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Abstract

Studies of cichlid evolution have highlighted the importance of visual pigment genes in the spectacular radiation of the
African rift lake cichlids. Recent work, however, has also provided strong evidence for adaptive diversification of riverine
cichlids in the Neotropics, which inhabit environments of markedly different spectral properties from the African rift
lakes. These ecological and/or biogeographic differences may have imposed divergent selective pressures on the evolution
of the cichlid visual system. To test these hypotheses, we investigated the molecular evolution of the dim-light visual
pigment, rhodopsin. We sequenced rhodopsin from Neotropical and African riverine cichlids and combined these data
with published sequences from African cichlids. We found significant evidence for positive selection using random sites
codon models in all cichlid groups, with the highest levels in African lake cichlids. Tests using branch-site and clade
models that partitioned the data along ecological (lake, river) and/or biogeographic (African, Neotropical) boundaries
found significant evidence of divergent selective pressures among cichlid groups. However, statistical comparisons among
these models suggest that ecological, rather than biogeographic, factors may be responsible for divergent selective
pressures that have shaped the evolution of the visual system in cichlids. We found that branch-site models did not
perform as well as clade models for our data set, in which there was evidence for positive selection in the background.
One of our most intriguing results is that the amino acid sites found to be under positive selection in Neotropical and
African lake cichlids were largely nonoverlapping, despite falling into the same three functional categories: spectral
tuning, retinal uptake/release, and rhodopsin dimerization. Taken together, these results would imply divergent selection
across cichlid clades, but targeting similar functions. This study highlights the importance of molecular investigations of
ecologically important groups and the flexibility of clade models in explicitly testing ecological hypotheses.

Key words: Neotropical cichlids, evolution of vision, visual pigment, evolution of protein structure and function, codon
substitution model, dy/ds, clade model.

Introduction divergence during adaptive radiation (Spady et al. 2005;

Aquatic organisms contend with complex photic environ-
ments where incident brightness, depth, and turbidity affect
the nature of light available for vision (Lythgoe 1979). In fish
species, aspects of visual pigment function, particularly wave-
length of maximum absorbance (Amax), have been found to
correlate with spectral environment, suggesting that the en-
vironment can impose selective pressures on the visual
system (Bowmaker 1995). This is especially evident in cichlid
fishes, where molecular evolution and differential expression
of visual pigment genes have been implicated in the adaptive
radiation of the African rift lake taxa (Seehausen et al. 2008).
In these fishes, mutations causing shifts in 4,,,,, of cone visual
pigments are associated with depth and male nuptial color-
ation, promoting sympatric divergence of color morphs
within cichlid populations through sensory drive (Carleton
et al. 2005; Seehausen et al. 2008) and affecting ecological

Terai et al. 2006, Miyagi et al. 2012). African lake cichlids
have thus emerged as a model system for the study of
visual system molecular evolution (Spady et al. 2005;
Carleton 2009; Nagai et al. 2011), but studies to date have
not incorporated analyses of any riverine lineages, potentially
limiting our understanding of visual evolution of cichlids
living in starkly different environments.

Neotropical cichlid fishes are ubiquitous throughout the
ecologically varied riverine habitats of South and Central
America (Reis et al. 2003; Lopez-Fernandez et al. 2012, 2013)
and are a monophyletic clade sister to the African cichlids
(Stiassny 1991; Farias et al. 2000; Sparks and Smith 2004). In
contrast to the recent diversification of African cichlids, this
group underwent ancient adaptive radiation in the rivers of
South America (Arbour and Lopez-Fernandez 2013; Lopez-
Fernandez et al. 2013). Although Neotropical cichlids are
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almost exclusively riverine, there is a genus of Neotropical
cichlids that has more recently radiated within Central
American crater lakes (eg, Barluenga et al. 2006).
Neotropical cichlids are less species-rich than African rift
lake cichlids; however, they are characterized by high levels
of morphological, ecological, and reproductive diversity,
much like their African relatives (e.g, Wimberger et al. 1998;
Barlow 2000; Lopez-Fernandez et al. 2012, 2013). Much of this
diversity is represented in the tribe Geophagini: with 18
genera, this clade includes piscivorous species, substrate sif-
ters, and water-column feeders, as well as species that mouth
brood their young (e.g, Lopez-Fernandez et al. 2005, 2012,
2013). The riverine habitats of Neotropical cichlid fishes also
exhibit stark contrasts in spectral quality with black, white,
and clear water types that result in differential degrees of light
attenuation among habitats (Sioli 1984; Cooke et al. 2012).
How these differences in water type and life history may have
affected the evolution and ecology of vision in Neotropical
cichlids, and how this compares with African lake and riverine
cichlids, is not known.

Vision is initiated with the absorption of light by visual
pigment complexes, which consist of a chromophore (retinal)
covalently bound to an opsin protein (Wald 1968), a member
of the G protein-coupled receptor (GPCR) superfamily
(Hofmann et al. 2009). There are five major classes of visual
opsins in vertebrates, each of which maximally absorbs a
characteristic wavelength of light. Four classes of cone
opsins mediate bright-light vision, whereas rhodopsin (RH1)
mediates dim-light vision (Bowmaker 2008). Prior to this
study, the only Neotropical cichlid in which visual pigment
genes had been sequenced was the Trinidadian geophagine
Crenicichla frenata (Weadick et al. 2012), due to its relevance
as a guppy predator (Houde 1997; Magurran 2005).
Crenicichla frenata was found to have only five opsin genes
compared with the eight in African cichlids, and both rho-
dopsin and one cone opsin were found to be under positive
selection (Weadick et al. 2012). Previous work has also found
that opsin genes are under varying selective pressures in
African cichlids, including strong positive selection on rho-
dopsin (Spady et al. 2005; Sugawara et al. 2010). Because the
visual systems of Neotropical cichlids and African riverine
cichlids have not been as well studied as the African rift
lake cichlids, it is unclear whether the patterns of positive
selection seen in C. frenata are due to differences in the
selective pressure of lake and river habitats (ecology) or dif-
ferences in phylogenetic and/or geographic history between
African and Neotropical clades (biogeography).

Codon-based likelihood models, which have been the
target of much recent development (reviewed in Anisimova
and Kosiol 2009), have proven extremely useful in examining
selective pressures in a variety of systems (Yang et al. 2000;
Swanson et al. 2001; Fay and Wu 2003; Bakewell et al. 2007;
Briscoe et al. 2010; Shen et al. 2010; Khan et al. 2011; Moury
and Simon 2011; Yang and dos Reis 2011; Rennison et al.
2012). Increasing attention, however, has been directed to
testing for divergent selection among clades using either
branch-site models (Spady et al. 2005, Ramm et al. 2008;
Yoshida et al. 2011; Smith et al. 2012; Badouin et al. 2013;

Veilleux et al. 2013) or clade models (Zhao et al. 2009; Yoshida
et al. 2011; Weadick and Chang 2012a, 2012b). Although the
use of the branch-site test in identifying instances of episodic
selection along prespecified lineages has been extensively
tested (Yang and dos Reis 2011), its use for detecting diver-
gent selection among clades has not been evaluated and
rarely has the same data set been examined using both the
branch-site and clade models (Yoshida et al. 2011).

Recent criticisms of codon-based likelihood models have
suggested that certain positively selected sites have no func-
tional significance (Yokoyama et al. 2008). This criticism was
specific to an analysis of selection in rhodopsin and assumed
that spectral tuning was the only aspect of rhodopsin func-
tion that could be under positive selection. Rhodopsin, how-
ever, provides a unique opportunity to explore a variety of
functions of positively selected sites because its crystal struc-
ture has been resolved in a number of conformations, includ-
ing both inactive and active states (Palczewski et al. 2000;
Choe et al. 2011). Moreover, rhodopsin has been experimen-
tally studied in detail for many functional aspects other than
simply spectral tuning, for example, thermal stability (Janz
et al. 2003; Yan et al. 2002), retinal uptake and release rates
(Hildebrand et al. 2009; Hunt et al. 2009; Piechnick et al. 2012),
and physicochemical properties of ultrafast retinal isomeriza-
tion (Prokhorenko et al. 2006; Gozem et al. 2012). Applying
this extensive body of research on rhodopsin structure and
function to the study of positively selected sites in cichlids will
provide new insights into the adaptive evolution of visual
pigments in these fish.

To begin investigating evolutionary differences between
African and Neotropical cichlid visual pigments, we se-
quenced rhodopsin (RH1) from 30 species of Neotropical
riverine cichlid, as well as two African riverine species, and
compared them with available sequences for African cichlids
and C. frenata. We hypothesize that differences in biogeo-
graphic history and/or ecological differences between lake
and river habitats among Neotropical riverine, African river-
ine, and African rift lake cichlids may have resulted in diver-
gent selective pressures on the rhodopsin gene. To test this
hypothesis, we used a variety of codon-based sites and branch
models of molecular evolution, including recently developed
multiclade models (Yoshida et al. 2011), as well as newly im-
plemented improvements to existing models (Chang et al.
2012; Weadick and Chang 2012a), and compared the results
from the various methods. Models that incorporate indepen-
dently estimated rates of synonymous substitutions were also
utilized to determine what effect, if any, the addition of var-
iable synonymous rates had on the results. This collection of
models was used to explicitly test for differences in selective
pressure between African and Neotropical clades and be-
tween lake and river habitats.

Results

Rhodopsin Sequencing and Phylogenetic Analyses

An 859 base pair fragment of rhodopsin (representing 81% of
the gene, including the seven transmembrane helices) was
amplified from 30 species of Neotropical river cichlid and
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Fic. 1. Simplified phylogeny of cichlids based on the Bayesian and ML
RH1 gene trees (supplementary figs. S1 and S2, Supplementary Material
online). Each of the clade partitions tested by the branch-site and clade
models are demarcated and named. In each case, an additional partition
exists that includes all taxa that are not part of the illustrated partitions.
Af, African cichlids; AfL, African lake cichlids, AfR, African river cichlids;
Neo, Neotropical cichlids.

two African riverine cichlids. In addition to this, 38 African
lake and riverine cichlid sequences, the sequence from
the Neotropical river cichlid C. frenata, as well as sequences
from eight noncichlid outgroups, were obtained from
Genbank (supplementary table S1, Supplementary Material
online).

Results from the phylogenetic analyses of the complete
RH1 alignment (cichlids and eight outgroup taxa; fig. 1, sup-
plementary figs. S1 and S2, Supplementary Material online)
were generally congruent with accepted species relationships
for Neotropical (Smith et al. 2008; Lopez-Fernandez et al.
2010), African river (Schwarzer et al. 2009), and African lake
cichlids (Genner and Turner 2012; Muschick et al. 2012;
Wagner et al. 2013). The Bayesian and maximum likelihood
(ML) topologies were similar, but not identical, especially with
regard to the topology of some of the African lake species,
which have very short branch lengths (supplementary figs. S1
and S2, Supplementary Material online). Both results were
used in subsequent analyses to confirm the robustness of
the results to minor changes in topology.

Molecular Evolutionary Analyses

To explore variation in selective pressure among cichlid rho-
dopsins, we used codon-based models of evolution as imple-
mented in PAML (Yang 2007) and HYPHY (Pond et al. 2005)
on various data subsets (and partitions) that reflect differ-
ences in ecology and/or biogeographical history: lake/river,
African/Neotropical (see Materials and Methods for details).
The random sites PAML models confirmed that there is var-
jation in w (the ratio of nonsynonymous to synonymous
substitution rate, dy/ds M3 vs. MO, P < 0.0001, table 1, sup-
plementary tables S2 and S3, Supplementary Material online)

for all alignment subsets, as expected for functional protein
coding genes. These models also found significant evidence
for a positively selected class of sites (M2a vs. M1a, M7 vs. M8,
P <0.0007; table 1, supplementary tables S2 and S3,
Supplementary Material online) for all subsets except
African riverine cichlids under the Bayesian topology, with
w values significantly greater than 1 (M8 vs.
M8a, P < 0.0001; table 1, supplementary tables S2 and S3,
Supplementary Material online). Under the ML topology,
the African river subset was also found to be under significant
positive selection (M2a vs. M1a, and M8 vs. M7 and M8a,
P < 0.05; supplementary table S3, Supplementary Material
online). The two topologies only differed in the location of
a single African river taxon (Tilapia guineensis), but our
sample size for African riverine cichlids was small (n=28)
and thus small changes in topology likely had a dispropor-
tionate effect. The PARRIS test (Scheffler et al. 2006), which is
similar to the M2a vs. M1a comparison, but allows variation in
synonymous rates (ds), was also significant in all cases, except
for African river subset, confirming that variation in ds did not
affect our inferences of positive selection in cichlids (supple-
mentary tables S4 and S5, Supplementary Material online).

African lake cichlids had the highest level of w for the
positively selected site class (13.69/14.37 in 7.1/6.6% of sites
with the Bayesian/ML topologies, respectively, under M8),
whereas Neotropical cichlids had a lower, but still signifi-
cantly positive, value (3.60/3.66 in 5.0/4.9% of sites with
the Bayesian/ML topologies, respectively, under MS; table
1, supplementary table S3, Supplementary Material online).
African river cichlids showed a pattern of positive selection
intermediate between this (w of 2.78/3.07 at 7.1/6.9% of sites
for the Bayesian/ML topologies, under M8). It is interesting
to note that the strength of positive selection was similar
between African river cichlids and Neotropical cichlids but
that the proportion of sites under positive selection was
more similar between African lake and African river cichlids.
A previous study of rhodopsin in African rift lake cichlids and
a single African riverine outgroup reported 6.9% of sites
under positive selection, with an average w value of 14.07
(M8; Spady et al. 2005), which is very similar to our findings.
Overall @ values for cichlid rhodopsin are quite high (MO,
0.25) compared with typical values found in ray-finned fish
rhodopsins (w = 0.07-0.08; Rennison et al. 2012) and even
protein coding genes in general (w = 0.08-0.18; Fay and Wu
2003). Instead, they are similar to values found for genes
known to be under strong positive selection such as
human MHC and reproductive proteins (Swanson et al.
2001).

Despite the high levels of positive selection found in this
data set, branch-site and clade model analyses did not reveal
evidence for a burst of selection occurring along the lineages
leading to the diversification of the major clades (cichlids,
African cichlids, and Neotropical cichlids; supplementary
table S6, Supplementary Material online). The only significant
result was found using the branch-site model on the lineage
leading to the African cichlids as foreground; the clade model
C (CmC) test on the same branch was not significant.
Furthermore, the null model for CmC, M2a_rel, was found
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Table 1. Results of Random Sites (PAML) Analyses on Various Subsets of the Cichlid RH1 Bayesian Gene Tree.

Parameters”
Tree® Model np InL K Null LRT df P
olp w4/q wzlwp
Neo Mo 55 —3,076.84 2.81 0.25 NA
M1a 56 —2,942.75 2.44 0.01 (84.7%) 1 (15.3%) MO 268.17 1 0.0000
M2a 58 —2,923.18 227)% 0.01 (85.2%) 1 (9.9%) 3.63 (4.9%) Mia 39.15 2 0.0000
M3 59 —2,922.87 2.76 0.02 (87.2%) 1.51 (10.5%) 528 (2.4%) Mo 307.94 4 0.0000
M7 56 —2,945.05 238 0.01 0.08 NA
M8a 57 —2,942.76 2.44 0.56 929 1 (15.3%) NA
M8 58 —2,923.17 2.74 0.01 0.07 3.60 (5.0%) M7 43.77 2 0.0000
M8a 39.18 1 0.0000
AfR Mo 15 —1,551.94 2.57 0.15 NA
Mia 16 —1,540.64 236 0 (87.6%) 1 (12.4%) Mo 22.60 1 0.0000
M2a 18 —1,538.19 2.42 0 (92.9%) 1 (0%) 2.78 (7.1%) Mila 4.90 2 0.0863
M3 19 —1,538.19 2.42 0 (84.2%) 0 (8.7%) 2.78 (7.1%) Mo 27.50 4 0.0000
m7 16 —1,540.91 229 0.01 0.05 NA
M8a 17 —1,540.64 236 0.01 929 1 (12.4%) NA
M8 18 —1,538.19 2.42 0.01 929 2.78 (7.1%) M7 5.43 2 0.0661
M8a 4.90 1 0.0269
AfL Mo 59 —2,232.90 2.68 122 NA
M1a 60 —2,187.22 1.89 0 (72.0%) 1 (28.0%) MO 91.35 1 0.0000
M2a 62 —2,121.61 233 0 (63.2%) 1 (29.8%) 14.05 (7.0%) M1a 131.22 2 0.0000
M3 63 —2,120.61 238 0.07 (79.3%) 2.55 (14.9%) 17.20 (5.7%) Mo 224.58 4 0.0000
M7 60 —2,187.33 1.91 0.01 0.01 NA
M8a 61 —2,187.22 1.89 0.01 2.09 1 (28.0%) NA
M8 62 —2,121.65 232 0.01 0.01 13.69 (7.1%) M7 131.36 2 0.0000
M8a 131.14 1 0.0000

Note—np, number of parameters; InL, In likelihood; «, transition/transversion ratio; df, degrees of freedom; NA, not applicable. Additional subsets are shown in supplementary

table S2, Supplementary Material online.

*The gene tree from the full RH1 alignment was pruned to contain only Neotropical cichlids (Neo), African river cichlids (AfR), and African lake cichlids (AfL).
Pw values of each site class are shown for models MO-M3 (w, — @) with the proportion of each site class in parentheses. For M7-M$, the shape parameters, p and g, which
describe the beta distribution are listed. In addition, the w value for the positively selected site class (wy, with the proportion of sites in parentheses) is shown for M8a (where w,

is constrained to equal one) and M8.

to be a better fit than the branch-site model and the
best-fitting model overall by Akaike information criterion
(AIC) comparison (supplementary table S6, Supplementary
Material online). This may be due to the fact that branch-site
models do not allow positive selection in the “background,”
which is likely to be the case for this data set. Together, these
results indicate that the divergent selective pressures found
using the random sites models was not driven by selection as
each group invaded a new environment. This suggests that
instead positive selection was acting within each clade during
its diversification.

CmC (Bielawski and Yang 2004) was used to analyze var-
iation among clades. Specifically, we used this model to test
for divergent selection by partitioning the data into biogeo-
graphic (African, Neotropical) or ecological (lake, river) group-
ings (fig. 1). In all cases, allowing for divergent selection
resulted in a significant improvement over the null model
(P < 0.0001, for all tests; table 2 and supplementary table S7,

Supplementary Material online), confirming that there is sig-
nificant divergent selective pressure between cichlids and the
outgroups, and within cichlid groups. Comparison with a null
model in which the divergent site class was constrained to
equal one confirmed the presence of significant positive se-
lection in all cases, except for the most heavily partitioned
models (supplementary table S8, Supplementary Material
online). Because we are interested in comparisons among
models that partition the data along different ecological/
biogeographic boundaries, we used the novel approach of
comparing the results of different levels of partitioning to
each other using likelihood ratio tests (LRTs), for those
models that were fully nested, and by AIC, for those that
were not, to determine which method of partitioning resulted
in a better fit to the data. Among all clade models with
two partitions, the best-fitting model was found to be the
one that partitioned African lake cichlids from all other taxa
(table 2, supplementary table S7, Supplementary Material
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Table 2. Results of CmC (PAML) Analyses on the Cichlid RH1 Bayesian Gene Tree.

Parameters®
Model and Partition®  np InL K AAICE Null LRT df P
(L) (L8 W,/g
M1a 147 —6,239.50 224 0.25 154.86 NA
M2a 149 —6,186.53 2.46 0.04 (80.1%) 1 (16.6%) 4.27 (3.3%) 5291 M1a 105.95 2 0.0000
M2a_rel 149 —6,186.53 2.46 0.04 (80.1%) 1 (16.6%) 4.27 (3.3%) 5291 M1a 105.95 2 0.0000
CmC: Cichlid 150 —6,179.22 244 004 (803%) 1 (143%) 133 (54%) 4030 M2arel 1461 1  0.0001
Cichlid: 4.28
CmC: Neo 150  —6,17929 249  0.04 (80.0%) 1 (164%) 592 (3.6%) 4044 M2arel 1461 1  0.0001
Neo: 2.33
CmC: Af 150 —6,165.68 241 0.04 (80.3%) 1 (14.8%) 1.90 (4.9%) 13.21 M2a_rel 41.70 1 0.0000
Af: 8.41
CmC: AfR 150 —6,186.35 247 0.04 (80.1%) 1 (16.7%) 4.40 (3.3%) 54.56 M2a_rel 0.35 1 0.5533
AfR: 3.34
CmC: AfL 150 —6,16032 240  0.04 (80.6%) 1 (137%)  1.60 (5.7%) 250  M2arel 5241 1  0.0000
AfL: 11.91
CmC: Neo/Af 151 —6165.1 241 004 (803%) 1 (147%) 163 (50%) 1405 M2arel 4286 2  0.0000
Neo: 2.15 Af 1.15 1 0.2827
Af. 8.40
CmC: R/L 151  —6,15807 240  0.04 (80.7%) 1 (131%)  1.12 (6.1%) 0 M2a_rel 5691 2 0.0000
R: 1.91 Af 15.21 1 0.0001
L: 11.68 AfL 4.50 1 0.0339
CmC: Neo/AfR/AfL 152 —6,157.48 2.40 0.04 (80.8%) 1 (12.8%) 1.16 (6.4%) 0.82 M2a_rel 58.09 3 0.0000
Neo: 1.51 AfL 5.68 2 0.0584
AfR: 2.97 R+L 1.18 1 0.2769
AfL: 11.72

Note—np, number of parameters; InL, In likelihood; &, transition/transversion ratio; df, degrees of freedom; NA, not applicable.

?Partitions listed are explained in figure 1. In all cases, an additional partition exist that contains the remaining taxa (e.g, outgroups).
®w values of each site class are shown with the proportion of each site class in parentheses. wp is divergent site class that has a separate value for each partition.
“The difference in AIC values was calculated compared with the overall best-fitting model, R/L, with an AIC of 12,618.14.

online). This is not surprising due to the extremely high
found for African lake cichlids in the random sites analysis,
although the w estimated from the clade model was lower
(11.91/12.49, Bayesian and ML, respectively; supplementary
table S7, Supplementary Material online), likely due to the
constraint on the proportion of sites in the divergent site class
among partitions. The best three-partition model was a divi-
sion between lake cichlids, river cichlids, and outgroups, and
this was a significantly better fit than the two partition
African lake model (P < 0.0001, supplementary table S7,
Supplementary Material online). Adding an additional parti-
tion to divide the African river cichlids, African lake cichlids,
Neotropical cichlids, and outgroups from each other was not
a significantly better fit than the lake, river, outgroup model.
This agrees with the findings of our random site analyses
where the Neotropical and African river cichlids were found
to have similar levels of positive selection, compared with the
much higher levels found in African lake cichlids. Thus, the
three-partition lake, river, outgroup was the best fitting model
suggesting that ecological differences between lake and river
habitats, rather than biogeographic factors, may have been
the cause of divergent selective pressures among cichlids.
However, future studies with additional taxonomic sampling
of African riverine species and other Neotropical cichlid

clades, especially Neotropical lake cichlids, may reveal more
complicated patterns than suggested by our current data.
As recent studies have increasingly used branch-site
models to study the evolution of multiple lineages or even
entire clades (e.g, Spady et al. 2005; Ramm et al. 2008; Yoshida
et al. 2011; Smith et al. 2012; Badouin et al. 2013; Veilleux et al.
2013), we performed the same two-partition tests (cichlid,
African cichlids, African lake cichlids, and Neotropical cichlids,
partitioned from the rest of the taxa) that were done with
CmC using the branch-site model. The branch-site model
cannot contain more than two partitions, so we could
not replicate our higher partitioned tests. Each of the two-
partition branch-site models was found to fit significantly
better than the null model (P < 0.0001, table 3, supplemen-
tary table S9, Supplementary Material online) and the African
lake partition was found to be the best-fitting branch-site
model, similar to the CmC analysis. However, the CmC lake,
river, outgroup partitioned model was still the overall best-
fitting model by AIC comparison. This is likely due to the
branch-site. model not being able to accommodate more
than two partitions and not allowing for positive selection
in the background, which appears to be the case for this data
set. In all cases, the fits of the CmC models were better than
those of the branch-site models (although only very slightly
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Table 3. Results of Branch-Site (BrS, PAML) Analyses on the RH1 Cichlid Gene Tree Highlighting Clades, in Comparison to the CmC Results.

Parameters”
Partition® Model np InL K AAICE Null LRT df P
Mo [ M3 Dap
NA M2a_rel 149 —61865 25  0.04 (80.1%) 1 (16.6%) 427 (33%) 50.4 NA
Cichlid BrS_Null 148 —6,2228 22 B: 0.03 B: 1 B: 0.03 B: 1 1209 NA
F: 003 (80.0%) F: 1 (114%)  F 1 (7.8%) F 1 (1.1%)
BrS_Alt 149 —6,1933 24 B: 0.04 B: 1 B: 0.04 B:1 64.0 BrS_Null 58.9 1 0.000
F: 004 (781%) F: 1(168%) F: 416 (43%) F: 4.16 (0.9%)
CmC 150 —6,179.2 2.4 B: 0.04 B: 1 B: 1.33 37.8 M2a_rel 146 1 0.000
F: 0.04 (803%) F 1 (143%) F 428 (5.4%)
Neo BrS_Null 148 —6,2293 22 B: 0.03 B: 1 B: 0.03 B: 1 134.0 NA
F: 003 (799%) F 1(158%)  F: 1 (3.6%) F 1 (0.72%)
BrS_Alt 149 —6,2124 23 B: 0.04 B: 1 B: 0.04 B: 1 1021 BrS_Null 339 1 0.000
F: 004 (80.1%) F: 1 (157%) F: 410 (35%) F: 4.10 (0.69%)
CmC 150 —6,1793 25 B: 0.04 B: 1 B: 5.92 37.9 M2a_rel 14.5 1 0.000
F: 0.04 (80.0%) F 1(164%) F 233 (3.6%)
AfL BrS_Null 148 —6,217.6 22 B: 0.03 B: 1 B: 0.03 B: 1 110.6 NA
F: 003 (750%) F 1(143%)  F: 1 (9.0%) F 1 (1.7%)
BrS_Alt 149 —6,1614 23 B: 0.03 B: 1 B: 0.03 B: 1 0.1 BrS_Null 1125 1 0.000
F 003 (762%) F 1 (144%) F: 974 (7.9%) F: 974 (1.5%)
CmC 150 —6,160.3 2.4 B: 0.04 B: 1 B: 1.60 0 M2a_rel 52.4 1 0.000

-

2 0.04 (80.6%) F: 1 (13.7%)

F: 11.91 (5.7%)

Norte.—Additional partitions are shown in supplementary table S9, Supplementary Material online.
?Paritions listed are explained in figure 1. In all cases an additional partition exits that contains the remaining taxa (referred to as the background in the branch-site model).
Pew values of each site class are shown with the proportion of each site class in parentheses. B and F refer to the background and foreground partitions using the branch-site terminology.

“Minimum overall AIC (African Lake partition of CmGC 12,620.6) was used for all comparisons.
Abbreviations—np, number of parameters; InL, In likelihood; «, transition/transversion ratio; df, degrees of freedom; NA, not applicable.

for the African lake partition), and in three of the five cases,
the fit of the branch-site model was worse than that of the
random sites model (M2a/M2a_rel), which does not allow
among-lineage variation (table 3, supplementary table S9,
Supplementary Material online). These results highlight the
weaknesses of the branch-site model when there is positive
selection in the background and how a suboptimal model can
be chosen by this method.

Positively Selected Sites

To examine the potential aspects of rhodopsin function that
were under positive selection in cichlids, positively selected
sites were identified from the random sites analyses of the
African river, African lake, and Neotropical data subsets. We
found 18 positively selected sites in Neotropical cichlids, 5 in
African river cichlids, and 26 in African lake cichlids, identified
with a posterior probability of at least 80% (or P value < 0.1)
in the M8 (PAML) and FUBAR (HYPHY) models (table 4,
supplementary table S10, Supplementary Material online).
Surprisingly, the positively selected sites in African lake and
Neotropical cichlids were largely nonoverlapping with only
five of the sites shared between the two groups (table 4,
supplementary table S10, Supplementary Material online).
The positively selected sites in African river cichlids consisted
of three sites shared with African lake cichlids and two sites
unique to African river cichlids. It is intriguing that some of
the sites under positive selection appear to be similar between
African river and African lake species but that the strength of

6

selection is similar between African river and Neotropical
cichlids, suggesting that perhaps selective pressures are influ-
enced more strongly by environmental factors, whereas the
particular sites under positive selection are influenced by
the evolutionary history of the protein. However, our
sample size for African river cichlids is quite small, and this
reduces both our power to detect positively selected sites and
our reliability in the sites detected. Inclusion of African river
sites detected by the less stringent REL model reveals two sites
shared with Neotropical cichlids to the exclusion of African
lake cichlids, and thus it is likely that additional sampling
will reveal a more complex pattern of sites under positive
selection.

Other models implemented in PAML (M2, M8) and
HYPHY (REL, FUBAR, FEL) showed similar results for the
identification of positively selected sites (supplementary
tables S11-513 and fig. S3, Supplementary Material online).
Overall, the REL model found the largest number of positively
selected sites, with the highest posterior probabilities, fol-
lowed by FUBAR, M8, M2a, and then FEL (supplementary
tables S11-513 and fig. S3, Supplementary Material online).
Some sites were identified by only the PAML models or
the HYPHY models (table 4, supplementary tables S11-5S13,
Supplementary Material online). Sites identified as positively
selected by HYPHY (FUBAR), but not PAML (M8), were as-
signed to the positively selected site class in M8 but with low
posterior probability. Conversely, where M8 found sites that
FUBAR did not, the w levels estimated by FUBAR tended to
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Table 4. List of Positively Selected Sites Found by the M8 BEB (M) and FUBAR (F) Analyses with a Posterior Probability of at Least 80%.

Codon  Location Neo AfR  AfL  Possible Effect on Rhodopsin Function References

32 N - - F

33 N MF - -

37 T™M1 - - MF*

41 TM1 - - MF* Near retinal channel A Hildebrand et al. (2009)

42 T™M1 - - MF Near retinal channel A Hildebrand et al. (2009)

48 T™1 - - F

49 T™M1 - MF -

50 ™M1 F - -

75 ™2 F - -

83 T™M2 - - F Spectral tuning, meta-ll equilibrium, Breikers et al. (2001), Sugawara et al. (2005, 2010)
dark adaptation

95 ™2 - - MF*

104 E1 - - F

124 T™3 MF - - Spectral tuning Garriga et al. (1996), Lin et al. (1998), Hunt et al. (2001)

133 ™3 - MF  MF*

156 TM4 MF* - Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

162 TM4 - MF  MF* Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

163 TM4 - - M Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

165 TM4 - - MF* Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

166 TM4 - - MF* Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

169 TM4 MF* - MF* Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

172 TM4 MF - - Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

173 TM4 MF* - - Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

213 TM5 - - m* Dimerization interface, near retinal Guo et al. (2005), Fotiadis et al. (2006),

channel B Hildebrand et al. (2009)

217 TM5 MF* - MF* Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

218 TM5 F - MF* Dimerization interface Guo et al. (2005), Fotiadis et al. (2006)

259 TM6 - - M

260 TM6 - F -

263 T™M6 - - MF*

270 TM6 MF* - M Near retinal channel B Hildebrand et al. (2009)

274 TMé6 MF* - - Near retinal channel B Hildebrand et al. (2009)

281 E2 MF* - - 3D structure Anukanth and Khorana (1994)

286 E2 MF* - - Near retinal channel A Hildebrand et al. (2009)

287 T™M7 MF* - - Near retinal channel A Hildebrand et al. (2009)

290 ™7 - - F

292 T™M7 - - MF Spectral tuning, dark adaptation Sugawara et al. (2005)

297 ™7 - MF M* Near retinal binding site 296

298 T™7 = = MF* Near retinal binding site 296

299 T™7 MF - MF* Spectral tuning Fasick and Robinson (1998), Bischoff et al. (2012)

Note~E, extracellular loop; N, N-terminus; TM, transmembrane domain. Asterisk denotes entries with a posterior probability of at least 95%. Codon site numbers follow bovine
rhodopsin. Amino acid identities at the positively selected sites are shown in supplementary table S10, Supplementary Material online. Results from the full sets of positively
selected site analyses are shown in supplementary tables S11-512, Supplementary Material online.

be slightly greater than one but with elevated ds values.
However, elevated ds driving an increase in @ did not
appear to be the sole reason for detection of positive selection
by M8, because these same sites, with one exception, were
found by REL, which allows for variation in ds.

Here, we map the sites found by the M8 and FUBAR anal-
yses on African lake and Neotropical cichlids onto the crystal
structure of both the dark-state and meta-Il conformations
of rhodopsin (Palczewski et al. 2000; Choe et al. 2011) and
discuss their relevance in light of published results of site-
directed mutagenesis studies of rhodopsin function.

We found that the positively selected sites map to regions
in rhodopsin that are associated with both spectral and non-
spectral properties and fall into several functional categories
including spectral tuning, retinal entry/exit, and receptor di-
merization (table 4, supplementary table S10, Supplementary
Material online). Although the sites were largely nonoverlap-
ping between African lake and Neotropical cichlids, both
clades had positively selected sites in each of the functional
categories.

Several of the sites found to be positively selected in
African lake and Neotropical cichlids have been identified
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Fic. 2. Openings to retinal binding pocket in the active meta-ll conformation of rhodopsin. (A) The opening between helices | and VII and (B) the
opening between helices V and VI. Residues around the opening are highlighted. Residues 41, 42, and 213 are positively selected sites near the openings
in African lake cichlids, and residues 274, 286, and 287 are positively selected sites near the openings in Neotropical cichlids. Residue 270 is positively
selected in both African lake and Neotropical cichlids. The chromophore is shown in the center of the opening as a stick model. Sites are mapped onto

PDB ID 3PXO.

by site-directed mutagenesis studies to affect spectral tuning
in cichlids and other taxa. Two sites were positively selected
only in African lake cichlids (83, 292), one in only Neotropical
cichlids (124), and one in both groups (299). At site 292,
mutation from Ala to Ser has been shown to cause a
>10 nm blue shift in African lake cichlids, including a similar
red shift for the reverse mutation (Sugawara et al. 2005).
Mutation studies in bovine rhodopsin, which also show a
large blue shift for A292S, demonstrate the consistent effects
of this mutation (Fasick and Robinson 1998; Lin et al. 1998;
Janz and Farrens 2001). In our data set, four African lake
species were found with S292, whereas other African lake
and all Neotropical and African river cichlids had A292.
Mutagenesis analyses have shown that D83N causes a
2-8nm blue shift in African lake cichlids (Sugawara et al.
2005) and a small, variable blue shift in bovine rhodopsin
(Janssen et al. 1990; Nathans 1990; Fahmy et al. 1993; Weitz
and Nathans 1993; Fasick and Robinson 1998; Breikers et al.
2001; Nagata et al. 2002). At site 83, African lake cichlids
primarily have Asp, but three species were found with Asn.
In Neotropical cichlids, however, all species except for the
basal Retroculus xinguensis had Asn, and all African river cich-
lids have Asp. Although the N83 mutation is sometimes
found in conjunction with $292 (Sugawara et al. 2010), this
was not the case here. Site 124 was positively selected in
Neotropical cichlids and varied between Ser, Ala, and Gly.
Variation between these three residues has been proposed
to be associated with changes in spectral tuning of rhodopsin
through analysis of natural variation in deep-sea fish (Hunt
et al. 2001). Although site-directed mutagenesis has not been
performed between Ser, Ala, and Gly, the mutations A124R
and A124T in bovine rhodopsin did result in small blue shifts
(Garriga et al. 1996; Lin et al. 1998) confirming that changes in
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polarity at this site can affect spectral tuning. In African lake
and river cichlids, this site is conserved as Gly. Both African
lake and Neotropical cichlids were positively selected at
site 299 and both with variation between Ala and Ser.
Mutagenesis studies in bovine rhodopsin have found that
A299S resulted in a 2nm red shift (Fasick and Robinson
1998), and studies of natural variation in cetacean rhodopsins
have associated this same mutation with a 5nm red shift
(Bischoff et al. 2012). African river cichlids are conserved at
site 299 with Ser.

A number of sites adjacent to the entry/exit channels for
retinal into the binding pocket were found to be under pos-
itive selection as well (fig. 2). The structures of the activated
opsin (Park et al. 2008), G protein-interacting (Scheerer et al.
2008), and meta-ll state (Choe et al. 2011) have revealed a
channel through the protein that is thought to provide access
to the chromophore binding pocket, with openings into the
lipid bilayer between helices | and VIl and between helices V
and VI (Hildebrand et al. 2009). Current theories suggest that
retinal traverses through this channel unidirectionally
(Schadel et al. 2003; Hildebrand et al. 2009), with helices V
and VI providing the opening for retinal release (Wang and
Duan 2011). Positively selected sites adjacent to the entry/exit
channels show variation in size and polarity in both African
lake and Neotropical cichlids (table 4, supplementary table
S10, Supplementary Material online). However, this variation
is found at different sites in the two groups. As illustrated in
figure 2, the positively selected sites 41 and 42 in African lake
cichlids and 286 and 287 in Neotropical cichlids are adjacent
to the opening between helices | and VII (retinal channel A),
and sites 213 in African lake cichlids, 274 in Neotropical cich-
lids, and 270 in both groups are adjacent to the opening
between helices V and VI (retinal channel B). Variation in
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Fic. 3. Interface between rhodopsin molecules in a theoretical dimer model (Fotiadis et al. 2006). Residues 163, 163, 165, 166, and 213 are positively
selected sites on helices IV and V in African lake cichlids; residues 156, 172, and 173 are positively selected sites on helix IV in Neotropical cichlids; and
residues 217 and 218 are positively selected sites on helix V in both African lake and Neotropical cichlids. Sites are mapped onto the theoretical model of

the rhodopsin dimer, PDB ID 1N3M.

size and polarity at these sites could affect the size and shape
of the channels and thus the ability for retinal to enter and
exit the binding pocket through steric effects or changes in
polarity (Chen et al. 2012). The side chain of residue 286, in
particular, points directly into channel A, and shows Val/lle
variation in Neotropical cichlids (fig. 2; supplementary table
S10, Supplementary Material online). The additional methyl
group in lle could potentially hinder the passage of retinal and
may be a good target for future mutagenesis studies aiming to
determine the direction of retinal passage. The other posi-
tively selected sites are directly adjacent to the residues lining
the openings (fig. 2), and therefore, variation at these sites
could also affect retinal uptake or release.

The final functional category under positive selection per-
tains to rhodopsin sites thought to be involved in dimeriza-
tion (fig. 3). Rhodopsin is known to form dimers and higher
order oligomeric interactions in vivo (Fotiadis et al. 2003;
Jastrzebska et al. 2006). Modeling studies suggest that the
closest contact between monomers occurs between trans-
membrane helices IV and V (Fotiadis et al. 2006); though a
recent study has found that there may also be important
intermolecular contacts between helices | and VIII mediated
by C316 in native disk membranes (Knepp et al. 2012).
Positively selected sites found on the modeled dimerization
interface are illustrated in figure 3 and fall in two distinct
clusters in African and Neotropical cichlids, respectively,
with a third small cluster that is positively selected in both.
A single site on the dimerization interface was positively se-
lected in African river cichlids. These sites either vary between
smaller and larger hydrophobic residues or between hydro-
phobic and polar residues and are highly conserved in the

group in which they are not positively selected (supplemen-
tary table S10, Supplementary Material online). Site 156, in
particular, shows substantial size variation between Gly and
Phe. Although the positively selected sites were not identified
as being directly involved in binding (Guo et al. 2005; Fotiadis
et al. 2006), the precise nature of the dimeric interface is not
known (Morris et al. 2009; Lohse 2010), and the sites in each
group are tightly clustered together facing the opposing rho-
dopsin partner (fig. 3), which is certainly suggestive of a func-
tion in dimerization. It is possible that these substitutions
affect the affinity between members of a rhodopsin dimer
or the density of rhodopsin packing, although it is not clear
what effect this would have for the visual sensitivity or acuity
of the animal.

Discussion

Through targeted rhodopsin sequencing and molecular evo-
lutionary analyses, we have found evidence for positive selec-
tion in both Neotropical and African cichlid rhodopsins.
We have also found evidence which suggests that divergent
selective pressures on this gene may have been caused by
ecological differences in lake and river habitats. We found
that clade models were sufficient to detect divergent selective
pressures among cichlid groups, but that the commonly used
branch-site models did not perform as well, due to violation
of the key assumption of no positive selection in the back-
ground. Positively selected sites in rhodopsin identified by
random sites analyses were associated with three main func-
tions: spectral tuning, chromophore entry and exit, and rho-
dopsin dimerization. Surprisingly, these sites were largely
nonoverlapping between African lake and Neotropical
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cichlids, but both groups had positively selected sites in each
functional category. Here, we discuss our results in light of the
evolution and ecology of cichlid fishes and also assess the
methodological implications of our findings.

Positive selection on rhodopsin in Neotropical cichlids was
expected given the wide variety of niches and environments
these fish occupy, but the strength of the evidence is remark-
able given that positive selection in African rift lake opsin
genes is closely linked to both sexual dimorphism (Terai
et al. 2006; Miyagi et al. 2012) and very recent adaptive radi-
ation (Spady et al. 2005), neither of which is the case in
Neotropical cichlids (Lopez-Fernandez et al. 2010, 2013).
This suggests that ecological differences over long time
scales are sufficient to drive detectable positive selection in
the rhodopsin of cichlid fishes and indicates that visual
system evolution may be important for cichlid adaptive
diversification not only in the African rift lakes.

The African rift lake cichlids encompass most of the fam-
ily’s diversity and are under the highest levels of positive se-
lection on rhodopsin. The African and Neotropical riverine
cichlids, although less diverse than the African rift lake cich-
lids, all showed evidence of positive selection, albeit at lower
levels than their African lake counterparts. The results of the
clade analyses support the hypothesis that differences in se-
lective pressures among clades may be due to ecological dif-
ferences between lake and river habitats. Lake environments
are highly variable in terms of spectral quality but are also
strongly partitioned with respect to habitat. As African cich-
lids invaded the rift lakes and diversified, specializing in vari-
ous micro-habitats (reviewed in Danley and Kocher 2001),
varying light levels within these habitats may have provided
the opportunity for strong positive selection on visual pig-
ments to adapt to new environments. This divergent selec-
tion on the visual system, and the associated divergence in
male coloration within the rift lakes, likely promoted rapid
and extensive speciation through sensory drive (Seehausen
et al. 2008). Until recently, low rates of diversification in
African riverine cichlids have been hypothesized to be due
to temporal instability of African riverine habitats and inter-
preted as evidence of reduced adaptive speciation, favoring
the idea that African riverine cichlid diversification resulted
predominantly from vicariance events (Joyce et al. 2005;
Katongo et al. 2005, 2007). Recent work, however, has started
providing strong evidence for adaptive diversification in riv-
erine cichlids both in African (Koblmiiller et al. 2008;
Schwarzer et al. 2011, 2012) and Neotropical cichlids (Pialek
et al. 2012; Lopez-Fernandez et al. 2013; Arbour and Lopez-
Fernandez 2013). Both Neotropical and African riverine envi-
ronments contain markedly different water types (e.g,
Lamboj 2004; Albert and Reis 2011) with spectral quality
characterized by black (transparent but stained with tannins),
white (turbid, with high amounts of dissolved solids), or clear
(transparent, with low amounts of dissolved solids) water that
create differential degrees of light attenuation among habitats
(Sioli 1984; Cooke et al. 2012). These differences may have
influenced selection on the dim-light visual pigment rhodop-
sin because the amount and quality of available light can
differ dramatically across habitats. However, future studies
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that incorporate additional sampling of African riverine cich-
lids, as well as Central American crater lake cichlids, may
reveal more complex patterns, which would alter our current
ecological interpretations.

Coincident with divergent selective pressure between lake
and riverine cichlids, there is also divergence in the identities
of sites under positive selection between African lake cichlids
and Neotropical riverine cichlids. Although the positively se-
lected sites were largely nonoverlapping between the African
lake and Neotropical cichlid groups, they did fall into the
same three functional categories. Thus, although there is di-
vergence between the strength of selection between the two
groups, it is unclear if there is a divergence or convergence of
function in the positively selected sites. Different substitutions
at the molecular level may yield similar adaptive functions as a
response to environmental pressures. Amino acid substitu-
tions can produce general, nonlocal effects on rhodopsin
function (Piechnick et al. 2012), and substitutions at different
sites can have convergent effects on function (e.g, Hunt et al.
2001; Takenaka and Yokoyama 2007). Interestingly, African
river species shared three positively selected sites with African
lake species, and none with Neotropical river species, al-
though African river species suffer from a small sample size,
and only five positively selected sites were detected. This
suggests that, at least in this case, the strength of the selection
may be influenced more strongly by environmental or eco-
logical factors (lake vs. river), whereas the particular sites
under positive selection might be more influenced by the
evolutionary history of the protein. It follows that the same
functional changes may be selected for in each environment,
but on different sites as dictated by the protein background.
This opens an interesting avenue for future research where
the functional changes associated with positive selection are
experimentally tested.

Rhodopsin spectral tuning sites have frequently been
found to be a target of selection in aquatic organisms (e.g,
Fasick and Robinson 2000; Hunt et al. 2001; Larmuseau et al.
2010; Sivasundar and Palumbi 2010). In our cichlid data set, a
number of positively selected sites have been previously
found to be important for spectral tuning in site-directed
mutagenesis studies. Site 292, which was positively selected
in African lake cichlids, likely plays a role in adaptation to
blue-shifted waters in deep-dwelling African lake species
(Sugawara et al. 2005, 2010; Nagai et al. 2011), as well as in
deep-sea fish (Hunt et al. 2001). Interestingly, the D83N sub-
stitution has also been noted frequently in deep-water dwell-
ing organisms (Hunt et al. 1996, 2001; Hope et al. 1997; Fasick
and Robinson 2000), including cichlids from the deepest
regions of the African rift lakes (Sugawara et al. 2005, 2010).
Substitutions at both sites, D83N and A292S, have recently
been shown to also increase the speed of production of rho-
dopsin’s active meta-ll state upon photoactivation in deep
water cichlids (Sugawara et al. 2010), as well as affecting the
rate of retinal release (Bickelmann et al. 2012), which suggests
a potential adaptive role in light-limiting environments by
increasing the stability of meta-Il.

In addition to substitutions that shift the A, of rhodop-
sin, we identified positively selected sites that may be
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influencing nonspectral properties of rhodopsin such as the
passage of retinal through the protein and the dimerization
interface between rhodopsin monomers. Variation at posi-
tively selected sites lining the retinal channels in cichlids may
alter either the uptake of 11-cis-retinal during regeneration or
the release of all-trans-retinal during meta-ll decay (Chen et al.
2012; Piechnick et al. 2012). Mutations at highly conserved
sites around both channel openings in bovine rhodopsin have
been shown to dramatically alter retinal uptake and release
(Piechnick et al. 2012). This may affect the rate of recovery in
photoreceptors, and potentially be an adaptation for in-
creased visual sensitivity or dark adaptation, particularly at
low bleaching levels (Ala-Laurila et al. 2006). Similarly, sites
that affect the rhodopsin dimerization interface are likely to
affect visual sensitivity, as dimers are thought to enhance
transducin activation (Fotiadis et al. 2006; Jastrzebska et al.
2013). Studies in other GPCRs have shown that heterodimer-
ization can affect various aspects of protein function, such as
ligand binding (reviewed in Lohse 2010). Altogether, our find-
ings suggest that visual protein evolution may have played an
important role in the diversification of riverine cichlids in the
Neotropics and highlight the importance of investigating nat-
ural sequence variation in organisms from varied environ-
ments in studies of protein evolution.

Methodological Implications

In this study, we combined several different codon-based like-
lihood methods to explore biogeographic and ecological hy-
potheses of rhodopsin evolution in cichlid fishes. Random
sites models were used to determine selective pressures
acting on each cichlid group and to identify individual sites
under positive selection, whereas branch-site and clade
models were used to localize the effects of positive selection,
either to the branch leading to a clade or to the clade itself,
and to test for divergent selective pressures. We argue that
the combination of these methods uncovers patterns of var-
iation not apparent when different models are used in isola-
tion and that clade models generally performed better for our
data set than branch-site models.

The branch-site model was originally designed to test for
an episode of positive selection along particular branches in
an otherwise conservatively evolving background (Yang et al.
2005; Zhang et al. 2005). These tests assume that there is a
category of sites that switches from neutral or purifying se-
lection to positive selection on a specific branch. Although
the use of the branch-site model for this purpose has been
shown to be statistically robust (Zhang et al. 2005; Yang and
dos Reis 2011), the use of this model to test for divergent
selection between clades is becoming increasingly popular
(Spady et al. 2005; Ramm et al. 2008; Yoshida et al. 20171;
Smith et al. 2012; Badouin et al. 2013; Veilleux et al. 2013).
However, this method was not designed for this purpose and
can produce false positives when its assumptions are violated
(Suzuki 2008). For example, if the assumption of the branch-
site test that there is no positive selection in the background
is violated (as was the case for the data presented here),
the alternative model allowing positive selection in the

foreground may fit the data better, even if there are positively
selected sites throughout the phylogeny, leading to false-
positive results (Zhang et al. 2005; Suzuki 2008; Yoshida
et al. 2011). Clade models, which were designed to detect
sites that vary in the strength and form of selection among
clades (Bielawski and Yang 2004; Weadick and Chang 2012a),
do not suffer from these limitations, and we found that they
performed better in our data set, which showed clear evi-
dence of positive selection in the background. A potential
limitation of CmC is that it tests for divergent selective pres-
sures rather than positive selection. This issue can be over-
come by constraining the clade model’s divergent site class to
equal one and comparing the results with an unconstrained
CmC using an LRT as suggested by Chang et al. (2012), thus
making it an explicit test of positive selection in the context of
divergent selection between clades. On the basis of our re-
sults, we recommended the use of CmC over the branch-site
model in data sets where there is likely to be variation in the
strength of selection in the background.

CmC is a powerful method for detecting divergent selec-
tive pressures among clades. With the addition of multiclade
models (Yoshida et al. 2011) and the approach of comparing
successive clade partitions with LRTs introduced here, it is
possible to test various evolutionary and ecological hypothe-
ses, explore different models, and determine which best fits
the data. Here, we used a priori knowledge of cichlid evolution
and ecology to formulate hypotheses of divergent selective
pressures in cichlid rhodopsin based on their ecology and
biogeographic history, which were then tested using a com-
bination of random sites, branch-site, and clade models of
evolution. Using this approach, we found that a clade model
incorporating divergent selective pressures resulting from
ecological differences in lake and river habitats best fit our
cichlid rhodopsin data set. In general, although the clade
models were best suited for testing for divergent selective
pressures among clades, it was useful to combine them
with random sites models to determine if the positively se-
lected sites were different in the lake and river habitats, as well
as with structure/function analysis of the positively selected
sites to infer whether their effects on function might also
differ between clades.

Conclusions

African rift lake cichlids have emerged as a model system for
the study of visual ecology and speciation by sensory drive
due to their recent and extensive diversification into varied
lake environments (Seehausen 2006; Terai et al. 2006;
Seehausen et al. 2008; Miyagi et al. 2012). It has been hypoth-
esized that niche partitioning along light gradients in lake
habitats coupled with sexual selection for male nuptial colora-
tion has resulted in positive selection in African lake cichlid
visual pigments and contributed to their extensive diversifi-
cation (Seehausen et al. 2008). Here, we have shown that
Neotropical cichlids, which mainly inhabit river environ-
ments, also show strong positive selection on the dim-light
visual pigment, rhodopsin. Furthermore, we have shown that
selective pressure on rhodopsin in lake and river habitats is
divergent both in terms of the strength of selection and the
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individual sites under selection. It is important to note that
divergent sites can affect similar aspects of function, based on
current understanding of rhodopsin structure and function;
this would certainly be an interesting avenue of future exper-
imental research. Our analyses were greatly strengthened by
an understanding of the ecological and biogeographic pro-
cesses shaping the evolution of cichlids, which allowed us to
formulate and test a priori hypotheses in the context of sites
and lineage-specific likelihood models of evolution. Our ap-
proach combined random sites with clade models of evolu-
tion, using LRTs between successive partitions; this allowed us
to determine that a model incorporating divergent selection
between lake and river habitats best fit our data and to iden-
tify individual sites under positive selection in different
ecological groups. The branch-site test, which is becoming
increasingly popular for examining divergent selective pres-
sures between clades, was found to perform poorly in this
context. Our study demonstrates the advantages in combin-
ing different methods to investigate molecular evolution in
biological systems, particularly in genes strongly tied to ecol-
ogy, and emphasizes the importance of studies incorporating
natural sequence variation in organisms from varying
environments.

Materials and Methods

Opsin Sequencing and Data Set Preparation

Rhodopsin was amplified from tissue samples (muscle or fin)
obtained from the Ichthyology collection at the Royal Ontario
Museum for one to three individuals of 32 cichlid species. This
included Neotropical riverine cichlids with at least one species
from each genus in the tribe Geophagini, except Acarichthys,
and three species basal to Geophagini (R. xinguensis, Cichla
temensis, and Chaetobranchus flavescens), as well as the
basal African riverine cichlids Heterochromis multidens,
Hemichromis  fasciatus, and Chromidotilapia  guntheri
(Lopez-Fernandez et al. 2010). DNA was extracted using stan-
dard phenol/chloroform extraction protocols, and an 859
base pair fragment of rhodopsin was amplified using
the primers 193F (CNTATGAATAYCCTCAGTACTA) and
Rh1039R (CCRCAGCACARCGTGGTGATCA) (Chen et al.
2003). Polymerase chain reaction was performed using stan-
dard cycling conditions. Fragments were visualized on agarose
gels and extracted using a QIAquick Gel Extraction Kit
(QIAGEN). Fragments were cloned into the pJET 1.2 cloning
vector (Fermentas), cultured in liquid media, and isolated
using GeteJET Plasmid Miniprep Kit (Fermentas). Three to
four clones were sequenced per individual. Sequencing was
performed in the forward and reverse directions using a 3730
Analyzer (Applied biosystems). Sequences were assem-
bled, manually trimmed, and edited in Sequencher 5.0.4.9
(Genecodes) to produce a consensus sequence for each spe-
cies. Additional cichlid rhodopsin sequences were obtained
from Genbank and include all RH1 sequences available from
African riverine cichlids (six additional species) as well as rep-
resentatives from Lakes Malawi, Tanganyika, and Victoria
(32 species). Sequences were also obtained from eight species
found within the same major percomorph clade as cichlids
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(Ovalentaria) to act as outgroups for phylogenetic and mo-
lecular evolutionary analyses (Near et al. 2013). Sequences
were aligned using PRANK (Loytynoja and Goldman 2005).
Prior to molecular evolutionary analyses, the alignment was
pruned to the length of the average Neotropical rhodopsin
sequence. Species list and accession numbers for all sequences
used in the study are provided in supplementary table S1,
Supplementary Material online.

Phylogenetic Analyses

Rhodopsin gene trees were estimated in MrBayes 3 (Ronquist
and Huelsenbeck 2003) using reversible jump Markov chain
Monte Carlo with a gamma rate parameter (nst = mixed,
rates = gamma), which explores the parameter space for the
nucleotide model and the phylogenetic tree simultaneously,
and by ML using PhyML 3 (Guindon et al. 2010) under the
GTR + G + I model with a BioN] starting tree, the best of NNI
and SPR tree improvement, and aLRT SH-like branch support
(Anisimova and Gascuel 2006). The Bayesian analysis was run
for 5 million generations with a 25% burn-in. Convergence
was confirmed by checking that the standard deviations
of split frequencies approached zero and that there was no
obvious trend in the log likelihood plot.

Molecular Evolutionary Analyses

To estimate the strength and form of selection acting on
rhodopsin, the alignment, along with the Bayesian gene
tree, was analyzed with the codeml program from the
PAML 4 software package (Yang 2007) using the random
sites models (M0, M1a, M2a, M3, M7, M8a, and M8),
branch-site model, and CmC. The random sites and CmC
analyses were repeated with the ML gene tree to ensure
that minor changes in topology did not significantly alter
the results. Because PAML does not incorporate rate variation
in synonymous sites (ds), we also analyzed the data using the
HYPHY (Pond et al. 2005) REL, FEL, FUBAR, and PARRIS
models (Kosakovsky Pond and Frost 2005; Scheffler et al.
2006; Murrell et al. 2013) implemented on the Datamonkey
webserver (Delport et al. 2010), which are similar to the PAML
random sites models, but allow for an independently esti-
mated ds. Three different subsets of the RH1 data set were
analyzed with the random sites models of PAML and HYPHY
to assess differences in selective pressure among the various
groups. These subdivided data sets contained 1) only
Neotropical cichlid RH1 sequences, 2) African riverine cichlid
sequences, and 3) African lake cichlid sequences.
Comparisons between the PAML random sites models
were used to test for variation in @ (M3 vs. M0) and for
the presence of a positively selected class of sites (M2a vs.
M1a and M8 vs. M7 and M8a). All analyses were run starting
with the branch lengths estimated by MrBayes (or PhyML, as
appropriate) for the complete RH1 gene tree and repeated at
least four times with varying initial starting points of « (tran-
sition to transversion rate ratio) and w to avoid potential local
optima. The model pairs were compared using an LRT with a
x? distribution. Sites under positive selection in the M2a and
M8 models were identified by the Bayes' Empirical Bayes
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(BEB) analysis implemented in PAML (Yang et al. 2005). These
codon-based likelihood models are designed to detect episo-
dic or diversifying selection but may be inadequate to detect
directional selection, especially when amino acids changes
associated with such selection have only occurred once.
Although the PAML models (and codon-based likelihood
models in general) have recently come under statistical crit-
icisms (Friedman and Hughes 2007; Suzuki 2008; Nozawa et al.
20093, 2009b), these criticisms have largely been refuted and
the models shown to have robust statistical properties (Yang
et al. 2009; Yang and dos Reis 2011; Weadick and Chang
20123; Zhai et al. 2012; Gharib and Robinson-Rechavi 2013).

The site models of HYPHY were also implemented for each
subset of the RH1 data (using the Bayesian topology, except
for PARRIS which was performed using both topologies) to
ensure that allowing for variation in ds did not alter the con-
clusions of the analyses. The PARRIS model performs an LRT
between a null model with three synonymous rate classes and
two w rate classes (constrained to equal 0 and 1, respectively)
with an alternate model that adds an additional w class that is
free to vary (Scheffler et al. 2006). This provides an explicit test
of positive selection under variable synonymous rates. The
REL, FEL, and FUBAR models do not implement LRTs be-
tween a null and alternate model but instead estimate the
w value for each site in a comparable way to the BEB analysis
of PAML (Kosakovsky Pond and Frost 2005; Murrell et al.
2013). Comparisons between the BEB analysis of the M8
model and the REL, FEL, and FUBAR models were performed
by graphing the estimated w value for each site and by com-
paring the sites found to be under significant positive
selection.

The branch-site model (Zhang et al. 2005) and CmC
(Bielawski and Yang 2004) were used to test for positive se-
lection along particular branches using the full RH1 alignment
and gene tree. These models allow @ to vary among sites and
between “foreground” and background branches, or clades,
specified by the user, based on a priori hypotheses of where
adaptive evolution may have occurred. The branch-site
model has four site classes: 0) 0 < wy < 1 for all branches;
1) w, = 1 for all branches, 2a) w,, = w,, > 1 in the foreground
and O0<wy,=wy<1 in the background, and 2b)
Wyp = W1, > 11in the foreground and w,, = w; = 1in the back-
ground. CmC assumes that some sites evolve conservatively
across the phylogeny (two classes of sites where 0 < wy < 1
and w, = 1), while a class of sites is free to evolve differently
among two or more partitions (eg, wp;>0 and
Wp1 # wpy > 0), which can be branches, clades, or a mix of
both. The main differences between the two models is that
CmC does not assume positive selection in the divergent site
class in the foreground and does not constrain that back-
ground to be under only negative and purifying selection.
Instead, CmC allows separate, unconstrained estimates of @
for the third (divergent) site class for each partition. These
models were used to determine whether significant differ-
ences in selection among clades highlighted by the random
sites models are driven by a burst of selection in the lineage
leading to each of the main clades. Analyses were conducted
with the branch leading to all cichlids, African cichlids,

and Neotropical cichlids, designated as the foreground. The
branch-site models were compared with a null model where
w, is constrained to be equal to one. The null model used for
CmC was M2a_rel, which does not allow divergence of w in
the third site class (but the w value for this site class is still
unconstrained; Weadick and Chang 2012a). The LRT using
this model has a significantly lower false-positive rate than
previous tests that compared the divergent model to the M1a
model, which does not allow divergent selection, and also has
one less site class (Weadick and Chang 2012a). This compar-
ison can lead to false positives when three site classes are a
better fit than two, even if there is no divergent selection
(Weadick and Chang 2012a). To avoid local optima, each
analysis was run at least four times with varying initial
values of x and w.

CmC was also used to test for differences in selection
among clades and to determine what division of clades
best fit the data, using the full RH1 alignment and Bayesian
and ML gene trees. A priori knowledge of cichlid historical
biogeography and ecology were used to direct the tests. CmC
was recently extended to allow for more than two partitions
(Yoshida et al. 2011), allowing us to define clades in multiple,
successive sets of partitions. The two-partition models were
cichlids/outgroups, African cichlids/outgroups and other
cichlids, African lake cichlids/outgroups and other cichlids,
African river cichlids/outgroups and other cichlids, and
Neotropical cichlids/outgroups and other cichlids. Three par-
tition: African cichlids/Neotropical cichlids/outgroups, and
lake cichlids (African lake cichlids)/river cichlids (African
river cichlids and all Neotropical cichlids)/outgroups. Four
partition: African lake cichlids/African riverine cichlids/
Neotropical riverine cichlids/outgroups. These partitions are
defined and depicted in figure 1. Throughout the article, we
often refer to these partitions only by the foreground,
whereas the background partition that contains outgroups
and possibly other taxa is not mentioned. In all cases, the
background partition is present and includes whichever
clades and branches were not placed in one of the mentioned
foreground partitions. CmC analyses are prone to local
optima (Bielawski and Yang 2004; Weadick and Chang
2012a), so all models were run at least four times with varying
initial ¥ and w values to ensure convergence. The CmC anal-
yses were compared with the M2a_rel null model as de-
scribed earlier to test for the presence of divergent
selection. The analyses with statistically significant LRTs
were further analyzed to test if the w value in the divergent
site class was significantly different from one. This was done
by constraining the w of the divergent site class to be equal to
1 (Chang et al. 2012). Only a single partition could be tested at
a time, so this was done sequentially for each partition
thought to be under positive selection.

To statistically compare the results of our multipartition
tests, we used the approach of comparing models with a
difference of one partition with an LRT test and by AIC com-
parison to determine if the addition of a partition was a
significantly better fit. The parameters of the M2a_rel null
model and the two and higher partition CmC models are all
nested (each adds an additional site class and associated free
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parameter). In most cases, the partitions were also nested and
so the models could be compared with LRTs. In the cases
where the partitions were not also nested the LRT was not
strictly applicable, and so AIC was used to compare the
models. Using this approach, we were able to test different
hypotheses based on ecology and historical biogeography.

Some studies have used branch-site models to highlight
multiple lineages or entire clades (Spady et al. 2005; Ramm
et al. 2008; Yoshida et al. 2011; Smith et al. 2012; Badouin et al.
2013; Veilleux et al. 2013), despite the fact that this method
can lose power if selection pressures are different among fore-
ground branches (Zhang et al. 2005) and can produce false-
positive results if assumptions are violated (Suzuki 2008). We
performed the same two-partition tests as were used with
CmC using the branch-site model to compare the results
between the two methods. The branch-site model cannot
contain more than two partitions, so we could not replicate
our multipartition tests. To compare the results of the
branch-site model with CmC and to determine the overall
best-fitting model, we used AIC comparisons.

We used the BEB method of PAML, and the REL, FEL, and
FUBAR methods of HYPHY to determine which sites in the
amino acid sequence were under positive selection in the
rhodopsins of Neotropical, African river, and African lake cich-
lids (excluding any outgroups). Sites were deemed to be
under positive selection if they had a posterior probability
>80% (P<0.1 for FEL). Sites with posterior probabilities
>95% were deemed highly significant. To directly compare
sites under positive selection from the two main positively
selected clades that differ in their ecological habitat
(Neotropical and African lake cichlids), we chose to use to
the most robust methods of PAML and HYPHY, M8, and
FUBAR (Yang 2007; Murrell et al. 2013). Sites identified as
being under positive selection in African lake and
Neotropical cichlids by these methods were mapped onto
the meta-ll (Choe et al. 2011), and theoretical dimer
(Fotiadis et al. 2006) 3D structures of rhodopsin (PDB acces-
sion numbers 1U19, 3PXO, and TN3M, respectively) using
PyMOL v. 1.5.0.4 (DeLano 2002). Bovine rhodopsin number-
ing is used throughout.

Supplementary Material

Supplementary tables S1-S13 and figures S1-S3 are available
at Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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