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Cetaceans are fully aquatic mammals that descended from terrestrial ancestors, an
iconic evolutionary transition characterized by adaptations for underwater foraging via
breath-hold diving. Although the evolutionary history of this specialized behavior is
challenging to reconstruct, coevolving sensory systems may offer valuable clues. The
dim-light visual pigment, rhodopsin, which initiates phototransduction in the rod pho-
toreceptors of the eye, has provided insight into the visual ecology of depth in several
aquatic vertebrate lineages. Here, we use ancestral sequence reconstruction and protein
resurrection experiments to quantify light-activation metrics in rhodopsin pigments
from ancestors bracketing the cetacean terrestrial-to-aquatic transition. By comparing
multiple reconstruction methods on a broadly sampled cetartiodactyl species tree, we
generated highly robust ancestral sequence estimates. Our experimental results provide
direct support for a blue-shift in spectral sensitivity along the branch separating
cetaceans from terrestrial relatives. This blue-shift was 14 nm, resulting in a deep-sea
signature (λmax = 486 nm) similar to many mesopelagic-dwelling fish. We also discov-
ered that the decay rates of light-activated rhodopsin increased in ancestral cetaceans,
which may indicate an accelerated dark adaptation response typical of deeper-diving
mammals. Because slow decay rates are thought to help sequester cytotoxic photoprod-
ucts, this surprising result could reflect an ecological trade-off between rod photoprotec-
tion and dark adaptation. Taken together, these ancestral shifts in rhodopsin function
suggest that some of the first fully aquatic cetaceans could dive into the mesopelagic
zone (>200 m). Moreover, our reconstructions indicate that this behavior arose before
the divergence of toothed and baleen whales.

cetacean evolution j ancestral sequence reconstruction j metarhodopsin II j retinal release j spectral
tuning

The first cetaceans in the fossil record (archaeocetes) iconically document major mor-
phological adaptations for increased underwater activity throughout the late Eocene
(1). The closest living relatives to cetaceans are the hippopotamids, which together
form the clade Whippomorpha within the order Cetartiodactyla (1, 2) (Fig. 1). Argu-
ably, the most impressive adaptations in ancestral cetaceans arose from the need to sup-
port foraging with breath-hold diving. Nevertheless, the evolution of this specialization,
particularly when cetaceans began to exploit the aphotic zones of the ocean (beyond
∼200 m), remains unclear (3). The common ancestor of crown cetaceans (Neoceti)
likely resembled some of the first fully aquatic archaeocetes, which had a dolphin-like
body, including tail flukes and vestigial hind limbs, but the diving behavior of these
animals is uncertain (4, 5).
Sensory systems can provide important evidence for investigating major environmen-

tal transitions because of their critical role in mediating the daily activities of an organ-
ism. The visual pigment rhodopsin is a model G protein–coupled receptor (GPCR)
responsible for dim-light vision in most vertebrates (6). Found in rod photoreceptors,
rhodopsin is a transmembrane apoprotein with a covalently bound vitamin A chromo-
phore, 11-cis-retinal. Light absorption initiates the phototransduction cascade by isom-
erizing the chromophore to all-trans retinal, which triggers a conformational change in
the rhodopsin apoprotein to the active photo-intermediate, metarhodopsin II (meta II)
(7). Experimental studies across model and nonmodel systems have demonstrated adap-
tive shifts in rhodopsin light activation occurring with changes in the light environ-
ment over major evolutionary transitions (8–15).
Like other aquatic vertebrates, most cetacean rhodopsins have blue-shifted spectral

sensitivity (λmax), presumably to better match the predominant light spectrum in ocean
water (16–19). Several studies have also demonstrated that λmax decreases predictably for
deeper-dwelling fish species (12, 20, 21), and this relationship appears to be true for
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diving mammals as well (18, 19, 22, 23). Comparative experi-
mental work from our group and others has revealed that
spectral blue-shifts between model cetacean rhodopsins and ter-
restrial outgroups arise from amino acid substitutions at posi-
tively selected sites near the chromophore (D83N and A292S)
(11, 18, 24). Moreover, we found in a previous study that evolu-
tionary rates in cetacean rhodopsin correlate with species forag-
ing depth (11).
In ancestral cetaceans, however, the precise nature and extent

of adaptive change in rhodopsin function remains unclear.
Because D83N and A292S have blue-shifting effects in extant
rhodopsin models, a spectral blue-shift of uncertain magnitude
was long assumed to characterize the terrestrial-to-aquatic transi-
tion (25–27). Nevertheless, this hypothesis has not been tested
experimentally in the context of the ancestral rhodopsins in
which these substitutions are thought to have occurred. More
recent studies also highlight the influence of retinal release and
light-activated rhodopsin (meta II) decay on dark adaptation in
the retina (15, 28, 29), a physiological response of critical
importance to diving mammals (30). However, the only study
of these mechanisms in a cetacean rhodopsin to date showed
that they are affected by intramolecular epistasis (24); therefore,
their relevance to ancestral cetaceans is unknown.
Here, we determine functional shifts in rhodopsin over the

transitional branch of Cetacea using ancestral sequence reconstruc-
tion (ASR) and protein synthesis (sometimes called “resurrection”)

to discuss implications for the evolution of visual ecology and div-
ing. This interdisciplinary approach merges computational analy-
ses with laboratory experiments to investigate potentially adaptive
molecular evolutionary scenarios. Specifically, ancestral genetic
backgrounds allow hypotheses about protein functional evolution
to be directly tested in vitro through mutation experiments that
replicate substitutions along an ancestral lineage (31, 32) (Fig. 1).
Rhodopsin is one of many proteins for which considerable evolu-
tionary insight has been gained through ASR in other vertebrate
systems (8, 15, 33–35). The cetacean terrestrial-to-aquatic transi-
tion is widely recognized as a promising model for investigating
the molecular foundations of macroevolutionary change, yet
ancestral protein resurrection remains an underutilized approach
in cetacean evolutionary research (36).

We investigate whether the cetacean visual system evolved
adaptations for aphotic zone foraging before the divergence of
the two modern sister clades, Odontoceti (toothed whales) and
Mysticeti (baleen whales). To test this hypothesis, we use several
ASR methods to infer the nucleotide and amino acid sequences
of rhodopsin in both the Cetacea and Whippomorpha common
ancestors (Fig. 1). Because no genetic material has as yet been
recovered from transitional cetacean fossil specimens, these two
nodes represent the narrowest time span (∼20 My) for bracketing
the terrestrial-to-aquatic transition, which occurred between ∼55
and 35 Mya (1, 2). We then express and mutate the ancestral pig-
ments to determine whether spectral tuning and meta II decay
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Fig. 1. Phylogeny of cetartiodactyl rhodopsin coding sequences and reconstructed terrestrial-to-aquatic transitioning residues. We used codon-based likelihood
models of evolution to infer the rhodopsin coding sequence at internal nodes of the tree (Cetacea and Whippomorpha). The reconstructed sequences had high
posterior probabilities and revealed 12 transitioning residues. We then synthesized and expressed the ancestral genes in vitro via transfection into mammalian
tissue culture cells for experimental tests of evolutionary hypotheses. We found significant shifts in both spectral tuning (λmax) and meta II decay (retinal release
t1/2) along the transitional branch, caused by substitutions D83N and A292S. The tree topology shown is based on established species relationships, where
branch lengths are proportional to the number of nucleotide substitutions per codon (see Materials and Methods and SI Appendix for further details).

2 of 8 https://doi.org/10.1073/pnas.2118145119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118145119/-/DCSupplemental


profiles (evaluated with absorbance and fluorescence spectroscopy,
respectively) shift toward deep-sea signatures in the Cetacea
ancestor.

Results

Ancestral Rhodopsin Expression Reveals Functional Shifts in
Spectral Tuning and Meta II Decay during the Terrestrial-to-
Aquatic Transition. We used codon-based likelihood methods to
infer the nucleotide and amino acid sequences of both the Ceta-
cea and Whippomorpha ancestral rhodopsins (Fig. 1). Through
in vitro expression in mammalian cell culture and protein purifi-
cation, we generated properly folded rhodopsin pigment samples
from both synthesized ancestral coding sequences. We successfully
regenerated these pigments with 11-cis-retinal chromophore and
obtained dark-state absorbance spectra typical for vertebrate rho-
dopsin (as compared with a bovine rhodopsin positive control, SI
Appendix, Fig. S1). Both ancestral visual pigments responded to
light exposure with a spectral shift to 380 nm (Fig. 2A), which is
characteristic of the light-activated intermediate, meta II (37).
Although the Whippomorpha rhodopsin had a spectral peak

typical of terrestrial vertebrates at ∼500 nm (38, 39) (Figs. 1

and 2A), the Cetacea rhodopsin was significantly blue-shifted
relative to Whippomorpha by 14 nm (t = 170.79, df = 3.64,
P = 3.125E�8; Welch’s two-tailed t test; Fig. 2A). Computa-
tional evolutionary analyses of rhodopsin coding sequences have
thus far implied that the ancestral crown cetacean had either a
moderately blue-shifted spectral peak similar to modern delphi-
nids (∼489 nm) (27) or an extreme shift similar to that of the
bathypelagic-diving beaked whales (<485 nm) (26). However, we
found that the ancestral Cetacea spectral peak was intermediate
between these estimates at λmax = 486 nm (Figs. 1 and 2A),
which matches a deep-diving pinniped, the elephant seal (40),
and various teleost fish that inhabit the mesopelagic zone (∼200
to 1,000 m) (20, 21). Considering that baleen whales have spec-
tral peaks ranging between 490 and 495 nm (19, 23, 26, 41), the
ancestral Cetacea rhodopsin is on the lower end of the cetacean
spectral range overall.

Light-activated retinal isomerization hydrolyzes the Schiff
base linkage between all-trans retinal and the rhodopsin apo-
protein, releasing the molecule from the binding pocket. In all
vertebrate visual opsins, this retinal must then be replaced with
a new 11-cis molecule before the visual cycle can repeat (42).
The release of all-trans retinal can be measured in vitro by
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Fig. 2. (A) Dark and light-activated absorption spectra. The indicated λmax values are the means (±SEs) of estimates calculated for separately eluted samples
of each pigment (where n is the number of elutions per pigment). Light-activated spectral peaks are 380 nm, which is the characteristic signature of the
light-activated intermediate, and insets show dark-light difference spectra. (B) Light-activation fluorescence time series. The indicated t1/2 values for retinal
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monitoring an intrinsic increase in fluorescence as the molecule
migrates out of the protein, providing an estimate of the retinal
release rate (t1/2), which varies among species (43, 44). The t1/2
for Cetacea rhodopsin at 18.6 min was significantly faster than
the t1/2 for Whippomorpha rhodopsin at 26.9 min (t = 11.91,
df = 2.96, P = 0.001; Welch’s two-tailed t test; Figs. 1 and 2B).
The ancestral Cetacea retinal release rate is intermediate between

some terrestrial mammals such as human and bovine (12–15 min
(39)) and other aquatic mammals such as the killer whale and hip-
popotamus (∼25 min (24)). This result is interesting given that
the Cetacea pigment has high sequence similarity to killer whale
rhodopsin, which is also blue-shifted, yet has a slower retinal release
rate (24). Such a case exemplifies the potential risks associated with
using an extant model system to make inferences about ancestral
function. However, the spectral tuning and retinal release results
for the ancestral Whippomorpha rhodopsin are comparable to hip-
popotamus rhodopsin; both have a typical terrestrial spectral peak
(∼500 nm) and a long retinal release rate [t1/2 ≥ 25 min (24)].
The latter may be the result of increased aquatic/dimlight activity,
a hypothesis that was similarly proposed to explain longer retinal
release rates in the killer whale, hippopotamus, bats, and ancestral
mammals, all of which have become increasingly nocturnal and/or
aquatic relative to their ancestors (8, 14, 24).

Sites 83 and 292 Mediate Functional Shifts in Ancestral Cetacean
Rhodopsin. Previous mutation experiments that we conducted
in killer whale and hippopotamus rhodopsin (24) led us to
hypothesize that sites 83 and 292, which are also under positive
selection in cetaceans (11), may account for the majority of the
functional shifts between the two ancestral states. As such, we
created backward mutations at these sites in the ancestral Ceta-
cea rhodopsin to determine whether they were sufficient to pro-
duce the functional phenotype of the Whippomorpha pigment.
Single mutations at these sites significantly red-shifted spectral
tuning (N83D: t = 29.73, df = 1.22, P = 0.011; S292A:
t = 173.95, df = 2.00, P = 3.305E�5; Welch’s two-tailed
t tests), although the effect from 292 was considerably greater
(Fig. 3A). For retinal release, the shifts were minor although
still significant for site 292 (t = 6.87, df = 2.01, P = 0.020;
Welch’s two-tailed t test; Fig. 3B). When combined in a double
mutant, sites 83 and 292 were sufficient to shift the spectral
peak of Cetacea to within 1 nm from Whippomorpha (Fig. 3A),
with no significant difference between the pigments (t = 0.73,
df = 2.89, P = 0.518; Welch’s two-tailed t test). For retinal
release, the double mutant and Whippomorpha pigments had sim-
ilar values (Fig. 3B) yet were still significantly different (t = 5.09,
df = 1.99, P = 0.037; Welch’s two-tailed t test), which suggests
other residues may be contributing to the difference between the
ancestral rhodopsins.
These results are consistent with growing evidence that the

functional effects of these substitutions, especially at site 83, are
variable across species. Although D83 is highly conserved in
vertebrates (45), D83N is associated with slowed retinal release
and increased meta II stability in dim-light-adapted species
(9, 13, 14, 46, 47). However, N83D negligibly shifts retinal
release in the killer whale due to the presence of serine at site
299, a case of intramolecular epistasis (24). The ancestral Cetacea
rhodopsin also has S299 (SI Appendix, Fig. S2), and the effect
of N83D on retinal release was also insignificant (t = 0.65,
df = 3.18, P = 0.562; Welch’s two-tailed t test; Fig. 3B). As
such, even though we found that the retinal release rate of this
pigment was faster than killer whale rhodopsin (24), the minimal
shifts resulting from our N83D mutant suggest that some epi-
static masking was already established in the ancestral crown

cetacean. In addition, the contribution of site 292 to metarhodop-
sin kinetics has received minimal attention relative to spectral tun-
ing, yet here we found it significantly affected Cetacea retinal
release, just as it did in the killer whale (24).

Ancestral Rhodopsin 3D Structure Suggests Multiple Mechanisms
for Transitioning Residues. The ancestral sequences we recon-
structed in PAML4.9 (48) show 12 substitutions between the
Whippomorpha and Cetacea nodes (Fig. 1, SI Appendix, Fig. S2).
We constructed a homology model of the ancestral Cetacea rho-
dopsin to understand the structural significance of these transition-
ing residues. Most of them (7 sites) are in transmembrane helical
regions, 3 of which (sites 83, 292, and 300) are near the Schiff
base of the retinal chromophore (Fig. 4A). The remaining sites are
located near other functional regions, including hydrogen-bond
networks, potential dimerization interfaces, glycosylation sites,
transducin/arrestin-binding regions, and visual disease sites (45).

Our mutation results and ancestral rhodopsin 3D structure
are consistent with recent studies that emphasize the contrast-
ing structural-functional roles of sites 83 and 292. In vertebrate
rhodopsins overall, D83 and A292 are highly conserved (45).
While the A292S substitution correlates strongly with aquatic
spectral tuning (20, 24, 25), D83N has varied effects with
respect to both spectral tuning and metarhodopsin kinetics in
the context of different pigment backgrounds (14, 24, 46, 47).
Spectral tuning mechanisms that are associated with D83N and
A292S have been extensively investigated in multiple vertebrate
rhodopsin systems using both computational simulations and
mutation experiments. These investigations generally agree that
the large blue-shift associated with A292S is due to the close
proximity of the side chain to the Schiff base of the chromo-
phore (24, 45, 49) (Fig. 4B). In contrast, the mechanism of
D83N appears to be through its participation in a protein-wide
hydrogen-bond network that mediates the conformational shift
of rhodopsin through its light-activated metarhodopsin states
(13, 24, 45, 50) (Fig. 4C).

Discussion

We report here the experimental characterization of reconstructed
ancestral cetacean visual pigments and provide estimates for the
genotypic and phenotypic states of rhodopsin at the phylogenetic
nodes separating cetaceans from their terrestrial relatives. Our
spectral tuning measurements have confirmed the long-standing
hypothesis of a spectral blue-shift on the ancestral cetacean
branch. The magnitude of this shift places the ancestor of crown
cetaceans closer to the deep-sea spectral profiles of beaked whales
and mesopelagic teleosts than to the more intermediate spectral
range of most modern cetaceans (19, 25–27, 41). Our retinal
release assays also showed a decrease in active-state (meta II) sta-
bility over the terrestrial-to-aquatic transition, which has since
been recovered in some modern descendants such as the killer
whale (24). We propose that decreased meta II stability may
correspond to increased rates of retinal regeneration, and sub-
sequently dark adaptation, a trait that allows for faster rod accli-
mation to dimming light levels in extant deep-diving marine
mammals (30). Taken together, our results suggest that some of
the first fully aquatic cetaceans were mesopelagic divers.

The ancestor of crown cetaceans (stem Neoceti) is thought
to have derived from the earliest fully aquatic archaeocetes, par-
ticularly dorudontine members of the Basilosauridae in the
Middle to Late Eocene (5). These ancient whales likely pos-
sessed tail muscles that were suitable for powered diving strokes
(1, 4) and had reduced thickness in periosteal compact bone
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similar to modern cetaceans (51). Reconstructions of net sur-
face charge on ancestral cetacean myoglobin also indicate the
evolution of increased muscle oxygen storage capacity on the
root branch of Cetacea before the divergence of Odontoceti
and Mysticeti, in addition to further increases on descendant
branches (52). Exposure to the vast prey resources provided by
deep-sea cephalopods, many of which are bioluminescent and
emit in the blue part of the spectrum, is thought to have influ-
enced the evolution of deep diving and echolocation in early
odontocetes (3), but analyses of tooth microwear and ancestral
state reconstructions of cetacean feeding strategies indicate that
cephalopods were among basilosaurid prey as well (53, 54).
In addition, extant cetaceans have at most two functioning

visual pigments (rhodopsin and long-wave cone opsin), and sev-
eral lineages are rod monochromats (27). The timing of short-
and long-wave cone opsin loss events in cetacean evolutionary
history is uncertain, but predominant hypotheses agree that
pseudogenization occurred multiple times following the diver-
gence of Odontoceti and Mysticeti, presumably due to advanced
auditory adaptations (e.g., echolocation) reducing sensory reli-
ance on vision (27). As such, the ancestral crown cetacean likely

had the full complement of mammalian visual pigments, but
was not specialized for either ultra- or infrasonic hearing (5).
Consequently, these animals depended on the visual system
(more than their descendants) for foraging activities. Given that
mesopelagic prey were likely a critical food source for oceanic
cetaceans before drastic increases in ocean primary productivity
during the Oligocene (54), the resulting selection pressure on
dim-light visual function would have included rhodopsin light-
activation mechanisms.

Mammalian rhodopsins are characterized by a rate of meta II
decay that is 50 times slower than the cone opsins (29). As
such, the trait is thought to be a dim-light adaptation in verte-
brate evolution (35, 55, 56). For example, mutation-induced
destabilization of meta II reduced dim-light photosensitivity in
transgenic mouse models (57), and there is evidence to suggest
that the occurrence of N83, which shifts the equilibrium of
meta states to favor meta II, may be a dim-light adaptation in
bats and deep-dwelling cichlids (13). However, the evolution-
ary reasons for the slowed meta II decay remain uncertain.
Early studies suggested that slowed retinal release rates may be
associated with greater signal amplification and photosensitivity
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points comprising λmax and t1/2 estimates are shown on violin probability plots next to the spectrophotometric readings (*This value is an outlier for the
Whippomorpha retinal release rate).
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(58), but this is likely not the case considering the speed and
efficiency of arrestin binding (57).
Alternatively, increased meta II stability combined with

arrestin binding can serve a photoprotective role. Meta II helps
to sequester all-trans retinal in bright conditions, as excessive
all-trans retinal photoproducts (such as from a full bleach of the
retina) are known to be cytotoxic (59). This relationship may
explain the prevalence of counterintuitive substitutions that
increase rhodopsin thermal stability at an unprecedented cost
to meta II stability (which becomes cone-like) in some deep-
dwelling teleost fish that are never exposed to bright light
(58, 60). However, dim-light-adapted mammals tend to have
stronger pupillary responses, which help protect the retina from
full bleaching (30), but also have a greater proportion and den-
sity of rod cells (61). Therefore, the characteristically stable
meta II of rhodopsin appears to be constrained in most tetra-
pods (60) and is exaggerated in several dim-light-adapted mam-
mals such as bats (14).
Our results suggest that the common ancestor of cetaceans and

hippos (Whippomorpha) had a very slow meta II decay rate. This
ancestor likely resembled members of the fossil genus Indohyus,
herbivorous rodent-like artiodactyls that were semiaquatic in that
they used small streams and rivers to escape from predators (62).
If, like hippos, this ancestor was also nocturnally active, then the
slow meta II decay rate may reflect a greater photoprotective need
arising from a strongly rod-dominated retina. In contrast, our
results demonstrate a significant shift toward faster meta II decay
rates in the ancestor of crown cetaceans that has since been
reversed in some extant species such as the killer whale (24). As
such, there must be an alternative function associated with meta
II decay rates that is critical to the terrestrial-to-aquatic transition
even at the cost of rod photoprotection.
Aside from rod photoprotection, meta II decay rates may

have important implications for retinal regeneration and dark
adaptation. In the phototransduction pathway in vivo, phos-
phorylation of meta II by rhodopsin kinase and binding by rod
arrestin halts G protein (transducin) signaling; this activity cul-
minates in the release of both retinal and arrestin to allow the
light-responsive (inactive) state of rhodopsin to regenerate (42).
Natural rhodopsin variants that favor a less stable meta II may
thus experience accelerated regeneration of the inactive state in
cases where the retina is only partially bleached (e.g., in dimmer
light environments, with a strong pupillary response). Indeed,
there is some evidence from transgenic studies that the decay of
light-activated rhodopsin can affect rates of dark adaptation
(28, 29, 63). At the molecular level, Hauser and colleagues

discovered that N83D occurred in three lineages of neotropical
cichlids that have transitioned from turbid water habitats to
clear water, and proposed a trade-off between dim-light photo-
sensitivity and retinal regeneration to explain the accelerated
retinal release rate caused by the substitution (9).

A similar trade-off was recently proposed to explain increased
meta II decay rates and a spectral red-shift over a marine-to-
freshwater transition in croakers. Specifically, rapid retinal regen-
eration may be a benefit for vertically navigating the water column
in freshwater habitats where light attenuates quickly with depth
and tends to be longer wavelength (15). The cetacean terrestrial-
to-aquatic transition is a similar scenario, except that the spectral
change is for a shorter wavelength (blue-shifted) environment.
Interestingly, the increased meta II decay rates in the croakers are
due in part to the substitution E122I, which also causes a spectral
blue-shift (the croakers have several other substitutions to generate
the spectral red-shift) (15). In several oceanic fish lineages, transi-
tions to blue-shifted waters coincide with E122I and several other
substitutions to recover the concurrent reduction in meta II sta-
bility (60). However, E122 is constrained in tetrapods (60), so
the double D83N/A292S substitution in ancestral cetaceans may
reflect an alternative evolutionary pathway toward both blue-
shifted spectral tuning and rapid retinal regeneration. Furthermore,
the background residue S299 may facilitate this pathway by epis-
tatically negating the meta II-stabilizing effect of D83N (24).

Following on these works, we propose an ecological trade-off
between rod photoprotection and dark adaptation in how they
are affected by light-activated meta II stability. For mesopelagic
(and deeper) foraging marine mammals, faster regeneration rates
facilitated by rapid retinal release and meta II decay may accelerate
rod dark adaptation during dives. Although rates of dark adapta-
tion have not as yet been measured in a cetacean, the deep-diving
elephant seal can adjust to dim light at a rate three to five times
faster than shallow diving pinnipeds and terrestrial mammals (30).
Given that rhodopsin regeneration is thought to be limited by
meta II decay when the retina is only partially bleached (29, 59),
the ancestral cetacean may have had a dark adaptation rate that
was faster than in some extant cetaceans such as the killer whale
(which is not a deep diver), but perhaps more comparable to
deep-diving mammals such as the elephant seal. This hypothesis
could be evaluated further by comparing rhodopsin retinal release
rates across a variety of marine mammal species with different div-
ing abilities.

Taken together, the deep-sea spectral signature and accelerated
retinal release of ancestral cetacean rhodopsin suggest that the pro-
genitor of modern cetaceans was exploiting the mesopelagic zone,
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diving to depths where light is both more limited and blue-
shifted. The evolution of diving behavior has received much atten-
tion in certain lineages, such as the bathypelagic-diving sperm and
beaked whales (5), but there has been comparatively little paleon-
tological insight into the diving abilities of ancestral crown ceta-
ceans. Through our study of ancestral cetacean rhodopsin, the
question of when aphotic diving first evolved in cetaceans now
has an experimentally supported hypothesis, one that invites fur-
ther corroboration from future paleontological discoveries and
molecular evolutionary data from additional physiological systems.
Evolutionary insight into the ecology and behavior of ancient
organisms is notoriously elusive, even with a plentiful fossil record,
but laboratory re-creation of ancestral proteins provides an invalu-
able context for testing structural-functional hypotheses with a
direct bearing on organismal physiology and lifestyle.

Materials and Methods

Ancestral Rhodopsin Expression and Site-Directed Mutagenesis. The
reconstructed coding sequences for the ancestral Cetacea and Whippomorpha
rhodopsins (see below) were synthesized with BamHI and EcoRI restriction sites
on their 50 and 30 ends, respectively, for insertion into the p1D4-hGFP II expres-
sion vector (64) using the services of GeneArt (Thermo Fisher Scientific). We intro-
duced mutations to each pigment (N83D, S292A, N83D/S292A in Cetacea; V300I
in Whippomorpha; SI Appendix, Fig. S3) using the QuikChange II site-directed
mutagenesis protocol (Agilent). Before heterologous expression, we confirmed all
of the mutant-vector constructs by Sanger sequencing. As described in previous
work from our group (11, 64), we transiently transfected maxi-preps (Lipofect-
amine 2000, Invitrogen; 8 μg DNA/10 cm plate) of each rhodopsin-vector
construct into cultured HEK293T cells (ATCC CRL-11268). Each transfection also
included standard bovine rhodopsin constructs as a positive control. After 48 h,
we harvested the cells, regenerated them with 11-cis-retinal in the dark, and
solubilized them in 1% dodecylmaltoside detergent. We then purified the
rhodopsin samples by immunoaffinity nutation with the 1D4 monoclonal
antibody (University of British Columbia 95062, lot 1017) coupled to a hydrazide
resin, followed by washing and sample elution in sodium phosphate buffers.

We determined the spectral tuning of eluted rhodopsin samples from UV-
visible absorption spectra as recorded by a Cary 4000 double-beam spectropho-
tometer (Agilent) in the dark (25 °C). We then fit template curves for opsins
bound to 11-cis-retinal (65) to the normalized absorption spectra to estimate the
spectral peak (λmax). To confirm light-activation ability, we also recorded the absorp-
tion spectrum for a single elution per pigment after 60 s of white-light bleaching
(fiberoptic lamp, Dolan-Jenner), which allowed us to calculate the dark-light differ-
ence spectrum. For the remaining unbleached samples, we recorded the release
rate of all-trans retinal after a 30-s white-light bleach (20 °C) using a Cary Eclipse
fluorescence spectrophotometer (Agilent) (24). Where necessary, we diluted elu-
tion samples to a maximum concentration of roughly 0.3 μM for the assay, which
allowed us to run additional time courses for higher yield samples. The spectro-
photometer detects the intrinsic increase in fluorescence over time as migration of
all-trans retinal from the binding pocket unquenches nearby tryptophan residues
in the protein. The retinal release half-life (t1/2) can then be estimated by fitting a
first-order exponential curve (y = y0 + a (1 – e�kx), where t1/2 = ln (2)/k) to the
fluorescence time course (43).

Ancestral Rhodopsin Sequence Reconstruction. We obtained all available
complete rhodopsin nucleotide coding sequences for cetartiodactyl species
(22 cetaceans, 11 noncetacean cetartiodactyls; SI Appendix, Table S3) from Gen-
Bank and aligned them by PRANK (66) within the BLASTPhyME program (67).
We included rhodopsin coding sequences from cat (representing Laurasiatheria),
human (representing Euarchontoglires), and elephant (representing Afrotheria)
as outgroups. For inference of ancestral sequences, we constructed a species tree
topology using cetartiodactyl relationships established in previous studies (2, 68).

We used codon-based likelihood models to infer the ancestral rhodopsin cod-
ing sequences at the cetartiodactyl nodes representing Whippomorpha and
Cetacea, which span the terrestrial-to-aquatic transition (Fig. 1). We implemented
analyses in the codeml program of PAML 4.9 (48) using a variety of random sites
and clade models (all with default F3 × 4 estimated codon equilibrium

frequencies) (SI Appendix, Tables S1 and S2). Codon-based likelihood models,
by making use of both the nucleotide sequence and the codon structure encod-
ing the translated amino acid sequence, offer several advantages over commonly
used amino acid- and nucleotide-based reconstruction methods, including
higher accuracy and the incorporation of rate heterogeneity arising from varying
selection pressure across the coding sequence and/or phylogenetic tree (SI
Appendix). The latter is achieved via modeling of nonsynonymous versus synony-
mous substitution rates, often expressed as the ratio dN/dS = ω . This allowance
may be relevant for ASRs, where varying selection pressure exists in the study
system, a case that we previously demonstrated for cetacean rhodopsin (11).

The few studies that have used codon-based methods for ASR tend to rely on
random-sites models (8, 15, 33, 35). Consequently, there has been little explora-
tion of whether more complex models that incorporate rate variation over differ-
ent parts of the phylogeny generate results that are consistent with them. In our
previous work (11), the dataset of cetacean rhodopsin sequences was fit signifi-
cantly better by a model that allowed evolutionary rates to vary differently on
clade partitions corresponding to different diving profiles. As such, we included
clade models for these diving class partitions in our analyses, and they also gave
the best fits to our dataset according to the Akaike information criterion (SI
Appendix, Table S2). The only other study we know of that used clade models for
ASR also found that they provided the best fit to data with rate heterogeneity
that varied over the tree (15).

Even so, for both ancestral pigments, the resulting amino acid sequences
had high posterior probabilities (Fig. 1) and were either identical (Cetacea) or
nearly identical (Whippomorpha), regardless of codon model complexity (SI
Appendix). For the Whippomorpha sequence, the codon models were inconsis-
tent at a single site (similar probabilities for either V300 or I300), but the alterna-
tive residues did not have a significant effect on either spectral tuning or retinal
release (SI Appendix, Fig. S3). Nevertheless, to further assess the robustness of
our results, we sampled the posterior distribution of the best-fitting codon model
and repeated sequence reconstruction using less appropriate but more com-
monly used nucleotide- and amino acid–based methods (SI Appendix). However,
the amino acid models resulted in three substitutions that had highly improba-
ble underlying nucleotide substitutions according to the codon models (SI
Appendix, Figs. S4–S6). Apart from these three sites, these methods estimated
ancestral sequences at the Cetacea and Whippomorpha nodes that were consis-
tent with the codon models.

Homology Modeling. To visualize the structural locations of terrestrial-to-aquatic
transitioning residues and to better understand the structural-functional context of
sites 83 and 292, we modeled the three-dimensional structure of the reconstructed
ancestral Cetacea rhodopsin amino acid sequence using the dark-state bovine rho-
dopsin crystal structure (PDB: 1U19 (50)). Using the Modeler package (69), we
generated 100 models of Cetacea rhodopsin (optimized 10 times per model by
the objective function) and ranked them according to discrete optimized protein
energy (DOPE) score (70). We selected the best model (lowest DOPE score) for
examination in MacPyMol (Delano Scientific). The Cetacea rhodopsin had a similar
total energy to the bovine rhodopsin crystal structure [comparable Z scores in
ProSA-web (71))], and highly probable stereochemical bond conformations among
amino acid residues [ProCheck (72)].

Statistical Tests. For detecting differences in λmax and t1/2 among our ances-
tral and mutated pigments, we used Welch’s two-sample t tests (two-tailed) to
accommodate unequal variances. To assess normality, we tested the distribution
of data from our bovine rhodopsin control pigment (λmax: W = 0.90, P = 0.34,
n = 10; t1/2: W = 0.97, P = 0.88, n = 9; Shapiro-Wilk tests). We determined
minimum viable sample sizes for pigment expression (β ≤ 0.2) by conducting a
power analysis for detecting shifts of at least 2 nm in λmax and 5 min in t1/2
(SI Appendix, Table S4), differences that are thought to be biologically significant
(34, 35, 38, 60).

Data Availability. Dataset files include: Alignment of rhodopsin (Rh1) sequen-
ces formatted for PAML, corresponding species tree in Newick format for PAML,
and ancestral Rh1 amino acid sequences (for Cetacean and Whippomorpha
nodes) estimated with PAML (random sites, clade, and amino acid models),
Datamonkey, and ProtASR. Data have been deposited in Zenodo, https://zenodo.
org/record/5797505#.Yei6h_hyaUl (73).
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