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Tuning the visual sensory system to the ambient light is essential for survival in many animal species. This is
often achieved through duplication, functional diversification, and/or differential expression of visual opsin
genes. Here, we examined 753 new retinal transcriptomes from 112 species of cichlid fishes from Lake Tangan-
yika to unravel adaptive changes in gene expression at the macro-evolutionary and ecosystem level of one of the
largest vertebrate adaptive radiations. We found that, across the radiation, all seven cone opsins—but not the
rhodopsin—rank among the most differentially expressed genes in the retina, together with other vision-, cir-
cadian rhythm-, and hemoglobin-related genes. We propose two visual palettes characteristic of very shallow-
and deep-water living species, respectively, and show that visual system adaptations along two major ecological
axes, macro-habitat and diet, occur primarily via gene expression variation in a subset of cone opsin genes.
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INTRODUCTION

Animals perceive a range of abiotic and biotic environmental cues
through one or several of their sensory systems (1-3). This ability to
monitor—and to situationally respond to—their surroundings is
key to animal survival, which in turn exposes the different compo-
nents of sensory systems, and hence the genes and genetic networks
underlying them, to strong selection (4-7).

In many animal species, the visual sensory system is central to a
number of vital tasks including orientation, navigation, foraging,
predator avoidance, communication, mate choice, and circadian
rhythm adjustment (8-10). The primary sensory organ of the
visual system is the eye, which is present—in varying forms and
levels of complexity—in almost all animal phyla (11-13). Eyes
convert visual stimuli into neuronal signals. This “phototransduc-
tion cascade” is initiated through the light-induced isomerization of
a photon-sensitive nonprotein chromophore (retinal) that is cova-
lently bound to a visual opsin protein to form the visual pigment
contained in the photoreceptor cells in the retina, the multilayered
neural tissue lining the eye's inner surface (10, 14-17). The specific
waveband of light absorbed by a visual pigment—typically indicated
by the maximal spectral sensitivity (A,.,)—is mainly determined by
the type of visual opsin protein (18-20).

In the vertebrate eye, two basic kinds of photoreceptor cells are
present in the retina, the cone photoreceptor cells responsible for
photopic (color) vision under bright-light conditions and the rod
photoreceptors accounting for scotopic vision in dim light (14).
At the molecular level, vertebrates are equipped with an ancestral
set of five types of visual opsin genes: four cone opsins that form
visual pigments sensitive to the ultraviolet (UV) (SWSI), the
violet-blue (SWS2), the green (RH2), and the red (LWS) wavebands
of the light spectrum, plus typically a single rod opsin (RHI) [(10,
14, 18, 19, 21, 22), but see (23)]. The evolution of visual opsin genes
has been more dynamic in teleost fishes than in other vertebrate
clades, which is evident—among other things—from the expansion
of the visual opsin gene repertoire to a median number of six cone
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opsins in teleosts (compared to two to four in most tetrapods) and a
record number of 38 rod opsins in the deep-sea silver spinyfin (10,
23-25). The greater diversity and complexity of the visual opsin
gene repertoire is likely a response to the greater diversity of light
environments that fishes are exposed to.

In aquatic environments, light is absorbed and scattered in the
water column as a function of wavelength and depth, which is due to
the optical properties of water in combination with other factors
such as phytoplankton content, dissolved organic matter, and silt
(26-28). In general, a broad-spectral waveband ranging from UV
to red light is available in shallow waters, whereas in deeper
waters a narrower spectrum remains, with a prevalence of blue
and blue-green hues (27-29). In line with this, many organisms
living in the aquatic realm feature specific adaptations of their
visual systems that function to better match the ambient light con-
ditions (10, 14, 21, 23, 30-38). With respect to teleost fishes, a
variety of scenarios have been documented on how they can max-
imize their visual performance in a given environmental context
(10, 23, 32, 39). These include adaptive modifications in eye size
and/or morphology, lens structure, photoreceptor compositions,
and layering of the retina (40, 41); adaptive changes in visual
opsin gene sequences (30, 37, 42); the expansion of the visual
opsin gene repertoire coupled with functional diversification (23,
24, 43-45); and changes in expression levels of the different visual
opsin genes (46—49).

Here, we scrutinized the nature of visual adaptations across one
of the most notable examples of adaptive radiation and explosive
diversification, the cichlid fishes of African Lake Tanganyika (50—
53). Approximately 240 cichlid species have evolved in this lake
from a common ancestor in less than 10 million years, occupying
a wide range of habitat and feeding niches and varying greatly in
species-specific morphological, behavioral, and life-history traits.
Cichlids rely, in principle, on a dichromatic to tetrachromatic
color vision system and have seven cone opsins plus one rod
opsin (Nile tilapia: SWSI, Apax = 360 nm; SWS2B, A\, = 425
nm; SWS2A[a], Ajax = 456 nm; RH2B, A, = 472 nm; RH2AP,
Amax = 517 nm; RH2Aw, Ay = 528 nm; LWS, A, = 560 nm;
RHI, Aoy = 516 nm) (10, 23, 32, 54, 55). The arrangement of pho-
toreceptor cells in the retina was further shown to vary between
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cichlid species, resulting in different mosaic arrangements of rods,
single and double cones (two joined single cones), with single cones
typically expressing short wavelength—sensitive opsins (SWSI,
SWS2A, and SWS2B) and double cones expressing medium to
long wavelength—sensitive ones (RH2Aa, RH2APB, RH2B, and
LWS) (10, 32, 36). Among the available visual opsin genes,
usually only a subset—often referred to as visual palette—is ex-
pressed at a given life stage (31, 36, 39, 47, 48, 54, 56, 57). Since
the reinspection of whole-genome data from virtually all cichlid
species in Lake Tanganyika (52) did not reveal evidence for gene
duplications or strong signals of positive selection [dn/ds < 1, but
see (58)] in any of the visual opsin genes (see below), we here
focused on gene expression dynamics and produced 753 retinal
transcriptomes in a phylogenetically, ecologically, and phenotypi-
cally representative set of 112 cichlid species endemic to Lake Tan-
ganyika (that is, close to half of the lake's cichlid fauna) to (i)
identify likely adaptive changes in the expression of vision-related
genes, (ii) define putative visual palettes on the basis of cone opsin
expression profiles and reconstruct their evolution, and (iii) test for
an association between opsin expression levels and the species’ mac-
rohabitat, feeding ecology, as well as a vision-related phenotype,
eye size.

RESULTS

To investigate visual opsin and overall retinal gene expression dy-
namics in the adaptive radiation of cichlid fishes of Lake Tanganyi-
ka, we generated 753 transcriptome profiles from retinal tissue of
112 species covering all 12 cichlid tribes endemic to that lake plus

one Haplochromini species from the Lake Tanganyika drainage,
and one representative each of the more widespread tribes Oreo-
chromini and Tylochromini that are not part of the in situ radiation
but colonized the lake secondarily (see table S1 for details on spec-
imens) (52). To account for sex and intraspecific differences, we col-
lected at least three males and three females per species, whereby
samples were taken at roughly the same time of the day whenever
possible. For each specimen, total RNA extracted from the retina of
a single eye was sequenced on Illumina NovaSeq 6000 [TruSeq stan-
dard protocol with 100 base pairs (bp) paired end; median number
of sequenced reads per sample = 19,537,332; fig. S1A and table S2]
after RiboZero Gold ribosomal RNA (rRNA) depletion (Illumina).
As in our previous work (59), the individual RNA reads of every
library were mapped to the phylogenetically equidistant—with
respect to the ingroup taxa—Oreochromis niloticus reference
genome (RefSeq accession GCF_001858045.2; female) to infer
which genes were expressed and at which levels. After selection of
protein-coding and long noncoding RNA (IncRNA) features and
removal of lowly expressed genes, the total read count in exonic fea-
tures ranged from 32,854 to 7,643,707 per library (median =
2,383,349; fig. S1B and table S2), and the number of expressed
genes varied from 7952 (27.42%) to 28,068 (96.78%) (median =
22,087, total of 29,002 RNA features; fig. S1C and table S2). The var-
iation in read counts and numbers of expressed genes between
samples was mainly explained by differences in the number of se-
quenced reads and the rRNA contents (fig. S2).

A C
Protein-coding RNAs & IncRNAs Top 100 genes Opsins
Tribe
60 ° L. © Bathybatini
10 5 ®° o0, ® Benthochromini
40 ° ° o A ® Boulengerochromini
o -~ 5 = % Cyphotilapiini.
® ° 9 o® . o oo 9 ° © Cyprichromini
[=1%) s o ot d * > ™ =L Ectodini
= o 3 . Z 0 ° °. [ . OEretlmorc]!lnl e
L A @ Haplochromini
S 0 ‘4 S - ' B o . £ © Lamprologini _
a 4 A o a -5 ° o ® Limnochromini
O » e % 5 . Ogreochrdomini
= L) erissodini
-20 o BN . -10) | o b o * . ® Trematocarini
s, %o . ® o * Tropheini
@ Tylochromini
60 o & -2 -1 ;() . ]
& 10 2o o, 5 o, ’
40 LY L A LUSERS
° > ° o O
9 o T Nt . 2 las * swgs SWle | Depth
S 20 oahis® o e e T ° 9 & | $¥ef e o AH2Ag 288y o, 5| ©Shalbw
z foo ’{ P o = 0 A ® (5.8 . SWS2A BH1 % ..,,3. :Imermediate
8 °S ae L ° 8 e o e e c ° 8 ° . ° (Y] . Deep
e o® : e o e °, g -5 Cr 10 ° o 'S e - . NA
L ]
b °® ° -'.. ° ° 0o © '.o. -5 ° e —1
-20 ° *e * - A -10 e e ° .
e oo oo®P°® ¢ > e .
Cece g, te . . ¢ °
-40 0 40 80 -10 0 10 20 -10 -5 0 5

PC1 (23%) PC1 (24%)

PC1 (51%)

Fig. 1. Retinal gene expression patterns in Lake Tanganyika cichlid fishes. PCAs of (A) overall gene expression levels (protein-coding RNAs and IncRNAs combined),
(B) gene expression levels of the top 100 genes with the greatest variance in gene expression, and (C) visual opsin gene expression levels. Each dot represents the
weighted mean value of a given species and is color-coded according to the tribe that a species belongs to (top) or the depth category at which a species occurs
(bottom; NA indicates that the depth of occurrence is unknown for the species in question, or that the three depth categories do not adequately capture the
ecology of a given species). Tribal assignments and tribe color-coding follow (52). Tribal and depth ranges are indicated with convex hulls (except for NAs). The loadings
of PC1 and PC2 are indicated in the PCA plot of visual opsins color-coded by depth in (C). The variance explained by each principal component is reported in parenthesis.
PCA plots of protein-coding RNAs and IncRNAs combined and visual opsins at the individual level are available on Dryad (https://datadryad.org/stash/dataset/doi:10.

5061/dryad.r2280gbj2).
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The visual opsin gene repertoire of Lake Tanganyika
cichlids

Before investigating the expression of visual opsin genes, we con-
firmed the presence of seven cone opsins (SWS1, SWS2B, SWS2A,
RH2B, RH2AB, RH2Aq, and LWS) and one rhodopsin (RHI) in the
genomes of Tanganyikan cichlids. A reexamination of the results of
our previous gene duplication analysis based on 488 genomes (246
taxa) (52) revealed no evidence that any particular visual opsin gene
was duplicated in any of the studied cichlid species. When applying
our cichlid-tailored opsin raw read mapping approach [results are
available on Dryad: https://datadryad.org/stash/dataset/doi:10.
5061/dryad.r2280gbj2; for results involving RHI, see (30)] to the
cone opsins, we confirmed the presence of a single copy of each
cone opsin gene—complete or “degenerated”—in 517 Lake Tan-
ganyika cichlid genomes (271 species including outgroups). We
also reinspected the results of our previous positive selection anal-
ysis based on 471 genomes (243 taxa) (52) and found no clear signs
of positive selection (dn/ds < 1) in any of the cone opsins across the
radiation [for results involving RH1I, see (30)].

Gene expression patterns in the retina of Lake Tanganyika
cichlids

To visualize transcriptome-wide patterns of gene expression differ-
entiation in the retinal tissue of Lake Tanganyika cichlids, we per-
formed a principal components analysis (PCA) on the basis of
weighted species mean values measured as normalized read
counts using the variance stabilizing transformation method
(VST; Fig. 1 and fig. S3) (PCA plots at the individual level are avail-
able on Dryad: https://datadryad.org/stash/dataset/doi:10.5061/
dryad.r2280gbj2). Like in all other tissues investigated so far
across the adaptive radiation of cichlid fishes in Lake Tanganyika
(59), a strong phylogenetic signal was recovered in the retinal
gene expression profiles, with species mainly clustering according
to tribes and only to a moderate degree according to water depth
of occurrence (Fig. 1A). The only representative of the Haplochro-
mini (Astatotilapia burtoni) clustered with members of the Tro-
pheini, with whom it shares a common ancestor (60).
Oreochromis tanganicae (Oreochromini) and Interochromis loocki
(Tropheini) appeared separate from the rest of the species, which
was, however, not the case for the phylogenetically most distant
species (Tylochromis polylepis; Tylochromini), which clustered
with Tropheini representatives. The PCA based on protein-coding
RNAs alone (25,335 features; fig. S3A) largely recovered the global
gene expression patterns, which is not surprising given that protein-
coding RNAs accounted for 87.36% of the expressed genes in our
dataset. The PCA based on IncRNAs (3667 features; 12.64% of the
expressed genes; fig. S3B) recovered an even stronger phylogenetic
signal with very little overlap between tribes.

To focus on the most differentially expressed genes in our
dataset, we performed PCAs based on the top 100 (Fig. 1B and
table S4) and the top 500 genes (fig. S3C) with the greatest variance
in gene expression. In both PCAs, species generally clustered by
tribe with little (top 100 genes) to moderate (top 500 genes)
overlap between tribes. At the same time, we found a clear separa-
tion between species with respect to the water depth at which they
occur, with little overlap between shallow- and deep-water living
species, except for one deep-water species (Plecodus paradoxus,
Perissodini) that clustered with shallow-water representatives
(along PC1 accounting for 24% of the variance in the top 100
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genes, Fig. 1B, and PC2 accounting for 16% of the variance in the
top 500 genes, fig. S3C). All seven cone opsin genes (but not the rod
opsin, RH1I; table S3) ranked within the top 37 genes with the great-
est variance in expression (five of the cone opsins were in the top 12
genes; table S4), with the red-sensitive opsin (LWS) being the single-
most differentially expressed gene in the retina of Lake Tanganyika
cichlids overall. In addition to visual opsins, 14 of the top 100 genes
have a known function related to vision, including retinal phospho-
diesterase subunit genes and rhodopsin kinases (table S4). More-
over, there were eight hemoglobin subunit genes among the top
18 genes (table S4), indicating that in Tanganyikan cichlids, hemo-
globin genes are differentially expressed along the depth gradient.
This result is compatible with the finding that hemoglobin genes
in Lake Malawi cichlids have experienced divergent selection with
respect to depth (61, 62). Since the retinal tissue is avascular in most
vertebrates (63, 64), we suspect that the hemoglobin genes are not
expressed in the retina itself, but in the blood vessels nourishing it
(65). Last, five genes with a putative function in circadian rhythm
regulation, which also depends on light detection in (cichlid) fishes
(10, 66, 67), ranked among the top 80 genes (table S4).

In a third step, we focused exclusively on the visual opsin gene
expression profiles and performed a PCA based on the expression
information from the seven cone and the single rod opsins (Fig. 1C)
(PCA plots at the individual level are available on Dryad: https://
datadryad.org/stash/dataset/doi:10.5061/dryad.r2280gbj2). In the
same way as in the PCAs of the top 100 (Fig. 1B) and top 500
(fig. S3C) genes with the greatest variance in gene expression,
species clustered according to tribes with overlap between some
of the tribes, but also with respect to depth of occurrence (in this
case mainly represented by PC2 accounting for 23% of the variance;
Fig. 1C).

Opsin expression profiles and visual palettes

To examine interspecific differences in the expression of visual
opsin genes, as well as to discriminate between rod and cone and
between single and double cone opsin expression profiles, we calcu-
lated the relative proportion that each individual opsin gene con-
tributed to the total pool of visual opsin genes expressed in a
given species [as weighted species means based on TPM (transcripts
per million)]. This proportion was calculated twice, once correcting
the RH2Aa/RH2AP proportion to account for the high degree of
exonic sequence identity between these genes (Fig. 2 and table S3)
and once without such a correction, leading to very similar results
(fig. S4). Overall, very little variation in visual opsin gene expression
profiles was found between specimens of the same species (barplots
at the individual level are available on Dryad: https://datadryad.org/
stash/dataset/doi:10.5061/dryad.r2280gbj2). Between species,
however, our analyses revealed substantial differences with respect
to the relative amount of rod versus cone opsin expression, and the
number and relative proportion of visual opsin genes expressed in
single and double cones (Fig. 2, figs. S4 and S5, and table S5): In all
but two Eretmodini species (Tanganicodus irsacae and Spathodus
erythrodon), the rod opsin (RHI) contributed to more than half
of the total opsin expression in the retina (minimum, 42.90%;
median, 82.55%; mean, 81.91%; maximum, 98.05%). The species
expressing RHI the most (>90%) belonged mainly to the tribes
Bathybatini, Boulengerochromini, Ectodini, and Trematocarini,
which mostly occur at intermediate to greater water depths.
Among the cone opsins, we found that double cone opsins
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Fig. 2. Visual opsin gene expression profiles along the species tree of Lake Tanganyika cichlids. (A) Time-calibrated species tree of the cichlid fishes of Lake Tan-
ganyika [taken from (52)], pruned to the focal taxa of this study (see table S1 for full species names, branches indicated with “\\" are not drawn to scale). For each species,
the depth of occurrence—in three depth categories—is indicated and color-coded (absence of a dot indicates that the depth of occurrence is unknown for the species in
question, or that the three depth categories do not adequately capture the ecology of a given species). (B) Relative proportions of rhodopsin versus cone opsin expression
per species. (C) Relative proportions of single cone opsin expression per species. (D) Relative proportions of double cone opsin expression per species. Cone opsins are
color-coded according to their spectral sensitivity. Single cone opsins include the UV-sensitive SWST, the violet-sensitive SWS2B, and the blue-sensitive SWS2A. Double
cone opsins comprise the green-sensitive RH2B, RH2Aa, and RH2AB, as well as the red-sensitive LWS.

(minimum, 1.63%; median, 14.63%; mean, 15.62%; maximum,
52.27%) were, on average, expressed 6.7 times (median, 6.5) more
than single cone opsins (minimum, 0.001%; median, 2.42%; mean,
2.47%; maximum, 6.67%). This number comes close to the ratio of
single to double cone photoreceptor cells previously reported for
cichlid retinas [retinal mosaic of 1:4; (10, 68), but see (36)].
However, high-resolution retinal images [e.g., fluorescent in situ hy-
bridization of the retina (69)] would be required to confirm that the
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proportion of expressed single and double cone opsins reflects the
number of single and double cone photoreceptor cells. The majority
of species expressed predominantly one of the three single cone
opsin genes (>80% SWSI expression, N = 47 species; >80%
SWS2A, N = 26; >80% SWS2B, N = 11), and typically two double
cone opsins were expressed to a much greater extent [>80% RH2B +
RH2As, N=78; >80% RH2As + LWS, N=21; >80% RH2B + LWS, N
= 2; note that for analytical reasons and just like in previous studies
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(47, 48, 56), RH2Aa and RH2AB were combined here and denoted
as RH2As]. Paracyprichromis nigripinnis (Cyprichromini) and Ben-
thochromis melanoides (Benthochromini) were the only two species
with close to zero single cone opsin expression (TPM of single cone
opsins smaller than 2.5 for both species), and the four Trematocar-
ini species as well as Baileychromis centropomoides (Limnochromi-
ni) were the only species with one cone opsin representing more
than 99% of the double cone opsin expression (RH2As and RH2B,
respectively).

To examine patterns of expression correlation among the visual
opsin genes, we tested for pairwise (evolutionary) correlations of
gene expression levels across the radiation [Spearman'’s r of TPMs
and on phylogenetically independent contrasts (PICs) thereof; figs.
S6 with RH2As and S7 with RH2Aa and RH2AB]. We detected nu-
merous positive and negative correlations in gene expression levels
across the visual opsin genes (out of 28 tests, 18 were significantly
correlated based on TPMs and 15 based on PICs). For example, the
expression of SWSI is positively correlated with that of RH2B, and
the expression of RHI is negatively correlated with that of RH2As
(fig. S6). We further observed that species tend to express a given
opsin at the expense of one or more other opsins (e.g., SWSI
versus SWS2A and SWS2A versus RH2B) and that this tendency
is mainly driven by the distinct subset of expressed single cone
opsin genes between species belonging to the tribes Bathybatini,
Trematocarini, and Tropheini and the species of the remaining
tribes (Fig. 2 and figs. S6 and S7).

Next, we used the cone opsin expression information to delin-
eate visual palettes in cichlid fishes in Lake Tanganyika with two
methods: (i) using the respective combinations of the most highly
expressed single cone opsin and the two most highly expressed
double cone opsins (“SDD majority-rule clustering”) and (ii)
using hierarchical clustering with a number of clusters (k) ranging
from three to eight (fig. S8). Overall, our results revealed that most
of the Tanganyikan cichlids express one of the three common visual
palettes previously identified in cichlids (31, 47, 56, 70), a short-
(SWSI + RH2B + RH2As; present in 49 species with the SDD ma-
jority-rule clustering and in 50 species with k = 3 in the hierarchical
clustering analysis), a middle- (SWS2B + RH2B + RH2As, 22 species
with SDD; 34 species with k = 3), or a long-wavelength palette
(SWS2A + RH2As + LWS, 18 species; 25 species with k = 3; Fig. 3
and figs. S8B and S9). When compared to previous findings (47), we
were only able to reaffirm the visual palettes of 7 (using the hierar-
chical clustering with k = 3) out of 19 commonly studied species
with our more sensitive detection method (RNA sequencing
versus real-time quantitative polymerase chain reaction), our ap-
proximately twice as large sample size per species, and our exclusive
use of specimens from the wild.

According to the SDD majority-rule clustering, there is evidence
for the presence of five additional discrete visual palettes in Tangan-
yikan cichlids, including a shallow-water visual palette (SWSI +
RH2B + LWS) that is exclusive to Telmatochromis dhonti (Lampro-
logini) and the four Eretmodini species investigated in our study,
and a deep-water visual palette (SWS2A + RH2B + RH2As) exclu-
sively expressed in eight species of the tribes Bathybatini, Limno-
chromini, and Trematocarini (Fig. 3 and fig. S8). Further, we
found that the shallow- and deep-water visual palettes include
three combinations of most highly expressed genes each (based
on the majority-rule clustering of the complete set of single and
double cone opsins; fig. S10). In addition, six other such
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combinations were depth-specific (SWS2B + RH2B + RH2As,
two; SWS2B + RH2B + LWS, two; SWS2A + RH2As + LWS, two;
fig. S10). The eight putative visual palettes suggested by the SDD
majority-rule clustering are supported by a PCA based on the ex-
pression information of the cone opsin genes, which separated
the different palettes, in particular along PC1 and PC3 (Fig. 3B
and fig. S11, A to C). Future research, for example, using high-res-
olution imaging or single-cell gene expression information, would
be necessary to validate the visual palettes.

We then performed ancestral state reconstructions on the basis
of the visual palettes defined in this study and the time-calibrated
species tree [taken from (52)] to investigate and compare turnovers
between visual palettes. This was done once with the eight visual
palettes identified with the SDD clustering (Fig. 3C) and once
using the three visual palettes identified with the hierarchical clus-
tering at k = 3 (fig. S9C). We found that at least three (when con-
sidering a total of eight visual palettes; Fig. 3, A and C) to five (when
considering three visual palettes; fig. S9, A and C) transitions from
another state to the short-wavelength palette occurred in the course
of the cichlid radiation in Lake Tanganyika. According to these
analyses, the long-wavelength visual palette emerged at least four
times (Fig. 3, A and C, and fig. S9, A and C). The middle-wavelength
palette arose at least 16 to 17 times, and from the short-wavelength
palette in all but one case with the SDD clustering (in the Tropheini
clade: Petrochromis orthognathus) and three cases with the hierar-
chical clustering at k = 3 (in the Tropheini clade: P. polyodon; P. or-
thognathus, P. fasciolatus, and I. loocki, and Pseudosimochromis
curvifrons) (Fig. 3, A and C, and fig. S9, A and C). The shallow-
and deep-water palettes are likely to have evolved twice each
(Fig. 3C). An ancestral state reconstruction (phylomorphospace)
based on a PCA of the expression information of the cone opsin
genes and the species tree (52) supported the repeated evolution
of the visual palettes within different clades (fig. S11, D to F),
most clearly visible when PC1 and PC3 are compared (fig. SI1E).

Ecological and morphological correlates of visual opsin
gene expression

To test whether, at the macroevolutionary scale of an adaptive radi-
ation, there is an association between the expression of visual opsin
genes and ecological and morphological parameters, we performed
linear regression (Im) and phylogenetic generalized least squares
(pGLS) analyses, using available ecological and morphological
data from the different Tanganyikan cichlid species and the time-
calibrated species tree (52). Specifically, we tested for an association
between individual visual opsin gene expression profiles and the
stable carbon (C) and nitrogen (N) isotope composition as approx-
imations for the relative position of a species along the benthic(lit-
toral)—(deep)pelagic (from therein benthic-pelagic) macrohabitat
axis (8'°C value) (fig. S12) and the relative trophic level (8N
value) (fig. S13), respectively, as well as the relative eye size (fig.
S14) as a putatively adaptive morphological trait in the context of
vision [eye size data were extracted from morphometric analyses
based on x-ray images from (52)]. In addition, to account for the
multicollinearity of the expression profiles (see figs. S6 and S7),
we fitted a phylogenetic partial least square regression (pPLS) for
each of the eco/morphological proxies with all cone opsin expres-
sion profiles together. Our results showed that the expression of
RH2As is positively associated with the benthic-pelagic trajectory
(8"°C; see Fig. 4A for the pPLS analysis; pGLS: R> = 0.084, P =

50f 13

9202 ‘TO aung uo A1isieniun Bueilbyz e 610'90us 105 MMM//:SANY WO} papeo jUMod



SCIENCE ADVANCES | RESEARCH ARTICLE

® susimresnviess NI | ¢
2
P ® swsr+rHzBeLWS | [ Depth
g © swst+RH2As+LWS || 2 g shal
allow
T ® swszssrrzerHzas | [N 16 ’ Iy
a B intermediate s e
= © swszB:AHzBLWS [ | 2 i ’ B | o 1S
D o
3 sws2B+RH2As+LWS ||| 2 N © o -0_‘3 22% g SN 5: 8
S © swsea-rrzearzas [ 2 NA LESTS 32325000
o
@ swszarRH2As+Lws | I 4 S %m 3=
0 10 20 3 40 50 B 4 ‘Q})%%ﬁ’a =
Number of species g;‘% +—fé N
L) %% aR \
- +, %o, 2
B & 9% S
Loadings Y 4 o, % g g
1 0 1 2 2%, G2 &
o0 O 25 3 o -
2 e e 3 3 S
o [P & 3 S
° ° [ 4 "oy, Fd '3
5 o % @ 1 (&% 3 b3
tws ! | U, 2 G
0. 705 E Gn
° Yary, o
%% I Ee,des c
T L] o %y8e Lesper . g
& o ® . * L g N Caimac
s s simple
o . g Gralem :
g <4 B Lchaur s Simbab
L . Boulengerochromini %
Baicen Limnochromini o ‘\9 @ Boumic |§
. F——————
k- — x Bathybatin Hemste ]
Gnap ; T
-5 -1 e ~ ~ a9 Bai‘fas
- . Gwesta N 1%
Cphgm \ e/
-5 0 5 10
PC1 (52%)
Loadings
-1 1 2
1.0
3
° 05
L]
— )
g s ° ’. @
a0 g ® e |05
= o &, £
3 v
o
-0.5
-3
-1.0
6 °

[
PC1 (52%)

Fig. 3. Visual palette evolution in Lake Tanganyika cichlid fishes. (A) Barplot showing the number of species sharing one of the eight visual palettes identified based
on the species-specific combinations of the most highly expressed single cone opsin and the two most highly expressed double cone opsins (SDD majority-rule clus-
tering). Barplots are color-coded according to the respective proportion of species in the three depth categories at which the species occur. The number of evolutionary
transitions into the respective visual palette according the ancestral state reconstruction shown in (C) is indicated on the right margin. (B) PCAs of the visual cone opsin
gene expression levels. Each dot represents the weighted mean value of a given species and is color-coded according to the visual palettes defined in (A). The range of the
visual palettes across the PCAs is indicated with convex hulls (except for A. burtoni, O. tanganicae, and T. polylepis). The loadings for PC1 and PC2 are represented with a
black arrow. The variance explained by each principal component (PC) is reported in parenthesis. (C) Ancestral state reconstruction of visual palettes along the time-
calibrated species tree [taken from (52) and pruned to the species included in this study (see table S1 for full species names]. Pie charts at the internal nodes indicate the
relative posterior probability that the ancestor expressed each of the eight visual palettes and are color-coded according to the visual palettes shown in (A). Note that, just
like in previous studies (47, 48, 56), RH2Aa and RH2AB were combined under the category RH2As, and that the primarily riverine haplochromine A. burtoni as well as the

more distantly related species O. tanganicae and T. polylepis were excluded from this analysis.

0.0022, A = 0.85, fig. S12). Hence, species living in more shallow-
water habitats express proportionally less RH2As, whereas species
living in more pelagic and/or more deeper-water habitats express
more RH2As. Further, we found that the negatively correlated
single cone opsins SWSI and SWS2A (see Fig. 1C and fig. S6) are
associated with the feeding ecology of the species (8'°N; see Fig. 4B
for the pPLS and fig. S13 for the pGLS analyses). More specifically,
SWSI is proportionally overexpressed at lower trophic levels (pGLS:
R*=0.09, P = 0.0014, \ = 0.99; fig. S13) and SWS2A is proportion-
ally overexpressed at higher trophic levels (pGLS: R* = 0.09, P =
0.0015, \ = 1; fig. S13). Last, our analyses uncovered a positive as-
sociation between RH1I expression and relative eye size (see Fig. 4C
and fig. S14; pGLS: R* = 0.09, P = 0.0015, A = 0.76).

Ricci et al., Sci. Adv. 9, eadg6568 (2023) 6 September 2023

DISCUSSION
The fine-tuning of the visual sensory system to better match the
ambient light conditions is essential for the survival of many
animal species and can be achieved through a number of molecular
mechanisms including the duplication, functional diversification,
and differential expression of visual opsin genes (6, 7, 10, 32). In
the present study, we report the sequencing and in-depth examina-
tion of 753 retinal transcriptomes from 112 endemic species of
cichlid fishes from Lake Tanganyika with the aim to provide an un-
derstanding of (visual opsin) gene expression evolution in the
macro-evolutionary context of a massive adaptive radiation.

At the whole retinal transcriptome level—that is, all protein-
coding RNAs and IncRNAs combined, but also when protein-

6 of 13

9202 ‘TO aung uo A1isieniun Bueilbyz e 610'90us 105 MMM//:SANY WO} papeo jUMod



SCIENCE ADVANCES | RESEARCH ARTICLE

A B (o
RH1 RH1 RH1
Im: R?=0.0429, P=0.0307 Im:  R?=0.0496, P=0.02 Im:  R?=0.24, P<0.0001
pGLS: A =0.8106, R? = 0.0074, P=0.3743 pGLS: A =0.8026, R?=0.0151, P=0.2032 pGLS: A=0.7596, R?=0.0904, P=0.0015
° °
17 | ° P 17 4 LY
e ¢ ® oo
& /%
'—
[42]
> °

13

-16

d13C

-12

Cone opsins

315N

Cone opsins

13 4

0.06 0.08 0.10

Eye size

Cone opsins

pPLS: r.pls= 0.308, P=0.03 pPLS: r.pls =0.348, P=0.006 pPLS: r.pls=0.221, P=0.282
SWS1  0.28 SWS1 -0.61 WS1 -0.37
= SWS2B-0.26 = SWS2B 0.35 = SWS2B 0.23
u SWS2A-0.17 m SWS2A 0.51 u SWS2A 0.35
® RH2B -0.05 ® RH2B -0.31 ®RH2B -0.17
® RH2As -0.9 ® RH2As 0.36 ® RH2As 0.42
= [WS 0.08 u WS 0.16 " [WS 0.69
!
@ 4 |
£
g
9 2
© ]
c ]
Q
S,
(0] 0+
=
Q
@ &
‘i,’ -2 L4 e 1
s ¥
T T T hd ’ = T T
-0.010 0.000 0.010
pPLS score (813C) pPLS score (515N) pPLS score (eye size)
o @ Bathybatini Cyphotilapiini @ Eretmodini Perissodini
% @ Benthochromini @ Cyprichromini @ Lamprologini @ Trematocarini
= @ Boulengerochromini Ectodini @ Limnochromini @ Tropheini

e

&

&

swsza SWS2A

Fig. 4. Visual opsin gene expression and its association with macrohabitat, feeding ecology, and eye size. Im, pGLS, and pPLS analyses showing the associations
between visual opsin gene expression (VST-normalized count) and (A) §"3C values as habitat proxy for a species’ position along the benthic-pelagic axis, (B) 5'°N values
as proxy for the relative trophic level of a species, and (C) relative eye size. The top three panels show the association of rhodopsin (RH1) with the respective traits. The Im-
fit is depicted in black, and the pGLS-fit is depicted in red (at P < 0.05 with a solid line). For each test, the P value (P) and the R-squared (R?) are indicated, as well as the
parameter lambda (M) for the pGLS. The bottom three panels show scatter plots of the pPLS of the cone opsins and the ecological and morphological traits. The pPLS-fitis
depicted as a gray line (at P < 0.05 with a solid line). The corresponding pPLS coefficient (r-PLS) and the P value (P) along with the PLS loadings are indicated above each
plot. Each dot represents a species and is color-coded according to tribe. The tests for an association of individual cone opsin expression level and each ecological/
morphological trait are provided in the Supplementary Materials as figs. S12 to S14. The primarily riverine haplochromine A. burtoni as well as the more distantly
related species O. tanganicae and T. polylepis were excluded from this analysis.

s

b P

RH2As RH1 RH1

RH2As

Ricci et al., Sci. Adv. 9, eadg6568 (2023) 6 September 2023 7 of 13

920z ‘T08aunt uo A1sleAlun Buellbyz e Blo'sousios mmm//:sdny wody papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

coding features and IncRNAs are considered individually (Fig. 1
and fig. S3)—our results confirm the general trend in vertebrates
(71), including in cichlids (59), that the transcriptome-wide pat-
terns of gene expression differentiation in a given tissue mirror phy-
logeny. However, unlike in the other tissues that have been
investigated in such a detail and with a similar taxonomic coverage
across the adaptive radiation of cichlid fishes in Lake Tanganyika
(brain, gills, liver, ovary/testis, and lower pharyngeal jaw bone)
(59), there is no such clear separation in global gene expression pat-
terns in retinal tissue between the Lamprologini—the most species-
rich cichlid tribe in Lake Tanganyika—and the rest of the radiation.

In aquatic ecosystems of sufficient depth, the light environment
changes most along the depth gradient, which is due to the optical
properties of water (27, 28). While a water depth—related pattern is
not apparent from the PCA of overall gene expression levels in the
cichlid assemblage of Lake Tanganyika (Fig. 1A), there is an obvious
separation between shallow- and deep-water living species when
only the top 100 (Fig. 1B) or the top 500 genes (fig. S3C) with the
greatest variance in our dataset, or only the visual opsin genes
(Fig. 1C), are considered. All seven cone opsins rank among the
top 100 most differentially expressed genes in the retina, with
LWS being the single-most differentially expressed gene overall
and all cone opsin genes ranking in the top 37 genes (table S4).
In addition to the cone opsins, we also found 14 other vision-
related genes, plus 5 genes with a known function in circadian
rhythm regulation, and 8 hemoglobin subunit genes (likely ex-
pressed in the retinal vasculature) among top 100 most differentially
expressed genes. Together, this suggests that in cichlids from Lake
Tanganyika, gene-regulatory processes may have played a crucial
role in the repeated (Fig. 3) and rapid (in less than 10 million
years) adaptations of the retina to deep-water conditions character-
ized by light of a narrower spectral waveband and reduced levels of
dissolved oxygen.

In contrast to the cone opsins that mediate color discrimination,
the rod opsin (RH1) responsible for scotopic vision is not in the top
100 most differentially expressed retinal genes across the Tanganyi-
kan cichlid fauna (it ranks at position 849). RH1 is by far the most
highly expressed visual opsin gene in Tanganyikan cichlids (>50%
of the total visual opsin expression levels in all species except for two
Eretmodini representatives; median, 82.55%; mean, 81.91%; Fig. 2
and table S5), which is most likely due to the comparatively larger
number of rod photoreceptor cells compared to cones in the cichlid
retina (10, 68). We also found that RH1 expression levels are asso-
ciated with relative eye size (Fig. 4C), suggesting that bigger eyes
either contain proportionally more rods expressing RHI at similar
levels as in smaller eyes or contain rods that express proportionally
more RHI. In any case, relative RHI expression levels do not signif-
icantly scale with our proxy for the benthic-pelagic axis (the stable
carbon isotope signature; Fig. 4A), nor is there an obvious associa-
tion with species-specific water depth categories (Fig. 2 and fig. S5).
Instead, it has previously been shown that specific amino acid sub-
stitutions in RHI, often at so-called key tuning sites, correlate
strongly with water depth in cichlids from lakes Malawi and Tan-
ganyika (30, 72, 73). This suggests that the fine-tuning of scotopic
vision along the depth gradient—for which in Tanganyikan cichlids
(30), just as in most other vertebrate species (14, 21), only one single
opsin (RHI) is responsible—is primarily achieved via adaptive
modifications of the RHI coding sequence, whereas the fine-
tuning of photopic vision, which involves up to seven cone opsin

Ricci et al., Sci. Adv. 9, eadg6568 (2023) 6 September 2023

genes in cichlids (47, 48), seems to involve changes in their expres-
sion levels. Future studies should examine the cone opsin coding
sequences in more detail in Lake Tanganyika cichlids, also with
respect to adaptive changes at putative key tuning sites.

Overall, we found that all studied cichlid species from Lake Tan-
ganyika expressed RHI as well as the cone opsins SWS2B, RH2B,
RH2Aaq, and RH2AP (Fig. 2 and table S5), which cover, together
with SWS2A, the central waveband of the visible light spectrum.
On the other hand, six species did not express SWS1 (Bathybatini:
Bathybates fasciatus, Hemibates stenosoma; Boulengerochromini:
Boulengerochromis microlepis; Limnochromini: Gnathochromis per-
maxillaris, Limnochromis staneri; Trematocarini: Trematocara nig-
rifrons), of which only B. microlepis is not strictly living in deeper
waters and T. nigrifrons lives in the depth and migrates during the
night into shallower zone of the lake; for three species living at in-
termediate water depths, we did not find an expression signal for
SWS2A (Ectodini: Lestradea perspicax, Xenotilapia boulengeri;
Lamprologini: Neolamprologus savoryi), and four species had no
LWS expression (Bathybatini: H. stenosoma; Lamprologini: Neo-
lamprologus pulcher; Limnochromini: G. permaxillaris; Tremato-
carini: Trematocara macrostoma), which are all deep-water species
except for N. pulcher living at intermediate depths. Two deep-water
species (G. permaxillaris and H. stenosoma) thus lack expression of
both the shortest- (SWSI) and the longest-wavelength sensitive
(LWS) cone opsins. In one intermediate- and two deep-water
species, we could further attribute the lack of expression to the pseu-
dogenization of a particular cone opsin gene (SWS2A in X. boulen-
geri; SWS1 in T. nigrifrons; LWS in T. macrostoma), suggesting that
these species have transitioned from zero expression (“non-usage”)
of a cone opsin gene, as observed in a number of primarily deep-
water living cichlid species in Lake Tanganyika (see above), to
cone opsin loss (“degeneration”), as seen in many marine fish
living at greater water depths (23, 25).

A second major axis of expression differentiation in visual opsin
genes in fishes occurs in response to differences in feeding ecology
(10). By and large, we confirm previous results in Lake Malawi cich-
lids, where expression levels of the UV-sensitive SWSI correlate
with food type, and algae and plankton eaters feature higher
SWS1 expression levels possibly enhancing UV vision (47, 48, 74,
75). In our analysis of 112 Tanganyikan cichlid species, we found
that SWSI shows a significant association with our proxy for
trophic ecology, the stable nitrogen isotope signature, but we also
found that SWS2A is associated with feeding ecology (Fig. 4B),
with species at lower trophic levels expressing proportionally
more SWSI and less SWS2A, and vice versa. Cichlid species at the
lower end of the trophic chain (algae and plankton eaters) express
more SWSI, confirming the increase of UV sensitivity to better
detect the UV-absorbing zooplankton against a bright UV back-
ground (47, 48, 75). On the other hand, algae- and plankton-
eating species express less SWS2A. Species express either SWSI or
SWS2A (Fig. 4 and figs. S5 to S7), suggesting that these two single
cone opsin genes might have a similar function (better detection of
feeding items against the background).

In African cichlid fishes, visual opsin gene expression is typically
categorized in the form of visual palettes, defined by the dominating
single and the two most highly expressed double cone opsins (31,
36,47, 48, 56). Three main visual palettes have so far been identified
in cichlids: a short- (dominated by SWSI + RH2B + RH2As), a
middle- (SWS2B + RH2B + RH2As), and a long-wavelength visual
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palette (SWS2A + RH2As + LWS). In the present study, we confirm
that most cichlid species from Lake Tanganyika express one of these
three visual palettes (Fig. 3 and figs. S8 and S9). However, we
provide evidence for at least two additional visual palettes that are
associated with a particular light environment: (i) a visual palette
dominated by the cone opsins having their peak spectral sensitivi-
ties at both ends of the visible light spectrum (SWSI + RH2B +
LWS) characteristic of one Lamprologini and four Eretmodini
species, which are all among the most shallow-water living cichlid
species that occur in Lake Tanganyika, and (ii) a visual palette dom-
inated by the cone opsins sensitive to the most central waveband of
the spectrum (SWS2A + RH2B + RH2As) exclusive to deep-water
living species of the tribes Bathybatini, Limnochromini, and Trem-
atocarini (Fig. 3). Our ancestral state reconstruction of visual pal-
ettes along the time-calibrated species tree showed that numerous
evolutionary transitions occurred between visual palettes in the
course of the adaptive radiation of cichlid fishes in Lake Tanganyika
(Fig. 3C and fig. S9C). The visual sensory system thus emerges as yet
another highly dynamic trait complex in Lake Tanganyika cichlids,
in addition to body shape (52), trophic morphology (52, 76), body
pigmentation (52), and sex determination systems (77).

Overall, we found that, at the macroevolutionary and ecosystem
level of a massive adaptive radiation of cichlid fishes, changes in the
expression of core components of the visual sensory system, the
visual opsin genes, play a major role in visual adaptation.
Through the examination of 753 retinal expression profiles in 112
closely related cichlid species from Lake Tanganyika, we identified
three main axes of visual system tuning: (i) The visual system of
shallow-water and more benthic cichlid species is characterized by
proportionally lower expression levels of the green-sensitive RH2As,
whereas deeper living and more pelagic species express more
RH2As (Fig. 4A); (ii) cichlid species at the lower end of the
trophic chain (algae and plankton eaters) express proportionally
more of the UV-sensitive SWSI and less of the blue-sensitive
SWS2A, whereas the opposite is true for more predatorial cichlids
including the scale-eaters of the tribe Perissodini (Fig. 4B); and (iii)
species with larger eyes express proportionally more RHI and vice
versa (Fig. 4C). This suggests that, when the entire adaptive radia-
tion of cichlid fishes in Lake Tanganyika is considered, adaptations
to a particular light environment involve a trade-off in the relative
levels of visual opsin gene expression between a subset of cone opsin
genes [RH2As along the depth gradient, SWSI and SWS2A along
the trophic level; Fig. 4]. Together, our in-depth examination of
hundreds of retinal transcriptomes sheds light on the dynamics
and the changes in the expression of visual opsin genes in the adap-
tive radiation of cichlid fishes in Lake Tanganyika.

MATERIALS AND METHODS

Experimental design

In this study, we sequenced 753 new retinal transcriptomes of 112
cichlid species from African Lake Tanganyika to (i) identify adap-
tive changes in the expression of rod and cone visual opsin genes,
(ii) define and reconstruct the evolution of visual palettes on the
basis of cone opsin expression levels, and (iii) examine rod and
cone opsin expression levels in relation to macrohabitat, diet, and
relative eye size.

Ricci et al., Sci. Adv. 9, eadg6568 (2023) 6 September 2023

Sampling and dataset

Sampling of fish eyes was performed between 2014 and 2020 at 44
locations at Lake Tanganyika covering the entire north-south axis of
this approximately 670-km-long lake. Sampling and sample expor-
tation were performed in accordance to the relevant permits issued
by the (i) Ministere de I'Eau, de I'Environnement, de I'’Aménage-
ment du Territoire et de 1'Urbanisme, Republic of Burundi (nr.
770 06/62710), the Université du Burundi (Cabinet du Recteur
and Directeur de la Recherche et de I'Innovation; nr. 2014/R991),
and the Permanent Mission of the Republic of Burundi to the
United Nations, Geneva (work permits 544-547/GE/2014), for the
Republic of Burundji; (ii) the Tanzania Commission for Science and
Technology (COSTECH; research permits 2015-176-NA-2015 and
2016-373-NA-2015-96), the Tanzania National Parks Authority
(TANAPA; research permits TNP/HQ/C.10/13/2015 and TNP/
HQ/C.10/13/2017), the Tanzania Wildlife Research Institute
(TAWIRIL; permit 13300), the Department of Immigration
(permits CTA0329016 and RPC11100834), and the Tanzanian Fish-
eries Research Institute (TAFIRI; permits TAF/KGM/R/VOL.V/236
and TAF/KGM/R.1/VOL.V/121) for the United Republic of Tanza-
nia; and (iii) the Department of Immigration (study permits
SP000627, SP001995, SP004273, SP005937, and SP226456) and
the Department of Fisheries for the Republic of Zambia. Sampling
and all further experiments were approved by the appropriate ethics
committees.

Fish were caught with barrier nets while snorkeling or scuba
diving or purchased from local fishermen, covering a depth range
of <1 to >100 m (note that in Lake Tanganyika fish occur down to
the oxycline at 150 to 200 m). Eyes were dissected in the field from
freshly caught specimens after the fish had been euthanized and
photographed, measured, and weighted. Both eyes from a given
specimen were stored in RNAlater (Ambion) until further steps
in the laboratory (see below). Our final dataset included eyes of
753 adult specimens, representing at least three male and three
female individuals of 112 species covering all 12 Tanganyikan
cichlid tribes (Bathybatini, Benthochromini, Boulengerochromini,
Cyphotilapiini, Cyprichromini, Ectodini, Eretmodini, Lamprologi-
ni, Limnochromini, Perissodini, Trematocarini, and Tropheini) and
one representative each of the tribes Haplochromini, Oreochromi-
ni, and Tylochromini (see table S1 for details on samples, sampling
dates and localities, and sex).

The following additional data from our previous work were in-
cluded in this study: The time-calibrated species tree based on
genome-wide data, raw sequencing data [National Center for Bio-
technology Information (NCBI) BioProject accession no.
PRJNA550295], gene duplication and positive selection analyses,
stable carbon (C) and nitrogen (N) isotope signatures, and relative
eye size data were taken from Ronco et al. (52) (data available on
Dryad:  https://datadryad.org/stash/dataset/doi:10.5061/dryad.
9wOvt4bbf), and habitat categories (shallow water depth of 0 to
10 m, intermediate water depth of 10 to 20 m, and deep water
depth of >20 m) were taken from Ricci et al. (30) (data available
on Dryad: https://datadryad.org/stash/dataset/doi:10.5061/dryad.
4mw6m90c7).

Dissection, extraction, library preparation, and lllumina
sequencing

For each specimen, the retina of a single eye was dissected and ho-
mogenized (FastPrep-24; MP Biomedicals), and the total RNA was
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extracted using the Direct-zol RNA kit (Zymo) according to the
manufacturer’s protocol. Individual libraries were constructed
using the Illumina TruSeq stranded protocol including RiboZero
Gold rRNA depletion (Illumina) and sequenced on Illumina
NovaSeq 6000 in PE 100-bp mode. Library construction and se-
quencing were conducted at the Genomics Facility Basel, which is
jointly operated by the University of Basel and the Department of
Biosystems Science and Engineering (D-BSSE) of ETH Zurich.
Samples were randomized with respect to species and sex for both
the dissection/extraction and the sequencing steps. Library prepara-
tions of 84 samples failed in a first attempt but could successfully be
repeated in a second round. If two sequencing runs were performed
for a given sample, the runs were combined for downstream analy-
ses. The raw read data from all 753 samples are available from NCBI
under the BioProject accession number PRJNA913112.

Quality filtering, mapping, and read counting

Quality filtering and adapter removal of Illumina strand-specific
paired-end sequences were performed using Trimmomatic [v.
0.39; (78)] with a 4-bp window size, a required window quality of
15, and 80 bp as minimum read length. As in our previous work
(59), cleaned reads were mapped against the Nile tilapia reference
genome (O. niloticus; RefSeq accession GCF_001858045.2, female),
which is phylogenetically equidistant to all members of the cichlid
adaptive radiation in Lake Tanganyika (that is, all species in our
dataset except O. tanganicae and T. polylepis), using STAR [v.
2.7.3a; (79)] with --outFilterMultimapNmax 1 --outFilterMatchN-
minOverLread 0.4 --outFilterScoreMinOverLread 0.4. To obtain a
reasonable estimate of mapped reads to exonic features, we filtered
out mapped singletons and then assigned and counted read pairs
within exons using the HTSeq-count script from the HTSeq frame-
work [v. 0.11.2; (80)]. Because of the high gene sequence similarity
between RH2Aa and RH2AP (percent sequence identity of exons
between 94.81 and 99.40%; table S5), we retrieved all read pairs
exactly mapping to both features and corrected the read count by
assigning the remaining read pairs to RH2Aa and RH2A according
to their original ratio. The total number of exonic features retrieved
by HTSeq-count was 41,945 (out of 42,622 annotated genes; see
data S1). We filtered the read count dataset to retain both
protein-coding RNAs and IncRNAs (59, 81). This resulted in
38,228 RNAs, from which we excluded 9226 lowly expressed
genes (<5 counts in less than three samples). The final read count
dataset used for the subsequent analyses included 29,002 RNAs,
from which 25,335 were protein-coding RNAs (out of 29,532
exonic feature) and 3667 were IncRNAs (out of 8696 exonic
features).

Principal components analysis

Before PCA, we normalized the final read count dataset using the R
package DESeq2 [v. 1.34.0; (82)]. We set the experimental design
formula to “~ species + sex” and converted the data using VST
[with parameter blind = FALSE; see (59)]. We then calculated the
weighted species mean of VST values per gene to rely on samples
with higher number of sequenced reads. PCAs were performed with
the prcomb function in R (83) for the overall dataset containing
both protein-coding RNAs and IncRNAs, for protein-coding
RNAs and IncRNAs individually, for the top 500 and the top 100
genes with the greatest variance in gene expression, and for the
visual opsin genes. In addition, we performed a PCA based on
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the expression information of the cone opsin genes to validate the
visual palettes delineated using the clustering methods (see below)
and reconstructed ancestral states along the time-calibrated species
of (52) with the phylomorphospace function of the R package phy-
tools (v. 0.7-90) (84).

Opsin expression profiles and visual palette identification
To account for variation in sequencing depth and visual opsin gene
length, we converted the final read count dataset to TPM and cal-
culated the weighted species means of TPM per gene to rely on
samples with higher numbers of sequenced reads. We then calculat-
ed the percent of weighted species mean TPM of each visual opsin
gene relative to the total visual opsin pool and to opsin categories
(single cone opsins: SWSI, SWS2B, and SWS2A; double cone
opsins: RH2B, RH2Aa, RH2AB, and LWS; in addition to the rho-
dopsin RH1 and cone opsins).

To examine the pattern of expression correlation of visual opsin
genes, we tested for correlations (Spearman’s correlation coeffi-
cients) between all pairs of opsins using the percent weighted
species mean TPM of each visual opsin gene relative to the total
visual opsin pool. We further calculated PICs [pic function of the
R package ape; v. 5.5; (85)] along the species tree and inferred Spear-
man's correlation coefficients for PICs (i.e., through the origin)
using the cor.table function of the R package picante [v. 1.8.1,
(86)]. P values were adjusted for multiple testing using the Benjami-
ni and Hochberg method.

To characterize visual palettes in the cichlid fish fauna of Lake
Tanganyika, we applied two strategies: (i) defining visual palettes
according to the single-most highly expressed single cone opsin
and the two most highly expressed double cone opsins applying a
majority-rule criterion (SDD majority-rule clustering) and (ii) per-
forming a hierarchical clustering analysis with the number of clus-
ters (k) ranging from three to eight and using the R function hclust
with the Ward’'s method [see (48)], cross-validated with the k-
nearest neighbor (knn) classification method. We opted for the
SDD majority-rule clustering method to account for the predomi-
nant expression level (>80%) of a unique single cone opsin and two
double cone opsins and confirmed our findings by applying the ma-
jority-rule clustering method on the complete set of single and
double cone opsins. For these analyses, we combined RH2Aa and
RH2APB into the category RH2As, as it has been done in previous
studies (48, 54, 56, 87), and we also included species with close to
zero cone opsin expression or with a predominant expression of one
double cone opsin. For the SDD majority-rule and the hierarchical
clustering methods, we then reconstructed the ancestral states of
visual palettes along the species tree using make.simmap function
of the R package phytools (84) [with 10,000 simulations, an
equal-rates model, the maximum likelihood method, and a Bayesian
Markov-Chain Monte-Carlo (MCMC) strategy]. As this part of our
study focused exclusively on the adaptive radiation of cichlid fishes
in Lake Tanganyika as defined in (52), we excluded the primarily
riverine haplochromine species A. burtoni (Haplochromini) and
the two distantly related species of the tribes Oreochromini and
Tylochromini.

Regression analyses

We then examined whether, at the level of the entire adaptive radi-
ation, there is an association between visual opsin gene expression
levels and ecological and morphological traits. Using Im and pGLS
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analyses [pgls function of the R package caper; v. 1.0.1; (88)], we
thus analyzed the relationship between weighted species mean
VST-normalized count of visual opsins and (i) 8'3C values as mac-
rohabitat proxy, (ii) 8'°N values as proxy for relative trophic level,
and (iii) relative eye size (as ratio of square root of the eye area and
centroid size). Furthermore, to account for the multicollinearity of
the expression profiles (see figs. S6 and S7), we fitted a pPLS for each
of the eco/morphological traits and all cone opsin expression pro-
files [phylo.integration function of the R package geomorph; v.
4.0.4; (89)]. Again, we combined RH2Aa and RH2AP into RH2As.
For the same reasons as mentioned above, we again excluded the
single representatives each of Haplochromini, Oreochromini, and
Tylochromini. Last, to highlight the relationships among the eco-
logical and morphological traits, we performed Im and pGLS anal-
yses between the species’ §'°C values, §'°N values, and relative eye
size (fig. S15A), plus a phylogenetic analysis of variance (ANOVA)
between the species’ depth of occurrence and each ecological and
morphological trait (fig. S15B and table S6) using the phylANOVA
function of the R package phytools (84) (with 1000 simulations and
"BH" as method).

Genomic analyses

To screen for possible duplications of particular visual opsin genes
in Tanganyikan cichlids, we reinspected the gene duplication esti-
mates of 488 genomes (246 taxa) from Ronco et al. (52). Further-
more, we used the cichlid-tailored opsin raw read mapping
approach of Ricci et al. (30) to confirm the presence of a single
copy per cone opsin gene [RHI results in (30)] and to retrieve the
protein-coding sequences in 517 genomes (271 species, including
outgroups and nonendemic species nested in the radiation). We
further examined the completeness of the protein-coding sequence
of the visual opsins with no gene expression. Last, we reinspected
signals of positive selection in the cone opsin genes [no data avail-
able for RH2Aa and RH2AB; RH1 results in (30)] by extracting the
dn/ds ratio per opsin in 471 genomes (243 taxa) from the positive
selection analysis of (52). Note that we did not test for positive se-
lection across sites [see (58)] but instead used the available data
of (52).

Statistical analysis

All statistical tests and parameters are reported in Materials and
Methods and in the figure legends. Statistical analyses were per-
formed using R (v. 4.1.2 and 4.2.2).

Supplementary Materials
This PDF file includes:

Figs. S1to S15

Tables S1 to S6

Legend for data S1

Other Supplementary Material for this
manuscript includes the following:
Data S1
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