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Abstract Cichlid fishes use their vision for recogni-
tion of other fishes, feeding, and in habitat selection.
Neotropical cichlids can be found in a range of
different habitats differing in their light regimes, and
therefore it is interesting to determine if this is
associated with molecular variation of genes respon-
sible for expressing visual pigments. Here, we studied
codon variation of the LWS gene in cichlids from
South America, and compared it with the variation
among species from the African Great Lakes. Partial
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fragments of this gene were sequenced, including
spectral tuning sites. There were notable differences in
codons under selection between Neotropical and
African cichlids, with Neotropical species exhibiting
an overall higher genetic variation than African
species, but weaker positive selection. This study
provides novel data that contributes to our under-
standing of the evolution of the visual system in
Neotropical cichlids.
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Introduction

Cichlid fish exhibit a high diversity of morphology,
coloration and behavior (Kullander, 2003). The family
is subdivided in four subfamilies: Etroplinae, which is
present in India and Madagascar, Ptychochrominae,
which is native to Madagascar, Cichlinae, from the
Neotropical region, and Pseudocrenilabrinae, which
can be found in Africa and the Middle East. Collec-
tively, cichlids form a monophyletic group that is well
supported by morphological (Kaufman & Liem, 1982;
Stiassny, 1987) and molecular data (Friedman et al.,
2013). Molecular clock analyses have suggested that
the separation of African and Neotropical cichlids
occurred much later (65 MYA) than the geological
separation of the African and South American conti-
nents (> 100 MYA) during the fragmentation of
Gondwana (Matschiner et al., 2017). Thus, an inter-
oceanic dispersal event has been proposed as the main
cause of the current cichlid distributions. However,
other analyses have suggested that the separation
between Neotropical and African lineages is much
older (~ 100 MYA), in line with the geological
evidence (Irisarri et al., 2018).

In many animals, visual systems have been subject
to strong evolutionary pressures related to the charac-
teristics of their habitats (Osorio & Vorobyev, 2008;
Carleton et al., 2020). In fishes, the photic conditions
of the water column have been specifically implicated
(Kroger, 2003), and in cichlid fishes, the light
environment has been suggested to interact with
several behaviors, including intraspecific recognition,
feeding, and habitat selection (Parry et al., 2005;
Carleton, 2009; Miyagi et al., 2012). The cichlid
family has become an important model for evolution-
ary study of the visual systems, and there has been
particularly strong focus on the suite of opsin genes
responsible for light absorbing visual pigments (Car-
leton, 2009).

Visual pigments consist of retinal chromophores
(vitamin A aldehydes) that are bound to visual opsin
proteins, which absorb a specific wavelength of the
light spectrum (Bowmaker, 1995). In cichlids, eight
opsin genes are responsible for light absorption, and
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retinal chromophore usage can shift between Al- (11-
cis-retinal) and A2- (11-cis-3, 4 dehydroretinal)
derived chromophores (Harosi 1994; Terai et al.,
2017; Escobar-Camacho et al., 2019). Seven of these
genes encode for cone opsins, which are responsible
for color vision, and absorb wavelengths of light
ranging from ultraviolet to red. One further gene
encodes a rod opsin, a visual pigment responsible for
scotopic vision (Carleton, 2009; Carleton et al., 2010;
Escobar-Camacho et al., 2017; Torres-Dowdall et al.,
2017).

Several studies have explored the molecular evo-
lution of visual opsin genes within the Neotropical
cichlids (Weadick et al., 2012; Escobar-Camacho
et al., 2017, 2019; Hauser et al., 2017; Hérer et al.,
2018), and included comparisons with those of
African species (Schott et al., 2014; Torres-Dowdall
et al., 2015; Fabrin et al., 2017). These comparisons
are interesting because of diversity of habitats occu-
pied by Neotropical species enables novel investiga-
tions of the links between the photic environment and
the evolution of opsin genes. They also allow further
evaluation of the generality of evolutionary mecha-
nisms proposed for cichlids inhabiting the African
Great Lakes (Terai et al., 2002; Seehausen et al., 2008;
Hofmann et al., 2010; Miyagi et al., 2012; Terai et al.,
2017).

The Neotropical aquatic light environments are
highly variable. Turbidity, in particular, has a great
impact in the water transparency (Costa et al., 2013).
Consequently, this variation can affect the molecular
evolution of opsin genes, by acting as a selective
pressure, and shifting spectra that can be absorbed by a
specific visual pigment (Davies et al., 2012). Addi-
tionally, the light environment can affect expression
levels of opsin genes. For example, a recent study
(Harer et al., 2019) showed that a cichlid species do
not express all the cone opsin genes, but that this
usually varies according to the light conditions. This
palette can also vary from juveniles to adults and it can
be reversed depending on variations in the environ-
mental light spectra (Hérer et al., 2019).

Studying the molecular evolution of the opsin
protein coding sequences, including changes in the
amino acid substitutions of key spectral tuning sites of
the protein, is essential to understand the evolution of
visual systems, especially since some substitutions can
shift their maximum absorbance (An.,) (Yokoyama,
2008; Carleton, 2009; Carleton et al., 2016). These
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proteins have been well studied in cichlids inhabiting
the African Great Lakes (Hofmann et al., 2009, 2010;
Terai et al., 2017), and the long-wavelength opsin
(LWS) has been the focus of many studies because it is
one of the main cone opsin genes under selection
(Terai et al., 2002; Seehausen et al., 2008; Miyagi
et al.,, 2012).

Here we identified codons under selection and
compared LWS evolution of Neotropical cichlids (here
represented by cichlids from South America) to those
from the African Great Lakes. The specific objectives
of this study are (1) to identify molecular variation at
key sites of the LWS opsin protein using nucleotide
and amino acid sequences from a group of Neotropical
cichlids, and (2) to compare the variation within these
sites to those from African cichlids for which data is
available in public databases.

Material and methods
Sampling and molecular analyses

A total of 17 South American cichlid species (Cich-
linae) were used in this study (Appendix Supplemen-
tary Table 1). Muscular tissue samples were obtained
from site 6 of the Long-term Ecological Program
(Programa Ecoldgico de Longa Dura¢do—PELD/
CNPq of the State University of Maringdi—~UEM) in
Brazil (sampling was conducted following the Animal
Ethical Committee protocol CEUA 123/2010), and
from the UEM ichthyological collection and the
Pontifical Catholic University of Rio Grande do Sul
(PUC-RS). Samples were preserved in 1.5 mL micro-
tubes filled with ethanol.

DNA extractions were performed using either a
Wizard® Genomic DNA kit or a ReliaPrep™ gDNA
kit (Promega, Madison, Wisconsin, USA) according to
the manufacturer’s instructions. DNA was runin a 1%
agarose gel electrophoresis and quantified by compar-
ing it to a A DNA of a known concentration. All
samples were stored at —20°C. PCRs were performed
using the primers F1El (5'-GCGGTACCATGAA-
GATACAACAA-3") and RIE6 (5'-GGATACTT-
CAG AACCATCATC-3") (modified from Miyagi
et al., 2012). Sequencing focused on obtaining key
sites of the LWS opsin protein, thus the primer
LWS_RS5 (Miyagi et al., 2012) was also used. The
expected amplicon size was ~ 2100 bp. Each PCR

reaction was run using a 25 pL solution containing 20
mM Tris-HCI (pH 8.4), 50 mM KClI, 1.5 mM MgCl,,
2.5 pM primers, 0.1 mM dNTPs and 0.1 pl of
Platinum® Taq DNA polymerase (Invitrogen,Ther-
moFisher Scientific, USA). Thermal cycling condi-
tions used for amplification were: 3 min at 94°C,
followed by 35 cycles of 30 s at 94°C, 30 s at 51°C and
90 s at 72°C, with a final extension step of 7 min at
72°C. PCR products were prepared for sequencing
(Rosenthal et al., 1993) using a Big Dye Terminator
v3.1 kit (ThermoFisher Scientific, Waltham, Mas-
sachusetts, USA) and sequenced in an automatized
sequencer (3730XL, Applied Biosystems) at the
Laboratério Central de Tecnologias de Alto Desem-
penho em Ciéncias da Vida of the State University of
Campinas, Brazil. Sequenced sites comprised 175
codons of the coding sequence from the partial
transmembrane region 3 to the partial transmembrane
region 7 of the protein, based on the crystal structure of
the bovine rhodopsin (Palczewski et al., 2000),
spanning from exon 3 to partial exon 5. Sequences
were edited using the software package BioEdit (Hall,
1999).

Cichlidae database and molecular analyses

Our final database included partial LWS sequences of
61 cichlid species, from which 17 were Neotropical
(11 from this study) and 44 were African (obtained
from GenBank) (Appendix Supplementary Table 1).
Sequences from all samples were first categorized
according to their lineage (Neotropical lineage;
African lineage) and then aligned using the Clustal
W algorithm (Thompson et al., 1994) as implemented
in MEGA X (Kumar et al., 2018). Amino acid
numbering in the final alignment followed the same
order as that of bovine rhodopsin.

The best nucleotide substitution models were
selected using the jModelTest 2 (Darriba et al.,
2012). Maximum Likelihood (ML) nucleotide trees
including all species were built using RAXML-NG
(Kozlov et al., 2019). In both trees, the first using only
exons, and the second gene tree using exons and
introns, the autoMRE function was applied for boot-
strap resampling. Notably, not all species were
included in the second gene tree (that is, the one
containing both exons and introns) as some of them
only had coding sequences in public databases. Yet,
since all 61 species had coding sequences, these were

@ Springer
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Pseudotropheus sp. 'acei' (DQ088627)
Melanochromis vermivorus (DQ088628)
Melanochromis auratus (AY780518)
Lethrinops parvidens (AY780519)

—, Aulonocara hueseri (AY780517)

Stigmatochromis modestus (AY 780523)
Cynotilapia afra (AY780521)
Maylandia zebra (AF247126)
Labeotropheus fuelleborni (AF247127)
Tramitichromis intermedius (DQ088629)
Maravichromis lateristriga (AY780522)
Tyrannochromis maculatus (AY780520)
Haplochromis melanopterus (AY673693)
Lithochromis rubripinnis (AY673781)
_‘ Pundamilia nyererei (AY 673688)
Haplochromis sp. 'macula' (AB666942)
Pundamilia sp. 'red head' (AY673691)
- Paralabidochromis cyaneus (AY673697)
Haplochromis fischeri (AB666974)
Pundamilia azurea (AY673690)
Haplochromis pyrrhocephalus (AB666943)
Pundamilia sp. 'Tuanso' (AY 6736
Paralabidochromis chilotes (AY673696)
Pundamilia pundamilia (AY 673689)
Haplochromis degeni (AB666963)
Neochromis greenwoodi (AY 673694)
Neochromis omnicaeruleus (AY673695)
Paralabidochromis sp. 'short snout scraper' (AY673779)
Haplochromis flavus (AY673780)
Haplochromis elegans (AY673778)
Haplochromis squamipinnis (AY673772)
Haplochromis aeneocolor (AY673777)
Haplochromis pharyngalis (AY 673784)
Haplochromis angustifrons (AY673776)
Crenicichla sp. 'Parand’ (This study)
Crenicichla iguassuensis (This study)
Crenicichla sp. (This study)
Crenicichla haroldoi (This study)
Crenicichla britskii (This study)
Apistogramma commbrae (This study)
Pterophyllum scalare (KX382918) o
Symphysodon discus (KX382920) """V
Cichlasoma pusillum (This study) CICHLASOMATINI
Astronotus ocellatus (KX382916) AstroNOTINI
Gymnogeophagus gymnogenys (This study)
Gymnogeophagus labiatus (This study)
Geophagus brasiliensis (This study)
Satanoperca sp. (This study)

AFRICAN

GEOPHAGINI

NEOTROPICAL

GEOPHAGIN

0.03

Fig. 1 Maximum likelihood gene tree built using partial DNA
sequences of the LWS gene containing exons and introns (730
bp) of cichlid species (HKY + G). Filled circles on nodes

considered for evolutionary analyses. Trees were
edited using FigTree v1.4.3 (Rambaut, 2016).

Amino acid variation following nucleotide substi-
tutions in exons, was analyzed using the codeml
function implemented in the pamlX (Xu & Yang,
2013) and FUBAR (Fast Unconstrained Bayesian
AppRoximation) (Murrell et al., 2013), run on the
Datamonkey platform (Delport et al., 2010). We used
the Clade model C (CmC) to analyze the divergence
between African and Neotropical clades and the site-
models M0, M1a, M2a, M7, and M8 to estimate codon
variation. Briefly, CmC compares the clades of a
phylogeny by assuming that the divergence between
them is under different selective pressure (Yang et al.,
2005), thus taking M2a_rel as the null model (Wead-
ick & Chang, 2012). The site-models, on the other

Parma oligolepis (HQ286547)

indicate bootstrap support > 80%. Scale bar indicates number
of substitutions per site

hand, infer the w rate corresponding to the nonsyn-
onymous (dy) and synonymous substitutions (ds) ratio
and positive selection. M0, M1a, and M2a are used to
compare o variation, whereas the M7 and M8 models
are useful for estimating the sites under positive
selection (Yang, 2007). The positively selected sites
that were inferred using the M8 model are then
presented considering the Bayes Empirical Bayes
(BEB) analysis and a posterior probability (PP) >
80%. FUBAR estimates sites under positive or
purifying selection also considering synonymous (o)
and non-synonymous (f3) substitution rates, but using a
Bayesian algorithm instead. Thus, the significance of
the positive or negative selection is returned as a
posterior probability (Murrell et al., 2013).

@ Springer
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Table 3 Sites under Site o B B-o Prob [x > f]  Prob [o < f]

selection estimated using

the FUBAR test African 124 P 1.203 9.661 8457  0.057 0.913
162 P 1.250 9.967 8717  0.056 0.913
164 P 1310 35.033 33723 0.001 0.993
166 P 1354 9.254 7.899  0.064 0.902
196 N  16.636 0.634 —16.002 0910 0.071
209 P 1.343 9.400 8.056  0.063 0.904
214 P 1546  16.281 14736 0.019 0.958
244 N 19.328 0.628 — 18.700  0.924 0.060
259 P 1.005 9.333 8327  0.052 0.920
278 N 21.904 0.613 —21.291 0937 0.050

Neotropical ~ 132 N 3.346 0.419 —2927 0916 0.061

151 N 31.861 0474 — 3138 1 0
160 N 3.770 0.420 —3350 0922 0.057
185 N 12,608 0451  — 12157  0.994 0.003
200 N 15364 0512 — 14.852  0.998 0
213 N 11.833 0.46 — 11373 097 0.021
217 P 0.665  15.697 15032 0.001 0.996
218 P 0.592 8.407 7.814  0.006 0.984
232 N 13911 1.033 — 12879 0922 0.049
243 N 6.042 0.434 —5.609  0.948 0.037
254 N 5.94 0.453 — 5487 094 0.042
259 P 1302 11.127 9.825  0.008 0.951
261 N 9.907 0.497 — 941 0.955 0.031
272 N 4826 0.437 — 439 0.933 0.048
275 N 3.599 0.432 —3.166 0915 0.061
277 N 3.642 0.433 —3209 0916 0.061
284 N 27219 0431 —26.788 1 0

P positive selection, 293 N 7629 0477  —7.152 0952 0.033

N negative selection

Results

Partial coding DNA sequences of LWS were obtained.
The final alignment was 730 bp when including
introns, and 525 bp and 175 amino acids when only
using exons. Overall, Neotropical cichlids exhibited
the highest nucleotide variation among all samples
analyzed here (Fig. 1). This was also reflected in the
LWS gene tree containing only exons (Appendix
Supplementary Fig. 1). Monophyly of both Neotrop-
ical and African clades seems to be well supported
when using sequences that include introns. The same,
however, was not observed in the nucleotide tree only
using exons (Appendix Supplementary Fig. 1).
According to the CmC analyses, the African/
Neotropical partition was the best-fitted partition

(Table 1), which was significantly different from the
null model M2a_rel. Furthermore, African cichlids
showed a higher rate of positive selection (5.93)
compared to Neotropical species (1.33), indicated by
wq which is a measure of divergent selective pressure
(Yang et al., 2005).

In accordance to higher wyy (1.10), the African
lineage had the highest proportion of sites under
positive selection (18%). Interestingly, despite the
Neotropical clade exhibiting a much lower wyg (0.22),
this group also had the highest proportion of sites
under neutral selection (17%) (site-models results are
shown in Table 2).

Estimations of codons under selection obtained
using the FUBAR test (Table 3) showed that Neotrop-
ical cichlids have more sites under selection than

@ Springer
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species from the African lakes. In contrast to the
Neotropical group, for which most sites were esti-
mated under negative selection, the African clade had
more sites under positive selection (see Appendix
Supplementary Table 3 for details on species from
each location). As expected, most sites under selection
differed between groups (Table 3). Residue 164 had
the highest f§ value, non-synonymous substitution rate,
in almost all groups when compared to other spectral
tuning sites. The highest o value (9.907), synonymous
substitution rate, for Neotropical cichlids came from
residue 261 (Appendix Supplementary Fig. 2). Alto-
gether, our results showed that although the Neotrop-
ical clade had the highest variation, positive selection
in this group (1.33) was weaker than that observed in
African species (5.93).

Discussion

Similar to findings from previous studies on RHI
(Schott et al., 2014; Torres-Dowdall et al., 2015), our
work supports the monophyly of Neotropical and
African cichlids. Yet, this was not the case among
Neotropical tribes. This unexpected grouping is most
likely due to the effects of purifying selection, which
limits substitutions occurring in sites important for
protein functioning. Also, we need to consider that a
partial fragment of the LWS gene was analyzed in this
study. Parallel evolution of coding regions might also
mean that trees based on the LWS gene are not
appropriate to generate species phylogenies (Terai
et al.,, 2017). Indeed, while Fabrin et al. (2017)
demonstrated monophyly of Neotropical and African
cichlids using the LWS gene, they did not considered
important spectral tuning sites in this family of
proteins neither they included other cichlid species.
CmC analyses showed divergence between African
and Neotropical cichlids, suggesting different selec-
tive pressures might be driving the molecular evolu-
tion of this gene in these two lineages. Similar patterns
have been observed in studies focusing on the RHI
gene (Schott et al., 2014; Torres-Dowdall et al., 2015),
where rates of positive selection were also higher in
African than in Neotropical cichlids. This difference in
divergence patterns of the LWS gene between African
and Neotropical species may be related to a range of
different evolutionary history and ecological pres-
sures. It is important to note that the species studied

@ Springer

from the Neotropical lineage comprise a relatively
ancient group, compared to the African species studies
were all relatively recently diverged haplochromine
species (Genner et al., 2007; Koblmiiller et al., 2011).

Factors such as light intensity and depth have been
shown to be strongly correlated to allelic variation of
the LWS gene in Pundamilia spp. from Lake Victoria
(Seehausen et al., 2008). Similarly, Irisarri et al.
(2018) showed that depth has an impact in rates of
positive selection of this gene in cichlids from Lake
Tanganyika. Therefore, the maintenance of this vari-
ation is likely due to ecological factors (Miyagi et al.,
2012). Here we did not analyzed as many species as
Schott et al. (2014) or Torres-Dowdall et al. (2015),
and did not specifically analyze variation in relation to
different ecological factors. It may be valuable to
explore the role of ecological differences in future
studies on the molecular evolution of the LWS gene in
Neotropical cichlids.

The divergence observed in the CmC analysis was
further supported by that shown in the site-models
analyses. Residues under selection differed when
comparing African and Neotropical cichlids. Com-
paring the o values between African and Neotrop-
ical cichlids (Table 2) and considering that cone opsins
genes are under a weak purifying selection (Irisarri
et al., 2018), the purifying selection of the LWS gene
seems to be stronger in Neotropical cichlids than in
African cichlids, which was confirmed by FUBAR
results. The negative selection in Neotropical cichlids
might mean that once mutations are fixed from an
ancestral residue, they cannot be readily reverted,
leading to accumulations of nucleotide substitutions
but not amino acid changes (Storz, 2016).

Differences in spectral tuning sites are likely to be
important for adaptation to environments with differ-
ent light levels, which might be key for speciation of
cichlids (Hofmann et al., 2009; Carleton et al., 2016).
Notably, residue 164 had a high non-synonymous
substitution rate, and a S164A substitution can shift
the wavelength of light absorption of the LWS protein
(Asenjo et al., 1994; Yokoyama, 2008). Further, the
M8 model suggested that this particular site is under
positive selection in both African and Neotropical
groups, and both 164S and 164A were found in
Neotropical species from this study. Escobar-Cama-
cho et al. (2017) also found this substitution in the
Amazonian species Pterophyllum scalare (Schultze,
1823), Symphysodon discus (Heckel, 1840) and
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Astronotus ocellatus (Agassiz, 1831). Additionally,
other studies have reported intraspecific variation in
the site 164 (164A and 164S) in cichlid species from
Lake Nicaragua (Torres-Dowdall et al., 2017) and
Lake Victoria in Africa (Terai et al., 2017).

Although other key sites (181, 269, and 292) were
not found to be under selection in the Neotropical
group, the amino acids next to these sites were under
purifying/negative selection. Hérer et al. (2018) also
analyzed the DNA sequences of LWS in Neotropical
cichlids and identified eight amino acids that varied,
four (206, 214,217, and 287) of which are found in our
region of study and one (site 217) that we found to be
under positive selection in our data (217S, 217G, and
217A). Thus, this site variation warrants further study.

In conclusion, here we showed that there is
significant variation in a partial coding DNA sequence
of the LWS gene of Neotropical cichlids, and that this
gene is under weak positive selection in this lineage.
Further, our results support the divergence between
African and Neotropical lineages. We also identified
codons from Neotropical species that are under
selection, most of them under negative selection.
Our data suggests that selection pressure in African
cichlids is stronger than in Neotropical cichlids. Future
work focused on Neotropical species could help to
further understand the pressures driving the molecular
evolution of LWS, particularly, analyses on the
function of different sites under selection and its
relevance to light absorption.
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