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The nocturnal origin of mammals is a longstanding hypothesis that is considered instrumental for the evolution of endothermy,
a potential key innovation in this successful clade. This hypothesis is primarily based on indirect anatomical inference from
fossils. Here, we reconstruct the evolutionary history of rhodopsin—the vertebrate visual pigment mediating the first step in
phototransduction at low-light levels—via codon-based model tests for selection, combined with gene resurrection methods
that allow for the study of ancient proteins. Rhodopsin coding sequences were reconstructed for three key nodes: Amniota,
Mammalia, and Theria. When expressed in vitro, all sequences generated stable visual pigments with λMAX values similar to the
well-studied bovine rhodopsin. Retinal release rates of mammalian and therian ancestral rhodopsins, measured via fluorescence
spectroscopy, were significantly slower than those of the amniote ancestor, indicating altered molecular function possibly related
to nocturnality. Positive selection along the therian branch suggests adaptive evolution in rhodopsin concurrent with therian
ecological diversification events during the Mesozoic that allowed for an exploration of the environment at varying light levels.
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rhodopsin evolution.

The early Mesozoic rise of mammals (sensu Kielan-Jaworowska
et al. 2004) from premammaliaform cynodonts was a cornerstone in vertebrate evolution (Kemp 2005). With over 5000 extant
species and at least 4000 fossil taxa, mammals are a highly diverse and successful clade, having evolved an enormous number
of ecological specializations (for review see Luo 2007). The emergence of endothermy is considered a major event in mammalian
evolution, enabling mammals to be independent of ambient temperatures, evolve higher metabolic rates, and have longer activity
periods (Jerison 1971; Crompton et al. 1978). The evolutionary
origin of mammalian endothermy has historically been viewed
as a by-product of an adaptation to a nocturnal lifestyle, based
on the observation that living insectivorous hedgehogs, tenrecs,
and shrews are ecomorphologically similar to early mammalian
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fossil taxa (Jerison 1971; Crompton et al. 1978). In fact, a recent study of nonmammalian synapsids using linear morphometrics on scleral dimensions supports the view that mammals and
their ancestors had adapted, possibly several times independently,
to at least dim-light conditions during synapsid history (Angielczyk and Schmitz 2014). The results rectify the traditional view
that nocturnality may have evolved in response to predation pressures from diurnal dinosaurs, whose activities may have been
restricted to daytime due to their dependence on solar radiation
(Clarke and Pörtner 2010).
Ecological specializations such as endothermy and nocturnality are reflected primarily in the physiology of an organism,
or in its soft parts such as eye shape and size (Ross and Kirk
2007; Hall et al. 2012), but further evidence has recently been
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detected in the hard parts of a fossil phenotype (Angielczyk and
Schmitz 2014). Even though the hypothesis of ancestral mammalian nocturnality has gained increasing support, inferences
at the molecular level are scarce (Davies et al. 2012). However,
if this hypothesis is correct, one would expect functional adaptations in systems involved in vision and light detection, the most
important of which are the visual pigments that initiate the visual
transduction cascade (Yau 1994; Blumer 2004).
Rhodopsin is the visual pigment responsible for mediating
the critical first step of dim-light vision in vertebrates (Burns and
Baylor 2001). The 11-cis-retinal chromophore, bound through
a protonated Schiff base linkage at Lys-296 in the chromophore
binding pocket of rhodopsin, is converted to all-trans-retinal upon
activation by a photon (Ebrey and Koutalos 2001). This results
in a series of conformational changes in rhodopsin, eventually
leading to the biologically active metarhodopsin II, which exists
in an equilibrium with other metarhodopsin intermediates (Ritter et al. 2004; Vogel et al. 2004). For rhodopsin to regenerate
in vivo, all-trans-retinal must first be released, which involves
hydrolysis of the existing Schiff base linkage, and dissociation
of retinal from opsin (Hofmann et al. 1992; Pulvermüller et al.
1997). Rhodopsin is a highly specialized chromophore-protein
complex, where small changes in the amino acid sequence can
profoundly affect its structure and function, ultimately resulting
in changes to the visual capacities of an organism. Therefore, we
hypothesize that a nocturnal lifestyle in early mammals would
have involved adaptive changes in their visual system, especially
in rhodopsin. These adaptive changes are likely to be detected by
computational tests for selection acting on the coding sequence
of the gene, and through functional characterization of inferred
ancestral proteins expressed in vitro (Thornton 2004; Yang 2007;
Zhao et al. 2009a,b); in the present study, we employ both approaches to test this hypothesis.

SYNTHETIC GENE CONSTRUCTION AND IN VITRO

Methods

EXPRESSION

COMPUTATIONAL ANALYSES

Protein-coding nucleotide sequences of 26 vertebrate rhodopsins
downloaded from GenBank, and the Thamnophis proximus
rhodopsin sequence (Yang 2010), were aligned using MEGA4
(Table S1) (Tamura et al. 2007). A gene tree was inferred by
maximum likelihood (ML) using PhyML 3 under the GTR+G+I
model with a BioNJ starting tree, the best of NNI and SPR tree
improvement, and aLRT SH-like branch support (Anisimova and
Gascuel 2006; Guindon et al. 2010). The topology of this tree disagreed with the expected species relationships (Fig. S1). This is
common with rhodopsin gene trees, which are known to produce
biased phylogenetic reconstructions (Chang and Campbell 2000).
As a result, we instead used a species phylogeny based on previous studies (Bininda-Emonds et al. 2007; Meredith et al. 2007;
2

Murphy et al. 2007; Wible et al. 2007; Asher and Helgen 2010)
for the computational analyses (Fig. 1). Taxa were sampled from
a broad range of tetrapods, with one or two representatives from
each major group, in order to maximize phylogenetic coverage
and divergence (Fig. 1; Fig. S1). Coelacanth and lungfish were
included as outgroups (Fig. 1; Fig. S1).
Ancestral sequence reconstructions were carried out using
codon-based marginal reconstruction implemented in the software package PAML 4.2b (Yang et al. 1995; Yang 2007). The
random sites codon models were compared in order to find the
best-fitting model (Table S2). To test the robustness of the ancestral reconstruction we generated and assayed three alternate
ancestral mammal sequences. One was inferred by weighted random samplings derived from the posterior probability distribution
following Gaucher et al. (2003). The other two were produced
by replacement of a site reconstructed with low posterior with a
different residue in the posterior distribution (V39A, V49L).
In addition to ancestral sequence reconstruction, we used
codon models in PAML to test for positive selection on the
branches leading to reconstructed nodes. Specifically, branchsite models were used to test for positive selection on the amniote, mammalian, and therian branches. The branch-site model
has four site classes: (0) 0 < ω0 < 1 for all branches; (1)
ω1 = 1 for all branches; (2a) ω2a = ω2b ! 1 in the foreground and 0 < ω2a = ω0 < 1 in the background; and
(2b) ω2b = ω2a ! 1 in the foreground and ω2b = ω1 = 1
in the background. The branch-site model is compared to a null
model where ω2a and ω2b are constrained to equal one in both
the background and the foreground. Statistical significance was
assessed by likelihood ratio tests (LRTs) between the different
nested models (Yang 2007). Positively selected sites were identified by Bayes Empirical Bayes (BEB) for the branch-site model
(Yang et al. 2005).
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The protein-coding sequences of the reconstructed ancestral
Amniota, Mammalia, and Theria rhodopsins, as well as the
resampled Mammalia sequence, were optimized for expression
in mammalian cells and artificially synthesized (Geneart AG,
Regensburg, Germany). Two additional ancestral Mammalia
sequences were created by site-directed mutagenesis (V39A,
V49L). Sites were mutated in the reconstructed ancestral mammal rhodopsin background to another residue in the posterior
distribution. Site-directed mutagenesis primers were designed
to induce the specified amino acid substitutions at these sites
(Table S3), with mutagenesis performed via PCR with Pfu
polymerase (Fermentas) employing standard cycling conditions.
All constructs were cloned into the p1D4-hrGFP II expression vector (Morrow and Chang 2010). After transformation into
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Figure 1.

Tetrapod phylogeny used in this study, with coelacanth and lungfish as outgroups. The topology is based on species relation-

ships from recent studies (Bininda-Emonds et al. 2007; Meredith et al. 2007; Murphy et al. 2007; Wible et al. 2007; Asher and Helgen
2010). Branch lengths are proportional to the number of nucleotide substitutions per codon as estimated by the M3 model of PAML.
Nodes with inferred ancestral rhodopsins are indicated by a gray star.

α-Select Silver Competent Cells (Bioline), plasmids were purified with a Plasmid Maxi Kit (Qiagen). All vector sequences
were confirmed using a 3730 DNA Analyzer (Applied Biosystems). Expression vectors were used to transfect HEK293T cells
(8 µg/plate) using Lipofectamine 2000 (Invitrogen). Cells were
harvested 48 hours post-transfection, washed three times with
harvesting buffer (PBS, 10 µM aprotinin, 10 µM leupeptin) and
incubated in 5 µM 11-cis-retinal to regenerate visual pigments.
Samples were then solubilized in solubilization buffer (100 mM
NaCl, 1 mM CaCl2 , 50 mM Tris pH 7, 1% dodecyl maltoside)
and immunoaffinity purified with the 1D4 monoclonal antibody
(Molday and MacKenzie 1983). Purified visual pigment samples
were eluted in sodium phosphate buffer (50 mM NaPhos, 0.1%
dodecyl maltoside, pH 7).
The ultraviolet-visible absorption spectra of purified bovine
and ancestrally reconstructed rhodopsins were recorded in the
dark at 25°C using a Cary 4000 double-beam spectrophotometer (Varian). Activation was measured by a blue shift in peak
absorbance to "380 nm following light bleaching, representing
the active metarhodopsin II state. Dark-light difference spectra
were generated by subtracting metarhodopsin II spectra from respective dark state spectra. All λMAX values were calculated after

fitting absorbance spectra to a standard template for A1 visual pigments (Govardovskii et al. 2000). The protocol used to determine
retinal release rates of visual pigments was modified from that
of Farrens and Khorana (1995). Briefly, 0.08–0.15 µM visual
pigment samples in submicrofluorometer cell cuvettes (Varian)
were bleached for 30 seconds at 20°C using a Fiber-Lite MI-152
Illuminator external light source (Dolan-Jenner), using a filter to
restrict wavelengths of light below 475 nm. Fluorescence measurements were integrated for 2 seconds at 30-second intervals
using a Cary Eclipse fluorescence spectrophotometer (Varian).
The excitation wavelength was 295 nm [1.5 nm slit width] and
the emission wavelength 330 nm [10 nm slit width]; no noticeable
pigment bleaching by the excitation beam was detected. Retinal
release was demonstrated through a sharp initial rise in intrinsic
tryptophan fluorescence, representing a decrease in fluorescent
quenching of W265 by the retinal chromophore. Data from the
initial rise was fit to a three variable, first order exponential equation [y = yo + a(1 – e−bx )], with half-life values calculated based
on the rate constant ‘b’ [t1/2 = ln2/b]. All curve fitting resulted in
r2 values of greater than 0.95. Differences in retinal release rates
were assessed using a two-tailed t-test with unequal variance,
where P-values of < 0.05 were deemed significant.
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Figure 2. Absorption spectra (A–D) and retinal release fluorescence data (E–H) of rhodopsins inferred for Amniota (B, F), Mammlia (C,
G), and Theria (D, H) nodes. Bovine rhodopsin is the control (A, E).

Results and Discussion
ANCESTRAL GENE RECONSTRUCTION

In order to test the hypothesis that the origin and successful rise
of the mammalian clade took place in a nocturnal environment,
ancestral rhodopsin coding sequences for the nodes Amniota (reptiles, mammals), Mammalia (monotremes, marsupials, placentals), and Theria (marsupials, placentals) were inferred by the
M3/M7 codon models implemented in PAML 4.2b (Yang et al.
1995; Yang 2007). M3 and M7 were the best-fitting random sites
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models and resulted in identical ancestral sequences (Table S2).
The amniote and mammal ancestral sequences had 95% similarity (18 variable amino acids), whereas the amniote and therian
sequences had 92% similarity (28 variable amino acids). As expected, the mammalian and therian sequences were more similar
with only 10 variable amino acids (97% similarity). The majority of sites were reconstructed with high posterior probability
(Fig. S2) with only nine, eight, and five amino acids reconstructed with less than 80% posterior probability for the amniote,
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mammalian, and therian ancestral sequences, respectively, and
only one site reconstructed with less than 50% posterior probability (Table S4). Since the reconstructed ancestral sequences
represent the most probable sequence out of a distribution, it is
still useful to assess the robustness of the results to variation
in the reconstruction (Gaucher et al. 2003; Pollock and Chang
2007; Bar-Rogovsky et al. 2015). Thus, we inferred three additional ancestral mammalian sequences, one by weighted random resampling from the posterior distribution and two by sitedirected mutagenesis of residues that were reconstructed with low
posterior probability to an alternate residue in the distribution.
The resampled ancestral mammalian sequence differed from the
most probable mammalian sequence by seven amino acids and
thus provides a strong test for the effect of uncertainty in the
reconstruction.
Inferred sequences were expressed in vitro and functionally
assayed (Table 1; Fig. 2). As would be expected of properly
folded and functional visual pigments, all expressed ancestral
rhodopsins were stable in the dark, and converted to a biologically
active metarhodopsin II intermediate when exposed to light (Fig.
2B–D), as indicated by a shift in the absorption maximum (λMAX )
to approximately 380 nm, the characteristic λMAX of
metarhodopsin II (Baumann and Bender 1973). The λMAX
estimate for our control, bovine rhodopsin, was 499 nm, which
matches previous well-established results (Fig. 2A) (Oprian
et al. 1987). Reconstructed ancestral rhodopsins (Amniota,
Mammalia, and Theria), as well as additional inferred sequences
of Mammalia, had λMAX values similar to bovine rhodopsin, at
around 500 nm (Table 1; Fig. 2B–D). The similarities in λMAX
values among ancestral mammalian rhodopsins is consistent with
the lack of variation in known visual pigment spectral tuning
sites among these sequences (Lin and Sakmar 1996).
We also assessed the rate of retinal release from lightactivated rhodopsin by monitoring the increase in fluorescence
following release of all-trans-retinal from the binding pocket, an
assay used to evaluate the stability of the activated metarhodopsin
II state (Farrens and Khorana 1995). Retinal release rates of
all ancestral visual pigments were measured alongside a bovine
rhodopsin control, and are reported as relative half-life values (relt1/2 ). Retinal release half-life measurements for bovine rhodopsin
(t1/2 = 15.2 min; Table 1; Fig. 2E) were consistent with previously
published results (Farrens and Khorana 1995; Yan et al. 2002).
However, retinal release half-life values for the ancestral Amniota,
Mammalia, and Theria rhodopsins were 1.2, 1.6, and 1.9 times
greater than bovine, respectively, with both the ancestral Mammalia and Theria rhodopsins being significantly different (Table
1; Fig. 2F–H). The alternate ancestral Mammalia sequences did
not have significantly different retinal release rates than the most
probable sequence, suggesting that the assayed phenotype is robust to uncertainty in the reconstruction (Table 1). These findings

suggest variation in the function of activated rhodopsin at the early
stages of mammalian evolution, as well as at the split of crown
monotremes and eutherians (placentals and marsupials).
Eighteen amino acid substitutions occurred along the branch
leading from the ancestral Amniota node to the ancestral Mammalia node, which led to a significantly slower rate of retinal
release in ancestral Mammalia rhodopsin. One substitution that
likely contributed to this difference is V189I, which has previously been shown to slow retinal release (Morrow and Chang
2015). This is not surprising, considering site 189 is a known functional determinant of visual pigments (Kuwayama et al. 2002) and
is part of the “retinal plug” that shields the chromophore from the
extracellular environment (Sakai et al. 2010). Meanwhile, another
pair of substitutions (L216M, S260A) are located near an opening between transmembrane helices 5 and 6 in the activated state
(Choe et al. 2011) that is the hypothesized site of retinal release
(Wang and Duan 2011). There are also three substitutions (A39V,
L49V, V308M) at sites that have been shown not to influence
retinal release, either in this study or previously (Piechnick et al.
2012; Morrow and Chang 2015). Finally, four of the substitutions
are in the C-terminus (I318L, T333A, A336T, T340S), which are
more likely to mediate rhodopsin phosphorylation than retinal
release (Ohguro et al. 1995; Greene et al. 1997).
Our results show that light-activated ancestral Mammalia and
Theria rhodopsins release retinal significantly slower than Amniota and bovine rhodopsin (Table 1; Fig. 2E–H). However, the
association of retinal release with other biochemical properties of
vision, and its influence on physiological aspects of vision, are still
unclear. Our previous study suggests that the D83N substitution
in the nocturnal echidna leads to slower retinal release (Bickelmann et al. 2012). This substitution has also been associated with
an increase in the formation rate of metarhodopsin II in bats and
deep-water cichlids, and has been postulated to be adaptive for
dim-light vision in those animals (Sugawara et al. 2010). There is
also evidence that retinal release may affect dark adaptation, the
recovery of sensitivity of the visual system following exposure
to light (Hecht et al. 1937; Ala-Laurila et al. 2006). For larger
light bleaching events, the metabolism of new 11-cis-retinal in
the retinal pigment epithelium is thought to be the rate limiting
step of dark adaptation (Mahroo and Lamb 2004; Lamb and Pugh
2006; Lee et al. 2010). On the other hand, existing pools of 11cis-retinal in the rod outer segments may be able to accommodate
for light bleaches of smaller magnitude (Azuma et al. 1977; Cocozza and Ostroy 1987), suggesting that under these conditions,
faster retinal release may be beneficial for dim-light vision, allowing for a shorter period of dark adaptation. Additionally, a
recent study highlighted a possible link between active state lifetime and dark state thermal isomerization in rhodopsin (Yanagawa
et al. 2015), which suggests a potential connection between lightactivated stability and photosensitivity in the dark. In this context,
EVOLUTION 2015
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Table 1.

Retinal release rates and λMAX values of bovine and ancestrally reconstructed rhodopsins.

Retinal release rate, relative to
bovine rhodopsin (min)

Rhodopsin
Bovine
Ancestral amniota
Ancestral mammalia
Ancestral mammalia V39A
Ancestral mammalia V49L
Ancestral mammalia resampled
Ancestral theria

λMAX (nm)

1.0 ± 0.00 (16)
1.2 ± 0.14 (4)
∗
1.6 ± 0.22 (4)
∗
1.9 ± 0.15 (4)
∗
1.6 ± 0.14 (3)
∗
2.1 ± 0.41 (3)
∗
1.9 ± 0.15 (4)

499.4 nm
499.8 nm
501.3 nm
500.9 nm
500.4 nm
501.7 nm
500.2 nm
∗

Includes three additional ancestral Mammalia sequences inferred to assess the robustness of the ancestral reconstruction. Indicates P-value of < 0.05 when
compared to bovine rhodopsin using a two-tailed t-test with unequal variance.

it is interesting to speculate that changes in retinal release rates
may be associated with shifts in visual capabilities associated with
life-history transitions in early mammalian ancestors. Therefore,
while the precise mechanism by which variation in retinal release
may influence adaptations to dim-light vision remains unclear,
it continues to be an interesting question to pursue from both a
physiological and evolutionary perspective.

TESTS FOR SELECTION

Along with in vitro expression of ancestral rhodopsins, we also
applied tests of selection in order to detect positive selection in
rhodopsin coding sequences that may lead to functional change
(Table S5). Assuming a switch from diurnality to nocturnality at
the origin of mammals, one would expect to find positive selection
indicating adaptive changes along the branch leading from Amniota to Mammalia. However, in contrast to initial expectations,
we did not find any evidence of positive selection along the mammalian branch (Table S5). Instead, our analyses revealed positive
selection, using the branch-site model, along the branch leading
to Theria (Table S5). The elevated dN/dS ratio is supported by
a total of seven sites (13, 37, 225, 290, 345, 346, 348), identified by Bayes Empirical Bayes (BEB) analysis with a posterior
probability greater than 90% (Table S6). Even though this finding
may appear to contradict our initial assumption, as well as the
results from the reconstruction methods employed in this study,
the detected positive selection along the therian branch might be
explained by the ecological diversification of Mesozoic mammals
(Luo 2007). Indeed, there is evidence for five ecological diversification events during the early evolution of this clade, including
the appearance of lifestyles typically seen in modern mammals
(Luo 2007). For example, already by the early Jurassic, theriiform
taxa such as Docofossor, Agilodocodon, Fruitafossor, Repenomamus, Volaticotherium, Henkelotherium, and Vincelestes, had
evolved fossorial, scansorial, arboreal, and volant ecologies (Luo
and Wible 2005; Meng et al. 2006; Luo 2007; Luo et al. 2015;
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Meng et al. 2015). Assuming that the earliest mammals had indeed been nocturnal, it seems plausible that rhodopsin may have
undergone major changes in response to invading new habitats at
different light levels; these adaptations are likely to be detected as
positive selection by codon model analyses of sequence evolution.
Selection was nevertheless acting upon mammalian
rhodopsin in another way: in a previous study, we detected a
high number of synonymous substitutions along the mammalian
branch, resulting in a preference for G/C-ending codons over A/T
(Chang et al. 2012). A preferred use of codons with a fourfold
degeneracy at the 3rd position has been found to increase mRNA
stability and tRNA translation efficiency (Ikemura 1985; Shabalina et al. 2006; Drummond and Wilke 2008), resulting in an
increased number of rhodopsin molecules within the retina, and
facilitating vision at low-light levels (Chang et al. 2012). Here, we
hypothesize that these changes in codon bias were evolutionarily followed by adaptive changes in rhodopsin coding sequences
along the therian branch due to ecological specializations at varying light levels.
Our study found molecular support for the hypothesis that
nocturnality was likely present in early mammals and their ancestors, which presumably was a selective advantage in the evolution
of endothermy, a potential mammalian key innovation, followed
by changes in rhodopsin as a consequence of adapting to new
light habitats in the therian lineage. We employed two different
molecular approaches to study rhodopsin: in vitro expression of
ancestrally reconstructed sequences to assess functional differences, and likelihood-based tests for selection to detect potential
selective pressures. Our results are congruent with previous studies that support the view of ancestral mammalian nocturnality
from an ecomorphological perspective (Jerison 1971; Crompton
et al. 1978; Kemp 2005; Angielczyk and Schmitz 2014). The findings contribute to an improved understanding of early mammalian
evolution, highlighting the importance of the interplay between
morphology, palaeontology, and molecular biology when addressing large-scale evolutionary questions.
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