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Abstract

Rhodopsin, the light-sensitive visual pigment expressed in rod photoreceptors, is specialized for vision in dim-light
environments. Aquatic environments are particularly challenging for vision due to the spectrally dependent attenuation
of light, which can differ greatly in marine and freshwater systems. Among fish lineages that have successfully colonized
freshwater habitats from ancestrally marine environments, croakers are known as highly visual benthic predators. In this
study, we isolate rhodopsins from a diversity of freshwater and marine croakers and find that strong positive selection in
rhodopsin is associated with a marine to freshwater transition in South American croakers. In order to determine if this is
accompanied by significant shifts in visual abilities, we resurrected ancestral rhodopsin sequences and tested the exper-
imental properties of ancestral pigments bracketing this transition using in vitro spectroscopic assays. We found the
ancestral freshwater croaker rhodopsin is redshifted relative to its marine ancestor, with mutations that recapitulate
ancestral amino acid changes along this transitional branch resulting in faster kinetics that are likely to be associated with
more rapid dark adaptation. This could be advantageous in freshwater due to the redshifted spectrum and relatively
narrow interface and frequent transitions between bright and dim-light environments. This study is the first to exper-
imentally demonstrate that positively selected substitutions in ancestral visual pigments alter protein function to
freshwater visual environments following a transition from an ancestrally marine state and provides insight into the
molecular mechanisms underlying some of the physiological changes associated with this major habitat transition.

Key words: rhodopsin spectral tuning, likelihood-based codon models, clade models of molecular evolution, under-
water visual ecology, evolution of fish vision.

Introduction
Resurrecting ancestral protein sequences has made it possible
to test in vitro the functional effects of evolutionary change
along an ancestral lineage (Chang and Donoghue 2000; Storz
2016). This approach combines the reconstruction of ances-
tral sequences with experimental assays of protein function. It
is especially useful for investigating the molecular underpin-
nings of major evolutionary transitions and the adaptive mo-
lecular evolution of protein function in the context of gene
family or organismal evolution (Chang et al. 2002; Gaucher
et al. 2003; Ugalde et al. 2004; Projecto-Garcia et al. 2013;
Kratzer et al. 2014; Dungan and Chang 2017; Isogai et al.
2018; Kaltenbach et al. 2018). Adaptive radiations associated
with biogeographic events, such as the rise of mountain
ranges, formation of volcanic islands, and glacial retreat,

and the corresponding appearance of novel niches, have
long served as model systems in evolutionary biology
(Schluter 2000). However, although genomic signatures of
adaptation have been observed in lineages that have experi-
enced major habitat changes (Lamichhaney et al. 2015;
Marques et al. 2018; Lim et al. 2019), the underlying molecular
mechanisms associated with major biogeographical transi-
tions are seldom studied by resurrecting ancestral sequences
(Projecto-Garcia et al. 2013; Dungan and Chang 2017; Isogai
et al. 2018). This may stem from the prohibitive cost associ-
ated with resurrecting multiple genes and lineages involved in
these evolutionary events. Codon-based analyses of selection
(Yang and Bielawski 2000; Anisimova and Liberles 2007), and
in particular branch site and clade models (Yang and Nielsen
2002; Bielawski and Yang 2004; Kosakovsky Pond et al. 2011;
Weadick and Chang 2012) can identify protein-coding genes
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where specific sites or lineages are likely to be the targets of
positive selection. By focusing on positively selected substitu-
tions, functional differences in ancestral sequences can be
studied with respect to the changes in patterns of natural
selection associated with ecology and biogeography (Zakon
et al. 2006; Van Nynatten et al. 2015; Dungan and Chang 2017;
Schott et al. 2018; Gower et al. 2019; Pisciottano et al. 2019).

One of the most striking biogeographical events involving
aquatic ecosystems includes the massive marine incursions of
South America during the Miocene (Lovejoy et al. 1998;
Hoorn et al. 2010). During this time, vast regions of
Amazonia were inundated with seawater, creating environ-
ments of intermediate salinity that facilitated evolutionary
transitions from marine to freshwater. As a result, marine
lineages, including fishes such as stingrays, anchovies, needle-
fishes, and croakers, as well as invertebrates including shrimps,
crabs, and mollusks, adapted to freshwater and became com-
ponents of South American freshwater aquatic communities
(Lovejoy et al. 1998; Bloom and Lovejoy 2017). Marine to
freshwater transitions require a suite of adaptations in phys-
iological and life history traits including osmotic regulation
(Tsai and Lin 2007; Lee et al. 2012), diet (Sanchez et al. 2019),
metabolism (Kitano et al. 2010; Ishikawa et al. 2019), defense
from predators (Jones et al. 2012), reproductive strategies
(Reznick et al. 2007), and vision (Van Nynatten et al. 2015).
Therefore, marine to freshwater habitat transitions offer an
excellent opportunity to investigate the molecular and func-
tional basis of a suite of interesting adaptations.

In terms of spectra of available light, marine and freshwater
habitats differ considerably. Light penetrating the open ocean
is known to become increasingly blueshifted with depth and
can penetrate up to 1,000 m depending on water clarity
(Jerlov 1968). Decades of research have shown that many
deep-sea marine fishes, as well as those inhabiting deep and
clear lakes, such as the Lake Baikal sculpins and African Rift
Lake cichlids, have visual systems with spectral sensitivities
optimized for the detection of blue–green light (Wald et al.
1957; Hunt et al. 1996, 2001; Marques et al. 2018). In contrast,
the spectrum of light illuminating riverine environments
attenuates much more rapidly, is more spectrally heteroge-
neous, but has been less studied from the perspective of the
visual systems of riverine animals (Levine and MacNichol
1979; Costa et al. 2013). In general, higher concentrations of
suspended particulate matter and organic compounds, which
scatter and absorb short-wavelength light, respectively, result
in a dramatically redshifted underwater visual environment,
where overall light levels are dramatically reduced and atten-
uate rapidly, in some cases within a few meters of the surface
(Levine and MacNichol 1979; Costa et al. 2013) (fig. 1). These
differences in aquatic light environment are thought to affect
the visual systems of fishes, with freshwater fishes generally
expressing more redshifted visual pigments (Rennison et al.
2016; Musilova et al. 2019) and with higher proportions of the
redshifted A2 chromophore (Toyama et al. 2008) than marine
fishes. In addition, there is evidence of genetic signatures of
positive selection and selective sweeps in freshwater fishes
that may be associated with redshifts in visual sensitivity in

visual pigments, but this has yet to be investigated experi-
mentally (Van Nynatten et al. 2015; Hill et al. 2019).

Rhodopsin, contained in rod photoreceptors, is the visual
pigment that initiates the first step in the visual transduction
cascade and is essential for the perception of light in dim-light
environments (Baylor 1996). It is often the most highly
expressed visual pigment in fishes (Musilova et al. 2019)
and thus the biochemical and biophysical characteristics of
rhodopsin directly affect how an organism perceives its envi-
ronment, particularly under dim-light conditions (Hauser and
Chang 2017). Rhodopsin is comprised of an opsin G protein-
coupled receptor and a light-sensitive chromophore bound
within a pocket formed by the integral transmembrane heli-
ces of the opsin protein (Smith 2010). Upon the absorption of
light, the chromophore undergoes an 11-cis to all-trans isom-
erization that initiates a series of conformational changes in
the opsin protein, eventually forming the biologically active
Meta II state (Smith 2010). These helical rearrangements fa-
cilitate the activation of the heterotrimeric G protein trans-
ducin, initiating the visual transduction cascade within the
photoreceptors of the eye (Arshavsky et al. 2002). Rhodopsin
serves as an excellent model system for comparative studies
of molecular adaptation because several key aspects of its
function can be isolated and studied experimentally
(Bowmaker and Hunt 2006; Hofmann et al. 2009; Morrow
and Chang 2010). These include spectral tuning (Chang et al.
2002; Musilova et al. 2019), and kinetics of both light
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FIG. 1. Schematic of underwater light environments. Data adapted
from Jerlov (1968) and Costa et al. (2013).
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activation (Sugawara et al. 2010), and recovery phase of the
light-activated receptor (Hauser et al. 2017; Castiglione and
Chang 2018; Gutierrez et al. 2018; Liu et al. 2019).

We focus on rhodopsin of fishes in the family Sciaenidae as
a model system. Known as croakers or drum because many
species use vibrations of their swim bladder to produce acous-
tic signals (Ramcharitar et al. 2006), the Sciaenids are a family
of 286 species of fishes, distributed worldwide, mainly in trop-
ical and subtropical regions (Sasaki 1989). Croakers inhabit
nearshore marine habitats and estuaries, and freshwater spe-
cies occur in rivers of southeast Asia, North America, and
South America. Most croaker species are highly visual benthic
predators, relying on vision despite often inhabiting waters
where light is highly attenuated (Deary et al. 2016). They also
have relatively large eyes and rod-dominated retinas, and like
many other species adapted to dim-light environments, pos-
sess a tapetum lucidum to improve photon detection
(Arnott et al. 1972). Croakers, like several other lineages of
fishes, invaded South American freshwaters during Miocene
marine incursions and then diversified into 21 species that
occupy river habitats across the continent (Lo et al. 2015;
Bloom and Lovejoy 2017). Croakers independently invaded
freshwaters of southeast Asia and North America, but these
freshwater lineages did not diversify as they did in South
America (Lo et al. 2015).

Here, we investigate the effect of a major biogeographical
event, a marine to freshwater transition, on molecular adap-
tations in the visual system of the croakers. Clade models of
codon evolution are useful in detecting changes in selective
constraint in different lineages (Yang and Bielawski 2000;
Anisimova and Liberles 2007; Chang et al. 2012). We use these
codon-based analyses of selection to identify if positive selec-
tion, and by implication adaptive evolution, took place in the
dim-light visual pigment rhodopsin of croakers. Specifically,
we used clade models to test if transitional lineages from
marine environments to a much dimmer and redshifted
freshwater environment are under elevated selection pres-
sures associated with the change in habitat. We next mapped
positively selected sites from different ecological partitions
onto rhodopsin crystal structures with the expectation that
positively selected substitutions along the transitional lineage
would be in critical domains and as a result would have more
significant impacts on protein function. To empirically char-
acterize the impacts of positive selection associated with the
transitions from marine to freshwater in South America, we
reconstructed the ancestral sequences at the nodes bounding
this major transitional event. Using spectroscopic assays, we
tested the expectation that the transition to a more red-
shifted freshwater environment resulted in a more redshifted
visual pigment. We further investigated the effects of four
positively selected substitutions in close proximity to the
chromophore in a model genetic background to test their
contribution to the spectral shift as well as the kinetic prop-
erties of rhodopsin. This is the first study in which the nature
and type of molecular adaptations associated with a major
biogeographical transition to freshwater have been demon-
strated by pairing ancestral reconstructions with experimen-
tal analyses.

Results

Positive Selection in Croaker Rhodopsin
We investigated if the diverse array of visual environments
inhabited by croakers has resulted in higher levels of selection
on rhodopsin by estimating among-site variation in dN/dS

(Yang et al. 2000; Yang 2007). We found high average dN/dS

estimates for the rhodopsin gene in croakers (m0: dN/dS ¼
0.27). This average dN/dS is greater than values observed in
nonvision-related nuclear genes, EGR1, EGR2, and RAG1 used
in this study and others for phylogenetic reconstructions. It is
also greater than rates typical for rhodopsin in teleost fishes
and protein-coding genes in general (Rennison et al. 2012).
For croaker rhodopsin, random sites models in PAML that
included a positively selected site class were found to fit the
data significantly better than nested null models without
(supplementary table S1–S3, Supplementary Material online),
with several sites detected to be under pervasive positive
selection across the croaker phylogeny (supplementary table
S4, Supplementary Material online).

Increased Positive Selection in Rhodopsin Associated
with a Major Transition to Freshwater in South
America
To investigate whether there is evidence for positive selection
concurrent with transitions to freshwater environments, we
utilized branch site and clade models in PAML with transi-
tional branches set as the foreground (fig. 2A) (Yang and
Nielsen 2002; Bielawski and Yang 2004). The marine to fresh-
water transition in South America was found to be the target
of positive selection under both branch site and clade models
(branch site null vs. branch site: P¼ 0.0019 and M3 vs. Clade
model D [CmD]: P¼ 0.0100), but this was not found for any
other freshwater invasions (fig. 2B and supplementary tables
S5–S7, Supplementary Material online). Branch-site REL, a
complementary model implemented in the HYPHY package
(Kosakovsky Pond et al. 2011), which does not require a priori
partitioning of the phylogeny also identifies the South
American transitional branch as being under positive
selection.

The dN/dS estimate for the branch, representing the ma-
rine to freshwater transition in South America, was found to
be significantly higher than the dN/dS parameter estimated
from all of the freshwater South American descendants as
well as a large clade of North and South American marine
species that the South American freshwater clade is nested
within (fig. 2A and C). A model where only the marine to
freshwater South American transitional branch was allowed
an additional dN/dS parameter was not improved by a more
parameter-rich partitioning scheme with all three partitions
(CmD:transitional branch vs. CmD:transitional branch/fresh-
water clade: P¼ 0.1042, supplementary table S8,
Supplementary Material online), supporting the idea that
the marine and freshwater partitions have comparable dN/
dS estimates and that these estimates are lower than that of
the transitional branch.

Positive selection was not observed along the transitional
branch in nonvisual nuclear genes sequenced in this study.
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Branch-site tests of the nonvisual control genes typically con-
verged on the null model (dN/dS � 1) (fig. 2D). Positive se-
lection was only detected when marine lineages were set as
the foreground in the Rag1 data set (branch-site null vs.
branch site: P¼ 0.0121, supplementary tables S9 and S10,
Supplementary Material online).

Different Sets of Positively Selected Sites in Marine and
Freshwater Lineages
We investigated if the sites that were the targets of positive
selection differed in the marine lineages, the freshwater clade
and on the transitional branch by inferring positively selected
sites in each foreground partition of branch-site tests using
Bayes empirical Bayes (BEB) analysis in PAML (Yang 2005).
Sites with posterior probability above 0.7 for inclusion in the
positively selected site class are mostly unique to each phy-
logenetic partition and are distributed throughout the rho-
dopsin crystal structure (fig. 3A and C and supplementary
table S4, Supplementary Material online). An increased pro-
portion of the positively selected sites on the transitional

branch falls within 10 Å of the chromophore, where spectral
tuning sites have been previously observed (Bowmaker and
Hunt 2006) (fig. 3B). Positively selected sites on the transi-
tional lineage also undergo larger movements upon rhodop-
sin photoactivation, as measured using the root mean square
deviation of dark (1U19) and active-state crystal structures of
rhodopsin (3PQR) (fig. 3B) (Okada et al. 2004; Choe et al.
2011). Positively selected sites in the marine lineages and
the freshwater clade primarily occur at external sites facing
the plasma membrane (fig. 3C).

The multiple independent sets of positively selected sites
within the data set interferes with the assumptions of the
frequently employed Clade model C (CmC) (Bielawski and
Yang 2004). CmC did not identify any difference in dN/dS on
the transitional branch, at odds with inferences using branch
sites, branch-site REL (HYPHY), CmD, and even the overly
conservative two-ratio model. Comparisons of model param-
eters in CmC and CmD suggest that this is because positively
selected sites, pervasive across the croaker phylogeny, are
forced into the divergent site class in CmC, whereas in
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CmD, pervasive positively selected sites are better accommo-
dated by the freely estimated second site class, resulting in a
significantly better fit (CmC vs. CmD: P< 0.0001, supplemen-
tary table S11, Supplementary Material online).

Spectral Tuning in Marine and Freshwater Ancestral
Croaker Rhodopsins
To investigate the substitutions and functional shifts associ-
ated with the transition from marine to freshwater in South
America, we reconstructed the amino acid substitutions in
rhodopsin along the transitional branch using maximum like-
lihood codon and amino acid methods (Yang et al. 1995).
Ancestral rhodopsin sequences, representing the nodes
bracketing the transitional branch into South American fresh-
water habitats, were supported by high posterior probabili-
ties. In total, 20 substitutions were reconstructed along the
transitional branch, the most of any branch in the phylogeny
(supplementary table S12 and fig. S6, Supplementary Material
online). Eight of these substitutions occur only along this
branch, and the majority are subsequently conserved
throughout the freshwater clade.

We used heterologous protein expression and spectro-
scopic assays to functionally characterize the spectral sensi-
tivity of resurrected ancestral croaker rhodopsin sequences at
the marine and freshwater transitional nodes (fig. 2A). The
ancestral freshwater pigment was redshifted relative to the
marine ancestor with peak spectral sensitivities of 504 and
498 nm, respectively (fig. 4A). The peak spectral sensitivity of
the ancestral marine croaker rhodopsin is consistent with
microspectrophotometry data for marine croaker rods (sup-
plementary table S13, Supplementary Material online), and
the magnitude of the shift is similar to the blueshifting amino
acid substitutions observed in deep-water Lake Baikal cot-
toids (Hunt et al. 1996).

Positively Selected Sites on the Transitional Branch
Increase Rate of Retinal Release in Rhodopsin
Because expression levels for the marine and freshwater an-
cestral pigments were not high enough to test the kinetic
differences in marine and freshwater ancestral rhodopsin, we
used site-directed mutagenesis (SDM) to investigate the
effects of the four positively selected substitutions nearest
the chromophore, F119L, E122I, S124A, and F261Y (fig. 3B).
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These four substitutions are observed in many other fresh-
water fishes, suggesting a more general basis for adaptation to
freshwater (Van Nynatten et al. 2015; Castiglione and Chang
2018; Hill et al. 2019; Van Nynatten et al. 2019). We mutated
bovine rhodopsin to match the identities observed at these
sites in the marine and freshwater ancestrally reconstructed
sequences. The amino acids at these sites are mostly con-
served between bovine rhodopsin and the marine croaker
ancestor and differ only at site 124. The ancestral freshwater
sequence is identical to bovine rhodopsin at site 124 but
differs at sites 119, 122, and 261 (fig. 4B). Compared with
the ancestral croaker sequences, the spectral sensitivities of
the freshwater-like and marine-like bovine pigments were
slightly red- and blueshifted, respectively (506 and 496 nm,
supplementary table S13 and fig. S7, Supplementary Material
online). Retinal release rates also differed in freshwater- and
marine-like bovine rhodopsin. The substitutions at sites 119,
122, and 124 in the freshwater-like bovine rhodopsin halved
the half-life of the retinal release rate compared with wild-
type bovine rhodopsin (7.44 vs. 16.08 min, fig. 4B and C) and is
one third that estimated for marine-like bovine rhodopsin
(7.44 vs. 24.3 min, fig. 4B and C) (Castiglione and Chang
2018). Our results indicate that these substitutions mediate
an increase toward faster, slightly more cone-like retinal re-
lease rates in freshwater croaker rhodopsins. This is not likely
to be due to issues with protein folding/stability in the an-
cestral pigments, as assays of the susceptibility to hydroxyl-
amine attack for both ancestral croaker pigments were
consistent with an inaccessible binding pocket typical of

properly folded rhodopsins (supplementary fig. S8,
Supplementary Material online).

Discussion
In this study, we investigate rates of molecular evolution in
the dim-light rhodopsin gene of croakers during evolutionary
transitions from marine to freshwater habitats, using the larg-
est phylogenetic reconstruction of this family of fishes to date.
We found significant evidence for a burst of positive selection
on the branch representing the marine to freshwater transi-
tion in South America. Sites that were positively selected on
this transitional branch differ from those positively selected in
other croaker lineages and occur in domains likely to have
substantial effect on rhodopsin function. In vitro spectro-
scopic assays of resurrected ancestral proteins bracketing
this major transitional event result in an 8-nm redshift in
the freshwater ancestral rhodopsin, consistent with the pre-
vailing longer wavelengths of light in the freshwater visual
environment. Four ancestral substitutions along this branch
that also match the identities of other freshwater fishes
(L119Y, E122I, S124A, and F261Y) were found to recapitulate
the redshift. Unexpectedly, these substitutions also result in
much faster retinal release rates that are likely to greatly im-
prove dark adaptation, which may be important for fishes
that experience sharp changes in light levels. However, these
faster rates, in addition to the redshift, would have detrimen-
tal effects on photosensitivity in dim-light environments. This
would appear counterintuitive for benthic fishes inhabiting
dim-light environments but may represent a necessary
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trade-off in very redshifted freshwater ecosystems. Here, we
discuss the implications of these results with respect to the
evolution of rhodopsin structure and function, and the
aquatic visual environments in which these fish lineages are
thought to have occurred.

Mechanistic Studies of Major Evolutionary Transitions
The results of our study indicate that the significant func-
tional changes observed in ancestral croaker rhodopsins dur-
ing the evolutionary transition from marine to freshwater are
associated with a strong burst of positive selection. Major
changes in environment are known to be drivers of speciation
and adaptive evolution (Schluter 2000; Stroud and Losos
2016), and genomewide scans of selection have identified
evidence for selection in numerous species adapting to fresh-
water, such as the threespine stickleback (Jones et al. 2012),
the Yangtze finless porpoise (Zhou et al. 2018), Lake Baikal
sponges (Kenny et al. 2019), and Macrobrachium prawns
(Rahi et al. 2019). However, few genomewide studies of selec-
tion attempt to identify the mechanisms underlying adapta-
tion. Even when studies do identify specific genes putatively
under selection, hypothetical links between the function and
ecological niche are rarely tested in vitro (Storz 2005).
Adaptive inferences made without functional characteriza-
tion are rather risky and there are many factors that need
to be considered. For example, epistatic interactions can con-
strain protein function (Worth et al. 2009) and alter the out-
come of specific substitutions (Dungan and Chang 2017;
Castiglione and Chang 2018). The optimal peak for protein
function can also move because of the compartmentalization
of expression (Zakon et al. 2006), the expression of other
proteins with similar function (Schott et al. 2018), evolution
of other novel physiological processes (Gower et al. 2019; Van
Nynatten et al. 2019), or trade-offs with other functional
properties of the protein (Tokuriki and Tawfik 2009;
Castiglione and Chang 2018).

Spectral Tuning in Aquatic Environments
Our functional investigations of experimentally resurrected
ancestral croaker rhodopsins bracketing the marine to fresh-
water transition in South America showed a clear redshift in
visual sensitivity. It had long been hypothesized that riverine
environments may have been associated with redshifts in
visual sensitivity in freshwater fishes (Levine and MacNichol
1979; Schweikert et al. 2018), but prior to this study, this had
never been demonstrated experimentally for an ancestral
marine to freshwater transition. In general, freshwater envi-
ronments are enriched in longer wavelength light because of
increased concentrations of organic matter and suspended
particulates that attenuate short-wavelength light rapidly
(Lythgoe 1979; Costa et al. 2013). They also tend to be
much dimmer compared with marine waters (Lythgoe
1979). The evolution of a redshifted spectrally tuned rhodop-
sin in freshwater fishes would likely have been accompanied
by other adaptations to freshwater visual environments, in-
cluding the utilization of an alternative redshifted chromo-
phore (Toyama et al. 2008) and increased expression of

rhodopsin and long-wavelength sensitive opsins (Rennison
et al. 2016; Musilova et al. 2019).

Interestingly, some of the mechanisms of spectral tuning in
riverine environments are similar to those observed in deep-
sea species, but the direction of the spectral shift is the op-
posite. Amino acid substitutions observed in the freshwater
croakers were found at some of the same sites associated with
deep-sea spectral tuning adaptations in fishes invading
deeper marine environments, where rhodopsin is tuned to-
ward the blueshifted spectrum of available light typical of
depths >200 m (Bowmaker and Hunt 2006). For example,
A124S and Y261F mediate the blueshift observed in deep
water sculpins of Lake Baikal (Hunt et al. 1996; Luk et al.
2016) as well as many deep-sea fishes (Hunt et al. 2001; Lin
et al. 2017) and sharks (Hart et al. 2020). In croakers, the
reverse substitutions are observed in association with red-
shifts in spectral sensitivity. Interestingly, the F261Y substitu-
tion in rhodopsin has been recently found to be associated
with a selective sweep in the colonization of herring into the
Baltic Sea (Hill et al. 2019). Other spectral tuning substitutions
near the chromophore, L119F and E122I, observed in the
riverine croakers, are rarely observed in deep-sea species but
also appear to have arisen independently in many divergent
freshwater lineages (Castiglione and Chang 2018; Musilova
et al. 2019; Van Nynatten et al. 2019). Our study also dem-
onstrates the dangers of attempting to predict functional
shifts from sequence-based methods alone. In croakers, we
observed a substitution (E122I) that initially appeared puz-
zling in the transition to freshwater as it results in a slight
blueshift. However, our experimental assays show that this
substitution shows a much larger effect on retinal release, an
important nonspectral component of function in rhodopsin
(Imai et al. 2007; Sugawara et al. 2010; Castiglione and Chang
2018), as discussed below.

Nonspectral Adaptations for Turbid Environments
In our study, ancestral rhodopsin amino acid substitutions
that were targets of positive selection in the transition from
marine to freshwater were found to increase the rate of light-
activated retinal release when experimentally assayed in the
laboratory. This rate is thought to be associated with physi-
ological differences between rod and cone photoreceptors,
affecting the rate of dark adaptation (Imai et al. 2007). Faster
release of the retinal chromophore after light activation might
facilitate more rapid recovery after a light bleach in cone
photoreceptors (Imai et al. 2007), and may be one factor
among several underlying the nearly 10-fold increase in the
rate of dark adaptation in cones (Ingram et al. 2016). Indeed,
these nonspectral changes in rhodopsin might help explain
why some counterintuitive substitutions such as E122I are
found to be the targets of selection, as well as why some
positively selected sites in rhodopsin have been reported to
have little impact on rhodopsin spectral sensitivity
(Yokoyama et al. 2008). For freshwater fishes, faster recovery
of dim-light vision might provide an ecological advantage
during quick ascents and descents in the water column where
light is attenuated very rapidly creating a very narrow inter-
face between bright and dark-light environments.
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Interestingly, rapid rates of retinal release have been observed
in other well-studied freshwater fishes, such as the zebrafish
(Morrow and Chang 2015). Therefore, as with mesopelagic
species possessing retinas tuned to intermediate light inten-
sities (de Busserolles et al. 2017), highly turbid and tannin
stained freshwater environments might pose important
trade-offs between rod and cone functional properties.

Photosensitivity Trade-offs with Thermal Noise and
Signal Amplification?
Although redshifted spectral sensitivity and increased rate of
retinal release might be adaptive for some aspects of fresh-
water croaker vision, other studies suggest that these prop-
erties are likely to negatively impact other aspects of
rhodopsin function such as photosensitivity. Computational
modeling as well as experimental studies indicate that red-
shifts in visual pigment absorption maxima correlate with
decreased barriers to thermal isomerization and therefore
decreased photosensitivity (Ala-Laurila et al. 2003; Luo et al.
2011; Luk et al. 2016). The need to maintain a high barrier to
thermal activation is considered a critical factor constraining
the evolution of rhodopsin and is a major aspect that differ-
entiates rhodopsin from cone opsins (Ingram et al. 2016; Yue
et al. 2017). An endemic flock of cottoid fishes radiating into
dim-light environments in the depths of Lake Baikal are
thought to have acquired adaptations to rhodopsin that
would increase photosensitivity by decreasing thermal noise,
which ultimately sets the limit of light detection (Luk et al.
2016). However, many of the advantages of high photosensi-
tivity in blueshifted visual pigments have focused on marine
or deep lake species inhabiting blueshifted waters or terres-
trial habitats (Luo et al. 2011; Luk et al. 2016). In contrast, the
redshifted pigments observed in the benthic freshwater
croakers, as well as most other freshwater fishes (Schweikert
et al. 2018), especially benthic species (Levine and MacNichol
1979), are likely to result in decreased barriers to thermal
activation and therefore decreased photosensitivity. This is
also likely compounded by the fact that many fast-flowing
turbid rivers are much more homogeneous in temperature
with depth than marine waters. However, this trade-off with
photosensitivity is likely offset by very rapid attenuation of
short-wavelength light in most freshwater systems, necessi-
tating a redshifted visual pigment. This highlights the impor-
tance of environmental context when considering the
optimal functional properties of a protein, especially those
involved in sensory systems.

Model Flexibility Is Important in Detecting Positive
Selection
For this data set, the more flexible model, CmD was found to
result in a better fit than CmC. CmC is by far the most fre-
quently used of the clade models in PAML (Chang et al. 2012),
but its failure to adequately accommodate the multiple clas-
ses of positive selected sites may become increasingly preva-
lent as data sets increase in size and sequence diversity. Issues
associated with models designed to detect branch- and clade-
specific positive selection in PAML have been previously iden-
tified and remedied. Modifications to the branch-site model

(Zhang 2005) and the null model used in tandem with CmC
have improved their reliability (Weadick and Chang 2012).
Understanding the limitations of these methods and
approaches is critical for interpreting results. For example,
in data sets where pervasive positive selection is prevalent,
such as in the rapidly evolving cichlid fishes, the assumptions
of the branch-site tests may be violated, requiring the more
flexible clade models (Schott et al. 2014). Few previous studies
have utilized CmD, and fewer yet have compared its goodness
of fit with CmC (Chang et al. 2012), but exploring compar-
isons between CmC and D may be important, particularly in
cases where the dN/dS may be elevated across the phylogeny.

Conclusion
In this study, we link positive selection along a transitional
branch, representing the invasion of South American rivers by
croakers, to a shift in rhodopsin spectral and kinetic proper-
ties consistent with the intensity and wavelengths of light
illuminating the ancestral marine and freshwater environ-
ments. We have observed a similar shift in rate of nonsynon-
ymous substitutions in anchovies, another marine to
freshwater transition in South America (Van Nynatten et al.
2015). Comparatively, the number and nature of substitu-
tions observed along the transitional branch in the South
American freshwater anchovies suggests a less substantial
shift in protein function. This may reflect the highly visual
nature in the primarily piscivorous croakers in contrast to the
most planktivorous and less-active feeding anchovies (Sasaki
1989; Van Nynatten et al. 2015). It may also reflect the benthic
habitats of croakers, where more light is attenuated and the
need for spectral tuning is greater, resulting in more rapid
molecular adaptation (Sasaki 1989; Horodysky et al. 2008).
This additional level of complexity may be even more critical
for understanding important but often overlooked aspects of
functional adaptation, such as the kinetic rate of rhodopsin,
potentially more closely associated with behavior than shifts
in spectral sensitivity. Because major habitat transitions can
result in rapid shifts in protein function, as we have observed
in the croakers, using evolutionary transitions to investigate
the mechanistic basis of physiological adaptations promises
to be a productive avenue of future research in this field.

Materials and Methods

Sequencing and Sequence Alignment
DNA was extracted from 43 tissue samples preserved in eth-
anol, representing 36 species using a QIAGEN DNeasy kit
(Qiagen Inc., Santa Clara CA, USA). Four nuclear loci, the
recombination activating gene 1 (RAG1), early growth re-
sponse protein 1 and 2 (EGR1 and EGR2), and rhodopsin,
as well as two mitochondrial loci, Cytochrome c oxidase sub-
unit I (coi) and cytochrome b (cytb) were amplified using
polymerase chain reaction (PCR) using primers and protocols
previously published in (Van Nynatten et al. 2015) and (Lo
et al. 2015). PCR products were purified using ExoSAP-IT PCR
Product Cleanup Reagent (Applied Biosystems, Foster City,
CA, USA) and sequenced by Sanger sequencing at the
Hospital for Sick Children TCAG Sequencing Facility. These
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sequences were combined with sequences for the same six
molecular markers generated in a previous phylogenetic re-
construction of croakers (Lo et al. 2015) to form a data set of
139 taxa (supplementary tables S14 and S15, Supplementary
Material online). Sequences for each gene in the final data set
were aligned using MUSCLE (Edgar 2004). Terminal gaps were
removed when present in more than half of the samples. We
concatenated the alignments of all six molecular markers for a
total data set length of 6,460 bp.

Phylogenetic Reconstructions
Partition Finder (Lanfear et al. 2017) was used to estimate the
best-fitting model of molecular evolution for each gene and
the optimal partitioning scheme for the concatenated data
set (supplementary table S16, Supplementary Material on-
line). A Bayesian phylogeny was generated with Mr. Bayes
3.2 (supplementary fig. S1, Supplementary Material online)
(Ronquist et al. 2012), sampling from an Markov chain Monte
Carlo chain every 1,000 steps from two independent runs of
5,000,000 generations, discarding the first 25% of samples as
burn-in. RAXML (Stamatakis 2014) was used to reconstruct
maximum-likelihood phylogenies of the concatenated data
set and a rhodopsin-only data set with 1,000 bootstrap rep-
licates to obtain support for nodes (supplementary figs. S2
and S3, Supplementary Material online).

Molecular Evolutionary Analyses
To model the selection pressures acting on croaker rhodop-
sin, we employed codon models of molecular evolution
implemented in PAML (Yang 2007) and HYPHY
(Kosakovsky Pond et al. 2005) estimating rates of nonsynon-
ymous to synonymous substitutions (dN/dS). We tested for
pervasive positive selection by comparing random sites mod-
els in PAML including a positively selected site class (M2a and
M8) with nested null models without (m1a, M7, and M8a)
using likelihood ratio tests (Yang et al. 2000). We also used
FUBAR (HYPHY) to estimate positive selection on rhodopsin.
FUBAR independently estimates the rate of synonymous sub-
stitutions and allows for greater flexibility in dN/dS site class
parameter estimates (Murrell et al. 2013).

We used branch-site and clade models in PAML to test for
episodic bouts of positive and divergent selection on a priori
selected branches herein referred to as “foreground”
branches. We tested for positive selection on branches rep-
resenting the three freshwater invasion events and each eco-
logical partition (fig. 2A) by comparing the branch-site
models with the branch-site null models in PAML (Yang
and Nielsen 2002). CmC and CmD (CmC and CmD) were
also used to test for episodic shifts in selection pressures on
these branches with comparison to nested null models
M2aREL and M3, respectively (Bielawski and Yang 2004;
Weadick and Chang 2012). As a compliment to models in
PAML that allows for different rates across a priori selected
branches, we employed the aBSREL model in HYPHY that
estimates dN/dS on each branch of the phylogeny without any
a priori input (Kosakovsky Pond et al. 2011). These tests were
replicated on control gene data sets pruned to contain only
species with sequence data for each of the nuclear genes

included in this study. All tests of selection were replicated
on each of the different tree topologies (supplementary figs.
S1–S3, Supplementary Material online).

PAML was also used to reconstruct the ancestral sequen-
ces using the best-fitting codon models and the Dayhoff, JTT,
and WAG empirical amino acid models of molecular evolu-
tion. For all PAML analyses sites under positive selection were
inferred by BEB analysis when available or Naı̈ve Empirical
Bayes when not (Yang 2005). We visualized the location of
positively selected sites and substitutions observed along
transitional lineages on the crystal structure of rhodopsin in
its dark-state (IU19) and active-state (3PQR) crystal structures
using UCSF Chimera (Okada et al. 2004; Pettersen et al. 2004;
Choe et al. 2011).

Protein Expression and Functional Characterization
Ancestral marine and freshwater rhodopsin sequences at the
nodes bounding the marine to freshwater transition in South
America were synthesized using GeneArt (Invitrogen) with N
and C termini, and, where possibly, codons converted to
match human rhodopsin for better expression in HEK cells.
Restriction sites for insertion into the p1D4-hrGFP II expres-
sion vector were also included (Morrow and Chang 2010).
Expression vectors containing the ancestral sequences and
SDM bovine rhodopsin sequences were transiently trans-
fected into HEK cells using Lipofectamine 2000 (Invitrogen)
and harvested 48 h posttransfection. Rhodopsins were regen-
erated for 2 h in the dark with 5mM 11-cis-retinal and immu-
noaffinity purified in the dark using the 1D4 monoclonal
antibody. Because expression levels of these ancestral pig-
ments were not sufficient for our fluorescence retinal release
assays, we were unable to differentiate between the two an-
cestral pigments. However, because four positively selected
substitutions nearest the chromophore have also been ob-
served in many other freshwater taxa, we opted to investigate
the effects of these substitutions in a model system genetic
background using SDM to convert the amino acid identities
in bovine rhodopsin at sites 119, 122, 124, and 261 to match
the marine and freshwater croaker sequences via PCR
(QuickChange II, Agilent). SDM sequences were verified using
a 3730 DNA Analyzer (Applied Biosystems) at the Centre for
Analysis of Genome Evolution and Function and expressed as
described above.

The UV-visible absorption spectra of purified rhodopsin
samples were recorded in the dark at 20 �C using a Cary 4000
double-beam absorbance spectrophotometer (Agilent). Peak
spectral sensitivities were determined by fitting dark spectra
to a standard template curve for A1 visual pigments
(Govardovskii et al. 2000). Rhodopsin samples were bleached
for 30 s with a fiber optic lamp (Dolan-Jenner), and fluores-
cence measurements of retinal release were recorded at 20 �C
over 30-s intervals using a Cary Eclipse spectrophotometer
(Varian). Data were fit to a three variable, first-order expo-
nential equation (y ¼ y0 þ a(1 � e�bx)), and half-life values
were calculated using the rate constant b (t1/2 ¼ ln2/b). The
accessibility of the rhodopsin-binding pocket was assayed
with a hydroxylamine treatment (NH2OH; 50 mM).
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Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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