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Abstract Rod and cone visual pigments of 11 marine
carnivores were evaluated. Rod, middle/long-wave-
length sensitive (M/L) cone, and short-wavelength sen-
sitive (S) cone opsin (if present) sequences were obtained
from retinal mRNA. Spectral sensitivity was inferred
through evaluation of known spectral tuning residues.
The rod pigments of all but one of the pinnipeds were
similar to those of the sea otter, polar bear, and most
other terrestrial carnivores with spectral peak sensitivi-
ties (Amax) Of 499 or 501 nm. Similarly, the M/L cone
pigments of the pinnipeds, polar bear, and otter had
inferred A.,,x of 545 to 560 nm. Only the rod opsin se-
quence of the elephant seal had sensitivity characteristic
of adaptation for vision in the marine environment, with
an inferred A, of 487 nm. No evidence of S cones was
found for any of the pinnipeds. The polar bear and otter
had S cones with inferred Ana.x of ~440 nm. Flicker-
photometric ERG was additionally used to examine the
in situ sensitivities of three species of pinniped. Despite
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the use of conditions previously shown to evoke cone
responses in other mammals, no cone responses could be
elicited from any of these pinnipeds. Rod photoreceptor
responses for all three species were as predicted by the
genetic data.

Keywords Pinnipeds - Polar bear - Sea otter - Visual
pigments - Opsins

Introduction

Pinnipeds, a sub-group of the order Carnivora, are un-
ique among mammals in that they are the only large
monophyletic lineage that is distinctly amphibious. This
makes them particularly interesting from an evolution-
ary standpoint in that they represent an intermediate
stage between terrestrial and aquatic adaptation. Vision
is important for pinnipeds, both on land and in water
(Schusterman et al. 2000), and there is clear anatomical
evidence (e.g., round lens, flattened cornea) that their
visual systems are markedly evolved from those of their
terrestrial ancestors to enable them to function more
effectively in these two diverse media (Walls 1942;
Lavigne et al. 1977). Among the features of the visual
system that may provide a good index for evaluating the
nature and extent of the amphibious adaptation of
pinnipeds are the visual pigments. These are often clo-
sely correlated with the visual environment, particularly
in marine habitats, where visual conditions may vary
dramatically (Bowmaker 1995; Hunt et al. 1996; Fasick
and Robinson 2000).

Three classes of visual pigments are typically present
in mammalian retinas, each characterized by an under-
lying opsin protein: rod opsin found in the rod photo-
receptors, and two opsin types found in the cone
photoreceptors, the short wavelength (S) and middle/
long wavelength (M/L) sensitive cone opsins (Yokoy-
ama and Yokoyama 1996). While only three opsin
classes exist, alterations in the primary structures of
individual opsins within these classes can tune the
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spectral sensitivity of the corresponding visual pigments
over a wide range of wavelengths. The effects of these
changes are increasingly better understood allowing one
to infer the spectral sensitivity of a visual pigment from
the translated genetic sequence of the opsin (Fasick and
Robinson 2000; Yokoyama and Radlwimmer 2001; Shi
and Yokoyama 2003).

Evidence suggests that pinniped visual pigments are
different from those of terrestrial carnivores. Although
some of these animals have rod pigments similar to those
of terrestrial mammals (Crescitelli 1958; Lavigne and
Ronald 1975), some deep-diving species have been
shown to have modified rod pigments that provide in-
creased sensitivity to the blue-green wavelengths of light
that predominate in deep ocean water, A~475 nm
(Lythgoe and Dartnall 1970; Kirk 1994; Southall et al.
2002). There is also evidence that the cone visual pig-
ments of some pinnipeds have been modified for use in
the marine environment. Although most mammals
possess two distinct cone pigment types (Jacobs 1993;
Yokoyama and Yokoyama 1996), several pinniped
species have been found to possess only M/L cones
(Peichl and Moutairou 1998; Peichl et al. 2001; Griebel
and Peichl 2003). At present, the only large group of
mammals known to uniformly lack S cones is the
exclusively aquatic cetaceans (Levenson and Dizon
2003). Available information on the M/L cones of
pinnipeds is limited, and equivocal. In ERG experi-
ments, the harbor seal (Phoca vitulina) had peak spectral
sensitivity near 510 nm (Crognale et al. 1998). A
behavioral evaluation of the harp seal (Pagophilus
groenlandicus) also reported a peak in spectral sensitivity
between 500 and 525 nm, as well as a second peak near
550 nm (Lavigne and Ronald 1972; Lavigne et al. 1977).

Although these data provide some evidence sugges-
tive of adaptation for aquatic vision in the photopig-
ments of pinnipeds, further evaluation of additional
species is necessary to better understand the nature of
their amphibious adaptation. Towards this end, we have
used molecular genetic methods to examine the opsin
proteins underlying the rod, S cone, and M/L cone
photoreceptor pigments of numerous species represent-
ing all three pinniped families. For comparative pur-
poses, opsins of the sea otter (Enhydra lutris) and the
polar bear (Ursus maritimus) were also examined.
Finally, flicker-photometric electroretinography (ERG)
was used to compare in situ spectral sensitivity with that
predicted from the genetic data.

Methods
Genetic evaluation of rod and cone visual pigments

To evaluate the visual pigments expressed in the retinas
of some marine carnivores, rod and cone opsin sequence
data was obtained from retinal messenger RNA
(mRNA). The polar bear, the sea otter, and seven pin-
niped species were examined (Table 1). Retinae from an

additional species, P. vitulina, were also examined for
the presence of S cones and published M/L sequences
for P. vitulina and P. groenlandicus were used to infer
their spectral sensitivity.

Eyes used for molecular analysis were obtained from
animals that had died of natural causes or that had been
euthanized in captivity or wildlife rehabilitation facilities
as a consequence of terminal illness/injury. Samples were
collected as soon as possible after death and subsequently
kept frozen at —20°C or colder. To obtain retinal
mRNA, each eye was thawed, the excised retinal tissue
was homogenized in Trizol (Gibco BRL, Rockville, MD;
~1 ml/100 mg of tissue) and RNA was extracted and
precipitated with chloroform and isopropanol. Extracted
samples were incubated in DNase I (Ambion, Austin,
TX, USA) at 37°C for 45 min to eliminate any DNA
contamination. The purified mRNA was then converted
to cDNA by incubating ~50 ng with MMLYV reverse-
transcriptase (Clontech/BD Biosciences, Palo Alto, CA,
USA), oligonucleotide (dt);g primer, and excess dNTPs
for 60 min at 42°C. Nonretinal, nuclear DNA was
obtained for P. vitulina from skin using a lithium—chloride
extraction and ethanol precipitation procedure (Hillis
et al. 1996).

Rod and cone opsin gene sequences were amplified
and sequenced from the cDNA using polymerase chain
reaction (PCR) and dideoxy-terminator cycle sequenc-
ing (Sanger et al. 1977). An attempt was made to amplify
and sequence rod, M/L, and S cone opsins from the
retinal cDNA of every individual examined. Oligonu-
cleotide primers for PCR and sequencing were 15-23
base pairs (bp) in length and were designed from
homologous gene sequences obtained from Genbank of
cow, dog, cat, and harbor seal (see Table 1, Fig. 1).
Some PCR primers for the S cone opsin were addi-
tionally optimized using the pinniped sequence obtained
from nuclear DNA. For each opsin gene, two pairs of
forward and reverse primers were used to obtain two
overlapping 400-650 bp sequence fragments. Primer
annealing locations were chosen so that the consensus of
the two fragments would provide sequence data for
nearly the entire gene, including all of the currently de-
scribed spectral tuning sites for each opsin. Studies
indicate that variability in the distal portions of the N
and C-terminal regions of the opsin protein are unlikely
to affect its spectral properties and so they were not
evaluated (Hargrave 1982; Hunt et al. 2001; Shi and
Yokoyama 2003).

Each 50 pl PCR reaction consisted of 5 pl of cDNA
(~100 ng), 36 ul of water, 5 pl of 10xPCR buffer with
MgCl, (2.0 mM), 1 ul of each oligonucleotide primer
(10 pM), and 1 pl of Tag DNA polymerase. For
amplification, reactions were initially denatured for
5 min at 94°C and then cycled 35 times through the
following conditions: denature for 45 s (94°C), anneal
for 1 min (55°C), and extend for 1.5 min (72°C). Cycling
was followed by a final 5 min extension at 72°C. PCR
products were analyzed qualitatively and by size using
ethidium—bromide stained agarose-gel electrophoresis.



Table 1 Summary of the species examined (Order Carnivora). Taxon names after Rice (1998)
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N Uncorrected “P” distance

Rod opsin

M|/L cone opsin

S cone opsin

Family Genus species Common name

Mustelidae  Enhydra lutris Sea otter 2
Ursidae Ursus maritimus Polar bear 1
Phocidae Pagophilus groenlandicus Harp seal -
Phocidae Phoca vitulina Harbor seal 2
Phocidae Pusa hispida Ringed seal 2
Phocidae Erignathus barbatus Bearded seal 1
Phocidae Mirounga angustirostris ~ Northern elephant seal 3
Phocidae Leptonychotes weddellii  Weddell seal 2
Phocidae Hydrurga leptonyx Leopard seal 1
Otariidae Zalophus californianus ~ California sea lion 2
Odobenidae Odobenus rosmarus Walrus 2

0.07684 (AY883931)
0.06375 (AY883926)
0.0659 (AF055318)

0.06686 (AF055317)*
0.06458 (AY883927)
0.0698 (AY883932)

0.06479 (AY883928)
0.06972 (AY883929)
0.08133 (AY883930)
0.06163 (AY883924)
0.0629 (AY883925)

0.08403 (A'Y884350)
0.07587 (A'Y884345)
0.0895 (AY228449)°
0.09132 (AF110495)°
0.08652 (AY884346)
0.08399 (AY884351)
0.08922 (AY884347)
0.08674 (AY884348)
0.08354 (AY884349)
0.07964 (AY884343)
0.0806 (AY884344)

0.10527 (AY884353)
0.10623 (AY884352)
Not examined
None found (0.1079)°
None found

None found

None found

None found

None found

None found

None found

Genbank accession numbers are shown in parentheses after each sequence. Uncorrected “P” distances (and Genbank Accession numbers)
are shown for each opsin gene as compared to the cat (rod; AJ417432, M/L cone; AF132040) and cow (S cone; U92557)

#Genetic data from Fasick and Robinson (2000)
®Original data from Genbank

“Harbor seal S cone opsin data determined from partial nuclear S cone opsin (see text)

If a reaction failed to produce a desired product, the
annealing temperature of the PCR was adjusted to
between 37 and 65°C to improve primer performance.
This procedure was repeated as necessary until the
product was obtained or until the entire range of tem-
peratures (in 1° increments) had been attempted. Once a
desired fragment was amplified, the PCR product was
purified using Qiaquick columns (Qiagen, Valencia, CA,
USA), cycle-sequenced using Applied Biosystems (ABI)
Big Dye Version 3 chemistry (Applied Biosystems, La
Jolla, CA, USA), and analyzed with an ABI 3100
automated capillary sequencer. The obtained sequences
were aligned with homologous sequences of other select
mammals to evaluate their identity and the condition of
known spectral tuning sites. Alignments were performed
with ClustalW (Thompson et al. 1994) and confirmed by
eye. Phylogenetic trees and nucleotide identity propor-
tions were determined using PAUP software (Swofford
2001). Spectral sensitivities were inferred for each opsin
using available information. As described below, these
procedures varied for each opsin type.

Electroretinogram measurements

Visual pigments were evaluated in situ using electrore-
tinograms (ERGs) for a subset of the pinniped species.
For this purpose, juvenile pinnipeds were obtained from
the marine mammal rehabilitation program at Sea-
World, San Diego, CA. Included in this group were one
female and three male Zalophus californianus, one male
P. vitulina, and two female Mirounga angustirostris. The
animals were maintained in seawater tanks at the Center
for Marine Biotechnology and Biomedicine, Scripps
Institution of Oceanography, La Jolla, CA, prior to
recording and until their eventual release to the wild. All
animal husbandry and experimental procedures were
conducted according to protocols approved by the
National Marine Fisheries Service (NMFS) Office of

Protected Resources (permit 732-1487) and the Univer-
sity of California, San Diego Institutional Animal Care
and Use Committee (IACUC; permit S00092).

Spectral sensitivity measurements were made using
ERG flicker-photometry. Animals were masked and
initially anesthetized with 5% isoflurane or halothane.
After induction of anesthesia they were intubated and
maintained on 0.75-2.0% isoflurane or halothane for
the remainder of the experiments. The electrocardio-
gram and heart rate were monitored throughout testing
and during subsequent recovery. As in earlier measure-
ments made on marine mammals (Crognale et al. 1998),
anesthetized animals were placed on a slant board and
the head position was stabilized through the use of
padded restraints. The cornea was anesthetized with
topical application of proparacaine hydrochloride
(0.5%). Atropine (0.04%) and ophthalmic neosyneph-
erine (10%) were then applied topically to achieve
pupillary dilation. ERGs were sensed with bipolar con-
tact lens electrodes of the Burian-Allen design.

The general flicker photometric technique of Jacobs
et al. (1996a) was used. In this application, the eye was
stimulated with a train of light pulses that originated
from two sources: a high-intensity grating monochro-
mator having a 10 nm passband (test light) and an
achromatic reference light drawn from a tungsten-hal-
ogen lamp (reference light). The two lights were each
modulated with a 25% duty cycle. The fundamental
components of the ERGs elicited by the two lights were
extracted by filtering, averaged over 50 presentations,
and then compared. The intensity of the test light was
adjusted until the response it elicited exactly matched
that produced by the reference light (Jacobs et al.
1996a). The intensity of the test light at this point of
equation was taken as a measure of the relative sensi-
tivity of the eye to that test light. During the course of
any experiment, each equation point was determined on
at least two occasions and these values were subse-
quently averaged. For these experiments, deviations
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Fig. 1 Parsimonious B.tar-SWS
phylogenetic tree of rod, M/L, )
and S cone opsin sequences 82 C.fam-rod
created using bootstrapping L Fcatrod
(1,000 replicates). Species are E bar-rod
listed by the abbreviated forms 77 Ao
of their binomial designation, P.gro-rod
(see Table 1])3, followed by the 91 P his-rod
opsin type. Bootstrapping 100 i
values above 50 were retained P.vit-rod 3
and are shown at their 96 9% H.lep-rod =
respective nodes. Individual % 76 —|: L.wed-rod
rod, S, and M/L cone gene trees ’
are identified. Additional M.ang-rod
sequences were obtained from O.10s-rod
Genbank for the cow (Bos 87 100 HosTo
taurus, U92557, AB062417), Z.cal-rod
dog (Canis familiaris, X71380), E.lut-rod
cat (Felis catus, AJ417432, 100
AF132040), goat (Capra hircus, U.mar-rod
HO006594), beaked whale M.bid-rod
(Mesoplodon bidens, B.tar-rod
AF055316), dolphin (Tursiops e
truncatus, AF055457), and C.hir-MWS
human (Homo sapiens, E.bar-MWS
AH005296, AH005298, 100 84
U53874) 96 P.gro-MWS
100 L‘: P.his-MWS
P.vit- MWS
97 99 —— L.wed-MWS
L Mang-MWS E
100 95 99 [ O.ros-MWS
L . e
69 39 Z.cal-MWS g
U.mar-MWS  |®
E.lut-MWS
F.cat-MWS
100 — Hsap(g-MWS
L Hsap()-MWS
T.tru-MWS
H.sap-SWS N
85 —— ElutSWS 8
I U.mar-SWS g

between matches made under the same test conditions
typically did not exceed 0.04 log units. The frequency of
the flickering lights, the wavelengths of the test lights,
and the intensity of the reference light were varied across
experiments. These are noted below as they are appro-
priate.

Results
Genetic sequencing of rod and cone opsins

Putative rod and M/L cone opsin sequences were ob-
tained from retinal mRNA/cDNA for all species exam-
ined (Table 1). Both exhibited genetic distances of less
than 0.1 from homologous sequences of their terrestrial
relatives. Putative S cone sequences obtained for the sea
otter and polar bear showed similarly high levels of

identity with other mammalian homologues. No introns
or missense mutations were apparent in any of these
sequences. No S cone opsin sequences could be obtained
from the retinal cDNA of any of the pinnipeds exam-
ined. All eight species, including P. vitulina, were tested
over a broad range of annealing temperatures, 37 to
65°C, using the same primers that worked effectively on
the polar bear and sea otter. Mg " conditions were also
varied from 1.5 to 3.0 mM in a further attempt to obtain
S cone opsin product without success. As a positive
control of the oligonucleotide primers, one of the S cone
primer sets was used to amplify a fragment of S cone
opsin from the nuclear DNA of P. vitulina (Accession
number DQ287333). This sequence was readily obtained
and the coding region of the nuclear DNA sequence
shows a high level of identity with other S cone opsins
(Table 1). However, the P. vitulina nuclear DNA S cone
opsin sequence was easily distinguished from those



obtained from the retinal cDNA of the polar bear and
sea otter by the presence of large internal intron se-
quences.

Figure 1 shows the results of a parsimonious boot-
strap analysis of the opsin sequences obtained from
retinal mRNA. Also included are several sequences from
Genbank (see caption for details). In support of the
putative identities, all obtained rod, M/L, and S cone
opsin genes grouped exclusively with their respective
homologues. Moreover, the rod and M/L cone opsin
gene trees were nearly identical in structure, and repre-
sent the species examined in accordance with current
phylogenetic hypotheses for this group (Rice 1998;
Bininda-Emonds 2000).

Aligned translations of all the obtained rod opsin
sequences, as well as those of two previously examined
pinnipeds, dog, cat, cow, and a deep-diving beaked
whale are provided in electronic supplementary material
S1. Table 2 summarizes the 23 amino acid differences
existing between the rod opsins of the pinnipeds, polar
bear, and sea otter-in comparison with those of two
terrestrial carnivores, dog and cat. Of these, all residues
that could potentially affect the spectral sensitivity of the
rod opsins were identified according to Hunt et al.
(2001). As indicated, nonsynonymous variations were
found at only three spectrally significant sites, residues
83, 292, and 299 (numbered from bovine rhodopsin).
Listed at the right side of Table 2 are the inferred
spectral sensitivities for each rod opsin, as determined
from the mutagenesis data of Fasick and Robinson
(2000) for these three sites. M. angustirostris was the
only species examined which exhibited any substantial
deviation in inferred rod opsin sensitivity from the dog
and cat; it possessed a rod opsin with maximum sensi-
tivity (Amax) of 487 nm, at least 12 nm shorter than any
of the other pinnipeds. Two of the phocid pinnipeds, as
well as the polar bear and sea otter had inferred A, of
501 nm, which is similar to that of a previously exam-
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ined phocid, P. vitulina (Fasick and Robinson 2000).
The remaining pinnipeds had rod opsins with inferred
Amax Of 499 nm. In all cases where the sensitivity had
previously been determined, inferred sensitivities were
within a few nanometers of measured values.

Aligned translations of the obtained M/L cone opsin
sequences, as well as previously reported sequences for
cat and goat are provided in electronic supplementary
material S2. M/L cone sequences of P. groenlandicus and
P. vitulina from Genbank were also included for the
evaluation of inferred sensitivity. A total of 27 variable
sites were identified in comparison with the cat and goat.
From these, two separate methods were used to infer
M| L cone sensitivity. First, the five-sites rule (Yokoyama
and Radlwimmer 1998, 1999, 2001) was used to predict
M/L cone sensitivity from variability at residues 180,
197, 277, 285, and 308 (numbered from the human M/L
cone opsin). Table 3 shows the inferred sensitivities for
each, as well as the effects of substitutions at each of
these sites as calculated from the human L cone pigment
(Amax 560 nm; Oprian et al. 1991). Both otariid pinni-
peds (Z. californianus and Odobenus rosmarus) had all
five residues identical to the human L cone, and thus the
same inferred spectra. All the phocids had one substi-
tution, Y277F (substitution of Y with F at residue 277),
shifting their inferred M/L cone Amay to 552 nm. The
M| L cone of the polar bear is the same as that of the cat
with the same five critical residues (inferred .., of
553 nm). The sea otter M/L cone has slightly shorter
peak sensitivity than the polar bear and cat with an
inferred An.x of 545 nm as a consequence of the
substitution, T285A.

A second evaluation of inferred M/L cone sensitivity
was attempted using the neural network model of
Robinson et al. (1999). The model is restricted to M/L
cone opsins with the same residues as either the human
“red” or “green” M/L cone opsin at residues 116, 180,
230, 233, 277, 285, and 309. For this method, human

Table 2 Summary of amino acid substitutions for obtained rod opsin sequences in comparison with the cat, dog, cow and a beaked whale.
Putative tuning sites identified by Hunt et al. (2001) are shaded. Determination of synonymous (s) versus nonsynonymous (n) substitution
type was made for marine carnivores in comparison with the cat and dog. A,.x values predicted in this study are shown in bold
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Table 3 Sensitivity predictions for marine carnivore M/L cones according to the five-sites rule (see text)

Species Residue Amax References
180 197 277 285 308 Predicted Observed

Cat A (-7) H Y T A 553 553 Yokoyama and
Radlwimmer (1999)

Goat A (-7) H Y T A 553 553 Yokoyama and
Radlwimmer (1999)

Pagophilus groenlandicus S H F (-8) T A 552 - This study

Phoca vitulina S H F (-8) T A 552 - This study

Pusa hispida S H F (-8) T A 552 - This study

Erignathus barbatus S H F (-8) T A 552 - This study

Mirounga angustirostris S H F (-8) T A 552 - This study

Leptonychotes weddellii S H F (-8) T A 552 - This study

Hydrurga leptonyx S H F (-8) T A 552 - This study

Zalophus californianus S H Y T A 560 - This study

Odobenus rosmarus S H Y T A 560 - This study

Polar bear A (-7) H Y T A 553 - This study

Sea otter S H Y A (-15) A 545 - This study

Dolphin A (-7) H Y T S (-27) 526 524 Fasick and Robinson (1998)

Human-*““green” A (-7) H F (-8) A (-15) A 530 530 Oprian et al. (1991)

Human-‘“red” S H Y T A 560 560 Oprian et al. (1999)

Predicted /.« values are calculated from the human “red” M/L cone using the substitution values indicated. Values predicted in this

study are shown in bold

“red” and ‘“‘green” cones have /., of 561 nm and
533 nm, respectively (Asenjo et al. 1994; Robinson et al.
1999). For four pinnipeds, Erignathus barbatus, M. an-
gustirostris, Leptonychotes weddellii, and Hydrurga
leptonyx, it was impossible to evaluate sensitivity with
this model as a consequence of the nonsynonymous
substitution Y/S116H, the effects of which have not
been evaluated. The remaining three phocid pinnipeds,
P. groenlandicus, P. vitulina, and Pusa hispida, had
another novel substitution G233S. However, as glycine
and serine are both hydrophilic polar amino acids of
similar size, we proceeded to estimate sensitivity for
these species under the assumption that G233S was a
synonymous substitution. Assuming this, the inferred
Amax Of the M/L cones of these species was 550 nm,
just 2 nm from that predicted by the five-sites rule.
Inferred M/L cone sensitivities for Z. californianus and
O. rosmarus were 558 nm, 554 nm for the polar bear,
and 543 nm for the sea otter, all of which were similarly
close to those obtained with the five-sites model.

In addition to the residues evaluated above, more
than 20 other variable sites were found among the
obtained M/L cone opsin sequences (see electronic

supplementary material S2). Of these, however, only
three were nonsynonymous substitutions that could
potentially affect the electrochemical nature of the resi-
due (Nathans 1990). One substitution, A5S8T, occurred
in the N-terminal region of the opsin and is thus unlikely
to affect sensitivity. The substitution 1225T is also un-
likely to affect tuning as it does not occur within the
chromophore binding region of the opsin, as indicated
by evaluation of homologous cite 208 of the rod opsin
(Hunt et al. 2001). It is possible that the final substitu-
tion, P187R, which occurred in P. groenlandicus, may
affect sensitivity, based on its location at the edge of the
chromophore binding pocket, although changes at this
site have not previously been attributed to any change in
spectral sensitivity.

As discussed, no S cone opsin sequences could be
found in the retinal mRNA/cDNA of any of the pinni-
peds. However, S cone data was obtained from the
retinal cDNA of the sea otter and polar bear. Table 4
summarizes the residues of both species, as well as that
from cow and human for the nine sites thought to be
critical in determining the spectral properties of S cone
opsins (Fasick et al. 2002; Shi and Yokoyama 2003).

Table 4 Summary of the condition of all putatively significant amino acid substitutions (Shi and Yokoyama 2003) of the S cone opsins of

polar bear, sea otter, human, and cow

Species Residue Amax References
46 49 52 86 90 93 114 116 118
Cow F F T Y S 1 A L C 438 Chiu et al. (1994)
Polar bear F F T Y S T (+3) A L S 441 This study
Sea otter F F T Y S S (+3) A L T 441 This study
Human S “blue” cone T L F L S P G L T 414 Fasick et al. (1999)

The spectral significance in parenthesis of the substitution at site 93
are shown in bold

is in reference to the S cone of the cow. Values predicted in this study



Both the sea otter and polar bear have the same residues
as the cow at seven of the nine critical sites. In addition,
at one of the two variable sites, residue 118 (numbered
according to the bovine S cone opsin), polar bear, sea
otter, and cow all have hydrophilic polar residues, i.c.,
nonsynonymous substitutions. Finally, at residue 93,
both the sea otter and polar bear have a nonsynonymous
substitution previously shown to cause a 3 nm long-
wavelength shift in sensitivity (Cowing et al. 2002). As
this is the only apparent functional difference between
the two carnivores and the cow, the inferred A, for the
S cones of both the sea otter and the polar bear is
441 nm.

ERG measurements

In earlier ERG measurements made on a pair of P. vi-
tulina, we found evidence for a spectral mechanism
having a ., value of about 510 nm and an absorption
spectrum with a shape appropriate for a single photo-
pigment (Crognale et al. 1998). Since this mechanism
was detected under test conditions that typically yield
indications of photopic activity in many other types of
mammal (e.g., light adapted eye, flickering stimulus
lights), it seemed to represent a contribution to the ERG
from an M/L cone photopigment. The estimated peak of
that mechanism, however, is very different from that
predicted from the opsin sequence data (Table 3). That
striking disparity stimulated us to undertake additional
measurements on P. vitulina and on two other species of
pinniped.

To attempt to provide stimulus conditions even more
favorable for eliciting photopic signals, the ambient
illumination in the laboratory was increased from that of
the previous experiment (from 100 to 495 lux) and the
intensity of the reference light was similarly increased by
about a factor of four. With these changes in place,

500 o Z. californianus

498F T STTTe---- A T T
T 496} ° ©
o
‘-‘;é 1 1 1 1 1 1
- soak A P. vitulina
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5 10 15 20 25 30

Pulse Rate (Hz)

Fig. 2 Spectral sensitivity as a function of flicker rate measured for
two species of pinniped. Plotted for Phoca vitulina and Zalophus
californianus are the peaks (1nax) of the photo pigment absorption
function obtained from best fits to a series of two-point spectral
sensitivity functions (see text). The dashed lines are best-fit linear
regressions; neither of these has a slope significantly different from
zero (see text)
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spectral sensitivity of a P. vitulina was measured at two
wavelengths, 500 and 550 nm. These measurements were
made at four different flicker rates, ranging from 10 to
25 Hz. Each pair of the sensitivity values obtained from
this procedure was best fitted using standard photopig-
ment absorption curves (Govardovskii et al. 2001) with
the Amax values determined to the nearest 0.1 nm. The
logic of the experiment was that if the 510 nm peak
value obtained earlier reflected mostly contributions
from rods, then those signals should become progres-
sively attenuated at higher flicker rates, i.e., one should
see a Purkinje shift. Values obtained from six separate
measurements on P. vitulina are shown in Fig. 2. The
straight line in that plot is the best-fit linear regression.
The slope of this line does not differ significantly from
zero (r*=0.001, ns) indicating that over this range of
pulse frequencies there is no significant shift in the
spectral peak of the mechanism. The average peak value
so measured across all stimulus frequencies was
502.5 nm. That value is very close to the peak predicted
and observed in vitro for the rod pigment in this species
(Amax 501 nm; Fasick and Robinson 2000) although
somewhat shorter than that was measured in two
P.vitulina previously tested, A, 508 nm and 512 nm
(Crognale et al. 1998). Finally, measurements were also
attempted at frequencies beyond those represented in
Fig. 2, but it proved impossible to record any reliable
ERG signal from the eye of P. vitulina at rates in excess
of about 25 Hz.

Complete spectral sensitivity functions were mea-
sured using flicker-photometry for four Z. californianus.
Figure 3 (top curve) shows the averaged results
(£1 SD) obtained from three animals using 12.5 Hz
flicker. The best-fitting photopigment absorption curve
(continuous line) has a peak value of 501.3 nm. For all
four animals complete spectral sensitivity curves at
12.5 Hz were also obtained with a considerably brighter
reference light. Those data (Fig. 3, middle curve) are
well fit with a pigment having a peak value of 499.2 nm.
The peaks of these curves are the same as that predicted
for the Z. californianus rod pigment (Table 2) and there
is no hint that the brighter lights caused any shift toward
the longer wavelengths as would be expected if there
were both rod and cone contributions. In a still further
attempt to detect cone signals, an experiment was con-
ducted on Z. californianus similar to that described
above for P. vitulina, i.c., measuring spectral sensitivity
across a range of stimulus frequencies. Sensitivity was
measured at 500 and 560 nm at five stimulus frequencies
ranging from 5 to 30 Hz and the resulting data were best
fit with photopigment absorption curves. The results are
shown in the top panel of Fig. 2. As in the case of
P. vitulina there is no hint of a shift in spectral sensitivity
as a function of flicker frequency (+>=0.087, ns). Across
seven separate tests, the average spectral peak was
497.8 nm with the individual values covering a total
range of only 3.2 nm.

It proved a challenging task to gain good ERG
recording from the two Mirounga angustirostris as the
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Fig. 3 Spectral sensitivity functions for Zalophus californianus
(open and filled circles) and Mirounga angustirostris (triangles) as
measured with ERG flicker photometry. The data points are mean
values for three animals (fop), four animals with brighter reference
light (middle) and two animals (bottom), respectively (see text).
Error bars are +1 standard deviation. The lines are best-fitting
photopigment absorption functions having peaks of 501.3 and
499.2 nm for Z. californianus and 491.7 nm for M. angustirostris

recorded signals were generally quite small. Neverthe-
less, it was eventually possible to make spectral sensi-
tivity measurements for a single condition (12.5 Hz) for
both animals. These data are shown in the bottom curve
of Fig. 3. Note that despite the difficulty in the recording
the results from the two animals are virtually identical.
The averaged values for the M. angustirostris tightly fit a
photopigment absorption curve having a Apa of
491.7 nm. This short wavelength-shifted sensitivity is
reasonably close to the inferred 4,,,, of 487 nm and the
observed Ay, of 483 nm for this species (Southall et al.
2002). It was impossible to obtain any reliable ERG
signals for flicker rates of 20 Hz and higher in this spe-
cies.

Discussion

The high degree of nucleotide identity seen between the
genes sequenced here and homologous rod, M/L, and S
cone opsins (Table 1) strongly suggests that these genes
are members of the classes to which they have been as-
cribed, as does their phylogenetic organization into
appropriate gene groupings (Fig. 1). In addition, the
presence of the obtained opsin genes within the retinal
mRNA of these various species is an indication that
these visual pigment genes are expressed in their
respective retinae. The absence of any introns or mis-
sense mutations also suggests that they underlie func-
tional pigment proteins. Although behavioral
observations are required to confirm this, we conclude
that the presence of these mRNA sequences reflects the

existence of functional rod and M/L cone photorecep-
tors.

Similarly, our inability to amplify any S cone opsin
sequences from the retinae of any of the pinnipeds im-
plies these species do not produce S cone visual pigment
and thus lack S cone photoreceptors. Of course, negative
results must be interpreted cautiously. It is possible that
there are so few S cones that amplification procedures
were somehow inadequate for their detection. However,
the relative ease with which these primers amplified sea
otter and polar bear S cone sequences from mRNA and
pinniped S cone sequence from nuclear DNA suggests
that the lack of S cone mRNA in the retina reflects its
absence rather than just our inability to amplify it. This
conclusion is supported by previous reports of the ab-
sence of S cones in P. vitulina, P. hispida, and E. barbatus
obtained from opsin immunolabeling (Peichl et al. 2001;
Griebel and Peichl 2003). In addition to a reduction in
photopic visual sensitivity, these results also indicate
that these pinnipeds are incapable of making cone-based
color discriminations. The discrepancy between these
findings and previous reports of color vision in some
pinnipeds are difficult to reconcile. One possibility is that
these animals possess some atypical form of rod and
cone based color vision (see Crognale et al. 1998; Peichl
et al. 2001 for discussions).

The inclusion of an additional five species to the list
of pinnipeds without S cones lends support to the
hypothesis that the entire pinniped group lacks this cone
type (Peichl et al. 2001). The absence of .S cones has been
documented in nearly half of all pinnipeds, now
including numerous species from the phocid and otariid
families, as well as the only living member of the od-
obenid family. The widespread loss of S cones among
the pinnipeds probably reflects the occurrence of a
mutational event(s) at a basal point in the pinniped
lineage. A similar phenomenon has been shown to
underlie the loss of S cones among cetaceans (Levenson
and Dizon 2003). The absence of S cones in pinnipeds is
remarkable as the vast majority of terrestrial mammals
studied have been found to possess both S and M/L
cone visual pigments (Jacobs 1993; Jacobs et al. 1993;
Yokoyama and Yokoyama 1996) with a loss of S cones
limited to isolated occurrences at the most distal bran-
ches of the primate, carnivore, and rodent lineages (e.g.,
Jacobs et al. 1996b; Peichl and Moutairou 1998). The
convergent widespread loss of S cones in these two
divergent marine mammal groups suggests that the ab-
sence of this cone type may be linked to adaptation for
aquatic vision; for example, to produce a reduction in
sensitivity to the short wavelengths which are highly
scattered in aquatic environments and hence potentially
not conducive to good spatial vision (see Peichl et al.
2001, Cowing et al. 2002 for discussions).

In contrast, our results predict that the M/L cone
pigments of pinnipeds have maximum sensitivities of
550-560 nm, values much more similar to those of ter-
restrial carnivores than to the short-wavelength shifted
M| L cones of the bottlenose dolphin (Tursiops truncatus;



Fasick and Robinson 1998). If one assumes that the
sensitivity of the dolphin’s M/L cones is shifted from
that of its terrestrial relatives as a consequence of
adaptation to the relatively short wavelengths of light
present under water, then clearly the M/L pigments of
pinnipeds have not undergone a similar adaptation for
aquatic life. Pinnipeds have similar spectral sensitivities
to other terrestrial carnivores, yet, their M/L cone opsins
have different residues at several of the identified spec-
tral tuning sites (see Table 3). A parsimonious inter-
pretation of this suggests that the maintenance of the
long-wavelength sensitivity of pinniped M/L cones re-
flects an active selective process, rather than being solely
a consequence of phylogenetic inertia and the mainte-
nance of the ancestral terrestrial condition.

Like the M/L cone pigments, the rod visual pigments
of most pinnipeds do not appear to be specifically
adapted for the aquatic environment. With the addition
of the present data roughly half of the pinniped group
has now been examined including most of the deeper-
diving species, as well as species from a wide range of
habitats. It appears that the rod visual pigments of most
pinnipeds are quite similar to those of terrestrial mam-
mals, with A, very near 500 nm. Despite the exami-
nation of a number of other deep diving species, such as
E. barbatus and L. weddellii, the short-wavelength shif-
ted rod pigments of M. leonina and M. angustirostris
have been found to be exceptional among the pinnipeds.
Only they have rod pigments with A, below 495 nm,
similar to the rod opsins of ‘“blue-shifted” cetaceans
(McFarland 1971; Fasick and Robinson 2000) and many
deep-sea fish (Hunt et al. 1996; Bowmaker 1995, 1998).

The similarity between pinniped and terrestrial
mammals’ rod opsins does not appear to be solely a
consequence of phylogenetic inertia. As is the case for
the M/L cones, although pinnipeds have maintained rod
opsins with /.« near 500 nm, many species have dif-
ferent combinations of spectrally significant residues
than their terrestrial relatives. In fact, only three species,
P. vitulina, P. hispida, and E. barbatus, in addition to the
polar bear and the sea otter, possess the same combi-
nation of critical amino acids as the terrestrial carni-
vores. The similarity between the sensitivities of visual
pigments of pinnipeds and terrestrial mammals suggests
that these animals have a continued need for effective
terrestrial vision. Unlike cetaceans, pinnipeds still spend
significant portions of their lives out of water. They give
birth on land or ice, and most species remain ashore for
substantial periods of time to rest, breed, and molt.
During this time they are involved in potentially com-
plex intra-species interactions and may face the threat of
terrestrial predators where the tele-receptive properties
of the visual sense would be quite valuable. It is true that
relatively long-wavelength sensitivity may provide some
benefit to species inhabiting shallow coastal waters
where maximum light transmission occurs at wave-
lengths near or above 500 nm (Kirk 1994). However, the
similarity of pigments among nearly every species
examined from such a wide range of aquatic habitats
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supports the hypothesis that pinniped visual pigments
continue to be primarily selected for good visual sensi-
tivity out of the water. These findings emphasize that, in
addition to vision, the well-developed nonvisual sensory
modalities (e.g. hearing, tactile-vibrissae sensitivity) are
probably also of great importance to pinnipeds under
water (Schusterman et al. 2000; Dehnhardt et al. 2001).

ERG measurements

The peaks predicted for pinniped rod pigments based on
amino acid sequence (Table 2) agree with inferences
drawn from the ERG measurements. The average of the
several estimates made for P. vitulina tested at different
stimulus frequencies is 502.5 nm, which compares well
with the prediction of 501 nm from the genetic data. The
several different estimates made for Z. californianus
from both full spectra and two-point spectral sensitivity
functions average 499.4 nm, essentially identical to that
inferred from the sequence information. Finally, the
spectra measured for two M. angustirostris had an
average peak of 491.7 nm which also compares well with
the 487 nm peak predicted from the genetic data. The in
situ measurements seem to yield slightly longer peaks
than the genetic predictions, especially for the elephant
seal. However, deviations of this sort are not unique to
pinnipeds. For example, ERG measurements of rod
signals in the dog (Jacobs et al. 1993) suggest a spectral
position that is also slightly longer than that predicted
by tuning models. Reconciliation of these differences
may well be unique for each case, but it is worth
remembering that in situ measurements like these ERG
recordings are influenced not only by the pigment
spectrum, but also by any intraocular filtering and
reflectivity. In general all these factors will tend to dis-
place spectral sensitivity curves toward the longer
wavelengths. That being said, the agreement between the
direct measurements and tuning model predictions are
remarkably close for the pinniped rod pigments here
examined.

Whereas there is good agreement between the pre-
dictions from rod opsin sequences and ERG spectral
sensitivity for these pinnipeds, this was not the case for
cones. Indeed, there was no clear evidence in the ERG
signals of any contribution from cone pigments that
were predicted from the molecular genetic results. This is
particularly surprising, because these very same ERG
procedures have been successfully employed to access
cone-generated signals in a very wide range of other
mammals (Jacobs 1993). It has been known for well
more than half a century that rod and cone contribu-
tions to the ERG can be separated by using flickering
lights with rod contributions being superceded by cone
contributions as flicker rate is increased (Adrian 1946).
The current clinical standard for measuring human
cone-based vision with the ERG specifies 30 Hz flicker
(Marmor and Zrenner 1999), but cone spectra emerge
from ERG flicker measurements at much lower rates
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than that. For example, flicker rates as slow as 12.5 Hz
yield clear cone-based spectral sensitivity functions in
rodents like the mouse and rat (Jacobs et al. 1991, 2001)
and carnivores such as the ferret (Calderone and Jacobs
2003). The two-point spectral sensitivity functions
(Fig. 2) obtained from Z. californianus and P. vitulina
are particularly compelling in this regard. In these ani-
mals there is no hint of an intrusion of any cone con-
tribution up to rates as high as 30 Hz. The absence of
any cone contribution can be made explicit by calcu-
lating what would happen to measured spectral sensi-
tivity in Z. californianus if there were joint rod and cone
contributions. Given the estimated rod and cone peaks
in this species (499 and 560 nm), combining the two in a
proportion of 5:1 would shift peak spectral sensitivity
from the rod peak of 499 nm out to 510 nm; even with
the rod:cone ratio set at 9:1 the sensitivity peak would
shift to about 504 nm, a value which is a full 7 nm
longer than was measured at a stimulus frequency of
30 Hz and 5 nm displaced from what was measured at
any flicker rate. In short, no hint of cone signals was
detected in the ERGs of these pinnipeds with test con-
ditions that routinely elicit such signals in a range of
terrestrial mammals.

Is there something unique to pinniped eyes that ren-
der particularly difficult the recording of cone signals
with the ERG? For instance, could it be that the cone
population is simply too small to yield reliable signals?
Although there is no information regarding either
Z. californianus or M. angustirostris, opsin antibody
labeling has been used to assess photoreceptor numbers
in numerous pinnipeds, including P. vitulina and several
other phocid and otariid species (Peichl and Moutairou
1998; Peichl et al. 2001). In these studies, M/L cones
reach peak density values of 7,000-11,000 per mm-.
These values are no different from cone densities seen in
some terrestrial carnivores from which ERG cone sig-
nals have been readily recorded, e.g., dog and ferret
(Jacobs et al. 1993; Calderone and Jacobs 2003). Thus, it
is not obvious that a paucity of cones can account for
the recording failure. It is also possible that the physi-
ological integrity of the outer retina in these diving
mammals is particularly susceptible to the effects of
anesthesia. [soflurane and halothane are known to have
detrimental effects upon the bipolar cells of the retina in
some species (e.g., Wasserschaff and Schmidt 1986;
Tremblay and Parkinson 2003). If that were the case
then, somehow, these effects would have to be more
pronounced for cone than for rod-based signals. Finally,
although it may seem unlikely, there is the possibility
that the failure to record cone-based signals in the ERG
accurately reflects events in the retina and thus predicts
that these receptors contribute little to the visual lives of
pinnipeds. The pupils of some of these species are quite
small under even moderately mesopic visual conditions
which could dramatically limit retinal illumination (Le-
venson and Schusterman 1997). Again, good behavioral
studies of vision in these amphibious mammals are
needed to assess that possibility.

In view of the combined findings from genetics and
ERG, it seems that earlier reports of photopic sensitivity
and cone-based color discrimination in pinnipeds were
likely confounded by the inadvertent inclusion of rod
photoreceptor responses, despite testing under appar-
ently photopic conditions. The pinnipeds examined here
uniformly lacked S cones, leaving them relatively
insensitive to short-wavelength light, and subsequently
without the ability to make cone-photoreceptor based
color discriminations. The distribution of the S cone loss
suggests that the entire pinniped group probably lacks
this cone type, a loss that seems to be related to adap-
tation for aquatic vision. In contrast, the rod and M/L
cones of pinnipeds are very much like those of terrestrial
carnivores, except for the relatively short-wavelength
sensitive rod opsins of the extremely deep-diving ele-
phant seals. This similarity with terrestrial species is
most probably related to continued selective pressure to
maintain good terrestrial vision, although potential
benefits for aquatic vision might also be realized for
some species. Overall, the visual pigment complements
of pinnipeds are exactly as their amphibious nature
would predict: they have rod and M/L cone sensitivities
like those of terrestrial carnivores, but lack short-
wavelength sensitive cones like the entirely aquatic ce-
taceans.
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