TAT ATT GCC ATC TGT AAG CCC TTT AGC AAC TTC TGC TTC GGC TCC 398
Galago  TGG TCA CTG GCC TTC CTG GCC TTT GAG TGC TAT ATT GTC ATC TGT AAG CCC TTT GGC AAC TTC TGC TTC AGC TTT 398
Human AAG CAT GCA CTG ACG GTG GTC CTG GCT ACC TGG ACC ATT GGT ATT GGC GTC TCC ATC CCA CCC TTC TTT GGC TGG 516
Tarsier AAG CAC GCA CTG ATG GTG GTC CTG GCT ACC TGG ACC ATT GGC ATT GGC GTC TCT GTC CCA CCC TTC TTT GGC TGG 519
Lemur AAG CAC GCG CTG ATG GTG GTC CTG GCT ACC TGG ACC ATC GGT GTT GGC GTC TCC ATC CCA CCA TTC TTT GGC TGG 519
Loris AAG CAC GTA CTG ATG GTG GTC CCG GCT GCT TAG ACC ATT GGC ATT GGC ATC TCC ATC CCA ATA TTC TTT GGC CGG 473
Galago  AAG CCT GCA CTG ATG GTG GTC CTG GCC ATT TGG ACC ATT GGT ATT GGC ATC TCC ATC TCA ACA T=C TTT GGC TGG 472
Cys
Human AGC CGgt=int2=agG TTC ATC CCT GAG GGC CTG CAG TGT TCC T--GT GGC CCT GAC TGG TAC -ACC GTG GGC ACC AAA 582
Tarsier AGC CGgt=int2=agG TTC ATC CCT GAG GGC CTG CAG TGC TCC T--GC GGT CCC GAC TGG TAC -ACC GTG GAC ACC AAG 585
Lemur AGT CGgt=int2=agG TTC ATC CCT GAG GGC CTG CAG TGT TCC T--GT GGC CCT GAC TGG TAC -ACC GTG GGC ACC AAA 585
Loris AGC TIGgt=int2=agh TTC ATC CCC AAG GGC CTG CAG TGT TCC T--GT GGC CCC AAC TGG TAC -ACC GTG GGC ACC AAA 539
Galago  AGC IGgt=int2=agA TTC ATC CCT GAG GGC CTG CAG TGT TCC TIECT GGG GCC CzC AGC TAC IACC ATG GGC ACC AAA 540
Human TAC CGC AGC GAG TCC TAT ACG TGG TTC CTC TTC ATC TTC TGC TTC ATT GTG CCT CTC TCC CTC ATC TGC TTC TCC 657
Tarsier TAC CAC AGC GAG TAC TAC ACC TGG TTT CTC TTC ATC TTC TGC TTC ATC GTG CCT CTC TCC CTC ATC TGC TIC TCC 660
Lemur TAC CGC AGC GAG TAC TAT ACC TGG TTC CTC TTC ATC TTC TGC TTC ATC GTG CCT CTC TCT CTC ATC TGC TTC TCC 660
Loris TAC TAC AGT GAG TAC TGT GCC TGG TTC CTC TTC ATC TTT TGC TTC ATC TTG CCT CTC TCC CTC ATC TGC TTC TCC 614
Galago  TAC TAC CAT GAG TAC TAT ACC TGG TTC CTC TTC ATC TTT TGC TTC ATT GTG CTT CTC TCC CTT ATC TGC TTC TCC 615
Human TAC ACT CAG CTG CTG AGG GCC CTG AAA GCT gt=int3=ag GTT GCA GCT CAG CAG CAG GAG TCA GCT ACG ACC CAG 723
Tarsier TAC GCA CAG CTG CTG AGG GCC CTG AGA GCT gt=int3=ag GTG GCT GCC CAG CAG CAG GAG TCA GCA ACG ACC CAG 726
Lemur TAC TCT CAG CTG CTG CGG GCC CTG AGA GCT gt=int3=ag GTT GCA GCT CAG CAG CAG GAG TCA GCT ACG ACC CAG 726
Loris TAC TCT CAA CTG TTG GGG GCC CTA AGA GCT gt=int3=ag GTT GCA GTT CAG CAG CAG G-- --- --- --- -CC CAT 668
Galago  TAC TCT CAG CTG CTG GGG =CC CTA AGA GAT gt=int3=ag GTT GCA GCT CAG CAG CAG GAG TCC GCT ATG ACC CAT 680
Human AAG GCT GAA CGG GAG GTG AGC CGC ATG GTG GTT GTG ATG GTA GGA TCC TTC TGT GTC TGC TAC GTG CCC T-AC GCG 798
Tarsier AAA GCT GAG CGG GAG GTG AGC CGC ATG GTG GTG GTG ATG GTG GGA TCC TTC TGT CTC TGC TAC GTG CCC T-AC GCA 801
Lemur AAG GCC GAG CGC GAG GTG AGC CGC ATG GTG GTG GTG ATG GTG GGA TCC TTC TGT CTC TGC TAT GTG CCC T-AT GCT 801
Loris AAG GCT GAG C-- -AG ATG AGC CAC ATG GTG GTG GTG ATG GTG GGA TCC TTC TGT ==C TGC TAC ATG CTC T-AT GCT 738
Galago  AAG GCT GAG CGG GAG GTG AGC CAC ATG GTG GTG CTG ATG GTG GGA TCC TTC TGT —=C TGT TAC GTG CCC TJAT GCT 754
Human GCC TTC GCC ATG TAC ATG GTC AAC AAC CGT AAC CAT GGG CTG GAC TTA CGG CTT GTC ACC ATT CCT TCA TTC TIC 873
Tarsier GCC CTG GCC ATG TAC ATG GTC AAC AAC CAG AAC CAT GGG CTG GAC CTG CGA CTT GTC ACC ATT CCT TCC TTC TTC 876
Lemur GCC CTG GCC ATG TAC ATA GTC AAC AAC CGT AAC CAT GGG CTG GAC TTA CGG CTT GTC ACC ATT CCT GCC TIC TIC 876
Loris GCC CTG GCC ATG TAC ATG GTC AAC AAC TGT AAC CAT GGG CTG GAC TTA CTG TTT GTC ACT ATT CCT GCC TTC TTT 813
Galago  GCC CTG GCT ATG TAT GTG GTC AAC AAC TCT AAC CAT GGG CGG GAC TTA CTA TTA GTC ACT ATT CCT GCC TTC TTT 829
Lys

Human TCC AAG AGT GCT TGC ATC TAC AAT CCC ATC ATC TAC TGC TTC ATG AAT AAG CAG gt=intd=ag TTC CAA GCT TGC 939
Tarsier TCC AAG AGT GCT TGT GTC TAC AAT CCT ATC ATC TAC TGC TTC ATG AAC AAG CAG i ag TTC CAG GCT TGC 942
Lemur TCC AAG AGT GCT TGT GTC TAC AAT CCC ATC ATC TAC TGC TTT ATG AAT AAG CAG ag TTT CAA GCT TGC 942
Loris TCC AAG AGT GCT TGT GTC TAC AAT CCC ATC ATC T-- -GC TTT ATG AAT AAG CAG gt=intd=ag TTC CAA GCT TGC 876
Galago  TCC AAG AGT GCT TGT GTC TAT AAT CCC CCC ATC TAC TGC TTT ATG AGT AAG CAG gt=intd=ag TTC CAA GCT TGC 895
Human ATC ATG AAG ATG GTG TGT GGG AAG GCC ATG ACA GAT GAA TCC GAC ACA TGC AGC TCC CAG AAA ACA GAA GTT TCT 1014
Tarsier ATC ATG GAG ATG GTG TGT AGG AAG GCC ATG GCA GAT GAA TCT GAC ACA TCC AGC TCC CAG AAA ACA GAG GTT TCT 1017
Lemur ATC ATG GAG ATG GTA TGT GGG AAG GCC ATG ACA GAT GAA TCC AAC ACA TCC AGC TCC CAG AAG ACG GAA GTT TCT 1017
Loris ATC ATG GAG ATG GTA TGT AGG AAG GAC GTG ACA GAT GAA TCC GAC ATA TTC AGC CCC CAG AAA ATG GAA GTT TCT 951
Galago  ATC ATG GAG ATG GTA TGT AGG AAG GCC CTG ACA GAT GAA TCC AAC ATA TTC AGC CCC CAG AAA ACG GAA GTT TCT 970
Human ACT GTC TCG TCT ACC CAA GTT GGC CCC AAC TGA 1047

Tarsier GCT CTT TCT TCT AGC CAA GTC AGC CCC AAC TGA 1050

Lemur ACT TTC TCT TCT AGC CAA GTT GGC CCC AAC TGA 1050

Loris AT=_-TC TCT TCT AGC CAC GTT GGC CCC ATC TGA 982

Galago  ATT CTC TCT TCT AGC CAC GTT GGC CCC ATC TGA 1003

Fig. 2.  Alignment of the nucleotide sequences of the prosimian mutations creating premature stop codons, those disrupting splice

SWS opsin genes to the coding region of the human SWS opsin
gene (GenBank U53874). Positions of the four introns (intl-int4)
are indicated with the splice donor (gt) and acceptor (ag) sequences.
Gaps necessary to increase the sequence similarity are indicated by
dashes. The putative initiation codons (ATG) are underlined. Point

galago and slow loris SWS opsin genes (Fig. 2).
Among them, two indels, 46- and 2-bp deletions in
exons 1 and 4, respectively, and two nonsense mu-
tations in the codon interrupted by intron 2 are

donor sequences, and indels disrupting the reading frame are
double-underlined. Positions of a Lys residue for the Schiff-base
linkage to the chromophore, a Glu residue for the Schiff-base
counter ion, and two Cys residues for the disulfide bond are indi-
cated above the corresponding codons.

shared between the two species (Fig. 2). The 2-bp
deletion in exon 4 is also reported in the greater
galago SWS opsin gene, where only exon 4 is se-
quenced (Jacobs et al. 1996). These shared mutations
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Fig. 3. Phylogenetic trees of primate SWS opsin genes con-
structed with (a) nonsynonymous sites, (b) synonymous sites, and
(c) introns. For a and b, common 314 codons among the sequences
are considered. For ¢, sequences of introns 1 to 4 are combined and
the common 1145 bp is considered. The bootstrap probabilities are

likely occurred in the common ancestor of galagids
and lorisids. Other mutations are species-unique and
include the ones disrupting the splice donor sequence
in intron 3 of galago and in intron 4 of loris and the
one disrupting one of the cysteine residues for the
disulfide bond in galago (Fig. 2). In these genes the
putative initiation codon, “ATG,” corresponds to the
fourth codon of the human SWS opsin gene. This
shift, however, also occurs in the tarsier as well as in
the mouse and rat (Chiu et al. 1994; Zhao et al. 1997)
and does not appear to be defective.

Selective Constraint of the SWS Opsin Genes in
Prosimians

When we compare nonsynonymous substitutions
(dn) among primate SWS opsin genes and construct a

given for each node. Scale bar: number of nucleotide substitutions
per site. Accession numbers: U53874 (human), AF158977 (mac-
aque; Macaca fascicularis), U53875 (squirrel monkey; Saimiri bol-
iviensis), and U92557 (bovine; Bos taurus).

phylogenetic tree, it becomes conspicuous that the
slow loris and the lesser galago show the longest
branch lengths (Fig. 3a). Consistently, when Tajima’s
(1993) relative rate test was applied for the first and
second codon positions, the slow loris and the lesser
galago were shown to have evolved significantly
faster than the others. In contrast, the differences in
the branch lengths are less evident when synonymous
substitutions (ds) are considered (Fig. 3b). The intron
tree (Fig. 3c) is unrooted because no intron sequence
has been determined for SWS opsin genes of non-
primate mammals. The difference between the branch
length leading to the loris or the galago and that to
the lemur is not statistically significant in the rate test.

When ds and dy values are compared for all pairs of
the primates examined in Fig. 3, dg values are signifi-
cantly larger than dy values in all but the galago—loris
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Differences between synonymous and nonsynonymous substitutions (ds—dy; below diagonal) and their standard errors (above

HSA MFA SBO TBA EFU NCO GSE

0.016 0.026 0.039 0.032 0.040 0.042

MFA 0.035%* 0.025 0.039 0.031 0.040 0.040

SBO 0.080%** 0.079%** 0.043 0.034 0.042 0.044

TBA 0.191%** 0.175%** 0.237%%* 0.040 0.042 0.048

EFU 0.120%** 0.105%** 0.128%** 0.213%** 0.031 0.033

NCO 0.106%* 0.098%** 0.117%* 0.144%** 0.054* 0.023
GSE 0.128%** 0.106%* 0.148%** 0.204%** 0.087** -0.009

% The common 314 codons are considered. Statistical significance is evaluated by the one-tail Z test (Nei and Kumar 2000). * Significant at
the 5% level. ** Significant at the 1% level. *** Significant at the 0.1% level. HSA, Homo sapiens; MFA, Macaca fascicularis; SBO, Saimiri
boliviensis; TBA, Tarsius bancanus; EFU, Eulemur fulvus; NCO, Nycticebus coucang; GSE, Galago senegalensis.

Table 2. Numbers of nucleotide substitutions per site between
slow loris and lesser galago SWS opsin genes

Region Length Distance
5'-flanking 949 bp 0.075 + 0.009
Introns 1928 bp 0.096 £+ 0.007
3'-flanking 237 bp 0.072 + 0.019
Coding 979 bp 0.090 + 0.010
Synonymous 347 codons 0.082 + 0.019
Nonsynonymous 347 codons 0.092 £+ 0.012
Total 4093 bp 0.088 + 0.005

comparisons (Table 1). There is no statistical difference
between dg and dy values (two-tail Z test) in the gal-
ago—loris comparison. When only DNA sequences of
the lesser galago and the slow loris are compared, the d
value (0.09 £ 0.01) for the entire coding region, in-
cluding both synonymous and nonsynonymous sites, is
not statistically different form those for noncoding
regions including the 5'-flanking region (0.075 =+
0.009), introns (0.096 + 0.007), and the 3'-flanking
region (0.072 + 0.019) (Table 2). The d value for the
entire DNA sequence (4093 bp) including both coding
and noncoding regions is 0.088 =+ 0.005, a value
comparable to that (0.101) for the e-globin noncoding
sequences between greater galago (Otolemur crassi-
caudatus) and slow loris (Goodman et al. 1998). These
results clearly show that the SWS opsin genes of lor-
isiforms are under no selective constraint and that, in
contrast, a strict purifying selection is operating on
those of the tarsier and the lemur as in the case of the
higher primates (Shimmin et al. 1998).

Discussion

We showed here that the SWS opsin genes of the
lesser galago (Galago senegalensis) and the slow loris
(Nycticebus coucang) lost their function by common
mutations between them. This indicates that the dis-
ruption of the SWS opsin gene previously reported
for the greater galago (Otolemur crassicaudatus)

(Jacobs et al. 1996) originates in the common ances-
tor of galagids and lorisids. We also showed that the
SWS opsin genes of the western tarsier (Tarsius
bancanus) and the brown lemur (Eulemur fulvus) are
not only intact but also indeed under strict selective
constraint. Although importance of the SWS opsin in
the cathemeral blown lemur is conceivable, how can
we reconcile the contrasting statuses of the SWS
opsin genes between the two nocturnal groups, lor-
isiforms and tarsiiforms? The presence/absence status
of SWS opsins among nocturnal mammals is likely to
reflect a severity of nocturnality and other factors
such as retinal anatomy and dependence on other
sensory abilities including olfaction and audition.
Tarsiers are reported to be active several hours be-
fore sundown, relatively quiet in the middle of the
night, and then active again just before and after dawn
(Hendrickson et al. 2000). Their retinal structure is also
comparable to that of diurnal higher primates, with a
relatively high peak density of cones (50,000/mm?,
about one-fourth that of higher primates), presence of
fovea, and absence of tapetum (Hendrickson et al.
2000). The fovea is a retinal region where the inner
retinal layers migrate laterally to create a pit and the
cones migrate centrally to increase the density for high
visual acuity. The tapetum is a reflective retinal struc-
ture in back of the photoreceptor layer and serves as a
mirror to allow the second passage of light in the
photoreceptors, increasing visual sensitivity and po-
tentially decreasing resolution due to scattering of re-
flected light. On the other hand, galagos and lorises
have a well-developed tapetum (Fleagle 1999). The
galago has been shown to lack a prominent foveal pit
and its peak cone density is low (8500/mm?) (Hend-
rickson et al. 2000; Wikler and Rakic 1990). Galagos
and lorises feed on fruit and gums as well as insects.
Galagos are known as prominent leapers and to have
outstanding auditory/echolocating ability, with large
and well developed ears, while lorises are slow climbers
and have been described as specialized for olfactory
foraging for stinking or poisonous insects which other
animals tend to avoid (Macdonald 1984). These eco-
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logical and anatomical differences between lorisiforms
and tarsiiforms are likely related to varying degree of
their dependence on vision.

Loss of SWS cones is always associated with dis-
ruptions of the SWS opsin gene in animals whose
SWS opsin genes have been examined (Fasick et al.
1998; Jacobs et al. 1996; Levenson and Dizon 2003).
The features of the cone-loss phenomena so far ob-
served for mammals are (1) lost cones are always
SWS cones and not M/LWS cones, (2) loss of the
SWS cone is in nocturnal or marine animals, and (3)
while the losses in marine animals are presumably
universal, those in nocturnal animals are occasional
(Calderone and Jacobs 1999; Fasick et al. 1998;
Jacobs and Deegan 1992; Jacobs et al. 1996; Leven-
son and Dizon 2003; Peichl et al. 2001; Peichl and
Moutairou 1998; Szel et al. 1996). The first feature
can be explained by the minority status of SWS cones
in the retina. SWS cones of mammals usually con-
stitute only 2—-10% of the entire cone population, are
spaced irregularly (Dkhissi-Benyahya et al. 2001),
and are considered to contribute little to the photopic
sensitivity and spatial/temporal resolution and pri-
marily to color vision (Jacobs et al. 1996). Therefore,
loss of M/LWS cones would cause considerable de-
formation of retinal structures and photopic vision,
while that of SWS cones would be much milder.

From the second and the third features, several
authors have inferred a “‘convergent” adaptive evo-
lution of the “pseudo” SWS opsin gene in nocturnal
or marine animals (Jacobs et al. 1996; Levenson and
Dizon 2003; Peichl et al. 2001). In this hypothesis,
SWS function is regarded as not just unnecessary for
the dim-light or aquatic turbid environment but its
loss is somehow advantageous to the animals (see
Peichl et al. [2001] and Levenson and Dizon [2003] for
details of the discussion). However, unlike the usual
cases of convergent evolution where genes “gain”
specific functions by specific types of mutations,
“loss” of function occurs by any one of the broad
spectrum of disruptive mutations and hence is likely
to happen without aid of positive selection in different
evolutionary lineages wherever the selective constraint
for the gene is absent. Therefore, “convergence” itself
does not constitute a basis on which positive selection
is argued for. Instead, if the loss of SWS opsin is ad-
vantageous and occurred relatively recently, such se-
lection might be detected as a selective sweep which is
manifested as homogeneity of the sequence within the
species as suggested by Jacobs et al. (1996).

On the other hand, the importance of loss of
function could be assessed by the importance of an
intact SWS gene of nocturnal animals since many of
them retain a functional SWS opsin gene. The ds—dn
analysis applied in this study should provide a simple
and straightforward evaluation. It is now apparent
that the SWS opsin in tarsier is as important as in

diurnal higher primates. But the situation could be
different in other nocturnal animals with a different
ecology and retinal anatomy. Relaxation of selective
pressure on a seemingly intact gene has been reported
for the ion channel TRPC2 of New World monkeys,
which is involved in pheromone transduction (Liman
and Innan 2003). Discovery of an intact but relaxed
SWS opsin gene in nocturnal mammals would sup-
port the view that the loss of SWS opsin is a rather
neutral event and not an advantageous one for them.

The peak cone density of gray mouse lemur
(Microcebus murinus) is as low as that of galago
(about 8000/mm?) and the SWS cone represents less
than 0.2% of the total cone population (Dkhissi-
Benyahya et al. 2001). This extremely low number
and irregular distribution of SWS cones precludes a
significant role in color vision or image formation
even during periods of dawn and dusk (Dkhissi-
Benyahya et al. 2001). It would be of great interest to
apply ds—dyn analysis to the SWS opsin gene of the
gray mouse lemur for further understanding of the
relation between the fate of the SWS opsin gene and
the ecology of the animal.

Acknowledgments. We greatly appreciate Dr. Momoki Hirai
(University of Tokyo) for tarsier cells, Dr. Takafumi Ishida (Uni-
versity of Tokyo) for lesser galago cells, Dr. Takaaki Sakanakura
(Institute of Evolutionary Biology, Tokyo) for blown lemur tissue,
and Dr. Osamu Takenaka (Kyoto University) for slow loris DNA.
This study was supported by Grant-in-Aid for Scientific Research
(B) from Japan Society of the Promotion of Science (12440243) to
S.K. and the Cooperative Research Program of the Primate Re-
search Institute of Kyoto University to S.K. and N.K.

References

Ahnelt PK, Kolb H (2000) The mammalian photoreceptor mosaic-
adaptive design. Prog Retin Eye Res 19:711-777

Calderone JB, Jacobs GH (1999) Cone receptor variations and
their functional consequences in two species of hamster. Vis
Neurosci 16:53-63

Chiu MI, Zack DJ, Wang Y, Nathans J (1994) Murine and bovine
blue cone pigment genes: cloning and characterization of two
new members of the S family of visual pigments. Genomics
21:440-443

Dkhissi-Benyahya O, Szel A, Degrip WJ, Cooper HM (2001) Short
and mid-wavelength cone distribution in a nocturnal Strepsir-
rhine primate (Microcebus murinus). J Comp Neurol 438:490—
504

Ebrey T, Koutalos Y (2001) Vertebrate photoreceptors. Prog Retin
Eye Res 20:49-94

Fasick JI, Cronin TW, Hunt DM, Robinson PR (1998) The visual
pigments of the bottlenose dolphin (Tursiops truncatus). Vis
Neurosci 15:643-651

Fleagle JG (1999) Primate adaptation and evolution. Academic
Press, San Diego

Goodman M, Porter CA, Czelusniak J, Page SL, Schneider H,
ShoshaniJ, Gunnell G, Groves CP (1998) Toward a phylogenetic
classification of primates based on DNA evidence complemented
by fossil evidence. Mol Phylogenet Evol 9:585-598



Hendrickson A, Djajadi HR, Nakamura L, Possin DE, Sajuthi D
(2000) Nocturnal tarsier retina has both short and long/medi-
um-wavelength cones in an unusual topography. J Comp
Neurol 424:718-730

Jacobs GH (1993) The distribution and nature of colour vision
among the mammals. Biol Rev 68:413-471

Jacobs GH (1999) Vision and behavior in primates. In: Archer SN,
Djamgoz MBA, Loew ER, Partridge JC, Vallerga S (eds)
Adaptive mechanisms in the ecology of vision. Kluwer Aca-
demic, Dordrecht, pp 629-650

Jacobs GH, Deegan 2nd JF (1992) Cone photopigments in noc-
turnal and diurnal procyonids. J Comp Physiol [A] 171:351-358

Jacobs GH, Deegan JF (1993) Photopigments underlying color
vision in ringtail lemurs (Lemur catta) and brown lemurs (Eu-
lemur fulvus). Am J Primatol 30:243-256

Jacobs GH, Neitz M, Neitz J (1996) Mutations in S-cone pigment
genes and the absence of colour vision in two species of noc-
turnal primate. Proc R Soc Lond B Biol Sci 263:705-710

Karnik SS, Sakmar TP, Chen HB, Khorana HG (1988) Cysteine
residues 110 and 187 are essential for the formation of correct
structure in bovine rhodopsin. Proc Natl Acad Sci USA 85:8459—
8463

Kawamura S, Hirai M, Takenaka O, Radlwimmer FB, Yok-
oyama S (2001) Genomic and spectral analyses of long to
middle wavelength-sensitive visual pigments of common mar-
moset (Callithrix jacchus). Gene 269:45-51

Kumar S, Tamura K, Jacobsen IB, Nei M (2001) MEGA2, molecular
evolutionary genetics analysis. Arizona State University, Temple

Levenson DH, Dizon A (2003) Genetic evidence for the ancestral
loss of short-wavelength-sensitive cone pigments in mysticete
and odontocete cetaceans. Proc R Soc Lond B Biol Sci 270:673—
679

Li WH (1993) Unbiased estimation of the rates of synonymous and
nonsynonymous substitution. J Mol Evol 36:96-99

Liman ER, Innan H (2003) Relaxed selective pressure on an es-
sential component of pheromone transduction in primate evo-
lution. Proc Natl Acad Sci USA 100:3328-3332

Macdonald DW (1984) The Encyclopaedia of Animals, Vol. 3.
Equinox (Oxford) Ltd., Oxford

Nathans J, Thomas D, Hogness DS (1986) Molecular genetics of
human color vision: the genes encoding blue, green, and red
pigments. Science 232:193-202

Nei M, Kumar S (2000) Molecular evolution and phylogenetics.
Oxford University Press, New York

Ohguro H, Johnson RS, Ericsson LH, Walsh KA, Palczewski K
(1994) Control of rhodopsin multiple phosphorylation. Bio-
chemistry 33:1023-1028

Pamilo P, Bianchi NO (1993) Evolution of the Zfx and Zfy genes:
rates and interdependence between the genes. Mol Biol Evol
10:271-281

321

Peichl L, Moutairou K (1998) Absence of short-wavelength sensi-
tive cones in the retinae of seals (Carnivora) and African giant
rats (Rodentia). Eur J Neurosci 10:2586-2594

Peichl L, Behrmann G, Kroger RH (2001) For whales and seals the
ocean is not blue: a visual pigment loss in marine mammals. Eur
J Neurosci 13:1520-1528

Saitou N, Nei M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol Evol
4:406-425

Sakmar TP, Franke RR, Khorana HG (1989) Glutamic acid-113
serves as the retinylidene Schiff base counterion in bovine
rhodopsin. Proc Natl Acad Sci USA 86:8309-8313

Sambrook J, Russel DW (2001) Molecular cloning. A laboratory
manual. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY

Shimmin LC, Mai P, Li WH (1997) Sequences and evolution of
human and squirrel monkey blue opsin genes. J Mol Evol
44:378-382

Shimmin LC, Miller J, Tran HN, Li WH (1998) Contrasting levels
of DNA polymorphism at the autosomal and X-linked visual
color pigment loci in humans and squirrel monkeys. Mol Biol
Evol 15:449-455

Szel A, Rohlich P, Caffe AR, van Veen T (1996) Distribution of
cone photoreceptors in the mammalian retina. Microsci Res
Tech 35:445-462

Tajima F (1993) Simple methods for testing the molecular evolu-
tionary clock hypothesis. Genetics 135:599-607

Tamura K, Nei M (1993) Estimation of the number of nucleotide
substitutions in the control region of mitochondrial DNA in
humans and chimpanzees. Mol Biol Evol 10:512-526

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res 22:4673—
4680

Wang JK, McDowell JH, Hargrave PA (1980) Site of attachment
of 11-cis-retinal in bovine rhodopsin. Biochemistry 19:5111—
5117

Wikler KC, Rakic P (1990) Distribution of photoreceptor subtypes
in the retina of diurnal and nocturnal primates. J Neurosci
10:3390-3401

Yokoyama S (2000) Molecular evolution of vertebrate visual pig-
ments. Prog Retin Eye Res 19:385-419

Zhao X, Haeseleer F, Fariss RN, Huang J, Bachr W, Milam AH,
Palczewski K (1997) Molecular cloning and localization of
rhodopsin kinase in the mammalian pineal. Vis Neurosci
14:225-232

Zhukovsky EA, Oprian DD (1989) Effect of carboxylic acid side
chains on the absorption maximum of visual pigments. Science
246:928-930



