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Abstract

The family Cichlidae contains approximately 2000 species that live in diverse freshwater habitats 

including murky lakes, turbid rivers, and clear lakes from both the Old and New Worlds. Their 

visual systems are similarly diverse and have evolved specific sensitivities that differ along several 

axes of variation. Variation in cornea and lens transmission affect which wavelengths reach the 

retina. Variation in photoreceptor number and distribution affect sensitivity, spectral sensitivity and 

resolution. Probably their most dynamic characteristic is the variation in visual pigment peak 

sensitivities. Visual pigments can be altered through changes in chromophore, opsin sequence and 

opsin expression. Opsin expression varies by altering which of the seven available cone opsins in 

their genomes are turned on. These opsins can even be coexpressed to produce seemingly 

infinitely tunable cone sensitivities. Both chromophore and opsin expression can vary on either 

rapid (hours or days), slower (seasonal or ontogenetic) or evolutionary timescales. Such visual 

system shifts have enabled cichlids to adapt to different habitats and foraging styles. Through both 

short term plasticity and longer evolutionary adaptations, cichlids have proven to be ecologically 

successful and an excellent model for studying organismal adaptation.
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1. Introduction

The path to understanding the construction of visual systems has been paved by elegant 

work done in model systems. Studies in the fly, the mouse, and the fish have revealed similar 

reliance on photoreceptors that detect different wavelengths of light and the downstream 

neural comparisons that allow organisms to infer brightness and color [1, 2]. Model teleosts 

(cavefish, Astyanax mexicanus, goldfish, Carassius auratus, zebrafish, Danio rerio, and 
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medaka, Oryzias latipes) were some of the first species whose visual sensitivities were 

linked to opsin gene sequences [3–6]. In fish, genes from all of the known vertebrate 

families are present including rhodopsin (RH1) in rods and short wavelength sensitive 

(SWS1, SWS2), rhodopsin like (RH2) and long wavelength sensitive (LWS) opsins in cones 

[7]. Fishes have duplicated and lost both rod and cone opsins many times, leading to 

significant visual system diversity [8, 9].

Ecology is likely an important driver of visual system diversity. Variation may result from 

the variable light quality found across diverse aquatic habitats in which fish live, from clear 

to turbid streams, lakes, and rivers, as well as estuarine to clear ocean wate s [10, 11]. 

Foraging and mating strategies may also drive the evolution of visual ca abilities [12]. These 

disparate ecologies may select for a diversity of visual sensitivities and aquatic organisms 

may have some of the most variable visual sensitivities across animals [12–14].

Historically, we have harnessed the power and tools that teleost model visual systems 

provide to inform us about questions ranging from genetic regulation to neural wiring and 

behavior [15–18]. These studies demonstrate the power of models to inform us how a few 

species operate and can provide a framework of how those functions may exist in other 

teleosts. However, compared to our knowledge of lab organisms, the ecological context that 

informs us how these mechanisms evolved is less well-understood [19]. In addition, with a 

taxonomic group as ancient as teleosts, it can be difficult to draw conclusions about the 

evolution of traits when comparing distant model systems across the phylogeny. Zebrafish 

and medaka alone are approximately 230 MY divergent (timetree.org; [20]). Studying a 

single species of a given taxonomic group with little ecological context provides only an 

abbreviated picture of species diversity and the mechanisms by which phenotypes evolve.

One way to understand mechanisms for phenotypic evolution is to study many closely 

related species across a diverse taxonomic group. One such taxa whose visual diversity has 

been examined more than any other are cichlid fishes. Studies have documented the variety 

of cichlid visual systems set against a backdrop of the varied light environments and 

ecologies which they inhabit [21–26]. This has led researchers to examine the proximate 

molecular mechanisms that contribute to this variation and the ultimate evolutionary 

pressures that led to the diversification of cichlid visual sensitivities.

2. Cichlid fishes

The family Cichlidae is comprised of ~2000 species distributed across the world in a 

Gondwanan distribution, occupying various freshwater habitats in Central and South 

America, Africa, Madagascar, and even India [27, 28]. Estimates of the divergence between 

New and Old World cichlids are ~95mya [20] (Fig. 1). In comparison to the teleost models, 

cichlids are approximately 230 MY divergent from zebrafish but are closer to medaka, being 

only 120 MY divergent [20]. Cichlids and medaka display a lot of chromosomal synteny 

[29]. This includes having similar homologs for all opsin genes except for a duplicate LWS 

opsin in medaka that is missing in cichlids [30, 31].
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As riverine cichlids colonized newly forming rivers and lakes, they repeatedly speciated on 

different continents. Most of cichlid diversity occurs within the African great lakes (1500 

species; [32]). However, New World cichlids also show significant variation with 400–500 

species [33]. With this many species, cichlids represent nearly 10% of teleost fishes.

Cichlids are found in turbid rivers, clear deep lakes, murky lakes, and small crater lakes. 

Many cichlid species thrive in riverine environments, which are typically more turbid and 

red-shifted than clear environments of deeper lakes. This includes Amazonian cichlids that 

must adapt to diverse environments which include white and black waters that show seasonal 

variation [34]. Therefore, cichlids are found across a most the full range of aquatic habitats, 

allowing us to investigate the link between ecology and visual adaptation.

3. Axes of visual adaptation

Correlated with their diverse habitats, cichlids have some of the most diverse visual 

sensitivities found in vertebrates. Incredibly, some of these differences in visual sensitivities 

have arisen rapidly after invasion of new niches such as the African Great Lakes (eg. <5 MY 

in Lake Malawi; [35, 36]). This amazing diversity results from the tweaking of several visual 

tuning mechanisms (Fig. 2). First, cichlids can have variable cornea and lens transmission 

because of deposited pigments that reduce the amount of short wavelength light reaching the 

retina. Second, they can vary the type and number of their photoreceptors. Third, cichlids 

can alter the peak absorbance of the visual pigments in these photoreceptors depending on 

the combination of chromophore and opsin protein, thereby significantly shifting visual 

sensitivity.

3.1 Lens and cornea transmission

The lens and cornea collect and focus light onto the retinal photoreceptors. As in most 

aquatic species, cichlid focal power depends on a large spherical lens [37]. Studies of the 

riverine Astatotilapia burtoni, show that cichlids’ spherical lens is layered like an onion, with 

each layer varying in index of refraction. This produces a graded index that varies as light 

passes from the edge to the center of the lens to correct for spherical aberration [38, 39]. 

Another aspect of both the lens and the cornea is that either can contain pigments that absorb 

light [40, 41]. These pigments prevent shorter wavelengths from reaching the retina, 

producing effective long pass filters. In green or turbid South American waters, cichlids have 

corneas and lenses containing carotenoid pigments. These pigments absorb UV to blue 

wavelengths and may help reduce the deleterious effects of short wavelength scattered light 

[21, 42, 43].

More subtle differences in lens transmission have been observed in species in the African 

(Fig. 2B) and New World lakes. Their seemingly transparent lenses can differ in whether 

they transmit or block UV wavelengths [23, 24, 44, 45]. In these cases, co0072neas are UV 

transparent, so that the lens determines which wavelengths reach the retina. Lens 

transmission can vary with age, with UV transparency decreasing in older fish [46, 47]. UV 

transparency may have ecological benefits. In cichlids from both Lakes Malawi and 

Tanganyika, UV transparent lenses occur in species with UV sensitive cones [23, 45]. UV 

sensitivity is thought to enhance zooplanktivory in species and developmental stages more 
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likely to be zooplanktivorous feeders. Species which feed in other ways do not benefit from 

UV sensitivity and so may have UV blocking lenses to prevent potentially harmful UV light 

from damaging the retina.

3.2 Photoreceptor type and arrangement

Cichlids are strongly diurnal and have duplex retina with both rod and cone photoreceptors. 

This includes two types of cones: short wavelength sensitive single cones and longer 

wavelength sensitive double cones. The double cones often have two different pigments, 

which in combination with the single cones produce a trichromatic visual system. This 

trichromacy has been behaviorally documented [48]. Cones are typically arranged in a 

square mosaic with one single cone surrounded by 4 pairs of double cones [49, 50]. This 

produces cone ratios of 1:2:2 for cones containing short : medium : long wavelength visual 

pigments. Rods are interspersed among the cones with 8 to 30 rods per cone, depending on 

the species [49, 50].

3.3 Chromophore

Embedded in the outer segment membrane of photoreceptors are the visual pigments, which 

consist of a light absorbing chromophore bound to an opsin protein. Like many fish, cichlids 

utilize chromophores derived from either vitamin A1 (11-cis retinal) or vitamin A2 (3,4 

didehydroretinal). A2 based visual pigments have slightly longer wavelength peak 

absorbance than those with A1 chromophores (Fig. 2C). Peak shifts in absorbance are 

wavelength dependent, being small (10 nm) for SWS based pigments, but increasing up to 

60 nm for LWS based pigments [51, 52]. For cichlids living in clearer habitats, A1 pigments 

are most common [53, 54]. A2 chromophore usage may help cichlids adapt to red-shifted 

murky waters and depth. Such chromophore shifts occur in turbid environments including 

Lake Victoria [55], Lake Managua [24, 56] and the Panama canal [43].

The enzyme that converts A1 to A2 chromophore is a cytochrome P450 family gene, 

cyp27c1 [57]. Increased cyp27c1 expression has been found in cichlids from murkier Lake 

Nicaragua as compared to clearer crater lake species [24, 56]. However, cyp27c1 expression 

differences were not confirmed in Cichla monoculus located in clear versus murky parts of 

the Panama canal [43]. Chromophore shifts could be an important art of light adaptation 

because the A1 to A2 switch can occur relatively rapidly, over the course of a few days to 

weeks [58]. However, the speed of chromophore switching has not y t b n quantified for 

cichlids.

3.4 Opsins

The second critical component of visual pigments are the opsin proteins. Shifts in visual 

pigment absorbance depend on properties of the opsins, including the polarity of the amino 

acids (AA) closest to the chromophore [59]. Opsin dependent cichlid visual diversity result 

from several mechanisms including changes to opsin AA sequence, changes in which opsin 

gene is expressed, coexpression of opsins in a single photoreceptor, and opsin gene losses. 

While changes in opsin sequence or gene number require long evolutionary times, changes 

in opsin expression can be q ite rapid and are a main mechanism behind the diversity in 

cichlid visual sensitivities. Such rapid changes result in environmental plasticity, with opsin 

Carleton and Yourick Page 4

Semin Cell Dev Biol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression responding to the environment in a similar manner to changes in chromophore. 

Below we describe how these different factors contribute to visual sensitivity shifts, 

facilitating cichlid adaptation.

3.4.1 Opsin coding sequence—Changes in opsin AA sequence can shift visual 

pigment absorbance. Changes in one or more AA can cause 1–15 nm shifts (e.g. [60]). 

These shifts may result in visual pigments that are better matched to the local light 

environment. Opsin sequence changes have been found for cichlids differing in depth or 

water turbidity. Species moving from rivers into clearer lakes have acquired changes that 

blue shift their RH1 opsins [25, 61, 62]. Deep living species in clear Malawi and Tanganyika 

have evolved RH1 and RH2 genes that match the blue shifted waters at depth [63–65]. In 

murky Lake Victoria, opsins sequence changes shift visual pigments to longer wavelength 

with depth [60, 66]. Sensitivity shifts may have significant impacts on cichlid behaviors such 

as mate choice, and may contribute to speciation [66, 67].

3.4.2 Opsin gene expression—The majority of cichlids maintain seven cone opsin 

genes but differentially express a subset as adults. The three most common expression 

combinations include the short (SWS1, RH2B, RH2A), medium (SWS2B, RH2B, RH2A) 

and long (SWS2A, RH2A, LWS) visual palettes (short and long palettes shown in Fig. 2A). 

In clear Lakes Malawi and Tanganyika, all three palettes occur and are likely convergent in 

the these lakes, with sister taxa sometimes differing in expressed palette [22, 23]. However, 

species from murkier Lake Victoria or from rivers in Africa and the New World utilize the 

long palette [21, 22, 43, 68]. Deep dwelling species in clear lakes may express medium 

palette opsins as found in Lak s Malawi and Barombi Mbo, since water absorbs the shortest 

and longest wavelengths [26, 69]. Species that have colonized clear Central American crater 

lakes express shorter wavelength opsins than murkier lakes nearby [24, 56].

Some species utilize all three palettes as part of a developmental progression, shifting from 

the short to medium to long palette with age [68, 70, 71]. During the developmental 

transitions, multiple opsins are coexpressed in the same cell (see 3.4.3). Halting the 

progression can alter the final adult palette, and may be one way that some species adapt to 

new lakes or foraging styles.

Opsin expression also varies diurnally. Cone opsin expression is highest in the afternoons, 

with all cone opsins following the same cycle [72, 73]. This may be part of a daily 

photoreceptor renewal found in many animals [74–76] and suggests that all cone opsins 

share a common diurnal regulatory mechanism.

3.4.3 Opsin coexpression and plasticity—In addition to shifts that completely 

replace one cone opsin with another, partial expression shifts can occur, resulting in 

coexpression of two cone opsins in a single photoreceptor at the end point [24, 77–79]. This 

coexpression has been found in both African and New World cichlids and produces cone 

sensitivities that are intermediate between the coexpressed pair [78]. Interestingly, the 

coexpressed pigments are always spectral nearest neighbors rather than the opsin genes that 

are adjacent in the genome. These sizable sensitivity shifts in cichlids are comparable to 

some of the most plastic teleost species [80, 81].
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Short term environmental shifts can lead to increased or decreased coexpression [82, 83]. In 

this way, altered lighting environments upregulate certain opsins that increase sensitivity in 

the new conditions. Coexpression changes quickly in just a few days to a few weeks and is 

reversible [70, 83, 84]. This plastic response varies between species with some species 

showing considerable plasticity and others none at all [43, 85]. Plasticity is more common 

for shorter wavelength palette species and younger animals. Adults with the long palette 

seem to have lost plasticity [70, 86], although slight changes have been found for Lake 

Victorian cichlids [87]. Plasticity may be the result of hormone levels that provide 

environmental sensitivity.

Plasticity-induced coexpression also varies spatially across the retina (Fig. 3). In the Lake 

Malawi cichlid Metriaclima zebra, the higher acuity, area centralis has minimal c expression, 

but the periphery shows higher coexpression [77, 78]. Increased coexpression might improve 

contrast detection useful for motion perception, but may hinder object discrimination needed 

in the central retina. Variation in spectral sensitivities across the retina has been documented 

in other fishes and may play an important role in performing different visual tasks using 

different parts of the retina [16, 88].

3.4.4 Opsin gene losses—While the majority of cichlids retain all seven cone opsin 

genes, there is some evidence for opsin gene losses. A few pseudogenes have been observed 

in cichlids from Lake Tanganyika [89] Tanganyika is the oldest of the African Great Lakes 

and so may have had more evolutionary time to acquire gene losses. Evidence for gene loss 

is more prevalent in New World cichlids [21, 90]. Different lineages in these murky habitats 

show loss of SWS1, SWS2B, or RH2B genes. Species’ reliance on the long palette in these 

more turbid habitats may diminish the need for expressing shorter wavelength genes.

3.5 Phototransduction

Light absorption by visual pigments activates the phototransduction pathway that converts 

photons into a neural response. As a G protein coupled receptor, opsin interacts with G 

proteins that turn on the effector protein, phosphodiesterase. This effector alters cGMP 

concentrations closing ion channels and causing cell hyperpolarization [91, 92]. Additional 

proteins help shut down the activated states of the opsins (G protein receptor kinase and 

arrestin) and G proteins, returning the cell to its resting state ready to detect more light. The 

efficiency with which the proteins activate or deactivate each other can affect the sensitivity 

and speed of photoreception. Fish living in different habitats might trade off speed and 

sensitivity, depending on the needs of their ecology and local environment. Studies have 

compared cichlids that live in shallow versus deep habitats. They found evidence for 

selection on coding sequence of several phototransduction genes including the cone pathway 

G protein, G protein receptor kinase and arrestin [63]. These adaptations may enhance 

sensitivity under the low light conditions at depth. This compliments the many changes in 

opsin sequence and expression levels observed in adapting to both depth and turbidity (see 

3.4.1). Future studies of phototransduction protein in New World cichlids or deep living 

crater lake species might prove interesting.
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3.6 Visual acuity

Visual acuity quantifies the retina’s ability to spatially distinguish objects. Smaller, more 

closely spaced cones (and their associated ganglion cells) enable higher visual acuity, but 

lower overall light sensitivity. Larger cones have the reverse tradeoff, increasing sensitivity 

while sacrificing acuity. Acuity is quantified from the finest alternating bright and dark bars 

that can be distinguished from a uniform gray, and is termed spatial r solving power (SRP, in 

cycles per degree). Cichlids differ in visual acuity, with SRP varying from 3–7 cycles per 

degree, with values based on ganglion cells lower than for photoreceptors (Fig. 4). In Lake 

Victoria cichlids, visual acuity does not correlate with species depth, but has some 

relationship with size of food items [93] Overall, cichlid visual acuities are intermediate 

among fishes [94], but are sufficient for the kinds of tasks cichlids perform, from 

discriminating cichlid stripe patterns to detecting small food items such as zooplankton [77].

In murkier or deeper habitats, cichlids alter the number and types of photoreceptors, thereby 

sacrificing visual acuity to enhance sensitivity. Double cones switch from containing 

different visual pigments to containing the same pigment, essentially doubling light 

sensitivity to the prevailing light spectrum. For example, Lake Victoria species in the 

clearest waters have all RH2/LWS double cones while fish from more turbid habitats have 

over 50% LWS/LWS cones [95] Variation also occurs across the retina with more LWS/LWS 

cones in the downward looking dorsal retina and more RH2/RH2 cones in the upward 

looking ventral retina [96]. This provides a better match to the long wavelength light coming 

up from below versus the broader light downwelling from above. In very murky 

environments, cichlids can even lose single cones all together, making room for more long 

wavelength sensitive double cones [93, 97].

Morphological measures of visual acuity are likely an overestimate of the actual behavioral 

resolution that fish have. Studies using two choice discrimination trials found Haplochromis 
argens discrimination ability for a checkerboard versus a gray target improved with age and 

eye size [97]. Although behavioral acuity was always worse than photoreceptor spacing 

would predict, it did improve rapidly with age, approaching the morphological limit set by 

photoreceptors.

Behavioral acuity has also been measured using the optomotor response (OMR), where fish 

swim to follow a moving stripe pattern, and the optokinetic response (OKR), where fish 

move their eyes in response to pattern movement. Using a combination of these responses, 

behavioral visual acuity was compared between four species of Lake Tanganyikan cichlids 

[98]. By varying the stripe spacing, the authors showed that a species that lives in rocky 

habitat had five times greater visual acuity than species that live in sand or intermediate 

habitat. They suggest that the complex rocky habitat benefits from improved spatial 

resolution for navigation while species over the sand may require better temporal resolution 

for predator avoidance. Therefore, habitat can impact visual system optimization.

3.7 Color sensitivity and discrimination

Several methods have been used to quantify color sensitivity and discrimination. OMR 

studies have shown that species can differ in color sensitivity as a result of differences in 
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opsin sequence [99] and opsin expression [100]. These sensitivity differences could 

predispose cichlid preferences for particular mating colors. This might be one mechanism 

whereby sensory drive could promote cichlid speciation [66].

OMR studies test for color sensitivity, but they do not necessarily require the subjects to 

have neurally opponent color vision. Color vision can be confirmed using behavioral operant 

conditioning as shown for other fishes [101–103]. Such tests in the Lake Malawi species 

Metriaclima benetos found that they can distinguish blues and yellows apart from grays, 

independent of target brightness [48]. This confirms they are using color hues and not 

brightness to perform these tasks. In addition, discrimination threshold for M. benetos has 

been quantified in one part of color space where fish had to discriminate blues from purples 

[104]. Cichlids’ abilities to discriminate color pairs is quantified by neural circuit noise as 

this limits the best they can do. Noise estimates showed that these species have a noise value 

of v=0.16, significantly higher than typically assumed value of 0.05 [105], but comparable to 

other fishes [106]. Future work should examine other parts of the color spectrum as fish 

species have been shown to vary in their color discrimination abilities depending on the 

color of the targets [107]. In addition, studies of other cichlids with different visual palettes 

should be compared with those for the short palette M. benetos. It would be useful to know 

if visual pigment sensitivity impacts which part of the spectrum cichlids can best 

discriminate and how that relates to the colors that they prefer.

4. Power of cichlids as a genetic model

In addition to understanding the genetic mechanisms that tune cichlid visual sensitivities, 

cichlids can also serve as a model to define the network controlling opsin expression. Using 

the power of genetic crosses, quantitative trait loci (QTL) studies followed by fine mapping 

and transcriptomics have been used to identify several QTL and the underlying transcription 

factors that regulate the opsins [108–111]. This complements work in zebrafish and medaka 

that have identified key regulatory elements controlling opsin expression, including locus 

control regions [15, 112–114], and microRNAs [17]. The ultimate goal is to define the key 

genes and how they form a switchable opsin gene regulatory network. This would provide 

insights into how opsin expression changes through development within a species. Further, it 

could determine the types of mutations that evolutionarily modify the network to produce 

the diversity of cichlid visual sensitivities.

5. Unanswered questions

Many questions remain about the extensive diversity of visual systems. These questions are 

both specific to cichlids but also represent more general questions that extend across the 

majority of visual animals. The first question is whether visual system evolution is adaptive. 

Broader comparisons are needed across many taxa with ecological and visual system 

diversity to test for and identify mechanisms of adaptation. Cichlids are a great system to 

address this question on a smaller scale s they exhibit both immense visual and ecological 

variation. We can therefore determine whether visual variation evolved to maximize adaptive 

visual capabilities in cichlids and use that knowledge to inform findings across a greater 

number of taxa. In addition to documenting vis al systems variation, experiments are 
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required to demonstrate functionality of the variation [13, 14]. There is evidence for 

selection on some key genes including opsins and other phototransduction proteins [63, 65, 

89]. However, proof of functionality will require studies demonstrating that visual shifts 

provide true behavioral and reproductive fitness advantages [115].

In addition to considering long term evolutionary change, studies need to examine the role of 

short term visual plasticity in response to changes in environmental lighting This visual 

plasticity is found in some groups, but has not been investigated in others, including the 

common model systems (i.e. zebrafish, mammals). By studying mechanisms of plasticity we 

could investigate if and how it enables organisms to invade new habitats and speciate by 

improving visual tasks such as foraging or predator detection. Cichlids are again a useful 

model as they have invaded new habitats both over longer evolutionary times scales and with 

relatively recent introductions and exhibit a range of plasticity [24, 43]. Rapid changes in 

visual sensitivities in new habitats could lead to altered mate choice, and ultimately help 

drive speciation [116].

One area that requires much further study is neural wiring. With evidence for partitioning of 

the retina for different visual tasks [16, 88, 117], more work is needed to know how retinal 

wiring facilities such tasks. Very few systems have been examined in enough detail to 

understand the diversity of cell types or their wiring. In cichlids, studies of cell distributions 

and coexpression have identified an area centralis for object discrimination and a periphery 

for contrast detection. Although cichlids have the typical retinal layers of most vertebrates 

(Fig. 5), little is known about the cell types in these different layers or how their wiring 

might facilitate such a division of labor for different visual tasks. More rapid means of 

identifying the diversity of retinal cell types and circuit construction would help determine 

how a small set of photoreceptors contributes to processing the different aspects of 

discerning the visual world. Altered retinal wiring could enhance visual sensitivity and color 

discrimination, and could be an important part of mate choice. Since mate choice is thought 

to help drive r productive isolation and speciation, it would be interesting to know where 

female preferences lies. Does female preference depend on retinal wiring or is it inherent to 

the brain where multiple signals converge for analysis?

A broad, comparative approach would provide benefits in understanding visual diversity, 

adaptation, and evolution, and could be carried out across a variety of phylogenetic levels. 

The breadth of the cichlid phylogeny offers possibilities in comparing species within lakes, 

within continents and across the globe. Identifying the similarities and differences within 

cichlids, but also within teleosts, and within vertebrates would help identify the constancies 

across visual systems and the parts that are more malleable, adapting to particular ecologies. 

Such comparisons need to consider multiple visual system attributes from visual sensitivities 

to visual acuity to color discrimination to behavioral choices such as foraging or mating 

preferences (Fig. 1).

6. Conclusions

Cichlid studies have made significant contributions to understanding the mechanisms that 

generate visual system diversity. Essentially every tuning mechanism that could play a role 
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seems to contribute. This includes changes to cornea and lens transmission, photoreceptor 

number and distribution, and visual pigment sensitivities. Visual pigment sensitivities are 

altered through chromophore shifts as well as changes to opsin gene sequence, gene 

expression, and gene loss. Some of these changes are the result of developmental 

reprogramming to alter the expressed genes in adults. Considerable work is ongoing to 

unlock the genetic network that controls opsin expression, its developmental progression, 

and its evolution across the cichlid radiation. This work relies on the power of cichlid 

genetic crosses and genomic tools.

The work in cichlids compliments and informs studies in other fishes. Not much is known as 

to whether model fishes significantly change opsin expression through development or if 

they show environmental plasticity or coexpression. It may be that the models are more 

hardwired, but it is unclear if this is truly the case because of their more limited ecological 

niches, or simply a lack of available comparisons with closely related species. Therefore, 

more comparative work is needed for existing models and for new models. Cichlids have 

demonstrated their important role in documenting the proximate and ultimate mechanisms 

shaping visual sensitivity. They are therefore ready to take their place among such models 

based on their amazing phenotypic and ecological diversity
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Highlights

• Cichlid visual sensitivities vary by changing cornea and lens transmission, 

photoreceptor densities, and photoreceptor sensitivities

• Cichlid photoreceptor sensitivities shift through changes to chromophore, 

opsin gene sequence, opsin gene expression and opsin gene loss

• Sensitivity differences are linked to differences in ecology including f raging 

and light environment

• Cichlids are a powerful example of how the comparative a roach can unravel 

the proximate and ultimate causes of visual system variation
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Figure 1. 
Cichlid phylogeny showing the ecological and geographic diversity and the corresponding 

diversity of visual tuning mechanisms. Icons noted on the phylogeny show the habitat of 

each species or group: turbid lakes (red semi-circle), clear lakes (blue semi-circle), and 

rivers (red curved line). Icons across the top show axes of visual adaptation from left to 

right: lens and cornea transmission, chromophore, opsin coding sequence, opsin expression, 

coexpression, environmental plasticity, gene loss, phototransduction, visual acuity, and color 

sensitivity and discrimination. Grey dots or symbols denote that this axis has been 
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investigated in this group on some level, blank spaces denote areas needing further study. 

Results for some axes are shown. Symbols: Lens and cornea type are UV transmissive (UV

+) or blocking (UV-); Chromophore type (A1 or A2 with predominant in bold); Adult opsin 

expression palettes are short (S), medium (M), and long (L); Coexpression presence 

(checkmark); Plasticity demonstrated for development (half-circle), development and adults 

(filled circle), or absent (empty circle); Opsin gene complement is full (checkmark) or has 

gene loss (psi). *Some Barombi Mbo species express a dichromatic palette that differs from 

the typical trichromatic palettes. **Some crater lake Midas cichlids have expression midway 

between M and L.
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Figure 2. 
Comparison of visual pigment sets for cichlids using the short (left) or long (right) palette. 

(The medium palette shows similar effects). A) The original visual pigment sets for either 

the short (SWS1:468nm, RH2B: 488nm, RH2A: 528nm) or long (SWS2A: 455, RH2A: 

528nm, LWS: 565nm) palettes. B) The effects of having a UV transparent (solid) or UV 

blocking (dashed) lens. The lens cutoff only effects wavelengths shorter than 400 nm. C) 

The effects of chromophores shifts from pure A1 (solid) to pure A2 (dashed) chromophore. 

Longer visual pigments have larger shifts than shorter wavelength pigments.
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Figure 3. 
Opsin coexpression resulting from environmental plasticity modifies cone sensitivities in 

short palette species [77, 78]. Shown are the relative expression levels for the different opsin 

classes expressed as % of single cones (all SWS genes) or % of double cones (RH2 and 

LWS genes) as well as the resulting visual pigments. A) Wild caught or UV laboratory 

lighting. All cones express a single opsin gene to produce the pure short palette (SWS1, 

RH2B and RH2A opsins) across the retina. B) Fluorescent lab raised individuals (and some 

wild caughts) show increased coexpression that varies across the retina. In the central area 

centralis, the pure short palette opsins as shown in (A). Single cones outside of this region 

coexpress SWS1 and SWS2B. For double cones, RH2B/RH2Ab coexpression increases in 

the temporal region while RH2Aa/LWS coexpression increases in the ventral region. This 

produces 4 different coexpression regions. For the coexpressed pigments, the visual pigment 

sum is shown in color, as compared to the pure pigment it replaces shown in dotted gray.
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Fig 4. 
Visual acuity measured for African cichlids. Methods include quantifying photoreceptor or 

ganglion cell densities [77, 97, 118] as well as behavioral measures [98]. Points are color 

coded based on the lake where species live. Data in Supp Table S1.
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Fig 5. 
Retinal cross section of the tilapia Oreochromis aureus stained with toluidine blue (histology 

courtesy of Jacqueline Webb, University of Rhode Island). Superimposed are some possible 

retinal cells including photoreceptors (pink and purple), bipolar cells (green), ganglion cells 

(gold), horizontal cells (gray) and amacrine cells (orange). These interconnect to form the 

key retinal layers including the photoreceptor layer (PR), the outer nuclear layer (ONL), the 

outer plexiform layer (OPL), the inner nuclear layer (INL), the inner plexiform layer (IPL) 

and the ganglion cell layer (GC). Although we believe cichlids have all of these cell types, 

little is known about their diversity or connectivity.
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