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Abstract 

Mammalians process their photoreceptions through lateral eyes; however, non-

mammalian vertebrates and invertebrates possess additional extraretinal photoreceptors 

over their bodies to detect light stimuli. Chromatophores, i.e. dermal specialized pigment 

cells, play important roles in the regulation of body patterns. Since chromatophores 

derive from neural crest, they share the common embryonic origin with retina. Recent 

evidence shows that they are light-sensitive due to opsin expression. In the present study, 

the expression of seven cone opsins was detected in tilapia caudal fin tissues. Moreover, 

distinct photoresponses were found in two chromatophore types. Regardless of 

stimulating wavelengths, melanophores tend to disperse and maintain cell shape at 

dispersion stage by shuttling pigment granules. Conversely, erythrophores respond to 

light in a wavelength-dependent manner. The opsin expression profiles of melanophores 

and erythrophores imply SWS1 and RH2 group genes may play important roles in 

chromatophore photoresponses. Through measuring photosensitivity, I suggest the two 

opsins play opposite roles in light-induced translocations of pigment granules within 

erythrophores: SWS1 for aggregations at UV and short wavelength regions and RH2b for 

dispersion in middle/long wavelengths. An antagonistic interaction occurs in the 

overlapping of the absorbance spectra of the two opsins. I also found that the 

photoresponses take place along with the occurrence of the change of cell membrane 

potential. In addition, the effect of different light backgrounds (broad spectrum, short 

wavelength-rich, and red-shifted light conditions) on the photosensitivity of tilapia 

erythrophores was investigated. I found that the major opsin classes (SWS1 and RH2b) 

responsible for photoresponses remain constant in three groups of erythrophores. 
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Together, I postulate that melanophores may serve as a light filter in integumentary 

tissues, and the chromatically antagonistic mechanism enables tilapia erythrophores to 

sense the subtle change of environmental photic condition and to fine-tune pigmentation. 

I also investigated the ontogenetic change of photoresponses of rainbow trout 

melanophores. Distinct photoresponses were found in parrs and smolts. Furthermore, 

smolt melanophores responded to light in a wavelength-dependent manner. Since the 

change of coloration and visual system during smoltification of salmonids is regulated by 

thyroid hormone (TH), I suggest that the development of melanophore photosensitivity is 

associated to TH as well. 
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Chapter 1 

Introduction 

1.1 Chromatophores and pigmentation 

The ability to precisely detect environmental stimuli and make adequate responses is 

critical for an animal’s survival. For non-mammalian vertebrates and invertebrates, a 

common strategy in response to ambient biotic and abiotic stimuli is to change body 

coloration patterns. This process is involved in many behaviours and physiological 

responses, such as mate choice [1,2], signaling social status  [3,4,5], camouflage [6,7], 

concealing communication [8,9], thermoregulation [10,11], and UV protection [12,13]. 

Specialized dermal pigment cells, called chromatophores, play a key role in the formation 

of integumentary pigmentations and body colorations.   

1.1.1 Categorization of chromatophores 

Chromatophores can be characterized by their internal structures and pigment colors. 

Pigmented chromatophores contain pigment granules including melanophores (black), 

erythrophores (red), xanthophores (yellow), and cyanophores (blue); other types of 

chromatophores, which possess light-reflecting guanine plates, are leucophores (white) 

and iridophores (iridescent) [14,15,16,17,18]. Different classes of pigmented 

chromatophores contain pigment granules with different types of pigments including 

melanins, carotenoids, and pteridines [19,20,21]. The accumulation of purines in 

chromatophores forms thin platelets, which are widely found in leucophores and 

iridophores [18,19,22,23,24]. By manipulating the location of these components within 
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chromatophores, animals are able to display spectacular color responses under different 

circumstances. For example, the paradise whiptail, Pentapodus paradiseus, can perform 

rapid spectral changes caused by iridophores and pigmented chromatophores within less 

than one second [25]. 

1.1.2 Chromatophores and color changes 

 It is established that poikilothermic vertebrates generate integumentary color changes in 

two ways: morphological and physiological [19,26,27,28,29,30]. Morphological color 

change is usually initiated when animals undergo prolonged background adaptation, and 

this change is mediated by changes in chromatophore size or density in integumentary 

tissues. In particular, changes of dark melanophores can lead to a dramatic alteration of 

appearance. When fish are adapted to a black background, the most evident change is an 

increase in the number of melanophores [31,32,33,34]. Melanocyte-stimulating hormone 

(α-MSH) plays an important role in the differentiation and proliferation of melanophores 

[32,35,36]. Under a black background, the secretion of α-MSH from the pituitary up-

regulates the expression of microphthalmia-associated transcription factor (mitf) and 

subsequently increases the expression of melanogenic genes, thereby promoting 

melanogenesis [37,38].  On the other hand, white background adaptation causes a 

decrease of melanophore size (via degeneration of dendritic processes) and number (via 

cell apoptosis) [39]. Although the mechanism driving cell death is unclear, it has been 

suggested that the neurotransmitter norepinephrine (NE) released from sympathetic fibers 

is involved in this process. When NE is applied to cultured skin tissues, the number and 

size of melanophores are significantly decreased [40]. In addition, the administration of 

chemical sympathectomy with 6-hydroxydopamine can suppress apoptosis even when 
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fish are adapted to a white background [40]. Background adaptation is expected to affect 

other types of chromatophores as well; however, little is known about the change of other 

pigment cells under different backgrounds.  

Compared to morphological color change, physiological color change is a faster 

process effected by means of translocations of pigment granules or spacing change 

between guanine plates. In most cases, physiological color change is associated with 

neural and hormonal regulation [41,42,43,44,45,46]. For pigmented chromatophores, the 

direction of pigment granule movement determines the pigment-covered area of cells 

and, in turn, changes pigmentation and color patterns. For instance, the occurrence of 

aggregation or dispersion of pigment granules of melanophores (melanosomes) will lead 

to a paler or darker appearance, respectively [34,41,47]. For light-reflecting iridophores, 

the spectral range of reflection depends on the distance between guanine plates. In neon 

tetra, Paracheirodon innesi, abundant iridophores exist in the lateral strips. Treatment of 

skin samples from this area with NE causes the spectral peak of the reflectance to shift 

toward longer wavelengths. Conversely, adenosine has the opposite effect on reflectance 

and shifts the spectral peak toward shorter wavelengths [46].  In this species when the 

spectral peak shifts to longer wavelengths the distance between reflecting platelets 

increases [48].  Moreover, chromatophores can form a structural, functional combination 

with surrounding chromatophores, and this cell organization, namely a chromatophore 

unit, produces varying photic effects and gives rise to a complexity of color change 

[45,49,50]. 
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1.1.3 Motility of pigment granules  

In response to neural or hormonal stimulations, chromatophores generate pigment 

granule movements. Therefore, chromatophores represent a suitable model system to 

investigate intracellular organelle transport systems. Melanophores are widely distributed 

over the body, possess large cell size, and have conspicuous appearances. Because of 

these features, most of our knowledge of the molecular mechanism of pigment granule 

movement is from melanophores. Pigment translocation is driven by microtubules, actin 

filaments and their molecular motors [29,51,52,53,54,55]. In fish and amphibian 

melanophores, melanosome transport is subject to microtubules and microtubule-based 

motors [14]. Using microinjection of antibodies against dynein or kinesin as well as 

microtubule inhibitors, it has been suggested that minus-end-directed dynein and plus-

end-directed kinesin are primarily responsible for aggregation and dispersion, 

respectively [51,53,56]. The microtubule and actin systems cooperate, and there is an 

important role for actin in stabilizing and anchoring melanosomes in a confined area 

[52,56,57]. When retrograde transport is initiated, actin-based myosin motors are 

responsible for an even distribution of pigment granules throughout the cell or trapping 

organelles in the periphery of the cell [52]. Generally, the microtubule system accounts 

for long distance movement of organelles whereas the actin system carries out short 

range and local translocations. 

1.1.4 Signal transduction of pigment transport 

Physiological color change is regulated by the neural and endocrine systems, and thus a 

number of neurotransmitters and hormones are able to evoke pigment transport. Various 

pharmacological agents mediate color change in different fish species. For example, 
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aggregations can be driven by adrenaline, NE, melanin-concentrating hormone (MCH), 

melatonin, and somatolactin while dispersions can be induced by α-MSH, ACTH, and 

prolactin [26,34]. In teleosts, the direction of pigment movement is determined by 

intracellular cyclic AMP (cAMP) level [58]. Dispersion occurs when cAMP level is 

elevated by Gs protein-activated adenylate cyclase (AC), and aggregation can be 

attributed to the reduction of cAMP by Gi protein-activated phosphodiesterase. 

Therefore, the treatment with cAMP analogs, AC activators, or phosphodiesterase (PDE) 

blockers can lead to motile responses of chromatophores [45,59,60,61,62]. 

1.1.5 Chromatophore photoresponses 

In addition to neural/hormonal systems, light stimuli are also able to trigger physiological 

color changes [58,63]; moreover, chromatophores can directly respond to light 

independently of the visual system [59,60,64,65,66,67,68,69,70]. The pattern of light-

induced chromatophore responses seems to depend on the developmental stage as well as 

the species. In response to light, cultured melanophores from early-stage Xenopus laevis 

larvae showed dispersions, whereas melanophores in the isolated tails from Xenopus 

laevis tadpoles at a later stage, and larvae of another three amphibian species (Hyla 

japonicus, Rana pirica, and Hynobius retardatus), aggregate melanosomes [71,72].  

In teleosts, chromatophore photoresponse varies across species. When exposed to 

light, Trematomus bernacchii xanthophores, melanophores of Oryzias latipes and Zacco 

temmincki, disperse their pigment granules but Oryzias latipes xanthophores display 

aggregations [60,67,73,74]. Manipulation of illumination intensity has shown that the 

velocity of pigment movement and the degree of photoresponses are dependent on light 

intensity [60,64,67,68]. For example, when cultured medaka melanophores were exposed 
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to light for 5 minutes, illumination at higher intensity increased the degree of pigment 

dispersions [67]. In summary, the response pattern of chromatophores varies according to 

pigment cell type and species. Chromatophore photoresponses might be associated with 

either the ambient light condition of habitats or with developmental stages.   

1.1.6 Possible role of visual pigments in chromatophore photoresponses 

Because of their sensitivity to light, chromatophores are categorized as extraretinal 

photoreceptors [75]. Emerging evidence has shown the existence of visual pigments in a 

diversity of extraretinal photoreceptors. In zebrafish pineal organ, for instance, RT-PCR 

analysis has detected the co-expression of exo-rhodopsin and retinal red-sensitive opsin 

genes [76]. Hence, visual pigments are suggested to be the molecules responsible for 

light-induced motility of chromatophores. Indeed, different classes of visual pigments (or 

opsins) have been detected by RT-PCR and immunohistochemistry in skin tissues or 

cultured pigment cells  [59,77,78,79,80]. Melanopsin (OPN4) was originally isolated 

from the melanophores of Xenopus laevis [78] and is known to play an important role in 

many physiological reponses, such as photoentrainment and other accessory visual 

functions [81]. In teleosts, opsin expression was first detected in the skin of the neon 

tetra, Paracheirodon innesi using anti-bovine rhodopsin (RH1) antibody [79]. Recently, 

more retinal opsins have been identified in integumentary tissues. RH1 and two cone 

opsin genes (i.e. Pi-green1 and Pi-green2) were found to be expressed in skin [77].  

mRNA expression of two cone opsins was detected in tilapia tail fin tissue [59]. In 

addition, Im et al. [80] identified RH1 in Carassius auratus erythrophore cell line (GEM-

81) and observed a rhythmic expression pattern of RH1 at the mRNA level. The existence 

of visual pigments in dermal tissues or pigment cells suggests that they may be associated 
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with non-visual photoreception. However, these studies are at the protein or mRNA 

levels, and lack any functional description. Without further characterization of 

chromatophore photoresponses we cannot know if these opsins are functional or what 

their roles in the regulation of light-induced motile activities might be. 

1.1.7 Signal transduction pathway of chromatophore photoresponses 

In contrast to the signal transduction of neuron- and hormone-mediated physiological 

color change, the mechanism driving chromatophore photoresponses is poorly 

understood. In Xenopus laevis, both light and MSH cause dispersion of cultured 

melanophores from Xenopus tadpoles at early stages due to the elevation of intracellular 

cAMP [72]. In tails from Xenopus tadpoles at late stages, injection of cGMP or cAMP led 

to melanophore dispersion and the effect caused by cGMP was greater than cAMP [71]. 

On the other hand, light-induced aggregation could be inhibited by incubation of medium 

containing cGMP or the PDE inhibitor, IBMX (isobutylmethylxanthine). Rollag [82] 

applied similar approaches to melanophores isolated from Xenopus tadpoles at late 

stages; however, he found that increasing intracellular cAMP could block light-induced 

aggregation whereas cGMP could not. In addition, pertussis toxin exerted an inhibitory 

effect on melanophore aggregation [82]. Light-induced aggregation in Xenopus 

melanophores may be regulated by a pertussis toxin-sensitive G protein coupled receptor, 

which is presumably an opsin-based photoreceptor [82]. Furthermore, this process might 

involve a second messenger system analogous to that activated by hormones (e.g. 

melatonin), which decreases intracellular cAMP. These results reveal that photoresponses 

of amphibian chromatophores may involve both cAMP and cGMP and appear to be 

dependent on developmental stages. 
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In teleosts, limited data are available from medaka (Oryzias latipes) and tilapia 

(Oreochromis niloticus) [59,60,67]. In medaka xanthophores, light-induced aggregation 

could be inhibited by theophylline (a PDE inhibitor) in a dose-dependent manner but 

forskolin (an adenylate cyclase activator) had no effect [60]. The membrane-permeable 

cGMP analog, 8-Br-cGMP, could also inhibit this photoresponse but the effect was only 

elicited at a relatively high concentration, which might exceed normal physiological 

levels [60]. Therefore, the photoresponse of medaka xanthophores is suggested to involve 

signal transduction via the activation of PDE to decrease intracellular cAMP level, which 

eventually causes aggregation. Similar results were observed in tilapia erythrophores. 

Administration of theophylline and forskolin caused an inhibitory effect on light-induced 

aggregation in a dose-dependent manner [59]. When cells were treated with medium 

containing 8-Br-cAMP, no aggregation occurred in response to light [59].  Additionally, 

through the administration of different agents, such as pertussis toxin, cholera toxin, 

staurosporine and H-7 [inhibitors of phospholipase C (PLC)], and 12-O-tetradecanoyl-

phorbol-13-acetate (TPA, PKC activator), Ban et al. [59] concluded that the signal 

pathway of tilapia erythrophore photoresponses is through Gs and Gi but not Gt, Go, or Gq 

proteins.  

In summary, chromatophore photoresponses in teleosts may be regulated by Gs 

and Gi signaling pathways, which increases and decreases intracellular cAMP level, 

respectively. However, these results have been obtained from a few species and may only 

represent the mechanisms of particular chromatophore types in medaka and tilapia. 

Moreover, the link between light-sensitive molecules (proposed visual pigment) and G 

proteins and the downstream transduction cascade are unclear so far. Before further 
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investigation on a variety of chromatophore types in different species, we need a better 

understanding of the mechanisms underlying chromatophore photoresponses. 

1.2 Photoreceptors and visual pigments 

Organisms have diverse sensory systems to detect environmental stimuli. To accomplish 

visual and non-visual tasks, non-mammalian vertebrates and invertebrates possess 

multiple light detectors, which deliver information regarding ambient light stimuli and 

drive the subsequent phototransduction cascade. In retina, for example, rod and cone 

photoreceptors are responsible for image-forming tasks, and their functions of scotopic 

and photopic vision have been well documented [83,84]. In addition to rod and cone 

photoreceptors, a small population of cells called intrinsically photosensitive retinal 

ganglion cells (ipRGCs) have been identified as a third class of retinal photoreceptors and 

play a key role in non-image-forming tasks like circadian photoentrainment [85,86]. A 

light-sensitive molecule is an essential element for photoreceptors to receive photic input 

and mediate photosensitivity. The most well-known molecule responsible for 

photosensation is a membrane-bound opsin-based visual pigment. Visual pigments 

consist of a chromophore and an opsin protein. Opsins, with the moieties showing seven 

transmembrane (TM) domain structure, belong to the G-protein-coupled receptor (GPCR) 

superfamily. In vertebrates, the light-absorbing chromophore, 11-cis-retinal or its 

derivatives, can be obtained only from diet containing carotenoids. On exposure of a 

visual pigment to light 11-cis-retinal is converted to all-trans-retinal. This cis-trans 

isomerisation transduces the electromagnetic energy of light to chemical free energy. 

This energy, in turn, is used for the conformational change of opsin protein leading to the 

dissociation of all-trans-retinal from opsin. Without retinal bound to its centre, opsin is in 
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an active state and is able to react with G protein. In retinal photoreceptors of most 

vertebrates, the G proteins are known as transducins (Gt). Transducins can activate the 

downstream cGMP-phosphodiesterase (cGMP-PDE), which lowers intracellular cGMP 

level. As a consequence, the decrease of cGMP concentration results in the closure of 

cGMP-gated channel, the suppression of inward current, and eventually, the 

hyperpolarization of photoreceptor cells. 

Visual pigments are not sensitive to only a single wavelength. The nature of 

visual pigments is that they possess bell-shaped absorbance spectra, which display a 

broad wavelength bandwidth. The maximum absorbance (λmax) present in the 

photosensitivity curve features the biochemical or biophysical characteristics of visual 

pigments. The λmax value of visual pigments in vertebrates has been found to spread over 

a wide spectra ranging from UV (~350 nm) to far red (~630 nm) [87]. There are two 

major mechanisms for spectral tuning of photosensitivity of visual pigments. First, opsin 

tuning is achieved through the alteration of amino acid sequences at specific sites [84,88]. 

The minimum spectral shifts caused by a single amino acid substitution are suggested to 

be 5-6 nm [88,89]. The other mechanism to alter spectral sensitivity is through 

chromophore tuning [88]. Two forms of retinal chromophores widely used in vertebrates 

are retinal (A1) and 3,4-dehydroretinal (A2) [88]. In general, the chromophore used is 

related to the nature of the habitat. Freshwater species prefer to use A2 but marine and 

terrestrial species favor A1. The replacement of A1 with A2 shifts the absorbance 

spectrum of the visual pigment toward longer wavelengths. In addition, the variation of 

longer-wavelength visual pigments is more easily affected by a small change in the 

A1/A2 ratio [88]. 
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1.3 Retinal photopigments of tilapia 

A well-known example of rapid radiation is the cichlid fish in the Great Lakes of Africa, 

where about two-thirds (~1500 species) of the family Cichlidae occur [90]. Both natural 

and sexual selection are suggested to drive cichlid divergence. Natural selection has 

resulted in the evolution of foraging behaviours whereas sexual selection has led to the 

evolution of color polymorphism [91]. Male cichlids often have brighter color patterns 

than females and this sexual dimorphism plays an important role in species recognition, 

male-male aggression, and mate choice [92,93]. Closely related species differ only in 

male body coloration, but not morphology or behaviour; therefore, visual sensitivity 

becomes a key determinant to discriminate different species via color patterns [94].  

In vertebrates, five classes of retinal opsin genes have been identified: one rod 

opsin (RH1) and four classes of cone opsins including short wavelength sensitive 1 

(SWS1), short wavelength sensitive 2 (SWS2), rod opsin-like (RH2), and long wavelength 

sensitive (LWS) opsins [95]. Due to gene duplication, the riverine cichlid, Nile tilapia 

(Oreochromis niloticus), possesses 7 cone opsin genes with distinct peak absorbances 

(λmax): SWS1 (360 nm), SWS2b (423 nm), SWS2a (456 nm), RH2b (472 nm), RH2aβ (518 

nm), RH2aα (528 nm), and LWS (561 nm) [43]. Since tilapia is an ancestral outgroup to 

the cichlid, it provides an excellent model to investigate lacustrine cichlid photopigment 

usage and the link between cichlid photoreceptor sensitivities and the underlying opsin 

genes [96,97,98,99]. Recent studies have demonstrated ontogenetic changes of 

photoreceptor sensitivity and opsin expression in the tilapia visual system [96,100]. 

These data show that all opsin genes are expressed at some time during ontogeny and 
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suggest how the visual system tunes spectral sensitivity through differential opsin gene 

expression.  

1.4 Chromatophore studies in tilapia  

Tilapia possesses at least four classes of chromatophores: melanophores, erythrophores, 

xanthophores, and iridophores. Light-induced motile activity has been reported in tilapia 

erythrophores [59,64,65]. Since opsin expression has been detected in tilapia caudal fin 

tissues [59], it has been suggested that erythrophore photoresponses are associated with 

the opsin expression [59]. However, the gene expression data were obtained from tissues 

rather than the single cell level. Possible contamination of other types of chromatophores 

or tissues cannot be ruled out and it remains particularly important to understand which 

types of opsins are expressed in particular types of chromatophores.  

1.5 Retinal photopigments and melanophores of rainbow trout  

Salmonids begin their life cycle in freshwater and prepare themselves to migrate to 

saltwater through a metamorphic transition called smoltification. During smoltification, 

they experience morphological, physiological, and behavioral transformations to adapt to 

subsequent environmental changes [101,102]. The transformations include the loss of UV 

sensitivity in the visual system, as a result of the loss of ultraviolet-sensitive (UVS) 

cones, and body silvering [103].  

Although rainbow trout are non-anadromous species and remain in freshwater 

throughout their life cycle, they undergo similar transformations to the ones that occur in 

their migratory counterpart. In addition to this feature, their availability makes rainbow 

trout a convenient model system to study developmental changes of anadromous 
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salmonids during ontogeny. In rainbow trout, Oncorhynchus mykiss, visual pigments 

expressed in photoreceptors with their λmax have been identified: RH1 (512 nm), UVS or 

SWS1 (371 nm), SWS2 (432 nm), RH2 (519 nm), and LWS (574 nm) [106,107,108,109]. 

Through an unexpected study, I found that SWS1 is expressed in integumentary tissues of 

rainbow trout and motile responses of melanophores can be induced by illumination 

(personal observation). Therefore, melanophores of rainbow trout may provide an 

excellent opportunity to study the ontogenic change of extraretinal dermal 

photoreceptors.  

1.6 Thesis overview 

My aim was to characterize chromatophore photoresponses of tilapia and rainbow trout 

by a combination of molecular examination and functional analysis. For the second 

chapter of the thesis, I investigated the possible involvement of opsins in photoresponses 

of two types of pigmented chromatophores in tilapia. To date, the molecular information 

of seven cone opsins of Nile tilapia Oreochromis niloticus is available in GenBank 

(http://www.ncbi.nlm.nih.gov/genbank/). I investigated the cone opsin expression profiles 

of melanophores and erythrophores using single-cell RT-PCR. Opsins detected in higher 

frequency by assessment of their expression patterns are likely to play a role in 

photoresponses. Additionally, an analysis of the response patterns  assessed whether 

physiological functions may differ in melanophores and erythrophores. Thus, we can 

better understand the mechanism driving these photosensitive processes to provide a link 

between photoresponses and the physiological importance of melanophores and 

erythrophores. 
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In the third chapter of the thesis, I investigated tilapia erythrophore 

photoresponses in further detail. Since the erythrophores respond to light in a 

wavelength-dependent manner, I wanted to know which types of opsins are responsible 

for their photoresponses. Moreover, if there is an interaction between opsins, a 

chromatically-dependent antagonistic mechanism may be used for light detection of 

erythrophores. Considering the role of extraretinal photoreceptors, this antagonistic 

mechanism may help erythrophores gain cues for regulating body pigmentation and fine-

tune their color change in different photic environments. 

In the fourth chapter of the thesis, I aimed to assess the effect of light condition on 

tilapia erythrophore photosensitivity. Fish were reared under three different background 

light conditions (broad spectrum, short wavelength-rich, and red-shifted light conditions) 

for 2 months. Using the same approach, I compared the spectral sensitivity of 

erythrophores and the extent of photoresponses at 380 nm and 480 nm among the three 

groups to determine whether change occurs in either opsin usage or opsin expression 

level under prolonged light adaptation in a particular spectral range. 

In the fifth chapter of the thesis, I aimed to compare the ontogenic change of 

melanophore photosensitivity before and after the smoltification of rainbow trout 

Oncorhynchus mykiss. I found that melanophores from rainbow trout at different 

developmental stages showed distinct response patterns under illumination. The spectral 

sensitivity curve with two sensitivity peaks in different spectral regions will help us to 

predict which types of light-sensitive molecules are responsible for photoresponses. 
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Chapter 2 

Possible Involvement of Cone Opsins in Distinct Photoresponses of 

Intrinsically Photosensitive Dermal Chromatophores in Tilapia 

Oreochromis niloticus 

2.1 Abstract 

Dermal specialized pigment cells (chromatophores) are thought to be one type of 

extraretinal photoreceptors responsible for a wide variety of sensory tasks, including 

adjusting body coloration. Unlike the well-studied image-forming function in retinal 

photoreceptors, direct evidence characterizing the mechanism of chromatophore 

photoresponses is less understood, particularly at the molecular and cellular levels.  

In the present study, cone opsin expression was detected in tilapia caudal fin where 

photosensitive chromatophores exist. Single-cell RT-PCR revealed co-existence of 

different cone opsins within melanophores and erythrophores. By stimulating cells with 

six wavelengths ranging from 380 to 580 nm, we found melanophores and erythrophores 

showed distinct photoresponses. After exposure to light, regardless of wavelength 

presentation, melanophores dispersed and maintained cell shape in an expansion stage by 

shuttling pigment granules. Conversely, erythrophores aggregated or dispersed pigment 

granules when exposed to short- or middle/long-wavelength light, respectively. These 

results suggest that diverse molecular mechanisms and light-detecting strategies may be 

employed by different types of tilapia chromatophores, which are instrumental in pigment 

pattern formation. 
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2.2 Introduction 

The ability to detect and respond to the visual environment plays a critical role in the 

survival of animals. Changing the body color pattern is a strategy frequently used by 

lower vertebrates and invertebrates, allowing them to respond to biotic and abiotic 

stimuli. These color-changing mechanisms greatly impact physiological and behavioural 

aspects of animals, including UV protection [1,2], thermoregulation [3,4], concealed 

communication [5,6], camouflage [7,8], mate choice [9,10], aggressive signaling [11,12], 

and social status display [13,14]. Chromatophores, dermal specialized pigment cells, are 

thought to be the primary agents that shape body patterns in many animals. 

Chromatophores are typically categorized into six classes based on their internal structure 

and pigment colors: melanophores, erythrophores, xanthophores, cyanophores, 

leucophores, and iridophores [15-17]. They are capable of responding morphologically 

(in number or size) or physiologically (through translocation of inner pigment granules, 

i.e. aggregation or dispersion) in order to execute long-term or immediate color pattern 

changes, respectively [18,19]. Integumentary color change is achieved in three ways: 1) 

through pigment granule motility, 2) through reflective plates within chromatophores, 

and 3) through coordination of different chromatophore classes and/or other tissues 

[20,21]. The translocation of pigment granules within chromatophores was shown to be 

mediated by the action of microtubules and microfilaments, as well as various molecular 

motors [22,23]. In teleosts, this translocation is controlled by the sympathetic nervous 

system [24,25] and regulated by hormones such as prolactin, catecholamines, melatonin, 

noradrenaline (NA), melanin-concentrating hormone (MCH), and alpha-melanocyte-

stimulating hormone (α-MSH) [9,14,26-30]. For example, erythrophores in Nile tilapia 
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(Oreochromis niloticus) and swordtail (Xiphophorus helleri), pigment aggregation can be 

triggered by MCH, while dispersion can be mediated by MSH [28,29]. Pharmacological 

evidence suggests that the increase or decrease in intracellular cAMP level regulated by 

Gs or Gi protein plays an important role in signal transduction pathways of hormone-

mediated pigment granule movements in chromatophores [29,31]. 

Recently, studies have shown that light can also trigger the color-changing 

process, and that these photoresponses depend on the intensity and wavelength of the 

light stimulus [32-35]. Chromatophore spectral sensitivity has been measured from 

several teleosts. For example, the most effective wavelength to induce melanophore 

dispersion of Oryzias latipes and Zacco temmincki are near 415 and 525 nm, respectively 

[36,37]. These results show that maximum chromatophore photosensitivity varies across 

species. Moreover, the light-induced translocation of intracellular pigment granules (i.e. 

retrograde vs. anterograde) is not identical in the same chromatophore class. For instance, 

xanthophores under illumination disperse in Trematomus bernacchii, but aggregate in 

Oryzias latipes [38,39].  

Opsins have been suggested to be involved in chromatophore photoresponses, as 

putative opsins have been detected in skin tissues [32,33,40]. However, this hypothesis 

relies mainly on molecular evidence, e.g. opsin gene expression in integumentary tissues 

[32,33]. Moreover, chromatophore photoresponses were proposed to be generated 

through a pathway other than the Gt protein-activated cGMP signaling pathway in retinal 

photoreceptors. Thus, chromatophore dispersion and aggregation were suggested to occur 

through the Gs or Gi protein-activated cAMP signal transduction pathway, similar to that 

found in hormonal regulation of chromatophores [31,32,41]. Nevertheless, the 
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relationship between visual pigments and chromatophore photoresponses remains 

unclear. 

An opsin protein in combination with a chromophore forms a visual pigment. 

Different classes of opsins vary in amino acid sequences leading to the change of spectral 

absorption properties of visual pigments. In vertebrates, five classes of retinal opsin genes 

have been identified: one rod opsin (RH1) and four classes of cone opsins including short 

wavelength sensitive 1 (SWS1), short wavelength sensitive 2 (SWS2), rod opsin-like 

(RH2), and long wavelength sensitive (LWS) opsins [42]. Due to gene duplication, Nile 

tilapia (Oreochromis niloticus) possesses 7 cone opsin genes with distinct peak 

absorbances (λmax): SWS1 (360 nm), SWS2b (423 nm), SWS2a (456 nm), RH2b (472 nm), 

RH2aβ (518 nm), RH2aα (528 nm), and LWS (561 nm) [43]. In the present study, we 

investigated the relationship between cone opsin expression and tilapia chromatophore 

photoresponses. Using RT-PCR, cone opsin expression was detected in tilapia caudal fin 

and co-expression of different opsin classes was found in individual melanophores and 

erythrophores at the single-cell level. We also showed these two major types of 

pigmented chromatophores (melanophores and erythrophores) in tilapia caudal fin 

demonstrated distinct photoresponses to incident light stimuli. Under illuminations, 

melanophores extended their processes and maintained dispersions by shuttling pigment 

granules (melanosomes). On the other hand, erythrophores aggregated and dispersed 

pigment granules (erythrosomes) at different spectral range. We suggest that this co-

expression of different opsin classes is correlated to the dynamic photoresponses of these 

intrinsically photosensitive dermal chromatophores (ipDCs) in Nile tilapia. These 

findings are significant to our understanding of light-driven mechanisms within specific 
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chromatophore classes, and advance our knowledge of how intrinsic dermal 

photosensitivity contributes to organismal survival and interaction. 

2.3 Materials and methods 

2.3.1 Ethics statement 

The protocol used for the experimental fish was reviewed and approved by the Queen’s 

University Animal Care Committee (Protocol NO: Hawryshyn-2010-004-R3-A1) and all 

procedures complied with the Canadian Council for Animal Care regulations. 

2.3.2 Animals 

Adult male Nile tilapia Oreochromis niloticus (Figure 2.1A; 46.7±7.1 g body mass, 

14.8±0.6 cm standard length) were obtained from a local fish farm, Northern American 

Tilapia Inc. (Lindsay, Ontario, Canada). Fish were kept at a water temperature of 25ºC 

under a 12h:12h L:D light cycle and the lighting condition was provided by full spectrum 

fluorescent lamps (see Figure 2.2; Full Spectrum Solutions, Inc., Jackson, MI, USA). 

Fish were anaesthetized by immersion in MS-222 (Syndel Laboratories Ltd., Qualicum 

Beach, BC, Canada) and sacrificed by cervical transection. Because circadian changes of 

opsin expression and pigmentary patterns have been reported in fish [44,45], dissections 

were always carried out from 11:00am to 13:00pm. All procedures complied with the 

Canadian Council for Animal Care regulations and the Queen’s University Animal Care 

Committee. 
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Figure 2.1 An adult male Nile tilapia Oreochromis niloticus (A) and a close-up of the 

caudal fin (B) showing pigmentation traits. 

 

 

 

Figure 2.2 Spectral irradiance of the lighting in the fish culture facility. 
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2.3.3 Preparation of split-fin tissues and isolation of single chromatophores 

Chromatophores were isolated by methods described previously [46-48]. Briefly, the 

integumentary tissues were excised, rinsed with 70% ethanol as well as Ca
2+

, Mg
2+

-free, 

Dulbecco’s phosphate-buffered saline (CMF-PBS: NaCl 136.9 mM, KCl 2.7 mM, 

Na2HPO4 8.1 mM, KH2PO4 1.5 mM; pH 7.2), and cut into pieces about 5-mm
2
 in CMF-

PBS. To remove the epidermis, tissues were incubated in EDTA-bicarbonate solution 

(pH 7.4) and stirred for 20 min. Following incubation with vigorous shaking in 0.25% 

collagenase type II (Sigma-Aldrich, St. Louis, MO, USA) for 30 min, chromatophores 

were isolated from split-fin tissues. The dissociated cells were filtered through 140-µm 

Nylon membrane filter (Millipore, Billerica, MA, USA) and suspended in CMF-PBS. 

Specific classes of chromatophores were identified and selected under a dissecting 

microscope (Nikon Instruments Inc., Melville, NY, USA; SMZ1500) equipped with an 

epi-illumination system (Dolan-Jenner Industries, Boxborough, MA, USA) and polarizer 

(Nikon Instruments Inc., Melville, NY, USA; MNN40920). 

2.3.4 RNA extraction, and first strand cDNA synthesis 

Total RNAs were extracted from caudal fins and single chromatophores (isolated from 

caudal fins) using Absolutely RNA Miniprep and Nanoprep Kits (Stratagene, La Jolla, 

CA, USA), respectively. Reverse transcriptions were performed by SuperScript III First-

Strand Synthesis SuperMix for qRT-PCR (Invitrogen Canada, Burlington, ON, Canada), 

following the manufacturer’s manual. To determine if genomic DNA contamination 

existed in the sample, reverse transcription for non-RT control was conducted with all 

reagents, except the reverse transcriptase. 
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2.3.5 RT-PCR analysis 

Primers for tilapia cone opsins were designed using Primer 3 software based on the 

sequences published on GenBank (refer to Table 2.1) and used in RT-PCR, and single-

cell RT-PCR analysis. All of the primers were tested in PCR using GoTaq Flexi DNA 

Polymerase (Promega, WI, USA) in Eppendorf Mastercycler gradient (Eppendorf 

Canada, Mississauga, ON, Canada) under the same conditions [92°C, 2 min; 92°C, 30 s, 

60°C, 30 s, 72°C, 30 s (40 cycles)] prior to being used in subsequent experiments. PCR 

products were sequenced (McGill University and Genome Quebec Innovation Centre, 

Montreal, Quebec, Canada) and verified by comparison with corresponding sequences on 

GenBank. Except cone opsins, we included rhodopsin (RH1), melanopsin (OPN4), and 

teleost multiple tissue (TMT) opsin in single-cell RT-PCR analysis. No expression of  

RH1, OPN4, and TMT was detected in individual chromatophores examined (data not 

shown; n=7 for melanophores, and n=12 for erythrophores). 

     To investigate cone opsin expression profiles in different types of 

chromatophores, single-cell RT-PCR was conducted under the aforementioned condition 

and a power analysis (statistical power = 0.9, α = 0.05, two-tailed test) was administrated 

to determine the sample size of cells (n=22 for melanophores, n=28 for erythrophores).  

2.3.6 Measurements of chromatophore photoresponses 

Split-fin tissues containing chromatophores were incubated in the culture medium 

(mixture of Leibovits L15 medium, fetal calf serum, and water in a ratio 80:15:5, 

penicillin-G 100 U/ml, kanamycin 100 µg/ml) at 25 ºC in a water-jacked CO2 incubator 

in the dark for 2 days. After 2 days of culture, tissues were immersed in PBS for 15 min 
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Table 2.1 Primers used in RT-PCR assays. 

Gene Accession no. 

(GenBank) 

Forward Primer (5’→3’) 

Reverse Primer (5’→3’) 

Amplicon size (bp) 

    

SWS1 AF191221 TCCACCTGTACGAGAACATCTCCAA 

GGTGTGCCAGCAAACAGGACAA 

 

124 

SWS2b AF247120 CAAGAAGCTCCGGTCTCATC 

ATGCAGTTGGACCAAGGAAC 

 

134 

SWS2a AF247116 CGCTCGGTAACTTTGCTTTC 

AGCACTGTAGGCCTTCTGGA 

 

132 

RH2b DQ235681 CTGGTCACCGCTCAAAACAA 

TCAAAGGACCCAAGGAGAAATAG 

 

148 

RH2aβ DQ235682 CACCATCACAATCACGTCTGCTAT 

CCAGGACAACAAGTGACCAGAG 

 

122 

RH2aα DQ235683 CCATCACCATCACATCAGCTG 

CCAGGACAACAAGTGACCAGAG 

 

120 

LWS AF247128 TCATCTCCTGGGAAAGATGG 

TCCAAATATGGGAGGAGCAC 

 

134 

RH1 AY775108 ATATGTTGGCTGCCCTATGC 

TGCTCCCTCCTCTTCTTCAA 

 

216 

OPN4 GR605566 ACTGCACTGAGCACCATCAC 

TAGATGACCGGAGCATTTCC 

 

196 

TMT AF402774 CCGTCCAACTACTGCAAGGT 

CACGATCAGGCAGAAGACAAA 

 

198 

β-actin
a
 EF206796 TGCGTGACATCAAGGAGAAG 

CTCTCGTTCCCAATGGTGAT 

136 

a
β-actin was used as a positive control in RT-PCR assays. 

 

 

 

before experiments. Light stimuli were generated by a 150 W xenon lamp system and a 

monochromator (Photon Technology International, London, ON, Canada). To measure 

photoresponses of melanophores and erythrophores, individual chromatophores were 
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challenged with equal-quanta spectral irradiance (13.9 log photons cm
-2

 s
-1

) and 10-nm 

FWHM values (Full Width at Half Maximum) at one of the stimulating wavelengths 

(380, 420, 460, 500, 540, and 580 nm) for 3 minutes. Images of chromatophore 

photoresponses were taken using a Qimaging Microimager II CCD camera and QCapture 

Suite V2.46 software (Qimaging, Burnaby, BC, Canada). All the experiments were 

conducted at 25ºC and tissues were continuously perfused with PBS. 

2.4 Results 

2.4.1 Cone opsin gene expression in tilapia caudal fin 

In sexually mature male tilapia, caudal fins typically bear pigmentation traits such as 

vertical bars (Figure 2.1B); these bars contain a high density of chromatophores. Cone 

opsin expression in tilapia caudal fin was investigated using RT-PCR with primer sets 

amplifying the target tilapia cone opsin genes (see Table 2.1). All cone opsin genes were 

detected in caudal fin but not in the split fin tissue without chromatophores (Figure 2.3). 

Therefore, we suggest cone opsin expression in tilapia caudal fin could be associated with 

the presence of chromatophores. 

2.4.2 Cone opsin expression of individual melanophores and erythrophores  

To confirm cone opsin expression in individual chromatophore, we performed single-cell 

RT-PCR on melanophores and erythrophores. Opsin gene classes expressed in individual 

melanophores and erythrophores varied in number (Table 2.2 and 2.3; also refer to Figure 

2.4). The results showed that co-expression of different classes of cone opsin genes was 

frequently found in chromatophores we examined (73% in melanophores and 64% in 

erythrophores). Among cells expressing only one opsin, melanophores expressed either 
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Figure 2.3 Cone opsin expression in tilapia caudal fin. 

Using RT-PCR, 7 tilapia cone opsins were detected in tilapia caudal fin but not in the 

split fin tissue without chromatophores. No detectable signal was found in the non-RT 

control sample. β-actin was used as a positive control in RT-PCR analysis. 
 

 

 

SWS1 or RH2b (Table 2.2); erythrophores expressed SWS1 or one of the RH2 group 

genes (RH2b/RH2aβ/RH2aα; Table 2.3). When expressing more than one class of opsins, 

most melanophores expressed SWS1 with other class of opsin genes (14 out of 16) and 

erythrophores tended to co-express SWS1 with at least one of the RH2 group genes 

(RH2b/RH2aβ/RH2aα) (17 out of 18).  The opsin expression profiles from melanophores 

and erythrophores suggested that the SWS1 and RH2 genes are those which are primarily 

expressed and may play important roles in chromatophore photosensitive functions. 
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Table 2.2 Cone opsin expression profile of tilapia melanophores 

Cell No Cone opsin Number 
of opsin 
classes 
detected 
per cell 

 SWS1 SWS2b SWS2a RH2b RH2aβ RH2aα LWS  
1 + +      2 
2 +       1 
3 +   +    2 
4 +      + 2 
5    +  + + 3 
6    +    1 
7 +    +  + 3 
8    +   + 2 
9 +   +    2 

10 +   +    2 
11 +      + 2 
12    +    1 
13 +       1 
14 + +  +    3 
15 +     +  2 
16 +  +     2 
17 +       1 
18 +  +     2 
19 +       1 
20   +  +  + 3 
21 +   + +   3 
22 +   + +   3 

Total 17 2 3 10 4 2 6  
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Table 2.3 Cone opsin expression profile of tilapia erythrophores 

Cell No Cone opsin Number 
of opsin 
classes 
detected 
per cell 

 SWS1 SWS2b SWS2a RH2b RH2aβ RH2aα LWS  
1 + + + + +   5 
2 +       1 
3 +       1 
4    +    1 
5 +   + +   3 
6 +    +   2 
7 +   + +   3 
8     +   1 
9 +   + +   3 

10 +       1 
11 +   + +   3 
12      +  1 
13 +   +    2 
14 +       1 
15 +   +    2 
16 + + + +  +  5 
17 +  + +  + + 5 
18 +   +  +  3 
19 +  + +  +  4 
20 + + + + + +  6 
21 + + + + + +  6 
22 + + +  + +  5 
23 +    +  + 3 
24 +       1 
25   +  +   2 
26    +    1 
27    +    1 
28 +   +   + 3 

Total 22 5 8 16 12 8 3  

 

 

 

2.4.3 Photoresponses of melanophores and erythrophores 

In order to understand the relationship between opsin expression and the dynamic 

chromatophore photoresponse, we measured chromatophore responses at six wavelengths 
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ranging from 380 to 580 nm. Both of melanophores and erythrophores were light-

sensitive, but showed their photoresponses in different manners. Regardless of 

wavelengths, melanophores dispersed and tended to maintain their shape in the dispersion 

stage by shuttling pigment granules when receiving light stimulus (Figure 2.5). On the 

other hand, erythrophores exhibited wavelength-dependent photoresponses: aggregations 

were induced when short-wavelength light was applied (Figure 2.6A-D), while 

dispersions occurred when cells were presented with middle- and long-wavelength light 

(Figure 2.6E-L). When split-fin tissues were exposed to light at 380 or 500 nm, we found 

that some erythrophores did not respond to light stimulations (Figure 2.7). These results 

implied that some cells were unable to show photoresponses due to the lack of the key 

opsins (SWS1 or RH2 group genes) responsible for aggregations and dispersions.  

 

 

 

 

 

Figure 2.4 Single-cell RT-PCR analysis of a tilapia erythrophore. 

The expression of six tilapia cone opsins in a tilapia erythrophore was analyzed by single-

cell RT-PCR. β-actin was used as an internal control. M: molecular marker. 
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Figure 2.5 Photoresponses of tilapia melanophores. 

Individual melanophores were challenged with equal-quanta spectral irradiance (13.9 log 

photons cm
-2

 s
-1

) at one of the stimulating wavelengths (A,B: 380 nm; C,D: 420 nm; E,F: 

460 nm; G,H: 500 nm; I,J: 540 nm; K,L: 580 nm) for 3 minutes. A,C,E,G,I,K: before 

illumination; B,D,F,H,J,L: after illumination. Scale bar: 40 µm. 
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Figure 2.6 Photoresponses of tilapia erythrophores. 

Individual erythrophores were challenged with equal-quanta spectral irradiance (13.9 log 

photons cm
-2

 s
-1

) at one of the stimulating wavelengths (A,B: 380 nm; C,D: 420 nm; E,F: 

460 nm; G,H: 500 nm; I,J: 540 nm; K,L: 580 nm) for 3 minutes. A,C,E,G,I,K: before 

illumination; B,D,F,H,J,L: after illumination. Scale bar: 20 µm. 
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Figure 2.7 Photoresponses of tilapia erythrophores on split-fin tissues. 

Split-fin tissues containing erythrophores were challenged with equal-quanta spectral 

irradiance (13.9 log photons cm
-2

 s
-1

) at 380 (A,B) or 500 nm (C,D) for 3 minutes. A,C: 

before illumination; B,D: after illumination. Arrows indicate cells showing 

photoresponses. Scale bar: 50 µm. 
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2.5 Discussion 

In previous studies, opsins detected in integumentary tissues are suggested to endow 

chromatophores with the ability to respond to light. However, the lack of direct evidence 

showing opsin expression at the single-cell level or the link of opsins and chromatophore 

photoresponses has hindered our understanding of the photosensitive mechanism within 

chromatophores. In the present study, cone opsin expression was detected in tilapia 

caudal fins where chromatophores are present. We further employed single-cell RT-PCR 

to demonstrate the specific opsin expression profiles in two chromatophore populations. 

We found SWS1 is the prominent opsin expressed in both melanophores and 

erythrophores. In addition, the expression profile reveals that in most erythrophores, 

SWS1 is co-expressed with at least one of the RH2 group genes. When presented with 

light stimuli at different wavelengths, melanophores and erythrophores showed distinct 

responses. Under illuminations, melanophores dispersed and shuttled melanosomes to 

maintain cell shape in the dispersion stage while erythrophores acted in a wavelength-

dependent manner. Although a variety of opsin repertoires are present in melanophores 

and erythrophores, some particular classes of opsins detected at higher frequencies may 

be responsible for their distinct photoresponses. More functional characterizations of 

ipDC photoresponses are required to clarify the involvement of opsins in this extraretinal 

photosensitive system.  

     In addition to inter- and intraspecific communication, there is also evidence that 

color changes are closely associated with habitat or background colors [18,49]. For 

example, when medaka Oryzias latipes are adapted to white background, their body 

colors become paler due to the aggregation, reduced cell size, or even melanophore 
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apoptosis [19,50]. These results highlight the importance of environmental photic factors 

on body color patterns; however, how animals coordinate visual cues with their body 

color performances remains unclear. Previous work has suggested that chromatophores 

are able to directly respond to incident light, but this work lacked molecular evidence at 

the single-cell level to demonstrate that visual pigments are expressed in chromatophores 

[32,33,35]. Studies using spectral analyses show that chromatophores in some vertebrates 

possibly express only one opsin, which regulates one corresponding photoresponse 

[36,37,51,52]. More recently, PCR data from tilapia skin tissue but not from single 

chromatophores, suggested tilapia erythrophores express two putative opsins, RH2 and 

LWS [32]. In the present study, however, we detected SWS1 and RH2 group genes at 

higher frequency and LWS at lower frequency in opsin expression profile of 

erythrophores (see below and results of single-cell RT-PCR). Our results were obtained 

at the single cell level, which eliminated the possibility of misrepresented expression 

pattern from mixed cells, or contamination. Moreover, the previous study used primers 

sets restricted to two opsins, RH2 and LWS. These explain the discrepancy between our 

work and previous results. Therefore, we suggest molecular work should be conducted at 

single-cell level to truly reflect the expression file of a specific chromatophore 

population. 

      Distinct photoresponse of tilapia melanophores and erythrophores suggest they 

may have different importance in physiological functions. Melanophores were suggested 

to prevent incident light from penetrating body surface and harming internal organs since 

melanin has been thought to provide effective photoprotection via absorption of UVA 

and UVB [53,54]. Nevertheless, based on the photoresponses measured herein, 
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melanophores more likely serve as a broad-spectrum light filter. Instead, dynamic 

photoresponses of erythrophores can generate specific photic effects with other classes of 

chromatophores in a dermal chromatophore unit when confronting various light stimuli. 

Recently, increasing evidence for extraretinal photoreceptors in varied locations across 

the body has been reported, and their visual pigments are suggested to aid in 

physiological processes such as circadian rhythms, pupil size, and body coloration tuning 

[55]. Indeed, increasing evidence shows that some animals possess light-mediated 

behaviours due to their dermal sensitivity [56-58]. Moreover, evidence shows that SWS1 

opsin expression in pineal organ is detected during different life stages in a wide rage of 

teleosts [59]. Since high frequency of SWS1 expression was found in cone opsin 

expression profiles of tilapia melanophores and erythrophores, ultraviolet 

photosensitivity may play important roles in some extraretinal photoreception. Although 

no expression of RH1, OPN4, and TMT opsins was detected in RT-PCR analysis, we 

cannot completely rule out the possibility that other types of opsins are involved in 

chromatophore photoresponses represented herein. The expression of non-visual opsins 

sensitive to UV and green light has been identified in photosensitive organs of different 

vertebrates [60-63]. For example, evidence has shown a mammalian type of UV-sensitive 

neuropsin (OPN5) in birds [61] and green-sensitive vertebrate ancient (VA) opsins in 

zebrafish [62,63]. Because of the diversity of non-rod, non-cone visual pigments and 

their unclear functions in various organs, more molecular data and functional analysis are 

required to exclude their possible involvement in chromatophore photoresponses. 

Furthermore, the details of how photoreception and phototransduction take place within 

chromatophores are unknown so far. There is not yet direct evidence that opsins are 
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expressed in cell membrane, cytoplasm, or intracellular granules. It is also unclear 

whether the opsins utilize the identical type of the light-sensitive chromophore in retina, 

although chromophores were isolated from extraretinal photoreceptors in some species 

[64-66]. It was suggested that non-image-forming photosensitive systems may adopt the 

chromophore selected by the visual system [65]. In order to understand if ipDCs compose 

a dermal photosensory system that independently detect a change in quantity and quality 

of light, expression studies alone are not enough and more cellular evidence and 

functional analysis are required, especially on under-characterized photosensitive 

systems.    

2.6 Conclusions 

Our data demonstrate opsin expression in tilapia integumentary tissue. More specifically, 

we identify and describe the fundamental molecular information of co-expression of 

opsins within individual chromatophores, which could be related to distinct 

photoresponses of different types of ipDCs. These observations indicate that diverse 

molecular mechanisms and photoreactive strategies may be employed by different classes 

of chromatophores, which play distinctive roles in pigment pattern formation and other 

physiological functions [53,67,68]. In the future, we will analyze chromatic performance 

of chromatophores to characterize the spectral sensitivity. This information will not only 

help us perform a comprehensive comparison of chromatic interactions of 

photoreceptors/opsins in retina and extraretinal tissues, but it will also provide an 

excellent chance to understand how animals coordinate multiple visual cues from 

different light-sensitive organs.  
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Chapter 3 

Functional Characterization of the Chromatically Antagonistic 

Mechanism of Opsin-Driven Dynamic Photoresponses of Extraretinal 

Photoreceptors in Tilapia Oreochromis niloticus 

3.1 Abstract 

The recent emergence of extraretinal photoreceptors in non-mammalian animals has 

drawn much attention. Different from retinal photoreceptors involved in image formation, 

extraretinal photoreceptors mainly engage in diverse non-image-forming tasks. They 

construct specialized photosensitive systems to measure the quality and quantity of light 

so that adequate behavioral and physiological responses can be made. Photosensitive 

dermal chromatophores enable animals to adjust body coloration and play an important 

role in mate choice, camouflage, and UV protection. To date, however, our knowledge of 

photosensitive mechanisms within chromatophores remains poorly understood. We 

characterized tilapia erythrophore intrinsic photoresponses, which we found to be fine-

tuned by a chromatically antagonistic system. Tilapia erythrophores showed wavelength-

dependent photoresponses. Aggregations occurred in the UV range while dispersions 

occurred with middle/long wavelengths. The spectral sensitivity curve suggested two 

primary photopigments had opposite effects on these processes: SWS1 for aggregations 

and RH2b for dispersions. Using a light adaptation technique, the degree of aggregation 

and dispersion was significantly attenuated under UV and yellow backgrounds, 

respectively. Intracellular recording from chromatophores demonstrated the occurrence 

of membrane potential change associated with photoresponses. Illumination with UV 
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light caused the membrane potential to depolarize. We propose that SWS1 and RH2b 

play key roles in mediating intrinsic erythrophore photoresponses at different spectral 

ranges and a chromatically antagonistic mechanism may be utilized to detect subtle 

environmental photic change. Thus, tilapia erythrophores offer us an excellent 

opportunity to study how the interaction between opsins influences non-image-forming 

functions of extraretinal photoreceptors. 

3.2 Introduction  

Mammals sense light through their only photosensitive organ, their eyes. In addition to 

the image-forming eyes, non-mammalian vertebrates and invertebrates possess multiple 

tissues/organs responsible for photoreception. Extraretinal photoreceptors are present in 

many locations of the body and play an important role in the regulation of behaviors and 

physiology of animals. Of particular interest are their spectral sensitivities for changes of 

ambient light that are involved in non-image-forming functions, such as circadian photo 

entrainment, the pupillary light reflex, and skin pigmentation [1,2,3]. However, the 

mechanism of phototransduction and the response characterization of extraretinal 

photoreceptors remains unclear.  

Chromatophores share a common embryological origin with the retina, the neural 

crest, and these specialized dermal pigment cells are categorized as paraneurons [4]. They 

are known for their important roles in the regulation of body coloration. To create a 

photic effect on body pattern or pigmentation, chromatophores can form chromatophore 

units with other tissues or cells (Figure 3.1), change cell size or numbers, or adjust 

internal structures via movements of guanine plates or translocations of pigment granules 
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[5,6]. Recently, it has been discovered that chromatophores, like retinal photoreceptors, 

show light responses; moreover, opsins have been detected both within isolated 

chromatophores and in tissues containing chromatophores [7,8]. For example, 

intrinsically photosensitive dermal chromatophores of Nile tilapia Oreochromis niloticus 

demonstrate distinct photoresponses [9]. Independent of wavelength, melanophores tend 

to disperse and maintain dispersion by shuffling pigment granules (melanosomes). On the 

other hand, erythrophores aggregate and disperse in different spectral ranges [9]. Single-

cell RT-PCR has revealed co-expression of different cone opsin classes in melanophores 

and erythrophores. In particular, SWS1 and RH2 group genes (RH2b/RH2aβ/RH2aα) 

were detected at a high frequency in the opsin expression profiles of melanophores and 

erythrophores [9]. Without detailed functional characterization, however, we do not know 

if these visual pigments are functional and give rise to different photoresponses. 

In the present study, we aim to characterize tilapia erythrophore photoresponses and 

study the intrinsic mechanism mediating the photoreception. In the spectrum ranging 

from 380 to 600 nm, aggregation occurs in the UV/short-wavelength range while 

dispersion occurs with middle and long wavelengths. The spectral sensitivity further 

reveals two primary opsins responsible for distinct photoresponses. Using UV and 

middle-/long-wavelength chromatic adapting backgrounds, we tested the hypothesis that 

erythrophore aggregations are driven by SWS1 and dispersions by RH2b. Using 

intracellular recording techniques, we characterized the membrane potential change 

associated with the erythrophore photoresponse. Our findings suggest that tilapia intrinsic 

photosensitive dermal erythrophores are equipped with an opsin-dependent, 
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chromatically antagonistic mechanism. This provides an opportunity for exploration of 

the molecular basis for photoreceptive functions of extraretinal photoreceptors.  

 

 

Figure 3.1 Chromatophore unit and erythrophore responses. 

(A) Two major pigmented chromatophores, melanophores (black cells) and erythrophores 

(red cells), on split-fin tissue from tilapia caudal fin. (B, C) Erythrophores disperse (B) 

and aggregate (C) by means of the translocation of pigment granules. (D, E) Dermal 

chromatophore units on split-fin tissue. The arrangement of different types of 

chromatophores led to dramatic photic effects due to the functional integration of 

pigment cells. (D) Aggregated erythrophores with dispersed melanophores (arrows); (E) 

reflective iridophores with erythrophore (star) and melanophore (arrowhead). Scale bars 

(in µm): 60 (A); 20 (B, C); 60 (D); 40 (E). 
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3.3 Results 

3.3.1 Spectral sensitivity of erythrophores 

The spectral sensitivity of tilapia erythrophores was assessed in a spectral range from 380 

to 600 nm. Light-driven translocation of pigment granules (erythrosomes) took place in a 

wavelength-dependent manner: aggregations at 380-440 nm and dispersions at 460-600 

nm (Figure3.2). The action spectrum of tilapia erythrophores suggested that one 

photopigment was responsible for aggregations and the other for dispersions (Figure 3.2). 

The photosensitivity peaks present in the UV (380 nm) and middle-wavelength (480 nm) 

regions were close to the maximum absorbances (λmax) of the retinal cone opsins (SWS1, 

360 nm; RH2b, 472 nm) reported in tilapia [10]. Furthermore, an antagonistic interaction 

occurred within the overlapping area of the absorption curves of these two opsins. We 

suggest that the neutral point of the antagonistic interaction is in the spectral area at 440-

460 nm. The opponent effect by these two opsins on erythrophore photoresponses 

suggest there is an intrinsic antagonistic mechanism chromatically driving the 

photosensitive processes. 

3.3.2 Effect of light adaptation on erythrophore photoresponses 

To characterize these opsin-driven photoresponses in tilapia erythrophores, we measured 

photoresponses under different chromatic background conditions. Constant UV and 

yellow backgrounds selectively depressed SWS1 and RH2b, which were responsible for 

erythrophore aggregations and dispersions, respectively. When UV chromatic adaptation 

was used, we found that compared to the control without background light (n = 5), 

significant attenuation occurred in the extent of the aggregation (Tukey’s test, p = 0.002), 
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Figure 3.2 Functional characterization of tilapia erythrophore photoresponses. 

Tilapia erythrophores (n = 17) showed photoresponses (open circles) in a wavelength-

dependent manner. Aggregations occurred at UV and short wavelengths (380-440 nm) 

and dispersions at middle and long wavelengths (460-600 nm). Two primary sensitivity 

peaks appeared at 380 and 480 nm, which are close to the absorption peak of tilapia 

retinal opsins, SWS1 (360 nm) and RH2b (472 nm). Arrows indicate the occurrence of 

the antagonistic interaction in the overlapping area of the absorption spectra of SWS1 and 

RH2b and the neutral point is suggested to be located between 440-460 nm.  
 

 

but no significant change in dispersion (n = 6; Figure 3.3A). With a bright yellow 

background, dispersion was reduced (Tukey’s test, p < 0.001), but, surprisingly, the 

degree of aggregation increased (Tukey’s test, p = 0.041; n = 8; Figure 3.3B). These 

results demonstrate that UV and yellow backgrounds caused light adaptation of SWS1 

and RH2b. Furthermore, due to the antagonistic effect between the two opsins, when 

RH2b was depressed, the response elicited by SWS1 increased (Figure 3.3B). On the 

other hand, under UV background, due to the absorbance by the β band of RH2b, RH2b 
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might be also sensitive to UV light and get light-adapted to some degree. This could 

explain why we did not observe the amplitude of RH2b-driven dispersion getting higher 

when the strength of SWS1 was inhibited under UV background (Figure 3.3A). 

3.3.3 Opsin protein expression in tilapia integumentary tissue and erythrophores 

Following the measurement of spectral sensitivity of erythrophores in split-fin tissues, we 

further used western blot analysis and immunohistochemistry to examine opsin 

expression in tilapia caudal fin and individual erythrophores. Using antibodies against 

SWS1, we detected the band at the expected size near 37 kDa (Figure 3.4). When 

immunohistochemistry was carried out in split-fin tissue containing erythrophores, 

immunosignal was detected in individual erythrophores (Figure 3.5). These results were 

consistent with our findings in single-cell RT-PCR [9] and the measurement of 

erythrophore photosensitivity. The existence of SWS1 provides additional evidence for 

its involvement in the erythrophore photoresponses.  
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Figure 3.3 Effect of light adaptation on erythrophore photoresponses. 

Under UV (A) and yellow (B) background illuminations, the fold change of aggregation 

at 380 nm and dispersion at 500 nm was compared to the photoresponses of the 

erythrophores without the treatment of background light. Error bars show standard error 

of the mean. 
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Figure 3.4  Western blot analysis of SWS1 opsin in tilapia integumentary tissues. 

Proteins extracted from caudal fins were subjected to western blot analysis. Blots were 

probed with the antibody against SWS1. After incubation with NBT/BCIP, SWS1 opsin 

was detected at its expected size (37 kDa; labelled with arrow). 
 

 

 

 

 

 

 

 

 

 

Figure 3.5 Immunohistochemistry of SWS1 within erythrophore (in dashed line 

circle). 

SWS1 expression within erythrophores was detected by application of the antibody 

against rainbow trout SWS1 opsins. Scale bar: 10 µm. 
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3.3.4 Membrane potential change of aggregation  

When incubated in K
+
-rich PBS, tilapia erythrophores aggregated (n = 3; Figure 3.6). The 

cell aggregation caused by a high concentration of extracellular potassium could be 

mediated by the depolarization of the cell membrane that would be caused by changing 

the [K
+
] gradient across it. To determine whether there is a membrane potential change 

associated with photoresponses, we recorded intracellularly from erythrophores during 

aggregation. Exposure of erythrophores to UV illumination caused depolarization of the 

membrane potential to -10 mV from a resting potential of -30 mV (Figure 3.7; n = 3). 

This finding supports the notion that application of K
+
-rich PBS to erythrophores 

generates aggregation (Figure 3.4) via a depolarization of the membrane.  

 

 

 

Figure 3.6 The effect of high extracellular K
+
 concentration on erythrophore 

aggregation. 

(A) A tilapia erythrophore partially dispersed after incubation in PBS for 15 minutes. (B) 

After transfer to a K
+
-rich solution for 30 minutes, the erythrophore almost fully 

aggregated its pigment granules. (C) After the replacement of K
+
-rich solution with PBS 

for 30 minutes, erythrophore showed recovery and dispersion. Scale bar = 20 µm. 
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Figure 3.7 Membrane potential change of erythrophore aggregation. 

(A) A trace shows the membrane potential change from 0 to -30mV when the electrode 

successfully penetrated the cell membrane. (B) (i) and (ii) show that under UV 

illumination, depolarization took place with aggregation of two erythrophores. (C) A 

recording for an erythrophore insensitive to light. (D) A recording from an erythrophore 

in the dark. The gray area in each panel indicates the period of darkness.  
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3.4 Discussion  

Our knowledge of how non-mammalian vertebrates and invertebrates accomplish 

irradiance detection has been improved by investigations of increasing numbers of 

photosensitive tissues and novel opsins. Notably, studies on the pineal complex and deep 

brain have enhanced our understanding of non-image-forming visual tasks in extraretinal 

photoreceptors [11,12,13,14,15]. However, due to the complexity of extraretinal 

photoreceptors with varying visual pigment palettes, little is known about how 

photoreception and subsequent phototransduction cascade take place within 

photosensitive tissues such as chromatophores.  

We aimed to functionally characterize the light responses of tilapia dermal 

erythrophores and their intrinsic opsin-driven photosensitive mechanisms and found that 

tilapia erythrophores aggregate or disperse pigment granules in a wavelength-dependent 

manner. The spectral sensitivity curve with two sensitivity peaks present in UV and 

middle-wavelength regions suggest two primary opsins are responsible for distinct 

photoresponses: SWS1 for aggregation and RH2b for dispersion. Using chromatic 

adapting backgrounds, the degree of SWS1-driven aggregation was attenuated under a 

constant UV background and the extent of RH2b-driven dispersion diminished under a 

yellow background. Intracellular recording revealed that erythrophore membrane 

potential changes along with light-induced aggregations; depolarization occurred when 

cells were illuminated with UV light.  

In lower vertebrates, chromatophores on the dermal layer are the primary agents 

tuning extraordinary body patterns. Besides neural and hormonal regulation, 

chromatophores can directly change colors in response to light and thus are categorized 
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as extraretinal photoreceptors. Their ability to respond to incident light varies in a 

species-specific manner and also depends on developmental stages [16,17,18,19,20]. Like 

other photoreceptors, chromatophore photosensitivity is proposed to be associated with 

the presence of opsin-based visual pigments within cells [7,8,21]. Using molecular 

approaches, opsin expression has been identified in tissues containing chromatophores 

and in pigment cell lines [7,16,21,22]. However, some of these results have been obtained 

from tissues which may contain a mixture of different types of chromatophores. In 

addition, co-expression of different types of photopigment is not a guarantee that each 

expressed opsin is physiologically able to generate photoresponses [3]. The direct linkage 

between chromatophore photoresponses and opsin expression remains poorly understood 

and more functional characterization of photoresponses is required to clarify the 

involvement of opsins in photosensitive processes. 

Recently, using single-cell RT-PCR, co-expression of different types of cone 

opsin genes has been found in Nile tilapia erythrophores, which respond to light in a 

wavelength-dependent manner [9]. The expression profile of erythrophores implies that 

SWS1 and RH2 group (RH2b/RH2aβ/RH2aα) genes are primarily expressed genes and 

may play important roles in the photosensitive functions [9]. A similar co-expression 

repertoire of UV- and green-like opsins and its physiological importance have been 

identified in another type of extraretinal photoreceptor, the pineal organ of Atlantic 

halibut, Hippoglossus hippoglossus [23,24]. Erythrophores possess sensitivity peaks at 

UV and middle-wavelength areas which supports the idea that SWS1 and RH2b are 

responsible for tilapia erythrophore photoresponses. In addition, previous studies on 

visual adaptation have shown that chromatic adaptation can selectively depress 
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photosensitivity of a particular opsin and leave the remaining cone mechanism with 

prominent sensitivity [25,26,27]. Using the same approach, we found that UV and yellow 

backgrounds led to inhibitory effects on aggregations and dispersions caused by opsins 

dominant in these two spectral regions. Together with our functional analysis of tilapia 

erythrophore photosensitivity in the present study, we suggest that SWS1 is the primary 

opsin responsible for aggregation with UV and short wavelength illumination, while 

RH2b is responsible for dispersion with middle-long wavelength illumination.  

Extraretinal photoreceptors are considered to serve as a photon flux detector and 

are involved in many non-image-forming sensory tasks, such as circadian system, body 

coloration, and behavior orientation [3,28,29,30]. Among these, the studies on parietal 

eyes, deep brain and pineal photoreceptors have provided comparative information about 

the response characteristics of extraretinal photoreceptors. Electrical recordings from 

these extraretinal photosensitive systems show two types of electrical responses. One 

type is achromatic (not color coded), and is involved in the inhibitory action of light 

regardless of wavelength [12,31,32]. The other shows a chromatic response where an 

inhibitory component is sensitive to short wavelengths and an excitatory component is 

sensitive to mid-long wavelengths [33,34,35]. For example, the parietal (third) eye of 

lizards displays chromatically-dependent responses consisting of short wavelength-

sensitive hyperpolarization and green-sensitive depolarization [35]. This chromatically 

dependent antagonistic mechanism is suggested to assess cyclic spectral variation and 

enhance twilight detection [3]. Tilapia light-sensitive erythrophores may also demonstrate 

a color-opponent pattern in their photoresponses although the change of the electric 

activity during dispersion was not investigated in the present study. However, contrary to 
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other types of extraretinal photoreceptors, intracellular recording from tilapia 

erythrophores reveals that depolarization (excitatory component) was associated with 

UV-driven aggregation. In addition, when incubated in K
+
-rich solutions, aggregation of 

chromatophores has been observed in medaka xanthophores [36], erythrophores of 

squirrel fish [37] and tilapia (Figure 3.6); moreover, Oshima et al. [36] suggested that 

xanthophore aggregations may result from depolarization of membrane potential because 

of the inhibitory action of K
+
 on adenylate cyclase activity. Indeed, light- and hormone-

elicited chromatophore responses are suggested to share a common pathway through G 

protein (Gs for dispersion; Gi for aggregation)-activated cAMP signal transduction 

[21,38,39]. This lends support to the association of depolarization with tilapia 

erythrophore light-induced aggregations. In addition, the interaction between two types of 

chromatophore may play an important role in pattern formation. Contact-dependent 

depolarization of melanophores induced by xanthophores leads to a repulsive behaviour 

of melanophores away from xanthophores and suggests that electrical interaction between 

pigment cells influences body patterns and colorations [40,41]. Since many 

chromatophore units occur over fish bodies, membrane potential changes along with 

photoresponses may also provide an electrical signal to trigger relevant responses in 

adjacent cells [40]. Taken together, we suggest that tilapia erythrophores possess a 

chromatically dependent antagonistic mechanism with reverse electrical signals to 

enhance spectral discrimination from environmental light conditions (Figure 3.8).     

Novel opsins have been described in various photoreceptors. In teleost the 

sequences, localizations, and expression patterns of these extraretinal photopigments 

have been investigated. For example, melanopsin occurs in cod skin [42], VA opsin in  
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Figure 3.8 Model for the chromatically antagonistic mechanism of tilapia 

erythrophore photoresponses. 

A schematic diagram showing that SWS1 and RH2b have opponent effects on 

erythrophore photoresponses. SWS1 is responsible for aggregations in UV and short-

wavelength regions; RH2b drives dispersions in middle and long wavelengths. The 

occurrence of antagonistic interaction between SWS1 and RH2b in the overlapping area 

of the absorption curves of these two opsins. The arrow indicates the possible neutral 

point of the antagonistic interaction. Erythrophore photoresponses are associated with the 

membrane potential changes since depolarization takes place with aggregation. The 

occurrence of the proposed hyperpolarization during dispersions was not measured in the 

present study.  
 

 

 

pineal organ of Atlantic salmon [43], parapinealopsin in parapineal organ of catfish [44], 

and exo-rhodopsin in zebrafish pineal gland [45]. Neither extraretinal opsins [melanopsin 

(OPN4) and teleost multiple tissue (TMT) opsin] nor rod opsin [rhodopsin (RH1)] have 
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been detected in individual erythrophores or integumentary tissues [9]. More likely, 

therefore, erythrophore photoresponses are driven by cone opsins. Because of the 

diversity of extraretinal opsins, however, we cannot completely rule out the possible 

involvement of other types of extraretinal opsins in this photosensitive process before 

thorough investigation of the photopigment expression profile of erythrophores is 

undertaken. 

Teleost body coloration can be adjusted by means of morphological change (in 

number or size) or physiological response (through translocation of pigment granules, i.e. 

aggregation or dispersion) of chromatophores. The changes of chromatophores help 

animals adapt appropriately to their background [46,47,48,49]. Of particular interest is 

diverse responses executed by chromatophores under various spectral conditions. In 

killifish, melanophores aggregate over a light regardless of colors, and xanthophores 

disperse in a background with yellow as a prominent color component [50]. In tilapia, we 

found melanophores disperse irrespective of stimulating wavelengths and erythrophores 

display wavelength-dependent photoresponses ([9] and the present study). Distinct 

photoresponses may reflect different physiological roles of melanophores and 

erythrophores. For example, melanophores may serve as a light filter, while 

erythrophores may generate varying photic effects with other tissues and cells [6,37]. In 

addition, different photic environments can shape opsin expression in retinal 

photoreceptors in order to closely match the most abundant wavelengths [51,52,53]. In 

the erythrophore cone opsin expression profile, the detection of RH2 group 

(RH2b/RH2aβ/RH2aα) at a high frequency implies erythrophores may possess the 
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capability for visual pigment plasticity to switch those middle wavelength-sensitive 

opsins responsible for dispersion under different ambient light.  

Much research has focused on non-visual photoreception and the sensory tasks of 

extraretinal photoreceptors. In the present study, we demonstrate spectral sensitivity and 

chromatically dependent antagonistic mechanisms of tilapia erythrophores. These 

response characteristics provide a mechanism to systematically detect environmental 

light change. Erythrophores offer an excellent and accessible model for studying color-

opponent system superior to other types of photoreceptors. In the future, with genetic 

approaches to manipulate opsin expression in chromatophores, it will be important to 

explore the interaction among photopigments.  

3.5 Materials and methods 

3.5.1 Animals 

Adult male Nile tilapia Oreochromis niloticus were obtained from a local fish farm, 

Northern American Tilapia Inc. (Lindsay, Ontario, Canada. Fish with average standard 

lengths (14.7±0.8 cm) and weight (48.5±6.0 g) were used in this study. Fish were 

maintained at a water temperature of 25°C under a 12h:12h light-dark cycle and the 

photic condition was provided by full spectrum fluorescent lamps (Figure 3.9; Full 

Spectrum Solutions, Inc., Jackson, MI, USA). Since circadian influence on opsin 

expression and pigmentary patterns have been reported in fish, dissections were always 

carried out from 11:00 to 13:00 [54,55]. All procedures complied with the Canadian 

Council for Animal Care regulations and the Queen’s University Animal Care 

Committee. 
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3.5.2 Preparation of split-fin tissues 

Split-fin tissues were prepared by methods described previously [56,57]. Excised tilapia 

caudal fins were rinsed with 70% ethanol and Ca
2+

, Mg
2+

-free, Dulbecco’s phosphate-

buffered saline (CMF-PBS: NaCl 136.9 mM, KCl 2.7 mM, Na2HPO4 8.1 mM, KH2PO4 

1.5 mM; pH 7.2). After being cut into 5-mm
2
 pieces, fin tissues were incubated in EDTA-

bicarbonate solution (pH 7.4) for 20 min, followed by vigorous shaking in 0.25% 

collagenase type II (Sigma-Aldrich, St. Louis, MO, USA) for 30 min. Split-fin tissues 

containing chromatophores were incubated in culture medium (mixture of Leibovitz L15 

medium, fetal calf serum, and water in a ratio 80:15:5, penicillin-G 100 U/ml, kanamycin 

100 µg/ml) at 25 ºC in a water-jacked CO2 incubator in the dark for 2 days. After 2 days 

of culture, tissues were immersed in PBS (NaCl 125.3 mM, KCl 2.7 mM, CaCl2 1.8 mM, 

MgCl2 1.8 mM, D-glucose 5.6 mM, Tris-HCl buffer 5.0 mM [pH 7.2]) for 15-min dark 

adaptation before experiments.  

3.5.3 Measurements of erythrophore photoresponses  

Light stimuli were generated by a 150 W xenon lamp system and a monochromator 

(Photon Technology International, London, ON, Canada). A background channel with 

250 W quartz-halogen lamps (Ushio, Cypress, CA, USA) was used for taking images. 

Since it has been suggested that aggregations occur near UV and dispersions at 500 nm 

[58], light at 380 nm (12.89 log photons cm
-2

 s
-1

) and 500 nm (13.21 log photons cm
-2

 s
-1

) 

was used to induce full aggregations or dispersions at the beginning of each 

measurement. Adequate time (not reaching saturation, i.e. full aggregation or dispersion) 

to assess photoresponses was determined by means of measuring the time course of 

aggregation at 380 nm (12.89 log photons cm
-2

 s
-1

) and dispersion 500 nm (13.21 log 
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photons cm
-2

 s
-1

). For aggregation at 380 nm, cells were stimulated with light at 500 nm 

for 5 minutes, and kept in the dark for 2.5 minutes to obtain full dispersion. 

Subsequently, light stimulus at 380 nm was applied to elicit aggregation. Similarly, for 

dispersion at 500 nm, cells were stimulated with light at 380 nm for 5 minutes, and kept 

in the dark for 2.5 minutes to obtain full aggregation. Then, light stimulus at 500 nm was 

applied to induce dispersion. The duration (t) for illumination varied from 0 to 300 s (for 

aggregation at 380 nm) or 800 s (for dispersion at 500 nm) in 20-second increment and 

the pigment-covered area is defined as At. Images of chromatophore photoresponses were 

taken under Nikon Eclipse E600FN microscope (Nikon, Mississauga, ON, Canada) with 

a Qimaging Microimager II CCD camera and QCapture Suite V2.46 software (Qimaging, 

Burnaby, BC, Canada).  

First, a selection tool with a rectangular region of interest (ROI) was applied to a 

single erythrophore to cover the cell dendrites as tightly as possible. Then, automated 

image analysis was performed in MATLAB (Mathworks, Natick, MA, USA) using pixel 

counting that represents the pigmented area of erythrophores. It is known that the redness 

of erythrophores is due to the colored erythrosomes with carotenoids [4]. The unique 

characteristic of a red pixel (pixel with red hue) in an image is that its red channel 

intensity is dominant in the RGB space (i.e., R > G and R > B). Based on this criterion, 

we employed an automatic image processing algorithm to extract the red pixels from the 

image. A counter would be increased by 1 whenever a pixel’s intensity met the selection 

criterion. The total number of extracted red pixels represented the pigment-covered area 

(A). The maximum capacity (A0) for the translocation of pigment granules was calculated 

as: 
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A0 = Afull dispersion     Afull aggregation                                                                                        (1) 

 

where Afull dispersion and Afull aggregation denote the pigmented area of each cell at full 

dispersion and aggregation status, respectively. The magnitude of the photoresponses was 

assessed through measuring the change of the pigmented area (A), which was estimated 

as: 

 

 A = At     Afull aggregation                                                                                                       (2) 

 

The time required to reach half-maximal photoresponses (A/A0 = 0.5) was employed for 

the measurements of erythrophore photoresponses (aggregations: 61s; dispersions: 194s; 

Fig. 3.10). 

To avoid chromatic adaptation, erythrophore photoresponses were measured in 

20-nm increments from 380 to 600 nm with a staggered wavelength presentation. No 

difference was found in the spectral sensitivity curve when light stimulation was 

conducted in the opposite order. At the beginning of each measurement, complete 

aggregation or dispersion was obtained through the illumination at 380 nm or 500 nm for 

5 min, followed by 2.5-min darkness. Subsequently, a light stimulus (380 nm: 12.89 log 

photons cm
-2

 s
-1

, 61s; 500 nm: 13.21 log photons cm
-2

 s
-1

, 194s) with 10-nm FWHM 

values (Full Width at Half Maximum) was applied to cells and then the photoresponse at 

each test wavelength (λ) were determined via measuring the change of the pigmented 

area (A) using the aforementioned method: 
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 A = Aλ     Afull aggregation                                                                                                       (3)  

 

where Aλ denotes the pigmented area of each cell at assigned test wavelength λ. To create 

the spectral sensitivity curve, the photoresponses were plotted against the test 

wavelengths. All the experiments were conducted at 25ºC in darkness and tissues were 

continuously perfused with PBS. 

3.5.4 Curve fitting 

In order to better predict the opsins responsible for photoresponses, absorption templates 

were employed to fit the erythrophore spectral sensitivity curve. Tilapia retina possesses 

seven cone visual pigments which have been proven functional [10,59]. The spectral 

characteristics of each pigment have been well-established from absorbance spectra for in 

vitro reconstituted proteins and in situ microspectrophotometry (MSP) measurement 

[10,26]. Based on reported sensitivity peaks of tilapia cone pigments [10], absorption 

templates were used to fit the photosensitivity curve using a least-squares fit as described 

previously [60,61,62]. Except opsin type, A1/A2 ratio affects the absorbance spectrum of 

a visual pigment as well. Since the exact A1/A2 ratio in tilapia erythrophores is unknown, 

the chromophore proportion is left unrestricted in this fitting approach.  

3.5.5 Photoresponse measurement under chromatic adapting background light 

conditions  

Chromatic light adaption is a technique used to isolate a specific photoreceptor 

mechanism dominant at a particular spectral region [60,63,64]. Since erythrophore 
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aggregations occur at UV/short-wavelength range and dispersions take place in 

middle/long wavelengths, two chromatic adapting background light conditions (yellow 

background with 500LP interference filter and UV background with 377SP interference 

filter; see Table 3.1) were used to chromatically adapt visual pigments most sensitive to 

two spectral regions. To assess the effect of adaptation on photoresponses, we measured 

erythrophore aggregations at 380 nm and dispersion at 500 nm. Between stimulations, 

2.5-min interruption was applied. The fold change of responses under adaptation was 

evaluated by comparison to the photoresponses obtained before background light was 

turned on. Photoresponses measured without background light were used as a control. 

3.5.6 Western Blot 

Western blots were performed using rat anti-rainbow trout UV opsin (homolog of tilapia 

SWS1; refer to [65]). Proteins were extracted from tilapia caudal fins through 

homogenization in ice cold cell lysis buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 1% 

Triton X-100). Subsequently, lysates were centrifuged at 12,000 rpm for 10 min at 4°C. 

Supernatants were collected and used in Western blot with the aforementioned antisera. 

Proteins were resolved in a 10% SDS-polyacrylaminde gel and transferred to a PVDF 

membrane. After blocked with blocking solution (5% nonfat dry milk in PBST [PBS with 

0.1% Tween20]) for 2 hr at room temperature, membranes were incubated with 

antibodies (anti-UV=1:1000, diluted in blocking solution) at 4ºC overnight. Following 

several washes with PBST, immunosignals were further detected by goat anti-rat or anti-

rabbit antibodies conjugated to alkaline phosphatase (Vector Laboratories, Burlingame, 

CA, USA) and visualized with BCIP/NBT (Calbiochem, San Diego, CA, USA). 
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Table 3.1 Filter sets for two adapting backgrounds and the target visual pigments 

involved in tilapia erythrophore photoresponses 

Filter set Adapting background Target visual pigment 

377SP, ND1.5 UV SWS1 

500LP Yellow RH2b 

SP, short pass; LP, long pass; ND, neutral density.  

 

 

3.5.7 Whole-mount immunohistochemistry 

Fixed skin tissues were blocked with 5% normal goat serum and 0.3% Triton-X in 

phosphate buffer solution (PBS, pH 7.4) for 1 hour at room temperature. After several 

washes with PBS, tissues were incubated with antibodies against SWS1 (anti-

UV=1:1000, diluted in blocking solution) at 4°C overnight. Following the primary 

antibody incubation, immunoreactions were detected with Alexa 488-conjugated goat 

anti-rat antibodies (Vector Laboratories, Burlingame, CA, USA) in the blocking buffer 

(10% normal goat serum and 0.1% sodium azide in PBS). 

3.5.8 Effect of K
+
-rich saline solution on the motile activity of erythrophores 

To assess the effect of K
+
 on the motile activity of tilapia erythrophores, cells were 

challenged with  K
+
-rich solution (KCl 128 mM, CaCl2 1.8 mM, MgCl2 1.8 mM, D-

glucose 5.6 mM, Tris-HCl buffer 5.0 mM [pH 7.2]). First, cells were incubated in PBS 

for 15 minutes. Subsequently, erythrophores were transferred to K
+
-rich solution for 30 
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minutes. After 30-min incubation, K
+
-rich solution was replaced with PBS and cells were 

immersed in PBS for 30 minutes. 

3.5.9 Intracellular recording procedure 

Intracellular recording were taken from erythrophores on tilapia scales, which were in 

PBS in the darkness for 15 min before measurements. The electrodes were prepared using 

aluminosilicate glass capillaries (SM100F-7.5; Harvard Apparatus LTD, Edenbridge, 

Kent, UK) by Flaming/Brown Micropipette Puller (Model P-97; Sutter Instrument CO, 

CA, USA). The tip diameter of the electrodes was approximately 1 µm and the resistance 

was approximately 60 Mega-ohms. The electrodes were filled with 1 M potassium 

chloride and electrical signals were recorded by a Micro 1401 II interface and Signal data 

acquisition system (CED, Cambridge, UK). Cells were challenged with light stimuli 

provided by X-Cite 120 illuminator (EXFO Photonic Solutions, Mississauga, ON, 

Canada) with UV interference filter (for aggregation) and neutral density (ND) filter 

(0.5ND plus 1.0 ND; Corion, Franklin, MA, USA) for 10 minutes.  

3.5.10 Statistical analysis 

The photoresponses of the groups with light adaptation was compared with the 

photoresponses of the groups without background light. The data were analyzed by two-

way ANOVA using SigmaPlot statistical software 11.0 (Systat Software Inc., Point 

Richmond, California, USA), followed by Tukey’s HSD test used for post hoc analysis of 

the significant ANOVA (p < 0.05). 
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Chapter 4 

The Influence of Different Chromatic Background Conditions on the 

Photosensitivity of Tilapia Erythrophores 

(Special format for Short Communication in Pigment Cell & Melanoma Research, only 

including Summary, Introduction, Materials and Methods, and References) 

4.1 Summary 

Chromatophores, specialized dermal pigment cells, play an important role in the 

formation of color patterns of lower vertebrates and invertebrates. In addition to 

neural/hormonal systems, the motility of chromatophores can also be mediated by 

incident light. As extraretinal dermal photoreceptors, chromatophores may fine-tune 

pigmentation under variable ambient light conditions. However, how environmental light 

shapes intrinsic photosensory system within chromatophores remains unknown. Here, we 

use erythrophores from tilapia reared in different photic conditions as a model system to 

investigate the influence of environmental light on the opsin-driven photoresponses. The 

results indicate that the primary classes of opsins (SWS1 and RH2b) responsible for 

photoresponses remain constant. Additionally, short wavelength-rich and red-shifted light 

conditions exert inhibitory effects on aggregation and dispersion, respectively. This 

indicates that environmental light does not change the usage of the primary opsins 

responsible for aggregation and dispersion but may mediate opsin expression levels 

within erythrophores. 
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4.2 Introduction 

Surviving in a complex environment requires precise coordination of sensory and 

signaling systems. As a result, organisms must evolve adaptive mechanisms to receive 

and process input signals and make corresponding responses to biotic and abiotic stimuli. 

Chromatophores are specialized pigment cells possessing both sensory and signaling 

characteristics, and play an important role in animal communication and recognition. In 

addition to neural and hormonal regulation, incident light can directly induce color 

change of chromatophores [1,2,3,4]. These photoresponses are suggested to be driven by 

opsin-based visual pigments [3,5,6,7] and like other extraretinal photoreceptors, 

chromatophores are responsible for diverse non-image-forming functions 

[8,9,10,11,12,13]. Compared to the visual system, however, how ambient light shapes the 

photosensory system within this specific type of extraretinal photoreceptors is poorly 

studied.   

 The adaptation of sensory systems facilitates survival in variable environments. 

Visual systems are flexible and adaptable under pressures imposed by environmental 

changes [14,15,16]. Teleosts, such as deep-sea fish and African cichlids, are excellent 

examples that demonstrate environmental adaptation. Deep-sea fish possess simple visual 

systems optimized to detect blue light around 480 nm due to the narrow spectral range of 

penetrating light in deep sea [17,18,19]. In cichlid fish dwelling in variable background 

light conditions, sensory drive is thought to facilitate their color polymorphism and 

speciation [20]. Recently, Nile tilapia Oreochromis niloticus, an ancestral outgroup to 

African cichlids, has shown that juveniles reared in distinct background light conditions 

differ in their spectral sensitivity [21]. In the tilapia visual system, seven cone opsins are 
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differentially expressed during development and their maximum absorbance spectra 

(λmax) reported as: SWS1 (360 nm), SWS2b (425 nm), SWS2a (456 nm), RH2b (472 

nm), RH2aβ (518 nm), RH2aα (528 nm), and LWS (561 nm) [22]. In tilapia 

erythrophores, all seven cone opsins have been detected [23], which could be correlated 

to their chromatic, biphasic photoresponses (refer to the chapter 3 of this thesis). 

Therefore, erythrophores represent a model particularly suitable to investigate the 

influence of light environment on photosensory mechanism of extraretinal 

photoreceptors. 

 In a previous study, we have shown that tilapia erythrophores are photosensitive, 

and photosensitivity curves reveal that two proposed opsins (SWS1 and RH2b) are 

involved in the light-induced aggregation and dispersion (refer to the chapter 3 of this 

thesis). To determine how the adaptive change of the photosensory system within tilapia 

erythrophores relates to spectral environments, we employed three different light 

conditions in the present study. Tilapia reared under broad spectrum light condition were 

transferred to a broad spectrum, short wavelength-rich or red-shifted light condition for 2 

months (Figure 4.1). Not surprisingly, in response to different backgrounds, fish altered  

their pigmentation through morphological color change [24,25]. Thus, the difference in 

the appearance of fish should come from the change of chromatophores in size and/or 

number (Figure 4.1; also refer to [21]). We further measured the spectral sensitivity of 

erythrophores on split-fin tissues isolated from tilapia with three light treatments. Under 

illumination ranging from 380 to 600 nm, erythrophores proceeded translocation of inner 

pigment granules (erythrosomes) in a wavelength-dependent manner. All erythrophores 

from the three groups showed that aggregations occurred in UV and short wavelength  
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Figure 4.1 Spectral irradiance for experimental light conditions and the appearance 

of fish under different light treatments. 

Tilapia were reared in three spectral backgrounds: broad spectrum (A), short wavelength-

rich (B), and red-shifted (C) light conditions. After exposure to different light conditions 

for 2 months, fish underwent morphological color change of chromatophores and varied 

in their appearances.  

 

 

 

 

(380-440 nm) while dispersions took place in middle and long wavelengths (460-600 nm) 

(Figure 4.2). Two major sensitivity peaks present in their spectral sensitivity curve 

implied that two light-sensitive molecules are primarily responsible for erythrophore 

photoresponses. Those two peaks appeared at 380 and 480 nm which are close to the λmax 

of tilapia cone opsins, SWS1 (360 nm) and RH2b (472 nm). Moreover, in the opsin 
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expression profile of tilapia erythrophores, SWS1 and RH2 group genes 

(RH2b/RH2aβ/RH2aα) were detected at a high frequency; this suggests that SWS1 and 

RH2b may play important roles in erythrophore photoresponses (refer to the chapter 3 of 

this thesis). We suggest that with different light treatments, the photosensitive system of 

erythrophores retains the usage of SWS1and RH2b for their photoresponses. 

Additionally, there has been a recent emergence of novel opsins discovered in a variety 

of extraretinal photoreceptors [26,27,28,29]. Due to their diversity and unclear molecular 

information in tilapia, we are not able to thoroughly examine their expression in 

erythrophores. Before further investigation on opsin expression is undertaken, we cannot 

rule out the possibility that other opsins are expressed and functionally involved in 

erythrophore photoresponses. 

  In addition to two primary peaks at 380 and 480 nm, we also found a minor peak 

at 540 nm in fish from the red-shifted light condition (Figure 4.2C). This could be due to 

the rise of an additional opsin within erythrophores. Based on research showing RH2 

group genes were found at a high frequency [23], erythrophores potentially possess the 

plasticity to switch opsin among RH2 group genes for spectral tuning. Although we 

speculate the opsin present at 540 nm could be owing to the expression of RH2aα (λmax = 

528 nm), the mechanism underlying the appearance of this opsin remains unclear.     
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Figure 4.2 
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Figure 4.2 Spectral sensitivities of erythrophores from fish reared in different light 

conditions. 

Erythrophores showed biphasic, chromatic photoresponses in all three light conditions. 

(A) Broad spectrum; (B) Short wavelength-rich; (C) Red-shifted light conditions. 

Aggregations occurred in the UV and short wavelengths, while dispersions took place in 

the middle and long wavelengths. Two major sensitivity peaks present at 380 and 480 nm 

implied that two opsins are primarily responsible for aggregations and dispersions.  
 

 

 

 In killifish, Fundulus heteroclitus, melanophores and xanthophores show different 

motility patterns (i.e. aggregations or dispersions) in response to different background 

colors [30]. It was suggested that this ability to carry out color change allows the fish to  

adapt to the alteration of background light conditions, and can improve with practice 

[30,31]. Indeed, through cyclical training, zebrafish melanophores enhanced the 

performance on melanosome dispersion by increasing pigmented area and shortening the 

response time in response to background changes [32]. Thus, this color change process is 

proposed to be processed by a discriminatory center in the brain, suggesting that learning 

is involved [30,32]. However, since these studies were conducted on whole animals, it 

remains unclear how photic background conditions influence the photosensitivity of 

erythrophores per se. To determine if different chromatic treatments will lead to any 

effect on aggregation and dispersion, we further measured the photoresponses at 380 and 

480 nm, where the primary peaks appear. We found that the magnitude of aggregation 

significantly decreased in the group treated with short wavelength-rich light condition 

(Figure 4.3). On the other hand, both of the groups treated with short wavelength-rich and 

red-shifted light conditions showed that their dispersions significantly declined (Figure 

4.3). Previous studies have shown that background adaptation can lead to the alteration of  
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Figure 4.3 Effect of light conditions on photoresponses of tilapia erythrophores. 

The aggregation and dispersion were measured at the wavelengths where their sensitivity 

peaks appeared (380 nm for aggregation; 480 nm for dispersion). *p < 0.05; ANOVA 

analysis followed by Bonferroni t-test. Data are means ± SE. 
 

 

 

the responsiveness to hormones or neurotransmitters through the change of the enzyme 

activity in the intracellular signaling system of chromatophores [33,34]. As a result, the 

change of the erythrophore photoresponses could be attributed to the effect of 

backgrounds on internal components of the phototransduction cascade. Alternatively, the 

change of photoresponses may result from the modulation of the expression level of 

endogenous opsins. In the visual system, environmental light can regulate photoreception 

and opsin expression. Recent investigations on the visual systems of black bream and 

tilapia have shown that fish reared in distinct photic conditions differ in their opsin 
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expression pattern [16] and spectral sensitivity [21]. The decline in photoresponses under 

different light treatments seems likely to be due to the change of opsin expression level. 

Therefore, enhanced quantity of light at a particular spectral range could suppress the 

expression of opsins with λmax in this spectral region although the mechanism giving rise 

to the inhibitory effect is unknown.  

In the present study, tilapia erythrophores were shown to produce a biphasic 

photoresponse pattern in the spectrum ranging from UV to long wavelength light. 

Particularly, the interaction between opsins is suggested to construct a chromatically-

dependent antagonistic mechanism within tilapia erythrophores (refer to the chapter 3 of 

this thesis). Some extraretinal photoreceptors show hyperpolarization at short 

wavelengths and depolarization at longer wavelengths [35,36]. As a member of 

extraretinal photoreceptors, erythrophores function similarly to color-opponency in the 

visual system. Aggregations with depolarization occur at short wavelengths, and 

dispersions take place at middle and long wavelengths (refer to the Chapter 3 of this 

thesis). There is likely a specific benefit for tilapia erythrophores to detect the change in 

the quantity and quality of light. For example, at dawn and dusk, the light level is low, 

and only the more sensitive SWS1-driven mechanism is active; therefore, tilapia 

erythrophores tend to aggregate. To date, extraretinal photoreceptors are thought to 

function in non-image-forming tasks. In this sense, tilapia erythrophores are not different; 

however, with a chromatically antagonistic, or opponent, photosensory system, they 

could be capable of performing wavelength discrimination to detect subtle changes in 

environmental light, and fine-tune their color output accordingly. Future studies should 
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investigate the change of opsin expression and downstream components in 

phototransduction under different background conditions. 

4.3 Materials and Methods 

4.3.1 Animals 

Adult male tilapia Oreochromis niloticus were obtained from Northern American Tilapia 

Inc. (Lindsay, Ontario, Canada). Fish were held in the aquatic facility at a water 

temperature of 25°C with full spectrum fluorescent lamps (Full Spectrum Solutions, Inc., 

Jackson, MI, USA) under a 12 h light: 12 h dark photoperiod. All procedures and animal 

care complied with the Canadian Council for Animal Care regulations and the Queen’s 

University Animal Care Committee. 

 Tilapia were transferred and reared in three isolated 80 L tanks under three 

spectral backgrounds for two months. To generate different light conditions, full 

spectrum fluorescent lamps and broad-spectrum blue fluorescent lamps (UV-Blue Actinic 

lamps; Full Spectrum Solutions, Inc., Jackson, MI, USA) were used for broad spectrum 

light and short wavelength-rich/red-shifted light conditions, respectively. For each tank, 

UV-transmissible Plexiglas lids (ACRILYTE, Evonik Industries, NJ, USA) were used 

and the walls were covered by Black coroplast (Coroplast, Cornwall, ON, Canada). To 

generate the red-shifted light condition, a yellow-coloured film (Rosco, Markham, ON, 

Canada) was fixed to the lid to reduce the light at short-wavelength spectral region. The 

spectral irradiance was measured by a spectroradiometer (QE65000; Ocean Optics, 

Dunedin, FL, USA). 

 



 

98 

 

4.3.2 Preparation of Split-Fin Tissues 

Please refer to Section 3.5.2. 

4.3.3 Measurements of Erythrophore Photoresponses 

Split-fin tissues containing erythrophores were incubation in PBS (NaCl 125.3 mM, KCl 

2.7 mM, CaCl2 1.8 mM, MgCl2 1.8 mM, D-glucose 5.6 mM, Tris-HCl buffer 5.0 mM 

[pH 7.2]) for 15-min dark adaptation before experiments. To examine the 

photoresponses, tissues were presented with light stimuli generated by a 150 W xenon 

lamp system and a monochrometer (Photon Technology International, London, ON, 

Canada). Images were taken by a Qimaging Microimager II CCD camera with QCapture 

Suite V2.46 software (Qimaging, Burnaby, BC, Canada) and analyzed using Matlab 

software (Mathworks, Natick, MA, USA) for pixel counts of pigment-covered area of a 

cell in a series of images (please refer to Section 3.5.3). The maximum capacity (A0) of 

the translocation of erythrosomes was calculated as: 

 

A0 = Afull dispersion     Afull aggregation                                                                                        (1) 

 

where Afull dispersion and Afull aggregation denote the pixel counts of each cell at full dispersion 

and aggregation, respectively. 

Erythrophores aggregate in the UV- and short wavelength- spectral regions, while 

disperse in the middle and long wavelengths. In order to choose an appropriate 

stimulating intensity for aggregations and dispersions, response versus intensity (RI) 

curves were generated. Erythrophores were first presented at 380 nm (12.26 log photons 
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cm
-2

 s
-1

) or 500 nm (13.92 log photons cm
-2

 s
-1

) for 3 minutes, followed by a 3-min 

darkness to allow cells to completely aggregate or disperse. Subsequently, cells were 

presented with a 3-min light stimulus at one of the following intensities (for aggregation: 

11.67, 11.92, 12.26, 12.62 and 12.86 log photons cm
-2

 s
-1

; for dispersion: 12.87, 13.09, 

13.3, 13.52, 13.72 and 13.92 log photons cm
-2

 s
-1

). The intensity used in each cycle 

gradually increased during the measurements. The change of the pigmented area (A) at an 

assigned intensity was estimated as: 

 

 A = Ai     Afull aggregation                                                                                                      (2) 

 

Where Ai denotes the pixel counts of pigmented area at an assigned intensity (i). The 

intensities (Is) required to reach half-maximal photoresponses (A/A0 = 0.5) were used for 

the following photoresponse assessments (aggregations: 12.37 log photons cm
-2

 s
-1

; 

dispersions: 13.31 log photons cm
-2

 s
-1

).  

Erythrophore photoresponses were measured by means of the procedure mentioned 

above. To achieve full aggregations or dispersions, cells were presented under 

illumination at 380 nm (12.26 log photons cm
-2

 s
-1

) or 500 nm (13.92 log photons cm
-2

 s
-

1
) for 3 minutes, followed by 3-min darkness. Then, cells were challenged with light 

stimulus ranging from 380 to 600 nm at Is for 3 minutes. The change of the pigmented 

area (As) at each wavelength was estimated as: 

 

As = Aλ     Afull aggregation                                                                                                      (2) 
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where Aλ denotes the pixel counts of pigmented area at an assigned wavelength (λ). The 

spectral sensitivity was defined as the magnitude of photoresponse (As/A0) at a given test 

wavelength. To minimize the variation between cells, the photosensitivity data were 

normalized to unity. The photosensitivity curve of erythrophores was generated by mean 

normalized sensitivity against test wavelengths.  
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Chapter 5 

The Ontogeny of Melanophore Photosensitivity of Rainbow Trout 

(Oncorhynchus mykiss) 

5.1 Abstract 

Photoreception is essential for organisms to initiate physiological functions and behaviors 

to adequately adapt to surrounding environments. In non-mammalian vertebrates, various 

photoreceptors are equipped to sense the quality and quantity of light. Unlike 

photoreceptors in retina, how spectral sensitivities of extraretinal photoreceptors develop 

during ontogeny remains less understood. In the present study, we investigated the 

ontogenetic change of photosensitivity of melanophores in rainbow trout (Oncorhynchus 

mykiss) at the stages before and after smoltification. Melanophores in juvenile parrs 

showed no responses to light stimuli, while smolts displayed chromatic photoresponses, 

aggregations and dispersions. The spectral sensitivity curve suggested that two types of 

light-sensitive molecules are involved in the melanophore photoresponses. Our findings 

implicate that the motility of melanophores in Oncorhynchus mykiss is primarily 

regulated by neural and hormonal systems at the parr stage and the photosensory system 

of melanophores starts to develop at smolt stages. 

5.2 Introduction 

Non-mammalian animals deploy multiple types of photoreceptors to detect the change of 

ambient light conditions and process a variety of photosensory tasks. During 

development, ontogenetic changes of photosensory systems may take place for organisms 

to better adapt to their environments. Particularly in migratory species, the alteration of 
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visual system is crucial for them to survive in the milieus that vary at different life stages 

[1,2,3,4,5]. Salmonids have been used as model organisms to study the ontogenetic 

changes of retinal photoreceptors [3,6,7,8,9]. In Oncorhynchus mykiss, for example, the 

appearance of UVS (ultraviolet-sensitive) cone photoreceptors leads to polarized UV 

sensitivity, which is associated with their plankton-foraging and orientation behaviors 

[10]. The degeneration and regeneration of UVS cone photoreceptors at different life 

stages are closely related to endogenous thyroid hormone levels [6,11]. Contrary to visual 

tasks of retinal photoreceptors, extraretinal photoreceptors play an important role in non-

image-forming tasks [12,13,14,15]. Although visual pigment expressions of extraretinal 

photoreceptors and associated photoresponses have been reported in previous studies 

[16,17,18,19,20], the details regarding the ontogenetic transformation of pigment cell 

distribution, gene expressions, and spectral sensitivity, are poorly understood.   

Chromatophores belong to one type of extraretinal photoreceptors and are 

specialized dermal pigment cells accounting for teleost pigmentation and color patterns. 

Based on their internal structure and pigment colors, chromatophores can be categorized 

into two major types, i.e. light absorbing cells (melanophores, erythrophores, 

xanthophores, and cyanophores) and light reflecting cells (leucophores and iridophores). 

Incident light can alter body colorations through physiological change of chromatophores 

(i.e. the movement of internal pigment granules or guanine plates) [21,22,23,24]. In the 

present study, we demonstrate photoresponse patterns of melanophores in rainbow trout 

Oncorhynchus mykiss at different life stages and the expression of opsin possibly 

involved in the phototransduction.  
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5.3 Material and methods 

5.3.1 Animals 

Two age groups of rainbow trout (Oncorhynchus mykiss) were obtained from Rainbow 

Springs Trout Hatchery. Parrs were 13.5±3.8 g in weight and 10.2±1.7 cm in length; 

smolts were 88.45±3.4 g in weight and 21.1±0.3 cm in length. They were maintained in 

flow-through freshwater (15°C) holding tanks under a 12h:12h L:D light cycle. Lighting 

was provided by full spectrum fluorescent lamps (Full Spectrum Solutions, Inc., Jackson, 

MI, USA). Fish were anaesthetized by immersion in MS-222 (Syndel Laboratories Ltd., 

Qualicum Beach, BC, Canada) and split-fin tissues were taken from tails for the 

measurements of melanophore photoresponses. All procedures complied with the 

Canadian Council for Animal Care regulations and the Queen’s University Animal Care 

Committee. 

5.3.2 Measurements of melanophore photoresponses 

Split-fin tissues containing melanophores were presented with light stimuli generated by 

a 150 W xenon lamp system and a monochrometer (Photon Technology International, 

London, ON, Canada) at 10°C and images were taken by a Qimaging Microimager II 

CCD camera with QCapture Suite V2.46 software (Qimaging, Burnaby, BC, Canada). 

Matlab software (Mathworks, Natick, MA, USA) was used for pixel counts of pigment-

covered area of a cell in a series of images. First, a cell was selected by a rectangular tool 

as close to cell dendrites as possible. Pixel counts were assessed by a threshold level and 

pixel intensity value greater than the threshold was assigned a value of 1. The sum of 
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values in each image was used to stand for the pigment-covered area within a 

melanophore.  

Under illumination, smolt melanophores displayed biphasic photoresponses, i.e. 

aggregations and dispersions, when presented with UV and middle-/long-wavelengths, 

respectively. To choose an appropriate intensity of stimulus, response versus intensity 

(RI) curves were generated for aggregation (at 380 nm) and dispersion (at 500 nm). For 

each measurement cycle, tissues were illuminated at 380 nm (13.88 log photons cm
-2

 s
-1

) 

or 500 nm (13.92 log photons cm
-2

 s
-1

) for 1.5 minutes, followed by 5-minute darkness to 

reach full aggregation or dispersion. Subsequently, tissues were presented under 1.5 min 

illumination. Stimulus intensity was gradually increased (for aggregation: 12.26, 12.62, 

13.09, 13.48 and 13.88 log photons cm
-2

 s
-1

; for dispersion: 12.87, 13.09, 13.3, 13.52, 

13.72 and 13.92 log photons cm
-2

 s
-1

). The intensities (Is) required to reach half-maximal 

photoresponses were employed for the following measurements of photoresponses 

(aggregations: 12.90 log photons cm
-2

 s
-1

; dispersions: 13.32 log photons cm
-2

 s
-1

). 

Melanophore photoresponses were measured as described above. First, full 

aggregations or dispersions were achieved under illumination at 380 nm (13.88 log 

photons cm
-2

 s
-1

) or 500 nm (13.92 log photons cm
-2

 s
-1

) for 1.5 minutes, followed by 5-

min darkness. Then, cells were presented with light stimulus at wavelengths (380, 390, 

400, 420, 440, 460, 480, 500, 520, 540, 560, 580, and 600 nm) at Is for 1.5 minutes. For 

the generation of melanophore photosensitivity, please refer to Section 4.3.3. 
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5.4 Results 

5.4.1 Melanophore distribution and coloration during development 

The patterns of melanophore distribution in caudal fin tissues in parrs and smolts were 

different. In parrs, the existence of most melanophores was restricted to the regions near 

fin rays (Figure 5.1A, n = 3). In smolts, the number and size of melanophores in the 

caudal fin increased. Compared to parrs, smolts possessed a darker appearance of caudal 

fin due to more melanophores emerging in the area between fin rays (Figure 5.1B, n =3). 

These findings suggested that after smoltification, rainbow trout, Oncorhynchus mykiss, 

undergo morphological color change with increasing number and size of melanophores. 

 

 

Figure 5.1 Parr (A) and smolt (B) rainbow trout and close-ups of their caudal fins 

showing pigmentation traits. 

Parr and smolt differ in their pigmentation. In the caudal fins, the number and size of 

melanophores increase in smolt and more melanophores appear in the area between fin 

rays. 
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5.4.2 Ontogenetic change of melanophore photosensitivity 

Under illumination, melanophores in juveniles showed no response to light regardless of 

wavelengths (n=10). Conversely, melanophores in smolts showed biphasic motilities in a 

wavelength-dependent manner. Aggregations occurred in the UV (380-400 nm) region 

and dispersions at 420-600 nm (Figure 5.2). The spectral sensitivity curve of 

melanophores implied that two light-sensitive molecules are involved in melanophore 

photoresponses. Because there were two sensitivity peaks at 380 and 480 nm, there could 

be one opsin responsible for aggregation in the UV and short wavelengths and the other 

for dispersion in the middle and long wavelengths.  

 

Figure 5.2 The spectral sensitivity of smolt rainbow trout melanophores. 

Smolt melanophores responded to light in a wavelength-dependent manner. Aggregations 

occurred at 380-400 nm and dispersions at 420-600 nm.  
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5.5 Discussion 

Many salmonids undergo morphological and physiological changes during ontogeny; 

particularly, smoltification provides the essential parr-smolt transformation for 

anadromous species prior to seaward migration. Modulation of this sensory system is 

critical for adaptation to distinct habitats at different life stages. Chromatophores are the 

primary agents contributing to body coloration and are capable of performing color 

change in response to light. In the present study, we investigated ontogenetic change of 

melanophore photoresponses in parrs and smolts of rainbow trout (Oncorhynchus mykiss) 

and further characterize the spectral sensitivity. Parr melanophores mainly appear in the 

area close to fin rays; at the smolt stage, melanophores increase in size and numbers and 

extend their distribution to the region between fin rays. Under illumination, parr 

melanophores have no response. On the contrary, smolt melanophores respond to light in 

a wavelength-dependent manner: aggregations of melanosomes take place in the UV and 

short wavelengths, while dispersions occur in middle and long wavelengths. 

 Based on molecular expression data and functional analysis, chromatophore 

photoresponses have been suggested to be initiated by opsin-based visual pigments 

[23,25,26,27]. In the spectral sensitivity curve of rainbow trout melanophores, the 

sensitivity peaks are present at 380 and 480 nm. Opsins expressed in rods and four 

classes of cones (UVS, SWS, MWS, and LWS) of rainbow trout and their peak 

sensitivities (λmax) have been identified using different approaches: rods (RH1: 521 nm); 

UVS (SWS1: 373 nm), SWS (SWS2: 423 nm), MWS (RH2b:500 nm; RH2a: 542 nm), 

and LWS (LWS: 585 nm) cones. [19,20,28,29,30,31]. Because the sensitivity peak 

appearing in the UV region is close to the λmax of UVS, UVS could be the opsin 
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responsible for aggregations. On the other hand, the sensitivity peak at 480 nm could 

imply that RH2b is likely to be the opsin responsible for dispersions and the difference in 

wavelength could result from the variable vitamin A1/A2 visual pigment chromophore 

ratio [7,32]. Recently, novel opsins have been found in a variety of extraretinal 

photoreceptors. For example, melanopsin (OPN4) was identified in Xenopus 

melanophore [27]. Among these opsins, melanopsin and vertebrate ancient (VA) opsin 

have a λmax close to 480 nm, with a spectrum ranging from 460 to 500 nm 

[33,34,35,36,37]. Therefore, it is possible that OPN4 or VA opsin might be involved in 

the dispersion of rainbow trout melanophores. Future studies using molecular approaches 

to detect the opsin expression at single-cell level would be helpful to address this 

question.  

 Salmonids show variable foraging and prey-search behavior on both temporal and 

spatial scales. Their growth and mortality risk are greatly affected by biotic and abiotic 

factors that are highly associated with the habitat types of different life stages. Parrs tend 

to hold positions near streambed and behave as “sit-and-wait” predators. They frequently 

feed on benthic invertebrates or find drifting prey locally [38]. Conversely, smolts show 

increased feeding activity and are able to capture a variety of surface prey [38]. The 

spectral condition varies with the change of water column at different depths. Thus, 

salmonids have to progressively adjust or tune the sensory system during ontogeny. 

Additionally, the development of the capability of changing pigmentation will be 

advantageous for smolts to adapt to environments. Chromatophores, as dermal 

photoreceptors, can directly respond to light. The distribution of chromatophores leads to 

the formation of pigment spots and bars; hence, the color change of chromatophores in 
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response to light will certainly influence fish appearance. Although the change of 

coloration during the course of smoltification has been discussed [39,40], the ontogeny of 

chromatophore photoresponses in rainbow trout remains unknown so far. In the present 

study, rainbow trout melanophores show photoresponses only in smolts but not parrs. We 

suggest that melanophores in parrs are primarily controlled by neural and hormonal 

systems. Moreover, the ontogenetic change of body coloration and appearance of UVS 

cone is known to be mediated by thyroid hormone (TH) [9,11,39,41]. It is possible that 

the development of intrinsic photosensitivity of melanophores is also a TH-regulated 

process. In order to fully evaluate the role of melanophore photoresponses in non-image-

forming tasks during ontogeny, the characterization of melanophore photosensitivity at 

later life stages must be determined. Nevertheless, our findings contribute useful 

information to understand the physiological importance of the dermal photosensory 

system in variable environments during development. 
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Chapter 6 

General Discussion 

6.1 General discussion 

The aim of this thesis is to investigate the mechanism driving light-induced motile 

activities of teleost chromatophores and to understand how the photoresponses of 

different types of chromatophores benefit animals’ adaptation to their environment. 

Chromatophores are the primary agents modulating pigmentation of non-mammalian 

vertebrates and invertebrates. Over the past decades, research on chromatophores has 

focused on the mechanism of organelle transport and the neural and hormonal regulation 

of body coloration. Recently, chromatophores have been found to show responses to 

incident light and thus, chromatophores are classified as one type of extraretinal 

photoreceptors. Due to the detection of opsin expression in integumentary tissues and a 

few pigment cell lines, chromatophore photoresponses are suggested to be associated 

with opsin expression [1,2,3,4]. However, the lack of opsin expression data at a single-

cell level and detailed functional analysis makes it difficult to determine if this light-

induced process is driven by opsins. Therefore, multiple approaches have been taken in 

my Ph. D. to characterize the dynamic photoresponses of chromatophores, and the results 

will help us better interpret the mechanism and physiological importance behind 

chromatophore photoresponses. 

In the second chapter of this thesis, I examined the possible involvement of opsins 

in photoresponses of two types of tilapia chromatophores. Under illumination ranging 

from UV to long-wavelengths, I found that light stimuli induced distinct photoresponses 
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in melanophores and erythrophores. Regardless of stimulating wavelengths, 

melanophores tended to disperse and maintained cell shape at dispersion status by 

shuffling the pigment granules. Conversely, erythrophores responded to light in a 

wavelength-dependent manner. Aggregation of erythrosomes took place in the UV and 

short-wavelength regions, while dispersion occurred in the middle and long wavelengths. 

Using RT-PCR analysis, the expression of seven cone opsin genes (SWS1, SWS2b, 

SWS2a, RH2b, RH2aβ, RH2aα, and LWS) were detected in the caudal fin tissues where 

chromatophores existed. The opsin expression profiles generated by single-cell RT-PCR 

showed the preference of opsin usage of melanophores and erythrophores despite 

differential expressions in individual chromatophores. Because of opsin expression in 

integumentary tissues and individual chromatophores, the photoresponses of tilapia 

melanophores and erythrophores are suggested to be opsin-driven processes.  

Photoresponse patterns varying in different chromatophore classes may play an 

important role in physiological control systems. Under illumination, melanophores tend 

to disperse melanosomes and persistently maintain the cell shape with full dispersion. 

Regardless of wavelengths, the ongoing retrograde and anterograde translocation of 

melanophores reveal that melanophores are sensitive to a broad light spectrum. 

Therefore, melanophores seem to serve as a light filter to cover body surface as much as 

possible.  

Compared to melanophores, erythrophores respond to light in a wavelength-

dependent manner and show a varied co-expression pattern in their opsin expression 

profile. Individual erythrophores may express up to six opsins and, in most cases, SWS1 

is co-expressed with other RH2 group gene(s) (RH2b/RH2aβ/RH2aα). Although it 
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remains unclear how the coordination of light stimulation and neural/hormonal control 

takes place within chromatophores, the occurrence of aggregations and dispersions in 

different spectral regions may somehow reflect the physiological importance of 

erythrophores, particularly in variable environmental light conditions. In addition, 

although single-cell RT-PCR shows that multiple types of opsins are co-expressed in 

individual erythrophores, more evidence is required to verify whether these opsins are 

functional to initial phototransduction. Alternatively, the co-expression of different types 

of opsins may give erythrophores the plasticity to switch opsin types to fine-tune their 

photoresponses under different circumstances. Previous studies have shown that light 

environments can shape opsin expression pattern in retina [5] and change enzyme activity 

in the intracellular signaling system of melanophores [6,7]. Therefore, it is possible for 

chromatophores to switch opsin usage or change opsin expression level in order to 

regulate signaling transduction systems and adapt accordingly to environmental changes. 

In the third chapter of this thesis, I functionally characterized tilapia erythrophore 

photoresponses using different approaches. I examined the erythrophore photoresponses 

from 380 to 600 nm. The spectral sensitivity curve showed response patterns 

(aggregation and dispersion) as well as visual pigment types involved in these processes. 

Two sensitivity peaks appeared in the curve: one peak at 380 nm and the other at 480 nm; 

they are close to the peak absorbances of tilapia SWS1 and RH2b opsins, respectively. 

Since SWS1 and RH2b are two opsins most frequently detected in individual 

erythrophores by single-cell RT-PCR, it seems that SWS1 likely accounts for 

aggregations in the UV and short wavelengths, and RH2b is primarily responsible for 

dispersions in middle and long wavelengths.    
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In addition to response patterns, the spectral sensitivity curve also showed an 

interaction between two opsins. In the overlapping area of the absorbance spectra of 

SWS1 and RH2b, the antagonistic interaction caused the decline of photosensitivities of 

two opsins. I also employed UV and yellow backgrounds to light-adapt SWS1 and RH2b 

opsins. The aggregations at 380 nm caused by SWS1 and dispersions at 500 nm by RH2b 

are suppressed under UV and yellow backgrounds, respectively. Therefore, SWS1 and 

RH2b compose a chromatically opponent system, which enables erythrophores to fine-

tune aggregations and dispersions in a broad spectral range.  

 Different from the image-forming functions of retinal photoreceptors, most 

extraretinal photoreceptors are responsible for non-image-forming processes via the 

detection of the change in light quantity and quality. Chromatic changes of electric 

response have been observed in some extraretinal photoreceptors. In erythrophores, a 

membrane potential change was detected while light-induced aggregations occurred. 

Intracellular recording from tilapia erythrophores showed depolarization when UV-driven 

aggregation took place. To date, diverse novel non-rod, non-cone opsins have been found 

in different types of extraretinal photoreceptors. Their expression patterns, functions, and 

phototransduction cascades in those photoreceptors remain unclear. Nevertheless, our 

findings will enhance our knowledge of the diversity of extraretinal photoreceptors and 

their roles in physiological processes and behaviors. 

In the fourth chapter, I examined the effect of different light backgrounds (broad 

spectrum, short wavelength-rich, and red-shifted light conditions) on the spectral 

sensitivity of tilapia erythrophores. From the analysis of spectral sensitivity, the major 

opsin classes (SWS1 and RH2b) responsible for photoresponses remain constant in three 
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groups of erythrophores. An additional minor peak appeared at 540 nm from the group 

with red-shifted light treatment. Although light environments can modulate the visual 

system, it is still unknown whether the emergence of opsin is due to an adaptive 

mechanism similar to retina. I further measured the photoresponses at 380 and 480 nm 

where the sensitivity peaks appeared. Compared to the group under broad spectrum light, 

the inhibitory effects were found in the dispersion of red-shifted light-treated group and 

the aggregation and dispersion of the group under short wavelength-rich light conditions. 

As an extraretinal photoreceptor, tilapia erythrophores may detect the fluctuation of light 

and subsequently generate color change to adjust body pigmentation. Since pigment 

migration of chromatophores requires energy [8,9], the insensitivity of erythrophores to 

light may reduce energy consumption of photoresponses during long-term background 

adaptation at a particular spectral range. 

In the fifth chapter, I investigated the ontogenic change of photoresponses of 

rainbow trout melanophores. Fish at life stages before and after smoltification showed 

distinct responses to light. Parrs had no response to light but smolts responded to light in 

a wavelength-dependent manner: aggregation at UV and short wavelengths and 

dispersions at middle and long wavelengths. The spectral sensitivity of smolt 

melanophores revealed that two sensitivity peaks were present at 380 and 480 nm. 

Therefore, SWS1 (λmax: 373 nm) and RH2b (λmax: 500 nm) are likely to be responsible for 

aggregations and dispersions; however, the possible involvement of other non-visual 

opsins like VA opsin and melanopsin with λmax close to 480 nm could not be ruled out. 

The change of spectral sensitivity has been reported in Xenopus tadpole at different 

developmental stages [10,11,12].Moreover, the change of coloration and visual system 
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during smoltification of salmonids is regulated by thyroid hormone (TH). The 

development of melanophore photosensitivity is suggested to be associated with TH as 

well. In other teleost species, chromatophores play important roles in diverse non-image-

forming tasks, such as mate choice, signaling social status, concealed communication, 

and thermoregulation. In the future, melanophore photoresponses at different life stages 

should be determined to understand if the change of habitats and feeding behaviours are 

related to the developmental stages of rainbow trout.  

Taken together, the data presented in my thesis show the functional 

characterization of chromatophore photoresponses. Chromatophores have diverse 

pigment colors and generate photic effects in different ways. In addition to physiological 

color change of chromatophores, specific pigmentation or color pattern can be also 

generated by chromatophore units. Distinct photoresponses found in tilapia melanophores 

and erythrophores reveal the physiological importance of a particular type of 

chromatophore. In particular, these results help us to understand how the sophisticated 

chromatophore units behave under different light environments. Like other extraretinal 

photoreceptors, research on chromatophore biology is very limited. Therefore, I do not 

know if only tilapia erythrophores and rainbow trout melanophores display biphasic, 

chromaticity type responses, since other types of chromatophores show achromatic 

responses to light by aggregation or dispersion. Although the current accepted model for 

chromatophore aggregation and dispersion is the phototransduction through Gs/Gi 

proteins influencing intracellular cAMP levels, the downstream components of G 

proteins in the signaling pathway are poorly understood. Moreover, how the coordination 

of chromatophores and other photosensory organs is achieved in lower vertebrates and 
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invertebrates remains unclear so far. In my thesis, the proposed opsins responsible for 

tilapia erythrophore photoresponses are SWS1 and RH2b. In retina where cone opsins are 

mainly present and expressed, it has been suggested that SWS1 and RH2b are primarily 

larval genes and their RNA expression levels are relatively low at adult stage [13]. It 

seems that retina and chromatophores use different opsin repertoires to process their 

sensory tasks. To date, many novel opsins, such as peropsin, pinopsin, parapinopsin, VA 

opsin, encephalopsin (OPN3), TMT opsin, melanopsin (OPN4), and neuropsin (OPN5), 

have been found in diverse extraretinal photoreceptors. Because their molecular 

information, signal transduction cascades and relevant functions are not fully 

investigated, we cannot completely rule out the possibility that these opsins or any 

unidentified opsins are involved in chromatophore photoresponses. My study provides 

the first step to unravel the mechanism of chromatophore photoresponses. In the future, 

more molecular studies and functional characterizations are required to enhance our 

understanding of the physiological importance of these dermal photoreceptors in different 

species. 

6.2 Summary 

6.2.1 Seven cone opsins are expressed in tilapia integumentary tissues. 

6.2.2 Tilapia dermal melanophores and erythrophores show distinct photoresponse 

patterns. Regardless of wavelengths, melanophores tend to disperse melanosomes and 

maintain cell shape at dispersion stage. Different from melanophores, erythrophores 

respond to light in a wavelength-dependent manner. 
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6.2.3 The opsin expression profiles of melanophores and erythrophores suggest that 

SWS1 and RH2 genes may play important roles in their phototransductions. 

6.2.4 The spectral sensitivity of erythrophores reveals that SWS1 is responsible for 

aggregation at UV/short-wavelength regions and RH2b for dispersion at middle and long 

wavelengths. 

6.2.5 Since SWS1 and RH2b have opposite effects on erythrophore photoresponses, 

antagonistic interaction takes place in the overlapping area of their absorbance spectra.  

6.2.6 Using UV and yellow background light adaptations, aggregations by SWS1 and 

dispersion by RH2b can be suppressed, respectively. 

6.2.7 Erythrophores contain a chromatically-dependent antagonistic mechanism. 

Intracellular recordings show chromatic responses where depolarization occurred when 

cells are presented to light at UV light. 

 

6.2.8 The photoresponse pattern and spectral sensitivity of tilapia erythrophores show no 

significant change under different light background conditions. 

 

6.2.9 The long-term background adaptation may lead to tilapia erythrophores less 

insensitive to light stimulation. There may be an adaptive mechanism with a change in 

intracellular components of signaling pathway or opsin expression to reduce the energy 

consumption by pigment movements. 
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6.2.10 Rainbow trout melanophores show no response to light at parr stage but display 

chromatic photoresponses at smolt stage. Like visual system, this ontogenic change of 

melanophore photoresponse could be due to the regulation of thyroid hormone.  
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