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Abstract

Phenotypic evolution may occur either through alterations to the structure of protein-coding genes or their expression.
Evidence for which of these two mechanisms more commonly contribute to the evolution of a phenotype can be garnered
from examples of parallel and convergent evolution. The visual system of East African cichlid fishes is an excellent system
with which to address this question. Cichlid fishes from Lakes Malawi (LM) and Victoria together exhibit three diverse
palettes of coexpressed opsins and several important protein-coding mutations that both shift spectral sensitivity. Here we
assess both opsin expression and protein-coding diversity among cichlids from a third rift lake, Lake Tanganyika (LT). We
found that Tanganyikan cichlids exhibit three palettes of coexpressed opsins that largely overlap the short-, middle-, and
long-wavelength—-sensitive palettes of LM cichlids. Bayesian phenotypic clustering and ancestral state reconstructions both
support the parallel evolution of the short- and middle-wavelength palettes among cichlids from LT and LM. In each case,
these transitions occurred from different ancestors that expressed the same long-wavelength palette. We also identified
similar but distinct patterns of correlated evolution between opsin expression, diet, and lens transmittance among cichlids
from LT and LM as well. In contrast to regulatory changes, we identified few functional or potentially functional mutations
in the protein-coding sequences of three variable opsins, with the possible exception of the SWST (ultraviolet) opsin. These
results underscore the important contribution that gene regulation can make to rapid phenotypic evolution and

adaptation.
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Introduction

Phenotypic evolution may occur either through alterations
to the structure of protein-coding genes or their expres-
sion. Mutations that alter the structure of protein-coding
genes have long been known to underlie adaptive pheno-
typic differences between populations and species (e.g, Jessen
etal. 1991; Hoekstra et al. 2006; Protas et al. 2006). However,
recent work has provided abundant new evidence that
mutations that alter the regulation or expression of genes
also contribute to adaptive phenotypic evolution (e.g,
Wittkopp et al. 2003; Shapiro et al. 2004). Evidence for
which of these two mechanisms more commonly contrib-
ute to the evolution of a phenotype can be garnered from
examples of repeated evolution either through parallelism
or convergence (Gompel and Prud’homme 2009). For
example, the parallel loss of pelvic spines among adaptively
radiating sticklebacks has been achieved through recurrent
mutations in the cis regulatory region of Pitx1 (Chan et al.
2010). This observation suggests that the evolution of
pelvic spine loss in sticklebacks is biased toward regulatory
mutations. Similar examples for protein-coding mutations
also exist. For example, reduced pigmentation phenotypes
have evolved repeatedly among vertebrates. In many cases,
these convergent phenotypes arose through independent

mutations within the protein-coding region of Mclr
(reviewed in Mundy 2005; Gompel and Prud’homme
2009).

The visual system of African cichlids is an excellent
model with which to study the roles of protein-coding
and regulatory mutations during phenotypic evolution.
Both protein-coding mutations and regulatory changes
contribute to spectral sensitivity in these fishes (Hofmann
and Carleton 2009; Hofmann et al. 2009). Spectral sensiti-
vity—or sensitivity to different wavelengths of light—is de-
termined by the coding sequence and expression of several
duplicated opsin genes. These opsins are expressed within
distinct photoreceptor cells in the retina and, when com-
bined with a light-sensitive chromophore, confer sensitivity
to light (Wald 1935). Cichlids have 8 opsin genes, 7 used for
bright light, or photopic, vision, and one used for dim-light,
or scotopic, vision (Carleton 2009). These opsins are SWST1
(ultraviolet [UV]), SWS2b (violet), SWS2a (blue), RH2b
(blue-green), RH2ao. and RH2af} (green), LWS (red), and
RH1 (dim light) (Spady et al. 2006). Among cichlid fishes
from Lake Malawi (LM), closely related species can differ
in their maximal short- and long-wavelength spectral sen-
sitivity by as much as 100 nm (Jordan et al. 2006; Carleton
2009; Hofmann et al. 2009). These differences are highly
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correlated with discrete changes in opsin gene expression
(Carleton and Kocher 2001; Hofmann et al. 2009). LM cichl-
ids collectively coexpress three distinct opsin gene palettes,
which generate visual pigment sets broadly sensitive to
short- (SWS1-RH2b-RH2a), middle- (SWS2b-RH2b-RH2a),
and long (SWS2a-RH2a-LWS)-wavelength spectra. The dif-
ferential expression of these palettes is in part an adaptive
response to divergent foraging preferences or diet
(Hofmann et al. 2009). In contrast, cichlids from Lake Vic-
toria (LV) collectively express only a single-opsin palette,
the long-wavelength set (SWS2a-RH2a-LWS). However,
these species do vary slightly in the expression of the
SWS2b and LWS opsins. These smaller, continuous changes
are an adaptive response to local differences in the light
environment (Carleton et al. 2005; Hofmann et al. 2009).

Opsin protein—coding mutations are also associated
with the adaptive evolution of spectral sensitivity in cichl-
ids and other vertebrates (Yokoyama S and Yokoyama R
1996; Spady et al. 2005). In some cases, these protein-
coding mutations are even associated with population di-
vergence and speciation. For example, among cichlids from
LV, polymorphisms in the protein-coding sequence of the
LWS opsin are adaptively associated with local variation in
the light environment, male color, and speciation (Terai
et al. 2006; Seehausen et al. 2008). Among cichlids from
both LM and LV, the majority of functional or potentially
functional opsin sequence polymorphisms are found in the
two opsins sensitive to the ends of the visible light spec-
trum (SWST and LWS). This pattern is due to the inability
of changes in gene expression to further tune spectral sen-
sitivity outside of the spectral range of these two opsins as
defined by their coding sequences. In contrast, shifts in
gene expression predominately tune sensitivity across
the middle portion of the visible light spectrum, where op-
sins of longer or shorter spectral sensitivity can be replaced
with one another. Therefore, coding mutations are the only
way to further shift spectral sensitivity at the ends of the
visible light spectrum (Hofmann et al. 2009). Despite this
observation, virtually all the cichlid opsins exhibit molecu-
lar signatures of natural selection (Sugawara et al. 2002;
Spady et al. 2005), including those sensitive to the middle
portion of the visible light spectrum; however, it is possible
that in some cases, these estimates are too liberal (Yokoyama
et al. 2008). Additionally, these polymorphisms are corre-
lated with much smaller differences in spectral sensitivity,
typically on the order of 5-15 nm (Carleton 2009; Hofmann
et al. 2009).

Thus, African cichlids provide a unique system with
which to investigate the relative contribution that opsin
regulatory and protein-coding mutations make to pheno-
typic evolution. However, cichlids from LM and LV form
reciprocally monophyletic groups that are composed en-
tirely of species from a single lineage, the Haplochromini
(Salzburger et al. 2002; Koblmuller et al. 2008; see fig. 1).
Cichlids from these lakes share very few opsin protein—
coding polymorphisms in common, but at least some
species share similar opsin expression profiles (SWS2a-
RH2a-LWS) (Hofmann et al. 2009). But, due to the sister
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Fic. 1. Schematic of the East African Great Lakes and the
phylogenetic structure of their associated cichlid species flocks.
(A) Map of the African continent with the location of the three
Great Lakes—LT, LM, and LV—shown in gray. (B) Representative
phylogeny of cichlids from each of the Great Lakes, with
approximate dates of divergence (modified from Kocher 2004;
Koblmuller et al. 2008). Map modified from the R package “maps”
(Becker et al. 2010).

relationship of these two groups, it is unclear if this simi-
larity is due to repeated evolution or shared ancestry.
Therefore, here we assess opsin gene expression in 28 cichl-
ids from a third nearby lake, Lake Tanganyika (LT). Cichlids
from LT are both phylogenetically and phenotypically more
diverse than cichlids from either LM or LV (Huber et al.
1997; Salzburger et al. 2002; Pollen et al. 2007). LT contains
cichlids from many diverse lineages and tribes, including
many older taxa that are ancestral to the LM and LV cichlid
species flocks (Sturmbauer 1998; Takahashi 2003) (fig. 1);
thus, cichlids from LT should provide a tractable system
for identifying potential examples of repeated evolution
in opsin gene expression. However, little is known of the
spectral sensitivity of cichlids in LT. Although visual acuity
has been documented for four species from the tribe Eco-
todini (Dobberfuhl et al. 2005), actual retinal sensitivities
have been measured for only a single LT cichlid, Astatoti-
lapia burtoni (Fernald and Liebman 1980). Hence, it is un-
clear whether retinal sensitivities are evolving primarily
through opsin protein—coding mutations or regulatory
changes among cichlids in LT. We hypothesize that similar
opsin expression palettes will be present among cichlids
from both LM and LT because both these lakes have clear,
spectrally broad waters (Carleton et al. 2006) and both con-
tain cichlids with parallel morphological and ecological
adaptations (Kocher et al. 1993; Kassam et al. 2003).

In addition to repeated phenotypic evolution, we also
assess phenotypic correlations between opsin expression
and two factors associated with opsin expression diver-
gence in cichlids, diet (Hofmann et al. 2009), and lens trans-
mittance (Hofmann, O’Quin, Marshall, and Carleton 2010).
Among cichlids from LM, the SWS1 (UV) opsin is
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upregulated among species that forage on zooplankton
and other microorganisms (Hofmann et al. 2009). This ad-
aptation increases the ability of cichlids and other teleosts
to find and capture zooplankton (Browman et al. 1994;
Jordan et al. 2004). Also among cichlids in LM, lens trans-
mittance is positively correlated with both relative SWS1
expression and the estimated sensitivity (An.,) of single-
cone photoreceptors (Hofmann, O'Quin, Marshall, and
Carleton 2010). This correlation reveals that cichlids do
not express opsins sensitive to wavelengths of light that
their lenses ultimately filter before reaching the retina.

In summary, our goals were to 1) test the hypothesis that
similar opsin gene expression palettes have evolved repeat-
edly among African cichlids in LT and LM and 2) test for the
presence of similar phenotypic correlations among opsin
expression, diet, and lens transmittance. The repeated evo-
lution of these opsin palettes would suggest that regulatory
mutations have played an important role in the evolution
of spectral sensitivity among African cichlids. Additionally,
the independent evolution of one or more phenotypic cor-
relations would implicate natural selection as one driver of
opsin expression evolution in these fishes (e.g, Schluter
2000).

Materials and Methods

Sampling Tanganyikan Cichlids

We sampled 85 individual fish representing 28 different LT
cichlid species. Half of these samples were collected as adult
fish from LT near Kigoma, Tanzania, in 2004. The remaining
species were purchased as wild-caught adult fish from
a commercial supplier. Additionally, we also sampled adult
fish from a laboratory strain of A. burtoni. All eyes were
collected at midday from full spectrum light-adapted ani-
mals. We noted the primary diet of each species following
a survey of relevant literature sources (Taborsky et al. 1986;
Yamaoka et al. 1986; Brichard 1989; Salzburger et al. 2002;
Takahashi 2003; Duftner et al. 2005; Koblmuller et al. 2007).
A complete list of the species sampled and their dominant
diet is presented in table 1.

Real-Time Quantitative Polymerase Chain Reaction

We measured opsin gene expression in each cichlid via
real-time quantitative polymerase chain reaction (RT-qPCR).
Our methods for RNA extraction and subsequent RT-
gPCR analysis generally followed those previously used
to analyze opsin expression in cichlids from LM and LV
(Spady et al. 2006; Carleton et al. 2008; Hofmann et al.
2009). Binding sites for the Tagman primers and probes
used in these studies were sequenced for all seven cone
opsins from one individual of each species. Primers used
to generate these sequences are listed in the supplemen-
tary table S1 (Supplementary Material online). Many LT
species had opsin sequences that perfectly matched the
primers created previously for LM and LV cichlids. In these
cases, we used the primers and probes from these previous
studies. However, where these sequences differed, we cre-

ated new LT-specific primers and probes. These new pri-
mers and probes, along with the original LM primers used,
are listed in table 2. In all, we identified 15 unique primer/
probe combinations needed to match the different LT spe-
cies sampled (supplementary table S2, Supplementary Ma-
terial online; see also table 1). We performed all RT-qPCR
reactions on a LightCycler 480 (Roche). We normalized all
RT-qPCR reaction efficiencies against a construct of cichlid
opsins specially developed for the normalization of cichlid
opsin RT-qPCR (Spady et al. 2006). In some LT species,
however, the primer/probe-binding region did not match
the sequence of the normalization construct. For these
species, we normalized reaction efficiencies against known
concentrations of a relevant cDNA sample or a ~120 bp
oligomer encoding the primer- and probe-binding site. As
in previous studies (Spady et al. 2006; Carleton et al. 2008;
Hofmann et al. 2009), our measurement of RH2a
expression combined the genetically and functionally
similar RH2ao. and RH2afi opsins. We quantified opsin
expression twice for all individuals and averaged the
results. We then averaged individual results to obtain
one final, species-specific mean and variance of opsin
expression.

Predicting Maximal Retinal Sensitivity from Opsin
Gene Expression

Cichlid cone opsins are expressed within the retina in
two distinct cell types: single-cone photoreceptors and
double-cone photoreceptors (Bowmaker 1995; reviewed
in Carleton 2009). We predicted the wavelength of maxi-
mal sensitivity (PS.,) of each species’ single- and double-
cone photoreceptors from the results of our RT-qPCR
analysis. We used the results of these estimates to infer
how retinal sensitivities may vary as a result of changes
in opsin gene expression (Carleton et al. 2008; Hofmann
et al. 2009). These estimates provide a useful descriptive
statistic for how multivariate shifts in opsin expression
may alter spectral sensitivity, but they are not meant to
imply that we find fish with cones that exhibit these exact
Amax Values (although the results can be quite similar). Fol-
lowing previous studies (Carleton et al. 2008; Hofmann
et al. 2009), we used equation (1)

PsmaxﬁC = Z(fl/“/)/Zf! (1)

to calculate the predicted maximal sensitivity (PS,.,) of cich-
lid single and double cones, where C is either the single- or the
double-cone photoreceptor, f; is the percent expression of the
ith opsin out of the total, and /; is the corresponding peak
absorbance of that opsin in Oreochromis niloticus (from Spady
et al. 2006). Based on comparison of the A, of each cichlid
opsin with the 4., of single- and double-cone photorecep-
tors from several cichlid species—both measured physiolog-
ically using microspectrophotometry (reviewed in Carleton
2009)—we used the expression of the SWS1, SWS2b, and
SWS2a opsins when estimating the PS,,,, of single cones
and RH2b, RH2a, and LWS when estimating the PS,,., of dou-
ble cones. In previous analyses, we refer to the descriptive sta-
tistic PS,.x as “predicted single/double-cone 4,,,” (Hofmann
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Table 1. LT Cichlid Species Used in This Study.

Species n Tribe® Foraging ND2 CYTB D-LOOP Combination®
Benthochromis tricoti 3 Benthochromini  Benthic invertebrates®  AY682515 AF428164 AY682477 15
Cyprichromis leptosoma 5  Cyprichromini Zooplanktonc,d AY740343 AB280682 AY740320 3
Paracyprichromis nigrapinnis 3 Cyprichromini Z(mplanktonc,d AY740339 AY740204 AY740282 4
Asprotilapia leptura 2 Ectodini Epilithic algae“ AY337772 AY337801 AF400701 5
Enantiopus melanogenys 3 Ectodini Benthic inverts© AY682517 AY337813 AY682480 2
Ophthalmotilapia ventralis 3 Ectodini Zooplankton® AY337774 AY337805 AY615479 14
Xenotilapia bathyphila 3 Ectodini Benthic inverts® AY337789 AY337844 AY339027 2
X. boulengeri 3 Ectodini Benthic inverts® HM135111  AY337823 AY339029 10
X. flavipinnis 2 Ectodini Benthic inverts® AY337794 AY337825 AY339030 2
X. ochrogenys 4  Ectodini Benthic inverts® AY337767 7221772 7221750 2
X. spiloptera 3 Ectodini Benthic inverts© AY337788 AY337841 AY339040 2
Eretmodus cyanostictus 4  Eretmodini Epilithic algae® AF398220 797477 EF035326 4
Tanganicodus irsacae 3 Eretmodini Epilithic algae©*® AF398219 797557 Y15134 3
Astatotilapia burtoni 1 Haplochromini Benthic inverts® AF317266 721773 721751 5
Chalinochromis brichardi 2 Lamprologini Phytoplankton® HM135112 729991 730006 11
Julidochromis regani 2 Lamprologini Phytoplankton®,f EF462228 EF470898 uUo1106 6
Neolamprologus brichardi 4 Lamprologini Zooplankton® DQ055015 AF438804 730021 7
N. cunningtoni 4 Lamprologini Fish® HM135113  HM135105  HM135109 3
N. furcifer 3 Lamprologini Benthic inverts©? EF462249 729999 730026 5
N. mondabu 3 Lamprologini Benthic inverts©? EF462242 HM135106  HM135110 8
N. tretocephalus 3 Lamprologini Benthic inverts®? DQ055026  HM135107 — 13
Greenwoodichromis christyi 5  Limnochromini Benthic inverts® AY682528 HM135108  AY682489 12
Perissodus microlepis 2 Perissodini Fish®," DQ055006 AF428167 EF437536 9
Lobochilotes labiatus 1 Tropheini Benthic inverts® U07254 AY301932 uo1110 1
Petrochromis famula 2 Tropheini Epilithic algae“ HM135114  AY301937 AY301963 1
Simochromis diagramma 5  Tropheini Phytoplankton® AY930087 AY301951 AY574628 1
Tropheus moori “muzi” 4  Tropheini Epilithic algae“ AB018975 AB018990 712069 1
Tropheus sp. mpimbwe 3 Tropheini Epilithic algae“ AY930086 EF470900 712054 1

2 Takahashi (2003).

® Primer/probe combination used for RT-qPCR.
 Brichard (1989).

9 Duftner et al. (2005).

€ Yamaoka et al. (1986).

f Salzburger et al. (2002).

& Taborsky et al. (1986).

" Koblmuller et al. (2007).

et al. 2009) or simply “single/double-cone A,,," (Carleton
et al. 2008).

Opsin Sequence Divergence

Our estimation of photoreceptor PS,,, assumes that all
species exhibit opsin-coding sequences that are function-
ally identical to those of O. niloticus. This assumption is
generally supported by microspectrophotometry results
that demonstrate little variation in the spectral absorp-
tion of cones from different cichlid species that express
the same opsin palette (Jordan et al. 2006; see also table
1 of Carleton 2009). Additionally, several studies have gen-
erally found little variation in the protein-coding
sequence of each opsin across several cichlid species.
These studies include sequences from 4 LT cichlids
(Halstenberg et al. 2005; Spady et al. 2005), 16 LM cichlids
(Parry et al. 2005; Spady et al. 2005; Hofmann et al. 2009),
and 12 LV cichlids (Carleton et al. 2005; Hofmann et al.
2009). Although mutations within opsin-coding sequen-
ces can play an important role in cichlid spectral adapta-
tion (Sugawara et al. 2005; Terai et al. 2006), these shifts
are generally small (5-15 nm). However, in order to fur-
ther test this assumption, we sequenced the three most
variable cichlid opsins—SWS1, RH2af}, and LWS—in a sub-
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set of the LT species sampled. We then compared the cod-
ing regions of these opsins with those from O. niloticus.
The primers used to sequence these opsins are listed in
supplementary table S1 (Supplementary Material online).
This analysis also provides an important estimate of the
contribution that protein-coding mutations make to the
evolution of spectral sensitivity in LT cichlids.

Phylogenetic Analysis

For our comparative analyses of opsin expression evolution,
we reconstructed the phylogenetic relationships among
the LT species sampled using three mitochondrial loci,
ND2 (1047 bp), CYTB (401 bp), and D-loop (364 bp). These
sequences were accessed through GenBank or else se-
quenced directly using previously published primers and
protocols (Meyer et al. 1990; Taberlet et al. 1992; Kocher
et al. 1995; Lee et al. 1995). Table 1 lists the accession num-
bers of these sequences for each species, and supplemen-
tary table S1 (Supplementary Material online) lists the
primers used for PCR. Sequences were concatenated and
aligned in MAFFT (Katoh et al. 2002), and we used Mod-
eltest v3.7 (Posada and Crandall 1998) to choose an appro-
priate model of sequence evolution for the alignment.
Phylogenetic reconstruction was performed using both
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Table 2. Sequence of All Primers and Probes Used to Measure Cichlid Opsin Gene Expression.

Opsin Primer Sequence

SWS1 UV.Cic.Forward® 5'-GGCTGTGCCTGCCCAC-3’
UV.Tang.Forward" 5'-GGCTGCGCCTGCCCAC-3’
UV.Tang.Ov.Forward® 5'-TGCTGCGCCTTCCCAC-3’
UV.Cic.Reverse® 5'-AGGAGCAGCCCAGACCTTC-3’
UV.Cic.Probe® 5 -TTTCTTTGGCTGGAGCAGGTACATCCC-3’

SWS2b B2.Cic.Forward® 5'-TTTGGTGCGCTAGCATGC-3’

B2.Cic.Reverse®
B2.Cic.Probe®
SWS2a B1.Cic.Forward®
B1 .Tang.Reverseb
B1.Cic.Probe®
B1.Tang.Probe®
BI.Tang.Nb.Probeb
B1.Tang.Nm.Probe®
B1.Tang.Pm.Probe®
B1.Tang.Xeno.Probe®
RH2b G3.Cic.Forward®
G3.Cic.Reverse®
G3.Cic.Probe®
RH2a G.Tang.Forward®
G.Cic.Reverse®
G.Cic.Probe®
G.Til.Probe®
G.Tang.Gc.Probe®
G.Tan g.Ov.Probeb
LWS R.Cic.Forward®
R.Cic.Reverse®
R.Tang.Nb.Reverse®
R.Tang.Nt. Reverse®
R.Tang.Xb.Reverse®
R.Cic.Probe®

5'-AAGGGACCACAGGCTTACCAT-3’
5'-AGATCGAAGGTTTCATGGTAACACTCGGTG-3’
5'-TTTGGTGCGCTAGCATGC-3’
5'-CTTGCAAATCACAAGCCATC-3’
5'-AGATCGAAGGTTTCATGGTAACACTCGGTG-3’
5'-AGATCGAAGGTTTCATGGCAACACTCGGTG-3'
5'-AGATCGAAGGTTTCATGGCAACACTTGGTG-3’
5'-AGTTCGAAGGTTTCATGGCAACACTCTGTG-3’
5'-AAATCGAAGGTTTCATGGCAACACTCGGTG-3’
5'-AGATCGAAGGTTTCTTGGCAACACTCGGTG-3’
5'-TGCTGCCCCCCCATTG-3’
5'-AGGTCCACAGGAAACCTGAA-3’
5'-TGGCTGGTCAAGGTACATTCCTGAGGGA-3'
5'-TTAATGGCTACTTCATTCTTGGA-3’
5'-CCAGGACAACAAGTGACCAGAG-3’
5'-TGGCCACACTAGGAGGTGAAGTTGC-3’
5'-TGGCCACACTTGGAGGTGAAGTTGC-3’
5'-TGGCCACACTTGGAGGTGAAGTTTC-3’
5'-TGGCCACACTAGGAGGTCAAGTTGC-3’
5'-CTGTGCTACCTTGCTGTGTGG-3'
5'-GCCTTCTGGGTTGACTCTGACT-3’
5'-GCTTTCTGGGTTGACTCTGACT-3’
5'-GCCTTTTGGGTTGACTCTGACT-3’
5'-GCCTTCTGGGTTGACTCTGATT-3’
5'-TGGCCATCCGTGCTGTTGCC-3’

? Spady et al. (2006)
® This study.

Bayesian inference (BI) and maximum likelihood (ML)
methods in the programs MrBayes v3.1.2 (Huelsenbeck
and Ronquist 2001) and PAUP v4.0b10 (Swofford 2003).
For the Bl analysis, the best-fit model of sequence evolution
chosen by Modeltest (general time reversible [GTR] 4 I" + 1)
was used to construct and run four Markov chain Monte
Carlo (MCMC) sampling chains, each run for 1,000,000 gen-
erations with a swap frequency of once every 10 genera-
tions. Trees were sampled every 1,000 generations after
discarding the first 10% as burn-in. We additionally discarded
as burn-in the first 250 trees when calculating posterior
probability values for the final 50% majority-rule consensus
tree. For the ML analysis, we used the heuristic tree search
method with random addition of sequences and tree bisec-
tion and reconnection branch swapping. In addition to the
GTR + I' 4 1 model, for this analysis, we also specified sev-
eral additional model parameters estimated by Modeltest.
These parameters were base frequencies (A = 0.2862,
C = 03267, G = 0.1140, T = 0.2731), substitution rates
(A-C = 0.7613, A-G = 11.8437, A-T = 12821, C-G =
0.6842, C-T = 6.5861, G-T = 1.000), proportion of invari-
able sites (0.4546), and the gamma distribution shape
(0.9362). We used 100 ML bootstrap replicates to calculate
nodal support for the final 50% majority-rule consensus tree.
We rooted this tree with sequences from O. niloticus
(AB018974, AF550020, and AF328847). We used this tree

in all comparative analyses of opsin expression with diet
and lens transmittance among LT cichlids.

For the analyses of repeated evolution among cichlids
from different East African rift lakes, we combined this
mitochondrial tree with four published amplified frag-
ment length polymorphism (AFLP) phylogenies of LM
and LV cichlids (Albertson et al. 1999; Allender et al.
2003; Seehausen et al. 2003; Kidd et al. 2006). Due to
the young age of the LM and LV cichlid species flocks
(1.0 My and <0.2 My, respectively), the interrelationships
of these taxa can only be resolved with genome-wide
scans of many AFLP or single nucleotide polymorphism
genotypes; mitochondrial DNA is not sufficient to resolve
the phylogenies of these two groups. However, the mono-
phyly of the LM and LV radiations, the structure of the LT
radiation, and the interrelationships among taxa between
the three major lakes have all been confidently resolved
using mitochondrial loci (Meyer et al. 1990; Kocher et al.
1993; Salzburger et al. 2002; Kocher 2004; see fig. 1). The
overall structure of our combined tree is consistent with
the purported relationships of taxa in these three lakes
(Salzburger et al. 2002; Koblmuller et al. 2008). The inter-
relationships among taxa from LM and LV reported here
use only those nodes supported by >60% bootstrap sup-
port in their respective studies. We set all branch lengths
of this composite phylogeny to one.
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Analysis of Parallel Evolution

To test the hypothesis that the various opsin gene expres-
sion palettes have evolved repeatedly among African cichl-
ids from different rift lakes, we used two methods. First, we
performed multivariate Bayesian clustering (Fuentes and
Casella 2009; Gopal et al. 2009) to statistically group the
28 LT cichlids sampled here with 65 additional species from
LM and LV (Hofmann et al. 2009), as well as the Nile tilapia,
O. niloticus (Carleton et al. 2008). Because the cichlid spe-
cies flocks of LM and LV both form monophyletic groups,
we do not expect them to more closely resemble cichlids
from LT unless they have evolved similar patterns of opsin
gene expression in parallel. Bayesian clustering groups ob-
servations not by a distance-based metric but by a Metrop-
olis search algorithm that attempts to maximize the
marginal probability of (Y|w,), where Y is a matrix of re-
sponse variables (e.g.,, opsin expression values for each spe-
cies) and o is the partitioning of Y into a prespecified
number of k clusters. This method then tests the statistical
significance of the resulting clusters using a Bayes factor to
estimate the empirical posterior probability (PP) of the null
hypothesis

Ho : Noclusters (k = 1) versus H, : kclusters. (1)

In order to generate a frequentist probability value for
this test, we performed a second search of the PP space
under the null hypothesis in order to generate a null dis-
tribution of quantiles for these values; we then compared
the final PP value with this distribution (Fuentes and Casella
2009). For our analysis, we specified the presence of k = 3
clusters, representing the three opsin gene expression
palettes so far observed in African cichlids (Fernald and
Liebman 1980; Carleton et al. 2000, 2005, 2008; Parry
et al. 2005; Jordan et al. 2006; Hofmann et al. 2009). How-
ever, we also performed this analysis with k equal to 4 and 5
clusters as well. We performed Bayesian clustering in the R
package “bayesclust” (Gopal et al. 2009). We used 1,000,000
simulations to estimate both the optimal clustering of the
taxa and the PP of the null hypothesis. We used 10,000 sim-
ulations when generating the null distribution of PP values.

Second, we reconstructed the ancestral state of each
major cichlid tribe using both Bayesian and ML methods.
Using a composite phylogeny of 47 cichlids from all 3 lakes,
we first estimated the posterior probability that the ances-
tor of each tribe expressed the opsin palette represented by
k = 3, 4, and 5 clusters in the program BayesTraits (Pagel
et al. 2004; Pagel and Meade 2007). BayesTraits infers an-
cestral states using a reversible-jump MCMC search algo-
rithm. For this analysis, we specified a reversible-jump
hyperprior derived from the exponential distribution but
seeded from a uniform (uninformative) distribution of val-
ues ranging from 0 to 30. We also specified a rate deviation
parameter equal to one. Together, these parameters pro-
duced acceptance rates of newly proposed values equal
to ~24%, which is within the desired range for this type
of analysis (Pagel and Meade 2007). We ran the R]-MCMC
for 20,020,000 generations, discarded the first 20,000 gen-
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erations as burn-in, and sampled the chains every 300 gen-
erations. All reconstructions were performed using the
“BayesMultiState” module with the “AddNode” command.

Finally, we also reconstructed the ancestral state of each
cichlid tribe following a ML analysis of each opsin’s expres-
sion value in the R package APE v2.5 (Paradis et al. 2004).
This analysis allowed us to reconstruct the ancestral state
of each opsin individually, without forcing a discrete cluster
assignment to each species’ palette or the reconstructed
ancestral states. However, we note that continuous char-
acter state reconstructions have been shown to perform
poorly over adaptive radiations (Schluter et al. 1997).

For all ancestral state reconstructions, we rooted our
tree of African cichlids from LT, LM, and LV with the tila-
pine cichlid O. niloticus. Both physiological measurements
of retinal sensitivity as well as predictions made from opsin
expression values indicate that O. niloticus expresses the
long-wavelength palette (Spady et al. 2006; Carleton
et al. 2008). These physiological and opsin expression values
are representative of all additional riverine outgroups for
which spectral sensitivities have been measured, including
the tilapine Sarotherodon and the distantly related Neo-
tropical cichlids (Levine and MacNichol 1979; Spady
et al. 2006; Carleton et al. 2008; Carleton 2009). Thus,
we present O. niloticus as a representative member of Oreo-
chromis and other outgroups to the cichlids we include
here.

Comparative Analyses with Diet and Lens
Transmittance

We tested the hypothesis of correlated evolution among
opsin expression, diet, and lens transmittance using the
phylogenetic comparative method (Felsenstein 1985).
For the analysis of opsin expression with diet, we used phy-
logenetic analysis of variance (ANOVA) (Garland et al.
1993) to compare the mean expression of each opsin
among species grouped into five foraging levels (table 1).
We implemented phylogenetic ANOVA in the programs
PDSIMUL v2.0 (Garland et al. 1993) and PHYLOGR
(Diaz-Uriarte and Garland 2007). We performed 1,000 sim-
ulations of each opsin variable across the LT phylogeny
using a Brownian motion model of character evolution.
These simulations were used to generate phylogenetically
corrected null distributions of our test statistics for phylo-
genetic ANOVA. However, prior to performing these sim-
ulations, we first transformed several opsin variables to
better meet the ANOVA assumptions of homogeneity
of variances and normality of errors. These transformations
were performed using Box—Cox powers estimated in the R
package “car” (Fox 2008) and are presented in table 3. We
added 1.5 as a constant to each observation in order to
maintain the order of the means before transformation.
Additionally, for the comparison of the SWS2a opsin, we
transformed the branch lengths of the mitochondrial tree
using Grafen’s (1989) rho (p = 0.1) and excluded Neolam-
prologus tretocephalus as an outlier from this analysis.
We ultimately compared the probability values from
these analyses with the Bonferroni-corrected significance
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Table 3. Results of Phylogenetic ANOVA Comparing Opsin Gene Expression with Foraging Preference and Post Hoc Comparisons of SWS1

Expression between Foraging Levels.

Opsin Pagel’s A Box-Cox Power Degrees of Freedom F or t Value P Value*
SWS1 0.3988 -1.772 4, 23 2.587 0.099
Zooplankton versus Algae — — 1,23 1.823 0.115
Zooplankton versus Phytoplankton — — 1,23 1.945 0.071
Zooplankton versus Fish - - 1,23 1.462 0.129
Zooplankton versus Invertebrates — — 1,23 3.174 0.004
SWS2b 0.1644 — 4, 23 1.465 0.337
SWS2a <0.0001 —1.541 4, 22 0.541 0.820
RH2b 0.1301 — 4, 23 0.959 0.557
RH2a <0.0001 0.188 4, 23 0.209 0.952
LWS 0.1796 0.350 4, 23 0.989 0.528

Note.—Value in italic is statistically significant after Bonferronni correction for 10 comparisons.
* Bonferonni-corrected significance threshold following 10 comparisons is < 0.5/10 tests = 0.005.

threshold for 10 comparisons (o« = 0.05/10 comparisons =
0.005; see table 3). Finally, for each opsin, we also estimate
Pagel's (1999) A via ML in the R package “geiger” (Harmon
et al. 2009). Pagel's A provides an important measure of
association between the phylogeny and variance for a given
trait.

For the analysis of opsin expression with lens transmit-
tance, we extracted lenses for approximately half of the
species sampled. We measured the transmission of these
lenses using an Ocean Optics USB4000 spectrometer
and a pulsed Xenon lamp (PX2, Ocean Optics). Our meas-
urements followed the previously published protocols of
Siebeck and Marshall (2001). Transmission values were nor-
malized to 1 at 600 nm and used to determine the wave-
length of 50% transmission (T50). Because light must first
pass through the lens before reaching the retina, lens trans-
mittance can limit the wavelengths of light reaching the
photoreceptors. This is particularly true for wavelengths
at the short-wavelength end of the visible light spectrum
(Siebeck and Marshall 2001). Because short-wavelength
sensitivity is mediated by the single-cone photoreceptors
in cichlids (Fernald and Liebman 1980; Jordan et al
2006; Carleton 2009), we tested the hypothesis of corre-
lated evolution between lens T50 and the predicted max-
imal sensitivity (PSax) Of cichlid single-cones (see eq. 1).
For this analysis, we used phylogenetically independent
contrasts (PICs; Felsenstein 1985) implemented in the
PDAP:PDTREE module (Midford et al. 2003) of the program
Mesquite v1.12 (Maddison WP and Maddison DR 2001).
We set all branch lengths to one and log transformed sin-
gle-cone A« values to meet the assumptions of the inde-
pendent contrasts method and normality of errors.

Results and Discussion

Tanganyikan Opsin Expression Diversity

Figure 2 illustrates the results of our RT-qPCR analysis for
the 28 LT cichlids sampled. The expression values measured
for each opsin ranged from 0% to 73% of total opsin ex-
pression (supplementary table S3, Supplementary Material
online). Despite previous analyses that reveal small but sta-
tistically significant differences in opsin expression between
retinas extracted while in the field and those extracted

after rearing for one generation in a laboratory setting
(Hofmann, O’'Quin, Smith, and Carleton 2010), we found
no discernable differences between the retinas of wild-
caught Tanganyikan cichlids processed in the field and
those shipped to our laboratory (data not shown). The ma-
jority of species simultaneously expressed 3 or 4 of the 6
opsins measured. Importantly, these expression patterns
generally matched those observed among cichlids from
LM and LV, which are SWS1-RH2b-RH2a (short-wavelength
sensitive), SWS2b-RH2b-RH2a (middle-wavelength sensi-
tive), and SWS2a-RH2a-LWS (long-wavelength sensitive)
(Hofmann et al. 2009). However, many species also ex-
pressed appreciable amounts (between 5% and 18%) of
a fourth opsin—typically LWS—which is also observed
among some LM and LV species (Hofmann et al. 2009).
In general, most of the species we sampled expressed op-
sins from either the middle- or the long-wavelength pa-
lettes. But, in contrast to many LM cichlids that express
the long-wavelength palette, LT cichlids with this palette
generally expressed SWS2b in place of SWS2a. Also in con-
trast to LM and LV cichlids, a few species expressed high
levels of either SWST or SWS2a (fig. 2). Finally, at least two
species exhibited opsin expression profiles that had not
been previously described in cichlids from LM and LV. Para-
cyprichromis nigrapinnis expressed high levels of SWST in
conjunction with RH2a and LWS, and N. tretocephalus ex-
pressed high levels of SWS2a in conjunction with RH2b and
RH2a (fig. 2).

The approximate spectral sensitivity estimated for cichl-
ids with these opsin expression palettes is illustrated in
figure 2. The average predicted maximal sensitivity (PS;ax)
for single-cones ranged nearly 100 nm, from 366 to 453 nm.
The average joint double—cone PS,,,, for these species had
a slightly narrower range, from 487 to 552 nm (supplemen-
tary table S3, Supplementary Material online). The distribu-
tion of LT cichlids across the combined predicted sensitivity
of these two photoreceptors reveals that LT cichlids likely
exhibit spectral sensitivities that overlap those observed or
predicted for cichlids from LM and LV (fig. 2). Among taxa
with the middle-wavelength palette, several LT species also
exhibited opsin expression profiles that were subtly divergent
from those previously observed. Members of the tribe
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Fic. 2. Opsin expression diversity in 28 cichlid species from LT. (A) Mitochondrial phylogeny of the species sampled. Filled circles indicate nodes
with >80% bootstrap and posterior probability support; gray circles, nodes with >50% bootstrap and posterior probability support; open
circles, nodes with >50% posterior probability support only. (B) Heat map of relative opsin gene expression. The tribe to which each species
belongs is shown on the left along with the visual palette estimated from the opsin expression profile. The assignment of each species’ palette is
based on Bayesian clustering of taxa into k = 3 clusters (see text). (C) Predicted maximal sensitivity (PS,,.,x) of single- and double-cone
photoreceptors estimated from the opsin expression results. The distribution of photoreceptor sensitivities estimated for cichlids from LM and
LV are indicated by gray boxes (Hofmann et al. 2009). These boxes show the approximate distribution of single- and double-cone sensitivities
for taxa expressing the short- (S), middle- (M), and long (L)-wavelength opsin sets. The results demonstrate that cichlids from LT exhibit opsin
expression profiles that are very similar to cichlids from the monophyletic LM and LV radiations.

Lamprologini, including Julidochromis regani, N. brichardi,
N. furcifer, and Chalinochromis brichardi, exhibited single-cone
PSnax that were short-wavelength shifted relative to other
species with this palette, and members of the tribe Ectodini,
including Enantiopus melanogenys and Xenotilapia ochroge-
nys, exhibited double-cone PS,,,, that were long-wavelength
shifted (fig. 2). The novel opsin expression palettes of P. ni-
grapinnis and N. tretocephalus were predicted to confer visual
pigment sensitivities with pigment spacings that were broader
and narrower, respectively, compared with the three more
common palettes. Once again, the results of our analysis
of estimated photoreceptor sensitivities are not meant to im-
ply that these species have photoreceptors with these exact
absorbance values; rather they provide a useful summary sta-
tistic for estimating how multivariate changes in opsin gene
expression may shift spectral sensitivity. However, the results
of our opsin expression and photoreceptor PS,.,, analyses
both suggest that visual system diversity is similar among
African cichlids in LT and LM but that this diversity is po-
tentially greater among the more phenotypically and phylo-
genetically diverse LT cichlids (Salzburger et al. 2002).

Opsin Sequence Diversity

Our analysis of opsin-coding sequences supports the as-
sumption that LT cichlids possess opsins with A, similar
to those of O. niloticus. We sequenced the SWST opsin in 10
species and found that it was the most variable of the 3
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opsins examined (supplementary table S4, Supplementary
Material online). We identified 25 polymorphic amino acid
sites among these taxa; however, only six of these sites oc-
curred in regions likely to affect chromophore binding and,
therefore, spectral sensitivity. Of these 6 sites, 5 exhibited
replacements that considerably alter the physical or chem-
ical properties of the amino acid substituted (A52T, A97S,
1290T/S, and A298S). However, only one substitution
(1290T/S) was absolutely fixed between O. niloticus and
the LT cichlids. Substitutions at the remaining sites were
shared between O. niloticus and other species, and no sub-
stitutions were found in sites already known to influence
SWST1 absorption (Yokoyama 2008). We then sequenced
RH2ap in 14 species. Here we found 18 polymorphic sites,
but only one of which occurred in a chromophore-binding
region (supplementary table S4, Supplementary Material
online). This polymorphism, F203Y, varies in amino acid
polarity but has not yet been shown to impact spectral tun-
ing. However, it is possible that such a polarity shift could
slightly impact the spectral absorption of the RH2af} opsin
(Chang et al. 1995). Finally, we sequenced LWS in 11 species
and found 10 variable sites. But, once again, we found only
one site that occurred in a chromophore-binding region
(supplementary table S4, Supplementary Material online).
This polymorphism, A164S, does change the amino acid
polarity and has been shown to cause a 7-nm increase
in LWS absorbance in humans (Asenjo et al. 1994) and
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LV cichlids (Terai et al. 2006). In summary, we found only
one polymorphism in each opsin that was likely to produce
a shift in the sensitivity of that gene relative to O. niloticus.
Therefore, we conclude that LT cichlids have opsins with
spectral sensitivities similar to those of O. niloticus, which
justifies our use of O. niloticus opsin 4.y in the estimation
of photoreceptor sensitivities. We emphasize that the se-
quence differences we observe would only produce small
shifts (5-15 nm; Carleton 2009; Hofmann et al. 2009) in spec-
tral sensitivity relative to the large shifts (30-100 nm)
caused by changes in opsin gene expression. Therefore,
none of the sequence substitutions we observe would al-
ter the placement of LT species into different visual pal-
ette groups.

Interestingly, several of the sites we identified as poly-
morphic in the opsins of LT cichlids are also polymorphic
among cichlids from LM and LV (e.g, SWST site 217; Rh2af8
sites 107, 151, and 218; and LWS site 264; supplementary
table S4, Supplementary Material online) (Hofmann et al.
2009). These mutations could indicate parallel mutations
within opsin-coding sequences but more likely reflect an-
cestral polymorphisms (Spady et al. 2005; Terai et al. 2006).
We also found that the SWS1 opsin exhibited the largest
number of putatively functional replacements among
cichlids from LT. Although we did not examine all opsins,
this pattern is consistent with a specific role for protein-
coding evolution within opsins sensitive to the ends of
the visible light spectrum (Hofmann et al. 2009). However,
only one site (SWS1-217) was variable in both these groups;
the rest were unique to cichlids from each lake. This ob-
servation could suggest that there has been convergent
functional evolution of the SWS1 opsin in cichlids from
LT and LM. This pattern is likely not the result of the rapid
accumulation of deleterious alleles because none of the
sequences we examined were pseudogenes, although we
acknowledge that the SWST opsin is not highly expressed
among the adults of most LT species examined (fig. 2A).
However, lack of SWS1 expression among adults does
not rule out its use earlier during development (e.g,
Carleton et al. 2008). The small number of putatively func-
tional substitutions we identify in the remaining two opsins
suggests that opsin protein—coding mutations likely
contribute very little to divergence of spectral sensitivity
among LT cichlids, with the possible exception of the
SWS1 opsin. However, we note that even small shifts in
spectral sensitivity can impact female choice and even spe-
ciation (Seehausen et al. 2008). The much larger shifts in
spectral sensitivity associated with changes in opsin expres-
sion could have an even greater impact on divergence
among cichlids from LM and LT.

Phylogenetic Analysis

The final 50% majority-rule consensus trees produced by our
Bayesian and ML analyses were highly resolved and widely
congruent. In each case, the positions of the major tribes were
identical, and the trees differed only slightly in their branch
lengths and support for certain nodes. Figure 2A illustrates
the final consensus tree for both analyses incorporating

Bl-estimated branch lengths. Despite weak support for five
nodes, our phylogeny is highly concordant with those previ-
ously reported for these or closely related species (e.g,
Salzburger et al. 2002; Duftner et al. 2005; Day et al. 2007).

Parallel Evolution of Opsin Gene Expression

The results of our Bayesian cluster analyses using k = 3, 4,
and 5 clusters generated clustering schemes with empirical
posterior probabilities (PP) equal to 1.07e-21, 2.35e-19, and
3.05e-16, respectively. All clustering schemes produced PP
values that were a statistically better fit to the observed
data than the null hypothesis of k = 1 clusters or no differ-
ences between species (P << 0.0001 in all three cases). Un-
fortunately, the implementation of Bayesian clustering we
use here cannot currently estimate the optimal number of
k clusters, and the PP values of different tests cannot be
compared for this purpose because each PP is unique to
the model of k clusters specified (Fuentes and Casella
2009). However, because previous estimates support k =
3 as the optimal number of opsin expression clusters among
LM cichlids (Hofmann et al. 2009), we were primarily
concerned with the results of this analysis.

The clustering scheme for k = 3 grouped cichlids from
LT, LM, and LV into clusters that chiefly reflected the three
opsin expression palettes previously identified in these
fishes (supplementary table S5, Supplementary Material
online). Group 1 consisted of three LT cichlids that express
the short-wavelength opsin palette (Eretmodus cyanostic-
tus, Tanganicodus irsacae, and P. nigrapinnis) as well as
most members of the LM rock-dwelling (mbuna) lineage
and also some members of the LM sand-dwelling (utaka)
lineage (fig. 3; supplementary table S5, Supplementary
Material online). Group 2 consisted of taxa that express
the middle-wavelength palette and included the majority
of the LT cichlids sampled. Species in this group include
members of the tribes Neolamprologini and Ectodini,
Benthochromis tricoti, Cyprichromis leptura, Petrochromis
famula, Greenwoodichromis christyi, and several mem-
bers of both the LM mbuna and utaka lineages. Finally,
group 3 consisted of seven LT cichlids that express the
long-wavelength opsin palette, including A. burtoni, Oph-
thalmotilapia ventralis, N. tretocephalus, most members of
the tribe Tropheini, many members of the monophyletic
LM utaka lineage, and all members of the monophyletic
LV cichlid species flock. The results for k = 4 and 5 simply
subdivided the short- and long-wavelength—sensitive clus-
ters, respectively (Supplemental fig. S1 and table S5, Supple-
mentary Material online). Grouping taxa into k = 4 clusters
split species that express the two short- and middle-wave-
length palettes into a third group of species that exhibit ad-
ditional SWS2b and LWS expression. Grouping taxa into k =
5 clusters split taxa that express the long-wavelength palette
into two groups based on those with additional SWS2b ex-
pression (supplementary table S3, Supplementary Material
online; see also table S1 in Hofmann et al. 2009). Finally,
we note that the clustering results of Bayesian clustering
of k = 3 groups are very similar to the clustering scheme
identified by principle component analysis and k-means
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middle (green)-wavelength palettes among cichlids in LT and LM from ancestors that each expressed the long-wavelength palette (red).

clustering (data not shown). Thus, our results are robust to
the analytical method used to group individuals based on
opsin gene expression. In all cases, the statistically signifi-
cant clustering of species from different, monophyletic lin-
eages within LT, LM, and LV strongly supports the repeated
evolution of opsin gene expression among African cichlids.

Reconstruction of the evolutionary history of these clus-
ters on the phylogeny of African cichlids also supports the
repeated evolution of multiple opsin expression palettes.
Figure 3 illustrates the posterior probability that the ances-
tor of each major tribe expressed the palettes represented
by k = 3 clusters following Bayesian ancestral state recon-
struction. With only two exceptions, this reconstruction
overwhelmingly supports the long-wavelength palette as
the ancestral state for most major clades, including the
haplochromine tribes of LM and LV. The two exceptions
are the joint ancestor of the tribes Cyprichromini, Bentho-
chromini, Perissodini, and Limnochromini, which likely ex-
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pressed the middle-wavelength palette, and the ancestor of
the Eretmodini, which expressed the short-wavelength pal-
ette. This reconstruction therefore indicates several transi-
tions to the short- and middle-wavelength palettes among
members of the various African cichlid lineages in LT and
LM. Specifically, the short-wavelength palette arose twice
within LT and then again among members of the LM cich-
lid radiation; the middle-wavelength palette arose at least
four times among cichlids from LT and at least twice
among cichlids from LM; and, because the long-wavelength
palette is ancestral to most tribes, its evolution does not
appear to have occurred in parallel among the cichlids from
LT, LM, and LV. However, this palette may have re-evolved
at least once within the LM utaka clade (fig. 3). Reconstruc-
tions of k = 4 and 5 clusters on the cichlid phylogeny also
overwhelmingly support a long-wavelength palette (group
3 or 5, colored red and yellow in supplementary fig. S1, Sup-
plementary Material online) as the ancestral state for most
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African cichlid tribes. Reconstruction of k = 5 clusters sug-
gests that the ancestors of each lineage gradually developed
a violet (as opposed to blue)-shifted long-wavelength pal-
ette leading up to the LV radiation. However, the recon-
structions of both k = 4 and 5 clusters also indicate
numerous transitions to the short- and middle-wavelength
palettes among members of the LT tribes Eretmodini,
Lamprologini, Ectodini, as well as LM cichlids (supplemen-
tary fig. S1, Supplementary Material online). Once again,
these transitions occurred among species and lineages with
different ancestors that each expressed the long-wave-
length palette. Hence, even though we cannot distinguish
between the optimality of k = 3, 4, or 5 clusters, the
ancestral reconstruction of each of these scenarios all
supports the parallel evolution of the short- and mid-
dle-wavelength palettes among cichlids from LT and
LM from ancestors that expressed the long-wavelength
palette.

Finally, we also used continuous character state recon-
structions via ML to infer ancestral states of each opsin’s
expression pattern independently. This continuous charac-
ter reconstruction produced estimates of ancestral states
that were highly uncertain. Ninety-five percent confidence
intervals for the inferred ancestral states overlapped for ex-
pression values at many nodes. Among internal nodes, only
states at the base of the clades Eretmodini, Lamprologini,
and Benthochromini deviated significantly from the states
of their direct ancestor along the base of the tree (indicated
by pluses and minuses in supplementary fig. S1, Supple-
mentary Material online). In contrast, many species (tips)
had 95% confidence intervals that did deviate significantly
from the expression values predicted for the ancestor at the
base of their respective clade. This pattern could be due to
the inherent uncertainty in the ancestral states of nodes
further from the tips of the phylogeny; however, we believe
this pattern indicates that most shifts in opsin expression
have occurred near the tips of the cichlid phylogeny, not at
its base. To account for this possible bias, we also identified
shifts in opsin expression of greater than 10% (indicated by
greater than and less than symbols in supplementary fig. S1,
Supplementary Material online). This analysis illustrates the
same pattern: few large shifts in expression at internal no-
des, except for the base of the clades Eretmodini, Lampro-
logini, Benthochromini, and Tropheiini. Once again, most
shifts in opsin expression of more than 10% were concen-
trated at the tips of the phylogeny, indicating that this ob-
servation is not merely the result of statistical uncertainty
in the ancestral states of internal nodes. Most shifts in opsin
expression that were statistically significant (e.g, where
95% confidence intervals between an ancestor and descen-
dent node did not overlap) were >10%. Additionally, our
analysis based on percent expression is necessary where
multiple observations of a particular species are not avail-
able to generate confidence intervals, which was the case
for most LM cichlids. However, analyses of both confidence
intervals and percentage units infer many parallel shifts in
opsin expression. Most shifts represent increases in expres-
sion of the SWS1, RH2b, and RH2a opsins among cichlids

from LT and LM (supplementary fig. S1, Supplementary
Material online). We also find evidence for many indepen-
dent shifts to lower expression levels for the SWS2a and
LWS opsins. Both observations are consistent with the par-
allel evolution of the short (SWS1-RH2b-RH2a) and middle
(SWS2b-RH2b-RH2a) palettes. Most importantly, the re-
sults of our continuous character state reconstructions
are highly concordant with the results of our Bayesian re-
constructions of k = 3 opsin palettes (fig. 3). By estimating
the spectral sensitivity of each ancestor via estimated sin-
gle- and double-cone PS,,,,,, we demonstrate that most an-
cestors exhibit inferred opsin expression values consistent
with the long-wavelength palette (inset in supplementary
fig. S1, Supplementary Material online). The only nodes
that deviate from the long-wavelength palette are nodes
at the base of the clades Eretimodini and Benthochromini.
This observation is perfectly consistent with our reconstruc-
tion of k = 3 clusters (fig. 3). Thus, we conclude that similar
opsin expression profiles among cichlids from LT and LM are
due to parallel evolution from ancestors that each expressed
the long-wavelength—sensitive opsin palette.

We refer to the repeated evolution of similar opsin ex-
pression profiles among cichlids from LT and LM as due to
parallelism because, in each case, these transitions have
occurred independently among taxa with different ances-
tors that shared the same ancestral state. However, we
cannot infer how the palettes evolved in parallel with
our current data. One hypothesis is that the presence
of similar opsin expression profiles among cichlids in
LT and LM is simply due to the sorting of ancestral poly-
morphism that affects adult variation in opsin expression.
We do not believe this is the case because the presence of
alternate opsin expression palettes has not been reported
among the adults of any one cichlid population or species.
This observation suggests that the ancestral groups likely
did not exhibit this much population-level variation ei-
ther. A second hypothesis is that these palettes evolved
independently among an ancestral group of haplochro-
mine cichlids that subsequently produced a hybrid swarm
(e.g., Seehausen 2004). These palettes could then have
been sorted coincident with the formation of new species.
This hypothesis would produce the appearance of ances-
tral polymorphism; however, it would still indicate that
the short- and middle-wavelength palettes evolved in par-
allel among LT and LM cichlids, only with a much earlier
origin than our current phylogeny suggests (near the base
of the LM clade instead of near the tips). Both the sorting
of ancestral polymorphisms and a hybrid swarm scenario
are consistent with what has been shown for the evolu-
tion of pigmentation blotching in LM cichlids (Roberts
et al. 2009) and mitochondrial loci (Moran and Kornfield
1993). However, we favor a third hypothesis that the pres-
ence of similar opsin expression profiles among unrelated
cichlids in LT and LM is the result of parallel hetero-
chronic shifts in opsin expression from ancestors that ex-
pressed the entire complement of opsin palettes during
development (e.g., Carleton et al. 2008). Both the basal
cichlid O. niloticus (Carleton et al. 2008) and the derived
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haplochromine cichlid A. burtoni (O’'Quin KE, Smith A,
Sharma A, Carleton KL, unpublished data) express the short-
and middle-wavelength palettes as fry and juveniles, respec-
tively, but then consistently express the long-wavelength
palette as adults. We believe that the presence of ontoge-
netic variation in opsin expression among both basal and
derived cichlids indicates that intermediate ancestral species
(e.g., nodes b—gin supplementary fig. S1, Supplementary Ma-
terial online), which are predicted to express the long-wave-
length palette, probably did so following a similar
developmental progression. If this is indeed the case, the
presence of similar short- and middle-wavelength palettes
among cichlids in LT and LM would be due to independent,
heterochronic shifts in opsin expression from these ances-
tors (Carleton et al. 2008; O’'Quin KE, Smith A, Sharma A,
Carleton KL, unpublished data). However, additional sam-
pling of LT cichlids with all three palettes at different onto-
genetic stages will be necessary to conclusively test this
hypothesis. We note also that our results rely on the obser-
vation that basal riverine cichlids express the long-wave-
length opsin palette, of which O. niloticus is
representative. Although this appears to be the case for
all known African and Neotrophical outgroups so far sur-
veyed (Levine and MacNichol 1979; Carleton et al. 2008),
sampling of additional genera such as Tylochromis and Tila-
pia may strengthen this conclusion.

Comparative Analyses with Diet and Lens
Transmittance

To determine whether diet is associated with opsin expres-
sion divergence in LT cichlids, we compared the mean ex-
pression of each opsin among LT species divided into five
foraging groups (table 1). The ML estimates of Pagel’s
(1999) 4 for each opsin generally indicate a weak associa-
tion with phylogeny for the SWS1 opsin and little or no
association for the remaining opsins (table 3). Despite these
weak associations, we still use appropriate phylogenetic
comparative methods for all comparisons. In our overall
phylogenetic ANOVA, we found no statistically significant
association between diet and mean relative expression for
any of the opsins examined (table 3). However, we did iden-
tify a similar trend of increased SWS1 expression among
zooplanktivorous cichlids in both LT and LM (fig. 4).
Among cichlids from LM, diet is an important predictor
of mean SWST expression as well as actual and predicted
single-cone A, (Jordan et al. 2004; Hofmann et al. 2009).
LM cichlids that forage on zooplankton, algae, and phyto-
plankton on average exhibit higher levels of SWS1 expres-
sion than cichlids that forage on fish or benthic
invertebrates (Hofmann et al. 2009; fig. 4). SWST expression
increases sensitivity to UV light, which has been shown to
increase the ability of teleost fish to detect and feed on
zooplankton because the UV-absorbing zooplankton ap-
pear as dark objects against the bright UV background
(Browman et al. 1994). Therefore, this trend motivated
us to perform a post hoc Dunnett’s test contrasting mean
SWS1 expression among LT cichlids that forage on zoo-
plankton with the remaining foraging groups (table 3).
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Fic. 4. Comparative analysis of opsin gene expression with foraging
preference and lens transmittance. (A) Mean SWST (UV) opsin
expression is higher among zooplanktivorous cichlid species than
benthivorous ones (means are indicated by gray and black bars).
This pattern is observed among cichlids from both LT and LM.
Opsin expression data for LM from Hofmann et al. (2009). (B)
Regression of predicted maximal sensitivity of single-cone photo-
receptors (PS;,.,) and lens transmittance (T50). Dotted line
indicates x = y such that single-cone PS,,, equals lens T50. The
distributions of lens T50 and single-cone PS,,,, among LM cichlids
are indicated with gray boxes. Lens transmittance data for LM from
Hofmann, O’Quin, Marshall, and Carleton (2010).

We found that mean SWS1 expression was significantly
higher among zooplanktivorous species versus benthivores
(phylogenetic t-test; t = —3.174, P = 0.004); however, we
found no difference in mean SWS1 expression between
zooplanktivores and the remaining foraging groups. This
weak but interesting correlation suggests that similar asso-
ciations between SWST expression and diet may have
evolved independently among cichlids from both LT and
LM. The evolution of the same phenotypic correlation
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among unrelated cichlids in LT and LM could implicate
natural selection in the parallel evolution of opsin ex-
pression among these species (Schluter 2000). Future stud-
ies of additional zooplanktivorous cichlids in LT may
bolster this conclusion.

In addition to diet, we also examined the correlated evo-
lution of single-cone PS,,, with lens transmittance. Lens
transmittance (T50) values from LT cichlids were contin-
uously distributed and ranged from 348.5 to 409 nm (sup-
plementary table S4, Supplementary Material online). Lens
T50 was positively correlated with predicted single-cone
PSmax (PICs: ¥ = 0417, F11; = 6.717, P = 0.013; fig. 4).
Additionally, lens transmittance wavelengths were always
lower than predicted single-cone PS,,,,, except in the case
of P. nigrapinnis. These results indicate that cichlid lenses
generally do not block wavelengths of light that the fish are
highly sensitive to. Among LM cichlids, lens transmittance
is also positively correlated with relative SWS1 expression
and estimated single-cone PS,,,, (Hofmann, O’Quin,
Marshall, and Carleton 2010), although lens T50 values
are more bimodally distributed among these species
(fig. 4). Interestingly, we identified four LT cichlids with lens
T50 values that are intermediate to the two broad groups
found among LM cichlids (fig. 4). These species are G. christyi,
N. cunningtoni, O. ventralis, and P. famula. All these species
are from different tribes but express either the middle-
or the long-wavelength palette. Additionally, all these
species’ opsin expression palettes generally overlap those
observed in LM cichlids, suggesting that these interme-
diate lens transmittance values are not associated with
novel or unusual patterns of opsin expression (fig. 2; sup-
plementary table S3, Supplementary Material online).
Like the results of our analyses of opsin expression diver-
sity and photoreceptor sensitivity, the lens T50 values we
observe suggest that visual system diversity is greater
among the phylogenetically and phenotypically diverse
cichlids of LT. Even so, the presence of similar, positive
correlations between opsin expression divergence (illus-
trated through average single-cone PS,,,.,) and lens trans-
mittance among cichlids from LT and LM again suggests
a role for natural selection in the parallel evolution of
these traits.

We find that diet and lens transmittance are both asso-
ciated with the evolution of opsin expression in cichlids
from LT and LM, as they are in other groups as well (Munz
and McFarland 1977; Lythgoe 1979; Losey et al. 2003). How-
ever, these two factors alone cannot explain all the similar-
ities and differences in opsin expression we observe among
cichlids from these two lakes. To illustrate this point, we
identified three LT cichlids that are ecologically or morpho-
logically similar to species in LM (Kocher et al. 1993; Kassam
et al. 2003). The first pair of species, Petrotilapia famula (LT)
and Petrochromis nigra (LM), both graze on epilithic algae
and possess parallel morphological adaptations for doing
so (Kassam et al. 2003). However, our results demonstrate
that P. famula (LT) expresses the middle-wavelength pal-
ette, whereas P. nigra (LM) expresses the short-wavelength
palette (Hofmann et al. 2009). These taxa also exhibit lens

T50 that differ by ~15 nm (Hofmann et al. 2009). Similarly,
both Lobochilotes labiatus (LT) and Placidochromis milomo
(LM) possess puffy, distended lips for sucking invertebrates
from the surface of rocks (Kocher et al. 1993). But we find
that L. labiatus (LT) expresses the long-wavelength palette,
whereas P. milomo (LM) expresses the middle-wavelength
palette (Hofmann et al. 2009). The lens T50 of these two spe-
cies differ by >40 nm (Hofmann et al. 2010). Only the final
comparison between J. regani (LT) and Melanochromis aur-
atus (LM), which both feed on phytoplankton and algae and
both express the middle-wavelength palette, supports the hy-
pothesis of ecological as well as spectral convergence. Unfor-
tunately, we do not have lens transmittance data for J. regani.
We also found that LT cichlids that forage on phytoplankton
exhibit levels of SWS1 expression on par with species that
forage on fish and benthic invertebrates. This pattern con-
trasts strongly with ecologically similar species from LM
(fig. 4). This difference is likely due to the expression of
the long-wavelength palette among members of the LT
tribe Tropheinii, which are phytoplanktivorous. This
and the other examples we detail above likely contributed
to the weak conclusion of our phylogenetic ANOVA
(table 3). To us, these observations suggest that other fac-
tors must also drive opsin expression evolution in African
cichlids. These factors likely include additional ecological
factors such as depth, as well as nonadaptive factors such
as random genetic drift.

One additional ecological factor that could also explain
the parallel evolution of similar opsin expression profiles
among cichlids from LT and LM is the ambient light en-
vironment. Changes in spectral sensitivity due to the at-
tenuation of light at different depths are observed among
cichlids from all three East African Great Lakes (Sugawara
et al. 2005; Seehausen et al. 2008). However, we were un-
able to test for an association between opsin expression
and ambient light environment because detailed spectral
measurements for LT are not available. Additionally, we
had limited information regarding the sampling depth
for most species. However, we note that the amount of
opsin expression diversity present among cichlids from
each lake seems to be correlated with the amount of spec-
tral variation present in each lake. In other words, both LT
and LM are remarkably clear and have waters with similar
spectral qualities (Carleton et al. 2006). Cichlids from both
these lakes exhibit a diverse range of opsin expression pro-
files (e.g., at least three; see fig. 2 and supplementary
fig. S1, Supplementary Material online) that collectively
confer sensitivity to the entire spectrum of visible light
available (Hofmann et al. 2009). In contrast, LV has a spec-
trally narrow light environment that is red shifted relative
to LT and LM (Seehausen et al. 1997; Carleton et al. 2006).
Opsin expression diversity in LV is very limited (fig. 3; sup-
plementary fig. S1, Supplementary Material online) and
appears to be constrained to only those opsins sensitive
to the long wavelengths of light present in the lake
(Hofmann et al. 2009). These observations suggest that
ambient light may also influence the evolution of opsin
gene expression in African cichlids; however, future
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spectral measurements of LT will be necessary to defini-
tively test this hypothesis.

Conclusions

Repeated phenotypic evolution can provide valuable in-
sights into which genetic mechanisms generally contribute
to the evolution of phenotypic diversity. Like pelvic spine
loss in sticklebacks (Chan et al. 2010) and wing pigmenta-
tion in Drosophila (Prud’homme et al. 2006), we infer that
cichlids in LT and LM have independently evolved similar
retinal sensitivities through the parallel evolution of opsin
gene regulation (figs. 2 and 3). Multiple ancestral state re-
constructions support the parallel evolution of two distinct
opsin expression profiles among unrelated cichlids from
these two lakes (fig. 3). In contrast, we identified few pro-
tein-coding mutations that were likely to shift cichlid ret-
inal sensitivities, with the possible exception of the SWS1
(UV) opsin (supplementary table S4, Supplementary Mate-
rial online). Although opsin genes provide a classic example
of how mutations within the protein-coding regions of
genes can contribute to phenotypic evolution (Yokoyama
2002), the independent evolution of similar opsin expres-
sion palettes among African cichlids underscores the
important contribution that regulatory mutations can
also make (Britten and Davidson 1971; King and Wilson
1975; Sucena et al. 2003; Prud’homme et al. 2006).

Why changes in opsin expression are prominent among
cichlids from LT and LM could be due to similar adapta-
tions to diet and lens transmittance (fig. 4), the light en-
vironment, or all three. Alternatively, biases in the use of
one mutational type versus another could be due to selec-
tion (Schluter 2000) or genetic and developmental
constraints (Schluter 1996; West-Eberhard 2003). For exam-
ple, regulatory mutations may have relatively higher fitness
when large shifts in opsin expression are necessary for spec-
tral adaptation. In contrast, protein-coding mutations may
be better suited for fine-tuning spectral sensitivity and nec-
essary for turning spectral sensitivity at the two ends of the
visible light spectrum (Hofmann et al. 2009). Examples of
convergence in cichlid opsin-coding sequences do exist, par-
ticularly in the RH1, or rod, opsin (Sugawara et al. 2005). How-
ever, the spectral sensitivity of the rod opsin can only evolve
through protein-coding mutations in cichlids because they
do not have an additional RH7 opsin to express. But in tele-
osts that do possess more than one rod opsin, large shifts in
dim-light spectral sensitivity are generated through changes
to the regulation of these genes (Yokoyama et al. 2008).

Exactly how the parallel evolution of opsin expression
has been achieved among African cichlids from LT and
LM is unclear. Currently, we cannot distinguish between
the hypotheses of de novo mutation, sorting of ancestral
polymorphism, or parallel heterochronic shifts in opsin ex-
pression, although we favor the latter hypothesis. We have
recently demonstrated that adult opsin expression has
a strong genetic basis and is heritable (Carleton et al
2010; Hofmann, O’'Quin, Smith, and Carleton 2010). Fur-
ther, hybrid crosses reveal that as few as two loci may un-

2852

derlie these important differences, including both cis- and
trans-acting loci (Carleton et al. 2010). Future work will aim
to use these hybrid crosses to further elucidate the molecular
genetic basis for differential opsin expression in cichlids.
We will also examine diversity at important cis- and trans-
regulatory regions to determine what contributions these
two mechanisms make to the evolution of spectral sensitivity
in cichlids. These future analyses will help us distinguish be-
tween the possible scenarios that led to the parallel evolution
of opsin gene expression among African cichlids.

Supplementary Material

Supplementary figure S1 and tables S1-S5 are available at
Molecular Biology and Evolution online http://www
.mbe.oxfordjournals.org/.
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