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Abstract

The visual system in the colorful cichlid fishes from the African great lakes is believed to be important for their adaptive
radiations. However, few studies have attempted to compare the visual system of radiating cichlid lineages with that of
cichlids that have not undergone recent radiations. One such study published in this journal (Schott RK, Refvik SP,
Hauser FE, Lopez-Fernandez H, Chang BSW. 2014. Divergent positive selection in rhodopsin from lake and riverine cichlid
fishes. Mol Biol Evol. 31:1149-1165) found divergent selection on rhodopsin between African lacustrine and riverine
cichlid species and riverine Neotropical cichlids, concluding that ecology drives the molecular evolution of this opsin.
Here, we expand this analysis by incorporating rhodopsin sequences from Neotropical lacustrine cichlids and show that
both ecology and phylogeny are important drivers of the molecular evolution of rhodopsin in cichlids. We found little
overlap of sites under selection between African and Neotropical lineages and a faster rate of molecular evolution in
African compared with Neotropical cichlids. These results support the notion that genetic or population genetic features
particular to African cichlids contributed to their radiations.

Key words: codon substitution models, dim-light vision, Neotropical cichlids, vision, visual pigments.

East African cichlid fishes have long attracted the interest of
evolutionary biologists for their potential to help understand
the mechanisms involved in adaptation and diversification
(e.g, Kosswig 1947; Mayr 1984). Recently, special attention
has been given to their visual system not only because of
its impressive phenotypic and genotypic diversity (Carleton
2009) but also due to its potentially causal relationship to the
mechanism of adaptive radiation of African cichlids (Carleton
et al. 2005; Maan et al. 2006; Terai et al. 2006; Seehausen et al.
2008; Miyagi et al. 2012). Therefore, African cichlids have
emerged as a model system for the study of vision evolution
in vertebrates (Carleton 2009).

Much less is known about the ecology and evolution of the
visual system of Neotropical cichlids, the sister lineage that
diverged from African cichlids approximately 45-60 Ma
(Friedman et al. 2013). Opsin genes, the protein component
of visual pigments, have been sequenced in only a few species
of Neotropical cichlids so far, all of which were riverine species
(Weadick et al. 2012; Schott et al. 2014). Neotropical riverine
species possess a reduced set of functional opsin genes
(SWS2A, SWS2B, RH1, RH2A, and LWS) compared with the
eight genes found in African cichlids (same as in
Neotropical cichlids plus SWS1, RH2B, and two paralogs
of RH2A). From these genes, just one cone opsin (SWS2B)
and the dim-light sensitive rhodopsin (RH1) appear to be
under selection in Neotropical cichlids (Weadick et al.
2012; Schott et al. 2014). One recent study compared
RH1 sequences among African and Neotropical cichlid
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species finding evidence for divergent selection, with
African lacustrine cichlids showing stronger signature
of positive selection than both African and Neotropical
riverine cichlids (Schott et al. 2014). The proposed expla-
nation for this pattern is that ecological differences be-
tween lakes and rivers strongly influence the molecular
evolution of RH1 (Schott et al. 2014). However, due to the
lack of RH1 sequences from Neotropical lacustrine cich-
lids, this explanation is confounded with an alternative,
although not mutually exclusive hypothesis: That African
lacustrine cichlids present a particularly rapid rate of
molecular evolution of opsin genes (i.e,, Brawand et al.
2014).

By incorporating sequences from lacustrine cichlid species
inhabiting Nicaraguan lakes into the cichlid RH1 alignment,
we provide a second and independent contrast that allowed
us to differentiate the contribution of ecological and lineage-
specific factors in the rate of molecular evolution of the cich-
lid RH1. Our results show that a combination of ecological
and lineage-specific factors drives the molecular evolution of
this gene in cichlid fishes.

Results and Discussion

We recovered the full coding sequence of RHT (1,065 bp)
from 14 species of Neotropical cichlids (1-18 individuals
per species, supplementary table S1, Supplementary
Material online) that inhabit the great and crater lakes of
Nicaragua; 6 of which belong to the Midas cichlid species

Konstanze©nline-Publikations-Syste(XOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-302


http://nbn-resolving.de/urn:nbn:de:bsz:352-0-302108
https://dx.doi.org/10.1093/molbev/msv159

complex that recently radiated in Nicaraguan crater lakes
(Elmer et al. 2010). A comparison of the RHT sequences of
these 14 species with sequences from 31 Neotropical riverine,
8 African riverine and 34 African lacustrine cichlid species
(supplementary table S1, Supplementary Material online) re-
vealed that across all lineages, 20.6% of the amino acids were
variable and 15.0% were phylogenetically informative.
Maximum-likelihood (ML) phylogenetic analyses of the RH1
alignment resulted in a gene tree congruent with known
phylogenetic relationships of Neotropical and African cichlids
(Salzburger et al. 2005; Lopez-Fernandez et al. 2010; fig. 1). Just
like in African cichlids, Nicaraguan lacustrine species are de-
rived from ancestral riverine species; thus, riverine cichlids
constitute paraphyletic groups including all but the lacustrine
species (fig. 1). We used this topology for all subsequent mo-
lecular evolutionary analyses.

We tested for evidence of molecular evolution on cichlid
RH1 by using random site models as implemented in PAML
(Yang 2007). We found evidence of positive selection in
Neotropical lacustrine cichlid RH7, as it has been previously
shown for both Neotropical riverine and African lacustrine
and riverine cichlids (Spady et al. 2005; Weadick et al. 2012;
Schott et al. 2014; table 1). The ratio of nonsynonymous to
synonymous substitutions (®) for Neotropical lacustrine cich-
lid RHT calculated under the model assuming only one site
class (o = 0.32; table 1) was similar to that of other cichlids
(@m0 =0.25; Schott et al. 2014), and relatively high compared
with those seen in ray-finned fishes in general (0.074 in
Rennison et al. 2012). This suggests that some amino acid
sites are released from purifying selection. The M3/MO0
random site model test on the subalignment of Neotropical
lacustrine cichlid confirmed that there is variation among
sites in ®; and the M2a/M1a, M8/M7, and M8/M8a site
model tests found significant evidence of positive selection
on some of those sites (table 1).

Three amino acid sites in the Neotropical lacustrine cich-
lids RH1 alignment were assigned by M8 to the positive se-
lected class with a high posterior probability (sites 172, 217,
and 274; table 1). These sites were also assigned to the positive
selected class by other models in PAML (M2) and in HYPHY
(REL and FUBAR; Kosakovsky Pond et al. 2005; Kosakovsky
Pond and Frost 2005; Murrell et al. 2013), with the exception
of site 217 that was assigned to the positive selected site class
only with intermediate posterior probability by FUBAR
(P=0.713; supplementary table S2, Supplementary Material
online). These sites constitute a subset of those previously
identified to be under selection in Neotropical riverine cichlid
RH1 (table 1), and their functional importance was already
discussed in detail (Schott et al. 2014). Sites 172 and 217 are
located, respectively, in transmembrane helixes IV and V, and
are predicted to interact during dimerization of rhodopsin
(Guo et al. 2005; Fotiadis et al. 2006; Schott et al. 2014). Site
274 is in close proximity to the retinal channel B and changes
at this site from a nonpolar, hydrophobic amino acid (tryp-
tophan) to a polar, hydrophilic one (tyrosine) might influence
retinal uptake-release dynamic (Hildebrand et al. 2009; Schott
et al. 2014).

Based on Clade model C (CmG; Bielawski and Yang 2004;
Chang et al. 2012), we tested for evidence of divergent selec-
tion on RHT between African and Neotropical cichlids and/or
between riverine and lacustrine cichlids. We defined a priori a
set of eight models with different partitions testing for the
role of lineage history and ecology on the molecular evolution
of cichlid RHT (fig. 2). Compared with the null model that
does not allow for divergence among cichlid lineage partitions
(M2a rel; Weadick and Chang 2012b), models that parti-
tioned the RH1 alignment fit the data significantly better
(table 2).

Schott et al. (2014) importantly identified that the signa-
ture of positive selection is higher in lacustrine compared with
riverine cichlids in African lineages. Here we augment that
finding to show that selection is also higher in Neotropical
lacustrine than riverine species, suggesting it is a general pat-
tern among cichlids (tables 1 and 2; Cichlids vs. R/L and Af/
Neo vs. AfR/AfL/NeoR/Neol). The colonization of lakes by
cichlid fish implied adaptation not only to a new photic en-
vironment but also potentially to a more variable one. This, in
combination with the microhabitat partitioning observed in
lake dwelling cichlids (Kocher 2004), might explain the differ-
ences in the estimates of positive selection between lacustrine
and riverine species (Schott et al. 2014).

Interestingly, our data also suggest divergent selection on
RH1 between Neotropical and African cichlids, even after
controlling for ecology within these lineages (table 2;
Cichlids vs. Af/Neo and R/L vs. AfR/AfL/NeoR/NeoL). This pat-
tern of divergence could result from peculiarities in the evo-
lutionary history of the rhodopsin protein in Neotropical and
African cichlids (fig. 1). This is supported by the little overlap
of the specific sites under selection between both lineages.
None of the positively selected sites identified by random site
models was shared by the four different subalignments (al-
though site 217 was shared by Neotropical cichlids and
African lacustrine cichlids; table 1). However, within lineages,
there was a high degree of overlap on the sites identified to be
under positive selection on riverine and lacustrine cichlid RH1
(table 1). This pattern will be expected if the evolutionary
history of the protein constrains the specific sites that
could vary without negatively affecting its functional dynam-
ics (e.g, Tufts et al. 2014). This appears to be the case for
rhodopsin, in which amino acid substitutions at particular
sites are not restricted to local effects, but also have a
global impact on protein folding and functional dynamics
(Teller et al. 2003; Piechnick et al. 2012).

It has been repeatedly suggested that the visual system
might have played a central role in the processes that led
to the recent and rapid adaptive radiation in African cichlid
fish (Terai et al. 2006; Seehausen et al. 2008; Brawand et al.
2014). Although it is not clear why other cichlid lineages did
not radiate to the extent that African cichlids did, recent
genomic and transcriptomic analyses have suggested the ex-
istence idiosyncrasies in the African rift lake cichlid genomes,
showing a high rate of gene duplication, accelerated coding
sequence evolution, and gene expression divergence
(Brawand et al. 2014; reviewed in Henning and Meyer
2014). The visual system of African cichlids is an interesting
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Fic. 1. ML rhodopsin gene tree. The nonparametric aLRT SH-like procedure is only showed when above 0.85. Insets show the amino acid substitution
inferred to have occurred in the rhodopsin gene of the ancestor to all cichlids (blue inset), Neotropical cichlids (dark green inset), African cichlids (dark
brown inset), Neotropical lacustrine cichlids (light green inset), and African lacustrine cichlids (light brown inset). Ancestral state reconstruction was
performed as implemented in PAML
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Table 1. LRT of Positive Selection (Random Sites Model in PAML) in Different Subsets of Cichlid Rhodopsin Coding Sequence.

MO Tree Log-LRTs Parameters Pasitively Selected
Biogeography Ecology ns Is  “TEM o MI/MO M2a/Mia Me/M7 Ms/mea  Under M8 i
Neotropical Lacustrine 15 354 0085 0319 19.85** 10.62** 933 9.21** p: B87; q: 99 172, 217, 274
my: 1129 (2.6%)
Neotropical ~ Riverine 31 354 1.188 0258 24599** 3195** 3729"* 32.11** p: 0.02; q: 0.10 156, 169, 172, 173, 217,
©y 366 (47%) 270, 274, 281, 286
Africa Lacustrine 36 354 0560 0966 266.65"* 14213** 144.99*** 142.09"** p: 0.006; q: 0.01 14, 22, 37, 41, 95, 133,
my: 13.50 (5_6%) 162, 165, 169, 213, 217, 218,
259, 263, 270, 297, 298, 299
Africa Riverine 8 354 0245 0175 3208  7.09* 8.35* 7.09**  p: 0.005; q: 3.91 49, 133, 162, 297

w2 3.15 (7.2%)

Note.  ns, number of sequences; Is, length of sequences.
P <005 *P <001; **"P < 0.001.

*Only sites with a posterior probability higher than 80% are reported. If the posterior probability of a site belonging to the pasitively selected class (w,) is 0.8 > P > 0.9 the site
number is underlined and if it is P<09 it is in itlics. Sites are numbered following bovine RH1.

Cichlids (M2a rel)

AfiNeo

R/L
AfL
AfR

NeoR

AR/AfL/NeoR/NeoL

African lacustrine

Fic. 2. Simplified representation of the rhodopsin gene tree indicating the a priori partitions among cichlids lineages tested using CmC. Abbreviations
refer to riverine (R), lacustrine (L), African (Af), Neotropical (Neo), African riverine (AfR), African lacustrine (AfL), Neotropical riverine (NeoR), and
Neotropical lacustrine (NeoL) cichlids. The AfL, AfR, Neol, and NeoR models contain an implicit second partition that includes all cichlids but those in

the depicted partition.

case for how these processes might potentially drive pheno-
typic diversity, as all these processes have been identified as
important in the diversification of opsin genes as well
(Carleton and Kocher 2001; Sugawara et al. 2002; Spady
et al. 2005, 2006; Terai et al. 2006; Carleton 2009; Weadick
and Chang 2012a). Thus, comparisons of African and
Neotropical cichlid visual systems can further the understand-
ing of the processes responsible for the differences in diversi-
fication rate between these lineages (Weadick et al. 2012).
By comparing the RH1 alignments of African and
Neotropical cichlids we found that within each lineage, the
strength of selection among divergent sites was stronger in

lacustrine cichlids than in riverine species. Yet, the signature of
positive selection in divergent sites was overall stronger in the
African lineage than in the Neotropical lineage. In particular,
the signature of positive selection in African lacustrine cichlids
was 3-fold higher than that seen in Neotropical lacustrine
cichlids (o, in table 2). The model testing for divergence
between African lacustrine cichlids and the rest of cichlids
(AfL) was the single-partition model that best fit the data. The
AfR/AfL/NeoR/Neol four-partition resulted only in a better fit
than AfL (likelihood ratio test [LRT]=5.62, df=2, P=0.06).
This model shows that the signature of positive selection is
extremely high in African lacustrine cichlids, even when
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Table 2. Divergence Analysis (CmC in PAML) Using Different Partitions of Cichlid Rhodopsin Coding Sequence.

Model & Partition® LRT Parameters
n.p. InL AAIC Null 2AIn L df  k(ts/tv) ™o (%) o (%) , (%)
Mo 179 5510.72 717.98 2.96 0.37
M1a 180 523640 17135 MO 548.63*** (1) 2,51 002 (809) 1 (19.1)
M2a 182 5,170.51 43.58 M1la 131.77%*  (2) 2.83 0.02 (803) 1 (13.8) 425 (5.9)
M3 182 517030 4515 MO 680.84"*  (4) 2.85 003 (812) 12 (13.8) 462 (5.1)
CmC: AfR/AfL/ 185 5,145.72 0.00 M2a-rel 181.35***  (3) 2.77 0.02 (80.2) 1 (14.3) NeoR: 1.65 (5.5)
NeoR/Neol CmC: AfL 562" (2) Afl: 1150
CmC: R/L 1281 (2) Neol:  3.25
CmC: Af/Neo  16.32*** (2) AfR: 3.58
CmGC: AfL 183 5,148.53 1.62 M2a-rel 175.73** (1) 2.77 0.02 (80.2) 1 (14.5) 216 (5.3)
AfL: 11.57
CmGC: R/L 183 515213 881 M2a-rel 168.54*** (1) 231 002 (80.1) 1 (146) R: 226 (53)
L: 9.42
CmC: Af/Neo 183 515389 1232 M2a-rel 165.03** (1) 275 002 (802) 1 (148)  Neo: 204 (5.0)
Af: 8.53
CmC: NeoR 183 5,154.36 13.27 M2a-rel 164.08*** (1) 2.75 0.02 (80.1) 1 (15.1) 791  (4.9)
NeoR: 193
CmGC: AfR 183 5169.73 44.02  M2a-rel 133.33%** (1) 2.83 0.02 (803) 1 (13.8) 4.47 (5.9)
AfR: 3.00
CmC: Neol 183 517051 4557 M2a-rel 131785 (1) 2.83 002 (803) 1 (13.8) 426 (5.9)
Neol: 4.12
M2a-rel: Cichlids 182 523640 17535 Mia 131.66***  (2) 251 004 (818) 1 (156) Cichlids 441 (2.6)

Nore.
P <0.1; *P < 00T; **P < 0001.
*Most supported model is in italic letters.

compared with lake dwelling cichlids from the Neotropics.
This finding is in line with the suggestions that there are
molecular or population genetic features that contribute to
the radiation of African cichlids (Brawand et al. 2014).

We conducted a series of a posteriori analyses using
new partitions to determine how the extremely high rate
of molecular evolution in African lacustrine cichlids RH1
might have affected our results. First, we found that the
AfR/AfL/NeoR/Neol four-partition model fit the data sig-
nificantly better than a model allowing for divergence
between African and Neotropical lacustrine cichlids RH1,
but not among riverine cichlids RH1 (R/Neol/AfL;
LRT =4.67, df=1, P=0.03). This provides further support
to our conclusion that RHT has diverged between African
and Neotropical cichlids, even when comparing just river-
ine taxa. Second, we found that a model allowing diver-
gence among Neotropical cichlids, but not within the
African lineage (Af/NeoR/Neol), resulted in a better fit
of the data than the more restricted model allowing for
divergence only between African and Neotropical lineages
(Af/Neo; LRT=2.89, df=1, P=0.09). This supports the
conclusion that ecological factors associated with the
visual environment of lakes and rivers affected the evolu-
tion of RHT in Neotropical cichlids. This was not the case
when comparing the AfR/AfL/NeoR/NeoL model to a more
restricted model (AfR/AfL/Neo; LRT =2.00, df=1, P=0.15),
presumably because the improvement of the model fit
due to partitioning Neotropical lacustrine and riverine
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R, riverine; L, lacustring; Af, African; Neo, Neotropical; AfR, African riverine; AfL, African lacustrine; NeoR, Neotropical riverine; Neol, Neotropical lacustrine cichlids.

cichlids is too small compared with the improvement
that results from partitioning African lacustrine and river-
ine cichlids.

In summary, we found divergent selection on RHT between
African and Neotropical cichlids, and that the proportion of
sites under positive selection is higher (table 1) and the
strength of positive selection in divergent sites is stronger
(table 2) in the African than in the Neotropical lineage. In
addition, we show that the signature of positive selection on
RH1 is higher in lacustrine than riverine Neotropical cichlids,
as it has been found for African cichlids (Schott et al. 2014),
suggesting that differences in the photic ecology of riverine
and lacustrine environments are important drivers on the
evolution of this visual pigment. Taken together, these data
support the hypothesis that the rate of evolution on
Neotropical cichlids visual system might be relatively lower
than that seen on African cichlids, and this could be related to
the overall difference in the rate of diversification between
these lineages. Future analyses focusing on cone opsin evolu-
tion in Neotropical cichlids (e.g, Weadick et al. 2012) are
needed to test this hypothesis.

Materials and Methods

Sequencing, Sequence Analysis, and Phylogenetic
Reconstruction

Genomic DNA was isolated from one to 18 individuals of 14
species of cichlid fish inhabiting Nicaraguan lakes (supple-
mentary table S1, Supplementary Material online), using



standard phenol-chloroform extractions. Genomic se-
quences of RHT were obtained by polymerase chain reaction.
Primers were designed in PRIMER 3 (Rozen and Skaletsky
2000) using as a template the Amphilophus citrinellus draft
genome (Elmer et al. 2014; primer list in supplementary table
S2, Supplementary Material online). Samples were sequenced
bidirectionally using a 3130x| Genetic Analyzer.

Sequence editing and assembly were performed and ex-
ported for analysis using SeqMan Il (DNAstar). Rhodopsin
gene trees were created using ML phylogenetic analyses in
SeaView (Gouy et al. 2010), with a GTR+G model, a nonpara-
metric Approximate Likelihood Ratio Test branch support
based on Shimodaira-Hasegawa-like (aLRT SH-like) proce-
dure, best of Nearest Neighbor Interchanges and Subtree
Pruning and Regrafting tree searching operations, and five
random starts.

Molecular Evolutionary Analyses

To detect positive selection in the RHT alignment, we used
random site models in PAML (Yang 2007). We conducted the
analyses on different subalignments including RH1 sequences
from 1) only Neotropical lacustrine (NeoL), 2) Neotropical
riverine (NeoR), 3) African lacustrine (AfL), and 4) African
riverine (AfR) cichlids. In each of these subalignments, using
log-LRT, we compared different random site models to test
for variation in ® across sites (M3/M0), and for the presence
of positively selected sites (M2a/M1a, M8/M7, and M8/M8a;
Yang 2007). We identified particular sites under positive se-
lection using Bayes’ Empirical Bayes in PAML (BEB in M2a and
M8, Yang et al. 2005), and FUBAR and REL methods in
HYPHY (Kosakovsky Pond et al. 2005; Kosakovsky Pond
and Frost 2005; Murrell et al. 2013).

To test for divergent selection in RHT among cichlid clades,
we used CmC in PAML (CmGC; Bielawski and Yang 2004).
CmC allows some sites to vary among a priori defined parti-
tions in the alignment (background and foreground parti-
tions). To test for divergence among partitions, this model
was compared with a null model (M2a rel; Weadick and
Chang 2012b), which is similar to CmC but does not allow
variation among partitions. Because we were not only inter-
ested in determining whether there was divergent selection
among partitions, but also in determining what particular
partition best fitted the data, we evaluated models using
LRT for fully nested models and Akaike’s Information
Criteria (AIC) for non-nested models. Partitions were de-
signed a priori based on the interaction of ecological (i.e,
riverine vs. lacustrine species) and biogeographic factors (i.e,
African vs. Neotropical species). This resulted in a set of eight
models each with different partitions of the cichlid RH1 align-
ment (table 2; fig. 2). The cichlid RHT alignment used in the
clade analyses did not include noncichlid outgroups because
we were interested in divergence among cichlids, and diver-
gence between cichlids and other lineages has been already
established (Spady et al. 2005; Weadick et al. 2012; Schott et al.
2014). Including noncichlid outgroups does not result in qual-
itative changes of our results (supplementary table S4,
Supplementary Material online).

Supplementary Material

Supplementary tables S1-S4, and references are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).

Acknowledgments

The authors are thankful to the members of the Meyer lab,
particularly Sina Rometsch for helping with samples, Gonzalo
Machado-Schiaffino, Andreas Kautt, lker Irisarri, Michele
Pierotti and Shaohua Fan for fruitful discussions, and two
anonymous reviewers for comments on the manuscript.
ENACAL and MARENA granted permits for fieldwork and
collections. This work was supported by the European
Research Council through ERC-advanced (grant number
293700-GenAdap to A.M.), and the EU FP7 Marie Curie
Zukunftskolleg Incoming Fellowship Programme, University
of Konstanz (grant number 291784 to ).T.D.).

References

Bielawski JP, Yang Z. 2004. A maximum likelihood method for detecting
functional divergence at individual codon sites, with application to
gene family evolution. ] Mol Evol. 59:121 132.

Brawand D, Wagner CE, Yang IL, Malinsky M, Keller |, Fan S, Simakov O,
Ng AY, Lim ZW, Bezault E, et al. 2014. The genomic substrate for
adaptive radiation in African cichlid fish. Nature 513:375 381.

Carleton KL. 2009. Cichlid fish visual systems: mechanisms of spectral
tuning. Integr Zool. 475 86.

Carleton KL, Kocher TD. 2001. Cone opsn genes of African cichild fishes:
tuning spectral sensitivity by differential gene expression. Mol Biol
Evol. 18:1540 1550.

Carleton KL, Parry JWL, Bowmaker JK, Hunt DM, Seehausen O. 2005.
Colour vision and speciation in Lake Victoria cichlids of the genus
Pundamilia. Mol Ecol. 14:4341 4353.

Chang BSW, Du ), Weadick (JW, Muller J, Bickelmann C, Yu DD,
Morrow JM. 2012. The future of codon models in studies of molec-
ular function: ancestral reconstruction, and clade models of func-
tional divergence. In: Cannarozii GM, Schneider A, editors. Codon
evolution: mechanisms and models. Oxford: Oxford University
Press. p. 145 163.

Elmer KR, Fan S, Kusche H, Spreitzer ML, Kautt AF, Franchini P, Meyer A.
2014. Parallel evolution of Nicaraguan crater lake cichlid fishes via
non-parallel routes. Nat Commun. 5:5168.

Elmer KR, Kusche H, Lehtonen TK, Meyer A. 2010. Local variation and
parallel evolution: morphological and genetic diversity across a spe-
cies complex of Neotropical crater lake cichlid fishes. Philos Trans R
Soc Lond B Biol Sci. 365:1769 1782.

Fotiadis D, Jastrzebska B, Philippsen A, Mdller DJ, Palczewski K, Engel A.
2006. Structure of the rhodopsin dimer: a working model for G
protein-coupled receptors. Curr Opin Scruct Biol. 16:252 259.

Friedman M, Keck BP, Dornburg A, Eytan RI, Martin CH, Hulsey CD,
Wainwright PC, Near TJ. 2013. Molecular and fossil evidence place
the origin of cichlid fishes long after Gondwanan rifting. Proc R Soc
Lond B Biol Sci. 280:220131733.

Guo W, Shi L, Filizola M, Weinstein H, Javitch JA. 2005. Crosstalk in G
protein-coupled receptors: changes at the transmembrane homo-
dimer interface determine activation. Proc Natl Acad Sci U S A.
102:17495 17500.

Gouy M, Guindon S, Gascuel O. 2010. SeaView version 4: a multiplat-
form graphical user interface for sequence alignment and phyloge-
netic tree building. Mol Biol Evol. 27:221 224.

Henning F, Meyer A. 2014. Evolutionary genomics of cichlid fishes: ex-
plosive speciation and adaptation in the postgenomic era. Annu Rev
Genomics Hum Genet. 15:417 441.

2881



Hildebrand PW, Scheerer P, Park JH, Choe H-W, Piechnick R, Ernst OP,
Hofmann KP, Heck M. 2009. A ligand channel through the G pro-
tein-coupled receptor opsin. PLoS One. 4:¢4382.

Kocher TD. 2004. Adaptive evolution and explosive speciation: the cich-
lid fish model. Nat Rev Genet. 5:288 298.

Kosakovsky Pond SL, Frost SDW. 2005. Not so different after all: a com-
parison of methods for detecting amino acid sites under selection.
Mol Biol Evol. 22:1208 1222.

Kosakovsky Pond SL, Frost SDW, Muse SV. 2005. HyPhy: hypothesis
testing using phylogenies. Bioinformatics 21:676 679.

Kosswig C. 1947. Selective mating as a factor speciation in cichlid fish of
East African lakes. Nature 159:604.

Lopez-Fernandez H, Winemiller KO, Honeycutt RL. 2010. Multilocus
phylogeny and rapid radiations in Neotropical cichlid fishes
(Perciformes: Cichlidae: Cichlinae). Mol Phylogenet Evol. 55:1070
1086.

Maan ME, Hofker KD, van Alphen JJM, Seehausen O. 2006. Sensory drive
in cichlid speciation. Am Nat. 167:947 954.

Mayr E. 1984. Evolution of fish species flocks: a commentary. In: Echelle
AA, Kornfield |, editors. Evolution of fish species flocks. Orono (ME):
University of Maine at Orono Press. p. 3 12.

Miyagi R, Terai Y, Aibara M, Sugawara T, Imai H, Tachida H, Mzighani SI,
Okitsu T, Wada A, Okada N. 2012. Correlation between nuptial
colors and visual sensitivities tuned by opsins leads to species rich-
ness in sympatric Lake Victoria cichlid fishes. Mol Biol Evol. 29:3281
3296.

Murrell B, Moola S, Mabona A, Weighill T, Sheward D, Kosakovsky
Pond SL, Scheffler K. 2013. FUBAR: a fast, unconstrained
Bayesian approximation for inferring selection. Mol Biol Evol.
30:1196 1205.

Piechnick R, Ritter E, Hildebrand PW, Ernst OP, Scheerer P, Hofmann KP,
Heck M. 2012. Effect of channel mutations on the uptake and re-
lease of the retinal ligand in opsin. Proc Natl Acad Sci U S A.
109:5247 5252.

Rennison DJ, Owens GL, Taylor JS. 2012. Opsin gene duplication and
divergence in ray-finned fish. Mol Phylogenet Evol. 62:986 1008.
Rozen S, Skaletsky H. 2000. Primer 3 on the WWW for general users and
for biologist programmers. In: Krawetz S, Misener S, editors.
Bioinformatics methods and protocols: methods in molecular biol-

ogy. Totowa (NJ): Humana Press. p. 365 386.

Salzburger W, Mack T, Verheyen E, Meyer A. 2005. Out of Tanganyika:
genesis, explosive speciation, key-innovations and phylogeography
of the haplochromine cichlid fishes. BMC Evol Biol. 5:17.

2882

Schott RK, Refvik SP, Hauser FE, Lopez-Fernandez H, Chang BSW. 2014.
Divergent positive selection in rhodopsin from lake and riverine
cichlid fishes. Mol Biol Evol. 31:1149 1165.

Seehausen O, Terai Y, Magalhaes IS, Carleton KL, Mrosso HDJ, Miyagi R,
van der Sluijs I, Schneider MV, Maan ME, Tachida H, et al. 2008.
Speciation through sensory drive in cichlid fish. Nature 455:620 626.

Spady TG, Seehausen O, Loew ER, Jordan RC, Kocher TD, Carleton KL.
2005. Adaptive molecular evolution in the opsin genes of rapidly
speciating cichlid species. Mol Biol Evol. 22:1412 1422.

Spady TG, Parry JW, Robinson PR, Hunt DM, Bowmaker JK, Carleton KL.
2006. Evolution of the cichlid visual palette through ontogenetic
subfunctionalization of the opsin gene arrays. Mol Biol Evol.
23:1538 1547.

Sugawara T, Terai Y, Okada N. 2002. Natural selection of the rhodopsin
gene during the adaptive radiation of East African Great Lakes cich-
lid fishes. Mol Biol Evol. 19:1807 1811.

Teller DC, Stenkamp RE, Palczewski K. 2003. Evolutionary analysis of
rhodopsin and cone pigments: connecting the three-dimensional
structure with spectral tuning and signal transfer. FEBS Lett.
555:151 159.

Terai Y, Seehausen O, Sasaki T, Takahashi K, Mizoiri S, Sugawara T, Sato
T, Watanabe M, Konijnendijk N, Mrosso HD), et al. 2006. Divergent
selection on opsins drives incipient speciation in Lake Victoria cich-
lids. PLoS Biol. 4:e433.

Tufts DM, Natarajan C, Revsbech IG, Projecto-Garcia J, Hoffmann FG,
Weber RE, Fago A, Moriyama H, Storz JF. 2014. Epistasis constrains
mutational pathways of hemoglobin adaptation in high-altitude
pikas. Mol Biol Evol. 32:287 298.

Weadick CJ, Chang BSW. 2012a. An improved likelihood ratio test for
detecting site-specific functional divergence among clades of pro-
tein-coding genes. Mol Biol Evol. 29:1297 1300.

Weadick CJ, Chang BSW. 2012b. Complex patterns of divergence among
green-sensitive (RH2a) African cichlid opsins revealed by Clade
model analyses. BMC Evol Biol. 12:206.

Weadick CJ, Loew ER, Rodd FH, Chang BSW. 2012. Visual pigment mo-
lecular evolution in the Trinidadian pike cichlid (Crenicichla frenata):
a less colorful world for Neotropical cichlids? Mol Biol Evol 29:3045
3060.

Yang Z. 2007. PAML 4: phylogenetic analysis by maximum likelihood.
Mol Biol Evol. 24:1586 1591.

Yang Z, Wong WSW, Nielsen R. 2005. Bayes Empirical Bayes inference
of amino acid sites under positive selection. Mol Biol Evol.
22:1107 1118.





