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High-altitude environments present a rangeof biochemical and phys-
iological challenges for organisms through decreases in oxygen,
pressure, and temperature relative to lowland habitats. Protein-
level adaptations to hypoxic high-altitude conditions have been
identified in multiple terrestrial endotherms; however, comparable
adaptations in aquatic ectotherms, such as fishes, have not been as
extensively characterized. In enzyme proteins, cold adaptation is
attained through functional trade-offs between stability and activity,
often mediated by substitutions outside the active site. Little is
known whether signaling proteins [e.g., G protein-coupled recep-
tors (GPCRs)] exhibit natural variation in response to cold tempera-
tures. Rhodopsin (RH1), the temperature-sensitive visual pigment
mediating dim-light vision, offers an opportunity to enhance our
understanding of thermal adaptation in a model GPCR. Here, we
investigate the evolution of rhodopsin function in an Andean
mountain catfish system spanning a range of elevations. Using
molecular evolutionary analyses and site-directed mutagenesis ex-
periments, we provide evidence for cold adaptation in RH1. We find
that unique amino acid substitutions occur at sites under positive
selection in high-altitude catfishes, located at opposite ends of the
RH1 intramolecular hydrogen-bonding network. Natural high-altitude
variants introduced into these sites via mutagenesis have limited
effects on spectral tuning, yet decrease the stability of dark-state and
light-activated rhodopsin, accelerating the decay of ligand-bound
forms. As found in cold-adapted enzymes, this phenotype likely
compensates for a cold-induced decrease in kinetic rates—properties
of rhodopsin that mediate rod sensitivity and visual performance.
Our results support a role for natural variation in enhancing the
performance of GPCRs in response to cold temperatures.

visual pigment | protein evolution | G protein-coupled receptor | Andean
catfishes | in vitro expression

High-altitude environments impose a suite of biochemical and
physiological constraints on organisms, such as hypoxia, low

atmospheric pressure, and decreasing temperatures (1–3). At the
biochemical level, proteins adapted to such conditions are of
particular interest to evolutionary biologists (1, 4). Studies of
high-altitude–adapted organisms, especially endotherms, have
focused primarily on adaptation to hypoxia, including modifica-
tion of proteins involved in oxygen metabolism (2, 5), and he-
moglobin structure and function (6). In contrast, our understanding
of biochemical adaptations for high altitude in ectothermic or-
ganisms, for which cold temperatures impose unique constraints
(7–9), remains limited. Studies in prokaryotes have highlighted how
cold adaptation in enzymes is attained by functional trade-offs
between protein stability and activity (10), a trade-off also char-
acterized in enzymes from ectothermic vertebrates, such as teleost
fishes, where single mutations altering intramolecular hydrogen
bonding networks (HBNs) decrease protein stability and ligand
binding affinity to optimize kinetic rates for cold environments
(11). It is currently unknown if and how high-altitude conditions
impose comparable temperature-related constraints on nonenzyme
proteins, such as G protein-coupled receptors (GPCRs).

The dim-light visual pigment rhodopsin presents an ideal system
in which to investigate adaptation in a GPCR. Rhodopsin (RH1)
has been extensively characterized across vertebrates, with studies
largely focused on how its spectral properties (i.e., wavelength of
maximum absorbance, λMAX) can be linked to adaptation to various
spectral environments (12, 13). Beyond spectral tuning, recent
in vitro work has also highlighted the importance of the kinetics of
activation and stability of rhodopsin (14–16), aspects of the proteins
function that are considered evolutionary innovations for dim-light
vision and are likely similarly critical for proper receptor functioning
and organismal fitness (17–21). These important functional prop-
erties are modulated by amino acid sites distributed across the
protein structure (22–25); however, several are located near con-
served GPCR elements maintaining stability (26–28), such as
the intramolecular HBN (29–32). Recent evidence suggests
that visual sensitivity within different habitats is likely maximized
through natural variation shifting the spontaneous thermal- and
light-activated decay rates of ligand-bound rhodopsin (28, 33, 34),
two distinct kinetic processes of direct relevance to rod photo-
sensitivity (17, 20, 21). Transgenic animal models have demon-
strated that amino acid substitutions destabilizing these inactive
and active-forms of rhodopsin can directly affect the dim-light
sensitivity of rods (35, 36), and are likely responsible for a re-
duction in rhodopsin-mediated dim-light visual performance in
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ectotherms exposed to small changes in temperature (20). These
kinetic processes are therefore sensitive to temperature changes
highly similar to those over which cold adaptation in ectotherm
enzymes has repeatedly occurred (11), suggesting that there may
be selection for cold adaptation in rhodopsin within species his-
torically exposed to relatively small temperature changes. Fur-
thermore, because some of the largest shifts in rhodopsin kinetics
(26, 27) are mediated by substitutions to conserved GPCR HBNs
(32), it is possible that cold adaptation in enzymes and GPCRs
may also proceed through similar molecular mechanisms.
Natural variation in rhodopsin spectral tuning has substantially

advanced our understanding of the evolutionary forces shaping
protein function and adaptation (12, 37, 38). Comparatively,
functional studies seldom examine rhodopsin stability through an
evolutionary lens (28, 34). This is likely in part because of the
caveat that investigating rhodopsin cold adaptation in natural
systems may be confounded by differences in environment. Nat-
urally occurring habitat transitions may also be accompanied by
other, concurrent, selective pressures on rhodopsin function, such
as changes in light spectra (12, 13, 28), pressure (39, 40), and
temperature (34). To disentangle such effects from other aspects
of rhodopsin function, we selected a system that maximized con-
sistency across ambient spectral environments. Armored catfish
native to high-altitude environments in the Andes inhabit single
mountain drainages that can span over 4,000 vertical meters (41–
43), introducing drainage-specific populations to wide tempera-
ture ranges (42, 44) but fast-flowing clear mountainous streams
(45). Indeed, temperature is likely a primary determinant of the
nocturnal high-altitude specialist’s (Astroblepus) geographical
distribution (46), which—unlike the closely related generalist
Ancistrus—is constrained to high altitudes, likely because of
temperature-related physiological constraints (42, 43, 46). Little is
known of the molecular adaptations these fishes may have evolved
in response to the decreased temperatures associated with a high-
altitude lifestyle. The range of temperatures inhabited by these
two genera (Ancistrus and Astroblepus) of low- and high-altitude
catfish (from <10 °C to >25 °C) (42) presents an ideal opportunity
to investigate the relationship between rhodopsin function and
temperature in an evolutionary framework.
We hypothesized that rhodopsin in high-altitude Andean spe-

cialists has adapted to cold temperatures by increasing kinetic
rates, specifically the spontaneous thermal- and light-activated
[Metarhodopsin II (MII)] decay rates of rhodopsin, two kinetic
processes of direct relevance to organismal visual sensitivity (20,
35, 36). We sequenced the rhodopsin gene (rh1) from catfish
inhabiting a range of altitudes, and combined molecular evolu-
tionary analyses with site-directed mutagenesis experiments to
test for cold adaptation in this protein. We found that high-
altitude catfish rhodopsin had unique natural variants located in
important structural domains known to mediate rhodopsin ki-
netics, and that these amino acid sites were under positive selec-
tion in high-altitude lineages. We generated rhodopsin mutants
containing these variants, determining thermal- and light-activated
decay rates in vitro. When mutated, these high-altitude variants
produced a substantial acceleration of the spontaneous thermal-
and light-activated decay rates of rhodopsin, supporting the role of
these kinetic processes in the cold adaptation of rhodopsin.

Results
High-Altitude Variants Are Near Important Structural Motifs Controlling
Rhodopsin Kinetics. In a series of collection trips to high-altitude
Andean drainages in Bolivia, Ecuador, and Peru, we collected
fish specimens from altitudes ranging up to 2,800 m above sea
level (masl) (SI Appendix, Table S9). Using genomic DNA extracted
frommuscle tissues, we generated an alignment of catfish rhodopsin
coding-sequences (rh1) from two Andean clades representing
Astroblepus, a high-altitude specialist catfish, and Ancistrus, a
generalist constrained to lower altitudes. This rh1 dataset reflected
a range of altitudes (40–2,810 masl) (SI Appendix, Table S9) and
consequent temperatures (14–25 °C) (42) and was used to-
gether with a set of publicly available rh1 sequences representing

subtropical/tropical and lowland catfish lineages to infer a maxi-
mum likelihood (ML; PhyML) (SI Appendix, Fig. S1) and Bayes-
ian (MrBayes) (SI Appendix, Fig. S2) gene tree. The Bayesian
topology and branch lengths were used for additional analyses.
We predicted that high-altitude catfish rhodopsin may display

unique natural variants near important structural domains me-
diating rhodopsin kinetics, similar to what has been found in
many cold-adapted enzymes (10, 11). We identified two unusual
single amino acid substitutions (L59Q, M288L), which repeatedly
occur in different lineages of the high-altitude specialist Astroblepus
(Fig. 1A). These positions are, to our knowledge, completely con-
served in all known vertebrate rhodopsins, consistent with their
proximity to the retinal binding pocket (RBP; site 288) and the
NPxxY motif (site 59): two distinct hubs of the same intra-
molecular HBN stabilizing inactive and active rhodopsin (27, 47–
49). To better understand what ecological factors may be driving
substitutions at these highly conserved positions, we investigated
the geographical distribution of natural variation at these posi-
tions across the Andean collection sites. We found that within
our Astroblepus dataset, natural variation at sites 59 and 288 only
occurred within populations from southern Peru (Fig. 1B), which
represents both the highest altitudes from which specimens were
collected (SI Appendix, Table S9), as well as the region where
Astroblepus is believed to have been exposed to high altitudes for
the longest period of time (50–52). These observations suggest
that within high-altitude specialist rhodopsin, ecological condi-
tions specific to high altitudes have changed the otherwise strongly
maintained functional constraints at sites 59 and 288.
We investigated whether these functional constraints were

shifting at high altitudes by searching for commensurate shifts in
selective constraint (53). We searched for evidence of positive
selection, which unlike relaxed selection, is consistent with adap-
tation in response to shifting functional constraints (53–56). We
used multiple models of molecular evolution (57, 58) to estimate
the selective pressures on high-altitude, as well as subtropical/
tropical lowland catfish rh1, which revealed distinct selection
pressures on all three catfish groups (SI Appendix, Tables S1 and
S2). There was no evidence of positive selection in lowland rh1;
however, there was robust support for a positively selected class of
nonoverlapping sites in the rh1 of the high-altitude specialist
(Astroblepus) and the altitude-generalist (Ancistrus) (SI Appendix,
Tables S1 and S2). Further evolutionary model testing (59, 60)
revealed significant evidence that only on the rh1 of the high-
altitude specialist (Astroblepus) had the selective constraints sig-
nificantly changed relative to lowland rh1 (SI Appendix, Tables
S3–S5). Multiple Bayesian methods (57, 58) predicted with high
confidence (SI Appendix, Tables S2 and S4) that these unique
selection pressures were specifically targeting sites 59 and 288 in
the rh1 of the high-altitude specialist (Fig. 1A), consistent with
adaptation in response to shifting functional constraints.

No Evidence of Positive Selection in Nonvisual Control Genes. To-
gether, these analyses lend support for positive selection on high-
altitude variants near structural motifs controlling rhodopsin
kinetic rates. To ensure that these results were unique to rh1
rather than a consequence of genome-wide changes in selective
constraint, or a reduction in the strength of selection because of
small population size (61), we sequenced and analyzed two “con-
trol” genes, α- and β-actin (act) and cytochrome B (cytb) (SI
Appendix, Tables S11 and S13). We found no evidence for pos-
itive selection in any lineage or clade, and overall both genes
were under pervasive purifying selection (SI Appendix, Tables
S6 and S7). This provided additional support for unique evolu-
tionary constraints on high-altitude catfish RH1.

High-Altitude Variants Accelerate Rhodopsin Decay Rates Associated
with Rod Photosensitivity. To test whether the high-altitude sites
under selection mediate kinetic properties of RH1, we examined
the effects of rhodopsin mutants with natural high-altitude var-
iants (L59Q and M288L) on the pigment’s dark-state and light-
activated (MII) stability, two kinetic processes of direct relevance
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to organismal visual sensitivity (20, 35, 36). We tested this ex-
perimentally using the prototypical class A GPCR model, bovine
(Bos taurus) rhodopsin, because it is well characterized and al-
lows interpretation of the functional results within well-resolved
crystal structures (62–64). We performed site-directed muta-
genesis to alter WT residues to natural variants in Astroblepus, to
explore the importance of these sites to rhodopsin function. WT
rhodopsin, along with L59Q and M288L mutants, were ex-
pressed in HEK293T cells, regenerated with 11-cis-retinal, and
immunoaffinity purified.
We monitored all–trans-retinal release in rhodopsin following

photoactivation at 20 °C using a fluorescence assay (SI Appen-
dix), a reliable method for tracking MII decay (16). The half-life
value of retinal release for WT RH1 was 15.0 ± 0.2 min (Fig. 2 A
and B), consistent with previously published results (16, 28).
However, the half-life values of rhodopsin mutants with substi-
tutions at positively and divergently selected sites, L59Q and
M288L, were both significantly shorter at 9.2 ± 0.3 and 8.4 ±
0.6 min, respectively (Fig. 2 A and B). We also measured the
thermal decay of dark-state WT rhodopsin and the mutant pig-
ments to see if these mutations would affect the stability of the
dark-state against spontaneous thermal activation. This was ac-
complished by monitoring the decrease of absorption at dark-
state λMAX while incubating at 53.5 °C (Fig. 2C), a process caused
by a combination of thermal isomerization and spontaneous hy-
drolysis of the Schiff base linkage (65). For WT RH1, the half-life
of thermal decay was 16.4 min (Fig. 2D). For the rhodopsin mu-
tants containing high-altitude amino acid variants, the results were
similar to the retinal release experiment, with L59Q and M288L
having shorter half-life values (4.8 and 5.2 min, respectively) (Fig.
2D). Taken together, these results suggest that natural variation at
positively selected rhodopsin sites in the high-altitude specialist,
Astroblepus, may promote increased kinetic rates as a response to
the colder temperatures found at high altitudes.
We next explored whether sites containing high-altitude variants

could be under positive selection as a result of putative spectral
shifts at high altitude, especially because changes in λMAX tend to be
linked with rhodopsin kinetic rates (14, 17, 34). We measured the
dark-state λMAX of WT and mutant rhodopsins, finding that WT
rhodopsin produced a λMAX of 498.6 nm ± 0.2, similar to previously
published results (23) (Fig. 2E and SI Appendix, Table S8). In-
terestingly, L59Q produced no significant spectral shifts relative to
WT, whereas M288L resulted in a blue-shift to 494.0 nm ± 0.4 (Fig.
2 F and G and SI Appendix, Table S8). Both natural variants
therefore accelerate rhodopsin dark- and light-activated kinetic
rates, whereas only one shifts spectral sensitivity. This finding is
consistent with the structural locations of both substitutions (Fig. 3),
where both are proximal to the same intramolecular HBN con-
trolling rhodopsin kinetics, but only site 288 is involved in the sec-
tion surrounding the RBP (23, 49, 66, 67) (Fig. 3A).

Discussion
Using both computational and experimental methods, we tested
for functional adaptation in high-altitude catfish (Astroblepus)
rhodopsin. We found that unique high-altitude amino acid vari-
ants occurring at sites under positive selection are near important
rhodopsin functional motifs maintaining the stability of ligand-
bound RH1 in the dark- and light-activated states. Substituting
natural high-altitude amino acid variants at these sites (L59Q or
M288L) into rhodopsin produced pigments with accelerated dark-
state and light-activated decay rates relative to a control pigment.
Here, we discuss our results in the context of rhodopsin structure
and function, and protein cold adaptation.

High-Altitude Variants Likely Modify Kinetic Properties of RH1 Through
Alterations to Interconnected HBNs. The ground-state inactivity of
dark-state rhodopsin and the stability of light-activated rhodopsin
are maintained in part by the HBN surrounding the chromophore
(23, 66) and the tight conformation of the RBP (63) (Fig. 3A). Site
288 was under positive selection, and is located within 8 and 9 Å of
the chromophore in the dark-state and MII crystal structures,
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Fig. 1. Positive and divergent selection in rh1 in high-altitude specialist catfish.
(A) Rh1 coding sequences were obtained from high-altitude catfish collected
from a range of elevations throughout the Andes Mountains in Bolivia, Ecuador,
and Peru, with near sea level Ancistrus individuals collected from Guyana and
Trinidad. The rh1 ML gene tree is shown. Collection site elevation is shown in
meters above sea level. Bold lines indicate distinct evolutionary pressures,
whereas dashed lines indicate lineages with amino acid substitutions to positively
selected sites. (B) Overview of collection sites (white dots) in Ecuador, Peru, and
Bolivia. Shown are rhodopsin sequence logos for the Astroblepus taxa collected
and sequenced from each region. (Inset) Zoom-in of Peruvian collection sites
where natural variant Astroblepus Q59 rhodopsin (blue dots) or L288 rhodopsin
(green dots) originate. Elevations are shown as meters above sea level.

Castiglione et al. PNAS Early Edition | 3 of 6

EV
O
LU

TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705765114/-/DCSupplemental/pnas.1705765114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705765114/-/DCSupplemental/pnas.1705765114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705765114/-/DCSupplemental/pnas.1705765114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705765114/-/DCSupplemental/pnas.1705765114.sapp.pdf


respectively (62, 63). Given that the Astroblepus substitution,
M288L, removes a sulfur atom while introducing a side chain with
increased branching into the highly ordered configuration of the
RBP, the resulting steric effects may severely alter the confor-
mation of the RBP and the interactions of the surrounding HBN
(63) (Fig. 3). Through interactions with water molecules, RBP
HBN-participating residues stabilize both the dark-state and light-
activated (MII) forms of rhodopsin, likely through interactions with
the Schiff-base and counter ion (E113), where mutations to RBP
HBN residues accelerate kinetic rates and tend also to blue-shift
peak absorbance (23, 62, 63, 65, 66). Although previous evidence
suggested the proximity of site 288 to functional RBP water mole-
cules involved in photoactivation (68, 69), the exact functional role
of site 288 in the RBP HBN and rhodopsin activation had not been
directly investigated until recently (49). Our M288L rhodopsin
functional results lend further support to the involvement of site
288 in the RBP HBN and steric organization.
Although they are located in opposite regions of the protein,

the RBP HBN is connected to the HBNs of the NPxxY motif
through intramolecular waters and interacting residues (27, 63,
67, 68, 70). Site 59 is directly adjacent to several of these inter-
acting residues (Fig. 3B). L59 is within 6 Å of N55 in both dark-
state and light-activated crystal structures (62, 63), a residue that
forms a hydrogen bond with D83 (71, 72), which mediates the
kinetics of rhodopsin light-activation (26, 33) and forms an HBN
with N302 of the NPxxY (47). Although L59 is within 8 Å of

Y306 of the NPxxY motif (63), it is directly adjacent to site 58,
which was recently identified as a conserved GPCR element
interacting with Y306 (48), forming part of a motif stabilizing the
rhodopsin dark-state structure (47, 67). The Astroblepus L59Q
substitution replaces a hydrophobic residue with a polar residue
into a membrane-facing site, and thus may be indirectly perturbing
the geometry of these nearby HBNs, resulting in our observed
increases in dark-state and light-activated rhodopsin decay rates.
Our findings that L59Q and M288L both significantly increase the
decay-rates of light-activated rhodopsin, while also decreasing the
stability of dark-state rhodopsin against thermal activation, are
consistent with the emerging theory that distinct hubs of the rho-
dopsin HBN have interconnected roles in modulating the kinetic
properties of rhodopsin and other GPCRs (47, 49, 65).

Evolution of Cold Adaptation in High-Altitude Rhodopsin. Natural
high-altitude variants occurring at sites under positive selection
in Astroblepus dramatically accelerated the spontaneous thermal-
and light-activated decay rates of rhodopsin, two distinct kinetic
processes of direct relevance to rod photosensitivity, considered
evolutionary innovations to dim light (17, 19–21, 35, 36). The
spontaneous thermal activation of rhodopsin produces dark noise
events, which decrease the sensitivity of rod photoreceptors, leading
to worsening visual performance as temperature increases (20, 21,
73–75). The signal-to-noise ratio of rods relative to cones (20, 73,
74) is in part a result of the remarkable stability of rhodopsin against
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Fig. 2. Rhodopsin sites under positive selection in high-altitude catfish
modulate kinetic rates of dark- and light-activated rhodopsin. (A) Decay of
active-state (MII) WT and mutant rhodopsins, assayed by monitoring in-
creasing fluorescence intensity upon release of all–trans-retinal after expo-
sure to light (vertical line). Lines are data fits to first-order exponential
equations, with half-life values calculated from the rate constant. (B) Dif-
ferences in WT vs. mutant rhodopsin retinal release half-life values were
statistically assessed. (C) Decay of dark-state WT and mutant rhodopsin at
53.5 °C, assayed by monitoring decreasing absorbance at λMAX in the dark
over time (arrow). (D) Absorbance data converted to its natural logarithm
and plotted against time with half-life values calculated from the rate con-
stant. (E–G) UV-Vis absorbance spectra of dark-state and light-activated (E) WT,
(F) L59Q, and (G) M288L rhodopsin, with dark-state λMAX values shown. All
Insets show difference spectra between dark-state and MII, which indicates
photoactivation as assessed by the well-established changes in spectral
sensitivity between these rhodopsin species (SI Appendix).
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Fig. 3. Sites accelerating kinetic rates of dark- and active-state rhodopsin
are proximal to functionally key HBNs. Crystal structure of Meta II [PDB ID
code 3PXO (62)] with the Schiff-base (SB; blue) and all–trans-retinal (orange).
(A) Zoomed in view of the retinal binding pocket of MII, with residues
proximal to M288 (yellow) and those involved in the local HBN shown as a
Connolly surface (blue) (23, 66). (B) Stabilizing structural features proximal to
L59: the NPxxY motif (N302-P303-Y306), N55, and D83.
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spontaneous thermal activation, an evolved scotopic adaptation (14,
23, 65, 76). Another molecular adaptation is the high signal am-
plification of light-activated rhodopsin (MII), which can activate
hundreds of G transducin molecules per second (21, 77). Cone
opsin MII decay rates are hundreds of times faster than rhodopsin
MII, a consistent trend across species and cone opsin types (78),
and functional evidence strongly suggests that the longer MII life-
time in rhodopsin relative to cone opsins (17, 78) promotes en-
hanced visual performance in dim-light environments (25, 33, 35).
Our results suggest that both thermal- and light-activated decay
rates are being modulated in response to temperature, in contrast to
many cases where rhodopsin spectral sensitivity is shifted in re-
sponse to photic environment (12, 13, 37).
Astroblepus is physiologically limited to high altitudes and

cold temperatures, and is a predominantly nocturnal benthic
feeder, strongly suggesting a dependence on rod-mediated
scotopic vision (42, 46). Although the spectral composition of
ambient light changes as altitude increases, this is mostly be-
cause of an increase in the UV at high altitudes (4), which falls
outside the spectral sensitivity of rhodopsin, and absorption
overlapping with rhodopsin sensitivity as a result of changes in
atmospheric gases (i.e., ozone) appears to have minor effects on
overall light attenuation between high and low altitudes (79, 80).
This finding suggests that the changes in rhodopsin kinetics we
describe here are not likely caused by spectral differences at high
altitudes, because we examined drainage-specific Astroblepus pop-
ulations found in clear mountain streams (41, 45). In contrast,
temperature decreases (16–10 °C) well within the range of those in
the Astroblepus/Ancistrus study system (<10 °C vs. >25 °C at sea
level) (42) directly affect rhodopsin-mediated visual performance in
ectotherms (20). This finding is consistent with our functional re-
sults, where the only unique high-altitude substitution shifting rho-
dopsin spectral sensitivity (M288L) occurs in the RBP HBN: a
functional domain that has likely evolved to maintain rhodopsin
dark- and light-state stability, but produces blue-shifts when mutated
(23, 34, 66). To our knowledge, RBP HBN residues have not been
otherwise targeted by natural selection as spectral tuning sites (12,
13, 37), likely because of their status as important regulators of
rhodopsin kinetic rates.
The acceleration of rhodopsin kinetic rates in response to cold

temperatures is highly consistent with many studies of cold-adapted
psychrophilic enzymes, which—unlike thermophilic enzymes (81)—
exhibit a trade-off between activity and stability, with decreasing
stability improving activity relative to thermostable homologs at low
temperatures (10, 82). Functional adaptations change the selective
constraints acting on protein-coding genes (53), with site-specific
selective pressures, such as positive selection capable of driving
adaptive amino acid substitutions changing protein function in re-
sponse to environmental variables (54, 55). This finding contrasts
with a release of selective constraint, which indicates a relaxation of
certain protein functional constraints (53). Unlike blind cave-
dwelling fishes, where selective constraint on rh1 has been lost
(56), rh1 in the high-altitude specialist Astroblepus is under strong
positive selection, consistent with adaptation in response to
changing functional constraints, such as temperature (53). Posi-
tive selection on sites containing rare natural variants, which ac-
celerate the important kinetic properties of rhodopsin underlying
rod photosensitivity, may therefore improve visual performance in
cold high-altitude environments, where the reaction rates of
rhodopsin functions are likely to be slowed relative to lowland

environments (10, 82). Our results bear striking similarity to the
molecular mechanisms of cold adaptation in teleost fish enzymes,
such as A4-LDH, where protein stability and ligand-binding af-
finity are decreased by alterations to intramolecular hydrogen
bonds through single amino acid substitutions in solvent-facing
regions where conformational shifts occur (11). The molecular
mechanisms of cold adaptation, combined with the importance
and temperature sensitivity of rhodopsin kinetics, likely explains
why natural variants on the periphery of HBNs controlling rho-
dopsin dark- and light-activated stability are under positive se-
lection in an ectotherm specialized to high altitudes. This study
provides evidence consistent with cold adaptation in a GPCR, and
suggests that across different proteins, cold adaptation may pro-
ceed through similar mechanisms.

Materials and Methods
Also see SI Appendix for detailed descriptions.

Animals. Fish specimens were collected from altitudes ranging from 40 masl
to >2,800 masl, with consequent temperatures ranging from 14–25 °C, during
expeditions to Bolivia (2011), Ecuador (2012), Guyana (2009), Peru (2010), and
Trinidad (2010) (SI Appendix, Table S9). All fish specimens were killed after
capture via overdose of clove oil, following approved Texas A&M University
Institutional Animal Care and Use Committee guidelines. Subsamples of either
fin or muscle tissue were dissected and preserved in 95% EtOH for genetic
analysis, whereas whole voucher specimens were fixed in formalin, preserved
in 70% EtOH.

Phylogenetic and Molecular Evolutionary Analyses. Partial rh1 and act coding
sequences were sequenced from genomic DNA extracted from the collected
loricarioid catfish (including Astroblepus and Ancistrus genera) specimens
using standard PCR- and Sanger-sequencing procedures (SI Appendix). Ad-
ditional rh1 coding sequences and partial loricarioid cytb coding sequences
were also obtained from GenBank, and some cytb coding sequences from a
previous study (83). All coding sequences were aligned to produce rh1, act,
and cytb phylogenetic datasets with gene trees estimated using ML and
Bayesian methods (SI Appendix). In the rh1 trees, the topologies of the
Astroblepus and Ancistrus clades were identical after clades with low sup-
port (<50% aLRT SH-like) were collapsed in the ML tree. Phylogenetic
datasets were analyzed using PAML (58), the FUBAR model of HYPHY (57),
and DIVERGE 3 (60) (SI Appendix).

Rhodopsin Expression and Spectroscopic Assays. WT rhodopsin, along with
L59Q andM288Lmutants, were expressed in HEK293T cells, regeneratedwith
11-cis-retinal, and immunoaffinity purified essentially as previously described
(28) (SI Appendix). MII decay was monitored using a fluorescence assay (Cary
Eclipse; Agilent) tracking the release of all–trans-retinal in rhodopsin following
photoactivation at 20 °C (16) (SI Appendix). Thermal decay of WT and mutant
bovine rhodopsin was recorded at 53.5 °C as the decrease of absorbance at
λMAX using a Cary 4000 double-beam spectrophotometer (Agilent), with data
collected every 5 min for 2 h (SI Appendix).
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SI Materials and Methods 

 

Animal Collection. Fish specimens were collected using combinations of nets and electricity by 

NKL and/or staff of the Royal Ontario Museum during expeditions to Bolivia (2011), Ecuador 

(2012), Guyana (2009), Peru (2010), and Trinidad (2010) (Table S9). All fish specimens were 

euthanized after capture via overdose of clove oil, following approved IACUC guidelines. 

Subsamples of either fin or muscle tissue were dissected and preserved in 95% EtOH for genetic 

analysis, whereas whole voucher specimens were fixed in formalin, preserved in 70% EtOH and 

cataloged at either the Auburn University Museum (AUM) or Royal Ontario Museum (ROM). 

Institutional acronyms follow reference (1). 

Dataset Assembly. Genomic DNA was extracted from loricarioid muscle tissue (Qiagen 

DNeasy Blood and Tissue Kit). An 878bp fragment encoding all rhodopsin transmembrane 

helices was amplified from Astroblepus and Ancistrus rh1 through PCR using a high fidelity 

DNA Pfu  polymerase (ThermoFisher Scientific) under standard cycling conditions with primers 

targeting conserved regions (2, 3). Rh1 fragments were purified and were either cloned into a 

pJET 1.2 sequencing plasmid (ThermoFisher Scientific), or were gel purified (Qiagen QIAquick 

Gel Extraction Kit) and used as templates for direct sequencing. In both cases sequencing was 

conducted using BigDye™ Terminator Cycle 3.1 (AB Biosciences) subjected to thermocycler 

conditions specified by the manufacturer (with slightly lower annealing temperatures for direct 

sequencing runs).  Sanger sequencing was done at the University of Toronto’s Centre for the 

Analysis of Genome Evolution and Function (CAGEF). Reads were confirmed as rh1 by BLAST 

(4) as well as by phylogenetic analysis. To exclude sequencing errors from our dataset, rh1 

sequences from each tissue obtained through clonal sequencing methods were verified by the 



consensus of three clones originating from different bacterial colonies. To the same end, rh1 

sequences from each tissue obtained through direct sequencing methods were verified only once 

sequence identity between reads was 100% similar, otherwise additional reads were produced in 

order to obtain a consensus. Replicate PCR amplifications of rh1 from gDNA was done to verify 

the existence of substitutions. Only verified reads were compiled into the final 

Astroblepus/Ancistrus rh1 dataset for downstream analyses. Confirmed rh1 coding sequences 

from 53 Astroblepus and 32 Ancistrus individuals were obtained, encoding for rhodopsin amino 

acid residues 40-306 (bovine RH1 numbering), inclusively. This encompassed the entire 7-

transmembrane domain of rhodopsin. All duplicate reads were removed. This reduced the 

Astroblepus/Ancistrus rh1 dataset to an alignment of 50 unique sequences, and remained 

representative of an elevation range of 40 masl to >2800 masl (Table S9). These rh1 sequences 

were uploaded to Genbank (Table S9). In order to maximize the ecological contrast of this high 

altitude dataset, we collected rh1 coding sequences from Genbank from only those Siluriforme 

lineages inhabiting tropical and subtropical waters with temperatures ranging from 22-35°C (5–

8). This served as our subtropical/tropical lowland clades in our analyses (Table S10). 

Loricarioid partial coding sequences of alpha-actin and beta-actin (act) were amplified 

using PCR on gDNA template as described for rh1. PCR primers were designed against 

Ictalurus punctatus alpha-actin (accession number AF228714) exon 2 (Forward-

GGTGTCATGGTCGGTATGGGTCA; Reverse-TGTACGCCTCCGGCCGTACCACCG) and 

Pelteobagrus fulvidraco beta-actin (accession number EU161066) exon 3 (Forward-

CCCCAGCCATGTACGTTGCC; Reverse-GGCTCTCTTCCAGCCATCTTT). Sequencing 

reads were generated and processed as described for rh1, resulting in a 536bp (221bp alpha-

actin; 315bp beta-actin) concatenated act coding sequence for 17 Astroblepus individuals, as 



well as for 18 neotropical lowland loricarioid individuals inhabiting elevations <100 masl. These 

alpha-actin and beta-actin coding sequences were uploaded to Genbank (Table S11). Astroblepus 

cytb coding sequences were retrieved from Genbank from a previous study (9) (Table S12). The 

lowland cytb dataset was compiled from the same 18 lowland taxa for which alpha- and beta-

actin was sequenced. These lowland cytb sequences were generated in a previous study (10) 

(Table S13). 

 

Phylogenetic and molecular evolutionary analyses. Verified rh1, act and cytb sequences from 

each Siluriforme individual were aligned together using PRANK codon alignment (11) followed 

by manual verification. Alignment data was assessed for the best fitting substitution model using 

MEGA 6 (12). Rh1, cytb and act gene trees were estimated in MrBayes 3 (13) using Markov 

chain Monte Carlo with a gamma rate parameter (nst=6, rates=gamma), and by ML using 

PhyML 3 (14). Bayesian analyses were run for 10 million generations with a 25% burn-in. 

Standard deviations of split frequencies approached zero, confirming convergence of runs. ML 

analyses were run using empirically derived equilibrium frequencies, and an estimation of 

transition/transversion ratios, proportion of invariable sites, and gamma shape parameter. A 

BioNJ starting tree was used with NNI tree improvement, with aLRT SH-like branch support 

(15). Confidence in the Bayesian-constructed trees and the nodes were evaluated using posterior 

probabilities (16). In the rh1 gene trees, specifically within the Astroblepus/Ancistrus clade, the 

ML and Bayesian phylogenies were identical at all but four nodes (Figs. S1 and S2). These were 

poorly supported in the ML phylogeny (support values <0.5) and after they were collapsed the 

ML and Bayesian topologies were identical for both the Astroblepus and Ancistrus clades. By 

contrast, the topology of the lowland clade was different between the two methods. This was 



expected, since the majority of lowland  taxa are members of the Siluroidei suborder, which has 

been  difficult to resolve phylogenetically (17, 18). The primary PAML and FUBAR results 

presented here are from analyses on pruned versions of the rh1 generated Bayesian tree. The 

DIVERGE results were run on a modified rh1 Bayesian tree, where all polytomies were 

manually resolved by reference to available species, country and collection site information (Fig. 

S6).  

Random sites models (M1, M2, M3, M7, M8) implemented in the codeml program from 

the PAML 4.7 software package (19) and FUBAR from the HyPhy package (20, 21), were used 

to estimate the strength and form of selection acting on Siluriforme rh1. FUBAR is similar to the 

PAML random sites models except that dN and dS are estimated separately and ω is allowed to 

vary under a much larger number of site categories. For all PAML models, multiple runs with 

different starting priors were carried out to check for the convergence of parameter estimates. 

For random sites analyses, datasets were additionally pruned into distinct Astroblepus rh1; 

Ancistrus rh1; and lowland rh1 datasets to analyse selection acting on each group separately. 

Tests of positive selection were done using random sites models, whereas tests of divergent 

selection and type I functional divergence were done using clade model C (CmC) and DIVERGE 

3, respectively, where clades were partitioned for CmC and DIVERGE analyses as shown in 

Figure S3 (22–24). All PAML (random sites and CmC) and DIVERGE 3 model pairs were 

statistically evaluated for significance by likelihood ratio tests (LRT) with a χ2 distribution. M8, 

FUBAR, CmC and DIVERGE all estimated site specific posterior probabilities for their 

respective molecular evolutionary tests (Tables S2, S4). We consulted the presence of overlap in 

the posterior probabilities produced by these different methods as a first step in determining 

candidate sites for mutagenesis and in vitro functional experiments. 



 

Rhodopsin mutagenesis, expression and spectroscopic assays. The complete coding sequence 

of bovine rhodopsin in the pJET1.2 cloning vector (ThermoFisher Scientfiic), as described in a 

previous study was used here (25). Site-directed mutagenesis primers were designed to induce 

single amino acid substitutions via PCR (QuickChange II, Agilent). All sequences were verified 

using a 3730 DNA Analyzer (Applied Biosystems) at the Centre for Analysis of Genome 

Evolution and Function (CAGEF) at the University of Toronto. Wild type and mutant rhodopsin 

sequences were transferred to the pIRES-hrGFP II expression vector (Stratagene) for subsequent 

transient transfection of HEK293T cells (8 µg per 10 cm plate) using Lipofectamine 2000 

(Invitrogen). Media was changed after 24 hours, and cells were harvested 48 hours post-

transfection. Cells were washed twice with harvesting buffer (PBS, 10 µg/mL aprotinin, 10 

µg/mL leupeptin), and rhodopsins were regenerated for 2 hours in the dark with 5 µM 11-cis-

retinal generously provided by Dr. Rosalie Crouch (Medical University of South Carolina). After 

regeneration the samples were incubated at 4oC in solubilisation buffer (50 mM Tris pH 6.8, 100 

mM NaCl, 1 mM CaCl2, 1% dodecylmaltoside, 0.1 mM PMSF) for 2 hours and immunoaffinity 

purified overnight using the 1D4 monoclonal antibody coupled to the UltraLink Hydrazide Resin 

(ThermoFisher Scientific). Resin was washed three times with wash buffer 1 (50 mM Tris pH 

7.0, 100 mM NaCl, 0.1% dodecylmaltoside) and twice using wash buffer 2 (50 mM sodium 

phosphate, 0.1% dodecylmaltoside; pH 7.0). Rhodopsins were eluted from the UltraLink resin 

using 5 mg/mL of a 1D4 peptide, consisting of the last 9 amino acids of bovine rhodopsin 

(TETSQVAPA).  

The UV-visible absorption spectra of purified rhodopsin samples were recorded in the 

dark at 25 °C using a Cary 4000 double-beam absorbance spectrophotometer (Agilent). All λMAX 



values were determined by fitting dark spectra to a standard template curve for A1 visual 

pigments (26). Differences in λMAX values were statistically assessed using a two-tailed t test 

with unequal variance. Rhodopsin samples were light-activated for 30 seconds using a fiber optic 

lamp (Dolan-Jenner), resulting in a shift in λMAX to ~ 380 nm, characteristic of the biologically 

active metarhodopsin II intermediate. 

Retinal release following rhodopsin photoactivation was monitored using a Cary Eclipse 

fluorescence spectrophotometer equipped with a Xenon flash lamp (Agilent), according to a 

protocol modified from previous studies (27, 28). Rhodopsin samples (0.1-0.2 μM) were 

bleached for 30 seconds at 20oC with a fiber optic lamp (Dolan-Jenner) using a filter to restrict 

wavelengths of light below 475 nm to minimize heat. Fluorescence measurements were recorded 

at 30-second intervals with a 2 second integration time, using an excitation wavelength of 295 

nm (1.5 nm slit width) and an emission wavelength of 330 nm (10 nm slit width). There was no 

noticeable activation by the excitation beam prior to rhodopsin activation. This assay detected 

increasing fluorescence as a result of decreased quenching of intrinsic tryptophan fluorescence at 

W265 by the retinal chromophore (27), and is a reliable proxy for the tracking the decay of MII 

(28). Data was fit to a three variable, first order exponential equation (y = y0 + a(1-e-bx)), and 

half-life values were calculated using the rate constant b (t1/2 = ln2/b). All curve fitting resulted 

in r2 values greater than 0.95. Differences in retinal release half-life values were statistically 

assessed using a two-tailed t test with unequal variance.  

 The thermal decay of rhodopsin was monitored as the decrease in absorbance at λMAX in 

the dark using a Cary 4000 double-beam absorbance spectrophotometer (Agilent). Rhodopsin 

samples (1.0-1.5 μM) were incubated at 53.5oC in the dark, with spectra being recorded every 5 

minutes and temperature being maintained by a Peltier-based temperature controller (Agilent).  



Mineral oil was added on top of the rhodopsin sample to prevent evaporation due to incubation at 

high temperatures, and a scan rate of 2000 nm/min was used to ensure that successive scans 

would not light-bleach the rhodopsin sample.  The decay of absorbance at λMAX is associated 

with isomerization of the chromophore and hydrolysis of the Schiff-base linkage (29, 30).  

Absorbance data was converted to its natural logarithm and plotted against time, and half-life 

values were calculated based on the slope b (t1/2 = ln2/b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Tables 
 
Table S1. Results of analyses of selection of rhodopsin using PAML random sites models. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1ω values of each site class are shown are shown for model M0-M3 (ω0– ω2) with the proportion of each site class in 
parentheses. For M7 and M8, the shape parameters, p and q, which describe the beta distribution are listed instead. 
In addition, the ω value for the positively selected site class (ωp, with the proportion of sites in parentheses) is 
shown for M8. 

2Significant p-values (α ≤ 0.05) are bolded. Degrees of freedom are given in square brackets after the p-values. 
Abbreviations—lnL, ln Likelihood; p, p-value; N/A, not applicable. 

Dataset Model lnL Parameters1 Null p [df]2 
ω0/p ω1/q ω2/ωd 

Whole Tree M0 -3859.99 0.07 - - N/A - 
M1a -3753.25 0.02 (90%) 1 (10%) - M0 0.000 [1] 
M2a -3752.29 0.02 (90%) 1 (9%) 2.70 (1%) M1a 0.390 [2] 
M3 -3742.46 0.01 (85%) 0.46 (13%) 1.98 (2%) M0 0.000 [4] 
M7 -3746.24 0.07 0.53 - N/A - 

M8a -3744.31 0.11 2.10 1 (5%) N/A - 
M8 -3742.48 0.09 1.03 2.07 (1%) M7 0.020 [2] 

M8a 0.060 [1] 
Ancistrus M0 -1831.76 0.07 - - N/A - 

M1a -1805.78 0.02 (91%) 1 (9%) - M0 0.000 [1] 
M2a -1802.72 0.02 (90.8%) 1 (8.6%) 13.1 (0.6%) M1a 0.047 [2] 
M3 -1802.47 0.02 (89.1%) 0.73 (10.3%) 12.2 (0.6%) M0 0.000 [4] 
M7 -1807.35 0.08 0.70  N/A - 

M8a -1805.80 2.52 99 1 (9%) N/A - 
M8 -1803.12 0.11 1.06 11.86 (0.6%) M7 0.014 [2] 

M8a 0.021 [1] 
Astroblepus M0 -2087.19 0.08 - - N/A - 

M1a -2056.09 0.03 (91%) 1 (9%) - M0 0.000 [1] 
M2a -2052.77 0.03 (91.3%) 1 (8.3%) 14.3 (0.4%) M1a 0.036 [2] 
M3 -2051.92 0.03 (91.3%) 0.98 (8.3%) 14.2 (0.4%) M0 0.000 [4] 
M7 -2059.08 0.10 0.77 - N/A - 

M8a -2056.14 3.05 99 1 (9%) N/A - 
M8 -2053.01 0.18 2.31 4.19 (2%) M7 0.002 [2] 

M8a 0.012 [1] 

Lowland M0 -2430.05 0.07 - - N/A - 
M1a -2378.27 0.02 (92%) 1 (8%) - M0 0.000 [1] 
M2a -2378.27 0.02 (92%) 1 (8%) 15.22 (0.0%) M1a 1 [2] 
M3 -2377.41 0.00 (76%) 0.15 (19%) 1.24 (5%) M0 0.000[4] 
M7 -2379.13 0.04 0.42 - N/A - 

M8a -2377.77 0.05 0.54 1 (7%) N/A - 
M8 -2377.42 0.10 2.69 1.28 (5%) M7 0.180 [2] 

M8a 0.400 [1] 



 

 

 

Table S2. Sites inferred to be under positive selection with posterior probably greater than 60% 
for each of the three catfish groups using the M8 and FUBAR methods. Estimates with 80% or 
greater posterior probably are bolded, with those with less than 60% posterior probability are 
greyed out. 
 
Site M8 FUBAR 

Astro Ancis Lowland Astro Ancis Lowland 

PP dN/dS PP dN/dS PP dN/dS PP dN/dS PP dN/dS PP dN/dS 

54 0.05 0.27 0.00 0.07 0.66 1.26 0.33 0.71 0.08 0.11 0.93 5.77 

59 1.00 3.75 0.01 0.09 0.01 0.08 1.00 23.31 0.31 0.60 0.11 0.25 
85 0.27 1.15 0.04 0.25 0.11 0.32 0.65 1.57 0.50 0.93 0.55 1.19 
95 0.01 0.15 0.02 0.17 0.83 1.48 0.41 0.67 0.42 0.59 0.81 3.09 

137 0.01 0.17 0.05 0.28 0.75 1.38 0.32 0.66 0.35 0.73 0.59 1.31 
209 0.05 0.32 0.99 3.58 0.95 1.61 0.24 0.47 0.97 13.50 0.01 0.16 
213 0.00 0.08 0.72 2.74 0.12 0.35 0.29 0.53 0.80 4.09 0.04 0.13 
214 0.89 3.35 0.44 1.67 0.97 1.63 0.77 4.00 0.21 0.32 0.54 0.92 
216 0.04 0.38 0.20 0.83 0.63 1.20 0.67 1.50 0.39 0.56 0.49 1.31 
217 0.00 0.06 0.00 0.06 0.00 0.10 0.18 0.26 0.20 0.26 0.48 0.80 
220 0.37 1.48 0.56 1.90 0.05 0.31 0.81 2.79 0.83 3.67 0.65 1.39 
227 0.27 1.09 0.03 0.20 0.00 0.10 0.71 2.28 0.54 1.11 0.54 1.11 
236 0.21 0.94 0.41 1.40 0.00 0.07 0.30 0.37 0.64 1.35 0.02 0.06 
259 0.00 0.06 0.00 0.07 0.57 1.13 0.08 0.19 0.10 0.24 0.82 2.52 
263 0.58 2.26 0.81 3.08 0.04 0.20 0.55 1.62 0.62 2.37 0.32 0.69 
264 0.06 0.48 0.19 0.76 0.00 0.06 0.70 1.76 0.41 0.50 0.05 0.10 
266 0.94 3.58 0.00 0.08 0.08 0.30 0.05 0.14 0.12 0.25 0.52 1.09 
267 0.00 0.06 0.00 0.06 0.11 0.43 0.17 0.27 0.19 0.29 0.64 1.36 
271 0.12 0.65 0.16 0.70 0.00 0.07 0.65 1.44 0.66 1.50 0.05 0.11 
272 0.02 0.20 0.07 0.34 0.05 0.22 0.32 0.66 0.35 0.73 0.56 1.21 
273 0.00 0.07 0.00 0.08 0.00 0.08 0.14 0.09 0.17 0.09 0.14 0.07 
274 0.48 1.87 0.15 0.67 0.00 0.06 0.76 2.46 0.63 0.98 0.05 0.06 
279 0.02 0.22 0.15 0.64 0.11 0.34 0.43 0.53 0.25 0.29 0.47 0.76 
281 0.02 0.18 0.04 0.25 0.04 0.20 0.52 1.07 0.55 1.16 0.28 0.60 
286 0.00 0.06 0.00 0.07 0.00 0.10 0.08 0.17 0.09 0.18 0.53 1.07 
288 0.70 2.69 0.00 0.06 0.00 0.06 0.62 0.47 0.14 0.08 0.09 0.05 
290 0.01 0.15 0.77 2.72 0.00 0.07 0.33 0.64 0.87 5.03 0.01 0.03 

 
 
  



Table S3. Results of Clade Model C (CmC) analyses on the catfish rh1 gene tree under various 
partitions. 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

1The foreground partition is listed after the underscore for the clade models and consists of either 
Astroblepus+Ancistrus (As+An), Astroblepus (Astro), Ancistrus (Ancis), lowland (LL) or separate partitions for each 
(As/An/LL). In any partitioning scheme, all non-foreground data are present in the background partition. 

2ωD is the divergent site class, which has a separate value for the foreground and background partitions. 

3Significant p-values (α ≤ 0.05) are bolded. Degrees of freedom are given in square brackets after the p-values. 
Abbreviations—lnL, ln Likelihood; p, p-value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Model & 
Foreground1 

lnL Parameters2 Null p [df]3 
ω0/p ω1/q ω2/ωd 

M2a_rel -3744.12 0.01 (83%) 1 (5%) 0.28 (12%) N/A - 
CmC_Astro -3739.22 0.01 (86%) 1 (6%) 0.18 (7%) 

Astro:1.42 
M2a_rel 0.002 [1] 

CmC_Ancis -3744.10 0.01 (82%) 1 (5%) 0.27 (12%) 
Ancis:0.31 

M2a_rel 0.815 [1] 

CmC_As+An -3739.70 0.01 (84%) 1 (5%) 0.17 (10%) 
As/An:0.71 

M2a_rel 0.003 [1] 

CmC_As/An/LL -3738.63 0.01 (86%) 1 (6%) LL: 0.15 (8%) 
Ancis:0.41 
Astro:1.34 

M2a_rel 
CmC_Astro 

0.004 [2] 
0.278 [1] 



Table S4. Sites inferred to be under divergent selection (CmC) or Type I functional divergence 
(DIVERGE) with posterior probably greater than 60% for each of the three catfish groups. 
Estimates with 80% or greater posterior probably are bolded, with those with less than 60% 
posterior probability are greyed out. 
 

Site CmC DIVERGE 

Astro Ancis As+An As/An/LL Astro Ancis As+An 

49 0.01 0.34 0.01 0.01 0.50 0.35 0.70 
59 0.99 0.36 0.94 0.99 0.98 0.19 0.94 

95 0.00 0.35 0.01 0.00 0.50 0.34 0.70 
114 0.02 0.06 0.01 0.01 0.51 0.35 0.70 
137 0.01 0.34 0.01 0.00 0.50 0.34 0.69 

209 0.00 0.50 0.03 0.00 0.75 0.00 0.01 
227 0.81 0.39 0.87 0.87 0.08 0.05 0.11 
259 0.04 0.33 0.03 0.03 0.44 0.30 0.61 
263 0.15 0.45 0.82 0.56 0.09 0.13 0.18 
266 0.86 0.34 0.58 0.81 0.08 0.24 0.09 
274 0.87 0.08 0.59 0.81 0.47 0.19 0.65 
288 0.99 0.22 0.92 0.98 0.90 0.39 0.82 

289 0.04 0.09 0.52 0.25 0.40 0.79 0.72 
290 0.03 0.48 0.75 0.30 0.40 0.79 0.83 

 
Abbreviations—Astro and As, Astroblepus; Ancis and An, Ancistrus; LL, Lowland 
 
  



Table S5. Results of rh1 type 1 functional divergence analyses using DIVERGE 3. 
 

Partition θI ± SE1 LRT2 p 

Astroblepus/Ancistrus vs. LL 0.343 ± 0.127 7.3473 0.007 [1] 

Astroblepus vs. LL 0.285 ± 0.105 7.4122 0.006 [1] 

Ancistrus vs. LL 0.200 ± 0.213 0.8833 0.347 [1] 

 
1θI is the coefficient of type 1 functional divergence estimated by maximum likelihood in DIVERGE 3. 
2The LRT log score is shown for the likelihood ratio test between the alternative (F1, functional- divergence-related) 
and null (F0, functional-divergence-unrelated) model likelihood estimates 
3Significant p-values (α = 0.05) are bolded. Degrees of freedom are given in square brackets after the p-values. 
Abbreviations—LRT, Likelihood ratio test; p, p-value; SE, standard error; LL, Lowland 
 

  



Table S6. Results of act random sites analyses. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Table S7. Results of cytb random sites analyses. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Dataset Model lnL Parameters Null p [df]2 
ω0/p ω1/q ω2/ωd 

Astro M0 -1256.73 0.00 - - N/A - 
M1a -1256.68 0.00 (99.9%) 1 (0.00%) - M0 0.75 [1] 
M2a -1256.67 0.00 (100%) 1 (0.00%) 41.6 (0.00%) M1a 0.99 [2] 
M3 -1256.67 0.00 (42.5%) 0.00 (39.3%) 0.00 (18.2%) M0 0.99 [4] 
M7 -1256.67 0.005 99 - N/A - 
M8 -1256.67 0.005 99 3.18 (0.00%) M7 1 [2] 

Lowland M0 -1633.80 0.01 - - N/A - 
M1a -1633.80 0.01 (99.9%) 1 (0.00%) - M0 1 [1] 
M2a -1633.80 0.01 (100%) 1 (0.00%) 16.2 (0.00%) M1a 1 [2] 
M3 -1633.80 0.01 (55%) 0.01 (24%) 0.01 (21%) M0 1 [4] 
M7 -1634.04 1.32 99 - N/A - 
M8 -1634.04 1.32 99 1 (0.00%) M7 1[2] 

Dataset Model lnL Parameters Null p [df]2 
ω0/p ω1/q ω2/ωd 

Astro M0 -1396.23 0.04 - - N/A - 
M1a -1386.16 0.02 (96%) 1 (4%) - M0 0.000 [1]   
M2a -1386.16 0.02 (96%) 1 (2%) 1 (2%) M1a 1 [1] 
M3 -1383.21 0.00 (64%) 0.00 (23%) 0.30 (13%) M0 0.000 [4] 
M7 -1383.29 0.05 0.98 - N/A - 
M8 -1383.15 0.05 1.36 1 (1%) M7 0.86 [2] 

Lowland M0 -3058.91 0.02 - - N/A - 
M1a -3032.86 0.01 (96%) 1 (4%) - M0 0.000 [1] 
M2a -3032.86 0.01 (95.6%) 1 (0.6%) 1 (3.7%) M1a 1 [2] 
M3 -2992.69 0.00 (72%) 0.03 (20%) 0.19 (8%) M0 0.000 [4] 
M7 -2993.56 0.15 5.03 - N/A - 
M8 -2993.56 0.15 5.03 1 (0.00%) M7 1 [2] 



Table S8. Summary of spectroscopic assays on wild-type and mutant rhodopsins 

  



Table S9. List of Andean siluriform (Astroblepus, Ancistrus) tissue samples from which 
rhodopsin (rh1) coding-sequences were obtained.  

 



Table S10: Genbank accession numbers for lowland tropical and sub-tropical rhodopsin 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S11. List of Andean siluriform (Astroblepus, Ancistrus) tissue samples from which alpha-
actin (acta) and beta-actin (actb) coding-sequences were obtained. 
 

 



Table S12. Genbank accession numbers for Astroblepus cytochrome b (cytb) coding-sequences  

 
 
 
 
 
 
 



Table S13. List of lowland tropical siluriform tissue samples from which cytochrome b (cytb) 
coding-sequences were obtained.  
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Figure S1. Maximum Likelihood rh1 phylogeny, with bootstrap values shown. Taxa collected by NKL and 
sequenced by GMC and BSL are labelled as sample vouchers. Those not sequenced in this study are labelled with 
Genbank accession numbers. Ancistrus and Astroblepus clades are labelled.
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Figure S2. Bayesian rh1 phylogeny, with posterior probabilities shown. Taxa collected by NKL and 
sequenced by GMC and BSL are labelled as sample vouchers. Those not sequenced in this study are 
labelled with Genbank accession numbers.
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