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Evolutionary biology aims to understand diversity and the different 

mechanisms shaping this organismal variation. Furthermore, several animals 

vary greatly in coloration patterns and the adaptive mechanisms they have to 

optimally perceive visual signals in their light environment. The visual system 

of fish, due to their extensive variation in spectral sensitivities and their 

numerous adaptations to the underwater light environment, offers a unique 

opportunity to disentangle this phenotypic diversity.  

 

Throughout this dissertation, I analyze the visual systems of two major groups 

of Neotropical teleosts: cichlids and characins. Through transcriptome, 

genome and physiological experiments, I characterized the extant opsin gene 

complements of their visual system, which is a product of highly dynamic 

opsin gene evolution, and their color vision, which is based on the expression 



  

of at least three spectrally different visual pigments. The diversity of visual 

pigments found in these fish is the product of several spectral tuning 

mechanisms, which they use to fine-tune their spectral sensitivities to specific 

wavelengths. Our results follow the sensitivity hypothesis because the visual 

sensitivities of cichlids and characins match the available light in Neotropical 

ecosystems.     

 

Furthermore, through behavioral assays complemented with visual modeling, 

I show that African cichlids possess true color vision, the capacity of 

discriminating color regardless of brightness. This is followed by behavioral 

experiments analyzing the limits of their chromatic discrimination and 

discussing the adaptive significance of color vision and its relevance in the 

visual ecology of Lake Malawi.  

 

This dissertation enhances our understanding of color vision in freshwater fish 

using molecular and behavioral methods. This work encompasses 

experiments analyzing the genetic complement of visual pigments, builds 

knowledge in the evolution of these molecules and their relationship with 

aquatic environments, and analyzes the color dimensionality of visual 

systems through behavioral trials. Overall, this dissertation demonstrates the 

evolution of fish color vision with several methodologies highlighting the 

importance of an integrative and comparative approach in vision research. 
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Chapter 1: Introduction 

 

1.1 Introduction 

Animal communication is based on the use of signals where the emitter conveys 

information to the receiver. This inevitably leads to the evolution of efficient signal 

production and reception [1]. Within visual communication there is great diversity 

in animal color patterns and evolutionary biology aims to understand the 

selective mechanisms shaping such diversity. Coloration patterns are essential 

for animal communication where color signals are mediated through color vision. 

Consequently, visual systems need to optimally discriminate color in order to 

accurately receive and process color signals. Since vision research has 

characterized a number of visual systems that view different color signals in 

different environments, this makes color vision a suitable model for 

understanding evolution.  

 

Furthermore, animal color vision can also be examined in the context of visual 

ecology. Color vision relies on the absorption of photons by spectrally different 

visual-pigments, however, more photons can be absorbed at some wavelengths 

than at others [2]. This is because there is great heterogeneity in light 

environments that inevitably creates variation in the best visual system to absorb 

photons at specific wavelengths. Animals often match their spectral sensitivities 

to the available wavelengths in their habitats and this correlation has been 

termed the ‘sensitivity hypothesis’ [2]. Although the spectral match to the light 
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environment has been observed in animals with a single type of visual pigment, 

many animals with spectrally different visual pigments (color vision) often follow 

the same pattern.  

 

Overall, color vision is part of animal communication, with several interacting 

factors such as color patterns, the environment, as well as the signalers and 

receivers. Thus, color vision research provides the unique opportunity to better 

understand how evolution influences color signals and the environmental 

adaptations of visual systems. 

 

1.2 Color vision 

1.2.1 Color in nature 

The capacity of an organism to obtain information from the environment is 

essential for its survival and among sensory channels photodetection is one of 

the most complex and studied senses. As a result of the evolution of sensing 

light, animals have evolved sensitivity to spectral wavelengths (colors) and hence 

the ability to discriminate colors (color vision). Consequently, as animal coloration 

patterns arise, color sensitive animals exploit this capacity in order to survive. 

Color vision is involved in numerous behaviors mediated by animal coloration: 

inter- and conspecific interactions, finding mates, predators and prey detection, 

and foraging, among others. Therefore, color vision and animal coloration are 

strongly interconnected and research is divided between four major topics: 
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production, perception, function and application. In this dissertation, we will focus 

primarily on the perception of color. 

 

 The scope of disciplines involved in tackling color vision research are quite 

broad as its study encompasses the approach from several fields like optical 

physics, genetics, physiology, psychology, functional morphology, behavioral 

ecology and evolution [3]. Thus, due to the interdisciplinary nature of this 

research, scientists studying color vision have to develop an integrative 

approach. Certainly, color vision is an expanding research field where the way 

scientists tackle questions has become broader by analyzing evolutionary 

patterns through proximate and ultimate causation. This dissertation analyzes 

chromatic perception in fish and thus, their capacity to discriminate color in 

nature. 

 

1.2.2. Detecting light and colors 

Vision starts as light reflected from color patterns, background illumination 

(where color patterns are not of interest) and veiling light [4] are collected by the 

eye. Light is refracted by the cornea and lens, the ocular media, and ultimately 

reaches the retina. In the retina, light is detected by rod and cone 

photoreceptors. Night vision (scotopic) is mediated by rods, whereas bright 

diurnal vision (photopic), including color vision, is mediated by cones [5]. 

Photoreceptors are packed with visual pigments which are composed of an 

apoprotein, the opsin, which is covalently bound to a light sensitive chromophore, 
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11-cis-retinal [6,7]. Typically there are multiple cone types containing different 

visual pigments that absorb light maximally in different parts of the wavelength 

spectrum. As photons excite the chromophore, it photoisomerizes from 11-cis to 

all-trans retinal inducing a conformational change in the opsin protein that 

initiates the phototransduction cascade and ultimately generates a neural signal. 

This photoreceptor signal interacts with other major classes of retinal neurons: 

bipolar, horizontal, amacrine and ganglion cells.  The axons of the latter are the 

output of the retina as they form the optic nerve and transmit the information to 

the visual centers of the brain [8]. 

 

Having color vision implies two basic requirements: (1) an animal has to possess 

photoreceptors with different spectral sensitivities, and (2) it must have a 

mechanism to compare the signals of these photoreceptors types [9]. Therefore, 

color vision is the product of neural comparison of photoreceptor signals [10]. 

The comparison of these signals are said to be “opponent interactions” where 

color opponency is the basis for color vision. 

 

1.3 Visual systems in fish 

Fish are ideal for the study of color vision evolution for two main reasons. First, 

they inhabit a diverse range of habitats. Because of the physicochemical 

properties of water, this medium has a profound effect on light transmission. 

Water absorbs and scatters much of the incoming light, which has a dramatic 

effect on the intensity, spectral composition, angular distribution and degree of 
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polarized light with increasing depth [11]. Therefore, as underwater visual 

perception is mediated by the propagation of light, color vision is a process that 

depends on multiple optical components. For example, in an aquatic visual 

scene, objects are mainly illuminated from above by light that has been 

scattered, with a spectrum and intensity affected by attenuation and depth. As 

light is scattered throughout the aquatic environment, the object is also 

illuminated by horizontal and upwelling light. Thus, the visual-stimulus reaching 

the observer’s eye is mediated through side welling irradiance that depends on 

several factors (Fig. 1.1). All of this inevitably causes great variation across 

aquatic habitats and the heterogeneous nature of the aquatic light environment is 

reflected in the several adaptations fish eyes exhibit to “see” in such 

environments. Indeed, several of these adaptations arose as a way to enhance 

light detection. For example, fish exhibit a variety of optical filters in ocular media 

(cornea, vitreous and lens) to fine tune the light reaching the retina [12–18]. 

Another adaptation is the patterning and organization of the retinal-mosaic, which 

is believed to enhance light detection. This can be achieved by regionalized 

expression of visual pigments in specific areas of the retina in order to match the 

wavelengths reaching that visual field, or, by increasing photoreceptor density in 

the central retina in order to improve visual acuity [19–23],  (Fig. 1.2). 
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Figure 1.1. Visual scene of a fish. The object (i.e. a fish) is illuminated directly 
from above (down-welling) where the amount of light reaching the object 
depends on attenuation, depth, and scattering. Since there are multiple 
scattering events (curved arrows), the object is also illuminated from horizontal 
light (side-welling) and from below (up-welling) as light reflects from the bottom 
too. The visual-stimulus reaching the observer’s eye is a combination of light 
scattered in the water and light reflected from the object (e.g. fish colors (yellow, 
blue)). 
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Figure 1.2. Spectral tuning mechanisms and adaptations that modulate 
light reaching the fish retina. Information from [12,14,20,24–27]. 
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Second, due to their phylogenetic history, species richness, diverse ecologies, 

and diverse spectral sensitivities, teleosts offer an excellent system for studying 

the evolution of color vision. Spectral sensitivities have been documented for 

hundreds of fish species [18,26,28–31] and the genetic mechanisms producing 

such variation have been extensively studied for several years. Furthermore, 

much is known about the dynamic evolution of the different opsin classes in 

teleosts [6,7,32–36] and the different spectral tuning mechanisms fish employ to 

shift their spectral sensitivities (Fig. 1.2). Finally, the dimensionality and adaptive 

significance of color vision in teleosts has been studied through decision-making 

behavioral experiments for more than a century, from von Frisch studying 

colored-light detection in minnows [37], to Cheney et al., analyzing color 

thresholds through Ishihara tests in the Picasso triggerfish [38]. Behavioral 

experiments mediated through visual tasks are very important as they can 

demonstrate whether fish have chromatic discrimination. Since physiology, 

psychology and molecular biology shape color vision, behavioral experiments are 

a powerful tool for scientists because they can test different hypotheses based 

on these disciplines.  

 

Altogether, color vision research has produced a tractable genotype to 

phenotype map, and it is an expanding field where integrative approaches 

analyzing proximate and ultimate causations are necessary to understand the 

different mechanisms underlying color vision and its relationship with animal 

coloration. 
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1.4 Goals of research 

Despite the vast research on color vision evolution, several diverse fish-lineages 

are vastly underrepresented. Increasing the knowledge of such groups is 

important as it can shed light on evolutionary patterns of the different traits 

influencing color vision. Taking advantage of the extensive research about the 

genetic basis of color vision in African cichlids, my goal is to identify the key 

mechanisms underlying color vision in non-model teleosts. In order to understand 

the proximate and ultimate causation of color vision in tropical freshwater fish, I 

have studied several components that shape their color vision evolution. My first 

set of studies focus on the genetic mechanisms underlying variation in fish visual 

sensitivities.  In Chapter 2, I examine the visual system of three Amazonian 

cichlids through genome and transcriptome analyses. The dynamic evolution of 

their opsin genes and the ecological adaptations of their visual system are also 

discussed.  In Chapter 3, I analyze the visual system plasticity of an invasive 

Neotropical cichlid species, the peacock-bass (Cichla monoculus). Through 

differential gene expression analysis and electrophysiological experiments, I 

demonstrate how this species adapts to a turbidity gradient in Lake Gatun, in the 

Panama Canal. In chapter 4, I examine the genetic basis for color vision 

evolution in Neotropical Characiformes. Through molecular and 

electrophysiological experiments, I disentangle the spectral tuning mechanisms 

in this group.   
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Generally, a lot more is known about the molecular components that modulate 

fish color vision, than the behavioral implications. In the remaining chapters I 

developed hypotheses based on previous knowledge and tested for chromatic 

discrimination through behavioral experiments.  In Chapter 5, I demonstrate that 

cichlids possess chromatic discrimination through trials based on visual tasks. In 

this study I trained fish to discriminate colored stimuli and tested their ability to 

discriminate the rewarded stimuli from several distracter stimuli while controlling 

for brightness. In Chapter 6, I perform behavioral experiments and visual 

modeling in order to find the color thresholds in cichlids. For this I employed the 

Receptor Noise Limited model, and calibrated several stimuli that increased in 

chromatic distance from the rewarded stimulus. I performed these experiments in 

order to find the color thresholds in cichlids. The implications of our findings are 

discussed in relationship to the cichlid-visual-ecology in Lake Malawi. Lastly, in 

Chapter 7, I synthesize the main results obtained from this body of work and 

provide recommendations for future studies. 
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Chapter 2: The opsin genes of Amazonian cichlids 
 

Previously published under: Daniel Escobar-Camacho, Erica Ramos, Cesar 
Martins and Karen L Carleton. The Opsin Genes of Amazonian Cichlids. 
Molecular Ecology; 2017, 25, 1343-1356 

 

2.1 Abstract 

Vision is a critical sense for organismal survival with visual sensitivities strongly 

shaped by the environment. Some freshwater fishes with a Gondwanan origin 

are distributed in both South American rivers including the Amazon and African 

rivers and lakes. These different habitats likely required adaptations to murky and 

clear environments. In this study, we compare the molecular basis of Amazonian 

and African cichlid fishes’ visual systems. We used next-generation sequencing 

of genomes and retinal transcriptomes to examine three Amazonian cichlid 

species. Genome assemblies revealed six cone opsin classes (SWS1, SWS2B, 

SWS2A, RH2B, RH2A and LWS) and rod opsin (RH1). However, the functionality 

of these genes varies across species with different pseudogenes found in 

different species. Our results support evidence of an RH2A gene duplication 

event that is shared across both cichlid groups, but which was probably followed 

by gene conversion. Transcriptome analyses show that Amazonian species 

mainly express three opsin classes (SWS2A, RH2A and LWS), which likely are a 

good match to the long-wavelength-oriented light environment of the Amazon 

basin. Furthermore, analysis of amino acid sequences suggests that the short- 

wavelength-sensitive genes (SWS2B, SWS2A) may be under selective 
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pressures to shift their spectral properties to a longer-wavelength visual palette. 

Our results agree with the ‘sensitivity hypothesis’ where the light environment 

causes visual adaptation. Amazonian cichlid visual systems are likely adapting 

through gene expression, gene loss and possibly spectral tuning of opsin 

sequences. Such mechanisms may be shared shared across the Amazonian fish 

fauna. 

 

2.2 Background 

Sensory capabilities play a major role in an individual’s fitness because they 

specify a channel through which information from the environment is transmitted 

to the organism [1]. Vision plays a role in mediating behaviours like foraging, 

mating, social interactions with conspecifics and predator avoidance. In 

vertebrates, visual perception begins when light reaches the retina and is 

detected by the photoreceptive rods and cones. These photoreceptors contain 

visual pigments composed of a transmembrane protein, opsin, bound to a light-

sensitive chromophore. Visual pigment spectral sensitivities can vary due to the 

type of chromophore (derived from either vitamin A1 or A2), and the chro- 

mophore’s interaction with opsin amino acid residues facing the retinal binding 

pocket [6,39]. Therefore, opsins are the main components controlling the spectral 

response of the first step in the visual transduction cascade. Visual systems in 

fishes are particularly interesting because of the remarkable diversity of visual 

pigments and the proximate mechanisms that underlie their evolution. Genetic 

mechanisms that contribute to visual pigment diversity are sequence evolution, 



 

 13 
 

differential gene expression, gene duplication and gene conversion [32,33,36]. 

Selective pressures from the environment greatly influence fish spectral 

sensitivities, providing ultimate causation for visual sensitivity shifts to better 

match environmental light. Cichlids, a diverse group of percomorph fishes with a 

Gondwanan distribution, are a prime example of teleost visual pigment diversity. 

Vision research on cichlid flocks from the great African Lakes has identified the 

genetic basis of their visual sensitivities resulting from seven spectrally distinct 

cone opsins and a rod opsin gene [26]. The cone opsins belong to four cone 

opsin classes including UV-sensitive (SWS1), short-wavelength-sensitive 

(SWS2A, SWS2B), rod opsin-like (RH2Aa, RH2Ab, RH2B) and long-wavelength-

sensitive (LWS) opsins [27]. Cichlids typically express three different opsin 

combinations termed short (SWS1, RH2A, RH2B), medium (SWS2B, RH2A, 

RH2B) and long (SW2A, RH2A, LWS) [40]. These combinations are believed to 

match the available light in a particular environment. For example, the “long” 

combination would be suited to a long-wavelength-shifted environment like turbid 

waters [41]. While vision in African cichlids has been studied extensively, little is 

known about vision in Neotropical cichlid lineages. A previous study analyzed the 

visual system of the Trinidadian pike, Crenicichla frenata, and found that this 

species has a reduced opsin complement where SWS1 has been lost and RH2B 

pseudogenized [42]. Furthermore, a rod opsin study in Neotropical cichlids 

suggested there is divergent selection on this gene across cichlid lineages 

probably caused by ecologically and/or biogeographic differences [43]. Indeed, 

Neotropical cichlids live in more highly contrasting light environments than clear 
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African lakes species. In South America, rivers in the Amazon basin can be 

classified based on water colour (white, black and clear). This is a product of 

different physicochemical and geological properties of their catchments, as well 

as rainfall, soil and vegetation which results in water bodies with different 

concentrations of particulates and dissolved compounds. White water rivers 

exhibit high quantities of inorganic suspended particles, black water rivers have 

high concentrations of dissolved organic matter, and clear water rivers are low in 

both dissolved organic matter and inorganic suspended particles (Costa et al. 

2012; Sawakuchi et al. 2016). Thus, Amazonian rivers display an adverse visual 

environment for fish due to large amounts of suspended particles and dissolved 

substances that absorb most of the incoming light creating an extremely long-

wavelength-shifted light environment. These light conditions may have an effect 

on the phenotypic adaptation of Amazonian cichlids. Muntz (1973, 1982) studied 

visual sensitivities of Amazonian fishes and found that several cichlids had ocular 

media with yellow pigments. Such pigments filter short wavelengths of the 

incoming light to the retina, reducing the detected level of background scattered 

light and serving as visual adaptations to the long-wavelength light environments 

[17,18]. Vision research in Neotropical cichlids is important because it offers a 

unique opportunity to analyse the evolution of the visual system in different 

ecosystems within the same cichlid lineage. In this study, we investigated the 

opsin complement of three Amazonian cichlids. We examined whole genomes 

and retinal transcriptomes of Pterophyllum scalare (Angelfish), Symphysodon 

discus (Discus) and Astronotus ocellatus (Oscar) to (1) examine the genomic 
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opsin palette, (2) analyse their opsin gene expression and (3) discuss the 

evolution of these species’ visual system under the influence of the Amazon 

environment. Based on next-generation genomic and RNA sequencing, 

phylogenetic and opsin sequence analysis suggests dynamic evolution of opsin 

genes between lineages and a “long”-opsin expression profile that is consistent 

with potential adaptations to Amazonian rivers. 

 

2.3 Materials and Methods 

For whole genome sequencing, fish were caught from the Amazon basin (Table 

S3, Supporting information). Sampling permits were in accordance with Brazilian 

laws for environmental protection (wild collection permit, ICMBio 22984-1 e 

32556-2), and specimens stocked at INPA (National Amazon Institute of 

Research, Manaus – AM, Brazil). The geographic coordinates of the collected 

points were 0°5202.29″S/62°48035.61″W for S. discus and 

3°09043.00’S/59°54059.40’W for P. scalare and A. ocellatus. Fish were 

euthanized through immersion in a benzocaine (250 mg/L) water bath for 10 min, 

according to the International Guidelines of Sao Paulo State University approved 

by the Institutional Animal Care and Use Committee (IACUC) (Protocol no. 34/08 

– CEEA/IBB/UNESP). For RNAseq, fish were obtained from the aquarium trade 

and were around five months old. Fish were euthanized with buffered MS-222 

according to the University of Maryland (UM) IACUC-approved protocols (R12-

90). 
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2.3.1 Genome analysis 

Muscle tissue from two fish (female and male) was used for DNA extraction [44]. 

Whole genome sequencing was performed through paired-end library 

preparation (Truseq DNA Library Preparation Kit) and sequenced on an Illumina 

HiSeq1500 platform. Obtained reads (150 bp length) were trimmed based on 

base pair sequencing quality (minimum 90% of read base pairs with Phred 

quality score greater than 30) and removal of sequencing adaptors using FASTX-

Toolkit (http://hannonlab.cshl.ed u/fastx_toolkit/index.html) and in-house scripts. 

The trimmed reads were assembled with Velvet [45] using a k-mer value 

estimated by KmerGenie [46]. Finally, the assembled contigs were evaluated 

using the CEGMA pipeline [47] and Assemblathon2 scripts [48]. 

 

2.3.2 RNA analysis 

To ensure high-quality transcriptome assemblies, one specimen of each species 

was used for transcriptomes. Fish eyes were enucleated, and retinas including 

retinal pigment epithelia were dissected out and preserved in RNAlater. RNA was 

isolated from two whole retinas for each species. Total RNA was extracted with 

an RNeasy kit (Qiagen), and RNA quality was verified on an Agilent Bioanalyzer. 

RNAseq libraries were made using the Illumina TruSeq RNA library preparation 

kit (Illumina Inc, San Diego) by the UM Institute for Bioscience & Biotechnology 

Research sequencing core, and 100-bp paired-end reads were obtained on an 

Illumina HiSeq1500 sequencer with samples multiplexed in one lane. The data 

were quality-checked using FastQC version 0.10.1. Data were trimmed using 
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Trimmomatic version 0.32 [49] to remove over-represented sequences and to 

retain sequences with a minimum quality score of 20 and a minimum length of 80 

bp. The final assembly was performed using Trinity version r20140413 [50] using 

only paired sequences with a minimum coverage of two to join contigs. 

 

2.3.3 Opsin sequencing by PCR 

We used two additional aquarium trade individuals of each species for genomic 

DNA sequencing. If transcripts or contigs of a certain opsin were incomplete, 

primers were designed and the complete opsin sequence was recovered with 

PCR and Sanger sequencing (Table S4, Supporting information). DNA was 

extracted with a DNeasy kit (Qiagen), and DNA quality was verified in a 

spectrometer. 

 

2.3.4 Phylogenetic trees 

Putative opsin sequences of the three South American cichlids were identified 

from genome and transcriptome assembled FASTA files by Tblastx querying with 

the cichlid opsin genes of Oreochromis niloticus [40]. We confirmed that 

sequences for each species were assigned to a particular opsin class based on 

phylogenetic relationships of the opsin sequences with those from other teleost 

lineages obtained from GenBank (Danio rerio, Lucania goodei, Oryzias latipes, 

Oreochromis niloticus, Metriaclima zebra, Neolamprologus brichardi, Pundamilia 

nyererei) [51]. We used MAFFT [52] to align nucleotide sequences, and GARLI 
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for building maximum-likelihood trees. We ran 10 searches for the best tree and 

2000 bootstrap replicates performed at the GARLI 2.0 [53] web service 

(molecularevolution.org [54]). 

 

2.3.5 Gene expression 

For estimating gene expression of each opsin, reads were mapped back to the 

assembled transcripts using RSEM as part of the Trinity package [50]. Read 

counts for each opsin class were extracted from the RSEM output (quantified as 

fragments per kilobase of transcript per million reads, FPKM). Cone opsin read 

counts were normalized by dividing the sum of all the cone opsin genes to get 

the proportion of each expressed opsin. For RH2A duplicates, we used 

GENEIOUS 8.1 to map reads to the distinct first exons to estimate expression 

levels. 

 

2.3.6 Spectral sensitivities 

To determine potential tuning sites, we aligned South American cichlid opsin 

sequences of each opsin class with bovine rhodopsin (GenBank. 

NP_001014890.1) and compared them to known spectral tuning sites [6,55]. We 

also aligned opsin sequences to O. niloticus and C. frenata for which λmax and 

opsin gene sequences have been characterized [40,42]. The alignments were 

analysed to identify amino acid substitutions that fell in the putative opsin 

transmembrane regions and the retinal binding pocket facing the chromophore 
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(Appendix S1, Appendix A) [56]. Substitutions that involve changes in amino acid 

polarity could alter interactions and potentially create a shift in peak absorption, 

tuning the sensitivity of the visual pigment. Substitutions were examined only in 

functional genes to determine their variability in physicochemical properties. 

 

2.3.7 Pseudogenes divergence times 

Because pseudogenes were discovered in our analysis, we wanted to estimate 

when they emerged. For this, we modified the method from Li et al. 1981 (Fig. 

S10, Appendix A). This method is based on the assumption that the rate of 

change in a gene’s synonymous positions is faster than for its nonsynonymous 

positions. However, in a pseudogene, the lack of selective constraint causes the 

rates of change for both positions to be the same. Hence, the increase in 

pseudogene nucleotide substitutions can be used to determine how long ago this 

increased rate began [57]. For both the SWS1 and SWS2B opsins, we aligned 

the nucleotide sequences of one pseudogene (gene A) and two functional genes 

(genes B and C). Fig. S10 (Appendix A) shows the plausible evolutionary outline 

for functional opsins and pseudogenes with O. niloticus (C) as the more distant 

lineage. Insertions and deletions that were not shared between pseudogenes 

and the functional opsin genes were excluded. Proportions of synonymous and 

nonsynonymous sites were estimated between taxa using MEGA6 [58]. These 

were corrected for multiple hits using a Jukes–Cantor model to determine DNA 

sequence differences, dABi, dACi and dBCi for i = s or ns [59]. These were then 

used to calculate the distance difference (yi) between pseudogenes and 
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functional genes (eqn 1a). Rates of synonymous and nonsynonymous 

substitutions per year, as and ans, were calculated based on the divergence time 

(T1) between C and the other sequences (A or B) (eqn 1b). For T1, we used the 

divergence time of O. niloticus and Neotropical cichlids (77.2 Mya; timetree.org). 

From these equations, we calculated the time (Tn) since pseudogenization, Eqn 

1c.  

 

yns = dACns - dBCns   ys = dACs - dBCs       (eqn 1a) 

ans = dBCns/T1   as = dBCs/T1       (eqn 1b) 

Tn = (yns-ys)/(as-ans)                     (eqn 1c) 

 

2.4 Results 

2.4.1 Opsin genomic sequences 

Genomes were assembled from three Amazonian cichlids including P. scalare 

(1.088 Gb; scaffold N50 7.559 bp), S. discus (0.684 Gb; scaffold N50 2.221 bp) 

and A. ocellatus (1.007 Gb; scaffold N50 7.659 bp) (Escobar-Camacho et al. 

2016, Ramos et al. unpublished). Blasting the three genomes identified members 

of six cone opsin classes (SWS1, SWS2B, SWS2A, RH2B, RH2A and LWS) as 

well as rod opsin (RH1). SWS1, SWS2B and SWS2A opsin genes contained 

gaps in some species, while RH2B was incomplete in all three genomes. The 

missing sequences for the SWS genes were recovered by PCR and sequencing 

using primers based on adjacent regions of each gap, using primers for other 

species where the opsin genes were present, or the transcriptomes (NCBI 
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Accession nos in Table S1, Supporting information). Examination of the complete 

opsin sequences revealed the presence of at least one pseudogene in all three 

species. These occurred among different opsin classes (Table 2.1). SWS1 is 

pseudogenized in A. ocellatus exhibiting a 4-bp frame shifting insertion in the 

second exon (position 450) leading to numerous stop codons as well as a codon 

insertion in the third exon (position 634) (Fig. S1, Appendix A). SWS2B opsin is a 

pseudogene in S. discus with two deletions and a single-bp insertion in the first 

exon (positions 59 & 303, respectively) (Fig. S2, Appendix A). The single 

nucleotide insertion seems to be polymorphic as one specimen had it, while 

others did not. The SWS1 pseudogene of A. ocellatus was only found in the 

genome, whereas the SWS2B pseudogene in S. discus was present in the 

genome and the transcriptome. RH2B appears to be pseudogenized in P. 

scalare, S. discus and A. ocellatus for both genome and aquarium trade 

individuals. Despite significant effort, the complete sequence of RH2B was not 

fully recovered for most species, perhaps as a result of it being pseudogenized. 

In P. scalare, only half of the coding region of RH2B was recovered with a 14-bp 

deletion in the last exon (Fig. S3, Appendix A), whereas in S. discus, a single-bp 

insertion (position 163) in the first exon was present that caused numerous stop 

codons (Fig. S4, Appendix A). RH2B in A. ocellatus has a 13-bp insertion and 9-

bp deletion in the first exon causing a premature stop codon in the first exon (Fig. 

S5, Appendix A). Overall, it seems that RH2B is a pseudogene in all three 

species. Further, these data suggest that RH2B mutations were acquired 
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separately in each of the three species, although we could be overlooking a 

shared common pseudogenization event. 

 

Table 2.1. Opsin gene classes across species 
Species Opsins 

 SWS1 SWS2B SWS2A RH2B RH2 
A 

LWS RH1 

Pterophylum scalare ü ü ü Ψ ü ü ü 
Symphysodon discus ü Ψ ü Ψ ü ü ü 
Astronotus ocellatus Ψ ü ü Ψ ü ü ü 
†Opsin genes are sorted by increasing spectral sensitivity. Ψ denotes 
pseudogenes. 

 

2.4.2 Opsin RNA seq 

Retina samples run on the Agilent Bioanalyzer had RIN (RNA integrity number) 

values that varied between 7.70 and 9.60. The RNAseq data obtained by 

multiplexing these retinal samples provided sufficient data to assemble and 

quantify opsin transcripts. We obtained 71.0, 64.5 and 70.9 M reads for P. 

scalare, S. discus and A. ocellatus, respectively, and after trimming used, 45.1, 

38.5 and 34 M reads for the assemblies. RNAseq reads were submitted to the 

SRA database (SUB2057474). Amazonian cichlid RNAseq isolated four cone 

opsins: SWS2A, SWS2B, RH2A and LWS, as well as rod opsin, RH1. These 

were all complete transcripts except for SWS2B, which had lower transcript 

abundance in comparison with the other opsins. The SWS2A, RH2A, LWS and 

RH1 transcripts were verified with genome sequence and matched nearly 

exactly. There were a few SNPs as the individuals were different between RNA-

seq and genomic sequencing (Table S5, Supporting information). 
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2.4.3 Phylogenetic trees 

Maximum-likelihood trees based on these three Amazonian species as well as 

from C. frenata confirmed the identities of all South American cichlids opsins: 

SWS1, SWS2B, SWS2A, RH2B, RH2A, LWS and RH1. The cichlid opsin 

lineages are reciprocally monophyletic between the New World and African 

lineages, with New World opsins placed as sister groups to the respective Nile 

Tilapia orthologs in all opsin classes. P. scalare and S. discus were placed 

together in the SWS1, SWS2B, SWS2A and LWS opsin clades. Opsins of C. 

frenata were also nested within the South American clade (Fig. 2.1).  
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Figure 2.1. Opsin maximum-likelihood phylogenetic tree of Cichlids, Danio rerio, 
Oryzias latipes and Lucania goodei. Black circles represent bootstrap support 
over 95%. Colour shades indicate the Neotropical cichlid lineage. Ψ denotes 
pseudogenes. [Colour figure can be viewed at wileyonlinelibrary.com].  
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Genome and transcriptome analysis suggested that a gene duplication event 

generated two copies of RH2A (Fig. S6, Appendix A). Due to the high similarity of 

the genes, we were only able to obtain full sequences of one expressed RH2A in 

the RNAseq data. Within the genomes, we noticed that RH2A duplicates in each 

species were almost identical but had differences located mostly in the 5’UTR 

(~80 bp) and in the first 150 bp of the coding sequence, indicative of gene 

conversion. Blasting the exons and performing phylogenetic analysis of only the 

first exons and 5’UTRs showed that these RH2A copies correspond, although 

with low support, to the African cichlid duplicates RH2Aa and RH2Ab (Fig. 2.2a). 

In both copies, coding regions after 150 bp were highly similar to RH2Ab 

(including the first introns confirmed by PCR, Fig. S7, Appendix A); thus, we 

believe gene conversion resulted in RH2Aa being replaced in large part by 

RH2Ab (Fig. 2.2b).   
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Figure 2.2. RH2A Gene conversion scenario. (a) Phylogeny of upstream UTRs 
and first exons of the RH2A duplicates. (b) Intrachromosomal and 
interchromosomal RH2A gene conversion scenario. [Colour figure can be viewed 
at wileyonlinelibrary.com].  

 

2.4.4 Gene expression 

Colour vision in Amazonian cichlids is based mainly on the expression of three 

cone opsin genes: SWS2A, RH2A and LWS. The three species had similar 

expression profiles (Fig. 2.3). The most expressed short-wave-length pigment 

was SWS2A, whereas SWS2B accounted for <5% of expressed cone opsin in P. 

scalare, S. discus and A. ocellatus. The LWS opsin seems to be much more 
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expressed accounting for more than 50% of expressed cone opsins. No SWS1 

opsin was expressed. In A. ocellatus, only traces of RH2B were found. Inter- 

estingly, RH2Aα is lowly expressed (<1%) in P. scalare and S. discus, whereas 

RH2Aα and RH2Aβ are equally expressed in A. ocellatus. Pseudogenes were 

not expressed except for SWS2BΨ in S. discus and RH2BΨ in A. ocellatus 

accounting for less than 1% of all expressed opsins. RH1 was the most highly 

expressed visual pigment in the three species (Fig. S8, Appendix A). 

 
Figure 2.3. Relative cone opsin expression profiles of P. scalare, S. discus and 
A. ocellatus. Modified from Escobar-Camacho et al, 2017  
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2.4.5 Spectral tuning 

The analysis of Amazonian cichlid opsin sequences revealed evidence of 

changes that might impact on spectral tuning. There was great variation of amino 

acid substitutions between the three species in comparison with O. niloticus (Fig. 

2.4A). The greatest diversity at transmembrane sites was in the SWS2A opsin, 

with 35 variable transmembrane sites with five of these in the retinal binding 

pocket (five polarity changes) and three (M44T, M116L, S292A) occurring in 

known tuning sites (Table 2.2) (Appendix A). SWS1 had the greatest diversity in 

potentially functional tuning sites with 27 variable transmembrane sites, eleven 

substitutions in retinal binding pocket sites (seven polarity changes) and one 

substitution occurring at a known tuning site, A118S. In S. discus, the LWS opsin 

showed a λmax shifting substitution S164A, previously shown to cause a -7 nm 

shift [60]. SWS2B in P. scalare and A. ocellatus also exhibited three amino acid 

substitutions (F46V, A109G, A269T) in known tuning sites of which the A269T 

substitution is known to shift λmax by +6 nm [61]. Variable amino acid sites were 

also found between the three species and C. frenata with SWS2A having the 

most variable sites (Fig. 2.4B). 
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Figure 2.4. Amino acid substitution variation for each opsin class of the three 
species. Filled bars represent amino acid variation in transmembrane regions of 
the opsin, and striped bars are amino acid variation in the retinal binding pocket 
sites. (A) Amino acid substitution variation between P. scalare, S. discus, A. 
ocellatus and O. niloticus. (B) Amino acid substitution variation between P. 
scalare, S.discus, A. ocellatus and C. frenata. SWS1 variation is based only on 
P. scalare and S. discus, while SWS2B is based on P. scalare, A. ocellatus and 
C. frenata. Modified from Escobar-Camacho et al., 2017. 
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Table 2.2. Summary of South American cichlids variation. 

†Parenthesis indicates number of amino acid substitutions that differ in polarity. 
Known tuning sites are based on [6,55]. Opsin genes are sorted by increasing 
spectral sensitivity. 

 

2.4.6 Pseudogene divergence time 

The time since opsins became pseudogenes (Tn) was estimated for both the 

SWS1 (A. ocellatus) and SWS2B (S. discus) pseudogenes. For SWS1Ψ in A. 

ocellatus, Tn values varied around -3.8 to 0.07 Mya when compared to functional 

genes of P. scalare and S. discus, respectively, while for SWS2BΨ, S. discus, 

values were between 1.84 and 7.35 Mya compared with P. scalare and A. 

 SWS1 SWS2B SWS2A RH2A LWS RH1 
Total number of nucleotides 1008 1059 1056 1059 1074 1065 
Total number of amino acids 335 352 351 352 357 354 
Variable nt sites 46 52 67 70 50 38 
Indels 0 3 0 0 0 0 
       
Vs. O. niloticus       
Variable transmembrane 
sites* 

27(12) 23(4) 35(12) 13(3) 26(7) 17(4) 

Functionally variable retinal 
binding pocket sites 

11(7) 4(2) 5(5) 1(1) 5(3) 4(1) 

Number of substitutions at 
known tuning sites 

1(1) 3(1) 3(2) 0(0) 1(1) 2(0) 

Synonymous substitution 
(ds)  

0.114 0.129 0.084 0.129 0.083 0.064 

Non-synonymous 
substitution (dn) 

0.024 0.024 0.032 0.022 0.017 0.012 

dn/ds 0.210 0.186 0.380 0.170 0.204 0.187 
       
Between SA species       
Variable transmembrane 
sites 

14(5) 12(2) 33(12) 21(3) 20(5) 9(1) 

Functionally variable retinal 
binding pocket sites 

4(1) 3(2) 6(4) 5(1) 3(1) 1(0) 

Number of substitutions at 
known tuning sites 

1(1) 2(2) 2(2) 0(0) 1(1) 1(0) 
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ocellatus (Table 2.3). Based on these values, it seems that SWS2BΨ appeared 

in the late Neogene (23– 2.5 Mya), whereas SWS1Ψ may be very recent 

(Quaternary, 2.5 Mya to present). 

 

Table 2.3. Distances between sequences (dACi, dBCi), for nonsynonymous and 
synonymous sites (I = ns or s, as substitutions per site), rates of non-
synonymous and synonymous substitutions (ai, in substitutions per site per year), 
and time since pseudogenization (Tn given in My). Ψ denotes pseudogenes. 
Pseudogene 
Sequence A 

Sequence 
B 

Sequence 
C 

dACns dACs dBCns dBCs ans as Tn 
(Mya) 

SWS1          

A. ocellatusΨ P. scalare O. niloticus 0.042 0.480 0.034 0.452 4.50E-10 5.86E-9 -3.80 
A. ocellatusΨ S. discus O. niloticus 0.042 0.480 0.037 0.477 4.91E-10 6.18E-9 0.07 

SWS2B          

S. discusΨ A. ocellatus O. niloticus 0.06 0.35 0.058 0.376 7.53E-10 4.87E-9 7.35 
S. discusΨ P. scalare O. niloticus 0.06 0.35 0.053 0.348 6.98E-10 4.51E-9 1.84 

 

2.5 Discussion 

2.5.1. Opsin gene complement 

Through genome and transcriptome sequencing analysis, we have characterized 

the genetic component of the visual system of three Amazonian cichlids. 

Genomic and PCR opsin evidence suggests that all three species have seven 

cone opsin genes and a rod opsin gene. This includes evidence for two separate 

copies of RH2A each with unique 5’UTRs that could be separately PCR 

amplified. This supports the idea that the common ancestor of the South 

American lineages had the same seven cone opsin genes found in the African 

cichlids, perhaps arising in the Gondwanan ancestor.  
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Our results show that present-day Amazonian species exhibit a variable 

complement of functional opsins with different opsin genes inactivated in different 

lineages. Overall, these species exhibit a less rich palette of functional opsin 

genes than African cichlids [26]. This is in concordance with previous results on 

the Trinidadian pike [42], which has RH2B pseudogenized and a possible loss of 

SWS1. These results confirm that gene inactivation is common among 

percomorph fishes, thereby creating complex patterns of opsin evolution as 

adaptation to new spectral environments occurs [35,36].  

 

RH2A opsins appear to have undergone gene conversion where RH2Aβ 

converted RH2Aα with the recombination location in the middle of the first exon 

of the coding sequence. This conversion event seems to have happened early in 

the Neotropical cichlid lineage as it is shared across Amazonian species and C. 

frenata (Fig. 2.2). Gene conversion events can be frequent between adjacent 

opsin duplicates. This has been shown in primate L and M cone opsin genes 

where introns exhibit lower nucleotide divergence than exons [62,63]. 

Furthermore, gene conversion occurring between exons has been found on 

several teleost lineages [32,36,64,65]. Our results suggest that the RH2A 

duplication was present early in the cichlid lineage prior to the breakup of 

Gondwana and the African – South American divergence. Furthermore, RH2 

paralogs seem to have been present before the Cichlomorphae–

Atherinomorphae split [66] as O. latipes’ RH2 opsins (RH2-A, RH2-B, RH2-C) 

are grouped as sister groups in cichlids’ RH2B and RH2A clades (Fig. 2.1). This 
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agrees with previous studies suggesting that opsin gene duplications promote 

visual pigment diversity in teleosts [33,40,67,68]. Further studies on opsin genes 

of more divergent cichlids from India and Madagascar are needed to analyze the 

evolution of RH2 opsins.  In the opsin gene trees, Neotropical cichlid opsins were 

placed as sister taxa to the African cichlid clade as expected. There is general 

phylogenetic concordance of the taxonomic relationships across the opsin genes. 

P. scalare and S. discus are often paired among opsins clades (SWS1, SWS2B, 

SWS2A, RH2B, LWS), whereas A. ocellatus and C. frenata are placed as sister 

taxa (SWS2B, SWS2A, RH2A). This is in agreement with Neotropical cichlid 

phylogenetic studies where P. scalare and S. discus shared a more recent 

common ancestor than A. ocellatus [69]. This pattern is not consistent in RH2A 

and RH1; however, these clades exhibit low support. 

 

2.5.2 Opsin gene expression 

In spite of the diversity in genomic opsin complements, all species expressed the 

same three cone opsins: SWS2A, RH2A and LWS. A reliance on three distinct 

cone opsins is consistent with previous studies that found a typical cone mosaic 

arrangement in A. ocellatus where one single cone was surrounded by four 

double (twin) cones [70,71]. The expression profile of P. scalare, S. discus and 

A. ocellatus is indicative of a long-wavelength-oriented visual system, which is 

characteristic of cichlids living in murky and riverine habitats [41,72,73]. This 

agrees with the light environment of Neotropical rivers, particularly in the 

Amazon, that have very long-wavelength transmission properties. In the Amazon 
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basin, short and medium wavelengths are scattered/absorbed by coloured 

dissolved organic matter, suspended inorganic particles and phytoplankton 

resulting in a red-shifted light environment. Light transmission can vary according 

to the type of water (white, black and clear waters) and hydrological cycles 

(receding and rising) [17,74]. Overall, Amazonian rivers exhibit a downwelling 

irradiance peak (λmax) beyond 650 nm resulting from high attenuation for blue 

and green light, and high reflectance for red (Fig. S9, Appendix A) [74–76]. P. 

scalare, S. discus and A. ocellatus have been documented throughout the 

Amazon basin inhabiting white, black and clear waters [77–79]. Furthermore, 

visual studies on Amazonian fishes including P. scalare and A. ocellatus have 

shown that they had yellow filters in the lenses and cornea, which would filter out 

short-wavelength light [17,18]. Because there is little short-wavelength light 

transmission in Amazonian rivers and yellow pigments in cichlid eyes filter short 

wavelengths, we suggest that the aquatic environment in the Amazon basin has 

influenced the visual system adaptation of Neotropical cichlid retinas, inactivating 

short-wavelength-sensitive opsin genes (SWS1, SWS2B, RH2B) and shifting 

their opsin expression profile to the long-wavelength palette.  

 

The expression of SWS2A, RH2A and LWS is consistent with previous 

microspectrophotometry (MSP) studies of wavelength sensitivities in Neotropical 

cichlids [28,42,80] (Table S2, Supporting information). Based on these studies, 

we estimate a spectral sensitivity for SWS2A between 450 and 480 nm. Similarly, 

for RH2A and LWS we suggest values between 530–555 and 560–617 nm 
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respectively. Finally, rods sensitivity should lie around 500–525 nm. This spectral 

sensitivity variation may include a significant effect from the type of chromophore 

(A1-A2) [28]. The effects of changing from A1 to A2 chromophore can result in 

modest 15–30 nm shifts for short- to medium-wavelength pigments, but shifts up 

to 60 nm in λmax for long-wavelength pigments [39,73,81]. Similarly, spectral 

sensitivities of Neotropical cichlids lie within this range suggesting different A1–A2 

combinations (Table S2, Fig. S9, Appendix A). There are no records of the peak 

absorbance of the shortest wavelength-sensitive pigments, SWS1 and SWS2B, 

yet we would expect sensitivities similar to their African counterparts between 

360–378 nm for SWS1 and 415–425 nm for SWS2B [40,82]. However, as 

Amazonian rivers have little downwelling light below 450 nm, these opsins would 

not be sensitive to the available light and therefore need not be expressed (Fig. 

S9, Appendix A) [74].  

 

In cichlids, opsin gene expression can change through development and species 

can differ in their ontogenetic profiles with shorter-wavelength genes expressed 

earlier (SWS1, SWS2B, RH2B) followed by longer-wavelength genes (SWS2A, 

RH2A and LWS) [73]. Specimens used for our transcriptome analyses were 

aquarium trade juveniles raised in fluorescent light. This could have influenced 

their opsin expression profile by increasing the expression of longer-wavelength- 

sensitive opsins. However, fish were at least five months old and also exhibited 

yellow lenses. As changes in gene expression stabilize by around six months in 

African cichlids, our results suggest that either these fish were old enough to 
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obtain the adult expression pattern or that they do not undergo developmental 

shifts in expression [73,83]. The latter would be consistent with some species 

having lost the SWS1 and SWS2B opsins that are normally expressed in the 

larval to juvenile stages. 

 

2.5.3 Opsin sequence variation 

Studies in African cichlids have found that the short- and the long-wavelength-

sensitive pigments are the most variable with shifts in peak sensitivity of 30 nm in 

the short-, and 50 nm in the long-wavelength-sensitive opsins [73] (Table S2, 

Supporting Information). This is concordant with the diversity of total amino acid 

substitutions in SWS2A and LWS gene sequences found in our results. Opsin 

sequence analysis showed that the greatest variation in amino acid substitution 

and polarity changes in the retinal binding pocket sites, was in SWS2A followed 

by SWS1 and LWS (Fig. 2.4a). These results differ from previous studies that 

have found the greatest variation in opsins sensitive at both ends of the 

wavelength spectrum, SWS1 and LWS [41,84,85]. As the Amazon basin exhibits 

a long-wavelength light environment, the SWS2A gene may be the shortest 

wavelength gene to be expressed. Changes in SWS2A might be the result of 

strong selection to enhance sensitivity where functional amino acid substitution 

would shift the kmax of SWS2A to longer wavelengths. In this way, the visual 

system may still be optimizing the shortest (SWS2A) and longest (LWS) opsins 

that are relevant to the long-wavelength-shifted environments where these fish 

are located. Indeed, divergent selective pressures driven by ecological and/or 
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biogeographic differences have been suggested for Neotropical cichlids’ and 

anchovies’ visual pigments [43,86,87]. In addition to amino acid substitutions 

adapting spectral sensitivities over the long term, shifts in A1–A2 use could also 

have great impact on λmax possibly enabling cichlids to adapt to shifts in the light 

environment over a shorter timescale. Chromophore shifts are known to occur in 

just a few weeks to provide seasonal adjustments [88]. Indeed, Muntz suggested 

that Amazonian fishes use mixtures of both chromophores [17,18].  

 

The pseudogenization time of SWS1Ψ and SWS2BΨ in A. ocellatus and S. 

discus dates back to the late Neogene and the Quaternary. During the Neogene 

(~7 Mya), the modern Amazon river system, including the present-day 

configuration of white, clear and black water, had already come into place. 

Nevertheless, geological shifts, including the Andean uplift (12–4 Mya) on the 

western lowland and continuous marine incursions until the Pleistocene, played a 

role in habitat fragmentation and greatly influenced diversification of the Amazon 

biota [78,89,90]. Furthermore, the glacio-eustatic oscillations in the Quaternary 

(<2.5 Mya) dynamically altered and reorganized river courses and watersheds 

resulting in both isolated and expanded fish populations [78]. Consequently, the 

changing Amazon conditions over the last 7 Mya could have selected for 

maintenance of expression of some opsins and pseudogenization of others. 

Although we were not able to date the pseudogenization time for RH2B, it is 

possible that it might have been inactivated multiple times across lineages. This 

is supported by the SWS1 inactivation in African cichlids (Neolamprologus 
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brichardi and N. mondabu from Lake Tanganyika (O’Quin et al. 2010)) and 

Neotropical cichlids which arose independently. More species need to be 

analysed to better understand the pseudogenization process. Yet it is interesting 

that in spite of opsin genes having been inactivated at different times in different 

South American lineages, the three species express the same opsin set. This 

suggests that this expressed gene set arose convergently in Amazonian cichlids 

(Fig. 2.5). 

 

2.5.4 Ecological adaptation 

Our results suggest that these Amazonian cichlids are adapting to their light 

environment through several different genetic mechanisms. These include 

changes in opsin gene expression, opsin gene sequence and the accumulation 

of pseudogenes relative to their African counterparts. This is further supported by 

yellow filters in their ocular media which filter short wavelengths, reducing the 

background scattered light common in these long-wavelength-transmitting 

waters. These traits are shared among other teleost lineages found in the 

Amazon and may be a signature of adaptation to the Amazon’s murky 

environment. The absence of short- wavelength visual pigments seems to be 

common among the Amazonian ichthyofauna with a number of species having 

spectral sensitivities that are red-shifted (Table S2, Supporting information). 

Gene loss or pseudogenization also occurs in other Amazonian taxa such as the 

absence of the short-wavelength-sensitive opsin genes in the electric eel 

(Electrophorus electricus) and nonelectric catfish [91]. Furthermore, convergent 
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opsin inactivation is common in mammals where opsin pseudogenes have arisen 

independently in response to changes in their behaviour and ecology [92,93]. 

Additionally, adaptations such as the presence of yellow filters in ocular media 

have been found in Amazonian fishes besides cichlids, such as the pink-tailed 

chalceus (Characiformes: Chalceus macrolepidotus), the freshwater puffer fish 

(Tetraodontiformes: Colomessus asellus), the freshwater stingray 

(Myliobatiformes: Paratrygon motoro) and several other siluriforms (Fig. 2.5) 

[17,18,94].  

 

In conclusion, we have described the opsin complement of three Amazonian 

cichlids using both RNA and genomic sequences. There is evidence for visual 

pigment evolution in this lineage with both opsin gene pseudogenization and 

gene conversion taking place. This might be a consequence of the long-

wavelength light environment in the Amazon basin. This environment has further 

influenced cichlid visual system adaptation through adaptation of opsin gene 

expression, changes in amino acid substitution in spectral tuning sites and yellow 

filters in ocular media, all traits characteristic of species living in a long-

wavelength environment. These traits likely arose convergently in response to 

environmental selection and seem to be shared among a number of Amazonian 

fishes. The molecular adaptive traits discussed in this study corroborates the vast 

body of vertebrate research where it has been shown that as animals occupy 

different ecological niches, their visual systems adapts through several 

mechanisms, enabling them to operate in these new spectral environments. 
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Figure 2.5. Schematic representation of visual system adaptation in a 
phylogenetic context. Phylogenetic tree topology is based on Betancur-R et al. 
2013. Taxonomic groups present in the Amazon where visual systems have 
been analysed at some level are displayed in black. Based on previous and the 
present study, “x” denotes the presence of pseudogenes or lost genes (Ψ), 
yellow pigments in ocular media (yellow circle) or long-wavelength spectral 
sensitivities, either by opsin expression or MSP, (red rectangle) in a specific 
group. The cichlid inset denotes the opsin genes in the genome and the ones 
that are being expressed in the Neotropical and African lineages. Empty circles 
denote pseudogenes or lost genes. For simplicity, RH2A duplicates were 
excluded.  
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3.1 Abstract 

An adaptive visual system is essential for organisms inhabiting new or changing 

light environments. The Panama Canal exhibits such variable environments 

owing to its anthropogenic origin and current human activities. Within the 

Panama Canal, Lake Gatun harbours several exotic fish species including the 

invasive peacock bass (Cichla monoculus, Agassiz, 1831), a predatory 

Amazonian cichlid. In this research, through spectral measurements and 

molecular and physiological experiments, we studied the visual system of C. 

monoculus and its adaptive capabilities.  

 

Our results suggest that (1) Lake Gatun is a highly variable environment where 

light transmission changes throughout the canal-waterway, and that (2) C. 

monoculus has several visual adaptations suited for this red-shifted light 

environment. Cichla monoculus filters short-wavelengths (~400 nm) from the 

environment through its ocular media and they tunes its visual sensitivities to the 

available light through opsin gene expression. More importantly, based on shifts 

in spectral sensitivities of photoreceptors alone, and on transcriptome analysis, 

C. monoculus exhibits extreme intraspecific variation in the use of vitamin A1/A2 

chromophore in their photoreceptors. Fish living in turbid water had higher 

proportions of vitamin A2, shifting sensitivities to longer-wavelengths, than fish 

living in clear water. Furthermore, we also found variation in retinal 

transcriptomes, where fish from turbid and clear-waters exhibited differentially 
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expressed genes that vary greatly in their function. We suggest that this 

phenotypic plasticity has been key in the invasion success of C. monoculus. 

 

3.2 Introduction 

The ability of an animal to survive in a changing environment is often determined 

by its adaptive capabilities. Phenotypic plasticity is a key mechanism by which 

organisms can respond to short-term environmental changes or fluctuations. 

Aquatic habitats exhibit substantial spatial and temporal variation in light 

intensity, spectral composition, angular distribution and degree of polarized light 

[11], suggesting that the eyes of aquatic organisms might be particularly 

promising for studies of phenotypic plasticity.  

 

Animals are believed to adapt to their visual environment by matching their 

photoreceptor sensitivities to the available light. This “sensitivity hypothesis” 

explains how modulating the visual system spectral sensitivities to a specific 

wavelength facilitates certain visual tasks [2,95]. Shifts in visual sensitivities can 

be driven by ecological factors such as water turbidity and foraging targets, or 

social factors important for communication [41,96,97].  

 

Studying adaptation of retinal visual sensitivities is possible because of a well-

defined genotype-to-phenotype map. This map results from our genetic 

understanding of how visual sensitivities are tuned [35]. Fish visual perception is 

a product of lens transmission and photoreceptor absorbances across the 
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wavelength spectrum. The specific spectral sensitivity of a photoreceptor cell is 

largely determined by the visual pigment(s) it contains, which, in turn, consist of a 

transmembrane apoprotein, the opsin, bound to the photosensitive chromophore 

(an aldehyde of vitamin A). Photoreceptor absorbance can be tuned by opsin 

gene differential expression, chromophore usage (the aldehyde of either vitamin 

A1 or A2), opsin gene sequence variation and regional opsin co-expression in the 

retina [12,20,25,26,41]. Therefore, several mechanisms can act separately or in 

concert, giving rise to a diverse palette of visual phenotypes. Unraveling these 

mechanisms requires techniques such as microspectrophotometry (MSP) of 

individual photoreceptor cells and molecular experiments in order to characterize 

opsin gene sequence and expression.  

 

Invasive species (introduced species that have successfully established and 

spread outside of their native range), are suitable for the study of adaptation 

because they can exhibit rapid responses to novel biotic and abiotic conditions 

[98–101]. Hence, invasive species can potentially provide insights into the 

mechanisms underlying adaptive phenotypic variation. In this study, we examine 

the Peacock bass (Cichla monoculus, Agassiz, 1831), a diurnal predatory cichlid 

native to the Amazon basin [102]. Cichla monoculus was introduced to the 

Chagres River basin in 1967 for sport fishing, from which it dispersed and 

subsequently colonized Lake Gatun in the Panama Canal watershed [103]. The 

introduction of C. monoculus has had a dramatically negative effect on the native 

ichthyofauna. Long-term studies have shown how the introduction of C. 
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monoculus has altered the composition of fish communities in Lake Gatun, 

decreasing both abundance and biomass of several local species while 

completely extirpating others [103,104].  

 

Almost half a century after its introduction, C. monoculus remains the most 

common fish in Lake Gatun [104], suggesting it has successfully adapted to the 

complex environment of the Panama Canal watershed. Lake Gatun was created 

in 1914 in order to build the Panama Canal by building a dam across the reaches 

of the Rio Chagres. At least half of the Panama Canal watershed is protected 

and covered in mature tropical lowland forest; however, there remain several 

threats to water quality in Lake Gatun [105]. First, deforestation in parts of the 

catchment has increased surface runoff, increasing the level of sedimentation 

and turbidity in the Lake [105]. Second, the continuous transit of boats through 

the canal generates turbulence and wave action that also stir up sediments. 

Third, operation of the canal requires continual dredging, which has significantly 

expanded in the past five years as part of the recently completed expansion of 

the Panama Canal [106]. Together, these factors have resulted in a strong 

turbidity gradient in Lake Gatun, with increasingly turbid waters as you approach 

the navigable sections of the water-way. The goal of our study was to analyze 

the visual system of C. monoculus and its adaptability to the variable light 

environment of Lake Gatun. Through genetic and physiological experiments we 

evaluated whether the visual system of C. monoculus changes across the above-

mentioned turbidity gradient. 
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3.3 Materials and Methods  

3.3.1 Study site and sample collection  

Our sampling was conducted around Barro Colorado Island (BCI) in Lake Gatun 

(Fig. 3.1). One side of the island abuts the navigable channel of the Panama 

Canal and the water is very turbid, whereas the other side of the island lies within 

the protected Barro Colorado Natural Monument, and the water is very clear 

(Sharpe, Escobar-Camacho, personal observation). Turbidity affects light 

intensity but does not necessarily shift spectral wavelengths. However, the 

different types of suspended particles present in the Panama Canal absorb much 

of the short-wavelength light casuing turbid waters to be long-wavelength shifted. 

Throughout the article, we will refer to turbid waters as environments with 

decreased light intensity shifted to longer wavelengths. 

 

Fish were captured from July to August of 2016 using fishing lines with non-live 

bait. We collected 25 specimens of Cichla monoculus Agassiz 1831 from 

different sites around BCI in Lake Gatun (Table S1A-B). All fish were brought 

back to the BCI Smithsonian Tropical Research Institute (STRI) station and 

euthanized using a lethal dose of buffered MS-222 to ensure minimal suffering. 

Light measurements were taken at several sites (including the ones where fish 

were captured) at depths down to three meters.  
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Sampling permits were in accordance with the Panamanian laws of 

environmental protection (wild collection permits from Ministerio de Ambiente de 

Panamá, MiAmbiente, permit nos. SE/A-99-16 and SC/A-19-17). Fish were 

handled following the STRI IACUC protocol (#2014-0901-2017-A3). 

 

3.3.2 Experimental set up 

All fish were brought back to the BCI research station, and then used in one of 

the following ways. First, five individuals (three from clear water, two from turbid 

water) were killed immediately for RNA sampling. Second, 16 fish (nine from 

clear water, and seven from turbid water) were used for MSP. In addition, four 

fish captured in turbid waters were kept in clear outdoor glass tanks at Naos 

Research Laboratories, STRI (Panama), for 6 months, after which their retinas 

were analyzed by MSP (Table S1B). This longer-term acclimation experiment 

was performed because cichlid visual systems have been shown to be plastic 

[80,107–109]. In this study, we classified our samples as clear, turbid and six-

month treated fish.  

 

3.3.3 Spectral measurements 

To characterize environmental light, we measured downward light intensity in 

nine localities around BCI (Fig. 3.1), which were selected a priori to cover a 

suspected turbidity gradient. Downward light intensity was measured in each 

locality with a 1000µm fiber with a fiber-optic spectrometer based on an Ocean 

Optics USB2000 (Dunedin,FL,USA). We took five replicate measurements at the 
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subsurface, and at 1,2 and 3 m depth on days of bright sunshine. In addition, we 

also collected measurements of side-welling irradiance and radiance in two 

localities (a turbid and a clear site respectively). For irradiance measurements, 

the fiber was fitted with a cosine corrector (CC-3).  

 

We also characterized the light-transmission of C. monoculus’ ocular media. 

Lens and cornea transmission were measured by placing the isolated cichlid lens 

or cornea on a UV-transparent cover slip, which was illuminated from above by a 

fiber optic cable attached to a pulsed xenon light source (PX-2, Ocean Optics). 

Another fiber optic cable was placed directly under the specimen and delivered 

the signal to the spectrometer. Five replicate measurements were made. The 

resulting spectral scans were normalized to 100% transmission at 700 nm. 

Finally, we quantified the T50 values (i.e. the wavelength at which 50% 

transmission is reached) 
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Figure 3.1. Map showing the light sampling localities around Barro 
Colorado Island (BCI) in Lake Gatun, Panama Canal. Black circles indicate 
each light sampling locality, and the dashed line indicates the water-way of boats 
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in the Panama canal. Numbers next to locality names indicate the wavelength of 
peak intensity (λmax) for each locality at one meter depth.  
 

3.3.4 Microspectrophotometry (MSP) 

In order to identify the peak of maximum sensitivity of C. monoculus’ 

photopigments under different light conditions, we performed MSP on wild-

caught fish from three different light conditions: clear-water, turbid-water and six-

month treated fish.  

 

Each fish was dark-adapted for at least 2 hrs, after which it was killed with an 

overdose of buffered MS222. Eyes were enucleated under a dissecting scope in 

dim deep red light. The retina was removed and transferred to a PBS solution 

containing 6.0% sucrose (Sigma-Aldrich). A small piece of retina was cut out and 

placed on a glass cover slip in a drop of solution, then delicately macerated with 

razor blades. The preparation was covered with a second glass cover slip and 

sealed with high-vacuum silicone grease (Dow Corning).  

 

Spectral absorbance was measured with a computer-controlled single-beam 

micro-spectrophotometer fitted with quartz optics and a 100W quartz-halogen 

lamp. Baseline records were taken by averaging a scan from 750nm to 350nm 

and a second in the opposite direction, through a clear area of the preparation 

and in proximity to the photoreceptor of interest. A record of the visual cell was 

then obtained by scanning with the MSP beam through the photoreceptor outer 

segment. Finally, the cell’s absorption spectrum was obtained by subtracting the 
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baseline record. A custom-designed spectral analysis program (Loew et al. 

unpublished) was used to determine λmax from absorbance records using existing 

templates [110,111]. Individual spectra were smoothed with a nine-point adjacent 

averaging function and the resulting curves were differentiated to obtain a 

preliminary maximum value. This was used to normalize curves to zero at the 

baseline on the long wavelength limb and to one at the maximum value. 

Whitmore and Bowmaker’s (1989) relationship (Eqn 1) was used to recursively fit 

the observed (normalized) absorption spectra to curves resulting from 

combinations of different proportions of pure Vitamin A1 and corresponding pure 

Vitamin A2 nomograms [112] (Fig. S1, Appendix B): 

 

Eqn 1        λmaxA1 = (λmaxA2 - 250) 0.4 * 52.5 

 

Retina preparation for MSP proved to be challenging because of a particularly 

dense vitreous humor and thick pigment epithelium that required extensive 

careful manipulation, often causing detachment of the cones’ outer segments. 

For this reason, we could not collect a sufficient number of cone records per 

individual to allow a satisfactory between-environment comparison. We were, 

nevertheless, able to characterize cone sensitivities for each spectral class and 

numerous rod records for analysis. A non-parametric ANOVA on ranks (Kruskal-

Wallis test) followed by a pairwise Wilcoxon test were used to compare rod 

spectral absorbances (λmax) between fish from different groups. 
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3.3.4 RNA seq and opsin gene expression analysis 

For RNA sequencing (RNA-Seq), fish were euthanized with buffered MS-222. 

Three individuals from clear-water and two fish from turbid-water were used for  

RNA-Seq. Fish eyes were enucleated and the retinas were dissected out and 

preserved in RNAlater. For RNA-Seq, we used both eyes from two of the five 

fish, resulting in a total of seven samples for transcriptome analysis. Total RNA 

was extracted with an RNeasy kit (Qiagen), and RNA quality was verified on an 

Agilent Bioanalyzer. RNA-Seq libraries were prepared using the Illumina TruSeq 

RNA library preparation kit (Illumina Inc, San Diego, CA, USA) by the University 

of Maryland Institute for Bioscience & Biotechnology Research sequencing core, 

obtaining 100-bp paired-end reads with all samples multiplexed in one lane of an 

Illumina HiSeq1500 sequencer. The data were quality-checked using FastQC 

version 0.10.1 to remove over-represented sequences and to retain sequences 

with a minimum quality score of 20 and a minimum length of 80 bp. The seven 

transcriptomes were combined in order to obtain a single de-novo assembly. This 

was performed with Trinity version r20140413 [50] using only paired sequences 

with a minimum coverage of two to join contigs. 

 

For estimating gene expression, reads from each sample were mapped back to 

the de-novo assembled transcriptome using RSEM, part of the Trinity package  

[50]. We wanted to examine whether there were differences in gene expression 

that might alter the visual sensitivities between clear and turbid water fish, 

including opsins or genes responsible for A2 chromophore synthesis. In order to 
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analyze the opsins, read counts from each opsin class were extracted from the 

RSEM output (quantified as fragments per kilobase of transcript per million 

reads, FPKM) and then normalized to the β-actin gene. Because the RH2A 

duplicates are a product of gene duplication followed by gene conversion [113], 

we mapped back the reads only to the first 140 bp of the the first exon in order to 

obtain an estimate of expression of each RH2A paralog.  

 

To examine other genes differentially expressed between samples, we 

performed a differential gene expression analysis using the RSEM output from 

each sample. This analysis was done with the Bioconductor package DESeq2 

implemented in R. We used a one-factor design (levels: clear vs turbid) to 

analyze all samples. We only considered genes with a sufficient number of 

mapped reads (FPKM >10)  for the analysis. 

 

3.3.5 Opsin sequence analysis 

In order to expand our understanding of opsin genes in C. monoculus, we 

analyzed the opsin gene complement in the genome of Cichla vazzoleri. For this 

species, the samples were analyzed under the guidelines of Sao Paulo State 

University IACUC (Protocol no 34/08-CEEA/IBB/UNESP). See methods in 

Escobar-Camacho et al. (2017) for genome analysis. 

 

Putative opsin sequences were identified from transcriptome assembled FASTA 

files of C. monoculus. We searched for opsin sequences using Tblastx and 
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queried with cichlid opsin genes from Oreochromis niloticus. If sequences were 

not found in C. monoculus’ transcriptome, we looked in the genome of C. 

vazzoleri. Opsin class identity was confirmed based on phylogenetic 

relationships of the opsin sequences from other teleost lineages obtained from 

Gen-Bank. We used MAFFT to align nuleotide sequences and PartitionFinder to 

find the best partioning scheme and molecular evolution model [114]. Maximum 

likelihood analyses were conducted using Garli (version 2.0). These included a 

best tree search with 40 replicates and 2000 bootstrap replicates to evaluate 

nodal support. 

 

We also aligned C. monoculus opsin sequences of each opsin class with bovine 

rhodopsin, tilapia (O. niloticus) and four other Neotropical cichlids (Astronostus 

ocellatus, Symphysodon discus, and Pterophylum scalare [113], and Crenicichla 

frenata [42]), to identify potential spectral tuning sites. The alignments were 

analyzed to identify amino acids substitutions that fell in putative transmembrane 

regions and in the retinal binding pocket facing the chromophore. (See Escobar-

Camacho et al 2017). We excluded opsin sequences from C. vazzoleri in this 

analysis because they were almost identical to C. monoculus and because 

sequences such as RH2A opsin were incomplete owing to genome mis-

assemblies. 
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3.4 Results 

3.4.1 Light environment in Lake Gatun 

We measured downward light intensity from nine localities around BCI (Table 

S1C). Light diffuse attenuation was greater at sites close to the Panama Canal 

waterway than in clear water sites away from the canal. For example, light is best 

transmitted in localities near Gigante (clear) and more strongly attenuated in 

localities near the canal (turbid) (Fig. 3.2), where light intensity decreases greatly 

with depth. In general, the dominant wavelengths in Lake Gatun lie between 500 

and 600 nm in both turbid and clear sites (Fig. 3.2). Short wavelengths around 

400 nm appear to be transmitted only in clear water sites towards the western 

part of Barro Colorado Island reserve. The island seems to partially shelter these 

locations from turbid plumes from the main canal waterway. 

 
Figure 3.2.  Underwater light environment variation around Barro Colorado 
Island. Downward light intensity at (A) Gigante1 (a clear site) and (B) Canal2 (a 
turbid site). 
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3.4.2 Ocular media 

The cornea of C. monoculus is UV transmissive with a T50 cutoff around 378 nm 

(mean = 377.56 nm, range 368-383 nm, n=8). This cut-off differed slightly 

between ‘clear’ and ‘turbid’ water sites (376 and 379.5 nm, respectively, Fig. 

3.3A) but the difference was not significant (t5,4 = 0.303, df=7, two-tailed p = 

0.334). Cichla monoculus exhibits UV blocking lenses with transmission yielding 

a T50 cut-off of approximately 409 nm (clear sites individuals: mean = 408.94 nm; 

s.d. = 1.055, range = 406-410 nm; turbid sites individuals: mean 410.1 nm; s.d. = 

2.15, range = 407-414 nm; Fig. 3.3B, Table S1D). There was no difference in 

lens transmission between individuals caught in turbid vs clear light 

environments. 

 

During field work, we realized that the temporal region of the cornea was yellow 

(Fig. 3.3C-D). Transmission measurements showed that this region transmits 

light differently than other regions of the cornea, with three cut-off peaks at 385, 

462, and 486nm (Fig. 3.3C). This reduces the amount of blue light reaching the 

eye and perhaps acts as a sun shade to reduce scattered light. 
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Figure 3.3. Ocular media transmission measurements in Cichla monoculus. 
(A) Cornea transmission spectrum of C. monoculus sampled in clear and turbid 
waters. (B) UV-blocking lens transmission spectrum from C. monoculus (n=16). 
(C) Transmission spectrum of the yellow region (n=4). (D) Dissected corneae of 
C. monoculus. Note the yellow pigmentation in the top region.  
 

3.4.3 Visual sensitivities of Cichla monoculus 

MSP of rods in C. monoculus revealed remarkable variation in peak absorbances 

(λmax), ranging from 496 to 531 nm (n=271 records) (Table 3.1, Fig. 3.4A, Fig. 

S2A, Appendix B), suggesting variable mixtures of vitamin A1 and A2. Fish from 

clear water sites had greater variation in rod spectral sensitivities whereas turbid-

water and six-month treatment fish exhibited less variation (Fig. 3.4A). Rod 

spectral sensitivities were significantly different between fish from different 

locations (Kruskal-Wallis rank sum test, p <2.2e-16; Wilcoxon rank sum test, p 

<2e-16 and p<2e-16, respectively) (Fig. 3.4C). Becuause vitamin A2 shifts visual 
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sensitivity to longer regions of the spectrum, our results suggest that turbid water 

fish had higher proportions of vitamin A2 (Fig. 3.4B). In addition, individuals 

collected at a turbid water site, and kept in clear water under natural light 

conditions for six months, exhibited significantly shorter rod peak absorbances 

(λmax) than non-treated individuals from the same site, a shift consistent with 

higher levels of vitamin A1 (Fig. 3.4A-B).  

 

Table 3.1. Range of cone and rod visual pigment peak sensitivities (λmax) 
measured in C. monoculus with micro-spectrophotometry. Vitamin A1 proportion 
was estimated from the reference 100% A1 nomograms and the corresponding 
100% A2 nomograms obtained from Whitmore & Bowmaker’s (1989) equation 
(see main text). 
 Putative opsin 
Peak sensitivities SWS2B SWS2A RH2Aβ RH2Aα LWS RH1 
λmax (MSP) 419-431 480-491 524-543 530-575 575-605 496-531 
Reference λmaxA1 420±5 477±1 517±1 528±2 559±1 498±2 
Reference λmaxA2 430±6 499±1 555±2 571±3 620±2 527±3 
 

We identified five different photoreceptor classes (Table 3.1), which is consistent 

with the number of opsin genes C. monoculus expresses: SWS2B, SWS2A, 

RH2Aβ, RH2Aα and LWS (see below). Within individuals, their vitamin A1 content 

was consistent with the A1 content of the corresponding rod. 

 

For single-cone photoreceptors, MSP identified two types based on pure vitamin 

A1, one sensitive to the violet (λmax=419-431 nm, N=2), with the other sensitive to 

the blue/blue-green (λmax=480-491 nm, N=5). For double-cone photoreceptors 

we identified three types, a short-green (λmax=524-543 nm, N=9), a long-green 
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(λmax=530-575 nm, N=10), and a yellow-red (λmax=575-605 nm, N=3) visual 

pigment (Fig. S2B, Appendix B). The variation in the cones’ MSP λmax is 

indicative of the presence of A1/A2 mixtures. 

 
Figure 3.4. Rod spectral sensitivity variation. (A) Maximum absorbance of 
rods from 20 individuals from sites with different underwater light spectrum. (B) 
Proportion of vitamin A1 estimated from rods λmax in 20 individuals. Error bars 
denote one standard deviation of all the recordings. Filled squares, circles and 
triangles denote samples from clear water, turbid water, and the six-months 
treatment respectively. (C) Boxplots showing the rod spectral sensitivities of 
samples from different groups. 
 

3.4.4 Opsin gene characterization and sequence analysis 

RNA samples showed good quality based on the Agilent Bioanalyzer RIN (RNA 

integrity number varied between 8 and 9.20). The retinal transcriptomes obtained 

by multiplexing all samples in one lane provided sufficient data to assemble and 

quantify opsin transcripts. Total reads per sample varied from 24.09 to 29.33 M, 

and after trimming from 18.21 to 22.04 M. 
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We isolated five cone opsins from the retinal transcripts of C. monoculus - 

SWS2B, SWS2A, RH2Aβ, RH2Aα and LWS - as well as a rod opsin, RH1. Most 

of the opsins were complete except for SWS2B, which had lower transcript 

abundance than the others. Cichlids are known to have a single SWS2B copy, 

and we were able to generate a complete SWS2B sequence by assembling 

individual transcripts into a consensus SWS2B sequence. We further isolated six 

opsins from the genome assembly of C. vazzoleri (SWS1, SWS2B, SWS2A, 

RH2Aβ, RH2Aα and LWS). 

 

The maximum likelihood tree with other neotropical cichlid species confirmed the 

opsin classes of Cichla spp: SWS1, SWS2B, SWS2A, RH2A, LWS and RH1 

(Fig. S3A, Appendix B). The cichlid opsin lineages are reciprocally monophyletic 

between New World and African lineages, with Neotropical cichlid opsins placed 

as sister group to the respective African cichlid orthologs in all opsins classes 

(Fig. S3A, Appendix B). We did not find SWS1 and RH2B opsins in the 

expressed transcripts for C. monoculus, hence we do not know whether those 

genes are functional or whether they have been lost in the genome. In addition, 

we did not recover RH2B in C. vazzoleri, but we found what seems to be a 

SWS1 pseudogene in this species, as suggested by the presence of several 

indels. 

 

Comparisons between Oreochromis niloticus and Cichla monoculus opsin 

sequences (Table S1E, Appendix B) revealed evidence of amino acid changes 
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that might shift visual pigment absorbance. Within the transmembrane region of 

the opsin molecule, the greatest diversity was observed in the SWS2B opsin 

class, with 23 variable transmembrane sites, with seven of these occurring in the 

retinal binding pocket and two (V46F, G109A) at known tuning sites (Table 3.2, 

Fig. S3B, S1F, Appendix B). Other opsins also showed variable diversity, 

including LWS, RH1 and SWS2A with 17, 17 and 12 variable transmembrane 

sites, respectively (Table 3.2). However, when we combine C. monoculus 

sequences with other Neotropical cichlid species, the SWS2A opsin shows the 

highest variability followed closely by SWS2B (Table 3.3, Fig. S4C, Appendix B). 

 

Table 3.2. Amino acid substitutions between C. monoculus and Oreochromis 
niloticus 
  Opsin gene 
Location and properties SWS2B SWS2A RH2Aβ RH2Aα LWS RH1 
Transmembrane sites 23 12 12 11 17 17 
Binding pockets sites 7 3 1 1 3 4 
Known tuning site 2 1 0 0 0 2 
Polarity change  4 3 3	 2 5 5 
 
 
 
Table 3.3.  Amino acid substitution variation between neotropical cichlids 
(Astronotus ocellatus, Symphysodon discus, Pterophylum scalare and 
Crenicichla frenata) 
 Opsin gene 
Location and properties SWS2B SWS2A RH2Aβ LWS RH1 
Transmembrane sites 32 38 28 34 23 
Binding pockets sites 7 7 5 7 4 
Known tuning site 3 3 0 1 2 
Polarity change 7 13 4	 9 7 
Variable sites 19 34 25	 26 14 
†Because there is no complete sequence of RH2Aα opsin, it has been omitted 
from this comparison. 
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3.4.5 Gene expression 

Color vision in C. monoculus is based mainly on the expression of SWS2A,  

RH2Aβ, and LWS, 7.6, 8.2 and 82.3%, respectively (Fig. 3.5A,B). The most 

expressed single-cone pigment was SWS2A while the most expressed double-

cone pigment was the LWS opsin. SWS2B and RH2Aα accounted for <5% of 

expressed cone opsins in all samples. RH1 was the most highly expressed visual 

pigment in all samples (Fig. 3.5C). All samples expressed the same opsins. 
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Figure 3.5. Opsin and Cyp27c1 expression. (A) Relative cone opsin 
expression profile of C. monoculus samples normalized to the β-actin gene. (B) 
Relative cone opsin expression of C. monoculus based on FPKM values 
(fragments per kilobase of transcript per million reads). (C) Normalized opsin 
expression as total FPKM values. (D) Opsin expression of seven C. monoculus 
samples. Opsin expression values were normalized to the β-actin gene. Each 
opsin class is specified (colored circles). (E) Gene expression of Cyp27c1 based 
on FPKM counts and (F) Cyp27c1 expression normalized to β-actin gene (gray 
circles). Dashed line separates samples from different sites (clear vs turbid). 
Light circles denote samples from clear waters whereas dark circles denote 
samples from turbid water sites. Black borders denote duplicates from a single 
fish and bigger circles are used to reveal overlapping data points.  
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Opsin expression determined from RNA-Seq data showed considerable variation 

amongst individuals. This remained true even when gene expression was 

normalized to a house keeping gene such as β-actin. Considering the individual 

variation, there was no evidence for differences in opsin gene expression 

between samples from different light environments (Fig. 3.5D). The substantial 

differences in visual pigment peak sensitivities highlighted by the MSP analysis 

suggest variability in chromophore use with the relative A1/A2 proportion 

potentially changing rapidly in response to underwater light conditions. Therefore, 

we examined the retinal transcripts for expression of Cyp27c1, a zebrafish-gene 

involved in the synthesis of vitamin A2 from A1 [115]. However, this gene was not 

differentially expressed between localities (Fig. 3.5E-F).  

 

We performed a more global analysis of differential gene expression across all 

genes in the retinal transcriptomes and compared individuals sampled from clear 

versus turbid sites. A DESeq2 two-factor analysis detected 36 genes as being 

differentially expressed between clear and turbid water fish, with more genes (31) 

been upregulated in turbid-water samples and just five being upregulated in 

clear-water samples (Table S1G, Appendix B). 
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3.5 Discussion 

3.5.1. Visual system adaptation 

We have shown that the visual system of C. monoculus exhibits remarkable 

plasticity, which appears to be mediated predominantly by variation in 

chromophore content. Overall, the visual system of C. monoculus adapts to Lake 

Gatun’s environment by four main mechanisms: (1) filtering  wavelength 

scattered light (~400 nm) with ocular filters, (2) tuning visual sensitivities to the 

available light throughout opsin gene expression, (3) increasing the proportion of 

vitamin A2 in its photoreceptors, making sensitivities more red-shifted as 

necessary, and (4) changing gene expression in the retina as a response to 

environmental stressors such as turbidity. The plasticity of their visual system 

has probably enabled fast adaptation to this changing environment because C. 

monoculus is a voracious predator that relies primarily on vision.  Indeed, it has 

been suggested that their hunting strategies are among the traits that make 

Cichla spp successful invaders [116]. Furthermore, C. monoculus might benefit 

from changes in gene expression as these changes provide intraspecific 

phenotypic variation, facilitating visual function across the diverse light 

environments found in the lake. 

 

3.5.2 Spectral measurements 

Light environment in the Panama canal 
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Through spectral measurements, we describe for the first time the light 

environment of Lake Gatun. There is great variability in light transmission 

throughout Lake Gatun, which is greatly influenced by activities in the canal. 

There are high concentrations of suspended sediments in Lake Gatun owing to 

the daily transit of all types of boats, rainwater runoff, and water incursion from 

the locks. The amount of suspended particles seems to follow the Panama Canal 

transit path because in our measurements we saw a pattern consistent with this 

trend (Fig. 3.1-2). Attenuation increases at sites close to the canal water-way 

including Canal2 and 3, Miller, Peña Blanca and the BCI Dock, whereas it is 

lower at sites that remain undisturbed by the canal activity, such as Gigante1, 2 

and 3 (Table S1C, Appendix B). Although our measurements were taken at a 

specific time of year and so might be subject to temporal variation, these 

measurements follow a turbidity-gradient pattern that has been characterized by 

Secchi disc measurements around Lake Gatun (Sharpe et al., unpublished). 

Overall, our spectral measurements suggest that fish inhabit a wide range of light 

environments within Lake Gatun. Some of these are strongly impacted by 

turbidity, which could negatively affect visual perception. Particularly, turbid sites 

seem to be detrimental for contrast detection owing to the increased light-

scattering and light-absorption by suspended particles, which causes light to 

become very dim as depth increases. 

 

Although Lake Gatun has an artificial origin, our measurements are in agreement 

with previous studies that have quantified the light environment of fresh-water 
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neotropical ecosystems such as Lake Managua, (Nicaragua) [117] and rivers 

from the Amazon [118], which are characterized by being long-wavelength-

shifted environments. 

 

Ocular media of C. monoculus. 

The ocular media transmission from C. monoculus follows a similar pattern 

similar to that of other neotropical and African cichlids [12,117]. Even though the 

cornea is UV transmissive, all lenses proved to be UV-blocking (Fig. 3.3A-B). 

The presence of a yellow-pigmented region in the cornea and the UV-blocking 

nature of the lenses indicates that the visual system of C. monoculus specifically 

filters short wavelengths (<400 nm), reducing the loss of acuity caused by the 

aberration of violet and blue wavelengths, likely a major source of visual noise in 

the turbid waters of Lake Gatun, and thus, improving visual resolution. 

Furthermore, the yellow region in the cornea also filters much of the blue light 

(<486nm) (Fig. 3.3C); this might be useful for improving contrast by filtering out 

the “veiling brightness” (diffused blue light) found in the near-surface of the water 

column [119]. The presence of yellow filters in C. monoculus is not surprising 

given its Amazonian origin and the fact that similar adaptations have been 

reported for several Amazonian fish (Muntz 1973, 1982; Escobar-Camacho et al, 

2017). These filters are suggested to act as an adaptation to long-wavelength 

shifted environments, thereby contributing to the ability of C. monoculus to adapt 

well to Lake Gatun. 
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3.5.3 Microspectrophotometry 

Photoreceptor spectral sensitivities and vitamin A1/A2  

The peak rod spectral sensitivities in C. monoculus (496-531 nm) are in 

concordance with those found for other neotropical cichlids (Table S1H, 

Appendix B). The range in peak absorbance implies extreme variation in A1/A2 

chromophore combinations, which seem to change according to the light 

environment the fish live in. Chromophore shifts are plastic and respond to the 

light environment. Fish sampled from turbid waters exhibited long- wavelength 

shifted spectral sensitivities with average peak absorbances (λmax) between 514 

and 523 nm when first sampled, whereas six-month treatment fish exhibited 

shorter wavelength-shifted sensitivities, with λmax between 500 and 511 nm (Fig. 

3.4, Fig. S2A, Appendix B). Furthermore, turbid water and six-month treatment 

fish had a somewhat narrower set of spectral sensitivities (Fig. 3.4A-C) when 

compared with individuals collected in clear water. The variation in MSP from 

clear waters may be explained by fish movement within Lake Gatun. It is possible 

that fish collected from clear water might have migrated from turbid to clear 

waters relatively recently before sampling took place, however, this might 

suggest that fish from turbid waters change their A1/A2 ratio at a slower rate when 

they migrate to clear water sites. Another possibility is that clear water fish MSP 

variation could be a product of each fish’s spectral tuning mechanisms in order to 

optimize their visual perception owing to their location in the water colum. For 

example, fish living below two meters in clear waters would still need long-



 

 70 
 

wavelength sensitivities because short-wavelengths are lost below one meter 

depth.  

 

Cichla monoculus spectral cone classes are similar to those reported for the 

Midas cichlid [117], but both are different from what has been suggested for 

neotropical cichlids, as previous studies described only three visual pigments 

(Table S1H, Appendix B). The cone spectral sensitivities of C. monoculus 

suggest that this species could potentially be tetrachromatic or pentachromatic, 

as we detected five different classes of photoreceptors (Fig. S2B, Appendix B). 

Notably, given the absence of an RH2B cone class, the blue cone appears to be 

particularly long-wavelength-shifted compared with that in the Midas cichlid (477 

vs 450 nm). However, long-wavelength-shifted blue cones have been reported 

for neotropical cichlids, namely in Crenicichla frenata, Pterophyllum sp, and 

Neetroplus nematopus (Table S1H, Appendix B). Similarly, the short-green 

(RH2Aβ) pigment differs from the one reported for the Midas cichlid (518 vs 509 

nm) but is similar to the one found for African cichlids O. niloticus and 

Metriaclima zebra (518 vs 518/519 nm). These differences between C. 

monoculus and other Neotropical cichlids are the complex result of variation in 

chromophore usage and the accumulation of amino acid substitutions in several 

opsin genes. 

 

3.5.4 Transcriptome analysis 

Opsin genes from C. monoculus 
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Through transcriptome analysis we have isolated the opsin complement of C. 

monoculus. The opsin complement of this species is similar to that found for 

other South American cichlids [113]. The absence of RH2B and SWS1 opsins in 

the transcriptome indicates that the inactivation of these genes has happened 

repeatedly among Neotropical cichlids [42,113]. This inactivation may occur by 

suppressing their expression, but may eventually result in pseudogenization. This 

was confirmed by analysis of the genome of C. vazzoleri, which revealed a 

SWS1 pseudogene and the loss of the RH2B opsin.  

 

When building phylogenetic trees of opsin genes, we observed that the opsins of 

C. monoculus were placed in the neotropical cichlid clade as expected, yet their 

position in the neotropical cichlid clade varied (Fig. S3A, Appendix B). For the 

SWS2B opsin class, Cichla spp. held the most basal position which is consistent 

with previous research where Cichlini (Cichla) diverges basally before Astronotini 

(Astronotus) and Heroini (Pterophyllum and Symphysodon) [69]. However, there 

is phylogenetic discordance between the position of the other Cichla opsin 

classes (SWS1, SWS2A, RH2A, LWS and RH1) and Neotropical cichlid 

phylogenetic relationships. One possibility is that this disagreement could be the 

product of the mutational saturation of amino acid sequences. Furthermore, 

several of the opsin class clades exhibit low support. 

 

Analysis of opsin amino acid sequence variation revealed that SWS2B is the 

opsin gene with the most substitution variation in C. monoculus (Table 3.2, Fig. 
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S3B, Appendix B). Amino acid changes in the SWS2B sequence could be the 

result of selection changing the spectral and/or nonspectral aspect of SWS2B 

function. This gene has been suggested to be under positive selection in the 

Trinidadian pike (Crenicichla frenata) [42]. However, when amino acid variation 

was analyzed between the opsin-set of five Neotropical cichlids, SWS2A showed 

the highest variation, similar to previous findings [113] (Table 3.3, Fig. S3C, 

Appendix B). Both SWS2B and SWS2A in Neotropical cichlids may be under 

strong selection to optimize visual perception in long-wavelength-shifted 

environments [42,43,86,87,113]. In addition, it has been shown that opsin amino 

acid substitutions in Neotropical cichlids improve opsin kinetics. For example, 

RH1 in C. monoculus has a D83N (Table S1E, Appendix B) substitution, which 

has been suggested to slow down the decay rate of the rhodopsin, which 

improves visual sensitivity in dim light conditions [121]. 

 
Opsin gene and Cyp27c1 expression   

Cone opsin expression of C. monoculus is dominated by long wavelength-

sensitive pigments and, to a lesser extent by SWS2A and RH2Aβ, a pattern 

similar to that of other neotropical cichlids [42,113,117]. This opsin expression 

profile is optimal for red-shifted light environments because the double cone 

spectral sensitivities match the available light (Fig. S2C, Appendix B). Although 

C. monoculus exhibited individual variation in opsin expression, we did not detect 

any significant correlation with the underwater light conditions at collection sites 

(Fig. 3.5D). Thus, we can not conclude whether there is opsin expression 

plasticity in C. monoculus. More studies analyzing changes of opsin expression 
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in adults and through developmental series are necessary. To date, different 

cichlid species have been found to exhibit gene expression plasticity at the adult 

stage or no adult plasticity at all [73,107–109]. Our results could also be masked 

by sampling effort because we do not have a large set of samples.  

 

Similarly, although we measured large differences in spectral sensitivity between 

individuals from clear and turbid sites, and successfully experimentally 

manipulated such sensitivities by treating turbid water individuals in clear water 

conditions, we did not observe covariation between turbidity and the expression 

of Cyp27c1. This enzyme has been shown to convert vitamin A1 into vitamin A2 in 

the retinal pigment epithelium of zebrafish where the proportion of A2 is positively 

related with its expression [115]. In C. monoculus, we found a functional copy of 

Cyp27c1, however, turbid water fish exhibited low levels of Cyp27c1 expression 

when compared with clearwater fish samples (Fig. 3.5E-F). This is surprising in 

light of our rod MSP results, which support more A2-based visual pigments in 

turbid water individuals (Fig. 3.4). We hypothesize two possible explanations. 

First, our samples in particular may not show high levels of Cyp27c1 expression 

owing to a sampling problem. Notably, the samples used for transcriptomes were 

not the same samples analyzed for MSP. Second, the conversion of A1 to A2 

could be controlled by another gene in cichlids. We found other genes highly 

similar to Cyp27c1 in the transcriptomes. All of these genes belong to the 

Cytochrome P450 superfamily in teleosts (Fig S4A, Appendix B). Although their 

expression also varied between samples (Fig S4B, Appendix B), it was very low 
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and did not show any correlation with habitat lighting. Hence, more experiments 

are needed to unravel the relationship between Cyp27c1 expression and 

proportions of A1-A2 in the cichlid retina. 

 

Differential gene expression in the C. monoculus retina 

Considering more global analyses of differential retinal gene expression, our 

results show that there are differences in gene expression of a number of genes 

in the C. monoculus’ retina. DESeq analysis suggests that fish differentially 

expressed genes between clear- and turbid-water, including genes that vary 

greatly in function. Genes that were upregulated in clear-water samples are 

involved in the oxidation of cortisol, preventing apoptosis, neutrofil regulation and 

intracellular trafficking (see Table S1G, Appendix B). Interestingly, RDH8,	a key 

enzyme in visual pigment regeneration, was found to be upregulated in clear-

water samples (Table S1G, Appendix B). This suggests that fish from clear 

environments may exhibit a faster regeneration rate of visual pigment owing to 

greater light exposure. Furthermore, individuals from turbid waters exhibited up-

regulation of genes involved in transposition, anti-inflammatory processes, and 

production of collagen. The pattern that seems to emerge is one of elevated 

stress in fish living in turbid sites in Lake Gatun. Individuals over-expressed 

genes involved in optimal immune and anti-inflammatory response (ORM1 and 

ANXA1, respectively); genes involved in neuroblast differentiation (AHNAK), and 

genes favoring bloodstream circulation (HBB, HBAA, HBAB and PDFGFRL), 

perhaps in response to low dissolved oxygen conditions. Interestingly, the gene 
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TCB1, known to be involved in the transposition of transposable elements (TEs), 

was also found to be upregulated in turbid-water samples, perhaps indicating that 

turbid-water fish are under risk of developing mutations as a result of TE 

insertions. While generally detrimental, TEs might contribute to the generation of 

the standing variation facilitating invasions as suggested for other species 

[122,123]. Differentially expressed genes may be relevant to the success C. 

monoculus as an invasive species in Lake Gatun. Indeed, it has been suggested 

that invasive species can have shifted expression of genes that provide 

physiological advantages in different environments enabling their adaptation and 

hence, invasion success [124–127]. 

 

Invasive species will only be successful if they have mechanisms for rapidly 

adapting to novel habitats. Here we have documented several mechanisms that 

enable the visual system of C. monoculus to be particularly efficient in the 

temporally and spatially fluctuating turbidity of Lake Gatun. Its long-wavelength-

shifted opsin palette combined with variable chromophore usage pushes its 

photoreceptor sensitivity to match the prevalent underwater spectrum, optimizing 

contrast detection in low light intensity and high scatter, even at relatively large 

distances. Furthermore, exceptionally large individual differences in rod spectral 

sensitivities correlate with local light conditions and appear to be mainly driven by 

plasticity in chromophore use rather than cone expression variation. Finally, 

these mechanisms of spectral tuning are accompanied by differential gene 

expression in the retina, where several genes are being upregulated and 
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downregulated, and this varies within the same population. Overall, even though 

these mechanisms may occur naturally in the Amazon basin, they exhibit 

intraspecific variation, which is key for phenotypic plasticity and, hence, the 

invasive potential of C. monoculus. Unfortunately, this invasion has been at the 

expense of other fish as the introduction of C. monoculus has likely extirpated 

several native fish species in the process [104]. 
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4.1 Abstract 

One of the aims of evolutionary biology is to understand the origins and 

adaptations of animal sensory systems, as they provide channels to gather 

information from the surrounding environment. Among sensory channels vision 

represents a model to study evolution given the genotype-to-phenotype-map that 

has been characterized in a number of taxa. Because fish exhibit a remarkable 

range of visual sensitivities and adaptations to underwater light, this makes them 

an ideal group to study visual system evolution. In this study, through molecular 

and electrophysiological experiments, we have characterized the visual system 

of neotropical Characiformes. Transcriptome and genome analysis revealed 

three cone opsin classes (SWS2, RH2, LWS) and a rod opsin (RH1). However, 

their entire opsin gene repertoire is a product of complex evolutionary dynamics 

characterized by opsin gene loss (SWS1, RH2) and opsin gene duplications 

(LWS, RH1). The LWS-duplicates are a product of the teleost specific whole-

genome duplication and from characin-specific duplication events. Through 

amino acid substitution, these LWS paralogs have acquired spectral sensitivity to 

green light. They also exhibit gene conversion, and have variable codons in key 

tuning sites leading to reversion and parallel evolution. In addition, the SWS2- 

and RH1-opsin exhibit spectral shifts and changes in gene expression, 

respectively.  

 

Furthermore, characins possess a diverse set of spectral sensitivities, which is 

the result of several spectral tuning mechanisms acting in concert. These are 
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mainly opsin sequence variation, opsin gene loss and duplication, opsin gene 

expression, and A1/A2 chromophore tuning. This study shows how studying 

speciose, understudied groups, provides a unique opportunity to better 

understand opsin gene evolution, particularly, opsin gene neofunctionalization. 

 

4.2 Introduction 

Vision is an important sensory channel as it allows organisms to obtain 

information from the environment. In vertebrates, vision starts when light reaches 

the retina and it is detected by rod (night vision) and cone (diurnal vision) 

photoreceptors. Photoreceptors are packed with visual pigments which are 

composed by an apoprotein, the opsin, and a light-sensitive molecule, the 

chromophore [6,7]. Opsins consist of seven α-helices where the transmembrane 

regions enclose a ligand-binding pocket with a light sensitive chromophore, 11-

cis retinal [7]. There can be multiple cone types containing different visual 

pigments that absorb light maximally in different parts of the wavelength 

spectrum.  

 

There are four classes of cone pigments encoded by opsin gene families among 

vertebrates: a short-wave class (SWS1) sensitive to ultraviolet-violet light (350-

400 nm), a second short-wave class (SWS2) sensitive to violet-blue (410-490 

nm), a middle-wave class (RH2) sensitive to green (480-535 nm), and a middle- 

to long-wave class (LWS) sensitive to the green-red spectral region (490-570 

nm) [7,128]. All four cone classes are the product of a series of gene duplications 
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from an ancestral single opsin gene that appeared early in vertebrate evolution 

(450 MYA) [7,128,129]. Because opsin classes differ in amino acid sequences, 

this results in a spectral tuning mechanism that is based on nucleotide variation. 

If a nucleotide substitution leads to the replacement of an amino acid that alters 

the interaction of the chromophore and the opsin, this will lead to a spectral shift 

in the maximal absorbance (λmax) of a visual pigment. Consequently, this is a 

spectral tuning mechanism in which variation in λmax between visual pigments is 

the product of the interaction of different opsin classes and the identical 11-cis 

retinal. The shift in λmax caused by a single amino acid substitution varies, from 

only a few nanometers to very large shifts (e.g. 2 to 75 nm respectively) [6]. In 

addition, the additive effects of several substitutions can also produce moderately 

large shifts greater than ~30 nm [6,130,131].  

 

Among vertebrates, fish are ideal for the study of visual pigment evolution. First, 

because of the physicochemical properties of water, this medium has a profound 

effect on light transmission. Water absorbs and scatters much of the incoming 

light, and this inevitably causes great variation across aquatic habitats [11,132], 

which is reflected in the several adaptations fish visual systems exhibit. Second, 

due to their phylogenetic history, species richness, diverse ecologies, and 

diverse spectral sensitivities, teleosts offer an excellent system for studying the 

evolution of visual pigments. Spectral sensitivities have been documented for 

several fish species [18,26,28–31] and the dynamic evolution of the different 

opsin classes have been actively studied [6,7,32–36].  
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Characiformes, with more than 2000 described species, is an extremely diverse 

group of freshwater fishes inhabiting a wide range of ecosystems. This order 

includes at least 23 families with dozens of species being described each year 

[79,133,134]. Their Gondwanan origin, wide distribution, species richness and 

colorful patterns, make them an ideal group for studying the evolution of their 

visual system and its adaptation to the light environment. Research on the visual 

system in Characiformes have only been reported for the tetra Astyanax 

fasciatus [130,135–138]. Several studies nicely characterized its visual pigments 

and showed how this species has a duplication in the LWS-opsin in which one 

copy became sensitive to green light through amino acid substitutions; a 

remarkable example of convergent evolution with green sensitivity in humans 

[130]. Recent studies have analyzed the origins of Astyanax opsin genes more in 

depth and have concluded that these duplicates are surviving opsins from the 

teleost-specific genome duplication (TGD) (300-450 MYA [139–141]).  

 

In this study, we expand the molecular characterization of the visual system in 

Characiformes. We showcase the complex evolutionary dynamics of their opsin 

gene repertoire and we examine the diverse set of spectral tuning mechanisms 

present in this group. 
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4.3 Materials and methods 

4.3.1 Animals 

Adult fish specimens were collected using fishing lines, manual seines and cast 

nets in several locations in Panama and Suriname from May to July of 2017 

(Table S1, Appendix C). Sampling permits were in accordance with the 

Panamanian and Suriname laws of environmental protection (permits from 

Ministerio de Ambiente de Panamá, MiAmbiente, permit No. SC/A-14-17; and 

Ministry of Agriculture, fisheries and animal husbandry of Suriname, permit No. 

1087). Fish were handled following STRI IACUC protocol (#2017-0501-2020). 

After sampling all fish were brought back to Naos Research Laboratories at the 

Smithsonian Research Institute Panama. Three specimens from each species 

were killed immediately for RNA-Sequencing and a total of 29 species were used 

for microspectrophomtery (MSP). Fish sampled in Suriname were sacrificed at 

the laboratories of Anton de Kom University of Suriname. In total we obtained 13 

species that belonged to eight different families within Characiformes (Tables S1, 

Appendix B). 

 

4.3.2 RNA seq 

After collection fish were euthanized with buffered MS-222 and their eyes were 

enucleated and their retinas preserved in RNAlater. Two or three samples per 

species were used for RNA sequencing. Total RNA was extracted with an 

RNeasy kit (Qiagen), and RNA quality was verified on an Agilent Bioanalyzer. 
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RNAseq libraries were prepared using the Illumina TruSeq RNA library 

preparation kit (Illumina Inc, San Diego) and sequenced to obtain 100-bp paired-

end-reads with a total of 36 samples multiplexed in three lanes (12 samples per 

lane) on an Illumina HiSeq1500 sequencer at the University of Maryland Institute 

for Bioscience & Biotechnology Research. The quality of the data was checked 

using FastQC version 0.11.2 to remove overrepresented sequences and to retain 

sequences with a minimum quality score of 20 and a minimum length of 80 bp. 

Transcriptomes were combined to obtain 13 de-novo assemblies for each 

species. This was performed with Trinity version r20140413 [50] using only 

paired sequences with a minimum coverage of two to join contigs.  

 

4.3.3 Opsin phylogenetics and molecular analysis 

Candidate opsin sequences were identified from the assembled transcriptome 

FASTA files by Tblastx querying with the characid opsin genes of Astyanax 

fasciatus [130,135,136,138]. Because we found opsin duplicates in the 

transcriptomes we used GENEIOUS 8.1 to map paired-reads for each paralog 

and correctly assemble each opsin sequence. We confirmed the identities of 

gene sequences for each species to a particular opsin class based on their 

phylogenetic relationships with opsins sequences of lamprey (Geotria australis) 

and several teleosts obtained through Genbank [51]. Furthermore, we added to 

our analysis opsin sequences of the available genomes of the Mexican cavefish, 

(Astyanax mexicanus), and the red-bellied piranha (Pygocentrus nattereri). We 

used MAFFT [52] to align amino acid sequences and ProtTest 3.4.2 [142] to 
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obtain the evolutionary models for each opsin class (Table S2, Appendix C). We 

used RAXML for building maximum-likelihood trees. We ran 10 searches for the 

best tree and 1000 bootstrap replicates performed in RAXML 8.0 on CIPRES 

[143]. 

 

Once we identified characin opsin classes, we searched for amino acid 

subtitutions that could shift the spectral sensitivity of visual pigments. To do this 

we aligned characin opsin sequences with bovine rhodopsin and with opsins 

from other teleosts. We looked for substitutions that fell in putative 

transmembrane regions and in the retinal binding pocket facing the chromophore 

or in known spectral tuning sites [6,55,56,137].  

 

Finally, since there were opsin duplicates in most analyzed species, we tested 

whether there was gene conversion because it is a common phenomenon in 

teleosts [64,65,113,144,145]. For this we used the program GARD (Genetic 

Algorithm Recombination Detection) [146] on separate alignments of the LWS 

duplicates to detect the presence or absence of recombination. To corroborate 

patterns of gene conversion we performed phylogenetic trees based on the 

fragments between the recombination breakpoints. 

 

4.3.4 Ancestral state reconstruction 

Previous research has characterized the molecular basis of spectral tuning in the 

LWS pigments where five amino acid changes (S164A, H181Y, Y261F, T269A, 
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A292S) can shift λmax up to 50 nm [130,137,147]. Because we found variation in 

the occurrence of three of these amino-acid substitutions (S164A, Y261F, 

T269A) that are known to short wavelength shift the λmax of LWS-opsins by 7, 10 

and 16 nm respectively [6,60,137,148], we analyzed the evolutionary 

relationships between the spectral tuning sites in Characiformes . We observed 

seven combinations of the three sites in our LWS-data set (Table S3, Appendix 

C). We assigned one of these combinations to each LWS-opsin gene and we 

performed a discreet trait ancestral state reconstruction analysis. 

 

In addition, we observed that, among the three sites, site S164A was the most 

variable tuning site. In order to understand the molecular mechanisms leading to 

this variation, we reconstructed the evolutionary changes leading to both serine 

or alanine, and identified parallel changes and reversions. For this we 

characterized the extant codons in each gene and performed ancestral state 

reconstruction where we incorporated the respective codon to each gene as a 

trait.  

 

For ancestral state reconstruction analyses we used the ace function in the APE 

package [149]. The ace function employs a maximum likelihood approach where 

the reconstructed ancestral states are given as a proportion of the total likelihood 

for each state for each node. 
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4.3.5 Opsin gene expression 

For estimating gene expression of each opsin, reads were mapped back to the 

assembled transcriptomes using RSEM as part of the Trinity package [50]. Read 

counts for each opsin class were extracted from RSEM output (quantified as 

fragments per kilobase of transcript per million reads, FPKM). In order to avoid 

non-independent bias of opsin expression owing to variation in the expression of 

each opsin class, cone opsin read counts were then normalized to those of the β-

actin gene.  We also normalized for total cone opsin expression and divided each 

opsin’s expression by the sum of all cone opsin counts to get the proportion of 

each expressed opsin. 

 

4.3.6 Microspectrophotometry 

To identify the λmax of photopigments, we performed MSP on wild-caught fish in 

different localities of seven characin species. To prevent visual pigments from 

bleaching, each fish was dark-adapted for at least 2 hrs, after which it was 

sacrificed with an overdose of buffered MS222. Eyes were enucleated under a 

dissecting scope in dim deep red light. The retina was removed and transferred 

to a PBS solution containing 6.0% sucrose (Sigma). A small piece of retina was 

cut out and placed on a glass cover slip in a drop of solution, then delicately 

macerated with razor blades. The preparation was covered with a second glass 

cover slip and sealed with high-vacuum silicone grease (Dow Corning).  

Spectral absorbance was measured with a computer-controlled single-beam 

micro-spectrophotometer fitted with quartz optics and a 100W quartz-halogen 
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lamp. Baseline records were taken by averaging a scan from 750nm to 350nm 

and a second in the opposite direction, through a clear area of the preparation 

and in proximity to the photoreceptor of interest. A record of the visual cell was 

then obtained by scanning with the MSP beam through the photoreceptor outer 

segment. Finally, the cell’s absorption spectrum was obtained by subtracting the 

baseline record. A custom-designed spectral analysis program (Loew et al. in 

prep) was used to determine λmax from absorbance records using existing 

templates [110,111]. Individual spectra were smoothed with a nine-point adjacent 

averaging function and the resulting curves were differentiated to obtain a 

preliminary maximum value. This was used to normalize curves to zero at the 

baseline on the long wavelength limb and to one at the maximum value. 

Whitmore and Bowmaker’s (1989) relationship (Eqn 1) was used to recursively fit 

the observed (normalized) absorption spectra to curves resulting from 

combinations of different proportions of pure Vitamin A1 and corresponding pure 

Vitamin A2 nomograms [112] (Fig. S1, Appendix C). 

 

λmaxA1 = (λmaxA2 - 250) 0.4 * 52.5       Eqn 1 

 

Retina preparation for micro-spectrophotometry proved to be challenging due to 

a red pigment which envelops characin photoreceptors [16], which required 

extensive manipulation and often caused the mixing of this pigment in the 

preparation. 
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4.3.7 DNA extraction, sequencing and phylogenetic analysis 

To analyze the evolutionary relationships of the sampled characins and confirm 

species identification we sequenced nuclear and mitochondrial genes (16S, Cytb, 

Myh6, RAG1 and RAG2) from all collected species except C. spilurus. DNA was 

extracted with a DNeasy kit (Qiagen), and DNA quality was verified using a 

Nanodrop. PCR reactions were performed in a total volume of 50µl using a 

thermocycler (Eppendorf). Reactions contained 25µl DreamTaq DNA 

polymerase, 20µl of sterile distilled H2O, 2µl of each primer (10µM), and 1µl 

template DNA. Conditions were as follow: 94°C (2 min); 35 cycles of 94°C (30s), 

°54 (30s), and 72°C (2 min) followed by 72°C (4min). Nested-PCRs were used to 

amplify the genes RAG1 and RAG2. Amplified products were checked on 1% 

agarose gel stained with GelRed.  

 

Once individual genes were sequenced for each species all genes were 

concatenated. We added our species alignments to a data set of 213 sequenced 

characins for the same markers from Oliveira et al., 2011 [133]. For performing 

phylogenetic analyses we used Partitionfinder2 [114] to obtain the most 

appropriate models and partitioning scheme. Finally, we used RAXML for 

building maximum-likelihood trees with 1000 Bootstrap repetitions [143]. 
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4.4 Results 

4.4.1 Opsin gene sequences 

Opsin complements 

Through phylogenetic analyses we identified fully functional sequences 

belonging to three cone opsin classes (SWS2, RH2, LWS) as well as a rod opsin 

(RH1) (Fig. 4.1-2, Fig S1-4, Appendix C). The opsin-gene set within 

Characiformes seems highly variable because we found variation in the 

presence/absence of some opsins and several duplications (Fig. 4.3). We did not 

find sequences belonging to the UV-light sensitive opsin (SWS1), either in the 

transcriptomes or genomes (Fig. S1, Appendix C). We also did not detect the 

RH2 opsin in the transcriptomes of C. spilurus, H. microlepis, S. rhombeus, and 

R. guatemalensis, however, we found a non-functional RH2 opsin in the genome 

of P. nattereri.  

 

Examination of the LWS-opsin class revealed the presence of several 

duplications and these varied between lineages suggesting the following. First, 

there was an LWS-duplication event, which is the product of the teleost-specific 

genome duplication (TGD) (300-450 MYA) (Fig. S4, Appendix C). This is 

supported by the fact that these initial duplicates appear after the divergence of 

teleosts and the spotted gar, Lepisosteus oculatus (Fig. 4.1). These initial LWS 

paralogs formed two distinct clades in our analyses, which we will call LWS1 and 

LWS2. LWS2-opsins grouped with Osteoglossiformes, which are known to share 

this duplication with characins [141], whereas the LWS1-opsins  grouped with the 
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remaining teleost-LWS-opsins. Second, after TGD, LWS1 and LWS2 underwent 

subsequent rounds of duplications within Characiformes.  This varied across 

families, however, duplicates do not group in differentiated clades (Fig. S2, 

Appendix C). The characin exclusive LWS2-opsin duplication is shared in most 

species. LWS2-1 and LWS2-2 differ by the presence of a 6bp deletion in the first 

20 bp of the coding sequence  (exon I, extracellular region) in LWS2-2, and by a 

few amino acids although not in spectral tuning sites. 

 

Furthermore, we found TGD-surviving duplicates of another opsin class: the rod-

opsin (RH1) (Fig. 4.2). In similar fashion to the LWS duplicates, these RH1 

paralogs (which we will refer to as RH1-1 and RH1-2) grouped in different RH1 

clades where the TGD-surviving opsins of Characiformes formed a well-

supported clade with the known TGD-surviving copies (RH1-2) present in 

Cypriniformes [150,151] (Fig. 4.2). Within RH1-2 opsin sequences, several 

species of Characiformes had numerous deletions in the last exon.  We also 

found disparate amino acid variation at transmembrane sites which suggest the 

non-functionality of these opsin genes, hence, they were excluded from 

subsequent analyses. Lastly, characin LWS1, RH2, SWS2, and RH1-1-opsins 

show a paraphyletic pattern in relation to Siluriformes and Gymnotiformes (Fig. 

S1-3, Appendix C).  
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Figure 4.1. LWS-opsin tree of Characiformes. LWS-opsin maximum-likelihood 
phylogenetic tree based on amino-acid sequences of Characiformes, 
Osteoglossiformes, Siluriformes, Gymnotiformes, Geotria australis (lamprey), 
Ornithorhynchus anatinus (platypus), Homo sapiens (humans), Callorhincus milli 
(Elephant shark), Lepisosteus oculatus (Spotted gar), Oryzias latipes (medaka), 
Gasterosteus oculatus (stickleback), Clupea harengus (herring), Salmo salar 
(salmon), Onchrynchus mykiss (trout), Carassius auratus (goldfish), and Danio 
rerio (zebrafish). Bootstrap support over 75% is shown. This tree confirms that 
LWS1 and LWS2 arose after the divergence of the spotted gar, probably as a 
product of TGD. Notice the clustering of characins LWS2-opsins with the 
osteoglossimorph LWS2-opsins. Characiformes species are compressed color-
filled clades (LWS2-orange and LWS1-red). 
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Figure 4.2. RH1-RH2-opsin tree of Characiformes. RH1-RH2-opsin maximum-
likelihood phylogenetic tree based on amino-acid sequences of Characiformes, 
Osteoglossiformes, Siluriformes, Gymnotiformes, Cypriniformes, Geotria 
australis (lamprey), Latimeria calumnae (coelacant), Callorhincus milli (Elephant 
shark), Lepisosteus oculatus (Spotted gar), Oryzias latipes (medaka), and 
Gasterosteus oculatus (stickleback). Bootstrap support over 75% is shown. This 
tree confirms that RH1-2 arose after the divergence of the spotted gar, probably 
as a product of TGD. Notice the clustering of characins RH1-2-opsins with the 
cyprinimorphs surviving RH1-2-opsins. Characiformes species are compressed 
in color-filled clades (RH1-2-gray, RH1-1, black, and RH2-green). 
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Figure 4.3. Opsin gene complement in Characiformes. To the left, schematic 
representation of the phylogenetic relationships of characins in this study based 
on Oliveira et al, 2011, and to the right, the presence or absence as well as the 
number of opsin genes in each class (Fig. S8, Appendix C). Species names and 
families are shown for the samples used in this study as well as their opsin 
complement where each opsin-gene is indicated by a filled circle for each opsin 
class. Empty circles denote potential gene losses. *Even though P. panamensis 
is considered a member of Lebiasinidae, our results suggest it belongs to 
Parodontidae.  
 
 

Gene conversion 

Gene conversion analysis with GARD revealed evidence of interspecific gene 

conversion within LWS1- and LWS2-opsins with two and three breakpoints 

respectively. In both, LWS1 and LWS2, conversion seems to be prevalent in the 

first exons (Fig. S5, Table S3, Appendix C). Phylogenetic trees based on 

fragments between recombination breakpoints exhibit different tree topologies 

where trees based on exons from three to six, were the ones who recovered 

most similar phylogenetic relationships between families and ancestral 

duplications to their known genomic tree topologies [133] (Fig. S5, Appendix C).  
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Opsin sequence spectral tuning  

Our analyses revealed several amino acid substitutions that shift λmax of visual 

pigments. The SWS2 opsin exhibited the greatest variation in transmembrane 

regions, changes in polarity, and variation in binding pocket sites (Fig. 4.4). 

Several of these substitutions occurred in spectral tuning sites (M44T, A109G, 

M122I, A269T, A292S) that are known to shift the SWS2-λmax [6]. We also 

confirmed the presence of three mutations (S164A, Y261F, T269A) in the LWS2 

paralogs that shift λmax to shorter wavelengths (~30 nm) [6,137]. Although 

previously reported in Astyanax fasciatus [130] and Osteoglossiformes, in our 

study we found that this trait is prevalent in most characins. 

 

 
Figure 4.4. Number of sites with amino-acid substitution variation for each 
opsin class of 15 Characiformes species.  Solid bars denote amino acid 
variation in transmembrane regions whereas stripped bars denote variation in 
binding pocket sites.  
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By analyzing the evolution of LWS-spectral tuning through ancestral state 

reconstruction, our results suggest that the ancestral LWS-haplotype of teleosts 

before TGD was probably red wavelength sensitive (node #2, 73.56% of the 

scale likelihood) (Fig. 4.5, Table. S5, Appendix C). This suggests that green 

sensitivity evolved soon after TGD (node #43, 93.7% of the scaled likelihood) 

(Fig. 4.5, Table. S5, Appendix C).  

 

Furthermore, our analysis examining the molecular basis of spectral tuning of the 

site S164A, -7 nm shift [6,137], suggests that the LWS2-ancestral haplotype of 

Characins most probably used the codon GCC (node 43, 99.03% of the scaled 

likelihood) to encode for Alanine whereas the LWS1-ancestral haplotype used 

TCT (node 6, 99% of the scaled likelihood) to encode for Serine. However, our 

analysis suggests there are reversions and parallel evolution occurring at this 

site. We found reversion in the LWS2-opsins of some earlier divergent lineages 

within characins (C. strigata, P. nattereri, H. microlepis and P. panamensis) 

because through reverse mutation, the LWS2-opsins changed from codons for 

Alanine (GCC) back to codons for Serine (TCT or TCC).  This occurred in parallel 

in the characin P. innesi. (Fig. S6, Appendix C). Similar to LWS2, there is 

evidence of parallel evolution in the LWS1-opsins. H. panamensis and C. 

spilurus shifted in parallel from serine to alanine utilizing the same codons (TCT 

to GCT) (Fig. S7, Appendix C). Finally, even though the scope of this study 

focused on Characiformes, the variability of site 164 is quite impressive as 
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several teleosts exhibit different codons for either Alanine or Serine (Fig. S6, 

Appendix C).  

 

 

Figure 4.5. Ancestral state reconstruction of the spectral tuning in LWS-
opsin-genes. The three known spectral tuning sites (S164A, Y261F, T269A) that 
are known to convey green sensitivity in Characiformes are shown for each 
species for each LWS gene. The seven combinations we found of the three 
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tuning sites in our data set shown, where each combination is represented as a 
colored circle. Pie charts on the nodes indicate the scaled likelihoods, calculated 
using the ace function in APE, of each specific combination. Nodes are also 
labeled consistent with Table S4, Appendix B.  
 
 

4.4.2 Opsin gene expression 

Opsin expression varied between Characiformes ranging from species 

expressing mainly two opsins, like the sail-fin tetra (C. spilurus) or the dogfish (H. 

microlepis), to species expressing up to six (P. panamensis). The SWS2-opsin is 

the only short-wavelength pigment expressed (3 to 15% of total opsin 

expression), and the LWS duplicates account for the bulk of characin opsin 

expression (80-95%) (Fig. 4.6). Within LWS expression, there is always at least 

one copy of the LWS1-paralog being expressed, which is followed by the 

expression of one or two copies of the LWS2-paralog (Fig. 4.6). There seem to 

be differences in the expression of the LWS2 paralogs because in some species 

the LWS2-1 opsin is more expressed than the LWS2-2 opsin (B. chagrensis, A. 

ruberrimus, G. atracaudatus), and this can be the opposite in other species as 

well (H. panamensis, B. gonzalezi, C. strigata) (Fig. 4.6).  

 

In addition, RH2 is lowly expressed (<5%) in most samples, except in B. 

emperador (10%), and it was not found at all in the transcriptomes of four 

species (C. spilurus, H. microlepis, S. rhombeus, and R. guatemalensis). Finally, 

rod-opsin expression is mainly dominated by the former paralog, RH1-1, while 

RH1-2 is very lowly expressed (<1.1%) in all analyzed species (Fig. S7, 

Appendix C). 
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Figure 4.6. Opsin expression in Characiformes. Relative cone opsin 
expression is shown for each Characiformes species and color-coded for each 
opsin. 
 
 

4.4.3 Microspectrophotometry (MSP) 

Microspectrophotometry (MSP) of characins revealed a remarkable diversity in 

photoreceptors λmax. We identified up to six different cone classes based on 

spectral sensitivity: for single-cone photoreceptors, MSP identified two 

photoreceptor types a short wavalenght (SW), sensitive to the blue (λmax=440-

467 nm), and a medium wavelegnth (MWI), sensitive to the blue-green 

(λmax=472-496 nm). For double-cone photoreceptors MSP identified four types, a 

second medium wavelength (MWII), sensitive to the short-green (λmax=514-545 

nm), two medium long (MLWI and MLWII) sensitive to the long-green (λmax=529-
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568 nm), and yellow (545-588 nm), and a long wavelength (LW), sensitive to the 

red (λmax=564-614 nm) (Fig. 4.7, Table 4.1). This varied between species where 

some had a less diverse set of photoreceptors. Within each species, fish also 

varied in cone λmax (Fig. 4.7), which is indicative of the presence of A1/A2 

mixtures. Furthermore, based on our measurements, we were able to estimate 

the λmax of each spectral cone with pure A1 and A2 (Table 4.2). Based on these 

estimates, we found that for the majority of medium long cones (MWLI and 

MWLII), the best fit is a combination of different mixtures of A1/A2 and different 

coexpression ratios of LWS1- and LWS2-opsins. 

 

4.4.4 Genomic sequencing 

Our phylogenetic tree based on genomic sequences of characins revealed 

similar results obtained by previous studies [133], with African and Neotropical 

Characiformes sharing a monophyletic origin and being sister taxa to 

Gymnotiformes and Siluriformes (Fig. S8, Appendix C). All of the species used in 

this study belonged to their expected taxonomic groups except for Piabucina 

panamensis which grouped with Parodontidae instead of Lebiasinidae. Our 

results confirmed the identity of species used in transcriptomes with a total of five 

species belonging to Characidae, and one each for Crenuchidae, Parodontidae, 

Curimatidae, Serrasalmidae, Erythrinidae, Bryconidae and Gasteropelecidae.  
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Table 4.1. Cone and rod visual pigment peak sensitivities (λmax)   
Species n Photoreceptor type 

  Rod SW MWI MWII  MLWI  MLWII  LW 
Curimatidae         
C. magdalenae  3 517-536 450-455 476-496 535-545  531-554 588 585 
Erythrinidae         
H. microlepis 4 510-528 — 489-491 526-543 535-561 564-581 576-614 
Bryconidae         
B. chagrensis  4 504-531 446-467 472-485 515-535 532-568 — 564-612 
Characidae         
G.atracaudatus 3 504-516 440-459 491 521 530 — — 
B. gonzalezi 6 504-523 449-462 486-495 514-527 530-542 545 576 
R. guatemalensis 6 502-423 447-466 481-495 — 530-541 — — 
A. ruberrimus 3 504-519 448-463 472-495 519-522 529-542 — — 

 
 
Table 4.2. Cone and rod λmax based on pure chromophore type  

Species Photoreceptor type 
 Rod SW MWI MWII  MLWI  MLWII  LW 

Curimatidae        
C. magdalenae         
Reference λmaxA1 504 442 475 514 530 544 560 
Reference λmaxA2 536 455 496 550 573 595 622 
Erythrinidae        
H. microlepis        
Reference λmaxA1 503 — 478 514 430 544 560 
Reference λmaxA2 534 — 500 550 574 596 622 
Bryconidae        
B. chagrensis         
Reference λmaxA1 504 446 472 514 530 — 560 
Reference λmaxA2 536 460 492 550 574 — 622 
Characidae        
G.atracaudatus        
Reference λmaxA1 504 440 480 514 530 — — 
Reference λmaxA2 536 453 503 550 574 — — 
B. gonzalezi        
Reference λmaxA1 504 449 479 514 530 544 560 
Reference λmaxA2 536 464 511 550 574 596 622 
R. guatemalensis        
Reference λmaxA1 502 447 480 — 530 — — 
Reference λmaxA2 533 462 503 — 574 — — 
A. ruberrimus        
Reference λmaxA1 504 447 472 514 529 — — 
Reference λmaxA2 536 462 492 550 572 — — 
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Figure 4.7. Microspectrophotometry of Characiformes. Empty circles 
represent individual records of maximal absorbance (λmax) from visual pigments 
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in wild-caught Panamanian Characiformes. Photoreceptors were classified in 
different spectral classes indicated by the colored backgrounds. From left to right 
these spectral classes are short, medium I and II, medium-long I and II, and long, 
and rods (SW, MWI, MWII, MLWI, MLWII, LW, ROD). 
 

4.5 Discussion 

4.5.1 Dynamic opsin evolution in Characiformes 

Opsin gene duplication and gene loss 

Through transcriptome and genome analysis, we characterized opsin evolution in 

Neotropical Characiformes. Our results show that the opsin complement varies 

significantly between species (Fig. 4.3), with species utilizing from four (R. 

guatemalensis), to seven cone opsins (P. panamensis). This diverse repertoire 

includes evidence for at least two separate copies of LWS-opsins (LWS1 and 

LWS2), each with unique opsin sequences that originated after TGD. This was 

confirmed because in our trees characin LWS2-opsins clustered with the 

osteoglossimorph LWS2-opsins which are known surviving copies of TGD [141]. 

Our results also show how the LWS2 opsin underwent subsequent gene 

duplications within Characiformes highlighting the susceptibility of opsin genes to 

duplication. LWS-opsin gene duplications are not uncommon and they have 

independently occurred in several teleosts [64,67,68,85,141,152]. In addition, we 

also found another TGD surviving opsin product of a RH1 duplication: RH1-2. We 

confirmed this as the surviving duplicates clustered with the known RH1-2-opsins 

of Cypriniformes [150,151] (Fig. 4.2), however their functionality remains 

unknown. RH1-2 duplicates have also been found in the Japanese eel (Anguilla 
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japonica) [153]. Altogether, Characiformes have maintained TGD duplicates of 

two opsin classes (LWS and RH1) (Fig. S4, Appendix C) yet these duplicates 

have not been retained together in other teleosts.  

 

Characin visual pigment repertoires are also characterized by the absence of 

some opsin classes. The loss of SWS1-opsins seems to have happened early in 

the evolution of Characiformes because its absence was shared between two 

phylogenetically distant species (P. nattereri and A. mexicanus). This was also 

corroborated by our gene expression and MSP data as we didn’t find any SWS1-

cones, although see [154]. Additionally, the inactivation of RH2 seems to be 

variable within characins as it was absent only in some species yet it was fully 

functional in others and this is supported through MSP and gene expression. 

Nevertheless, our data suggests a low biological significance of this opsin which 

could be the product of opsin gene neofunctionalization (See below). 

 

Opsin gene conversion 

Furthermore, we found evidence of gene conversion in each LWS opsin (LWS1 

and LWS2). GARD analysis showed that the recombination locations are 

primarily in the first exons, which suggests there might be selective pressures 

preventing gene conversion to homogenize coding sequences where the “key 

sites” are located in exons 3, 4 and 5. Gene conversion is further supported by 

the different tree-topologies, which is more evident in LWS2 because the tree 

based on fragment #3 suggests LWS2-opsins duplicated in the early ancestor of 
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Bryconidae, Gasteropelcidae and Characidae. This is a more parsimonious 

pattern than LWS2 duplications occurring in each family independently, and is 

also in agreement with our tree based on genomic sequencing (Fig. S7, 

Appendix C). Overall, our findings are similar to other studies that reported gene 

conversion acting in different opsin classes where it homogenizes opsin 

sequences [32,36,113,144,145]. However, it has been suggested gene 

conversion can increase allelic diversity [155]. 

 

4.5.2 Opsin neofunctionalization: evolution of spectral tuning and 

opsin gene expression 

Our MSP data set suggests species have up to six spectrally different cone types 

(SW, MWI, MWII, MLWI, MLWII, LW), which is consistent with the number of 

cone opsin genes characins express: SWS2, RH2, LWS2-1, LWS2-2 and LWS1. 

However, there is variation in visual sensitivities among Characiformes species 

and this diversity in cones λmax is the product of different spectral tuning 

mechanisms acting together. These include opsin sequence tuning, opsin gene 

expression, opsin gene loss and duplication, opsin coexpression, and 

chromophore tuning.  

 

Opsin sequence tuning 

As discussed above, through opsin gene loss and duplication some characins 

have lost the RH2-opsin and hence green sensitivity. However, through opsin 

gene duplication followed by opsin sequence tuning characins have regained 
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green sensitivity by utilizing another opsin class. Through genetic and 

electrophysiology experiments we confirm that LWS2-opsins are sensitive to 

green light and that this is maintained in all analyzed species (Fig. 4.6). This is 

consistent with early studies that showed that Astyanax had green sensitive 

opsins [130,156] due to mutations in three of the known “five-sites”. In our 

analysis, the diversity at spectral tuning sites in the LWS-opsins, particularly site 

164 (Fig. S6, Appendix C), showed the ability of opsins to acquire new functions 

through opsin sequence variation. This is important because shifts in λmax can 

have profound impacts on fish color vision. As λmax of a photoreceptor shifts 

across the wavelength spectrum, chromatic contrast will also vary in the visual 

color space and this could affect chromatic discrimination.  

 

In addition, although we do not know the exact λmax of each LWS2-duplicate 

(LWS2-1 and LWS2-2) in Characiformes, our MSP data identified several MW-

cones, which could also be product of the expression the LWS2-1 and LWS2-2 

opsins. These paralogs differ in a few amino acids which might cause the shifts 

we observed between MW-cones. More studies are necessary to correctly 

characterize the exact spectral absorbance of the LWS2 duplicates and its 

molecular basis.  

 

Furthermore, given the presence of LWS2-opsins in Osteoglossiformes and 

Characiformes, LWS2-green sensitivity probably evolved in an early ancestor 

before the split of Osteoglossomorpha and Clupeocephala (~240 MYA [157]). 
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This also implies that LWS2-opsins have been maintained for over 300 million 

years [141] while they have been lost in several teleost lineages. Indeed, there is 

evidence that most duplicated genes were lost in the first 60 million years after 

TGD [158]. Green sensitivity might have evolved during the Permian, which is 

characterized by several fish-extinction events in its early and middle epochs 

followed by the end-Permian mass extinction around 251 MYA [159]. Therefore, 

the LWS2-neofunctionalization through opsin sequence tuning may be a result of 

strong environmental pressure in the Permian.  

 

Opsin expression 

Novel opsins can also acquire new functions through gene expression 

mechanisms [36]. In Characiformes, it seems that the rise of the LWS2-opsins 

might have changed the regulatory architecture of RH2 expression, leading to 

downregulation and even to gene loss (Fig. 4.6, S4, Appendix C). Previous 

studies have found the same pattern between two different opsin classes: 

whenever a strong shift in λmax occurs in one opsin, there can be gene 

loss/downregulation in another one. In flounder and cichlids, the SWS2-opsin has 

acquired green sensitivity while the functionality of the RH2-opsins has been 

reduced (Kasagi et al., 2018, Escobar-Camacho et al., 2019). A similar pattern 

has occurred in Osteoglossiformes where the LWS2-opsin is green sensitive and 

the RH2-opsin has been lost [141]. Alternatively, the downregulation of the RH2-

opsin could also suggest that dichromacy based solely on SWS2 and LWS may 

be sufficient for visual tasks for some fish. Nevertheless, fish opsin expression 
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can change due to ontogenetic changes throughout development [73,160,161], 

or in response to changes in the light environment [108,109,162–164], leading to 

variation in their visual sensitivities. Therefore, more research analyzing the 

development and plasticity of characins visual system is necessary.  

 

Furthermore, our results suggest there is differential opsin expression in 

Characiformes. In Characidae, most species express LWS2-2 more than LWS2-

1, whereas this is the opposite in species from other families (Fig. 4.6). Even 

though our data-set is based on a few individuals and more sampling is needed 

to quantify differential opsin expression, this suggests there might be a pattern in 

which opsins are differentially regulated in different species. In addition, we also 

found significant differential expression between RH1-1 and RH1-2 yet we do not 

know whether RH1-2 has a specific role in the visual system. More studies are 

needed to fully characterize its functionality. It has been shown that RH1-2 

duplicates can acquire quite complex functions such as regionalized expression 

in the zebrafish retina [150], or specific ontogenetic expression in the lifecycle of 

the Japanese eel [153].  

 

Chromophore tuning 

Fish visual pigments can be based on different chromophores, 11-cis retinal from 

vitamin A1 and 3,4-didehydroretinal from vitamin A2, and this can create large 

shifts in photoreceptors λmax [39]. Thus, the light absorbance of a photoreceptor 

will depend on the ratio of A1/A2 chromophores. In our MSP data-set we found 
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evidence of intraspecific variation of photoreceptors λmax. Since we used fish 

from the same localities for both transcriptomes and MSP, and there were no 

differences in opsin gene expression between individuals, our results imply that 

photoreceptor λmax variation is probably the product of different A1/A2 ratios in 

each specimen. These results are concordant with previous research that also 

found different A1/A2 ratios in cones and rods of A. fasciatus [154], and in rods of 

several other characins [17,31]. Furthermore, due to our low sample size, we did 

not analyze correlations between light environment and A1/A2 ratios, however, 

A2-based visual pigments are characteristic of fish inhabiting long-wavelength-

shifted habitats [42,117,165–168]. The presence of A1/A2 ratios in characin visual 

pigments agrees with the light environment of Neotropical rivers which are red-

shifted [118,169]. 

 

4.5.3 Opsins and characins phylogenetics 

Even though our genomic multilocus phylogeny suggested a monophyletic origin 

of Characiformes, including African and Neotropical lineages (Citharinoidei and 

Characoidei respectively) (Fig. S8, Appendix C), several of our opsin trees 

contradict this pattern because characins appear paraphyletic in relation to 

Siluriformes and Gymnotiformes (Fig. S1-3, Appendix C). These contrasting 

results are not surprising as the non-monophyly of Characiformes has been 

reported before [170–172], although, other comprehensive studies have resolved 

Characiformes as monophyletic [66,157,173]. Studies that find Characiformes 

paraphyletic often find discrepancies between Citharinoidei and Characoidei, 
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where the latter often clusters as sister group to Siluriformes [170–172]. 

Interestingly, we obtained paraphyletic results in our opsin trees because opsin 

sequences from Gymnotiformes and Siluriformes clustered within the opsin 

clades of Characiformes, although we did not include opsin sequences of African 

species. The opsin tree topologies of this study could be the result of substitution 

saturation over evolutionary time or indeed a signal of paraphyletic origins of 

Characiformes. Future studies should also analyze opsins of African characins in 

order to elucidate this pattern.  

 
 

4.6 Conclusions 

Through molecular and electrophysiological experiments we have characterized 

the visual system of Neotropical Characiformes. Their opsin repertoire is a 

product of complex evolutionary dynamics characterized by opsin gene loss 

(SWS1, RH2) and opsin gene duplication (LWS and RH1). These opsin 

duplicates are a product of a teleost whole genome duplication (TGD) and from 

characin-specific duplication events that have been maintained for hundreds of 

millions of years. The LWS duplicates have acquired new functions through 

amino acid substitution in key sites that shift their maximal absorbance to green 

light. These duplicates exhibit gene conversion, and utilize variable codons in key 

tuning sites leading to reversion and parallel evolution. In addition, the SWS2-

opsin exhibits great amino acid variation across species that might shift spectral 
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sensitivities, and the RH1-2-opsin has a different pattern in opsin expression as it 

is always downregulated in our samples. 

 

 The diversity of visual pigments in Characiformes is the product of several 

spectral tuning mechanisms acting in concert. These are mainly opsin sequence 

variation, opsin gene loss and duplication, and A1/A2 chromophore tuning. 

Overall, the visual system of Characiformes showcases how opsins acquire new 

functions and the divergent evolutionary pathway of this group compared to other 

teleosts. This study shows how studying speciose, understudied groups, 

provides a unique opportunity to better understand opsin gene evolution. 
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5.1 Abstract 

Color vision is the capacity to discriminate color regardless of brightness. It is 

essential for many fish species as they rely on color discrimination for numerous 

ecological tasks. The study of color vision is important because it can unveil the 

mechanisms that shape coloration patterns, visual system sensitivities and, 

hence, visual signals. In order to better understand the mechanisms underlying 

color vision, an integrative approach is necessary. This usually requires 

combining behavioral, physiological and genetic experiments with quantitative 

modeling, resulting in a distinctive characterization of the visual system. Here, we 

provide new data on the color vision of a rock-dwelling cichlid from Lake Malawi: 

Metriaclima benetos. For this study we used a behavioral approach to 

demonstrate color vision through classical conditioning, complemented with 

modeling of color vision to estimate color contrast. For our experiments we took 

into account opsin coexpression and considered whether cichlids exhibit a 

dichromatic or a trichromatic visual system. Behavioral experiments confirmed 

color vision in M. benetos; most fish were significantly more likely to choose the 

trained over the distracter stimuli, irrespective of brightness. Our results are 

supported by visual modeling that suggests that cichlids are trichromats and 

achieve color vision through color opponency mechanisms, which are a result of 

three different photoreceptor channels. Our analyses also suggest that opsin 

coexpression can negatively affect perceived color contrast. This study is 

particularly relevant for research on the cichlid lineage because cichlid visual 

capabilities and coloration patterns are implicated in their adaptive radiation. 
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5.2 Introduction 

Animals vary greatly in color pattern, with coloration often playing an important 

role in speciation. Evolutionary biology aims to understand the selective 

mechanisms shaping the form and perception of color patterns by conspecifics 

and heterospecifics. Animals’ visual perception of such patterns depends on the 

detectability of these color signals [174], which can be shaped by the light 

environment where animals live, the color properties of the signaler and the 

visual sensitivities of signal receivers [1,2,175]. However, in order to understand 

how color patterns evolve, we must first study the ultimate mechanisms 

underlying color vision. Color vision is the ability to discriminate color regardless 

of brightness. In vertebrates, color vision is achieved through color opponency, 

by which spectrally opponent channels produce a signal from spectrally distinct 

cone photoreceptors [128,176,177]. Therefore, color vision requires at least two 

spectrally distinct types of photoreceptors operating in a similar intensity range 

[9].  

 

In the retinas of most vertebrates, photoreceptors are classified as rods and 

cones. Rods function under dim light conditions, whereas cones function in 

daylight and are responsible for color vision [128,178,179]. In fish, cone 

photoreceptors are usually arranged in a highly organized manner, the retinal 

mosaic. Fish exhibit great variation in the number of different cone types that 

they possess, with some species having only one type of cone with a single 

visual pigment (monochromatic) and others having four spectrally distinct types 
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of cones (tetrachromatic) [180–183]. Cone photoreceptors also exhibit 

morphological differences and can be classified as single or double cones. 

Double cones are two fused cones that are found in the eyes of most fish species 

and in several vertebrates [184]. It has been suggested that, in some species, 

double cones are electrically coupled [185] and that they play a role in luminance 

detection [186–188]. This is based on the ‘summation hypothesis’, which states 

that signals of double cones are summed in the retina, conveying a single signal 

to the brain [182,186]. This is particularly true in birds, in which double cones 

detect luminance and multiple types of single cones discriminate color [189,190]. 

However, fish often have only one type of single cone, with single and double 

cones each contributing to color discrimination [191].  

 

Among teleosts, Cichlidae is one of the largest families, with approximately 2000 

species widely distributed across ecosystems from Africa and South Asia to 

Central and South America [79,192,193]. Cichlids are also diverse in their visual 

tasks as species forage on different foods, and vary in mating systems and 

parental care. The colorful body patterns of cichlids can be sexually dimorphic 

and are likely important for species recognition, mate choice and speciation 

[194–196]. Thus, visual communication is essential for cichlid behavior. Vision 

research on cichlid flocks from the African Great Lakes has identified the genetic 

basis of their visual sensitivities: seven spectrally distinct cone opsins and a rod 

opsin gene [26]. The cone opsins belong to four cone opsin classes, including 

UV sensitive (SWS1), short-wavelength sensitive (SWS2A, SWS2B), rhodopsin-
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like (RH2Aα, RH2Aβ, RH2B) and long- wavelength sensitive (LWS) [27].  

 

Although much is known regarding the visual system of African cichlids, it is 

unclear whether cichlids possess chromatic discrimination. Demonstrating color 

vision requires other approaches, including behavioral methods [197]. Data on 

photoreceptor spectral sensitivities, behavioral experiments and physiological 

models combined, provide a unique opportunity to study the neural interactions 

underlying color vision. Testing for chromatic discrimination in fish is beneficial 

for vision research because it provides insight about how photoreceptor signals 

might be processed by the rest of the retina. Visual discrimination experiments in 

teleosts have elucidated how different photoreceptors are used for chromatic and 

achromatic tasks [188,191,198–200]. Therefore, quantitative modeling could 

suggest how photoreceptor signals are combined and compared in discriminating 

spectrally different stimuli [177]. 

 

The aggressive behavior and territoriality of species from the genus Metriaclima, 

makes them an ideal system to test hypotheses through behavioral approaches. 

Metriaclima benetos is a rockdwelling cichlid from Lake Malawi and its color 

vision has been characterized through microspectrophotometry and opsin gene 

expression [26,73,201]. M. benetos spectral sensitivities are based on a “short” 

opsin palette expressing three spectrally distinct opsins: SWS1 (379nm), RH2B 
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(489 nm) and RH2Aα (522 nm) [41,201]. However, we still do not know whether 

there is color opponency in the cichlid retina enabling chromatic discrimination.  

In this exploratory research we wanted to know if cichlids are able to discriminate 

between colors regardless of brightness. This would give us insight into how 

photoreceptors interact in the retina and its implications in color discrimination. In 

this study, we took into account how spectrally different photoreceptors are 

stimulated by different colors, and the role of opsin coexpression and 

photoreceptor noise in color discriminability. 

 

5.3 Materials and methods 

5.3.1 Data measurements 

We trained cichlids to recognize the color blue as our main stimulus.  Blue is the 

primary body coloration of male M. benetos. Blue has also been used multiple 

times in color vision experiments [174,183,191,202]. We measured stimuli 

reflectance, side-dwelling irradiance and lens transmission. Stimuli were made by 

printing 1.5 cm colored circles on standard paper and then laminating them. In 

order to create darker and lighter shades of each color, black or white was added 

using Adobe Illustrator. Stimuli reflectance were measured using a fiber-optic 

spectrometer based on an Ocean Optics USB2000 (Dunedin, FL, USA), fitted 

with a 400 µm fiber, and calibrated with a NIST (National Institute of Standards 

and Technology) traceable tungsten halogen lamp (LS-1, Ocean Optics). Side-

dwelling irradiance was measured inside the tanks under fluorescent lights with a 

1000µm fiber fitted with a cosine corrector (CC-3). Finally, lens transmission was 
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measured by placing the isolated cichlid lens on a UV-transparent cover slip, 

which was illuminated from above by a fiber optic cable attached to a pulsed 

xenon light source (PX-2, Ocean Optics) and 15 mm above the lens. Another 

fiber optic cable was placed 5 mm directly under the specimen and delivered the 

signal to the spectrometer. Transmission was measured by comparing 

measurements with and without the lens.  An XY stage was used to center the 

lens and maximize the transmission. Three replicate measurements were made 

of each lens of four fish. The resulting spectral scans were normalized to 100% 

transmission at 700 nm. Finally we quantified the T50 values (that represent the 

wavelength at which 50% transmission is reached). 

 

5.3.2 Behavioral approach 

We used a similar approach to classic ‘grey card’ experiments where bees were 

trained to associate a reward with a specific color, and thereby could be tested 

for how well they could discriminate the trained color from others [203]. We 

tested the ability of M. benetos individuals to choose blue over distracter stimuli. 

For this, we trained fish to blue through classical conditioning and subsequently, 

tested them when offered two or more choices.  The same seven fish were used 

for all tests.  Although only males were used, we have never found differences in 

male and female sensitivities (though see Sabbah et al., 2010).  
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5.3.3 Fish training 

In order to train the fish, a feeding apparatus consisting of a plastic feeder tube (5 

mm diameter and 20-30cm long) was attached to a 3 ml syringe filled with a mix 

of fish flakes and water. The amount of food available to the fish was manually 

controlled and could be adjusted by varying the pressure applied to the syringe 

(Fig. S1B, Appendix D). In this way, different amounts of food could be delivered 

to the fish. The food was delivered at the front of the aquarium. Because we 

wanted to train fish to touch a specific stimulus (blue) with their mouth (referred 

as ‘taps’ [202]), initially fish were fed through the feeder tube alone. Once the fish 

learned to bite/tap the tube, a colored flat disc was attached to the end of the 

tube helping the fish learn to tap the color stimuli.  The fish were then introduced 

to a laminated card with the stimuli at the center (the feeder was not inside the 

tank at this point). As fish learned to associate the color with reward, they started 

to tap the colored stimuli on the card and consequently were rewarded (Fig. S1C-

D, Appendix D).  

 

Fish were trained only for blue and not for light- or darkblue. In order to make 

sure fish could see all stimuli before choosing, fish were lured towards the 

posterior section of the tank while the color cards were placed in the front of the 

tank. The feeder was removed and the fish turned in order to make a choice. The 

experimenter was able to see which color stimulus fish tapped with a mirror 

placed above the tank. The fish never saw the experimenter nor other fish during 

tests. Fish were tested approximately 10 or 20 times to confirm that they could 
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discriminate colors; when they succeeded 75% of the times, testing started.  

Seven male fish were trained within a two-month period where some individuals 

learned faster than others. This seemed to be related to the different levels of 

confidence that each individual exhibited. Indeed, one of the most difficult steps 

in the training process was to convince the fish to approach the feeder tube or 

color card in the presence of the experimenter. 

 

5.3.4 Fish care 

Fish were held individually in 26 x 50 cm tanks with a common recirculating 

system (Fig. S1A, Appendix D) and they were fed daily during training and 

testing periods. All fish were managed under the guidelines of the University of 

Maryland IACUC protocol (#R15-54). Fish were tested from November to March 

in 2015-2016 at the Tropical Aquaculture facility at the University of Maryland. 

 

5.3.5 Experiment 1: Binary choice 

The first experiment consisted of a binary choice test where fish chose between 

two cards with one color circle each, the trained blue stimulus was presented 

with yellow and gray as distracters. As soon as the fish tapped one of the two 

cards, the cards were removed, the fish was rewarded, and the trial ended. In 

order to avoid bias against a specific side of the tank, the same color was not 

presented on the same side more than two times in a row. Furthermore, if the 

fish didn’t show a response to the stimuli for more than two minutes, the fish was 
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not rewarded and the trial was not counted. To ensure that fish were not 

selecting stimuli based on luminance, the trained and distracter stimuli varied in 

three levels of brightness. In total we tested seven fish to assess whether they 

had the ability to detect chromatic differences between colored stimuli (blue, 

yellow and gray). 

 

5.3.6 Experiment 2: multiple-choice gray 

To further confirm our results in the first experiment, we used a multiple-choice 

discrimination test. Cards contained eight color stimuli of which one was blue and 

the rest were multiple shades of gray. Stimuli were arranged in two horizontal 

rows with four color-circles each. Five cards were designed with different 

combinations (Fig. S1E, Appendix D) and were presented to the fish in a random 

fashion during testing. As in the previous experiment, we added luminance noise 

to make brightness an unreliable cue for blue, therefore, blue in the cards varied 

between three levels of brightness. For experiments 2 and 3, each fish was 

tested five times for each combination card. 

 

5.3.7 Experiment 3: multiple-choice color 

Finally, for the third experiment, we wanted to know if fish could discriminate blue 

from several different wavelengths and if there was a bias against a specific 

color. Six cards were designed containing different stimuli of which one was blue 

and the rest were different colors (black, brown, violet, pink, red, yellow and 
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green) (Fig. S1E-F, Appendix D). Since brightness bias was already tested in the 

two previous experiments, luminance noise was not introduced in this 

experiment. As in Experiment 2, the different color card combinations were 

presented in a random fashion to the fish. 

 

5.3.7 Data analysis 

For experiments 1, 2 & 3, a one-tailed binomial test was used to calculate 

whether the fish could distinguish the trained from distracter stimuli. For this, the 

number of correct trials was compared to the distribution of taps if a fish were 

choosing randomly (50% of the time for the Experiment 1 and 12.5% for 

Experiment 2 & 3). Confidence intervals were calculated assuming a binomial 

distribution. All binomial tests and visual modeling calculations were done in the 

statistics package of R software for each fish in each experiment [205].  

 

5.3.8 Differential interference contrast (DIC) images of M. benetos 

cone photoreceptors 

 
One fish was sacrificed with overdose of MS-222, the eyecup was removed and 

the eye was dissected under a stereoscope. 1x Hyaluronidase/Collagenase was 

placed into the open eyecup and incubated for ~45 min, adding more if needed. 

The vitreous humour was removed and the retina gently dissected away from the 

retinal pigment epithelium (RPE) by flushing with copious cold phosphate 

buffered saline. As soon as the retina was separated from RPE and the vitreous 
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humour it was pinned in an agar plate where it was fixed in 4% 

paraformaldehyde. Photographs were taken with a Leica DM5500 Microscope 

(Leica Microsystems).  

 

5.3.9 Visual modeling 

To quantify how colors stimulate photoreceptors’ visual sensitivities, we calculate 

quantum catches (Q) which represent the number of incident photons that are 

captured by visual pigments in each photoreceptor [206]. Therefore, estimating 

quantum catches allows us to examine how spectrally different colors stimulate 

different cichlid photoreceptors. These calculations include: (1) the spectrum of 

environmental light, (2) the reflectance spectrum of an object (e.g. stimuli), (3) 

the lens transmission, and (4) the spectral sensitivities of photoreceptors 

[177,207].  

 

Quantum catches are based on the seven opsins present in cichlids, and use the 

MSP spectral sensitivities of M. benetos, SWS1, RH2B, RH2Aα, and from the 

closely related species Metriaclima zebra, SWS2B, SWS2A, RH2Aβ and LWS. 

Genetic analyses show that the opsin sequences of M. zebra and M. benetos do 

not differ significantly having identical amino acids in the retinal binding pocket 

sites [208] Hence, M. benetos’ visual sensitivities should be, if not equal, highly 

similar to M. zebra. We further consider the possibility of opsin coexpression in 

single cones and double cones which has been demonstrated in M. zebra 

[20,24,161]. This coexpression varies across the retina and seems to be minimal 
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within an area centralis (believed to be used in high visual acuity tasks), 

however, there is significant variation between individuals. Opsin coexpression 

can have different effects on color vision because two opsins in the same cone 

would shift its peak absorbance. Therefore, we estimated quantum catches 

based on pure opsin expression (SWS1, RH2B, RH2Aα) and on coexpressed 

opsins (SWS1/SWS2B, RH2B/RH2Aβ, RH2Aα/LWS) in a single photoreceptor. 

Since opsins can be differentially coexpressed, we considered four combinations 

of opsin coexpression that have been found to bound the variation in M. zebra 

(Table S1A, Appendix D) [20,24]. We used different spectral sensitivities based 

on reported coexpression combinations in order to calculate quantum catches. 

Quantum catches were calculated for the short, medium and long (S, M & L 

respectively) wavelength sensitive cones for each color using Eqn 1, where Ri is 

the sensitivity (opsin absorbance template) of receptor i, L is the lens 

transmittance, S is the surface reflectance (color stimuli), I is the illuminant, and 

Ki is the von Kries factor for receptor i (Table S1, Appendix B).  

 

𝑄!  =  𝐾!  ∫ 𝑅!(𝜆)𝐿(𝜆)𝑆(𝜆)𝐼(𝜆)        (1) 

 

The opsin absorbance template (Ri) is derived from the quantum catch 

absorptance coefficient (Fabs) which represents the fraction of photons entering a 

photoreceptor which are actually absorbed [209]. Here k is the absorption 

coefficient of the photoreceptor at the peak absorption wavelength (the peak 

absorbance determined by MSP in units of per µm), A(λ) is the wavelength 
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dependent absorbance of the photoreceptor, normalized to a peak of one, and l 

in the length of the outer segment in µm (Eqn 2). 

 

𝑅! = 𝐹!"# ∝  (1− 𝑒!!" ! !)!"#
!""        (2) 

 

The von Kries factor (Eqn 3) is derived from von Kries’ color constancy model in 

which receptors adapt independently to the background illumination 

[177,207,210].  

 

𝐾! ∝
!

 ∫ !"(!)!(!)!(!)
          (3) 

 

In order to test if double cones are involved in color vision (color opponency), we 

modeled quantum catches both separately for each cone member (M and L) and 

for the combined double cone (DC) with Eqn 4 [191]. 

 

𝑄!" =
!!!!!

!
          (4) 

 

Quantum catches also allow us to calculate the contrast between the tested 

colors to the cichlid eye. For this we use the receptor noise-limited model (RNL) 

[211]. Briefly, we used quantum catches of each cone class (i) to calculate 

contrast between pairs of colors, Δfi [212]. 
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Δ𝑓! = ln !!(!"#"$ !)
!!(!"#"$ !)

         (5) 

 

Color discrimination is also determined by receptor noise. Relative receptor noise 

is related to the Weber fraction for a single photoreceptor, ν, by: 𝜔! =  𝑣!/ 𝑛!, 

and n is the number of receptors of i type [213,214]. Further, we followed 

Koshitaka et al 2008 in assigning a receptor noise for each cone class (Eqn 6) 

[215].  In our calculations the long (L) receptor is assumed to have a noise value 

of 0.1 (see discussion) and the noise value for the short (S) and medium (M) 

cone classes were calculated using their relative abundance in the retinal 

mosaic. M. benetos has a square mosaic like its close relative M. zebra [24] 

where the S:M:L cones ratio is 1:2:2 (Fig. S1G-H, Appendix D). This gives us a 

relative noise value of 0.14 for S cones, and 0.1 for M and L cones.  

 

ω! = 0.1 !!
!!

           (6) 

 

Following Vorobyev and Osorio 1998, we can compute the distance between two 

colors (ΔS). To further test if cichlids achieve color opponency either through 

stimulation of each photoreceptor or combining signals from double cones, we 

computed ΔS for a dichromatic (S, DC; Eqn 7) and a trichromatic (S, M, L; Eqn 8) 

visual system as follows: 

 

Δ𝑆 = (∆!!"!∆!!)!

!!
!!!!"

!                  (7) 
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Δ𝑆 =  !!
! ∆!!!!!! !!!!

! ∆!!!!!! !!!!
! ∆!!!!!! !

!!!! !! !!!! !! !!!! !       (8) 

 

ΔS is the chromatic distance of two colors in the photoreceptor space and its 

units are “just noticeable differences” (JND). Values <1 JND indicate that the two 

colors are indistinguishable whereas values above 1 JND indicate that two colors 

can be distinguished [212]. Because we performed these experiments under 

fluorescent lights that do not emit short wavelengths (Fig. 5.1) where M. benetos 

is sensitive, and since at lower light intensities photon-shot noise can affects 

color discrimination [216], we wanted to calculate absolute spectral sensitivity, 

Ri(λ), for each photoreceptor type as:  

 

𝑅𝑖 𝜆 = 𝜈𝜏 !
!

! !
!

!
𝐷!(1− 𝑒!!" ! !)             (9) 

 

where ν is the number of cones per receptive field and τ is the summation time; 

d/f is the acceptance angle of a cone, d is the diameter of the receptor and f is 

the lens focal length (2.5 mm, calculated from the lens radius multiplied by 

Matthiessen’s ratio), and D is the pupil diameter. When Ri(λ)  is included in Eqn 

1, it can give us absolute quantum catches, N. We can then include photon-shot 

noise into the RNL model in Eqn 3, 5 and 6 by further substituting the noise term 

from Eqn 10. In this way, we can analyze how spectral sensitivities change with 

and without the von Kries normalization. 
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𝜔!,!"#$#% =
!!
!!!

!!!!

!!
         (10) 

 

For these calculations, ν and d were determined from the retinal mosaic (Fig. 

S1G-H, Appendix D), and D was measured from five fish. l was obtained from 

[217] and [24]. k and peak wavelengths to estimate A(λ) were obtained from 

[26,201].  To our knowledge τ has not been measured for cichlids so we use 40 

ms as estimated for coral reef fish [218]..  

 

5.4 Results 

5.4.1 Stimuli, illumination, and visual system properties 

Color stimuli were designed and their spectral reflectance quantified. Similarly, 

side-dwelling irradiance was measured in the tanks. Lens transmission yielded a 

T50 of 370 nm (Fig. 5.1).  

 

5.4.2 Experiment 1: binary choice 

For this experiment a total of 3353 tests were performed (nfish=7; ncolor-pairs=18). 

This experiment showed that each fish could easily discriminate between blue 

and yellow and blue and gray. Most fish were more likely to choose the trained 

(blue) over the distracter stimuli (yellow or gray), irrespective of brightness (Fig. 

5.2). On average, fish tapped correctly 99.75% (96-100%) of the trials against 

yellow and 91% (48-100%) against gray (Fig. 5.2, Movie S1, Appendix D). Two 
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fish failed to discriminate lightblue and darkgray, and one fish failed in 

discriminating lightblue and gray. Five fish achieved correct choices significance 

in all conditions (Table S2A, Appendix D). 

 

 

Figure 5.1. Reflectance spectra, side-dwelling irradiance, lens transmission 
and cone sensitivities. A, B and C indicate reflectance spectra of blue, yellow 
and gray targets respectively, with stimuli varying in brightness. (D) Illumination 
in absolute photons. (E) Lens transmission spectra. (F) Color vision plot with 
spectral sensitivity of the short, medium, and long wavelength pigments. A typical 
square retinal mosaic is shown in the inset where the short wavelength sensitive 
opsin (SWS1) is expressed in single cones while medium and long wavelength 
pigments (RH2B & RH2A respectively) are expressed in alternate double cone 
members. 
 

5.4.3 Experiment 2 & 3: multiple-choice 

The same fish from the binary choice experiment were used in the multiple-

choice test. In Experiment 2 (525 tests), fish were more likely to choose blue over 

the different shades of gray (Fig. 5.3A). Fish tapped correctly blue, lightblue and 

darkblue, 89% (88-96), 76% (60-96) and 88% (76-96) of the time, respectively, 
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as compared to the different shades of gray (Movie S1, Appendix D). Similarly, in 

Experiment 3 (205 tests), all fish were more likely to choose blue over different 

colors, and fish tapped correctly 74% (70-80) of the time (Fig. 5.3B, Movie S1, 

Appendix D). All fish achieved significant results in Experiments 2 and 3 (Table 

S2A, Appendix D). Interestingly, in Experiment 3, we noticed that of the few 

mistakes fish made (20-30%), i.e. tapping another color instead of blue, most of 

the mistakes (78%) were with the color purple. Hence, this suggests that these 

fish have difficulty discriminating blue from purple (Table S2A, Appendix D).  

 

5.4.4 Quantum catches 

We estimated quantum catches by two approaches, one considering the spectral 

absorptance (referred simply as “Quantum catch”) and the second one 

considering absolute spectral sensitivity (referred as “Absolute quantum catch”). 

We first considered the simplest case, a dichromatic visual system with pure 

opsin expression. Here, color pairs like blue-yellow differ in the signals from 

single cones (SC) and from summed signals of double cones (DC) (Table S2B, 

Fig. 5.4A, Appendix D). Thus, yellow and blue would be discriminated on the 

basis of spectral differences between both, SC and DC. By contrast, blue and 

gray have similar quantum catches for SC and DC respectively (Table S2B, 

Appendix D; Fig. 5.4A), hence, this could potentially preclude M. benetos from 

discriminating between these colors.  
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We next considered the trichromatic case, which assumes the three cone types 

independently contribute to color vision. Quantum catch calculations suggest that 

the short, medium and long (S, M and L) cones are differentially stimulated for 

each color target (Fig 5.4C,E, Table S2B, Appendix D). Furthermore, because 

fluorescent lights do not emit UV light, absolute quantum catch calculations 

resulted in essentially zero stimulation for single cones (Table S2B, Appendix D).  

We next considered coexpression for both di- and tri-chromacy. We found that 

photoreceptors are differentially stimulated as compared with pure opsin 

expression. In dichromats, signals from SC and DC change for blue-gray 

comparisons, with blue shifting away from gray but purple is more similar to blue. 

Yellows also seem to be more different when there is opsin coexpression (Fig. 

5.4B,S2, Appendix D). For a trichromatic visual system, differential stimulation 

from each photoreceptor is maintained (Table S2B, Appendix D, Fig. 5.4D,F) 

although blue and purple seem to generate similar signals (Fig. 5.4F, S2, 

Appendix D). Finally, as a consequence of low stimulation of the S 

photoreceptors, absolute quantum catches suggest color vision under our 

experimental scenarios primarily relies on stimulation of the two double cone 

members, the M and L cones (Fig. S3, Appendix D). 

 

5.4.5 Chromatic distances 

Color distance (ΔS) analysis, in a dichromatic and trichromatic visual system, 

provided two main outcomes for colors used in Experiments 1, 2 and 3. First, 

these analyses suggest that for the cichlid visual system, yellow distracters 
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exhibit greater ΔS than gray distracters when compared to shades of blue. 

Second, our results show that opsin coexpression can increase, maintain or 

decrease ΔS for blue compared to different colors (Fig. 5.5-6, Table S2C-D).  

 

In determining whether cichlids are dichromats or trichromats, we note that for a 

dichromat, ΔS between blue and gray is below 1 JNDs when there is pure opsin 

expression (Table S2D, Appendix D). Therefore, in a dichromatic visual system, 

cichlids would not be able to discriminate blue from gray. While opsin 

coexpression does increase blue / gray distance, our previous studies suggest 

that most individuals utilize pure opsins in the area centralis [20]. By contrast, in 

a trichromatic visual system, blue / gray chromatic distance is greater than 4 

JNDs, hence, cichlids could potentially discriminate blue from gray regardless of 

opsin coexpression (Fig. 5.5). This suggests that cichlids must be trichromatic if 

they successfully distinguish blue from gray, independent of brightness. Overall, 

for both types of visual systems, comparisons of pure pigments and opsin 

coexpression yielded similar or higher ΔS for blues against shades of gray with 

all four coexpression combinations (Table S2C-D, Appendix D). However, there 

are some exceptions. In a dichromat, opsin coexpression increase ΔS between 

lightblue and shade of grays, but it negatively affects ΔS between lightblue and 

darkgray (Fig. 5.5B).  

 

We find similar results for the broad range of colors used in Experiment 3. Our 

results suggest there is great variation in ΔS with color stimuli, opsin 
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coexpression, and visual systems. For example, when compared to blue, ΔS for 

brown, orange, green, and yellow increases with all coexpression combinations 

in both dichromats and trichromats (Fig. 5.6) (Table S2C-D, Appendix D). 

However, ΔS varies for blue versus red and pink, with both increases, and 

decreases. Overall, most ΔS exceeded 1 JNDs in a pure opsin expression 

scenario (except for brown in dichromats), and these results were highly similar 

when ΔS were calculated with or without photon-shot noise (Table S2D, 

Appendix D).  

 

One important comparison is for blue and purple where ΔS is above 1 for pure 

pigments but small in all four coexpression combinations, particularly for a 

dichromatic visual system with JNDs ≤0.8 (Fig. 5.6B, Table S2D, Appendix D). 

Combining these results with those for blue/gray, we find that although 

coexpression increases blue / gray discrimination, it makes blue / purple 

discrimination worse.  Therefore, coexpression can not compensate for 

dichromacy in all tested scenarios. This adds further supports that cichlids must 

be trichromatic to successfully perform all visual tasks. 
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Figure 5.2. Proportion of times the stimuli was chosen correctly in the first 
binary choice experiment. Each treatment and the number of trials are 
specified. Numbers at the x axis specify each individual fish whereas the 
proportion of correct choices are specify on the y axis. Empty symbols denote 
when the binomial test was not significant (p* > 0.05). 
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Figure 5.3. Proportion of times the stimuli were chosen correctly for 
multiple-choice experiments. (A) Experiment 2 for blues versus multiple grays, 
and (B) Experiment 3 for blue versus multiple colors. The number of trials are 
specified (n). Numbers on the left specify each individual fish.  All binomial tests 
were significant (p* < 0.05). 
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5.5 Discussion 

The results of this study show that M. benetos has color vision. Fishes 

were able to distinguish blue from other colors regardless of brightness in all the 

experiments. Our behavioral results also imply that cichlids are trichromats where 

the three types of photoreceptors (S, M and L) are necessary for color 

discrimination. This is in agreement with von Kries corrected quantum catches 

calculations, which suggest that each photoreceptor is differentially stimulated by 

each color. Thus, we suggest that double cone members (M and L) provide 

opponent spectral channels used for color vision as modeling where double 

cones are summed together suggest multiple colors would equally stimulate the 

photoreceptors. The unique contributions of double cones is further supported by 

quantum catch calculations without von Kries correction. Under these conditions, 

there is very low stimulation of the single cones by the lighting in these 

experiments, such that double cones could mostly mediate color discrimination. 

Furthermore, our visual modeling suggests that quantum catches and chromatic 

distance can be affected by opsin coexpression.  

 

5.5.1 Cichlid behavior 

Cichlid vision has been extensively studied using a variety of behaviors 

associated with visual cues. Cichlids are quite adaptable and several species 

seem amenable to training under lab conditions. Cichlids have shown they are 

able to recognize facial cues between conspecifics [219], and Lake Malawi 
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Metriaclima species, have been used for shape discrimination, object 

categorization and symmetry perception tasks [220–222].  

 

Here we provide some of the first behavioral evidence that the Lake Malawi 

cichlid, M. benetos, possesses color vision. The potential ability for color vision in 

cichlids has previously been suggested using molecular and 

microspectrophotometry methods. Those data show that M. benetos rely on 

three visual pigments resulting from expression of three different cone opsin 

genes. However, the current study is the first behavioral evidence of their 

chromatic discrimination capabilities. These behavioral experiments confirm that 

within weeks, M. benetos can be trained to perform visual tasks based on color 

cues alone. These results rely on classical conditioning using color choice [177] 

as have been used in previous studies on fish color vision 

[174,183,191,202,223].  

 

5.5.2 Color opponency and opsin coexpression 

Our visual modeling assuming a dichromatic visual system (based on double 

cone summation) predicted that cichlids wouldn’t be able to discriminate blue 

from gray. However, in our behavioral results, all fish successfully distinguished 

blue from gray regardless of luminance noise. This suggests that cichlids have a 

trichromatic visual system where color vision is based on the differential 

stimulation of each photoreceptor (S, M and L). 
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Based on our visual modeling and behavioral results, we suggest that M. benetos 

achieves color vision probably through color opponency mechanisms. This 

agrees with the assumption that in DC, spectrally opponent channels exist 

between each cone members, producing a signal which is the result of 

differences between spectrally distinct cones [191] (Fig. 5.4C-F). This hypothesis 

is supported because in our experiments, fish were able to differentiate blue from 

gray regardless of the similarities of quantum catches of SC and the summed 

signals of DC (Fig. 5.4A). Therefore, each double cone member is likely 

generating a different signal causing spectral differences that would be registered 

by ganglion cells in a trichromat.   

 

In this study, we are assuming that color opponency is the product of two 

different cone photoreceptor sensitivities that are being compared by ganglion 

cells. Nevertheless, the retina neural circuit can be highly complex. For example, 

bipolar and horizontal cells have been shown to already receive feedback from 

three to four spectral types of cones in cyprinids [224–226]. Morphological and 

physiological studies analyzing the neural network of the cichlid retina are 

needed in order to better understand how color opponency takes place.  

 

Color opponency needs at least two different spectral channels whose quantum 

catches are compared [128]. In cichlids, the presence of multiple cone types to 

produce these different spectral channels is supported by our previous in situ 

labeling of different opsins to examine the spatial distribution of cone types in the 
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closely related Malawi cichlid, M. zebra [24,161]. In those studies, we found a 

highly organized retinal mosaic with single and double cones. Both SC and DC 

contain spectrally different opsins including unique opsins in opposite members 

of DC. More interestingly, Dalton et al (2016) showed that M. zebra has an area 

centralis in the retina close to the optic nerve, with high densities of both 

photoreceptors and ganglion cells, and minimal opsin coexpression. This 

suggests that this region in the retina provides high acuity for visual tasks, 

including color discrimination. We further found that the spatial patterns of opsin 

coexpression vary between individuals with at least one of six individuals 

showing coexpression in the area centralis [20].  

 

In our visual modeling opsin coexpression increases ΔS for some colors but 

decreases ΔS for others (Fig. 5.5-6) (Table S2C-D, Appendix D). Interpretation of 

the size of JNDs should be done with caution because even though chromatic 

distance is an indicator of color discriminability, it does not assess perceptual 

similarity from highly discriminable stimuli (Kelber et al. 2003). Large ΔS do not 

necessarily mean that some colors are more discriminable than others, instead, 

this suggests that color discrimination is preserved over longer distances 

because water acts as an attenuating medium making colors more achromatic 

over larger distances [218]. This effect is irrelevant in our experiment since fish 

were very close to the stimuli. Even though we have not confirmed opsin 

coexpression in M. benetos, qPCR data suggest that it is likely because of the 

expression of multiple single cone opsins [12,73].  However, coexpression is less 
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common in the area centralis, where fish would be viewing objects of interest.  

We suggest that opsin coexpression might have negatively affected 

discrimination between specific colors where coexpression decreased ΔS (e.g. 

blue vs. purple), and this is in concordance with our behavioral evidence. 

Furthermore, some individuals show more difficulty with discrimination than 

others, and these may occur in the few individuals with increased coexpression. 

This would require further genetic testing. 
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Figure 5.4. Normalized quantum catch of colors in Experiments 1, 2 & 3. In 
a dichromatic visual system, photoreceptor’s stimulations are plotted as signals 
in single cones (SC, x axis) and as summed signals in double cones (DC, y axis). 
Quantum catches were normalized using Eqn 1 & 2 for S-, M- and LWS cones. 
Combined signal-stimulation (summed) of double cones (DC) was calculated with 
Eqn 4. A, represents quantum catch when there is pure opsin expression 
whereas B represents opsin coexpression combination 1. Bigger dots are used to 
reveal overlapping data-points in the SC-DC space. For a trichromatic visual 
system, photoreceptor stimulations are plotted in chromaticity diagrams with 
target colors plotted in the color receptor space of M. benetos for experiments 1, 
2 & 3. Each axis corresponds to the quantum catches of short/UV (S), medium 
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(M) and long (L) sensitive photoreceptors. Monochromatic loci at 5 nm intervals 
are represented by gray dots. C & E are based on pure opsin expression visual 
system (SWS1, RH2B, RH2Aα) whereas D & F correspond to opsin 
coexpression combination 1 (SWS1/SWS2B, RH2Aβ/RH2B, LWS/RH2Aα). Only 
coexpression combination 1 is displayed since it is the one that has been 
reported in the area centralis.  
 

5.5.3 Color discrimination and the Weber fraction 

In this study, we wanted to take the first step in understanding vision in cichlids 

and to know if they have true color vision. Further studies are needed to dissect 

the cichlid visual system as well as its adaptations and limitations, but given our 

visual modeling and behavioral results, we can infer the physiological 

characteristics of the cichlid retina. Initially, based on previous fish-vision studies 

applying the RNL model, we assumed a Weber fraction of 0.05 [20,218,227,228] 

for the LWS channel. However, in order to better predict cichlids performance, 

we adjusted this to a higher Weber fraction of 0.1. We did this because even 

though we are not evaluating color discrimination thresholds, increasing the 

Weber fraction and hence lowering chromatic distance, would partially explain 

the mistakes fish made (Fig. 5.2-3). In general, a Weber fraction of 0.05 is 

accepted for most animals [211] but it is known that predicted thresholds can 

disagree with experimental data [216,229].  

 

There were a few color combinations where fish were more likely to make 

mistakes.  Fish more often made mistakes with discriminating blue from purple. 

This might be explained due to their reflectance profile similarities (Fig. S1F, 

Appendix D). Mistakes of blue vs purple might also be explained by opsin 
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coexpression. With opsin coexpression combination #2, ΔS is low (<1 JNDs) 

(Fig. 5.6A, Table S2C, Appendix D) thus, making discrimination ‘harder’ for the 

fish. In contrast, mistakes by several of the individuals between lightblue and 

grays are not explained by either opsin coexpression, similarities in quantum 

catches or low JNDs. Lightblue and grays exhibit a chromatic distance above 1 

JNDs in most coexpression combinations in both, dichromatic and trichromatic 

visual systems. One possibility is that the receptor noise is greater than 0.1 

resulting in lower ΔS. Indeed, if we increase the noise ratio to 0.3, ΔS between 

lightblue and grays decreases proportionately by a factor of 3 (0.7-1.1 JNDs). 

Higher levels of noise could be a consequence of the low stimulation of the short 

sensitive cone (which is UV sensitive in M. benetos). This is supported by 

absolute quantum catches calculations (Table S2B, Appendix D) which remove 

the von Kries correction and better accounts for the fact that the light 

environment where fish were tested lacked UV light (Fig. 5.1D), thus, affecting 

the stimulation of SC (Fig. S3, Appendix D). Hence, the low stimulation of SC 

and high levels of photoreceptor noise might explain fish mistakes of lightblue 

and grays. 

  

Overall, only trichromacy would allow fish to successfully choose blue over gray 

since these colors are only discriminable in a trichromatic visual system (Fig 

5.5C). In a dichromat, blue and gray would only be discriminated when there is 

opsin coexpression (Fig. 5.5D) however we have shown coexpression is 

uncommon in the area centralis [20]. Further, if cichlids are trichromats, with or 
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without coexpression, they would be able to discriminate blue and purple (Fig. 

5.6A). In contrast, dichromats with coexpression would not be able to choose 

blue over purple (Fig. 5.6B), which was not the case since all fish significantly 

chose blue over purple.  

 

These mistakes fit with the RNL model predictions where chromatic 

discrimination is only plausible under bright illumination and not in low 

illumination conditions since achromatic mechanisms may become important 

[211,230,231]. This is because the Weber law suggests that in bright light 

photoreceptor noise is independent of the signal, whereas in dim light, chromatic 

discrimination is affected by both internal photoreceptor noise and fluctuations in 

the number of absorbed photons. Thus, the Weber law is no longer valid [232]. It 

is remarkable, that even with very little stimulation of SC when photon-shot noise 

is considered (Table S2B, Appendix D), M. benetos succeeded in discriminating 

color stimuli, reinforcing the assumption that there is color opponency between 

members of double cones.  

 

Lastly, there might be a behavioral component we are overlooking causing fish to 

make mistakes. It is noteworthy, that in spite of their mistakes, most fish 

succeeded in choosing the trained stimuli over the distracter in all tests. Likely, 

M. benetos is achieving color vision using their area centralis, where color 

discrimination would be best. In addition, in bright environments like Lake 
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Malawi, there is significantly more ultraviolet light to stimulate SC so that 

photoreceptor shot noise would be smaller and color discrimination better. 

 
 

 
Figure 5.5. Chromatic distances, ΔS (JNDs), of colors in experiments 1 and 
2. Chromatic distances between stimuli for experiments 1 and 2 are given for 
lightblue (A, B), blue (C, D), and darkblue (E, F), against distracter stimuli (G: 
Gray; LG: Lightgray; DG: Darkgray; Y: Yellow; LY: Lightyellow; DY: Darkyellow). 
A, C and E are ΔS for a trichromatic whereas B, D and F are for a dichromatic 
visual system. Pure (P) and coexpression combinations (1-4) are specified for 
each color pair.  
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Figure 5.6. Chromatic distances, ΔS (JNDs), of colors in experiment 3. 
Chromatic distances between blue and colors used in Experiment 3 where A is 
for a trichromatic and B for a dichromatic visual system. Pure (P) and 
coexpression combinations (1-4) are specified for each color pair. 
 

5.5.4 Color vision and its relationship with cichlid ecology and 

evolution 

Our results are particularly relevant for the study of evolution in the cichlid 

lineage because the exploitation of color vision allows cichlids to use 
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communication channels that can be subject to variation. Subsequently, this 

organismal variation in sensory cues can lead to bursts of signaling evolution, 

where male secondary sexual characteristics diversify leading to cladogenic 

events [233,234]. This is likely important for M. benetos because its sympatric 

close relatives, M. zebra and M. sandaracinos, differ mainly in coloration patterns 

[235,236].  

 

In the wild, M. benetos would benefit from color vision. Similar to many Malawi 

cichlids, this species relies heavily on visual cues for foraging and mating. M. 

benetos would use color vision to identify conspecifics and to discriminate 

between dominant and subordinates individuals. This has been suggested 

because male M. benetos are especially UV reflective in the dorsal fin and flanks, 

which are displayed in mating and social rank signaling [237,238]. Chromatic 

discrimination would also benefit females since they would be able to choose 

among conspecifics males. Male coloration pattern is important for African 

cichlids’ assortative mating and this has been studied behaviorally [196,239,240] 

because visual signals are likely the first step in the multimodal courtship [241]. 

 

Color vision would also facilitate foraging tasks for M. benetos since rock-

dwelling cichlids are notorious omnivores with a broad spectrum of feeding habits 

and items, ranging from scraping algae to zooplanktivory [242–244]. Color 

discrimination would enable cichlids to tell apart specific food items from a variety 

of different objects and backgrounds. Indeed, UV sensitivity improves foraging 
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efficiency in M. benetos [245], however, this discrimination could rely on contrast 

as well as color vision. 

 

More experiments are needed to further test cichlids’ chromatic discrimination 

capabilities. In this study, fish were trained exclusively for blue but we do not 

know if cichlids exhibit bias towards specific colors. There is the possibility that 

M. benetos, due to its coloration pattern and their main sensitivity to the “short” 

range of the wavelength spectrum, succeeded in discriminating blue because of 

a preexisting preference towards this wavelength. Color bias has been reported 

in teleosts before. Picasso triggerfish (Rhinecanthus aculeatus) seems to avoid 

yellow and blue, and both the Picasso triggerfish and the lunar wrasse 

(Thalassoma lunare) seem to prefer green and red [174]. Preference towards 

specific colors in assortative mating could also underlie a sensory bias. This has 

been reported for stickleback’s preference for red [246] and guppies’ preference 

for orange [247]. Because male M. benetos exhibit a pale blue nuptial coloration 

[236], sensory bias studies are needed to test if there is a preexisting 

preferences for blue.   

 

5.6 Conclusions 

In this study, we have showed that cichlids can be trained through classical 

conditioning in order to perform color discrimination tasks. Cichlids successfully 

discriminated blue from gray as well as several different color targets. Our visual 

modeling and behavioral results suggest that cichlids have color vision, probably 
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through color opponency mechanisms produced by neural interactions of three 

different photoreceptor spectral channels. Furthermore, we suggest that opsin 

coexpression can vary in its effects on color perception towards specific 

wavelengths and hence, color discrimination power. The capability of color 

discrimination in cichlids can have a big impact in understanding the natural 

history of this speciose clade because cichlid’s visual capabilities and coloration 

patterns have been associated to their adaptive radiation and evolutionary 

success.  

 

5.7 Acknowledgements 

We thank all the members from the Carleton and Kocher lab for taking care of 

the fish throughout this project. We also thank Ben Sandkam for helping us in 

preparing the differential contrast whole mount image of M. benetos’ retina and 

Gabriel Arellano and Natalia Umana for guiding us with figures. This work was 

supported by a Biology Department Travel Award and Summer Research 

Fellowship through the University of Maryland Graduate School (2015-2016 to 

D.E-C.). D.E-C is supported by graduate fellowship of the Secretariat of Higher 

Education, Science, Technology and Innovation of Ecuador (2014-AR2Q4465).  

This work was also supported by NIH 1R01EY024639. No competing interests 

declared. This work was supported by the National Institutes of Health 

[1R01EY024639 to KLC]. This work was also supported by graduate fellowship 

of the Secretariat of Higher Education, Science, Technology and Innovation of 

Ecuador (SENESCYT) [2014-AR2Q4465 to D.E-C]. 



 

 151 
 

Chapter 6:  Behavioral color thresholds in a cichlid fish: 
Metriaclima benetos 
 
In Review under: Daniel Escobar-Camacho, Michael A. Taylor, Karen L. Cheney, 
Naomi, F. Green,  Justin N. Marshall, Karen L. Carleton.  Behavioral color 
thresholds in a cichlid fish: Metriaclima benetos. Journal of Experimental Biology. 
2019 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 152 
 

6.1 Abstract 

Color vision is essential for animals as it allows them to detect, recognize and 

discriminate between colored objects. Studies analyzing color vision usually 

require an integrative approach, combining behavioral experiments, physiological 

models and quantitative analyses, which results in a comprehensive 

characterization of visual systems. Here, we demonstrate, for the first time, the 

limits of color vision in Metriaclima benetos, a rock-dwelling cichlid from Lake 

Malawi using behavioral experiments and visual modeling. Fish were trained to 

discriminate between colored stimuli. Color thresholds were then quantified by 

testing fish chromatic discrimination between the rewarded stimulus and 

distracter stimuli that varied in chromatic distance. This was done under 

fluorescent lights alone and with additional violet lights. Our results provide two 

main outcomes. First, cichlid color thresholds correspond with predictions from 

the receptor noise limited model but only if we assume a Weber fraction higher 

than the typical value of 5%. Second, cichlids may exhibit limited color constancy 

under certain lighting conditions as most individuals failed to discriminate colors 

when violet light was added. We further used the color thresholds obtained from 

these experiments to model color discrimination of actual fish-colors and 

backgrounds under natural lighting for Lake Malawi. Our modeling suggests that 

for M. benetos, blue is most chromatically contrasting against yellows and space-

light. This study highlights the importance of lab-based behavioral experiments in 

understanding color vision in cichlids and in parameterizing the assumptions of 

the receptor-noise-limited vision model for different species.   
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6.2 Introduction 

Behavioral investigations of color patterns in nature are essential for 

understanding the evolution of animal coloration patterns. One way to 

understand the adaptive significance of animal coloration is through color 

perception. Color vision is the capacity for discriminating color regardless of 

brightness. It is essential for many living organisms because it facilitates the 

detection, discrimination and recognition of colored objects. Several behaviors 

can be mediated by color vision such as predator or prey detection, finding 

mates, foraging, and other inter- and intraspecific social interactions.  

 

An integrative approach is necessary to comprehensively investigate color vision 

in animals, which combines physiological models, behavioral experiments, and 

data on photoreceptor spectral sensitivities. Most animals exhibit multiple 

spectral cone-types as has been shown through physiological 

(microspectrophotometry, MSP) [248] and molecular experiments (opsin gene 

analysis) (Davies et al., 2012; Kelber and Osorio, 2010). However, behavioral 

experiments are necessary to confirm color vision because photoreceptors can 

be used for a variety of visual tasks including achromatic (luminance) vision, 

motion detection, polarized vision, or phototaxis [249]. In addition, theoretical 

visual models have been developed to predict the visual capabilities of animals in 

studies of visual ecology. Behaviorally testing for color vision enables us to 

determine whether assumptions of theoretical visual models are met.  
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Color thresholds can be estimated using color vision models such as the 

Receptor Noise Limited (RNL) model (Vorobyev and Osorio 1998). This model, 

based on physiological principles, has two main assumptions: (1) chromatic 

contrast is achieved through color opponency where at least two spectrally 

different photoreceptors are compared to produce a signal, and (2) the limits of 

color discrimination are set by receptor noise, originating in the proximal visual 

pathway. The estimation of receptor noise is critical for the correct prediction of 

color thresholds [250,251]. Noise in the receptor channel is related to the Weber 

fraction (ω). This is a constant that describes the signal-to-noise ratio that sets 

discrimination thresholds to the smallest difference in chromatic contrast that can 

be detected, a just noticeable difference (JND) [189,213,252]. Thus, values 

below 1 JND are indicative of color pairs that are indistinguishable while values 

above 1 JND are indicative of color pairs that can be distinguished [212]. 

 

Direct measures of receptor noise in single cells can be measured through 

electrophysiology experiments or estimated based on the relative number of 

photoreceptor cell types [214]. Noise can also be inferred by adjusting the noise 

parameter of the model such that an estimated threshold fits the behaviorally 

determined color discrimination threshold [252]. This is based on the assumption 

that if noise can be used to estimate the limits of color discrimination, then color-

discrimination thresholds can also be used to estimate receptor noise [252]. 
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When viewing colored objects, environmental light may also influence color 

discrimination. Because the light spectrum hitting an object can change, the 

capacity of the visual system to perceive colors consistently regardless of 

changes in illumination spectra is essential for color vision [253]. Without color 

constancy, color vision would be unreliable because colors would change under 

different illuminations. Unsurprisingly, a wide range of animals exhibit color 

constancy [254] including fish [255–257]. One of the ways color constancy is 

achieved is through photoreceptor adaptation where photoreceptors adapt to 

stimulus intensity by changing their sensitivity [258,259]. To account for color 

constancy, color vision models use the von Kries color constancy model where 

photoreceptors adapt independently to the background illumination [177,210]. 

One way to quantify color constancy is to perform vision-mediated behavioral 

experiments under different illuminations.  

 

Fishes are an ideal system to study color vision due to their diverse set of visual 

pigments and the highly variable light environments they inhabit. Thus, in order to 

study color vision in fish, behavioral methods are needed to demonstrate color 

discrimination [197]. These studies often use a classical conditioning approach 

where fish are trained to a reward stimulus to test for fish visual capabilities 

[174,183,188,191,202,218,223,260,261]. Characterizing the detection thresholds 

for chromatic signals is important because it will contribute to an understanding 

of color vision and the perception of coloration patterns in nature.  
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Among teleosts, cichlids are a great model for vision-mediated behavioral 

experiments in laboratory conditions [219–222,260,262]. Cichlids are one of the 

most diverse vertebrate clades with approximately 2000 species widely 

distributed across the globe (Friedman et al., 2013; Turner et al., 2001, 

www.fishbase.org). Like many taxa, cichlids use color vision to detect, identify 

and discriminate different foods, offspring (if they are mouth-brooders) and 

sexual mates [194,196,240,241,263] as some can only be distinguished based 

on nuptial coloration patterns [236]. Species of the genus Metriaclima are ideal 

for chromatic discrimination experiments because their visual system has been 

characterized through MSP, opsin gene expression [26,73,201] and analysis of 

retinal anatomy [20,260]. They are also bold as they are highly territorial, which 

makes them excellent candidates for performing visual tasks. 

 

In a previous study, we showed that cichlids could be trained to discriminate 

between different colors regardless of brightness [260]. Cichlids successfully 

discriminated a rewarded blue stimulus from several other colors (grays, yellows, 

red, green, brown, orange, pink). However, they made errors when discriminating 

blue from purple [260]. Based on what we know of fish color thresholds [38,218], 

this led us to take the next step and aim to answer the following questions: (1) 

What are cichlid color thresholds and how do they compare to those predicted by 

the RNL model? (2) Does color discrimination change under different 

illumination? (3) How do these lab-based behavioral results help us understand 

and interpret cichlid visual tasks in the wild? In this study, we performed a series 
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of color discrimination experiments and psychometric analyses, and measured 

color discrimination thresholds between a range of blue and purple stimuli. We 

also report the potential limitations of color constancy in cichlids and further 

discuss the color thresholds obtained in this research and their implications for 

color perception in the wild based on field data from Lake Malawi. 

 

6.3 Methods 

6.3.1 Behavioral approach and fish training 

We used seven lab-raised individuals of Metriaclima benetos, [236], for our 

experiments. To measure discrimination thresholds, we used a similar approach 

to the experiments from von Frisch (1914), in which fish are trained to associate 

a reward with a specific colored stimulus chosen from among a number of 

distracter stimuli [203]. We trained fish to recognize blue as the rewarded 

stimulus through classical conditioning, and then tested their capacity to 

discriminate blue from other colors. We chose blue as our rewarded stimulus 

because blue is the primary body coloration of male M. benetos [236].  

 

To train the fish, a feeding apparatus was created by attaching a feeding tube to 

a syringe filled with a mix of fish flakes and water (Fig. S1B, Appendix E). Initially, 

food was delivered in the front of the tank with the feeding apparatus. Once the 

fish learned to bite/tap the tube in order to obtain food, a flat-laminated, blue-

colored circle was attached to the end above the tube using Velcro. This allowed 

the fish to begin to associate the color stimulus with food. After they learned to 
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tap the blue stimulus attached to the feeder tube, a laminated card with a blue 

circle in the center was presented to the fish (Fig. S1C, Appendix E). Initially, the 

laminated card had the feeding tube attached just above the blue circle with 

Velcro. Finally, once the fish became comfortable tapping the stimuli in the 

presence of the tube attached to the laminated card, the fish were then shown a 

laminated card without the feeding tube. As soon as fish tapped the card 

independently of food being present in the tank, fish were given several 

preliminary assays (~30) in a binary choice test (see Experiment 1) to confirm 

that they could discriminate blue from other colors (green, yellow, and orange). 

This lasted for approximately two months and when they succeeded 75% of the 

time, testing started. During testing, in order to make sure fish could see all 

stimuli before choosing, they were lured towards the back of the tank with the 

feeding apparatus while the color cards were placed in the front section of the 

tank. As the feeder was removed the fish then turned to make a choice (as per 

Escobar-Camacho et al., 2017). Finally, in order to reinforce memory, the 

rewarded blue stimulus alone was presented to the fish every time before a 

testing session. Training began in March and was completed by July 2017. Fish 

had different learning performance, with some learning faster than others, but 

after approximately 2-4 months all fish were ready for testing. Experiments were 

run between July 2017 and July 2018. 

 

M. benetos were held in individual tanks of 26 x 50 x 30 cm (Fig. S1A, Appendix 

E) with continuous water flow from the same recirculating system, and were fed 
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daily during training and testing periods. Fish were trained and tested in the 

Tropical Aquaculture facility at the University of Maryland, USA, under the 

guidelines of the University of Maryland Institutional Animal Care and Use 

Committee protocol (#R15-54). 

 

6.3.2 Visual modeling 

For testing color discrimination thresholds, we analyzed how a series of colors 

differentially stimulates photoreceptors. This was done by calculating quantum 

catches (Q), which are the number of photons absorbed by a given 

photoreceptor. Calculations of quantum catches include (1) the spectral cone-

sensitivities of M. benetos, (2) reflectance spectrum of an object (e.g. colored 

circle), (3) the lens transmission, and (4) the spectrum of environmental light (Fig 

6.1A-E).  

 

Metriaclima benetos exhibits three visual pigments with a peak absorbance (λmax) 

of 379, 489, and 522nm (Fig. 6.1A) [201]. These are classified as short, medium 

and long (denoted by subscripts S, M and L respectively) wavelength sensitive 

cones.  Quantum catches were calculated for each of these cone types using 

Eqn 1 [207] where Ri is the sensitivity of receptor i, L is the lens transmission, S 

is the color reflectance, I is the illuminant and K is the von Kries factor for 

receptor i  

 

𝑄 = 𝐾! 𝑅! 𝜆 𝐿 𝜆 𝑆 𝜆 𝐼 𝜆 𝑑𝜆             Eqn 1 



 

 160 
 

 

The opsin absorbance template was based on [264] and the von Kries factor 

(Eqn 2) is derived from the von Kries’ color constancy model in which a receptor 

adapts independently to the background illumination [177,207,210].  

 

𝐾! ∝  !
!!(!)!(!)!(!)!"

           Eqn 2 

 

In order to obtain the luminance input from double cones we also modeled 

combined quantum catches of double cones (Eqn 3), which are thought to 

mediate luminance vision in teleosts [188,191].   

   

𝑄!" =
!!!!!

!

 
          Eqn 3 

 

Quantum catches allow us to calculate chromatic contrast between the different 

colors for which fish were tested. For this we apply the receptor noise limited 

model (RNL) [211]. Therefore, we used quantum catches of each cone class (i) 

to calculate contrast between pairs of colors Δfi [212] (Eqn 4). 

 

∆𝑓! = ln !!(!"#"$!)
!!(!"#"$!)

         Eqn 4 

 

Furthermore, color discrimination is determined by receptor noise. The standard 

deviation of the noise in a single cone channel (v) is related to the Weber fraction 
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(ω) for each photoreceptor type (i) by ω=v/ 𝑛! where n is the number of receptors 

of type i. We can assign receptor noise for each cone class (Eqn 5) by first 

assigning the noise value to the long (L) receptor and then calculating the noise 

values of the short (S) and medium (M) cone classes based on their relative 

abundance in the retinal mosaic. For M. benetos, the S:M:L ratio is 1:2:2 [260]. 

Even though estimates of noise can vary among animals [252], in this study we 

set the standard deviation of noise (v) of the L receptor to 0.05 because it has 

been used in previous color-vision research studying several organisms 

[215,230,232], including fish [218]. This gives us a relative noise value of 0.07 for 

the S cones and 0.05 for M and L cones. 

 

𝜔! = 0.05 !!
!!

          Eqn 5 

 

Photoreceptor noise determines the smallest chromatic contrast (ΔS) that can be 

detected between two colors (Eqn 6) in units of just noticeable difference (JND). 

ΔS represents the chromatic distance of two colors in the perceptual color space 

where values below 1 JND are indicative of colors that can not be discriminated.  

 

ΔS = !!
!(∆!!!∆!!)!!!!

! (∆!!!∆!!)!!!!
!(∆!!!∆!!)!

!!!! !! !!!! !! !!!! !       Eqn 6 

 

We calculated the chromatic distance of each of the distracter stimuli vs. 

rewarded blue stimulus. Then, we behaviorally determined the color threshold 
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when fish chose the rewarded stimulus more than the distracter stimuli (at 65% 

correct choice, See Data Analysis below). Finally, since ω is inversely related to 

ΔS we can also experimentally estimate individual receptor noise by fitting 

behavioral color thresholds between a series of stimuli where ΔS is 1 JND.  

 

Figure 6.1. Spectral parameters for color thresholds experiments. (A) 
Spectral sensitivity of the short, medium, and long (S, M, & L) wavelength 
pigments present in single and double cones of M. benetos [201]. (B) 
Reflectance spectra of blue and distracter stimuli. (C) Normalized M. benetos 
lens transmission spectra (Escobar-Camacho et al., 2017) (Table S1C, Appendix 
E). (D & E) Aquarium side-welling irradiance of fluorescent (D) and violet lights 
(E).   
 

6.4.2 Calibration of colored stimuli and quantum catch 

To calibrate visual stimuli used in this experiment, we first measured the 

reflectance of several colors with different RGB values that were printed on 

multipurpose recycled paper (Eagle Office 30, brightness 92) and were 

subsequently laminated. We then selected a series of colors that gradually 
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moved away from blue in color space. Color cards were made then by printing 

single colored circles (~1.5 cm diameter). Distracter colors were designed so that 

they would differentially stimulate the short and long-wavelength sensitive cones 

of M. benetos (Fig. 6.1A). To do this, we increased red and decreased blue 

intensity using Adobe Illustrator. Reflectances of colored stimuli were measured 

using a fiber-optic attached to a Flame spectrometer (Ocean Optics, Dunedin, 

FL, USA) fitted with a 400 µm fiber and calibrated with a NIST (National Institute 

of Standards and Technology) traceable tungsten halogen lamp (LS-1, Ocean 

Optics) (Table S1A, Appendix E). Side-welling irradiance was measured inside 

the tanks under fluorescent and fluorescent plus violet-LED light with a 1000 µm 

fiber fitted with a cosine corrector (CC-3) (Fig. 6.1D-E) (Table S1B, Appendix E). 

For the rest of this article we will refer to light environments as fluorescent and 

violet. 

 

Quantum catch calculations suggest that the S, M and L cones are differentially 

stimulated by blue and purple colors (Fig. 6.2A-B, S2A-D, Appendix E). Distracter 

stimuli move across the perceptual color space starting with pink and becoming 

progressively more similar to blue, with S7 being the most different to blue and 

S1 being the most similar (Fig. 6.2). This successive pattern can be observed in 

the cichlid perceptual color-space with both fluorescent and violet light (Fig. 6.2A-

B). In our modeling we noticed that the location of all stimuli shifts toward the 

achromatic point in the color space when we include violet light (Fig. 6.2C). 

Furthermore, ΔS calculations confirmed our quantum catch observations with 
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stimulus S1 being closest to blue and S7 being the most distant (Fig. S2E-H, 

Appendix E). Our model shows that the distracter stimuli’s distances gradually 

increased in the color space from the blue reward stimulus (Fig. 6.2). 

 

6.4.3 Experiment 1: Color threshold between blue and purple  

This experiment consisted of an array of binary choice tests where fish had to 

choose between two cards with one color circle on each (Fig. S1C, Movie 1, 

Appendix E). Fish (n=7) had to choose between the rewarded blue stimulus and 

a series of purple-violet distracter stimuli. As soon as the fish tapped one of the 

color cards, both were removed and the fish was rewarded if it chose correctly, 

and the trial ended. In order to avoid bias for one side of the tank, the same color 

was not presented on the same side more than two times in a row. If the fish did 

not respond to the stimuli for two minutes, the fish was not rewarded and the trial 

was not counted. During testing, white paper was used to block the sides of the 

tank so that the fish could not see the experimenter or other fish; however, the 

experimenter could see which color stimulus the fish tapped with a mirror placed 

above the tank. 
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Figure 6.2. Quantum catch of colors from thresholds experiments. 
Photoreceptor stimulation of each target color in the M. benetos color receptor 
space is plotted in chromaticity diagrams. Each axis corresponds to quantum 
catches of the short/UV (S), medium (M) and long (L) wavelength-sensitive 
cones. Monochromatic loci at 5 nm intervals are represented by small gray dots. 
Color stimuli presented to the fish show their relative positions in the color space 
under fluorescent (A) and violet light (B). Close-ups of colors in the Maxwell 
triangle space of stimuli under both fluorescent (hexagons) and violet (circles) 
light with respect to the white background of the color cards (gray markers) (C).   
 

 

6.4.4 Experiment 2: Multiple choice with brightness variation 

Color stimuli in Experiment 1 were located along a line in SML color space, but 

were not controlled for brightness. To make sure that fish were discriminating 

target blue from distracter purples based on chromatic cues alone and not 

luminance, we added luminance noise to experiment 2. The threshold interval 

(when fish significantly discriminated blue from purple) in experiment 1 was 
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between distracter stimuli S3, S4, and S5. We introduced luminance noise by 

using a multiple-choice test where fish were asked to choose blue from seven 

distracters on an eight-choice colored card. This color card contained blue, one 

of the distracter stimuli from the threshold interval (S3, S4, S5), and six other 

distracter stimuli (Fig. S1E, Movie 1, Appendix E). The six distracter stimuli were 

all similar in ΔS (within 0.5 JNDs) relative to S3, S4 and S5 but differed in 

brightness (Fig. S3, Appendix E).  The brightness based on the luminance 

channel was calculated as the average quantum catches from the M and L cones 

(Fig. S3G-I, Appendix E) [191,260]. Cards in this experiment contained eight 

colors each and four card arrangements were designed for each of the threshold 

interval colors. Each of these color card arrangements were presented to the fish 

six times in a random fashion adding up a total of 24 trials per each distracter 

stimuli (S3, S4 & S5 respectively) (Fig. S1D, Appendix E) [260]. 

 

6.4.5 Experiment 3: Color threshold with different background 

illumination 

This experiment was similar to Experiment 1, but quantified the color threshold 

under violet light. We performed this experiment to examine if color thresholds 

changed when stimulation of the short-wavelength (UV) sensitive cone was 

increased. Therefore, experimental procedures were the same as Experiment 1, 

but fish were tested under both LED black lights (OPPSK 27W 9LED UV) and 

fluorescent lights to produce our violet treatment (Movie 1).  
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6.4.6 Experiment 4: Cichlid visual modeling in Lake Malawi 

To consider the implications of cichlid color discrimination, we used the RNL 

model to calculate color discrimination of the blue of Metriaclima species versus 

a variety of backgrounds and other cichlid colors. Cichlid color reflectances were 

taken from previous measurements (Dalton et al 2010). Briefly, fish-color 

reflectance was measured from live specimens where fish were illuminated at a 

45 deg to their surface with a pulsed xenon lamp (PX2, Ocean Optics). Reflected 

spectra were collected with a bifurcated optical fibre (Ocean Optics) where light 

was collected on the same axis at which the illuminant exited [207]. Additional 

substrate spectra for grasses, sand and mud were measured using Sub-spec II, 

a submersible fibre-optic spectrometer based on an Ocean Optics USB2000 

(Dunedin, FL, USA), fitted with a 50, 100 or 400µm fiber, and calibrated with a 

tungsten halogen lamp (LS-1, Ocean Optics) (Justin Marshall, unpublished data). 

These measurements were taken at two locations: the south side of Thumbi 

West Island near Mitande Point (latitude 14°1’23”S, longitude 34°49’27”E) and 

the east side of Otter Point (latitude 14°2’17”S, longitude 34°49’22”E). Substrate 

reflectance spectra were obtained by measuring the substrate reflectance 

compared with a white Teflon standard placed at the same location. Either down-

welling light or a high intensity quartz halogen lamp (Light and Motion, Monterey, 

CA, USA) were used to illuminate substrates. All reflectance spectra for the new 

substrates as well as those from previous studies are given Table S1D (Fig. S4, 

Appendix E).   
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For our modeling with Lake Malawi data we used the blue of Metriaclima 

callainos (Stauffer and Hert 1992), which has the same blue-hue as M. benetos 

(Stauffer et al 1997) and calculated the ΔS between blue and other fish colors 

and spectra. Side welling radiances near Otter Island and the Mawlamba Bay on 

the north side of Thumbi West Island were obtained from Sabbah et al 2011 

(Table S1D, Appendix E) 

 

Quantum catches for different cichlid colors and different substrates were 

calculated using Equation 1 but with the illuminant (I) being the Lake Malawi 

side-welling irradiance (from Thumbi West Island at a depth of 3 m, Sabbah et al 

2011; Dalton et al 2017, Table S1D, Appendix E). For the color blue viewed 

against the natural space light, we calculated the quantum catch of side welling 

radiance as one of the targets. In that case, the quantum catch is calculated 

where (S * I) is the side welling radiance. These quantum catches were then 

used in Equation 6 to determine the ΔS between blue and several colors.  

 

6.4.7 Data analysis 

For experiments 1, 2 and 3, a one-tailed binomial test was used to calculate 

whether fish discriminated the rewarded from distracter stimuli. The number of 

correct trials was compared to the distribution of taps if fish would have chosen 

randomly (50% of the time for Experiment 1 and 3, and 12.5% for Experiment 2). 

Therefore, the threshold discrimination was established at 65% of correct choices 

(n=40, p<0.05 one-tailed binomial test) for Experiments 1 and 3, and at 29% of 
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correct choices (n=24, p<0.05, one-tailed binomial test) for Experiment 2. 

Confidence intervals were calculated assuming a binomial distribution. Finally, 

we fitted our behavioral results with psychometric curves, where a generalized 

linear model (GLM) is applied to the data set to fit a logistic regression, to see the 

relationship between ΔS and proportion of correct choices [216,218]. All binomial 

tests and visual modeling calculations were done in R using “psyphy” and 

“modelfree” packages for estimating psychometric functions (www.r-project.org/) 

 

6.5 Results 

6.5.1 Experiment 1: Color threshold between blue and purple 

For this experiment, a total of 1,960 tests were performed (nfish=7, ncolor-pairs=7, 

ntrials-per-colorcard=40). In general, all fish exhibited significant discrimination of blue 

over colors S5, S6 and S7 with proportions of correct choices of 70%, 80% and 

90% respectively (n=40, p<0.008, p<0.001, p<0.001 respectively) (Fig. 6.3A). 

There was considerable variation among individuals (Fig. S5B-C, Appendix E), 

and not all were able to significantly discriminate blue from stimuli S3 and S4 with 

a wide range of correct choice frequencies (55-72% and 50-70% for S3 and S4 

respectively) (Table S1E, Appendix E). All fish failed to discriminate blue from 

colors S1 and S2 with correct choice frequencies of 55% (p<0.317, n=40) for 

both stimuli.  

 

With a standard deviation of noise (v) of 0.05, the stimulus closest to each fish’s 

behavioral threshold (when fish choice-frequency of blue over distracter stimuli 
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reached statistical significance) was S4. This behavioral threshold had a ΔS of 

3.4 ± 0.52 (Fig. 6.3A).  

 

6.5.2 Experiment 2: Multiple choice with brightness variation 

For this experiment, a total of 432 tests were performed using the 8-choice color 

card (nfish=6, ncolor-cards-arrangements=12, ntrials-per-colorcard=6). Fish were more likely to 

choose blue vs distracters S4- and S5-like stimuli with correct choice frequencies 

of 35-40% (n=24, 0.006<p<0.0001) but they failed to choose blue over distracter 

stimuli similar to S3 (correct choice frequencies 24%, n=24, p=0.07) (Fig. 6.3B) 

(Table S1F, Appendix E). This confirmed our results from experiment 1, which 

suggested the color threshold occurs between colors S3 and S4 (Fig. 6.3A). 

 

6.5.3 Experiment 3: Color threshold with different background 

illumination 

For this experiment, a total of 1,680 pairwise tests were performed (nfish=6, ncolor-

pairs=7, ntrials-per-colorcard=40). Surprisingly, in this experiment most fish failed to 

discriminate blue from any distracter stimuli, S1-S7, with correct choice 

frequencies ranging from 48% to 62% (Fig. 6.3C). We again observed individual 

variation where some fish significantly discriminated blue from stimuli S3, S4, S6 

and S7 yet not with high significance overall (Table S1G, Appendix E). Our 

results from this experiment show that fish cannot optimally discriminate colors 

under violet illumination. These results also suggest that either the behavioral 
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chromatic threshold would occur at greater ΔS as predicted by the psychometric 

functions or that photoreceptor noise may be greater with this type of violet 

illumination.   
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Figure 6.3. Color discrimination in the three experiments. (A) Color 
thresholds under fluorescent light (Experiment 1) where proportion of correct 
choices is showed as a function of ΔS  (JNDs). ΔS was estimated using a 
standard deviation of noise (v) of 0.05.  The x-axis represents ΔS between 
colors. Filled circles denote the fraction of correct choices made by fish for 
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stimulus S1-S7, and colored inserts represent the respective distracter stimuli 
appearances. The dotted line denotes where the threshold values is at 65% 
correct choices. Continuous lines denote the variation (standard deviation) of the 
correct choices made by fish and at the behavioral threshold. (B) Results of 
brightness tests (Experiment 2) showing the proportion of correct choices (blue 
over distracter stimuli) for the different distracter-stimuli groups in the 8-choice 
test  (S3, S4 & S5). (C) Results of color thresholds under violet light (Experiment 
3). ΔS was estimated using a standard deviation of noise (v) of 0.05.   
 

 
Figure 6.4. Variation of ΔS of cichlid-blue vs. backgrounds and other 
cichlid-colors. (A) Shows the shift in ΔS between blue and background colors of 
Lake Malawi. (B) Shows the shift in ΔS between blue and cichlid-colors.  
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6.5.4 Experiment 4: Cichlid visual modeling in Lake Malawi 

Chromatic distance for cichlid-blue versus the different substrates (Fig. 6.4A) and 

different cichlid colors (Fig. 6.4B) suggest that blue has high chromatic contrast 

with space-light and long-wavelength colors. There are some cichlid colors where 

cichlid-blue has low color contrast including black, blue-green, green and white. 

The cichlid-blue spectra is quite broad and not a very saturated color, making it 

difficult to distinguish from other broad color hues (Fig. S4, Appendix E). 

However, it does show high contrast with colors such as yellow, orange and red. 

 
 

6.6 Discussion 

6.6.1 Color thresholds and receptor noise 

In this study, we confirmed that M. benetos possess color vision because fish 

were able to discriminate the rewarded from distracter stimuli regardless of 

brightness. Our results also allowed us to compare the predictions of the RNL 

model to our behavioral discrimination assays. We used a standard deviation of 

noise (v) of 0.05 for the LWS channel, as suggested from previous studies, which 

coupled with our behavioral results suggest that color thresholds arise when ΔS 

= 3 which would be equivalent to one JND (Fig. 6.3A). This differs from previous 

studies that suggest that a ΔS of 1 is enough for color-pairs to become 

discriminable [212]. However, our results are similar to a previous study that 

measured color thresholds in triggerfish and found thresholds arise at ΔS greater 

than 1 [38,218].  
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Since the RNL model did not fit with our behavioral data using previously 

parameters, this implies that the cichlid visual system has higher receptor noise 

levels. The best fit of the behavioral performance of our fish would require 

increasing the standard deviation noise value (v) for the LWS channel from 0.05 

to 0.16. This would increase the Weber fraction (ω) (0.22 for S and 0.16 for M 

and L cones) such that the behavioral discrimination threshold would arise at a 

minimum ΔS of 1, which would correspond to one JND (Fig. S5A, Appendix E) in 

agreement with the RNL model predictions.  

 

Noise has been shown to vary in animals. For example, in insects direct-noise 

measurements were found to be around 0.12 [214], and in birds behavioral noise 

estimates suggest they vary from 0.06 to 0.105 [189,216,252]. In addition, the 

RNL model predicts the discriminability of colors taking into account several 

physiological parameters (e.g. visual pigment sensitivity, light transmission, 

environmental light, etc) [218]. However, the RNL model does not take into 

account information about retinal-photoreceptor interaction or central color 

processing, which are currently unknown in cichlids but essential in 

understanding their color vision. More morphological and physiological 

experiments analyzing the cichlid retina and their color processing are needed for 

a better understanding of the relation between photoreceptor noise and color 

discrimination. 
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Furthermore, our results are strictly based on laboratory assays in which the light 

environment is dimmer than the fish’s natural habitat, Lake Malawi. Light intensity 

can have an effect on the performance of the fish and also on our visual 

modeling because one of the RNL requirements is that experiments must be 

executed under bright illumination [211]. Bright illumination is ideal in 

experiments as it suppresses the contribution of the achromatic channel in color 

discrimination.  Although these experiments were well above the photon-shot 

noise limit [260], there could still be some affect of the light levels being a factor 

of 10 lower than the natural environment. 

 

Finally, fish in this study were trained for a visual task of discriminating two color 

elements. However, we cannot exclude the possibility that our results could be 

the product of cichlids performing artificial tasks in an artificial setting. 

Conversely, results could be different if cichlids performed other tasks such as 

species recognition or mate selection in their natural habitat.   

 

6.6.2 Color discrimination under different background illumination 

Experiment 3 shows that cichlids exhibit a limited color constancy under these 

experimental conditions, because fish made more errors when discriminating 

blue from distracter stimuli under violet light. This contradicts our calculations 

with the von Kries correction that predicts similar ΔS between blue and distracter 

stimuli under both light environments (Fig. S2A-D, Appendix E). However, most 

of our fish were unable to discriminate between blue and purples under violet 
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light. This decrease in the performance of fish due to changes in the light 

environment has also been reported in experiments with bees, fish and birds 

[216,254–256,265–267] and suggests that cichlids have limitations in their color 

constancy, like other organisms. Additionally, our experiments only tested color 

discrimination in a specific area of cichlid color space (blues and purples). 

Previous studies have shown that color constancy correction varies in different 

areas of an animal’s color space [254,255,265] and that it can be “poorer” for 

colors reflecting shorter wavelengths [265]. The visual system of M. benetos is 

not unlike that of bees in utilizing UV, blue-green and green photoreceptor 

channels. This suggests that our experiments may have been particularly hard 

for the fish because the tested colors relied on the long wavelength part of the 

spectrum. 

  

To understand why the discrimination tasks were harder for fish under violet 

lighting, we used the RNL model to calculate ΔS between color stimuli and the 

“white” background of the color cards in our experiments. We noticed that ΔS of 

all tested stimuli and the white background decreased significantly when 

illuminated under violet light (Fig. 6.5A). This likely caused color discrimination to 

become more difficult for the fish because the ΔS of blue and the background 

under violet light decreases compared to the ΔS of blue and the background 

under fluorescent light (Fig. 6.5A-B). However, ΔS between the stimuli and 

background is greater than 1, which suggests stimuli should still be 

“discriminable”.  
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The discordance between visual modeling and our behavioral thresholds can 

again be better explained by assuming a higher noise level. By using a noise 

level of 0.16 in the LWS channel, ΔS between blue and the background under 

violet light decreases to ~1.6 which is close to threshold (Fig. 6.5B). Greater 

noise would decrease the chromatic contrast of the rewarded stimuli and the 

background and it would help explain why our fish couldn’t discriminate between 

two colored stimuli under violet light. As light illumination changed, blue was 

harder to tell apart from the background and hence, fish made more mistakes 

(Fig. 6.5C). The overall shift in chromatic distance due to different light 

environments can also be observed in the cichlid perceptual color space (Fig. 

6.2C) where all tested colors are closer to the white background under violet light 

than when modeled with fluorescent light. This suggests that fish have less 

chromatic information for chromatic contrast detection. Overall, our results 

suggest cichlids exhibit only approximate color constancy in Experiment 3 and 

that color thresholds strongly depend on the chromatic contrast between tested 

stimuli and the background [254,266].  

 

6.6.3 Individual performance variation 

During our experiments we observed individual variation in fish performance, 

which affected the results of both Experiment 1 and Experiment 3 (Table S1E-G, 

Fig. S5B-C, Appendix E). Some fish exhibited color thresholds at lower ΔS 

suggesting “better” color discrimination skills than others. For example, in 
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Experiment 1 one fish remarkably chose blue over S2 with high frequency 

despite their small ΔS. Similarly in Experiment 3, one fish was able to 

discriminate blue from S3 and S4 and three were able to discriminate blue from 

S7 (Fig. S5C, Table S1G, Appendix E).  

 

This variation in performance among individuals could be the product of different 

experiences during training and testing and it provides insights into the 

heterogeneity that is present in Lake Malawi wild populations. This variable 

capacity in discriminating colors during several behaviors would predict that 

cichlids exhibit a continuous range in color discrimination thresholds in the wild 

suggesting that some cichlids would be better at discriminating colors than others 

and hence, may outperform other fish in several visual-mediated tasks. 
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Figure 6.5. Variation under different light illumination of ΔS between colors 
vs background and correct choice frequency. (A & B) show the shift in ΔS 
between the color stimuli and the background when illuminated under violet 
(triangles) and fluorescent light (circles). ΔS was estimated using a Weber 
fraction of 0.05 (A) and 0.16 (B). (C) Shows the proportion of correct choices 
(blue over distracter stimuli) when colors were presented in different light 
environments. 

 

6.6.4 Visual ecology in Malawi 

The study of color vision in cichlids is important because cichlids’ communicate 

through colorful visual signals that can be subject to variation and ultimately 

sexually selected [233,234]. Our results can potentially inform the study of visual 

ecology of Malawi cichlids to start thinking about their color perception in the wild 

and their ability to perform different tasks. For example, color discrimination 
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analyses of blue vs. backgrounds suggest greater ΔS between blue and space-

light backgrounds than between blue and orange rock backgrounds (Fig. 6.4A). 

Furthermore, ΔS are greater between blue and yellow cichlid colors than 

between blue and greens (Fig. 6.4B). Although large ΔS values are not an 

indicator of how discriminable color pairs are; they are indicative of how much 

color discrimination would be preserved over longer distances as water 

attenuation would gradually make colors more achromatic [227]. Therefore, ΔS is 

informative about which colors would remain discriminable with increasing 

distance. Our measurements of noise levels will help inform those estimates. 

 

Behavioral observations in the field are in agreement with the importance of 

estimating ΔS of some color-background pairs. In Malawi, female M. benetos 

swim above the rocks of male territories with males then swimming up to them to 

perform their courtship display, trying to lead them back to their territories for 

mating and spawning (Karen Carleton, personal observation). Hence, the 

capacity of discriminating between blue and either the rocks or the space-light 

would be necessary in identifying conspecific males and their visual signals first 

against the rocks and then in the water column. Furthermore, the large ΔS 

between blue and yellows would be useful in several behaviors in the rock-

dwelling clade including during courtship where females peck male egg-spots 

and then pick up eggs after spawning, [268] and for discriminating between 

species that exhibit blue and/or yellow in their nuptial coloration. Blues and 

yellows are the main nuptial colorations present in Lake Malawi and they have 
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evolved repeatedly within the lake suggesting that these color signals are favored 

by sexual selection [269].  

 

6.6.5 Future directions 

Although we are starting to learn more about cichlid color vision, several more 

experiments are needed in order to understand the dimensionality of the cichlid 

visual color space. In our color threshold experiments we analyzed color 

discrimination in only one region of the color space (blue and purple). Ongoing 

research suggests that color thresholds can differ between different directions of 

the perceptual color space [38]. This would imply that animals’ visual systems 

could be wired to be more sensitive to changes in some colors than in others. 

This is relevant to cichlids because they exhibit great variation in cichlid visual 

sensitivities and spectral tuning mechanisms [26,27]. Future experiments should 

test for color discrimination on a wide range of colored stimuli in different regions 

of color space. 

 

Additionally, more studies on cichlid color constancy are needed because in this 

research we only used two different light treatments. Future experiments should 

consider using light environments that would vary in chromatic-hue because fish 

have shown to remain “more” color constant under some colors than in others 

[255]. Color constancy can also be influenced by different backgrounds (e.g. gray 

and black) [255,256], hence, future experiments should also consider 

manipulating color card backgrounds during behavior assays. Finally, future color 
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constancy experiments should consider using light illumination intensities 

relevant to those in their natural habitat. This would shed light on whether cichlid 

color constancy depends on light levels. This is relevant to cichlid vision because 

in Lake Malawi, some cichlids can inhabit from 1 to 20 meters depth where light 

gets gradually attenuated with increasing depth [270,271]. 

 

6.7 Conclusions 

In this study, we have shown that cichlids can be trained to perform color 

threshold discrimination experiments while controlling for brightness and 

chromatic cues. Cichlids successfully discriminated the rewarded stimuli from a 

series of distracter stimuli that varied in hue. We further confirmed that cichlids 

discriminated these colors regardless of brightness by combining luminance 

noise tests with multiple-choice assays. This study also shows that by using the 

RNL model we can successfully determine behavioral color thresholds between 

different colors. However, our results only meet the RNL model assumptions if 

we increase the Weber fraction, which suggest cichlids have higher receptor 

noise than previously thought, at least in lab conditions. Furthermore, we show 

that under some conditions, cichlids have limited color constancy where their 

ability to discriminate colors decreases under a different light illumination. This 

likely happened because changing the illuminating light decreased chromatic 

contrast of the background and the tested colors. Continued research into cichlid 

color vision is needed as it could help us understand more about the role of 

vision in cichlid ecology, sexual selection and ultimately cichlid speciation.    



 

 184 
 

 

6.8 Acknowledgements 

We thank all the members from the Carleton and Kocher lab for taking care of 

the fish throughout this project. This work was supported by the National 

Institutes of Health [1R01EY024639 to K.L.C.] and by a graduate fellowship of 

the Secretariat of Higher Education, Science, and Technology and Innovation of 

Ecuador (SENESCYT; Secretaría de Educación Superior, Ciencia, Tecnología e 

Innovación) [2014-AR2Q4465 to D.E-C].   

 

 

 
  



 

 185 
 

Chapter 7:  Synthesis 
 

7.1 Introduction 

This dissertation provides new insights in the evolution of color vision in 

freshwater fishes. I have been able to characterize the molecular basis for color 

vision in Neotropical cichlids and characins, two major groups of teleosts. We 

discuss aspects of their extant opsin gene complements, which are products of 

highly dynamic opsin gene evolution; and of their color vision, which is based on 

the expression of at least three spectrally different visual pigments. In addition, 

the relationship between their visual system and the light environment these fish 

inhabit has also been addressed. 

 

In this research we have also examined the adaptive significance of cichlid color 

vision. Through behavioral assays we show that cichlids do possess color vision 

and we demonstrate this through chromatic discrimination experiments. This is 

further complemented with visual modeling where we test different hypotheses 

about the limits of cichlid color vision. The following main inferences highlight our 

key findings and suggest future directions for fish color vision research.  

 

7.2 Opsin gene evolution in Neotropical cichlids 

Opsin sequencing has revealed that Neotropical cichlids have a reduced visual 

pigment repertoire because some opsins (i.e. SWS1 and RH2B) have either 

never been found in the genome [42] or have undergone pseudogenization 
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[42,113,272] (Fig. 7.1). The opsins that have become non-functional or lost are 

consistently those which are sensitive to the shorter end of the spectrum from 

each opsin-class (SWS and RH2). This suggests there is a bias to inactivate 

opsins sensitive to short wavelengths while maintaining the ones sensitive to 

longer-wavelengths (e.g. SWS2A, LWS). Additionally, opsin inactivation occurs in 

parallel in different neotropical lineages because opsins have been 

pseudogenized independently in some species while remaining functional in 

others [42,113,117,273]. Interestingly, while opsins become inactivated in Central 

and South American species, they remain intact in most of the African species. 

Dozens of African cichlids have been sequenced showing that their entire opsin 

complement is fully functional [41,274,275] .  

 

Furthermore, sequencing suggests that the SWS2A-opsin seems to be under 

positive selection as it is the opsin exhibiting most of the diversity in amino acid 

variation in transmembrane regions, retinal binding pockets, and polarity changes 

[113]. These findings differ from studies in African cichlids where the SWS1-

opsin is the most variable [41]. Although, the SWS1 opsin has not been 

pseudogenized in all Neotropical species, it is not expressed in the retina 

[113,117], although see [273], suggesting that SWS1 functionality may not be 

under selection. Conversely, as SWS2A is the main opsin expressed in single 

cones, the protein-coding mutations may be occurring in order to fine-tune the 

spectral sensitivity at this end of the spectrum.  
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Finally, we found there is gene conversion in the RH2A paralogs of Neotropical 

cichlids. Gene conversion between opsins occurs often in teleosts 

[36,64,65,113,144] and in our analysis so far it seems a gene conversion event 

occurred once between the RH2A paralogs in the early ancestor of Neotropical 

cichlids. 

 

Our results suggest that opsin evolution in Neotropical cichlids involves 

processes, such as opsin sequence variation, gene inactivation and gene 

conversion, and that these processes accompany the adaptation to Neotropical 

water environments. Because neotropical freshwater ecosystems are 

characterized for their red-shifted light environment, selection may have favored 

the expression of longer-wavelength-sensitive over shorter-wavelength-sensitive 

opsins. A decreased constraint on shorter wavelength opsins could allow for 

potential gene losses as a result of stochastic genomic events. 

 

7.3 Opsin Expression in Neotropical cichlids 

RNA-seq of four Amazonian cichlids (A. ocellatus, S. discus, P. scalare, C. 

monoculus) shows that color vision in Neotropical cichlids is based on a long 

visual palette (SWS2-RH2A-LWS) [113,272]. This expression profile is typical of 

fish living in red-shifted environments and our results are similar to opsin-

expression studies on Central American cichlids [42,117,273]. The use of the 

long palette seems to be conserved among the Neotropical cichlid clade whereas 

the other palettes (short and medium) have not arisen and have remained in 
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African cichlids (Fig. 7.1). Furthermore, because the riverine ancestor of African 

cichlids probably also expressed a long palette [274], this suggests the long 

palette may be the ancestral state of both lineages, Neotropical and African. 

However, since visual systems adapt to the available light, Neotropical cichlids 

inhabiting shorter-wavelength light environments should exhibit other palettes. 

Indeed it has been found that in a few species of Central American cichlids, the 

SWS2B has increased its expression [273]. More studies are needed to truly 

sample the visual system diversity among Neotropical cichlids.  
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Figure 7.1. Opsin gene expression of Neotropical and African cichlids in a 
phylogenetic context. Phylogenetic relationships of Neotropical cichlids are 
based on López-Hernández et al 2010, and of African cichlids based on O’Quin 
et al 2010. Colored circles indicate the opsin expression palette that the analyzed 
species use (red-long) SWS2A-RH2A-LWS, (green-medium) SW2B-RH2B-
RH2A, (blue-short) SWS21-RH2B-RHA, which is based on opsins that are mainly 
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expressed [40–42,113,117,273,274]. Notice that Neotropical cichlids do not 
express the SWS1 opsin at least as adults. 
 

Our opsin expression results are confirmed by MSP studies that show how 

Neotropical species exhibit long-shifted visual pigments as compared to African 

cichlids (Fig. 7.2). The spectral sensitivities of the long palette follow the 

‘sensitivity hypothesis’ because the λmax of these visual pigments are the most 

suitable to the red-shifted light environment of Neotropical rivers (Fig. 7.3). 

Cichlids express these pigments in order to maximally absorb photons of the 

available light. Finally, although peak light intensities in water are longer in the 

wavelength spectrum than the λmax of fish photoreceptors, these cichlids exhibit 

some of the longest shifted pigments among fish, which suggests there is a limit 

in how much sensitivity can be shifted. 
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Figure 7.2. Spectral absorbance (λmax) of visual pigments across Neotropical and 
African cichlids. Data obtained from [26,28,42,80,117,272,276,277]. Black circles 
denote the different cones λmax for each species in the wavelength spectrum. O. 
niloticus MSP is based on protein expression from the seven cone opsin genes in 
their genome, yet they do not express SWS1 as adults. Notice that UV pigments 
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are only present in Lake Malawi cichlids, which is the product of the short-palette 
expression. Cichlids from Lake Tanganyika also express the short palette 
however there is no MSP data available. Cichlids from Lake Victoria and the 
Neotropics exhibit a long palette only.  
 

 
Figure 7.3. Range of the main spectral sensitivities (λmax) of an Amazonian 
cichlid, the peacock-bass (Cichla monoculus) [272], relative to the downwelling 
irradiance of incoming light at sub-surface (below 1 m) in Amazonian Rivers. 
Blue, green and red represent the short (SWS), medium (MWS) and long (LWS) 
wavelength sensitive pigments respectively (See Chapter 3). Blue, green and red 
horizontal bars represent the spectral sensitivity range using chromophores A1 
and A2. Irradiance lines represent the light environment in Amazonia of white 
(Amazon, orange), black (Uatumá, black), and clear (Trombetas, blue) water 
rivers in the receding (A) and rising (B) season. River data replicated from Costa, 
et al., 2012 [74]. Notice that the cones-λmax of C. monoculus maximizes light 
absorption of the available wavelengths in Amazonian rivers. 
  

7.4 Visual pigment evolution in Neotropical Characiformes 

The Characin opsin gene repertoire is a product of complex evolutionary 

dynamics characterized by opsin gene loss (SWS1, RH2) and opsin gene 

duplication (LWS and RH1). These opsin-duplicates are surviving opsin products 
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of the teleost whole-genome duplication (TGD) and from characins-specific 

duplication events. Furthermore, characin LWS-duplicates have acquired new 

functions through amino acid substitution in spectral tuning sites that shift their 

λmax increasing green light sensitivity. The LWS-duplicates also exhibit gene 

conversion, and utilize variable codons in key tuning sites leading to reversion 

and parallel evolution. In addition, the SWS2- and RH1-opsin exhibit spectral 

shifts and changes in gene expression respectively. The diverse set of spectral 

sensitivities found in characins is the result of several spectral tuning 

mechanisms acting in concert. These are mainly opsin sequence variation, opsin 

gene loss and duplication, and A1/A2 chromophore tuning.  

 

7.5 Fish visual pigment diversity and future directions 

By evaluating the opsin gene complement of Neotropical cichlids and characins, 

we have characterized the different mechanisms that modulate their visual 

pigment diversity. These are opsin gene duplication, opsin sequence variation, 

opsin pseudogenization/loss, differential opsin expression, and gene conversion 

[35,278]. Such mechanisms determine the spectral sensitivities of visual 

pigments in these groups, which follow the sensitivity hypothesis because their 

visual systems are long-wavelength shifted (Fig. 7.2-4). Interestingly, Neotropical 

characins and cichlids reach these spectral sensitivities in parallel but with 

different main spectral tuning mechanisms. Neotropical cichlids adjust their visual 

system to the available light by expressing the long palette, a different palette 
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from their African cousins. In contrast, characins tune their visual pigments 

through opsin gene duplication and sequence variation.  

 

Furthermore, because red-shifted spectral sensitivities have also been reported 

in other major groups (Gymnotiformes and Siluriformes) inhabiting Neotropical 

Rivers (Fig. 7.4), future studies should focus on quantifying the light environment 

of several neotropical freshwater ecosystems. This would allow us to better 

examine the relationship between the light environment and visual sensitivities. 

Since Otophysi (Cypriniformes, Characiformes, Siluriformes, and 

Gymnotiformes) is the largest freshwater fish radiation [173] and South America 

harbors the bulk of freshwater fish diversity on Earth [279], future studies should 

also carry out more extensive sampling across these groups and biogeographic 

areas. This would allow us to quantitatively examine the different evolutionary 

patterns that shape visual pigment variation of diverse groups in an 

unprecedented scale. Finally, by expanding our sampling of fish visual systems, 

this would increase our knowledge of opsin gene evolution and would shed light 

on the different adaptive mechanisms that are necessary for seeing in a 

changing light environment.  
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Figure 7.4. Spectral absorbance (λmax) of visual pigments across 
Neotropical Otophysans. Data obtained from [28,154,165,280] and this study. 
Black circles denote the different cones λmax for each species in the wavelength 
spectrum. 
 

7.6 Cichlid behavioral color vision 

Through behavioral experiments we have shown that cichlids can be trained 

using classical conditioning in order to perform color discrimination tasks. 

Cichlids successfully discriminated a rewarded stimulus from several distracter 

stimuli that varied in hue and brightness. Our results suggest that cichlid color 

vision is probably achieved by neural interactions of three different photoreceptor 

spectral channels. Our experiments also showed that by using the Receptor 

noise limited (RNL) model we can successfully determine the behavioral color 
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threshold between different colors, however, this was only possible if we 

assumed higher receptor noise. Determining the receptor noise is important 

because we can then make estimates about color vision perception with color 

data from Lake Malawi. By calculating chromatic distance (ΔS) between blue and 

other spectral measurements our estimations suggest that for M. benetos, there 

are large ΔS between blue vs. yellow, and between blue vs. spacelight. These 

results are in agreement with M. benetos behavioral ecology because in Lake 

Malawi females swim above the rocks of male territories with males then 

swimming up to them to perform their courtship display, trying to lead them back 

to their territories for mating and spawning [241]. Henceforth, the capacity of 

discriminating blue vs. spacelight and blue vs. yellow would be necessary in 

identifying conspecific males and their visual signals. Blues and yellows are the 

most common nuptial colorations present in Lake Malawi and they have evolved 

repeatedly within the lake suggesting that these color signals are favored by 

sexual selection. Altogether, our results demonstrate that cichlids do have color 

vision and that this capability can have a big impact in understanding the natural 

history of this speciose clade because coloration patterns have been associated 

with their adaptive radiation and evolutionary success.  

 

7.7 Cichlid visual palettes and future directions 

Until now we have performed behavioral experiments only with M. benetos, 

which is a short palette species. Future studies should focus on reproducing this 

type of research but on cichlids expressing different visual palettes (Short, 
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Medium and Long) because this would allow us to examine the visual system 

dimensionality based on three different sets of visual sensitivities. This would 

provide invaluable insights about how color vision changes according to different 

visual systems and its implications in animal behavior.  

 
 

 
Figure 7.5. Normalized quantum catch of colors from Lake Malawi (Chapter 
6) for each visual palette. For a trichromatic visual system, photoreceptor 
stimulations are plotted in chromaticity diagrams with Malawi colors plotted in the 
color receptor space of short, medium and long visual palettes. Each axis 
corresponds to the quantum catches of the short (S), medium (M), and long (L) 
sensitive photoreceptors. Monochromatic loci at 5 nm intervals are represented 
by gray dots. These plots are based on pure-opsin expression for each visual 
palette: short (SWS1, RH2B, RH2Aβ), medium (SWS2B, RH2B, RH2Aβ) and 
long (SWS2A, RH2Aβ, LWS). 
 
 

Visual modeling with color data from Lake Malawi shows how colors would be 

perceived differently for each visual palette. Colors shift in the cichlid visual color-

space for each visual palette (Fig. 7.5) due to their different spectral sensitivities. 

Consequently, ΔS between colors pairs would also be different for each visual 

palette (Fig. 7.6). For example, using the short palette suggests large ΔS of blue 

vs. spacelight but when using the long palette ΔS decreases (Fig. 7.6). 

Conversely, there is high ΔS of blue vs. red when using a long palette yet ΔS 
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decreases when using the short palette. Therefore, behavioral and visual 

modeling experiments analyzing ΔS of different color pairs and between visual 

palettes would allow us to better understand whether cichlids visual palettes are 

more susceptible to detect specific nuptial coloration patterns, detect objects 

against the background, or both.  

 

Finally, future studies should also focus on studying the neural circuit of the 

cichlid retina. This is important because this type of research could elucidate the 

cone photoreceptor types that ganglion cells are comparing as well as the 

feedback that bipolar and horizontal cells provide. Morphological and 

physiological studies are needed in order to better understand how cichlid color 

opponency takes place.  
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Figure 7.6. Chromatic distances (ΔS) are given of the blue-hue of M. 
benetos vs Lake Malawi colors. (A) ΔS of blue vs. cichlid colors and (B) ΔS of 
blue vs. Lake Malawi backgrounds. ΔS for each visual palette is specified in 
colored circles; blue for short, green for medium, and red for long.  
 
 

0

2

4

6

8

Cichlid colors

∆
S 

(J
N

D
s) ●

●
●

●

●

● ●

●

●

● ●

●

●
●

● ●

●

●
●

●

●

●
●

●

●

●

●

SWS1−RH2B−RH2A [Short]
SWS2B−RH2B−RH2A [Medium]
SWS2A−RH2A−LWS [Long]

Ye
llow

Oran
ge

Gree
ny

ello
w

Red
Whit

e
Gree

n

Blue
gre

en

Blac
k

A

0

2

4

6

8

Cichlid backgrounds

∆
S 

(J
N

D
s)

●

●

●

● ●

●
●

●

● ●
● ●

●

●

●

●

●
● ●

●

●

Maw
lam

ba

Otte
r

San
d

Gree
n g

ras
s

Mud Roc
k

Red
 gr

as
s

B



 

 200 
 

Appendix A: Supplementary material Chapter 2  

All supplementary files for Chapter 2 are available at   
doi: 10.1111/mec.13957 
 
 

Appendix B: Supplementary material Chapter 3  

 
All supplementary files for Chapter 3 are available at  
doi: 10.1242/jeb.188300 
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Appendix C: Supplementary material Chapter 4  

Supplementary Figures  
 

 
Figure S1. SWS-opsin maximum-likelihood phylogenetic tree based on amino-
acid sequences of Characiformes, Osteoglossiformes, Geotria australis 
(lamprey), Lepisosteus oculatus (Spotted gar), Oryzias latipes (medaka), 
Gasterosteus oculatus (stickleback), Carassius auratus (goldfish), and Danio 
rerio (zebrafish). Bootstrap support over 75% is shown. This tree confirms that 
SWS1 seems to be lost in Characiformes. Characiformes species are 
compressed blue color clade although P. panamensis clusters outside the rest of 
characins.  
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Figure S2. LWS-opsin tree of Characiformes. LWS-opsin maximum-likelihood 
phylogenetic tree based on LWS-amino-acid sequences of Characiformes, 
Osteoglossiformes, Siluriformes, Gymnotiformes, Geotria australis (lamprey), 
Ornithorhynchus anatinus (platypus), Homo sapiens (humans), Callorhincus milli 
(Elephant shark), Lepisosteus oculatus (Spotted gar), Oryzias latipes (medaka), 
Gasterosteus oculatus (stickleback), Clupea harengus (herring), Salmo salar 
(salmon), Onchrynchus mykiss (trout), Carassius auratus (goldfish), and Danio 
rerio (zebrafish). Bootstrap support over 75% is shown. This tree confirms that 
LWS1 and LWS2 arose after the divergence of the spotted gar, probably as a 
product of TGD. Notice the clustering of characins LWS2-opsins with the 
osteoglossimorph LWS2-opsins, and the clustering of Siluriformes and 
Gymnotiformes within the characin-LWS1-opsin clade. Characiformes species 
are color coded for LWS2-orange and LWS1-red. 
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Figure S3. RH1-RH2-opsin tree of Characiformes. RH1-RH2-opsin maximum-
likelihood phylogenetic tree based on RH1-RH2-amino-acid sequences of 
Characiformes, Osteoglossiformes, Siluriformes, Gymnotiformes, Cypriniformes, 
Geotria australis (lamprey), Latimeria calumnae (coelacant), Callorhincus milli 
(Elephant shark), Lepisosteus oculatus (Spotted gar), Oryzias latipes (medaka), 
Gasterosteus oculatus (stickleback). Bootstrap support over 75% is shown. This 
tree confirms that RH1-2 arose after the divergence of the spotted gar, probably 
as a product of TGD. Notice the clustering of characins RH1-2-opsins with the 
cyprinimorphs surviving RH1-2-opsins. Characiformes species clades are shown 
in different colors (RH1-2-gray, RH1-1, black, and RH2-green). * denotes 
siluriforms species nested within characins clades. 
 
 
 

0.1

Oryzias_latipes_RH2A_AB223053_translation

E_bicolor_HQ286332_RH1_translation

HM_RH1_c25546_g1_i1_translation

AR_RH1_c46131_g1_i1_extraction_translation

GA_RH1_c33886_g1_i1_extraction_

PP_RH1_c42263_g1_i1_translation

G_australis_RHA_AY366493_translation

HP_RH2_c17699_g1_i2_translation

PP_RH2_c47422_g1_i1_translation

RG_RH1_c75795_g1_i1_extraction_translation

EF565167_C_milii_RH1_translation

CS_RH1_c36137_g1_i1_extraction_translation

S_formosus_RH1_XM_018734111.1_translation

L11866_C_auratus_green_translation

CS_RH2_c10307_g1_i1_extraction_translation
E_electricus_RH2_XM_027018210.1_

BR_RH1_c42812_g1_i1_extraction_t

BE_RH2_c25250_g1_i1_extraction_translation

TilRH2Ab_DQ235682_extraction_translation

BR_RH2_c43104_g1_i1_extraction_translation

Chitala_ornata_RH1_MG584732.1_translation

XM_017711597_P_nat_blue2_translation

RG_RH1_2_assembled__translation

XM_017683920_Pnat_rho_translation

E_electricus_RH1_XM_027015006.1_

E_bicolor_HQ286329_RH1_2_translation

G_australis_RHB_AY366494_translation

E_virescens_RH1_KX260614__translation

Drerio_RH1_1_HM367063_translation

AH007712_L_chalumane_RH1_translation

D_rerio_RH1_2_HM367062_translation

CMa_RH2_c24925_g1_i2_extraction_translation

I_punctatus_RH1_XM_017468086.1_translation

L_oculatus_RH1_XM_006630625__translation

CP_RH1_c25578_g5_i1_extraction_

TilRH1_XM_003439005_extraction_translation

AH007713_L_chalumnae_RH2_translation

P_kingsleyae_RH1_XM_023794058.1_translation

EF565168_C_milii_RH2_translation

O_bicirrhosum_RH1_PKY982940.1_translation

Oryzias_latipes_RH2C_AB223055_translation

C_auratus_RH1_2_KY026043_translation

Oryzias_latipes_RH1_100049259_translation

B_gonzalezi_RH1_1_translation

B_gonzalezi_RH1_2_translation

XM_007241916_A_mex_green3_translation

Stickleback_RH1_KC774627_translation

I_punctatus_RH2_XM_017491478.1_translation

HP_RH1_2_c6480_g1_i1_translation

GA_RH2_c32556_g1_i1_extraction_translation

PP_RH1_2_c13974_g1_i1_translation

S_rhombeus_RH1_translation

AR_RH2_c44812_g1_i1_extraction_

Tilapia_RH2B_DQ235681_extraction_translation

HP_RH1_c4849_g1_i1_translation
XM_015602375_A_mex_rho_translation

BG_RH2_c29243_g1_i1_translation

CMa_RH1_CMa_c28090_g1_i1_extraction_

BR_RH1_2_c32740_g8_i1_extraction_translation

A_leptorhynchus_RH1_KX260616.1_

Oryzias_latipes_RH2B_AB223054_translation

BE_RH1_c32446_g1_i1_extraction_

CP_RH1_2_potential_c24735_g2_i1

GA_RH1_2_c43326_g1_i1_extraction_translation

Drerio_RH2_1_NM_131253_translation

A_ruberrimus_RH1_2_assembled_translation

S_macrurus_RH2_KX077605_

XM_015607647_A_mex_blue2_translation
CS_RH1_2_c28822_g4_i1_extraction_

TilRH2Aa_DQ235683_extraction_translation

L11865_C_auratus_green_translation

S_rhombeus_RH1_2_translation

Stickleback_RH2_KC594702.1_translation

L11863_C_auratus_RH1_translation

L_oculatus_RH2_XM_006628473__translation

BE_RH1_2_c42260_g5_i1_extraction_translation

E_virescens_RH2_KX260613__

0.55

1

0.81

0.99

0.99

1

0.99

1

1

0.83

0.92

0.81

0.86

10.85

0.99

0.91

0.99

0.81

1

0.85

0.92

0.86

0.55

0.84

0.95

0.99

0.96

0.79

0.94

1

1

0.86

0.99

1

0.6

1

0.77

0.97

0.99

0.96

1

0.99

0.96

1

1

RH1-2

RH1-1

RH2

**
*

*
**



 

 204 
 

 
 
Figure S4. Scenario for opsins duplications produced by TGD based on synteny 
analysis of putative chromosomal regions surrounding different opsins in Danio 
rerio, Scleropages formosus, Astyanax mexicanus and Pygocentrus nattereri 

3R

SpacA4 msh5 RH2

RH2Ψ robo1

robo1 ccdc105

ccdc10540s-s5

robo2

?

? ?

?

? ? ?

?

?

?

?

?

?

?

?

? ? ????

?

??

?

?

msh5

msh5

msh5

SpacA4

SpacA4

lypc

A. mexicanus NW_0191716113.1

P. nattereri NW_016243881

S. formosus NW_017371588.1

D. rerio Chr. 15

A. mexicanus Chr. 13

P. nattereri NW_016245040.1

S. formosus NW_017371676.1

D. rerio Chr. 6

Rps5

srfs3

srfs3 fkpb5 slc6a22

srfs3 fkpb5

fkpb5

srfs3 fkpb5

slc6a22

slc6a13a

slc6a13

slc6a13b

oard1 apobec2

synpr cadpsb

synpr cadpsb

RH2(1-4)

ccdc105

csnk2b

?

SWS2

tpp3taglnrnf214

tpp3

pnkptrpm8dpf1

tpp2

tagln

tagln2

rnf214

il13ra2

nfkb

nfkbib

mfrp

nfkbib

irf5tnpo3SWS1calua

irf5tnpo3calua

irf5tnpo3SWS1calua

irf5tnpo3calua

trim16

ftr84

gjd2

hcf1agata1

hcf1a

hcf1

hcf1

gata1

rab7a

rab7a

LWS1-1

LWS2-1 LWS2-2

LWS2-1

LWS2 c2

LWS2-2

LWS1-2

SWS2 LWS1

SWS2

SWS2

LWS1-1

LWS1

LWS1-2

gnl3l tfe3b

gnl3l

gnl3l

tfe3b

tfe3b

gnl3l tfe3b

A. mexicanus Chr.  22

P. nattereri NW_016244103.1

S. formosus NW_017372270

D. rerio Chr. 11

A. mexicanus Chr.  3

P. nattereri NW_016243978.1

S. formosus NW 017371612.1

D. rerio Chr. 5

A. mexicanus Chr.  7

P. nattereri NW_016243875.1

S. formosus NW_017371937

D. rerio Chr. 4

RH2

A. mexicanus Chr. 6

P. nattereri NW_016244648.1

S. formosus NW_017371543

D. rerio Chr. 8

A. mexicanus Chr. 22

P. nattereri NW_016243761

S. formosus NW_017371676.1

D. rerio Chr. 11

RH1

LWS

SWS2

SWS1

RH1-1

RH1-1

RH1

RH1-1 thap2 gabrd

magi1a

magi1a slc25a26

fgdadamts9

adamts9

prickle2a

prickle2

prickle2

prickle2psmd6

pphln1

pphln1

brpf1

RH1-2

RH1-2

RH1-2

magi1b

magi1

magi1 slc25a26

zg175264adamts9

adamts9

adamts9

prickle2b

prickle2

prickle2

pphln1

lsd1b

slc2a9l1

TGD 



 

 205 
 

 
 

 
Figure S5. Overview of LWS gene conversion analysis. Schematic 
representation of exon structure of LWS1 and LWS2 is shown where roman 
numbers indicate the exon number. Orange vertical bars denote the breakpoints 
in each LWS opsin and red bars denote the five “key sites” by Yokoyama and 
Radlwimmer, 2001 [147]. Nucleotide trees based on 15 characin LWS opsins are 
shown where each family is color coded (Crenuchidae-yellow, Lebiasinidae-
orange, Serrasalmidae-green, Erythrinidae-Purple, Curimatidae-violet, 
Gasteropelecidae-blue, Bryconidae-lightblue, and Characidae-red). Notice how in 
the tree #3 of the LWS2 it is suggested that Bryconidae, Gasteropelecidae, and 
Characidae share a LWS2 duplication. For each fragment we used RAXML for 
building maximum-likelihood trees. We ran 10 searches for the best tree and 
1000 bootstrap replicates performed in RAXML 8.0 on CIPRES. A black circle 
denotes bootstrap support over 75%. 
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Figure S6. Ancestral state reconstruction results of the spectral tuning site 164. 
Squares indicate whether the opsin gene sequence has alaninse or serine. 
Codons at site 164 are color coded in colored filled-circles. Pie charts on the 
nodes indicate the scaled likelihoods, calculated using the ace function in APE, 
of each specific combination. Nodes are also labeled consistent with Table S4.  
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Figure S7. Characiformes rod-opsin expression 
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Figure S8. Phylogeny of 228 Characiformes based on genomic sequences. 
Species sampled in Panama and Suriname are included. Filled circles denote 
bootstrap support over 75%. 
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Supplementary Tables 
 
Table S1. Sampling 
Species Family Locality Province Coordinates 

(Lat/Lon) 
Bryconamericus 
gonzalezi 

Characidae Quebrada Gavilán Bocas del 
Toro 

9.272083, 
82.509444 

Roeboides 
guatemalensis 

Characidae Rio Juan Grande Colon 9.136361, -
79.723576 

Piabucina panamensis Lebiasinidae Rio Juan Grande Colon 9.136361, -
79.723580 

Gephyrocarax 
atricaudata 

Characidae Rio Juan Grande Colon 9.136361, -
79.723581 

Hyphessobrycon 
panamensis 

Characidae Rio Juan Grande Colon 9.136361, -
79.723587 

Bryconamericus 
emperador 

Characidae Rio Juan Grande Colon 9.136361, -
79.723594 

Astyanax ruberrimus Characidae Rio Juan Grande Colon 9.136361, -
79.723598 

Hoplias microlepis Erythrinidae Gamboa Dock Colon 9.113547, -
79.691149 

Brycon chagrensis Bryconidae Isla de los Monos Colon 9.119149, -
79.779212 

Cyphocharax 
magdalenae 

Curimatidae Los Canelos Veraguas 8.09508, 80.64141 

Carnegiella strigata* Gasteropeleci
dae 

Coropina creek, 
Berlijn 

Para 5.397194, 
55.184306 

Serrasalmus rhombeus* Serrasalmidae Van-Blommenstein 
Lake 

Brokopondo 4.960222, 
54.982444 

Crenuchus spilurus* Crenuchidae Coropina creek, 
Berlijn 

Para 5.397194 
55.184306 

 

* Denotes samples collected in Suriname where only two transcriptomes per species were performed  
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* GTR+I+G was used for each partition for every codon position. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S2. Evolutionary models  
Opsin Model Data 
SWS LG+I+G+F AA 

RH2-RH1 LG+G+F AA 

LWS LG+I+G AA 
Multilocus phylogeny* GTR+I+G DNA 
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Table S3. Combinations of the occurrence of tuning sites 
 Tuning sites 

Combination A164S F261Y A269T 
1 A F A 

2 S Y T 

3 A Y A 

4 A Y T 

5 S F A 

6 S Y A 

7 A F T 
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Table S4. Recombination points obtained from GARD 
LWS1     

Breakpoint 1 Breakpoint 2    

1- 251 252-1074    

LWS2     

Breakpoint 1 Breakpoint 2 Breakpoint 3   

1-209 210-404 405-1065   
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Table S5. Likelihoods of ancestral state reconstruction for LWS2 amino-acid 
combinations 
Nodes Combinations 

 1(Blue) 2(Yellow) 3(Purple) 4(Pink) 5(Cyan) 6(Green) 7(Magenta) 
1 94.155 2.219 0.731 0.671 0.881 0.671 0.671 
2 73.564 13.230 2.686 2.259 3.743 2.259 2.259 
3 97.450 0.087 0.087 0.087 2.113 0.088 0.087 
4 99.700 0.047 0.047 0.047 0.060 0.051 0.047 
5 98.735 0.056 0.056 0.056 0.789 0.253 0.056 
6 99.746 0.042 0.042 0.042 0.042 0.042 0.042 
7 99.809 0.032 0.032 0.032 0.032 0.032 0.032 
8 99.950 0.008 0.008 0.008 0.008 0.008 0.008 
9 99.746 0.042 0.042 0.042 0.042 0.044 0.042 

10 99.489 0.070 0.070 0.070 0.075 0.154 0.070 
11 96.510 0.542 0.542 0.542 0.779 0.542 0.542 
12 97.775 0.070 0.070 0.070 1.877 0.070 0.070 
13 44.620 0.986 0.986 0.986 50.451 0.986 0.986 
14 0.060 0.060 0.060 0.060 99.637 0.060 0.060 
15 95.896 0.288 0.288 0.288 0.288 2.662 0.288 
16 60.843 0.966 0.966 0.966 0.966 34.327 0.966 
17 99.927 0.012 0.012 0.012 0.012 0.012 0.012 
18 99.999 0.000 0.000 0.000 0.000 0.000 0.000 
19 99.945 0.009 0.009 0.009 0.009 0.009 0.009 
20 99.938 0.010 0.010 0.010 0.010 0.010 0.010 
21 99.953 0.006 0.006 0.006 0.016 0.006 0.006 
22 99.631 0.062 0.062 0.062 0.062 0.062 0.062 
23 99.316 0.036 0.036 0.036 0.505 0.036 0.036 
24 81.896 0.489 0.489 0.489 15.658 0.489 0.489 
25 99.994 0.001 0.001 0.001 0.001 0.001 0.001 
26 100.000 0.000 0.000 0.000 0.000 0.000 0.000 
27 99.917 0.014 0.014 0.014 0.014 0.014 0.014 
28 100.000 0.000 0.000 0.000 0.000 0.000 0.000 
29 99.992 0.001 0.001 0.001 0.001 0.001 0.001 
30 99.778 0.037 0.037 0.037 0.037 0.037 0.037 
31 99.754 0.041 0.041 0.041 0.041 0.041 0.041 
32 58.954 1.214 1.214 1.214 27.831 8.360 1.214 
33 1.541 1.541 1.541 1.541 71.870 20.424 1.541 
34 99.459 0.090 0.090 0.090 0.090 0.090 0.090 
35 96.753 0.541 0.541 0.541 0.541 0.541 0.541 
36 99.944 0.009 0.009 0.009 0.009 0.009 0.009 
37 35.894 1.410 1.410 1.410 57.056 1.410 1.410 
38 99.898 0.017 0.017 0.017 0.017 0.017 0.017 
39 99.052 0.158 0.158 0.158 0.158 0.158 0.158 
40 0.285 0.285 0.285 0.285 98.288 0.285 0.285 
41 0.272 0.272 0.272 0.272 98.368 0.272 0.272 
42 0.003 0.000 0.000 0.000 99.997 0.000 0.000 
43 0.438 93.743 4.065 0.439 0.438 0.438 0.438 
44 0.002 99.985 0.002 0.007 0.002 0.002 0.002 
45 0.062 97.261 0.062 2.428 0.062 0.062 0.062 
46 0.673 58.987 0.673 37.647 0.673 0.673 0.673 
47 0.073 99.559 0.073 0.073 0.073 0.073 0.073 
48 0.000 100.000 0.000 0.000 0.000 0.000 0.000 
49 0.000 100.000 0.000 0.000 0.000 0.000 0.000 
50 0.018 99.140 0.111 0.567 0.018 0.018 0.128 
51 0.538 55.862 5.574 30.435 0.538 0.538 6.515 
52 0.872 0.872 13.671 66.775 0.872 0.872 16.065 
53 0.216 0.216 16.233 82.689 0.216 0.216 0.216 
54 0.000 0.000 100.000 0.000 0.000 0.000 0.000 
55 0.022 0.022 99.867 0.022 0.022 0.022 0.022 
56 0.006 0.006 0.006 99.963 0.006 0.006 0.006 
57 0.010 99.796 0.010 0.155 0.010 0.010 0.010 
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58 0.196 90.904 0.196 8.117 0.196 0.196 0.196 
59 0.004 99.978 0.004 0.004 0.004 0.004 0.004 
60 0.000 100.000 0.000 0.000 0.000 0.000 0.000 
61 0.002 99.985 0.002 0.002 0.002 0.002 0.002 
62 0.000 100.000 0.000 0.000 0.000 0.000 0.000 
63 0.038 98.958 0.038 0.852 0.038 0.038 0.038 
64 1.588 40.224 1.588 51.834 1.588 1.588 1.588 
65 0.035 99.792 0.035 0.035 0.035 0.035 0.035 
66 0.007 99.960 0.007 0.007 0.007 0.007 0.007 
67 0.004 99.974 0.004 0.004 0.004 0.004 0.004 
68 0.023 99.862 0.023 0.023 0.023 0.023 0.023 
69 0.005 99.970 0.005 0.005 0.005 0.005 0.005 
70 0.007 99.956 0.007 0.007 0.007 0.007 0.007 
71 0.042 99.746 0.042 0.042 0.042 0.042 0.042 
72 0.005 99.971 0.005 0.005 0.005 0.005 0.005 
73 0.000 100.000 0.000 0.000 0.000 0.000 0.000 
74 0.007 99.957 0.007 0.007 0.007 0.007 0.007 
75 0.000 100.000 0.000 0.000 0.000 0.000 0.000 
76 2.276 50.863 37.758 2.276 2.276 2.276 2.276 
77 0.317 98.100 0.317 0.317 0.317 0.317 0.317 
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Table S6. Likelihoods of ancestral state reconstruction for the amino-acid site 
S164A 

Node Codon 
 1 (GCT) 2 (TCT) 3 (TCC) 4 (GCA) 5 (TCA) 6 (GCC) 

1 2.11262 83.90329 4.24989 3.07771 2.38049 4.27600 
2 4.73160 54.12430 13.31282 8.60650 5.80710 13.41768 
3 2.75465 67.22043 15.94346 8.71049 4.40773 0.96324 
4 2.43090 37.06928 55.94196 1.51929 1.51929 1.51929 
5 2.61471 96.84637 0.13473 0.13473 0.13473 0.13473 
6 0.09339 99.53306 0.09339 0.09339 0.09339 0.09339 
7 0.06989 99.65058 0.06988 0.06988 0.06988 0.06988 
8 0.01879 99.90644 0.01869 0.01869 0.01869 0.01869 
9 0.10197 99.51720 0.09521 0.09521 0.09521 0.09521 

10 0.41072 98.84858 0.18517 0.18517 0.18517 0.18517 
11 1.68349 93.51384 1.20067 1.20067 1.20067 1.20067 
12 2.70069 96.70133 0.14950 0.14950 0.14950 0.14950 
13 49.59636 44.56774 1.45898 1.45898 1.45898 1.45898 
14 99.33753 0.13249 0.13249 0.13249 0.13249 0.13249 
15 3.93150 93.59238 0.61903 0.61903 0.61903 0.61903 
16 33.93239 60.39669 1.41773 1.41773 1.41773 1.41773 
17 0.02666 99.86670 0.02666 0.02666 0.02666 0.02666 
18 0.00036 99.99825 0.00035 0.00035 0.00035 0.00035 
19 0.01995 99.90026 0.01995 0.01995 0.01995 0.01995 
20 0.02314 99.88669 0.02254 0.02254 0.02254 0.02254 
21 0.03592 99.90613 0.01449 0.01449 0.01449 0.01449 
22 0.13499 99.32504 0.13499 0.13499 0.13499 0.13499 
23 0.75202 98.93517 0.07820 0.07820 0.07820 0.07820 
24 15.48279 81.64149 0.71893 0.71893 0.71893 0.71893 
25 0.00236 99.98822 0.00236 0.00236 0.00236 0.00236 
26 0.00000 100.00000 0.00000 0.00000 0.00000 0.00000 
27 0.03032 99.84841 0.03032 0.03032 0.03032 0.03032 
28 0.00000 100.00000 0.00000 0.00000 0.00000 0.00000 
29 0.00327 99.98367 0.00327 0.00327 0.00327 0.00327 
30 0.08158 99.59211 0.08158 0.08158 0.08158 0.08158 
31 0.09025 99.54875 0.09025 0.09025 0.09025 0.09025 
32 49.10495 45.36182 1.38331 1.38331 1.38331 1.38331 
33 98.23178 0.35364 0.35364 0.35364 0.35364 0.35364 
34 0.21781 0.21781 98.91097 0.21781 0.21781 0.21781 
35 1.18453 1.18453 94.07734 1.18453 1.18453 1.18453 
36 0.02060 0.02060 99.89701 0.02060 0.02060 0.02060 
37 8.74315 26.73696 3.01433 39.33044 19.16079 3.01433 
38 0.94837 57.06267 0.94837 0.94837 39.14385 0.94837 
39 0.34851 98.25744 0.34851 0.34851 0.34851 0.34851 
40 14.12021 2.71176 2.71147 75.03362 2.71147 2.71147 
41 0.59931 0.59931 0.59931 97.00347 0.59931 0.59931 
42 99.99688 0.00269 0.00011 0.00011 0.00011 0.00011 
43 0.96260 6.11003 0.96385 0.96260 0.96260 90.03833 
44 0.00354 0.00354 0.01589 0.00354 0.00354 99.96996 
45 0.13825 0.13825 3.67758 0.13825 0.13825 95.76940 
46 1.00809 1.00809 38.10212 1.00809 1.00809 57.86553 
47 0.16141 0.16141 0.16141 0.16141 0.16141 99.19296 
48 0.00000 0.00000 0.00000 0.00000 0.00000 100.00000 
49 0.00022 0.00001 0.00019 0.00001 0.00001 99.99957 
50 42.17821 0.65379 36.00700 0.64936 0.64936 19.86228 
51 0.49497 0.50283 63.35818 0.49497 0.49497 34.65409 
52 0.10403 0.10403 99.47985 0.10403 0.10403 0.10403 
53 0.00761 0.00761 99.96193 0.00761 0.00761 0.00761 
54 0.00000 0.00001 99.99999 0.00000 0.00000 0.00000 
55 0.59901 8.19844 89.40554 0.59901 0.59901 0.59901 
56 0.01340 0.01340 99.93299 0.01340 0.01340 0.01340 
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57 0.02205 0.04502 0.11818 0.02205 0.02205 99.77064 
58 0.28989 0.28989 8.10116 0.28989 0.28989 90.73929 
59 0.00799 0.00799 0.00799 0.00799 0.00799 99.96004 
60 0.00000 0.00000 0.00000 0.00000 0.00000 99.99999 
61 0.00534 0.00534 0.00534 0.00534 0.00534 99.97328 
62 0.00000 0.00000 0.00000 0.00000 0.00000 100.00000 
63 0.08302 1.26181 0.08302 0.08302 0.08302 98.40613 
64 2.33239 51.22574 2.33239 2.33239 2.33239 39.44468 
65 0.07569 0.07569 0.07569 0.07569 0.07569 99.62157 
66 0.01460 0.01460 0.01460 0.01460 0.01460 99.92700 
67 0.00969 0.00969 0.00969 0.00969 0.00969 99.95157 
68 0.05029 0.05029 0.05029 0.05029 0.05029 99.74854 
69 0.01089 0.01089 0.01089 0.01089 0.01089 99.94557 
70 0.01658 0.01658 0.01658 0.01658 0.01658 99.91712 
71 0.09280 0.09280 0.09280 0.09280 0.09280 99.53601 
72 0.01062 0.01062 0.01062 0.01062 0.01062 99.94691 
73 0.00000 0.00000 0.00000 0.00000 0.00000 100.00000 
74 0.01570 0.01570 0.01570 0.01570 0.01570 99.92151 
75 0.00000 0.00000 0.00000 0.00000 0.00000 99.99999 
76 3.39975 37.67494 3.39975 3.39975 3.39975 48.72606 
77 0.69751 0.69751 0.69751 0.69751 0.69751 96.51246 
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Appendix D: Supplementary material Chapter 5  

All supplementary files for Chapter 5 are available at 
doi: 10.1242/jeb.160473 
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Appendix E: Supplementary material Chapter 6  

Supplementary Figures 

 
Figure S1. Training and testing set up, modified from Escobar-Camacho et al., 
2017. (A) House hold tanks. (B) Feeding apparatus for training. (C) Photograph 
of fish during training displaying a color card with the blue rewarded stimulus. (D) 
Photograph during a binary (two-alternative) choice test, experiment 1 and 3. (E) 
Photograph of a fish during testing, experiment 2. (F-G) Lightning set up with 
fluorescent lights (F) and violet lights (G). (H) Multiple choice color cards used in 
Experiment 2.  
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Figure S2.  Normalized quantum catches of color stimuli calculated with (A & B) 
and without (C & D) the von Kries correction. (A & C) were calculated with 
fluorescent light whereas (B & D) with violet light. (E - H) is ΔS of distracter 
stimuli calculated with a standard deviation noise value (v) for the LWS channel 
of 0.05 (E & F) and 0.16 (G & H). (E & G) were calculated with fluorescent light 
whereas (F & H) with violet light. 
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Figure S3. Quantum catches of color stimuli presented in multiple-choice test 
color cards under fluorescent light in Experiment 2. (A-F) denote quantum 
catches of blue, the distracter stimuli (from the threshold interval of Experiment 1 
S3, S4, and S5) and the respective distracter stimuli from each group (D1-6). (A, 
C & E) denote normalized quantum catches of each color present in the multiple-
choice test color cards (S3, S4 and S5 respectively) with their respective 
distracter colors (D1-6). Stacked bars show the stimulation for each type of 
photoreceptor (S, M and L) for each color. (B, D & F) show the relative quantum 
catch for the Double Cones (DC) luminance channel, for each color as calculated 
with Equation 3. (G, H & I) show ΔS of distracter stimuli (for each color group S3, 
S4 and S5 respectively) from rewarded stimuli (blue) using a standard deviation 
noise value (v) for the LWS channel of 0.16. 
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Figure S4. Spectral measurements from Lake Malawi. (A) denotes the 
reflectance from cichlids’ colors (B) denotes reflectance from background 
substrates and (C) denotes side-welling radiance at 3 meter depth from 
Mawlamba Bay and Otter Point. 
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Figure S5. (A) Color thresholds under fluorescent light where proportion of 
correct choices is showed as a function of ΔS  (JNDs). The x-axis represent ΔS 
in JNDs. Filled circles denote the fraction of correct choices made by fish for 
stimulus S1-S7, and colored inserts represent the respective distracter stimuli 
appearances. Chromatic distance was estimated using a standard deviation 
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noise value (v) for the LWS channel of 0.16. (B & C) Individual variation of 
behavioral color thresholds expressed as Proportion of correct choices as a 
function of ΔS under fluorescent (B) (Experiment 1) and violet light (C) 
(Experiment 3). The x-axis represents ΔS. Filled colored circles denote the 
fraction of correct choices made by each fish for stimulus S1-S7. ΔS was 
estimated using the standard deviation noise value (v) for the LWS channel of 
0.05  
 
Supplementary Tables  
 
Table S1 
http://cichlid.umd.edu/cichlidlabs/DEC_thesis/DEC_thesis_supp_data.html 
 
 
Supplementary File 
 
Movie 1 
http://cichlid.umd.edu/cichlidlabs/DEC_thesis/DEC_thesis_supp_data.html 
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Glossary 

1. SWS1   UV sensitive opsin gene 

2. SWS2B  Short-wavelength sensitive opsin gene 

3. SWS2A Short-wavelength sensitive opsin gene 

4. RH2B  B rhodopsin like gene   

5. RH2Aα  Aα rhodopsin like gene 

6. RH2Aβ Aβ rhodopsin like gene 

7. LWS  Long wavelength sensitive 

8. UV  Ultraviolet 

9. S  Short type photoreceptor 

10. M  Medium type photoreceptor 

11. L  Long type photoreceptor 

12. Q  Quantum catch 

13. R  The sensitivity (opsin absorbance template) of receptor, is                         

                        the lens 

14. i  Receptor type 

15. L   Lens transmittance 

16. S  Surface reflectance (color stimuli),  

17. I   Illuminant,  

18. K   von Kries factor for receptor i  

19. T50   Represents the wavelength at which 50% transmission is 

                        reached. 

20. nm  Nanometer 

21. MSP  Microspectrophotometry 

22. Fabs  Quantum catch absorptance coefficient 

23. k  Absorption coefficient of the photoreceptor at the peak  

absorption wavelength 

24. A(λ)              Is the wavelength dependent absorbance of the  

  photoreceptor, normalized to a peak of one 

25. l   Length of the outer segment in µm  
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26. SC  Single cones 

27. DC  Double cones 

28. RNL  Receptor noise-limited model (RNL).  

29. Δf  Contrast in a receptor channel. 

30. ν   Relative receptor noise.  

31. ω  Weber fraction. 

32. n   Number of receptors of i type.  

33. ΔS   Chromatic distance between two colors measured in JNDs 

34. JNDs  Just noticeable differences. 

35. ν   Number of cones per receptive field and  

36. τ   Summation time 

37. d  Diameter of the receptor  

38. f   Lens focal length  

39. D   Pupil diameter.  

40. N   Absolute quantum catches. 	
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