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ABSTRACT 

Organisms depend on sensory input to survive and thrive. Vision is a key sensory 

system to many vertebrates, including ray-finned fishes (Actinopterygii). Sight is enabled by 

the retina composed of cone and rod photoreceptors, each characterised by its own set of opsin 

proteins that together with the chromophore form the photo-sensitive pigment. Vision is 

energetically very costly and so it is often adapted to specific photic conditions to best match 

available wavelengths of light. This Ph.D. thesis focuses on the evolution and development of 

opsin gene expression in ray-finned fishes. It mainly aims to explore how ontogenetic 

differences of visual capabilities across the fish phylogeny relate to ecological conditions. In 

some species, ecological shifts between developmental stages can affect their physiology, 

including vision. In this thesis I focused on the molecular differences of the visual system 

between developmental stages, mostly focusing on larvae and adults. The first chapter of the 

thesis focuses on developmental changes in deep-sea fishes, a unique group of organisms that 

has evolved unconventional adaptations to maximise photon capture in an otherwise photon-

depleted environment. Most deep-sea fishes start their lives in the shallow, sun-lit, predator 

and food abundant epipelagic layer of the ocean. As they mature, they undergo a drastic vertical 

migration only to settle in the deeper layers of the meso- or bathypelagic. Through a 

comparative analysis of 20 species belonging to eight teleost orders, we studied the visual 

(opsin and phototransduction cascade) gene expression in different stages, and found how 

deep-sea fishes change from larval to adult vision. The second chapter of the thesis is focused 

on the developmental changes of the opsin gene expression across the actinopterygian 

phylogeny. To investigate the largest dataset to date, we studied vision in different 

developmental stages (embryos, larvae, juveniles and adults) of 63 species, belonging to 23 

orders, and further specifically focused on species belonging to orders Polypteriformes, 

Acipenseriformes, Cypriniformes, Aulopiformes and Cichliformes. The third chapter of the 

thesis discusses an even faster mechanism by which organisms tend to adapt to rapid 

environmental changes – the phenotypic plasticity. We studied this phenomenon in two 

Cameroonian crater lake cichlids, Coptodon flava (Lake Bermin) and Stomatepia pindu (Lake 

Barombi Mbo), which we experimentally raised in different light regimes, discovering a strong 

plastic response namely in the long-wavelength (=red) part of the light spectrum. Phenotypic 

plasticity of the visual system might, therefore, potentially help adaptation to the changing 

environment. 
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ABSTRAKT 

Organismy využívají smyslové soustavy k vnímání svého prostředí a tím ke svému 

přežití, kompetici i rozmnožování. Zrak klíčovým smyslem pro mnoho obratlovců včetně 

paprskoploutvých ryb (Actinopterygii). Světločivným orgánem zraku je sítnice, která se skládá 

z čípkových a tyčinkových fotoreceptorů, z nichž každý je charakterizován svou vlastní sadou 

opsinových proteinů, které spolu s chromoforem tvoří fotosenzitivní pigment. Vidění je 

energeticky velmi nákladné, a proto se zrak často rychle přizpůsobuje konkrétním světelným 

podmínkám, aby co nejlépe odpovídal dostupným vlnovým délkám světla. Tato dizertační 

práce se zaměřuje na evoluci a vývoj (=ontogenezi) exprese opsinových genů u 

paprskoploutvých ryb, tedy jejím hlavním cílem je prozkoumat, jak souvisí ontogenetické 

rozdíly zraku u různých fylogenetických skupin ryb s ekologickými podmínkami prostředí. U 

některých druhů je známo, že ekologické změny během ontogeneze mohou ovlivnit jejich 

fyziologii, včetně funkce zraku. V této práci se zaměřuji právě na molekulární podstatu zraku 

a jeho rozdíly mezi jednotlivými vývojovými stádii, zejména tedy mezi larvami a dospělci. 

První kapitola mojí práce je zaměřena na vývojové změny u hlubokomořských ryb, tedy 

jedinečné skupiny organismů, u které se v evoluci vyvinuly adaptace k maximalizaci zachycení 

fotonů v prostředí chudém na světlo. Hlubokomořské ryby začínají svůj život v mělké vodě, 

tedy s dostatkem světla, potravy i predátorů. Teprve jak dospívají, dochází u nich k vertikální 

migraci do větších hloubek, tj. do mezo- nebo bathypelagiálu. Pomocí srovnávací analýzy 20 

druhů patřících do osmi řádů teleostních ryb jsme studovali genovou expresi zrakových genů 

(tj. opsinů a genů fototransdukční kaskády) u různých vývojových stádií a odhalili jsme, že 

zrak se u larev a dospělců hlubokomořoských ryb výrazně liší. Druhá kapitola mé práce se 

zaměřuje na ontogenetické změny exprese opsinových genů napříč paprskoploutvými rybami. 

K tomu jsme využili data set  různých vývojových stádií (embrya, larvy, juvenilové a dospělci)  

63 druhů patřících do 23 řádů ryb, a dále jsme se detailněji zaměřili na druhy patřící do řádů 

Polypteriformes, Acipenseriformes, Cypriniformes, Aulopiformes a Cichliformes. Třetí 

kapitola mé práce pojednává o fenotypové plasticitě, tedy efektivním mechanismu, kterým se 

organismy přizpůsobují změnám prostředí během života jedince. Tento fenomén jsme 

studovali u dvou kamerunských cichlid z kráterových jezer, druh Coptodon flava (jezero 

Bermin) a druh Stomatepia pindu (jezero Barombi Mbo), které jsme experimentálně 

odchovávali v různých světelných režimech. Odhalili jsme, že zraková výbava (exprese opsinů) 

je do určité míry plastická, zejména v dlouhovlnné (=červené) části světelného spektra, a může 

tak hrát roli v přizpůsobení se měnícím se podmínkám prostředí. 
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OUTLINE OF PUBLICATIONS 

The thesis is composed of three chapters in which, overall, I investigate visual palettes 

of fishes, how visual gene expression develops, and which factors drive such a variation 

observed across different actinopterygian orders. Two of the mentioned publications have 

already been published in very distinguished journals, and the third is a manuscript in 

preparation. I am the first author in all three cases, and my contribution to each manuscript is 

detailed below.  

 

Table 1: Overview of my contribution to each chapter 

Contribution 

Chapter Original 

investigation 

Journal 

abbreviation 

Experimental 

design 

Data 

collection 

Formal 

analysis 

Methodology Visualisation Manuscript 

writing 

1 Lupše et al. 

2021 

Mol Bio Evo  x x x x x 

2 Lupše et al. 

2022 

Proc Roy 

Soc B 

 x x x x x 

3 Lupše et al. 

(in prep) 

- x x x x x x 

 

Chapter 1 investigates how a major ecological transition from epipelagic larvae to 

mesopelagic adults affects the development of the visual system of deep-sea fishes. Although 

morphological investigations into the adult deep-sea fish retina often found pure rod retinae 

(Ali & Anctil 1976), modern molecular studies (e.g., Musilova et al. 2019) revealed deep-sea 

fish genomes also contain cone opsins. When they are of use, if at all, remained unanswered. 

To answer this, we studied opsin gene expression in larvae and adults of 20 species of deep-

sea fishes belonging to eight distant teleost orders (Argentiniformes, Aulopiformes, 

Beryciformes, Myctophiformes, Pempheriformes, Scombriformes, Stomiiformes, and 

Trachichthyiformes). A comparative transcriptomic analysis revealed that the larval retina 

predominantly expresses cone opsins (RH2 in most cases), while adults predominantly or only 

express the rod opsin (RH1) which aids vision in dim-light conditions in which they live. This 

cone-to-rod progression seems to hold true for vertebrates in general (e.g., La Vail et al. 1991, 

Mears et al. 2001). A genome inspection revealed expanded opsin repertoires of some species 

(up to seven RH2 copies) and convergent losses of other opsin classes (e.g., LWS). Furthermore, 

a transcriptomic analysis of phototransduction cascade genes, such as transducins and arrestins, 

revealed a similar ontogenetic trajectory to that of opsins; a molecular mismatch discovered in 

some aulopiform species, on the other hand, potentially indicates the presence of transmuted 
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photoreceptors previously thought to be found only in some squamates (Simoes et al. 2016; 

Schott et al. 2019), but also in a deep-sea fish (de Busserolles et al. 2017).  

 

Chapter 2 expands on the idea that many fish species undergo age-related ecological 

transitions, hypothesising further that this in turn guides the development of sensory systems, 

including vision (Carleton et al. 2020). To elaborate on this, we analysed a comprehensive 

dataset of de-novo built and publicly available transcriptomes (N=215) of embryos, larvae, 

juveniles and adults belonging to 63 species and 23 actinopterygian orders.  Analysing genes 

involved in the phototransduction cascade, and focusing on opsin genes specifically, we show 

in this chapter that general patterns of opsin development do exist: specifically, LWS becomes 

increasingly important for fishes as they mature, while SWS1 seems to bear lesser importance 

for visual performance and remains expressed at functionally important levels only in rare 

occasions. We also present detailed analyses of expanded opsin repertoires in 14 selected 

species from the orders Polypteriformes, Acipenseriformes, Cypriniformes, Aulopiformes and 

Cichliformes, and present taxon-related stage-specific gene copies. Finally, our study provides 

further evidence for the cones-first rods-later hypothesis (e.g., La Vail et al. 1991, Mears et al. 

2001, Lupše et al. 2021), as expression levels of the rod opsin increase with age in basically all 

actinopterygian species examined herein.  

 

Chapter 3 focuses on yet another mechanism by which fish vision can adapt to novel 

photic conditions on a short time scale. Through the rapid emergence of novel phenotypes, 

phenotypic plasticity is believed to mediate evolution (reviewed in Pfennig et al. 2010), and an 

increasing amount of evidence suggests it provided a basis for the explosive adaptive radiation 

of one of the most famous model groups for evolutionary studies, the cichlids (Cichlidae) 

(Schneider & Meyer 2017). To explore how plastic opsin gene expression really is, we 

designed an experiment consisting of four tanks, each with its own light regime (full spectrum, 

short-wavelength, medium-wavelength, long-wavelength) in which two species of 

Cameroonian crater lake cichlids, Coptodon flava and Stomatepia pindu, were reared from 

larvae till adulthood. Individuals were sampled at week 1, week 2, week 4 and month 6 for 

opsin gene expression to be quantified. Our experimental design revealed all artificial light 

regimes instigated a plastic response, with long-wavelength (red) shifted ambient light 

triggering the strongest. Although responses differed between species that belong to two 

separate radiations, it seems that cichlids in general are fast to adapt to rapid spectral changes 



11 
 

(e.g., Dalton et al. 2015), suggesting vision might indeed play a role in this family’s prolific 

diversification. 
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INTRODUCTION  

An organism’s survival depends on its perception of the world around it. Vision, which is 

essential for many organisms, underlies predator avoidance, prey detection, recognition of 

conspecifics and potential mates, adjustment of circadian rhythm, colour-based aposematism 

and much more (Land & Nilsson 2012, Cronin 2014). Animals have evolved structurally and 

molecularly diverse visual systems that range from simple eye spots (ocelli) of planarian 

flatworms to extremely complex eyes of insects and crustaceans (compound), cephalopods and 

vertebrates (both camera style) (Land & Nilsson 2012). Amongst the latter, teleosts (bony 

fishes), which are highly speciose and occupy a vast array of niches within the spectrally 

heterogeneous aquatic environment, have evolved some of the most prolific visual systems on 

Earth (Carleton et al. 2020, Fricke et al. 2022). 

 

Ecology and the light environment 

Teleosts are found in a variety of aquatic habitats, ranging from freshwater (e.g., 

streams, rivers, ponds, lakes) to marine ecosystems (e.g., coral reefs, open ocean or the deep-

sea) (Nelson 1994). Accordingly, they differ in feeding preferences (e.g., planktivory, 

carnivory, herbivory), activity patterns (e.g., diurnal, nocturnal, crepuscular), as well as the 

depth at which they live in case of marine fishes (e.g., epipelagic, mesopelagic, bathypelagic). 

Spectral characteristics of these environments are governed by physical properties of light and 

water, with absorption and scattering effect of the water column constituents causing the 

intensity of light to decrease with depth, narrowing the spectrum to mostly blue-light (Jerlov 

1976, Land 2003). In the case of oceans, the intensity of sunlight passing through them declines 

about 400 times within the first 100 m – epipelagic zone (Warrant & Locket 2004; Jerlov 1976), 

before reaching the intensity of starlight at around 700 m – mesopelagic zone - (Clarke & 

Denton 1962; O'Carroll & Warrant 2017) until finally, no photons reach depths greater than 

1000 m (bathypelagic zone). Below this margin, the only sources of light are bioluminescent 

flashes produced by deep-sea organisms, which are often also found in the blue-green centre 

of the spectrum (Denton 1990, de Busserolles 2020). In clear shallow layers, the visual 

environment also changes throughout the day, with reduced light intensity and persistence of 

mostly shorter wavelengths during twilight hours. During night-time, low levels of light are 

sourced from the moon and the stars (McFarland 1986). Weather, season and latitude also 

influence the spectral properties of an environment (Lalli & Parsons 1995). Finally, 

constituents of the water, such as phytoplankton, dissolved inorganic and organic matter, and 
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silt in the water column (Jerlov 1976) also dictate the quantity and quality of photons that 

attenuate along the gradient (Jerlov 1976, Munz & McFarland 1977). As a result, shorter 

wavelengths attenuate more rapidly in turbid or nutrient-rich water bodies and so the longer 

(red) wavelengths prevail, a phenomenon opposite to that seen in clear water bodies such as 

the open ocean. All in all, photic conditions are spatially and temporally variable, resulting in 

visually heterogeneous environments. Due to energetic costs of vision and natural selection, 

fish visual systems therefore tend to adapt to local environments (Carleton et al. 2016). 

 

 

Figure 1. A. Irradiance and spectral quality of light at different depth (marked in metres (m) on contour 

lines). B. Longer wavelengths dominate deeper layers in turbid or eutrophic water bodies (e.g., Lake 

Victoria) C. Clear oceanic waters enable greater penetration of photons, and greater depths of the 

mesopelagic tend to be dominated by blue part of the spectrum. Adapted and modified from Warrant 

and Johnsen (2013) and Musilova et al. (2021). 
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Teleost vision 

Anatomy of the eye 

The main organ of the teleost visual system is the high-resolution image-forming 

camera eye, which bears strong similarity to that of other vertebrates (Lamb et al. 2007). The 

eye is surrounded by an opaque sclera, so light can only enter through the pupil which is framed 

by the iris. In case of water dwelling teleosts, the lens, which is the only part of the eye 

responsible for refraction and focus, is spherical and its shape can’t be adjusted. Thus, focus is 

achieved by moving the lens horizontally back and forth, but also the naso-temporally (Fernald 

& Wright 1985, Ott 2006). Opposite the lens is the light-sensitive tissue, the retina. It normally 

consists of ganglion, amacrine, bipolar, horizontal, and photoreceptor cells (Masland 2012, 

Baden et al. 2020), which are located at its outside (inverted retina), as opposed to eyes of 

cephalopods (Land & Nilsson 2014). They relay the perceived inverted mirror image to other 

neurons leading to the optic nerve until finally, the signal is received and processed by the brain 

(Brooks et al. 1999). 

 

Photoreceptors 

The teleost retina is normally composed of two photoreceptor types, rods and cones, 

which are highly specialised sensory neurons in nature (for exceptions, please see section 

Transmuted photoreceptors). They differ morphologically, physiologically, and molecularly. 

The outer segment in rods, which provide scotopic vision in low light conditions and can 

respond to single-photon stimuli, is typically longer and thinner, whereas in cones, which are 

specialised for high-acuity photopic vision, it is shorter and cone-shaped (Cohen 1972, Hunt & 

Collin 2014). Cones diversified into many subclasses with differing spectral sensitivities (Land 

& Nilsson 2014). They can be subdivided into single and double cones (i.e., two joined single 

cones) (Pignatelli et al. 2010). In teleost fishes, single cones usually express short-wavelength-

sensitive opsins, while double cones express medium- and long-wavelength-sensitive opsins 

(Carleton et al. 2020). When arranged in a regular pattern, they form so-called cone mosaics, 

typical of teleosts, but rare in other vertebrates (Dunn 1966, Fernald 1985).  
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Table 2: Morphological and molecular differences between photoreceptor types. Table adapted 

and modified from Fogg et al. 2022. Data from Lamb 2013, Hunt et al. 2014, Kawamura & 

Tachibanaki 2012. 

 Rods Cones 

Type of vision Scotopic (dim-light) Photopic (brigh-light) 

Sensitivity Higher  Lesser 

Acuity Lesser Higher 

Shape of outer segment Rod-shaped Cone-shaped 

Lenght of outer segment Longer Shorter 

Width of outer segment Thinner Thicker 

Opsin genes RH1 SWS1, SWS2, RH2, LWS 

Transduction and recovery Slower Faster 

 

Phototransduction and visual pigments 

The biochemical process of converting light (e.g., energy of the photons) into a 

electrochemical signal, which is interpreted by the brain, is called phototransduction (Hunt et 

al. 2014, Lamb 2020). The cascade begins with the absorption of photons through visual 

pigments located in the folded membrane of the outer photoreceptor segments (Land & Nilsson 

2012). It triggers a conformational change of the chromophore (from cis to trans), giving way 

to further steps of the cascade leading to hyperpolarisation of the photoreceptor membrane 

(Purves et al. 2001). More specifically, visual pigments are composed of the G-protein couple 

receptors called opsins (ca. 350 amino acids) that are bound to a vitamin A-derived 

chromophore (Bowmaker 1995). The amino acid sequence of the opsin protein, the 

chromophore type and how the opsin is bound to the chromophore determines the wavelength 

of light that the visual pigment absorbs (i.e., peak spectral sensitivity or λmax). Teleosts 

generally have four cone opsin (SWS1, SWS2, RH2, LWS) and one rod opsin class (RH1) 

(Carleton et al. 2020). Some species express only a subset of these subclasses, while some 

further expanded their repertoires and possess several duplicates, most commonly related to 

RH2 (e.g., Musilova & Cortesi 2021). Rod opsin gene duplications are scarcer, most often 

restricted to deep-sea fishes (Musilova et al. 2019, Lupše et al. 2021). Colour vision per se is 

dependent on the excitation of at least two differently tuned opsins and photoreceptors 

(Krauskopf et al. 1982).  
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Table 3: Differences in spectral sensitivity (colour) and peak absorbance (nm) between major 

opsin classes: UV-sensitive SWS1, blue-sensitive SWS2, green-sensitive RH2, red-sensitive 

LWS and the rod opsin RH1. Table adapted from Fogg et al. 2022, data from Carleton et al. 

2020. 

Opsins RH1 SWS1 SWS2 RH2 LWS 

Colour Blue-green UV - violet Blue – violet Green Red-green 

Peak (nm) 447–525 347–383  397–482 452–537 501–573 

 

Transmuted photoreceptor cells 

Photoreceptor transmutation is a process by which photoreceptors undergo a shift in 

spectral sensitivity, which can happen molecularly and/or morphologically. Within-cell-type 

switch of different cone or rod opsin gene copies are presumed to be common (Wood & 

Partridge 1993, Cortesi et al. 2015), as well as shifts from one cone opsin class to another (e.g., 

from SWS1 to SWS2 as seen in Oncorhynchus; Cheng & Flamarique 2007). More dramatic and 

challenging to the classic rod vs. cone identity, however, is the transmutation between cones 

and rods. which results in an intermediate hybrid cell type that combines both rod and cone-

like features. This phenomenon has been detected previously in reptiles (Simoes et al. 2016; 

Schott et al. 2019), some deep-dwelling teleosts (de Busserolles et al. 2017, Wagner et al. 2019, 

Lupše et al. 2021) and amphibians (Mariani 1986). Organisms might physiologically benefit 

from the use of one transmuted cell instead of two individual, less than optimal photoreceptors 

(Fogg 2022). It is common for the molecular machinery to not match the morphology, resulting 

in e.g., rod-like cells with a cone molecular machinery (de Busserolles et al. 2017, Simoes et 

al. 2016, Schott et al. 2019). On the other hand, some aulopiforms exhibit an opposite mismatch 

at the molecular level (Lupše et al. 2021): Adults of Coccorella atlantica and Scopelarchus 

spp. seem to combine a more stable rod opsin in a more sensitive rod-shaped cell, while keeping 

the cascade larval-like, i.e., cone-specific. The latter could allow for a faster physiological 

response of the retina (Kawamura & Tachibanaki 2012). A similar but opposite molecular 

mismatch (cone opsin, rod-specific cascade, rod-like cone photoreceptor) has been observed in 

salamanders (Mariani 1986). Transmutation between photoreceptor types might not be such a 

rare phenomenon, especially in the case of organisms living in extreme ecological conditions 

where optimisation and effectiveness of vision is that much important.  
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Figure 2. The visual system of teleosts. A. Anatomy of the eye. B. Photoreceptor cells. C. Spectral 

sensitivities of eight tilapian opsins, of which seven are cone opsins SWS1(λmax: 360 nm), SWS2B (425 

nm), SWS2A (456 nm), RH2B (472 nm), RH2Aβ (517 nm), RH2Aα (528 nm), LWS (560 nm), and one is 

a rod opsin RH1 (516 nm). λmax values from Spady et al. (2006). Adapted and modified from Musilova 

et al. 2021. 

 

 

Adaptation 

Diversity in the visual system of vertebrates, including teleosts, is thought, but not 

always, to be the product of ecologically driven selection pressure to select for vision that best 

matches the lighting conditions of the local environment (Munz & McFarland 1977, Hunt et 

al. 2014, Carleton et al. 2016, Schweikert et al. 2018). Vision itself can vary in several traits, 

such as resolution, brightness sensitivity, but also spectral sensitivity. The presence of certain 

wavelengths of light will guide the evolution of visual pigments that are most sensitive to them, 
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and the brightness will dictate the number and type of cells (cone or rod) present. For example, 

fishes inhabiting deep-sea habitats dominated by shorter wavelengths have previously been 

shown to have visual systems molecularly adapted to the blue-green portion of the visual 

spectrum (sculpins: Hunt 1997; cichlids: Sugawara et al. 2005, Malinsky et al. 2015, Musilova 

et al. 2019, Ricci et al. 2022; salmonids: Eaton et al. 2020; damselfishes: Stieb et al. 2016; 

holocentrids: Munz & McFarland 1973, Yokoyama & Takenaka 2004; deep-sea fishes: Lupše 

et al. 2021) and that morphologically, retinae of fishes living in the deep-sea mostly or only 

exhibit (more tightly packed) rod photoreceptors with enlarged outer segments, arranged in 

multiple banks (de Busserolles et al. 2020). In contrast, red-shifted spectral sensitivities have 

been detected in teleosts living in turbid water (Weadick et al. 2012, Liu et al. 2016, Escobar-

Camacho et al. 2017). Abovementioned adaptations to diverse ecological and visual demands 

can be achieved either through duplication or gene loss (Carleton et al. 2020), functional 

diversifications of opsin gene duplicates (Yokoyama 2008, Yokoyama & Yia 2020), or by 

regulation of the opsin gene expression, either through ontogeny (Lupše et al. 2022) or 

plastically within the same developmental stage (e.g., Fuller & Claricoates 2011, Dalton et al. 

2015, Härer et al. 2017, Nandamuri et al. 2017, Luehrmann et al. 2018). 

 

Gene duplication and loss 

Throughout vertebrate evolution, some opsin gene classes (and copies within) were 

lost, while others re-emerged or got expanded via duplication and functional diversification of 

existing genes (Hunt et al. 1998, reviewed in Musilova et al. 2021). Extant teleost fishes 

expanded their visual palettes (Musilova et al. 2019), thus exceeding other vertebrates with 

their plethora of differentially tuned opsins that arose either via whole genome duplications 

(Meyer & Van de Peer 2005, Lamb 2020), tandem duplications most often observed in cone 

opsins (Lin et al. 2017, Musilova & Cortesi 2021) or retrotransposition, involving the RH1 

(Fujiyabu et al. 2019). Consequently, as reviewed by Musilova et al. (2021), up to three SWS1 

copies have been detected in anemonefish, Pomacentridae (Mitchell et al. 2020), four copies 

of SWS2 in the humphead wrasse, Labridae (Dong et al. 2020), eight copies of RH2 in 

soldierfish, Myripristinae (Musilova et al. 2019) and five copies of LWS in wrasses (Labridae), 

fighting fish (Osphronemidae), and brown trout (Salmonidae) (Dong et al. 2020, Cortesi et al. 

2021). In general, double cone opsin duplicates (RH2 and LWS) seem to be more common than 

single cone (SWS1 and SWS2) duplicates (Musilova & Cortesi 2021), and finding numerous 

rod opsin duplicates is even rarer, most often found in lineages in need of an extremely sensitive 
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visual apparatus (Musilova et al. 2019, Lupše et al. 2021) – currently, the all-vertebrate record 

(38 copies of RH1) sits with the silver spinyfin, Diretmus argenteus (Musilova et al. 2019).  

While duplications increase the total number of opsin genes, gene-loss and 

pseudogenization, on the other hand, deplete the basis for functional novelty. Loss of opsin 

genes is presumed to be ecologically driven; for example, deep-sea fishes inhabiting depth 

layers lacking longer-wavelengths simply lost the red-sensitive LWS from their genomes 

because they do not need it (Musilova et al. 2019, Lupše et al. 2021). 

 

Functional diversification 

Functional adaptation of visual pigments can also be achieved through point mutations 

located at sites deemed as key-spectral tuning sites (Yokoyama 2008, Yokoyama & Yia 2020). 

Mutations at these positions, often due to proximity to the retinal binding pocket, shift the peak 

spectral sensitivity (λmax) of the photopigment, possibly aiding optimisation of vision to a 

specific light environment (Lupše et al. 2021, Musilova et al. 2021). Exact details on how a 

certain mutation affects opsin’s spectral (and other, non-spectral) properties, how this effect 

differs between opsin classes, and how amino acid sites - whether tuning or not - interact, are 

often scarce (reviewed in Musilova et al. 2021)– thus far, most work has been done on RH1, 

also due to a well-described crystal structure of the bovine RH1 (Palczewski et al. 2000, 

Yokoyama 2008). Although in vitro protein regenerations and phylogenetic comparisons aid 

our understanding of spectral shifts (Yokoyama 2008, Musilova et al. 2019, Yokoyama & Yia 

2020, Lupše et al. 2021), in vivo spectral absorbance measurements using 

microspectrophotometry are needed, wherever possible, to determine the exact λmax of a 

photopigments. 

 

Developmental changes of gene expression 

Organisms can actively change their ecological preferences, either plastically within 

the same developmental stage (for details, see section Plasticity), or during ontogeny. A much 

more rapid method of responding to different light conditions than selection on genetic 

variation is by regulating opsin gene expression (reviewed in Musilova et al. 2021).  As a result, 

teleosts at any given time often express only a subset of opsin genes otherwise present in their 

genomes (Lupše et al. 2021, Musilova et al. 2021). 

Reproduction in fish begins with external fertilisation of eggs. Once hatched, larvae 

continually grow until they develop (i.e., metamorphose) into juveniles and subsequently 

sexually mature adults. Development, which can be either direct or indirect, invokes significant 
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anatomical, physiological and behavioural changes (Evans & Browman 2004, Carleton et al. 

2020). As a result, ecology also often varies between different developmental stages. For 

example, deep-sea fish larvae migrate from highly-illuminated upper layers of the epipelagic 

to photon-depleted depths of the mesopelagic (Moser and Smith 1993, Paraboles et al. 2019) 

or deeper zones; coral reef fish larvae migrate from open waters to more heterogeneous reef 

habitats where they settle as adults (Knowlton and Jackson 2001, Cortesi et al. 2016); larval 

eels living in the open ocean migrate into the rivers (Zhang et al. 2000, Cottrill et al. 2009); 

cichlid larvae shift from a planktivorous to a herbivorous diet (Ibrahim et al. 2015). As their 

ecological demands change, so do the challenges on the visual system. In general, teleost eyes 

function and adjust to local optima from the earliest stages onwards (Blaxter 1975, Fernald 

1988, Wood & Partridge 1993, Cortesi et al. 2015). They adapt to specific ecological niches of 

each developmental stage, which results - either through regulation of opsin gene expression 

levels or a switch between opsin classes/copies - in ontogenetically differing vision of larvae 

and adults (e.g., Lupše et al. 2022). Although developmental progression of opsins expressed 

along a developmental axis varies from species to species (Lupše et al. 2022), generally, teleost 

retinal progression follows a seemingly general vertebrate cone-to-rod developmental 

trajectory (teleosts: Lupše et al. 2022, Sernagor et al. 2006; mice: Mears et al. 2001; rhesus 

monkey: La Vail et al. 1991).  

 

Phenotypic plasticity 

Not only do ecological preferences differ between developmental stages - environmental 

conditions, irrespective of individual’s preferences, can also change during a very short period. 

More specifically, spectral properties of a certain environment can shift due to natural (e.g., 

weather and seasons) or anthropogenic causes (e.g., waste-based inflow of nutrients into an 

otherwise clear lake, followed by eutrophication; light pollution) (Anderson et al. 2002, Gaston 

et al. 2017). An ever-stronger line of evidence suggests that to cope with such fast and 

unpredictable changes of photic conditions, teleosts have evolved different levels of phenotypic 

plasticity. Plastic responses of opsin gene expression can be studied through aquarium-based 

experiments and human-induced changes in light conditions. Although there is some evidence 

from experiments that opsin gene expression can be developmentally plastic meaning that 

individuals are affected by differing light conditions to which they are exposed from early 

stages onwards (e.g., bluefin killifish: Fuller et al. 2010; cichlids: Smith et al. 2012, guppies: 

Ehlman et al. 2015, bream: Shand et al. 2008), this phenomenon isn’t observed in all species 

and some, e.g., cave-dwelling mollies, remain unaffected by it (Tobler et al. 2010). Most 
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experiments, though, focused solely on determining the potential plasticity of adults. Results, 

however, are somewhat contradictory. While adults of some species respond plastically within 

weeks or even days (e.g., damselfishes and cardinalfishes: Luehrmann et al. 2018; cichlids: 

Dalton et al. 2015, Härer et al. 2017, Nandamuri et al. 2017; killifish: Fuller & Claricoates 

2011), some respond minimally to changed light conditions (e.g., sticklebacks: Flamarique et 

al. 2013). A rather rapid plastic response can also occur at the chromophore level via regulation 

of the Cyp27c1 expression, which results in a shift from the shorter-shifted A1 to longer-shifted 

A2-derived chromophore (Härer et al. 2018, Escobar-Camacho et al. 2019). Due to variable 

degree of plasticity observed throughout the teleost phylogeny, the latter might also constrain 

it, potentially resulting in taxa that lack plasticity of opsin gene expression altogether. In 

general, however, phenotypic plasticity aids one’s fitness as it can promote faster exploitation 

of resources in a rapidly changing world without the need for a generational turn-over, and as 

such, is more likely to be selected for (reviewed in Pfennig et al. 2010). Thus, epigenetic control 

of gene expression is very likely one of the factors driving adaptive radiations (reviewed in 

Pfennig et al. 2010, Losos et al. 2000, Shimizu‐Inatsugi et al. 2017, Stein & Bell 2019), 

including that of cichlids (Seehausen et al. 2006, Turner 2007, Muschick et al. 2011, Schneider 

& Meyer 2017, Ronco et al. 2021).  

 

Cichlids – a celebrated example of an adaptive radiation 

Cichlids (Cichlidae) are a group of mainly tropical freshwater teleosts with a Gondwanan 

distribution (Kocher 2004, Seehausen 2015), most famous for their species richness. As such, 

they are a textbook example of a phenomenon called adaptive radiation which presupposes 

ecological opportunities and rapid niche specialisation (Turner 2007). For example, last 5-7 

million years produced more than 2000 species in East Africa alone (Salzburger 2018). Several 

factors are believed to have aided in cichlid phenotypic, behavioural and ecological 

diversification, including plasticity (e.g., opsin expression) and morphological novelties, such 

as pharyngeal jaws, which enabled evolution of different feeding strategies (Nandamuri et al. 

2017, Conith & Albertson 2021). Indeed, cichlids trophically specialise on algae sponges, 

zooplankton, insects, other fishes, eggs, snails and much more - some are even filter feeders 

(Galvez et al. 2021). Selection on reproductive strategies, colouration, olfaction and acoustics, 

male courtship traits and parenting seems to also drive evolution of some species flocks either 

in allopatry or sympatry (reviewed in Rometsch et al. 2021, Barluenga et al. 2006, Svensson et 

al. 2017, Alter et al. 2017, Torres-Dowdall & Meyer et al. 2017). In general, the substrate for 
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the appearance of new cichlid species is provided by molecular mechanisms, i.e., gene 

duplication, accelerated coding sequence evolution, transposable element insertion and 

regulatory evolution (Brawand et al. 2014, Malinsky et al. 2018), and, namely, the ancestral 

hybridization creating enormous substrate for selection to act on, as recently shown in the 

Malawi and Victoria cichlids (Meier et al. 2017, Svardal et al. 2020). In addition, cichlid 

genomes are stable in terms of size and the number of chromosomes; these traits, as well as 

low nucleotide mutations rates, seem to promote cichlid hybridisation, which in turn aid their 

evolutionary boom (Stelkens et al. 2015, Svardal et al. 2021).  

 

 

Figure 3. A Echiostoma barbatum (Stomiiformes), a deep-sea fish species B. Pungu maclareni, a 

cichlid from the Barombi Mbo crater lake. Photographs used with permission from Zuzana Musilová. 
 

 

Deep sea fishes – living in the realm of darkness 

The deep sea is the largest habitat on Earth. It is characterised by low temperature, high 

hydrostatic pressure, food scarcity, low oxygen availability and poor light conditions (Locket 

1977). The shallowest zone, called the mesopelagic (200m – 1,000m), lies just below the highly 

lit epipelagic zone where photosynthesis is still present (Denton 1990). Here, residual daylight 

is present, but the quantity of photons decreases with increasing depth. Similarly, this layer of 
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water beholds mostly wavelengths of light corresponding to the blue-green part of the visible 

spectrum. Organisms tend to be active swimmers, also capable of vertical migrations, often 

possess large eyes and can exhibit counter illumination (Denton 1990, Hopkins & Gartner 

1992, Land & Nilsson 2012, Afonso et al. 2014). Below 1000m is the bathypelagic zone, which 

is followed by the abyssopelagic (4,000 – 6,000m) and hadopelagic (6,000 – 11,000m). These 

areas are characterised by the lack of photons; here, the only source of light is bioluminescence 

and so, organisms tend to have smaller eyes, tend to be more passive, conserving energy and 

relying mostly on short bursts of speed or scavenging when feeding (Denton 1990, Land & 

Nilsson 2012).  

Deep-sea fishes are not a monophyletic group – instead they are the result of convergent 

evolution and adaptation to the deep sea that occurred independently at least 22 times (Randall 

& Farrell 1997). In the depths of the deep-sea, successfully capturing a photon might represent 

a difference between life and death. Consequently, deep-sea fishes have evolved extremely 

sensitive visual systems with often enlarged eyes and increased pupil apertures (Locket & 

Crescitelli 1977, Warrant & Locket 2004) and the presence of tapeta lucidum (Locket 1977, 

Nicol 1989). Histologically, they have increased the raw number of (sometimes transmuted) 

photoreceptors, which possess enlarged outer segments; in addition, they are often pooled 

together to achieve higher neural summation, i.e., more photoreceptor cells converging on 

fewer retinal ganglion cells (Locket 1977; Wagner et al. 1998, Land & Nilson 2012, reviewed 

in de Busserolles et al. 2020, Lupše et al. 2021). An additional adaptation to the deep are pure 

rod retinae that are either single or multibank (Locket 1977; Wagner et al. 1998, Land & Nilson 

2001). Pure rod retinae are commonly reported in adults in numerous deep-sea lineages (deep-

sea eels: Hirt & Wagner 2005; e.g., in Atlantic argentine, deep-sea smelts, barreleyes and 

spookfishes, lightfishes, hatchetfishes, viperfishes, dragonfishes, slickheads, lanternfishes, 

spiderfishes, sabre-tooth fishes, pearleyes, tube-eyes, deep-sea anglers and ceratid seadevils: 

Ali & Anctil 1976). In some cases, though, cones persist morphologically as individuals 

mature, but the relative proportion of cones usually decreases throughout the development 

(Bozzano et al. 2007). Such a developmental trajectory is supported also by molecular 

evidence, indicating presence of all-cone retinae of some larval forms (Lupše et al. 2021). 

These results are in congruence with the ecology-driven developmental trajectory of deep-sea 

fishes - despite their name, many deep-sea fishes start their lives in the well-lit epipelagic zone, 

where photic conditions allow for a cone-based vision. As animals mature, they move to greater 

depths of the meso- or bathypelagic where a rod-dominated vision is selected for (Moser & 

Smith 1993, Paraboles et al. 2019, Lupše et al. 2021).  
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AIMS OF THE THESIS 

This thesis aims to throw light on the evolution and development of vision in ray-finned 

fishes (Actinopterygii). As discussed in the introduction, many fishes undergo major ecological 

shifts within their lifetime – during these transitions, photic environments often change, forcing 

organisms to adapt. Vision is an essential, but also energetically very demanding sensory 

system. Consequently, opsin gene expression serves as a tell-tale sign of a light environment, 

as it is known to directly correspond to available wavelengths of light. Using a predominantly 

transcriptomic approach, I aimed to: 

 

(i) Investigate developmental changes of opsin gene expression in one of the most 

enigmatic groups of organisms on Earth, the deep-sea fishes (Chapter 1) 

(ii) Uncover general and taxon-specific developmental patterns of opsin gene 

expression across the actinopterygian phylogeny (Chapter 2) 

(iii) Examine the phenotypic plasticity of opsin gene expression in Cameroonian crater 

lake cichlid species (Chapter 3) 

(iv) Explore the expression of phototransduction cascade genes as to illuminate the 

photoreceptor cell identity (Chapter 1, 2) 

(v) Discuss ecological pressures that shape the fish visual development (Chapter 1, 2, 

3) 
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MATERIALS AND METHODS 

In this section, I would like to give an overview of the methodology, which is detailed 

fully within respective chapters.  

As this thesis mainly deals with gene expression (transcriptomic) analyses, samples 

needed to be fixed in such a way that RNA was preserved, and its integrity kept. In the case of 

smaller larval individuals, this was done by fixing them in RNAlaterTM (ThermoFisher) 

immediately upon capture. Adults, on the other hand, were due to their size either flash frozen 

upon collection, or euthanized by the MS222 overdose - eyes or retinae were then extracted 

and fixed in RNAlaterTM, and in all cases, tissue was stored at −80°C. Fin clips, which were 

stored in 96% ethanol, were also taken for the purpose of preserving DNA. 

Molecular lab work was done in the laboratories of the Faculty of Science, or at the 

BIOCEV in Vestec, Czech Republic. In the case of DNA, when needed for barcoding purposes, 

we followed DNA extraction, polymerase chain reaction, gel electrophoresis and purification 

protocols. Specifically, we resorted to standard PCR conditions throughout, using the 

thermocycler Mastercycler (Eppendorf) and visually checking the gel electrophoresis to 

determine successful amplification. As a pre-mix for the PCR protocol, we used the Multiplex 

PCR Master Mix (QIAGEN). PCR products were purified using the Exo-CIP PCR clean up 

protocol (New England Biolabs). Sanger sequencing for the COXI gene was done at BIOCEV.  

The library preparation and genomic sequencing of some deep-sea samples was 

outsourced (details in Chapter 1). RNA was extracted in-house using standard kits listed in 

respective chapters. Its integrity was checked either at the faculty or at BIOCEV facilities, 

before proceeding with the library preparation protocol using library prep kits (see Chapter 1, 

2 for details), which prepares the sample for the Next Generation Sequencing on the Illumina 

platform. The protocol itself was at times, together with the NGS sequencing, outsourced (for 

details, see Chapters 1-3).  

Once transcriptomes were obtained, they were quality checked with FastQC (Andrews 

2017) and analysed using the Geneious software (Kearse et al. 2012). To obtain the most 

precise expression levels, reads were first mapped to a general reference dataset using the 

medium-sensitivity settings, enabling us to capture most opsin class-specific reads. A new, 

species-specific reference was then mapped against with medium-low sensitivity settings as to 

obtain final expression values. In case of multiple opsin gene copies, the latter were 

disentangled following Musilova et al. (2019). Other genes studied, e.g., arrestins, transducins, 

cyp27c1 underwent the same expression quantification methodology, and so did publicly 
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available transcriptomes that were obtained from the Sequence Read Archive (NCBI) using a 

very specific set of search terms, described in detail in Chapter 2. 

The identity of each gene, including the COXI barcoding fragment, was confirmed 

using the Basic Local Alignment Search Tool (BLAST, NCBI). Phylogenetic reconstruction 

of COXI, RH2 and RH1, used mostly for Chapter 1, was done with Bayesian estimation using 

MrBayes (Ronquist et al. 2012). 

To investigate phenotypic plasticity (Chapter 3), we reared laboratory born generation 

F2 under artificial lighting conditions, instigated by us. To achieve this, we covered all the 

sides of all four tanks with filter sheets, which spectral properties were known beforehand, thus 

modifying photic conditions accordingly. The resulting experimental setup consisted of four 

light regimes: full-spectrum, short-wavelength (=blue), medium-wavelength (=green) and 

long-wavelength (=red) shifted, and fishes were reared under such conditions until adulthood, 

with a subset of individuals being sampled after week 1, week 2, week 4 and month 6.  
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CONCLUSIONS 

This thesis provides novel insights into the development and plasticity of fish vision 

and has several major outcomes. In more detail, through transcriptomic analyses of visual gene 

expression, with a focus on opsin genes, we uncovered general actinopterygian ontogenetic 

patterns that are mostly depicted in the age-related increase of the red-sensitive LWS, and in a 

decrease of the UV-sensitive SWS1 cone opsin; adults also express significantly higher levels 

of the rod opsin (RH1) gene as compared to larvae, suggesting actinopterygians aren’t exempt 

from the general cone-to-rod retinal development that is characteristic of vertebrates. 

Additionally, we scrutinised specific taxa to uncover the expansion of opsin repertoires in 

several lineages and describe age-specific switches between and within cone opsin classes. 

Furthermore, we put an extra emphasis on the visual development of deep-sea fishes, as they 

represented a unique conundrum of their own. Our study explored major differences in retinal 

expression between larvae and adults and presented special cases of gene duplications and 

functional changes of amino-acid sequences. Furthermore, we revealed that the development 

of other phototransduction cascade genes, such as GNAT, matches that of opsins in some cases 

and not in others, which might be indicative of otherwise rarely described transmuted 

photoreceptors. Finally, to provide additional evidence for epigenetic control of vision in 

fishes, we investigated plastic visual responses of Cameroonian crater lake cichlids. Rearing 

them under different artificial light regimes showed that not only are Barombi Mbo and Bermin 

lake cichlids able to regulate the expression of different sets of opsin genes depending on the 

developmental stage – they are also capable of a response on a much shorter time scale, 

suggesting phenotypic plasticity could aid their persistence in an ever-changing natural 

environment. 

 

Although this thesis presents (i) general and detailed accounts of ecology-driven 

developmental changes of visual gene expression in ray-finned fishes, (ii) illuminates 

individual interesting and unique evolutionary adaptations and (iii) showcases the potential 

value of phenotypic plasticity, future research is needed to better understand the evolutionary 

importance of fish visual development and plasticity. Open questions remain, and further 

studies focusing on non-model organisms and a whole array of phototransduction genes, as set 

out in this thesis, are needed. In addition, investigations into epigenetic control, extraocular 

opsins, neuronal circuits and transmuted photoreceptors through a combination of molecular, 
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physiological and histological methods would benefit our understanding of molecular 

mechanisms underlying fish, and vertebrate vision in general.  
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Abstract 

Visual system in fish is known to adapt to the environmental conditions, either in evolution by 

nucleotide mutations and selection, or in development by phenotypic plasticity. Amongst 

vertebrates, cichlid fishes (f. Cichlidae) are one of the most noted examples of adaptive 

radiation, where plasticity is commonly reported. As an extremely speciose and ecologically 

diverse, yet evolutionary young group, cichlids have well-developed sensory systems, amongst 

which, vision seems to be primary. It is based on one rod, and seven cone opsin proteins – 

which arose through gene duplications - covering the entire spectrum from UV to red. Here, 

we investigate the development and phenotypic plasticity of opsin gene expression in two 

Cameroonian crater lake cichlids, Coptodon flava (Lake Bermin) and Stomatepia pindu (Lake 

Barombi Mbo), which we experimentally exposed to different ambient light treatments. We 

found the strongest plastic response of the visual system when fish developed in the long-

wavelength (red) shifted ambient light, while the short- (blue) and middle- (green) wavelength 

triggered milder, yet noticeable plastic response. We found stronger response in the gene 

expression in the Bermin crater lake radiation compared to the Barombi Mbo cichlid radiation. 
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INTRODUCTION 

The environment is an ever-changing heterogeneous entity to which organisms need to adapt 

to survive. Although accommodation to specific niches is achieved by genetic differentiation 

through generations (Schluter et al. 2000, Coyne & Orr 2004, Grant & Grant 2008), phenotypic 

plasticity – the emergence of multiple phenotypes from a single genotype in response to 

variation in the environment - represents a potentially much faster way of adaptation to a certain 

change in the environment (reviewed in Pfennig et al. 2010). Although previously documented 

across the animal kingdom (e.g., hymenopterans: Cahan et al. 2004, fish: Shaw et al. 2007, 

nematodes: Gutteling et al. 2007, arachnids: Brewer et al. 2015, squamates: Losos et al. 2000), 

it remains debatable how plasticity mediates evolution. Some argue that adaptive phenotypic 

plasticity allows populations to persist in novel environments by promoting survival and 

reproduction of phenotypically plastic individuals, thus providing a “genetic substrate” for a 

slower-paced selection and evolutionary change in the direction of the initial plastic response. 

Contrastingly, it is believed that non-adaptive phenotypic plasticity moves these novel 

phenotypes away from a local optimum, which in turn promotes evolutionary change through 

an increase in the strength of selection (Losos et al. 2000, Grether 2005, Crispo 2007, 

Ghalambor 2007, Ghalambor et al. 2015). 

Light conditions of aquatic habitats change widely with depth or turbidity due to 

absorption and scattering (Jerlov 1976, Land 2003). They can also change less predictably, 

either because of natural or anthropogenic causes, and can consequently affect the detection of 

visual cues that are key to vast array of behavioural tasks (Anderson et al. 2002, Stuart-Fox et 

al. 2003, Sandkam et al. 2015, Gaston et al. 2017). Fishes occupy a variety of different aquatic 

habitats, and their visual systems are very diverse. The retina of their high-resolution image-

forming camera eye consists of two photoreceptor types, i.e., cones (photopic vision) and rods 

(scotopic vision) (Lamb 2013). The membrane of the photoreceptor’s outer segment contains 

photopigments, namely opsin proteins and chromophores (Lamb 2013). Rods possess rod 

opsins; cones, on the other hand, diversified into many different subclasses: ultraviolet-

sensitive SWS1, blue-sensitive SWS2, green-sensitive RH2 and red-sensitive LWS, and some of 

these classes exhibit functionally different duplicates (e.g., Carleton et al. 2020).  

Fish visual systems differ immensely and are the product of selection for optimal vision, 

i.e. spectral tuning to a certain photic condition (Carleton et al. 2016). Adaptations to diverse 

ecological and visual demands, however, can be achieved either through duplication or gene 

loss (Carleton et al. 2020), functional (spectral) sensitivity-shifting diversifications of opsin 
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genes (Yokoyama 2008), or by the epigenetic regulation of the opsin gene expression (e.g., 

Luehrmann et al. 2018, Lupše et al. 2022). 

The expression of opsin genes starts already at the embryonic stage when eyes and the 

retina, which continue to grow throughout life, form (Fernald 1995, Carleton et al. 2008). 

Fishes keep on adding photoreceptors with age, and just like other vertebrates, they seem to 

first develop cone photoreceptors (La Vail et al. 1991, Raymond 1995, Mears et al. 2001, 

Sernagor et al. 2006, Lupše et al. 2021). This general cone-to-rod progression supported by 

recent evidence of more specific developmental patterns observed across teleost fishes suggests 

that vision changes with age (Lupše et al. 2022). Moreover, aquarium-based experiments 

showed that teleost visual systems not only respond to habitat shifts through development – 

opsin gene expression also seems to adjust on a much shorter time scale, suggesting a certain 

degree of plasticity (damselfishes and cardinalfishes: Luehrmann et al. 2018; cichlids: Smith 

et al. 2012, Dalton et al. 2015, Härer et al. 2017, Nandamuri et al. 2017; killifish: Fuller et al. 

2010, Fuller & Claricoates 2011; guppies: Ehlman et al. 2015; bream: Shand et al. 2008; cave 

mollies: Tobler et al. 2010).  

 

Table 1: Literature review on phenotypic plasticity in fishes. * Colour treatments as stated by 

authors. 

Species Exposure begins 

as/sampled as 

Color 

treatment* 

Sampling at Response Study 

Pomacentrus 

moluccensis, 

Pomacentridae 

Adults/adults - red 

- blue 

- green 

- 1 month 

- 4 months 

- 6 months 

Plastic 

(especially 

single cones)  

Luehrmann et 

al. 2018 

Pomacentrus 

amboinensis, 

Pomacentridae 

Adults/adults - red 

- blue 

- green 

- 1 month 

- 4 months 

- 6 months 

Plastic 

(especially 

single cones)  

Luehrmann et 

al. 2018 

Ostorhinchus 

cyanosoma, 

Apogonidae 

Adults/adults - red 

- blue 

- green 

- 1 month 

- 4 months 

Plastic 

(especially 

single cones)  

Luehrmann et 

al. 2018 

Metriaclima 

lombardoi, 

Cichlidae 

Larvae/adults - broad  

- narrow  

- 6 months Plastic (LWS, 

minimally 

also SWS2B) 

Smith et al. 

2012 

Melanochromis 

auratus, 

Cichlidae 

Larvae/adults - broad  

- narrow  

- 6 months Plastic (LWS, 

minimally 

also SWS2B) 

Smith et al. 

2012 
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Metriaclima 

zebra, 

Cichlidae 

Larvae/adults - Full spectrum 

- red (and 

inverted) 

- 6 months Plastic (LWS, 

RH2Aβ, 

RH2B, SWS1 

Dalton et al. 

2015 

Amphilophus 

cf. citrinellus, 

Cichlidae 

Larvae/larvae+adults - blue 

- cold white 

- warm white 

- red 

- 1 week 

- 2 weeks 

- 6 months 

Plastic 

throughout 

Härer et al. 

2017 

Metriaclima 

mbenji, 

Cichlidae 

Adults/adults - narrow  

 

- 3 days 

- 3 weeks 

- 5 weeks 

Plastic 

(except LWS, 

SWS2A and 

RH2A)  

Nandamuri et 

al. 2017 

Metriaclima 

benetos, 

Cichlidae 

Adults/adults - broadband - 3 or 7 days Plastic 

(except 

RH2A) 

Nandamuri et 

al. 2017 

Lucania 

goodei, 

Fundulidae 

Larve/adults - clear water 

- “tea-stained” 

- N/A 

(“sampled at 

maturation”) 

Plastic (LWS, 

SWS2B and 

SWS1) 

Fuller et al. 

2010 

Lucania 

goodei, 

Fundulidae 

Adults/adults - clear water 

- “tea-stained” 

- early (1 and 

3 days) 

- middle (7 

and 14 days) 

- late (21 and 

28 days) 

Plastic 

throughout 

Fuller & 

Claricoates 

2011 

Poecilia 

reticulata, 

Poeciliidae 

Larvae/adults - clear water 

- turbid water 

- N/A 

(“sampled at 

maturation”) 

Plastic (RH2 

and LWS 

copies) 

Ehlman et al. 

2015 

Acanthopagrus 

butcheri, 

Sparidae 

Larvae/adults - broad 

spectrum 

- short wl-

reduced 

- larval 

- post-

settlement 

- juvenile 

- adult  

Plastic 

(mostly lws 

cone opsins) 

Shand et al. 

2008 

Poecilia 

mexicana, 

Poeciliidae 

Larvae/adults - broad 

spectrum 

N/A Not plastic Tobler et al. 

2010 

 

 

Cichlids (Cichlidae) are a group of tropical fishes noted for their morphological, 

behavioural and ecological diversity (Meyer 1993). They have had enormous success in 

occupying a vast array of ecological niches over a short period and are, as such, considered 
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classic models for adaptive radiation (Verheyen et al. 2003, Malinsky et al. 2018). Sensory 

systems, including vision, were key in shaping their evolution - their genomes contain one rod 

and seven cone opsin genes: RH1, SWS1, SWS2A, SWS2B, RH2Aα, RH2Aβ, RH2B and LWS 

(Carleton et al. 2016). However, it has been shown before that due to developmentally triggered 

ecological shifts, not all opsins are expressed at the same time (Fattah Ibrahim et al. 2015, 

Carleton et al. 2016, Lupše et al. 2022). Although East African lakes Victoria, Tanganyika and 

Malawi harbour the greatest and certainly the most studied cichlid assemblages (Carleton et al. 

2016), smaller crater lakes of West Africa provide an excellent opportunity to study sympatric 

evolution and visual adaptation within smaller, but no less important assemblages (Turner 

2007, Musilova et al. 2019b). Such are Cameroonian crater lakes Barombi Mbo and Bermin, 

with respective diameters of 2.5 km and 700m, which formed within the last million years ago 

(Trewavas 1972, Cornen et al. 1992, Stiassny et al. 1992). Barombi Mbo hosts 11 endemic and 

often morphologically and ecologically quite distinct cichlid species (Schliewen et al. 1994), 

and Bermin hosts a younger radiation of nine valid species (Stiassny et al. 1992). Both lakes 

undergo a seasonal variation in water clarity between the dry (November – April) and rainy 

season (June – August) (Trewavas et al. 1972), thus possibly providing a platform for visual 

plasticity. 

To address the question of visual plasticity, we experimentally investigated opsin gene 

expression under different light regimes in two cichlid species, Coptodon flava (Barombi Mbo) 

and Stomatepia pindu (Barombi Mbo). With the aim of describing the effect ambient light has 

on ontogenetic patterns of opsin gene expression, and how these deviate from a species’ 

developmental trajectory under full spectrum, we reared lab reared newly hatched individuals 

under different artificially induced light regimes (short wavelength, medium wavelength, long 

wavelength) and quantified their opsin gene expression at different ages from hatching until 

adulthood. 

 

 

METHODS AND MATERIALS 

Rearing conditions and sampling Wild fish were collected in lakes Barombi Mbo and Bermin 

(Cameroon, West Africa) between 2016 and 2018 (research permit numbers:  

0000047,49/MINRESI/B00/C00/C10/nye, 0000116,117/MINRESI/ B00/C00/C10/C14, 

000002‐3/MINRESI/B00/C00/C10/C11, 0000032,48‐50/MINRESI/B00/C00/C10/C12) and 

brought back to the aquarium breeding facilities of the Department of Zoology, Charles 

University (Czech Republic), where they were kept under standard fluorescence lamp 



73 
 

illumination. Laboratory born descendants (generation F2) were reared under different light 

regimes to test for changes in opsin gene expression. By using lab-reared second-generation 

fish, our aim was to eliminate unmeasured environmental effects. In more detail, after eggs 

have hatched and larvae started swimming freely (absence of egg-sack), we randomly sampled 

a subset of individuals for each species, i.e. stage zero, time point = 0. The remainder of 

individuals were equally split into four batches and put into four experimental tanks: the control 

or “full spectrum” (standard fluorescent illumination), “blue” (short-wavelength), “green” 

(medium wavelength) and “red” (long-wavelength) (Fig 1). Filtering was achieved using 

spectral filter sheets, which were put onto each of the tank’s sides to allow for full effect (172 

Lagoon Blue, 124 Dark Green, 182 Light Red; Lee Filters). Individuals were reared under these 

light regimes and randomly sampled at 7 days, 14 days, 1 month and 6 months – we chose 6 

months as the final time point because many cichlids become sexually mature at that age and 

opsin expression reaches the adult phenotype (Carleton et al., 2008; O’Quin et al., 2011) (Fig 

1). For exact number of individuals sampled at each stage (and for each light regime), and for 

details on their sizes, see Supplementary Table. Note that due to high mortality of S. pindu and 

low number of offspring this species has per clutch, we combined results of several experiments 

as to best cover all of the desired time points. For the duration of the experiment, fish were fed 

either live artemia or tubifex, depending on the age. All specimens were euthanised by the 

MS222 overdose. For the 7 days, 14 days and 1-month groups, whole fish were stored in 

RNAlater (ThermoFisher) at -80 °C; for 6-month-old fish, only eyes were kept stored. 

Regardless of the age, whole eyes were used for expression analyses.  

 

Transcriptome sequencing and analyses Whole eye or retinal RNA was extracted using the 

RNeasy micro kit (Qiagen). After testing for RNA concentration and integrity on the 2100 

Bioanalyzer (Agilent) and Qubit Fluorometer (Thermofisher Scientific), RNAseq libraries (as 

150 bp paired-end reads) were outsourced at Biozentrum, Basel University (Switzerland) and 

sequenced on the Illumina HiSeq 2500 platform at the Genomics Facility Basel, Switzerland, 

or Novogene, Singapore (https://en.novogene.com/). Following the collection of data, FastQC 

was used for the quality-check of sequences (Andrews 2017) and opsin gene expression was 

quantified with Geneious software version 11.0.3 (Kearse et al. 2012). Our pipeline consisted 

of initially mapping reads against the genomic reference of a model cichlid species, the Nile 

tilapia, which enabled us to create species-specific references. For this, we used the medium-

sensitivity settings. To obtain precise expression levels and capture all reads possible, we then 

re-mapped transcriptome reads with medium-low sensitivity to these newly created references. 
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Specimen information, number of raw reads and relative opsin gene expression that was 

calculated using FPKM (Fragments Per Kilobase of transcript Per Million reads) are presented 

in the Supplementary Table.  

 

RESULTS AND DISCUSSION 

Cichlid visual palettes under full spectrum light  

Under full spectrum light, both cichlid species examined show a somewhat typical tilapian 

opsin gene expression development where younger individuals exhibit a visual palette more 

adapted to shorter wavelengths of light, as opposed to a longer shifted repertoire of adults 

(Carleton et al. 2008, Lupše et al. 2022) (Fig 2). In more detail and as seen in Coptodon flava, 

UV-sensitive cone (SWS1) opsin is mostly expressed in younger individuals and its expression 

becomes minimal as individuals sexually mature. On the other hand, the long-wavelength 

sensitive cone (LWS) opsin expression increases with age. Within the short-wavelength 

sensitive cone (SWS2) opsin class, only adults seem to express the SWS2A, while all individuals 

express the SWS2B, more so adults. As also seen in the Nile tilapia, expression of the middle-

wavelength sensitive cone opsin copy RH2B also decreases with age, deeming the entire visual 

repertoire more long-shifted. Stomatepia pindu also shows a change in opsin gene expression 

with development, however less pronounced and slightly different to that of Coptodon flava. 

Interspecific changes have been detected, and a comparison between the youngest sampled fry 

(zero stage) shows that S. pindu expresses less RH2B and SWS1 than C. flava, and more LWS, 

thus exhibiting a longer-shifted visual palette from the get-go. Intraspecifically, sexually 

immature individuals (age 2 and 4 weeks) show a shift in visual palettes related to aging: SWS1, 

SWS2B and RH2B expression decreases, and LWS expression increases with age, resulting in 

an even longer-shifted palettes of older fish.  

 

Cichlid visual palettes under filtered light 

In Coptodon flava, most drastic changes in opsin gene expression were observed under long-

wavelength rearing conditions (Fig 2). More specifically, individuals responded to the “red” 

light regime already at the larval stage and a plastic response to a longer-shifted environment 

was visible throughout the development already after one week. In general, individuals 

exhibited lesser expression of shorter copies (e.g., SWS1, RH2B) and larger expression of 

longer-shifted opsins (SWS2A, RH2Aα, RH2Aβ and LWS) than their conspecifics which were 

exposed to full spectrum light (Fig 2). Response to the other two ambient light regimes, namely 

the “blue” and “green”, was also plastic and different from the full spectrum, however less than 
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in the red light. C. flava responded to the “blue” (short wavelength) regime with an increase in 

SWS1 expression, which seems to replace the SWS2B which expression dropped, as also 

observed in the adult stage. LWS expression of adults also decreased slightly, however the 

expression of RH2Aβ increased as compared to the control, and so did that of the “shortest” 

copy RH2B (Spady et al. 2006) (Fig 2). Larval individuals reared under the “green” light 

(middle-wavelength) seem to express more of the SWS2B copy, however as adults, they retain 

lower levels of SWS2B expression, but also LWS as compared to the control. On the other hand, 

expression of all three middle-wavelength sensitive RH2 copies increases. 

Unfortunately, due to a smaller number of individuals of Stomatepia pindu available 

for the experiment and higher mortality of individuals of this species throughout the 

experiment, we unfortunately lack data for the adult stage (Fig 2). Still, Stomatepia pindu, as 

compared to Coptodon flava, shows a plastic response to changed light conditions, though not 

to such an extent. Changes were mostly observed in the expression of RH2Aβ and SWS2A, and 

in the case of the “green” regime, also in SWS2B. To describe potential plasticity and the degree 

of it more fully, especially that of the sexually mature stage, further long-term experiments are 

needed. It is clear, however, that the mouth brooder Stomatepia pindu develops an “adult” or 

longer-wavelength shifted visual phenotype sooner, and that its visual palette seems to be less 

plastic than that of a lineage-wise younger Coptodon flava. Besides possible behavioural or 

phylogenetic constraints, plasticity might also be somewhat limited by the already longer-

shifted visual palette of this species. 

It has been shown before that the development of teleost photoreceptors follows a what 

seems to be a conserved vertebrate cone-to-rod developmental sequence (Valen et al. 2016, 

Sernagor et al. 2006, Mears et al. 2001, La Vail et al. 1991, Lupše et al. 2021, 2022). In the 

case of teleosts, a rod-dominated adult retina brings many benefits (Evans & Fernald 1990, 

Fuiman 1993, Pankhurst et al. 1993, Hunter & Coyne 1982, Magnuson et al. 2020). This study 

gives further support to this claim, but also shows that the relative proportion of cone and rod 

opsin expression does not change plastically in response to any of the different light conditions 

to which fish were exposed, suggesting that plastic responses occur within cone opsins by 

replacing one gene class or copy with another (e.g., SWS1 and SWS2), while maintaining the 

total cone opsin expression (Lupše et al. 2022) (Fig 2). Most interesting to note, however, is 

the fact that relative rod opsin expression isn’t increasing constantly - at age of 4 weeks, relative 

rod opsin expression slightly decreases, before increasing again. As this holds true for all 

individuals studied within this study (Supp Table), and as cichlids are known to alter 

photoreceptor type and number (Carleton et al. 2020), this could suggest increased cone 
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importance and development at around this specific age, perhaps due to an ecological shift 

related to a larval-juvenile transition. To truly understand this phenomenon, however, 

anatomical and histological work is needed. 

 

The effect of available light on individual opsin gene expression developmental 

trajectories  

Our experimental design shows that the presence of certain wavelengths of light (full spectrum, 

short, medium or long-shifted) affects the production of opsin proteins that best correspond to 

sense available light. As such, plastic response seems to be maintained or even enhanced 

throughout the development as both larvae (week 1, 2 and 4) and adults (month 6) show 

deviation from a full-spectrum developmental trajectory. In fact, it seems that in the case of 

specific opsin genes, this deviation from “normal” is larger either in younger or older 

individuals, suggesting the presence of opsin gene plasticity and adaptability, especially in 

Coptodon flava, irrespective of age (Figs 3 & 4). Whether adults retain the ability to respond 

plastically to differing light conditions, when subjected to them as adults and not already as 

larvae, remains unknown. To investigate adult plasticity - independently of development, 

future experiments will need to subject them to changed light conditions without rearing them 

first, thus disabling a certain degree of retained adult plasticity. 

Under full spectrum, UV-sensitive cone SWS1 opsin expression in C. flava increases 

within the first two weeks, perhaps since it aids in planktivory or parent-offspring interactions 

in other species (Novales Flamarique 2013, 2016; Torres-Dowdall et al. 2017) (Fig 2). From 

week 2 onwards, its expression gradually decreases, and adults barely express it. Compared to 

the control, the “green” light had the least effect on SWS1 expression, followed by the “blue” 

which increased its overall expression (Fig 3). The most plastic response was triggered by the 

“red” regime, which resulted in a large decrease of the expression of this gene. S. pindu shows 

minimal expression of SWS1 throughout (below 0.5 per cent) (Fig 4). 

In C. flava, Levels of short-wavelength sensitive SWS2B cone opsin gene seem to be 

rather constant within the first month under full spectrum conditions, before reaching much 

higher levels of expression as adults (Fig 3). “Red” light regime had the most effect on its 

expression, as larval individuals responded to it with higher levels of expression, followed then 

by a decrease and an adult phenotype with the lowest of expression of this gene. In S. pindu, 

levels vary depending on the regime individuals were reared under, but a decrease was detected 

in all, except the “red” (Fig 4). 
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Expression of SWS2A in C. flava, on the other hand, was none to minimal regardless of 

the rearing regime, and under full spectrum and “blue” light, it increased slightly (Fig 3). Yet 

again, “red” light had by far the most effect on it, as individuals living under these conditions 

expressed this gene on a level several times higher than conspecifics. In S. pindu, SWS2A was 

expressed most under full spectrum conditions at week 2; under “blue”, “green” and “red”, 

levels of expression were lower, but they did increase with age, reaching higher expression 

rates at week 4 and at month 6 in the case of the “green” adult (Fig 4). 

Middle-wavelength sensitive cone opsin copy RH2Aα expression decreased with age 

under control conditions in C. flava (Fig 3). Plastic response was most evident in individuals 

reared under “blue” light, as they expressed more of this copy. Expression of RH2Aα in S. 

pindu was the highest under full spectrum conditions at week 2, and due to the biggest decrease 

with age compared to all other regimes, then also the lowest at week 4. Expression changed 

minimally between week 4 and month 6 in the “green” adult (Fig 4).  

The ”red” regime affected the C. flava RH2Aβ the most, as its expression was 2 to 3 

times as high as that observed in any other light regime during the larval period, including the 

control (Fig 3). RH2Aβ expression decreased with maturation, and the levels of expression 

dropped close to that of the control, resulting in higher expression observed in adult fishes 

living in the “blue” and “green” tanks. The developmental trajectory under full spectrum light 

conditions revealed a rather stagnant expression of this RH2 copy throughout the development. 

In S. pindu, all three artificial regimes produced higher levels of expression as compared to the 

control, but after an all-round age-related decrease, only fishes from the “green” tank kept 

levels higher than that of the control. Furthermore, levels increased slightly in the case of the 

adult from the “green” tank (Fig 4).  

Under normal light conditions, approximately third of a C. flava larval visual palette is 

dedicated to the RH2B expression (Fig 3). As animals mature, RH2B decreases, and adults 

barely express it. Individuals that lived under red filtered light showed the most plastic response 

with barely expressing it throughout the development. Although S. pindu larvae that were 

sampled as “zero stage” did show some expression of RH2B, it seems that it essentially got lost 

within the first week as levels of expression in all individuals seem to be minimal and 

potentially non-functional (Fig 4). 

Under control and “blue” light conditions, the LWS development in C. flava first shows 

an increase within week 1 and 2, followed by an increase till month 6 (Fig 3). Both middle and 

long-wavelength dominated environments guided a plastic response via an increase in LWS 

expression, however, only individuals living under the “red” regime expressed more LWS than 
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the control group. Plastic response of S. pindu was minimal, and in all cases, an increase in 

expression was detected within the first month. Levels of LWS expression in S. pindu are higher 

compared to C. flava from the earliest stage onwards (Figs 3 & 4).   

In general, wavelengths of light that are present in a given habitat affect visual palettes 

of fish, and opsin gene expression seems to be a direct indicator of a light environment in which 

individuals live (Malinsky et al. 2015, Carleton et al. 2016, Musilova et al. 2019, Ricci et al. 

2022). It has been hypothesised that cichlid vision in general, and opsin gene expression and 

its potential plasticity more specifically might have played a part in the explosive adaptive 

radiation of this prolific teleost family (Schneider & Meyer 2017). Our study on two non-model 

cichlid species gives further support to this claim but also shows that plasticity can be 

somewhat limited in certain taxa, either due to behavioural, phylogenetic, physiological, 

developmental and/or ecological constraints (reviewed in Introduction). The two focal species 

in our study, each originating from the two species flocks may also reflect different 

evolutionary history. The two lake radiations differ a lot in the age of the radiation, Bermin 

cichlids being evolutionary much younger than Barombi Mbo cichlids. Bermin cichlids also 

seem to demonstrate stronger response to the light condition, and hence, higher plasticity than 

the Barombi species. Whether higher plasticity may be linked to the age of radiation remains, 

however, unclear (as we simply test it in two systems only). Differing degrees of plasticity have 

also been seen in other ecologically relevant features, such as the pharyngeal jaw (Meyer 1987, 

Schneider et al. 2014). It seems that at least in theory, plasticity of opsin gene expression could 

mediate evolution by promoting survival and reproduction of individuals that can optically 

adjust to altered conditions (e.g., seasonal changes, eutrophication, algal blooms) – these 

individuals would be, in case of spectral changes, more able to persist as their optimal visual 

perception would allow them to outcompete their less plastic conspecifics (reviewed in Pfennig 

et al. 2010). Changes artificially induced by this study can in fact occur in nature where these 

cichlid species live (Trewavas et al. 1972), and so, plasticity observed in this study could 

potentially be found in nature. For example, increased rainfall and higher input of organic 

matter during the wet season can lead to higher levels of planktonic matter that in turn shifts 

available light to longer-wavelengths (represented herein by the “red” regime). 

 

Conclusions 

We show that vision of two Cameroonian crater lake cichlid species, Coptodon flava (lake 

Bermin species complex) and Stomatepia pindu (Barombi Mbo species group), can be altered 

in relation to available light via changes in opsin gene expression. The degree of their responses 
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varies, though, suggesting phenotypic plasticity needs to be assessed at the species level, taking 

into consideration a species’ phylogenetic history, ecology, and behaviour. Out of all the 

regimes under which individuals were reared, the long-wavelength shifted light induced the 

most plastic response, suggesting a potential predisposition of these animals to seasonality (dry 

vs wet season) observed also in the wild. Our results support previous findings on visual 

plasticity in teleosts and suggest a key role of vision and phenotypic plasticity during the rapid 

adaptive radiation of cichlids. 
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Fig. 1: Experimental design of the visual system plasticity. (A) Spectral differences between the three light 

regimes under which fish were reared. Y-axis depicts the percentage of light of certain wavelengths that was 

transmitted by each filter. (B) A simplified scheme presenting key time points at which eye RNA was sampled. The 

coloured arrow presents the onset of the experiment.  



81 
 

 

 

Fig. 2: Visual palettes of fish reared under the full light spectrum, short – (“blue”), middle- (“green”) and 

long- (“red”) wavelength shifted ambient light. Developmental series of the visual opsin gene expression in 

Coptodon flava from the Bermin lake (A), and Stomatepia pindu from the Barombi Mbo lake (B). Above - cone 

opsin gene expression profile with the proportional gene expression, and below - relative cone vs rod opsin 

expression comparison. 1w = 1 week, 2w = 2 weeks, 4w = 4 weeks, 6m = 6 months. Note that due to difficulties 

in rearing S. pindu, and consequent high mortality, most adult samples (6 months) are missing.  
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Fig. 3: Light regime-dependent variation in cone opsin gene expression in Coptodon flava. Each plot presents 

shifts from the full-spectrum developmental trajectory of specific opsin gene expression that arises due to shifted 

spectral properties of rearing conditions.  1w = 1 week, 2w = 2 weeks, 4w = 4 weeks, 6m = 6 months.  
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Fig. 4: Light regime-dependent variation in cone opsin gene expression in Stomatepia pindu. Each plot presents 

shifts from the full-spectrum developmental trajectory of specific opsin gene expression that arises due to shifted 

spectral properties of rearing conditions.  1w = 1 week, 2w = 2 weeks, 4w = 4 weeks, 6m = 6 months. Note that 

due to difficulties in rearing S. pindu, and consequent high mortality, most adult samples (6 months) are missing. 
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