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ABSTRACT

Being the largest land mammals, elephants have very few natural enemies and are active during both
day and night. Compared with those of diurnal and nocturnal animals, the eyes of elephants and other
arrhythmic species, such as many ungulates and large carnivores, must function in both the bright light
of day and dim light of night. Despite their fundamental importance, the roles of photosensitive molecules,
visual pigments, in arrhythmic vision are not well understood. Here we report that elephants (Loxodonta
africana and Elephas maximus) use RH1, SWS1, and LWS pigments, which are maximally sensitive to 496,
419, and 552 nm, respectively. These light sensitivities are virtually identical to those of certain “color-
blind” people who lack MWS pigments, which are maximally sensitive to 530 nm. During the day, therefore,
elephants seem to have the dichromatic color vision of deuteranopes. During the night, however, they
are likely to use RH1 and SWSI pigments and detect light at 420-490 nm.

ERTEBRATES can be classified roughly into diur-
nal, nocturnal, and arrhythmic species according to
their visual habits. The eyes of diurnal animals contain
predominantly cone photoreceptor cells and are spe-
cifically designed for high visual acuity during the day,
whereas those of nocturnal animals contain predomi-
nantly rod cells and are designed to operate mostly
under low illuminations at night (WaLLs 1942; ALt and
KLyNE 1985). Compared to these, the eyes of the ar-
rhythmic, known also as cathemeral, species seem to
function equally in bright light hours of day and dim
ones of night (NowAk 1991). The large terrestrial mam-
mals such as ungulates, elephants, and large carnivores
have arrhythmic vision (WaLLs 1942; ALt and KLYNE
1985). These animals typically contain abundant popu-
lations of rods in their retinas, which are often found
in conjunction with a retinal tapetum (JACOBS ¢t al. 1994).
To react to changes in light intensities relatively quickly,
many arrhythmic species not only elongate the rods and
contract the cones in light and execute the opposite
movements in darkness but also regulate the amount
of light reaching the retina by changing the size of the
pupil (WALLs 1942; ALt and KLyNE 1985).
Despite their fundamental importance in vision, the
role of visual pigments in arrhythmic vision is not well
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understood. Visual pigments consist of a transmem-
brane (TM) protein, an opsin, and the 11-¢is-retinal chro-
mophore. They are classified into rhodopsins (RHI),
RHI-like (RH2), short wavelength-sensitive type 1 (SWS1),
short wavelength-sensitive type 2 (SWS2), and middle
and long wavelength-sensitive (M/LWS) pigment groups
(YokovyamMa and YorkovyamMa 1996; Yokovama 2000a;
EBrEY and KouTaros 2001). The RH2 and SWS2 opsin
genes became nonfunctional in the early stage of mam-
malian evolution (YOokOoYAMA and YOKOYAMA 1996) and
the RH1, SWS1, and M/LWS pigments in the mamma-
lian ancestor had the wavelengths of maximal absorp-
tion (A,.) of ~500, ~360, and ~560 nm, respectively
(Yorkoyama 2000a; YokoyAaMA and RapLwiMMmEeR 2001;
EBREY and TakanasHI 2002; SH1 and YOkoyama 2003).
The respective groups of visual pigments in arrhythmic
mammals have \,.-values of 497-508, 428-456, and
531-555 nm (Table 1). In the arrhythmic mammals,
therefore, the \,,-values of RH1 pigments have been
maintained more or less at the ancestral level, but those
of SWSI pigments have increased significantly and those
of M/LWS pigments have decreased.

Elephants can be trained to paint and their paintings
have been sold in auction (GILBERT 1990; TENNESEN
1998). This “artistic ability” suggests a reasonably well-
developed color vision of elephants. Thus, it is of inter-
est to study what types of visual pigments elephants
possess and how they compare to those of other arrhyth-
mic animals. To explore the possible roles of visual
pigments in the arrythmic vision of mammals, we have
cloned the opsin genes from African elephant (Loxo-
donta africana) and Asian elephant (Elephas maximus),
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which are evolutionarily distantly related to the arrhyth-
mic mammals studied to date (E1zirik ef al. 2001). The
results show that the elephants use RHI, SWSI, and
LWS pigments, which have \,,-values of 496, 419, and
552 nm, respectively. These spectral sensitivities are vir-
tually identical to those of certain human deuteranopes
who lack MWS pigments. Therefore, elephants seem to
have the dichromatic color vision of these deuteran-
opes. The mutagenesis results show that the \,,~values
of the elephant RH1, SWS1, and LWS pigments have
been attained by D83N, F86S/T931/L116V, and S180A,
respectively.

MATERIALS AND METHODS

The eye samples and RT-PCR amplification: The eyes of
African elephant (L. africana) and Asian elephant (F. maximus)
were sampled from necropsied females of 24 and 57 years
old, respectively. Their total retinal RNAs were isolated using
the procedures of Yokovama et al. (1995). The entire coding
regions of all different types of opsin cDNAs of the African
elephant have been cloned in two steps: (1) cloning of the
internal segments by using RT-PCR and (2) completion of
the cloning by using 5'- and 3'-rapid amplification of cDNA
ends (RACE; see the next section). To characterize internal
segments, we first cloned the segment between codon posi-
tions 248 and 300 of all opsin cDNAs by using the forward
and reverse degenerate primers designed by CARLETON and
KocHER (2001) (Figure 1A, all internal), where the amino
acid site numbers are standardized by those of bovine RH1
pigment (GenBank accession nos. K00502-K00506). Note that
these degenerate primers have been designed to clone all
RHI1, RH2, SWS1, SWS2, and M/LWS opsin genes. Using
these primers, cDNA was reverse transcribed at 42° for 1 hr
and 95° for 5 min and then PCR amplification was carried
out for 30 cycles at 94° for 45 sec, 55° for 1.5 min, and 72°
for 2 min. The PCR products were gel isolated and subcloned
into the T-tailed EcoRV-digested Bluescript plasmid vector with
T-overhang attached to 3’ ends (HaDpJEB and BERKOWITZ
1996). Nucleotide sequences of these cDNA clones were deter-
mined by cycle-sequencing reactions using the Sequitherm
Excel Il long-read kits (Epicentre Technologies, Madison, WI)
with dye-labeled M13 forward and reverse primers. Reactions
were run on a LI-COR (Lincoln, NE) 4200LD automated DNA
sequencer. To clone the longer internal fragments, we then
designed additional sets of the RH1, SWS1, and M/LWS gene-
specific degenerate primers. The forward primers (internal
forward) for the RH1, SWS1, and LWS opsin ¢cDNAs are lo-
cated around codon sites 51, 70, and 51, respectively, while the
corresponding reverse primers (internal reverse) are located
between codon sites 260 and 280, making the total lengths of
RT-PCR products between 573 and 691 nucleotide sites (Fig-
ure 1A).

RACE: To determine the rest of the cDNA sequences, we
have constructed additional gene-specific primers (GSPs) (Fig-
ure 1A) and conducted 5'- and 3'-RACE analyses according
to the manufacturer’s protocol (GIBCO BRL, Gaithersburg,
MD). In short, for the 3’-RACE, the first-strand cDNA was
made using the oligo(dT)-containing adapter primer (AP)
provided by the manufacturer and the original mRNA was
degraded by RNase H. Then, two sequential PCR amplifica-
tions were performed, applying two sets of GSPs and universal
adapter primers (UAPs) to these cDNAs, first using GSP1 with
UAP and then the nested GSP2 with abridged UAP (Figure
1A), where the UAPs were supplied by the manufacturer. For

the 5'-RACE, the cDNAs were first synthesized from total RNA
using GSP1 and the mRNA was degraded by RNase H. The
c¢DNA was purified using a spin column and then a poly(C)
tail was added to the 3’ end of the cDNAs using dCTP and
terminal transferase. Then, the entire coding region was ob-
tained by two sequential PCR amplifications, first using nested
GSP2 with abridged AP and then nested GSP3 and abridged
UAP (Figure 1A), where the UAPs were again supplied by
the manufacturer. The nucleotide sequences of the resulting
cDNA products were again determined by using a LI-COR
4200LD automated DNA sequencer.

Expression and spectral analyses of pigments (in vitro assay):
The contiguous full-length opsin cDNAs were then obtained
by RT-PCR using primers based on the nucleotide sequences
of the 5" and 3’ end cDNA clones (Figure 1B). The opsin
cDNAs of full length were subcloned into the EcoRI and Sall
restriction sites of the expression vector pMT5 (KHORANA el
al. 1988). All of these DNA fragments were sequenced to rule
out spurious mutations. These plasmids were expressed in
COSI1 cells by transient transfection. The pigments were regen-
erated by incubating the opsins with 11-cis-retinal (Storm Eye
Institute, Medical University of South Carolina) and purified
using immobilized 1D4 (The Culture Center, Minneapolis)
in buffer W1 [50 mm N-(2-hydroxyethyl) piperazine-N'-2-eth-
anesulfonic acid (HEPES) (pH 6.6), 140 mm NaCl, 3 mm
MgCly, 20% (w/v) glycerol, and 0.1% dodecyl maltoside] (for
more details, see Yokoyama 2000b). UV-visible spectra were
recorded at 20° using a Hitachi U-3000 dual beam spectropho-
tometer. Visual pigments were bleached for 3 min using a
60-W standard light bulb equipped with a Kodak Wratten
no. 3 filter at a distance of 20 cm. Data were analyzed using
Sigmaplot software (Jandel Scientific, San Rafael, CA).

Site-directed mutagenesis: Mutant opsins were generated
by using the QuickChange site-directed mutagenesis kit (Stra-
tagene, La Jolla, CA). All DNA fragments that were subjected
to mutagenesis were sequenced to rule out spurious mutations.

RESULTS

The opsin genes of elephants: The opsin genes cloned
by using RT-PCR amplification and 5’- and 3'-RACE show
that the African elephant has RH1, SWS1, and M/LWS
opsin genes, which consist of 349, 351, and 365 codons,
respectively. These numbers are virtually identical to
those of the corresponding orthologous genes in hu-
man with respective codon lengths of 349 (GenBank
accession no. U49742), 349 (M13295), and 365 (M13300).
Since it encodes the LWS pigmentspecific tyrosine at
site 277 (Y277) and threonine at site 285 (T285) (Yoko-
YAMA and YOKOYAMA 1990; NEITZ et al. 1991; ASENJO et
al. 1994; YokoyaMa and RaprwiMmMmEeRr 2001), the ele-
phant M/LWS gene can be classified as LWS-type (see
also the next section). When the coding regions of the
orthologous RH1, SWS1, and LWS genes in elephant
and human are compared, the proportions of identical
nucleotides are 0.91, 0.89, and 0.87 per site, respectively.
The proportions of identical nucleotides for the three
pairs of paralogous elephant opsin genes are much
lower and are 0.45-0.46 per site.

When the RHI opsin gene of the African elephant is
compared to that of a phylogenetically relatively closely
related manatee (Trichechus manatus; GenBank accession
no. AF055319) (e.g., SPRINGER et al. 2003), the propor-
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A cDNA cloning

All Internal Forward: 5’'-GCGAATTCGCNTCNACNCARAARGCNGA-3'
Reverse: 5'-CGAAGCTTACRTANATNAYNGGRTTRTA-3'

RH1 3'RACE GSP1l: 5’'-CGTTCCTGATCTGCTGGGTG-3’
GSP2: 5'-CTGACTTCGGGCCCATCCTC-3"

Internal Forward: 5’'-GGMTTCCCYRTYAACTTYCTSACNCT-3'

Reverse: 5’ -CGCGATGACCATGATGATGAC-3’

5'RACE GSP1l: 5’ -CATCCAGTGGACCCGAAGACG-3’
GSP2: 5’ -GAGGTATAGAGGGTGGTGGTG-3'
GSP3: 5’ -TGAGCAGGATGTAGTTGAGTGG-3'

SWS1 3'RACE GSP1l: 5’ -ATGTGCCCTATGCTGCCCTG-3’
GSP2: 5'-CATTCCTGCCTTCTTCTCCAAG-3’

Internal Forward: 5’-CAYCCWCTSAACTGGATYCTSG-3'
Reverse: 5’ -GGATGCCACCATCACCACCAC-3’

5’'RACE GSP1l: 5’ -ACGAAGGCCTCCAAAGCACA-3’
GSP2: 5’ -CAGCTGGAGATGAAGACAATG-3'
GSP3: 5’ -CCCAGGGATATGTTGACCAG-3’

LWS 3'RACE GSP1l: 5’'-CCTTGCCTACTGCCTCTGCTG-3'
GSP2: 5’ -GCTACGCCTTCCACCCTCTGATG-3'
Internal Forward: 5’-TGGGTRTAYCACVTCACCAG-3’
Reverse: 5'-AGCAGAGGCAGTAGGCAAGG-3'
5’RACE GSP1l: 5’ -GTTCACCAGGATCCAGTTC-3’
GSP2: 5'-CAGCTTCTTGAACCTCATGG-3'
GSP3: 5'-TGAAGACGGAGGCCAAGAC-3’

B Full coding sequences

Ficure 1.—Oligonucleotide primers for RT-
PCR amplification and 5'- and 3'-RACE of RH1,
SWS1, and M/LWS opsin mRNAs. (A) All internal
primers are expected to amplify the codon posi-
tions between 248 and 300 of all opsin cDNAs
and the RH1-, SWS1-, and LWS-specific internal
primers are expected to amplify the codon posi-
tions between 50-70 and 260-280. (B) The EcoRI
and Sall sites are boxed in the forward and reverse
primers, respectively, and were used for cloning
the amplified products into the expression vector
pMT5. A Kozak sequence (CCACC) was inserted
between the EcoRI site and the initiation codon
to promote translation.

Forward Ecorl _Kozak
RH1 5’ -GCCTTGAGAATTICICACCAIGAATGGGACAGAAG-3
SWS1 5’ -BAATTICICACCA[TGATCAAGATGTCAGGGGAGG-3
LWS 5’ -CTGAATTICICACCA[TGGCCCAGCAGT -3

Reverse Sall

RH1 5'-GGTAGGETCGACHECCGGGGCCACCTGGCTGG-3

SWS1 5’ -CGGGCTETCGACI'TGGGGCCAAC-3

LWS 5’ -CTGGAGGTCGACECGGGTGACACTGAAG-3

tion of nucleotide sequence identity increases only by
1%. From these data, we evaluated the numbers of syn-
onymous (d;) and nonsynonymous (d,) nucleotide substi-
tutions by using the Nei and Gojobori (NG) method (NEx
and GojoBoORI 1986). Using the divergence time of ~60
million years (MY) (SPRINGER et al. 2003), the rates of
nucleotide substitution at synonymous and nonsynony-
mous sites of this gene are given by 2.58 (+0.98) X 107*
and 0.08 (£0.012) X 1077 site/year, respectively. Thus,
the Afrotherian RH1 gene is one of very slowly evolving
protein-coding genes in mammals (e.g., L1 1997, Table
7.1; see also DISCUSSION).

Using the three pairs of the African elephant opsin
gene-specific forward and reverse primers (Figure 1B),
we also RT-PCR amplified the coding regions of the RH1
(between codon positions 6 and 342), SWS1 (between
codon positions 8 and 346), and LWS (between codon
positions 5 and 359) opsin genes of the Asian elephant.
The results show that the orthologous RH1, SWS1, and
LWS opsin genes between the two elephant species have
only 1, 2, and 1 synonymous nucleotide differences,
respectively. Thus, during the last 5 MY of their diver-
gence (MaGLIO 1973), no amino acid replacement has
occurred in the visual pigments in the two elephant
lineages.

Absorption spectra of the elephant pigments: Using
an in vitro assay, we have evaluated the absorption spec-
tra of the RH1, SWS1, and LWS pigments in the African
elephant. The absorption spectra of these pigments
show two peaks, one at ~280 nm and another at 419-552
nm (Figure 2). When these pigments are exposed to
light, the second peak shifts to ~380 nm (results not
shown), indicating the cis-trans isomerization of the
chromophore (HupBARD and Krorr 1958). These con-
trol experiments demonstrate that the second peaks are
due to opsins covalently linked to 11-cis-retinal via a
Schiff base bond (Yokovama 2000b). When measured
in the dark, the RHI1, SWS1, and M/LWS pigments
have \,.-values of 496 = 1 nm [referred to as elephant
(P496)], 419 = 1 nm [elephant (P419)] and 552 *
1 nm [elephant (P552)], respectively (Figure 2). As
suspected, the elephant M/LWS pigment is, indeed, the
LWS type. The respective dark-light difference spectra
are given by 499, 430, and 550 nm (Figure 2, insets).
The A, ~values of the dark-light spectra of the RH1 and
LWS pigments are very close to those of the correspond-
ing dark spectra. However, the dark and dark-light val-
ues for the SWS1 pigment differ by 11 nm, which may
occur because the pigment peak in the dark and the
peak of photobleached SWSI1 pigment in the light are
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FiGUrRe 2.—The dark absorption spectra of the elephant RH1, SWSI1, and LWS pigments. The dark-light difference spectra

are shown in the insets.

too close to determine the correct value (see also KaAwa-
MURA and YOKOYAMA 1998).

The absorption spectra of visual pigments seem to be
determined exclusively through the interactions be-
tween the 11-cis-retinal chromophore and amino acids
in TMI-TM7 helices (YokovamMa 2000a; EBREY and
TakaHAsHI 2002; SH1 and YorkoyamMa 2003). Because
of the identical amino acid sequences in the seven TM
helices of the orthologous pigments, the RH1, SWSI,
and LWS pigments in the Asian elephant should also
have \,.-values of 496, 419, and 552 nm, respectively.
The \,value of the RHI pigment is slightly lower than
that of 500 nm of the ancestral vertebrate pigment.
Information on the absorption spectra of the RH1 pig-
ments in arrhythmic animals is limited (Table 1), but
the \,,-value of the elephant RHI1 pigment does not

seem to differ much from those of other arrhythmic
mammals. The \,,value of the LWS pigment is virtually
identical to those of bovine, pig, goat, sheep, cat, dog,
and foxes (Table 1). Among these, the currently known
LWS pigments of bovine, goat, cat, and elephant all
have amino acids, A180. Since S180A decreases the N,
value by ~7 nm (YokovyaMa and RADLwWIMMER 2001),
the slightly decreased \,,-value seems to be widely
spread among the arrhythmic mammals. The biological
significance of this \,,-value of the LWS pigment in
arrhythmic mammals is not immediately clear. In addi-
tion, the A,,-value of the SWS1 pigment is >10 nm
lower in the elephant than in any other ungulates and
carnivores studied to date (Table 1).

Molecular basis of spectral tuning in the elephant
visual pigments: At present, specific amino acid changes

TABLE 1

The \,,values for the visual pigments in ungulates and carnivores

Absorption spectrum (nm)

Species RH1 SWS1 M/LWS Reference
Bovine (Bos taurus) — 455 554 Jacoss et al. (1998)°

500 — — OPRIAN et al. (1987)¢
Horse (Equus caballus) — 428 539 CARROLL et al. (2001)°

— — 545 Yokovama and RADLWIMMER (1999)°
Pig (Sus domestica) — 439 556 NErrz and Jacoss (1989)¢
Goat (Capra hircus) — 444 552 Jacoss et al. (1998)¢

— — 553 RADLWIMMER and YOKOYAMA (1997)°
Sheep (Ovis aries) — 446 552 Jacoss et al. (1998)¢
Deer (Odocotleus virginianus) 497 456 537 Jacoss et al. (1994)"

— — 531 Yokovyama and RADLWIMMER (1999)°
Deer (Dama dama) — 454 542 Jacoss et al. (1994)¢
Cat (Felis catus) — 447 554 Loopr et al. (1987)°

— — 553 Yokovama and RADLWIMMER (1999)°
Dog (Canis familiaris) 508 431 555 Jacoss et al. (1993)°
Fox (Urocyon littoralis) — 432 555 Jacoss et al. (1993)°
Fox (Vulpes vulpes) — 438 555 Jacoss et al. (1993)°

“The \,,values were measured by using an electroretinogram.
"The \,.values were measured by using an in vitro assay (e.g., YOkoyama 2000b).
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TABLE 2

Mutagenesis results and the effects of amino acid
changes on A,,-shift

Amino acid

Pigment change N (NM) Estimate (nm)
RHI1 WT 496 Zry = 498
N83D 498 BD%N = -2
SWSI1 WT 419 Zy = 360
S86F 367 Orgss = H1
193T 413 Orgsr = 0
V116L 416 Oy = —1
S86F/193T 359 OrsesxTosr = D
S86F/V116L 360 Orsesxriiey = 3
193T/V116L 411 OrosixLiey = 8
S86F/193T/V116L 360 Orsesxcrosixiiey = —7
LWS WT 552 Zy = bb8
A180S 558 65130A = —6

are known to be responsible for generating variable .-
values of RH1 pigments (positions 83, 122, 211, 261,
292, and 295) (Yokovyama 2000a), of SWS1 pigments
(positions 46, 49, 52, 86, 90, 93, 97, 114, 116, and 118)
(Yorkoyama 2000a; SHI and YorkovyAMA 2003; FASICK ef
al. 2002), and of M/LWS pigments (positions 180, 197,
277,285, and 308) (YokoyaMA and RADLWIMMER 2001).
Here the amino acid sites of the RHI and SWSI1 pig-
ments are standardized by those of the bovine RHI1
pigment, while those of the M/LWS pigments are those
of the human M/LWS pigments (K033490 and M13-
300). Since these sites are highly conserved, we can
easily identify a total of five potentially important amino
acid replacements that may have shifted the \,,,-values
of the elephant pigments: D83N in elephant (496);
F86S, T93I, and L116V in elephant (P419); and S180A
in elephant (P552).

When reverse mutations N83D and A180S are intro-
duced into elephant (P496) and elephant (P552), the
mutant pigments have \,-values of 498 and 558 nm,
respectively (Table 2). If we let Opgn be the effect of
D83N on the \,,-shift and Zg, be the \,. value of the
ancestral RH1 pigment, respectively, then Zy, = 498
and Opgsy = —2 (Table 2). Similarly, if we let 05554 be
the effect of S180A on the A, shift and Z; be the N,
value of the ancestral LWS pigment, then Zz = 558 and
Os1500 = —6 (Table 2). This result is consistent with the
observed \,,,-shift that is caused by S180A in the human
LWS pigment (MErBS and NATHANS 1992). The results
for the ancestral RH1 and LWS pigments are consistent
with previous estimates (Yokoyama 2000a; YOKOYAMA
and RApLwiMMER 2001; SHI and Yokoyama 2003).

When S86F, 193T, and V116L are introduced into
elephant (P419), the mutant pigments have \,,,-values
of 367, 413, and 416 nm, respectively (Table 2). These
results suggest that the absorption spectrum of the SWS1
pigment was achieved mostly by F86S. This is totally

unexpected because F86S in the ancestral avian SWS1
pigment increased its A,,-value only by 17 nm (SH1
and Yorkoyama 2003). To evaluate the magnitudes of
individual and synergistic effects of the three amino
acids on the \,,-shift, we also introduced all combina-
tions of these amino acid changes into elephant (P419)
(Table 2). To interpret the mutagenesis results, let Opggs,

OT%I’ eLllﬁV’ 6FSF)SX”I‘QSI’ OFBGSXLHGV’ eT%IXLllﬁV’ and OFBGSXTQBIXLHGV

be the magnitudes of \,,,shifts caused by F86S, T93I,
L116V, F86S/T931, F86S/1.161V, T931/LL116V, and
F86S/T931/L116V, respectively, and Z; be the ancestral
Ana-value. Then, from Table 2,

Zy = 360

Zy + Opses = 411

Zy + Ores = 360

Zy + Origy = 359

Zy + Opges + Opgs1 T Opgpsxcross = 416
Zy + Opges + Or116v T Opsesxriiey = 413
Zy + Orosr + Oney T Orosixiney = 367

LB + eF%S + 6T93I + eLll(N + eFSGSXTQBI

+ eF868><L116V + eT9f’3I><L116V + OFSGSXP%IXLIIGV = 419.

Solving these equations, we can see that F86S has,
indeed, increased the A,,-value by 51 nm and neither
T93I nor L116V has caused any A,,-shift individually,
but interactions of F86S, T93I, and L116V, including
the three-way interaction, cannot be ignored (Table
2). The ancestral \,,-value of 360 nm agrees with the
estimate obtained by engineering the ancestral SWS1
pigment (SH1 and Yokovama 2003).

Since amino acid sites 86 and 93 are located in TM2
helix and site 116 is in the TM3 helix (PALCZEWSKI et
al. 2000), the cumulative effects of amino acid changes
in the TM2 helix, the TM3 helix, and in both TM2 and
TM3 helices have increased the \,,-value by 56, —1,
and 59 nm, respectively. Thus, F86S explains 86% of
the \,,,-shift from the ancestral pigment to the contem-
porary elephant SWS1 pigments, while F86S and T93I
together explain 95% of the \,,-shift. Note that the
molecular bases of the blue (or violet) sensitivities of
orthologous human (SHI1 et al. 2001), bovine (FASICK et
al. 2002), and avian pigments (SH1 and YokoyAama 2003)
have also been studied. For these pigments, however,
mutagenesis analyses are still incomplete and the exact
roles of specific amino acid changes in the spectral
tuning cannot be determined. Thus, our results of ele-
phant (P419) reveal the first complete molecular char-
acterization of spectral tuning in the SWS1 pigment.

DISCUSSION

We have seen that the RH1, SWS1, and LWS pigments
in the vertebrate ancestor had \,,-values of ~500,
~360, and ~560 nm, respectively. Figure 3 shows a
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composite tree for elephant RHI, SWSI, and M/LWS
pigments and some representative vertebrate pigments,
whose tree topology is supported by molecular and pale-
ontological data (Yokovama 2000a; Yokovama and
RapLwiMMER 2001; MADSEN et al. 2001; MURPHY et al.
2001; Sur and YorkovyaMA 2003; SPRINGER et al. 2003).
As we can see in Figure 3, the \,,-values of the RH1
and LWS pigments in elephant decreased by ~5 and
~10 nm, respectively, whereas that of the SWS1 pigment
increased by ~60 nm.

Evolutionary rates of the elephant opsin genes: We
have seen that the \,,,-values of the elephant pigments
are virtually identical to those of certain deuteranope
people. The \,-values of the LWS pigments in elephant
and human have been achieved by the same amino acid
change, SI80A, but those of the SWS1 pigments have
been attained independently by entirely different amino
acid replacements (Figure 2); F86S/T931/L116V have

Zebrafish (P501)
Cavefish (P503)
Coelacanth (P485)
Frog (P502)
Pigeon (P502)
Chameleon (P491)
Human (P496)
Bovine (P500)
Dolphin (P489)
Elephant (P496)
Goldfish (P359)
Salamander (P356)
Pigeon (P393)
Zebra finch (P358)
Chameleon (P358)
Mouse (P359)
Bovine (P438)
Human (P414)
Elephant (P419)
Cavefish (P560)
Cavefish (P530)
Frog (P557)
Gecko (P521)
Chameleon (P561)
Human (P560)
Human (P552)
Human (P530)
Mouse (P508)
Elephant (P552)
Wallaby (P528)

RH1

SWSH1

M/ILWS

Ficure 3.—The phylogenetic
tree of some representative RH1,
SWS1, and LWS pigments. The
numbers after P and at the nodes
refer to \,~values. Zebrafish (Da-
nio rerio), cavefish (Astyanax fascia-
tus), goldfish (Carassius auratus),
coelacanth (Latimeria chalamnae),
frog (Xenopus laevis), salamander
(Ambystoma tigrinum), pigeon (Col-
umba livia), zebra finch (Taenio-
pygia guttata), chameleon (Anolis
carolinensis), human (Homo sapi-
ens), bovine (Bos taurus), dolphin
(Tursiops truncates), mouse (Mus
musculus), and elephant (Loxo-
donta africana) are shown. The
Anac-values of the ancestral SWS1
and M/LWS pigments are taken
from SH1 and Yokovyama (2003)
and YOkoyAMA and RADLWIMMER
(2001), respectively. Amino acid
changes whose \,,shifts are not
evaluated are shown in parenthe-
ses. The branch lengths are not to
scale.

occurred in elephant (P419) and F46T/F49L/T52F/
F86L,/T93P/A114G/G118T in human (P414) (SHI et
al. 2001). To study the patterns of evolutionary changes
of the opsin genes in the two species, we compared
codons between sites 35 and 306 of the opsin genes
of elephant, human, and zebrafish (Danio rerio: RHI,
GenBank accession no. AF109368; SWS1, AB087810;
LWS, AB087803). These codons encode amino acids
between TM1 and TM7 of visual pigments and can mod-
ify the absorption spectra of visual pigments (YOKOYAMA
2000a; EBrEY and TaAkanAsHI 2002). Note that among
the RHI1, SWS1, and M/LWS opsin genes, the first two
groups are evolutionarily most closely related (Yoxko-
vAMA 2000a). Therefore, when we construct the phylo-
genetic tree of all three groups of opsin genes, each
tree topology of orthologous genes is rooted.

Note that fish and mammals diverged ~400 MY ago
(node a, say) and the two mammalian species ~100 MY
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ago (node b) (e.g., KUMAR and HEDGES 1998; E1ZIRIK
et al. 2001; NEX et al. 2001; SPRINGER et al. 2003). Using
the NG method and these divergence times, we have
evaluated d, and d, values and the evolutionary rates of
nucleotide substitution. When we consider the 400 MY
of zebrafish evolution, the rates of nonsynonymous sub-
stitution in the RH1, SWS1, and LWS genes are 0.20 X
1077, 0.45 X 1077 and 0.20 X 107Y/site/year, respec-
tively. The respective evolutionary rates of the mamma-
lian ancestor (branch a-b) are significantly lower than
those of the orthologous zebrafish genes (Figure 3).
Probably more significantly, the SWS1 gene has evolved
with the highest rate among the three genes (Figure
3). This result seems to reflect the fact that not only
was the amount of \,,,-shift that contemporary SWS1
pigments had to achieve the largest among the three
pigments but also multiple amino acid changes are
needed to achieve the A,.-shift (SH1 et al. 2001). Al-
though they are not as strict as in the case of nonsynony-
mous changes, the evolutionary rate of synonymous sub-
stitution tends to be higher in the SWSI genes as well
(Figure 3).

As noted earlier, the proportions of different nucleo-
tides for the RHI, SWS1, and LWS genes between Afri-
can and Asian elephants are 1/1014, 2/1017, and 1/1059,
respectively, which are all synonymous changes. The
lack of nonsynonymous nucleotide substitutions shows
that the arrhythmic vision of elephants had been estab-
lished before the separation of the African and Asian
elephants. Assuming that the two species diverged 5
MYA (MacLio 1973; see also E1zirik et al. 2001), the
evolutionary rates of nucleotide substitution for the
three respective opsin genes are (0.10 = 0.010) X 1077,
(0.20 = 0.124) X 107° and (0.10 = 0.015) X 107"
Thus, the evolutionary rates of nucleotide substitution
for the three opsin genes have slowed down significantly
after the separation of the two elephant species. The
cause for these slow evolutionary rates is not immedi-
ately clear.

Spectral tuning of mammalian visual pigments: RH I
pigments: The \,,,value of the contemporary elephant
RH1 pigment is slightly blue shifted by D83N. When a
wide range of vertebrates is surveyed, we can also identify
several RH1 pigments with blue-shifted \,,,-values that
are associated with D83N, including marine eel (An-
guilla anguilla; Ny = 482 nm; ARCHER el al. 1996),
John Dory (Zeus faber; \,.x = 492 nm; DARTNALL and
LyTHGOE 1965), chameleon (Anolis carolinensis; N =
491 nm; KaAwAaMURA and Yokovama 1998), bottlenose
dolphin (Twursiops truncates; Ny, = 488 nm; Fasick and
RosinsoN 1998), and saddleback dolphin (Delphinus
delphis; Ny = 489 nm; McFARLAND 1971; YOkOYAMA
2000a). Among these, the actual role of D83N in the
blue shift in the A,,-value has been experimentally
proven only for the bottlenose dolphin (Fasick and
RosinsoN 1998). The biological effects, if any, of the

slightly blue-shifted \,,,, of RH1 pigments on the dim
vision in elephants remain to be clarified.

SWS1 pigments: The \,.-values of UV pigments in a
variety of contemporary species have been inherited
directly from the vertebrate ancestor (Figure 3). The
avian lineage is the exception, where the ancestral pig-
ment acquired violet sensitivity (A.x = 393 nm) by
F49V/F86S/1L116V/S118A, but some descendants re-
gained UV sensitivity by S90C (Figure 3; Su1 and Yoko-
vAMA 2003). Curiously, in both elephant and ancestral
avian pigments, F86S/L116V is involved in the develop-
ment of their violet sensitivities. In the ancestral avian
pigment, F86S increases the \,,-value by 17 nm and,
furthermore, F49V/F86S/S118A and F49V/F86S/L.116V/
S118A increase the A,,-value by 14 and 33 nm, respec-
tively (Sur and Yokovama 2003), suggesting that L116V
should increase the A,,-value by 19 nm. Our mutagene-
sis analysis of elephant (P419), however, reveals a very
different picture; F86S increases the \,,-value by 51 nm
and L116V only by 3 nm (Table 3). Clearly, the effects
of these amino acid changes on the \,,,-shift are affected
strongly by other amino acids. This can be seen by com-
bining the mutagenesis results of the ancestral avian
pigment and elephant pigment. That is, F86S/L116V,
F49V/S118A, and F49V/F86S/L.116V/ S118A increase
the \.-value by 53, —3, and 33 nm, respectively. Conse-
quently, the interaction of the four amino acid changes
together decreases the \,,value by 17 nm.

Certain amino acid changes at site 86 have played
important roles in the evolution of different SWSI1 pig-
ments. In addition to the major roles of F86S exhibited
in the development of the elephant and avian SWSI1
pigments, F86Y in the SWSI1 pigment in bovine (Cow-
ING et al. 2002; Fasick et al. 2002) and F86V in the
orthologous pigment in guinea pig (Cavia porcellus)
(PARRY et al. 2004) also increased their A, -values dra-
matically. On the other hand, FS86L does not shift the
Ama-value of the human SWS1 pigment by itself, but it
causes the \,,-shift through interactions with other six
critical amino acid changes (Sur et al. 2001). In general,
therefore, the spectral tuning of SWSI pigments is based
on strong synergistic interactions among ~10 critical
amino acids.

M/LWS pigments: We have seen that SI80A in the
elephant LWS pigment has decreased the \,,-value by
6 nm (Table 2). Using mutagenesis and multiple regres-
sion analyses, it has been shown that the A,,-value of
the M/LWS pigment in the vertebrate ancestor was
~560 nm and S180A, H197Y,Y277F, T285A, A308S, and
S180A/HI197Y shift the \,,-values of visual pigments
by —7, —28, —8, —15, —27, and +11 nm, respectively
(YokoyamMa and RADLWIMMER 2001; see also SUN et al.
1987). This “five-sites rule” explains the \,,-values of
all contemporary and engineered ancestral M/LWS pig-
ments fully (YokoyaMa and RapLwiMMER 2001). This
rule explains the \,,,,-value of elephant (P552) perfectly.

Parallel evolution: We have seen that not only has
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TABLE 3

Evolutionary rates of nucleotide substitution (X10~?/site/year)

Branch MY RHI1 Significance SWS1 Significance LWS
a-b 300 d, = 0.60 = 0.077 < 1.58 = 0.256 > 0.80 = 0.103
d, = 0.10 = 0.013 < 0.30 = 0.026 > 0.06 = 0.010
b-human 100 d, = 2.00 = 0.035 > 0.50 + 0.066 3.10 = 1.948
d, = 0.10 = 0.013 < 0.30 = 0.026 > 0.20 = 0.020
b—elephant 100 d, = 2.10 = 0.531 2.20 £ 0.597 > 1.00 = 0.134
d, = 0.10 = 0.013 < 0.40 = 0.032 > 0.30 = 0.026

Standard errors were computed from [9p(1 — p)/{(3 — 4p)*n}]"? where p is the proportion of sites that
differ and n is the number of nucleotide sites involved (KiMmURA and OnTA 1972). The d, and d, values indicate
the rates of nucleotide substitution at ~200 synonymous and ~616 nonsynonymous sites, respectively. Single
and double inequality signs indicate that the differences are significant at 5 and 1% levels, respectively.

D83N occurred in different RH1 pigments indepen-
dently but also F86S/LL116V occurred in both elephant
and avian SWSI pigments (Figure 3). In fact, the occur-
rence of such parallel changes is rather common in
visual pigments. For example, E122Q has occurred in
coelacanth RHI pigment and decreases the \,.-value
by 10 nm (Figure 3). In the coelacanth RH2 pigment,
E122Q has also occurred independently and caused a
similar \,,-shift (YokovaMA et al. 1999). In addition,
identical amino acid changes (A292S) have occurred
not only in both coelacanth and dolphin RH1 pigments
but also in mouse MWS pigment (A308S) (Figure 3).
MWS pigments reveal more extensive parallel evolution;
that is, the three identical amino acid replacements
(S180A, Y277F, and T285A) have occurred indepen-
dently in cavefish (Astyanax fasciatus), gecko (Gekko gekko),
deer (Odocoileus virginianus), human (Homo sapiens) and
macaque (Macacca fascicularis) ancestors, wallaby (Mac-
ropus eugenii), and New World monkeys, including squir-
rel monkey (Saimi boliviensis) (Yoroyama 2000a; DEEB
et al. 2003), some of which are shown in Figure 3. Fur-
thermore, in addition to those of elephant and human,
S180A caused blue shift in A,,-values of the M/LWS
pigments of bovine, goat, deer (O. virginianus), and cat
(YorkoyamMa and RADLWIMMER 2001). Molecular analy-
ses of the evolution of the RHI1, SWSI, and LWS pig-
ments in elephants provide additional supportive evi-
dence of parallel evolution of visual pigments.
Arrhythmic color vision: Having the specific RHI,
SWS1, and LWS pigments, what do elephants actually
seer Vision ultimately depends on many features of the
visual nervous system, which are currently unknown for
elephants. Furthermore, there is no behavioral mea-
surement on elephant vision. However, by comparing
the composition of the visual pigments in elephants to
those in other species, we can infer some likely visual
capabilities of elephants. We have shown that the RH1,
SWSI1, and LWS pigments have \,,-values of 496, 419,
and 552 nm. Interestingly, these values are virtually iden-
tical to those of certain “color-blind” people, known as

deuteranopes, who have only RHI1, SWS1, and LWS
pigments with respective \,-values of 496 nm (DART-
NALL et al. 1983), 414 nm (SHI et al. 2001), and 552
nm (MEeRrBs and NATHANS 1992). Note that amino acid
composition at site 180 of human LWS pigments is
highly polymorphic; i.e., S180 and A180 are found in
60 and 40% of a population, respectively (WINDERICKX
et al. 1992).

People with trichromatic color vision see not only
four primary colors (blue, green, yellow, and red) but
also various intermediate colors between them (CAR-
ROLL et al. 2001). Instead of seeing four primary colors,
however, color-blind people detect only two primary
colors (blue and yellow) and do not see intermediate
color (NErrz et al. 2001). Thus, when the two primary
colors are mixed, the color-blind individuals detect ei-
ther achromatic, i.e., white or gray, or one of the two
basic hues (JacoBs et al. 1993). During the day, there-
fore, it is highly likely that elephants have the dichro-
matic color vision of deuteranopes.

What do the elephant and other arrhythmic animals
see atnight? In a typical human retina, the proportion of
a rod-to-cone ratio is 95% with rod-free fovea (OYSTER
1999). Many ungulates and carnivores seem to have
similar rod/cone ratios of 85-99% (CALDERONE el al.
2003). Human and arrhythmic mammals, however, have
one significant difference; that is, the fovea in the hu-
man retina consists of pure cones, but other mammals
do not have such a pure cone region in their retina
(OysTER 1999). High rod/cone ratios and lack of “rod-
free areas” in the retina of many arrhythmic mammals
provide an intriguing possibility of an additional dimen-
sion in wavelength detection (Jacoss et al. 1994). Note
that blue-cone monochromat people are known to dis-
tinguish wavelengths in the range of 440-500 nm at
twilight by using RH1 rod pigments and SWSI1 cone
pigments simultaneously (REITNER et al. 1991). The Afri-
can coelacanths also use rod (RH1) and cone (RH2)
pigments to detect a narrow range of wavelengths at
~480 nm in their habitat (YOkOYAMA et al. 1999). There-
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fore, it is highly likely that elephants also use RHI and
SWSI1 cone pigments together to discriminate a differ-
ent range of wavelengths at 420-490 nm at night. Other
arrhythmic animals must also have dichromatic color
vision during the day and detect wavelengths some-
where between 430 and 500 nm at night, depending on
their rhodopsins and specific types of blue pigments.

We acknowledge the contributions of those zoos that have submitted
elephants to the University of California at Davis Veterinary Medical
Teaching Hospital for necropsy. Comments by Ruth Yokoyama are
greatly appreciated. This work was supported by National Institutes
of Health grant GM-42379 and a start-up fund from Emory University
(to S.Y.).
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