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Abstract
Among the vertebrate model organisms, zebrafish (Danio rerio) is one of the key models for studying pigmentation, pattern formation and their underlying genetic mechanisms. Their genetic materials show high similarity to humans, with the availability of well-characterised pigment and optical transparency during development. Zebrafish exhibit distinct horizontal stripes at the adult stage as a result of the interaction between three forms of chromatophores: iridophores, xanthophores, and melanophores. This review aims to elucidate the genetic and cellular mechanisms of pigmentation in zebrafish, emphasizing the translational relevance of SLC45A2 to human pigment biology. The dynamic cell-cell communication and self-organisation principles responsible for the formation of pigment patterns have been revealed through studies on chromatophore lineage tracing, mutant analysis and mathematical models. The comparative studies reveal the diversified evolution of chromatophore types among the close relatives of Danio species, highlighting the conserved and divergent mechanisms of pigment differentiation. Zebrafish pigment pattern also influenced the behaviour, neurobiology and environmental adaptation as they affect mate selection, social interactions, camouflage and response to stress. The pigment-assorted traits strengthened by advances in transgenic zebrafish models and behavioural assays are used as readouts for neurological toxicity, social behaviour and colour vision. At the molecular level, slc24a5 and slc45a2 are the conserved pigmentation genes regulating melanosome biogenesis, ion homeostasis and synthesis of melanin. Any alteration in these genes results in pigment disorders like oculocutaneous albinism in both humans and zebrafish. However, natural allelic variation in alc45a2 leads to adaptive changes in human skin colour. Research demonstrates that loss of function of slc45a2 due to mutation highlights its role in regulating the melanosome pH, a requirement for maintaining proper tyrosine function and eumelanin formation. Previous studies revealed valuable understanding of the cellular, genetic and evolutionary basis of pigmentation, providing it as a model for understanding pigment biology, human disorders and adaptive colouration mechanisms.
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Introduction
The zebrafish has emerged as an incredibly versatile and valuable model organism in scientific research. Its small size, rapid reproduction, short lifespan, and transparent early development stages make it particularly convenient for experimentation and genetic studies (Gautam et al. 2024). Additionally, the fact that most zebrafish genes have equivalents in humans underscores the significance of zebrafish research in understanding human biology and diseases (Lieschke and Currie 2007). One of the most prized characteristics of the zebrafish model is its capacity for high-resolution optical imaging of internal structures during development. However, despite these advantages, challenges remain, such as the increasing pigmentation as the fish develops and difficulties in effectively immobilizing live specimens for prolonged observation (Davis et al., 2021). Many animals have noticeable color patterns, which serve crucial communication purposes such mating selection, kin recognition, and concealment. as the color of the target. During metamorphosis, zebrafish exhibit horizontal stripes of blue and gold, which are mosaics of black melanophores, silvery or blue iridophores, and yellow xanthophores in the hypodermis (Singh and Nüsslein 2015). The origin of the adult pigment cells and their distinct cellular behaviors throughout the creation of the striped pattern were discovered using lineage tracing. Mutant study revealed that the pattern production requires contacts between all three types of pigment cells, and several cell surface chemicals and signaling systems have been found to act as mediators of these interactions (Watanabe and Kondo  2015). Determining the genetic basis of variety in evolution requires an understanding of the mechanisms behind the creation of colour patterns (McKinnon and Pierotti 2010).
	Animal pigment patterns have a significant impact on behaviour, and in many species, red colouring is a reliable indicator of a person's suitability as a mate. Certain species of Danio fish, such as zebrafish (D. rerio), only have yellow xanthophores, while other species have erythrophores, pigment cells that contain red ketocarotenoids (Ahi et al. 2020). Here, we evaluate the developmental genesis of erythrophores and their differentiation methods using pearl danio (D. albolineatus). They demonstrate that D. albolineatus erythrophores and xanthophores have a similar progenitor and retain cell fate plasticity even after differentiation. Determination of the key ketocarotenoids that give erythrophores their red hue and use reverse genetics to discover the genes necessary for these cells' differentiation and upkeep. Huang et al. (2015) show remarkable similarities with the mechanism of red colouration in birds and are a first step toward understanding the mechanisms behind the development of erythrophore-mediated red colouration in Danio rerio.
	Pattern formation plays a crucial role in the development of organisms. Adult zebrafish have unique striped patterns that are the consequence of three different chromatophores self-organising (Moreira and Deutsch, 2005). Although earlier research has discovered a number of cell connections that are crucial to this process, it is still uncertain if pattern formation can be adequately explained by these established biological principles. The mathematical representation of a model that takes into account all pertinent cell types and interactions in order to address this. This model effectively reproduces the evolution of both normal and mutant pigment patterns, clearing up a number of biological ambiguities and producing theories about the role of particular genes. Owen JP et al. (2020) imply that both normal and mutant patterns can be reproduced using the stated guidelines. Through computer simulations, this discovery provides opportunities for more investigation into the developmental and evolutionary consequences of this pigment patterning system. One often used animal model for pigment patterning research is the zebrafish (Danio rerio). This little freshwater fish is distinguished by the stripes on its body and fins. Three different kinds of pigment-containing cells, known as chromatophores, are arranged in layers within the skin to produce these stripes. These include iridescent-blue iridophores, which contain guanine-rich platelets that reflect light and give the fish a silvery look, black melanophores, and yellow xanthophores (Satarkar D et al., 2019).
	Animal pigment patterns are vital for behaviours like mate choice, where red colouration often indicates individual quality. Unlike zebrafish, some Danio species, such as pearl danio, develop erythrophores containing red ketocarotenoids. Our study on pearl danio sheds light on the origin and differentiation of erythrophores. We discover that these cells in pearl danio fins share a progenitor with xanthophores and that, even after differentiation, they are still capable of altering their destiny. By identifying the particular ketocarotenoids that give erythrophores their red hue, we may use reverse genetics to find the genes that are essential for their differentiation and upkeep. With striking parallels to the process observed in birds, our results provide a preliminary understanding of the mechanisms underlying red coloration in Danio species (Huang et al., 2021). In many facets of zebrafish behaviour, such as identifying food, avoiding predators, choosing mates, and hiding from their environment, colour perception is essential. With the use of colour-based behavioural assays such as the T-maze, passive avoidance, Y-maze, and cross maze tests, transgenic zebrafish models have been created to evaluate drug neurotoxicity through zebrafish behaviour (Martucci R 2014). Zebrafish have four different kinds of cones to differentiate between visible and ultraviolet wavelengths, demonstrating the evolutionarily conserved process that allows animals and lower vertebrates to recognize the color spectrum. As early as 5 days after fertilization (dpf), zebrafish larvae can distinguish colors, show mobility starting at 5 dpf, and react to light at 3.5 dpf (Silva RFO, 2021). Zebrafish have been found to have a variety of color preferences, albeit the findings have occasionally been incongruous (Oliveira J et al., 2016). These preferences can be influenced by variables like fish age, gender, light source position, and intensity, which can cause differences between studies.
Standardising experimental settings is essential to addressing this variability and producing reliable, comprehensible results. By evaluating the effects of variables such as light source position and intensity, social interaction, gender, age, and fish strain, we sought to standardize the innate color preference test settings in adult zebrafish. In order to examine the possible use of this environment for toxicity assessment, we also used the optimized technique to look at variations in color preferences among adult zebrafish exposed to ethanol (Siregar P et al., 2020).
Pigmentation Mechanisms in Zebrafish and Other Fish Species
The pigmentation mechanisms of a variety of fish species, such as cichlids, guppies, sticklebacks, cavefish, platyfish, medaka, and clownfish, have been investigated (Patterson LB and Parichy DM 2019). Zebrafish pigment pattern formation: insights into the development and evolution of adult form. The best studied model among them for examining the cellular and genetic mechanisms underlying the generation of pigment patterns is the zebrafish (Danio rerio) (Parichy D M and Johnson S L 2001). Key results about the development of pigment patterns and the special qualities of zebrafish as a model organism for pigment research are compiled in this study. The arrangement of three primary pigment cell types in the skin hypodermis gives adult zebrafish their characteristic black stripes and pale interstripes (Kelsh RN 2004). Whereas xanthophores, or yellow pigment cells, are found above closely spaced iridophores, the stripes are made up of melanophores, or black pigment cells, beneath sporadic iridophores, or reflecting pigment cells (Bagnara JT 1986). Zebrafish also have stripes and light patches on their median fins and superficial pigment cells on their scales, which contribute to dorsal darkening (Lin J 2022). The discovery of many mutants with aberrant pigment cells, including goldenb1, brassb2, albinob4, sparseb5, and leopardt1, demonstrated early on that zebrafish were suitable for pigment studies. These mutants, initially found in lab stocks or pet shops, were shown to be viable in aquarium environments, indicating that coloration may not be as important for life in captivity as it is in the wild (Patterson and Parichy 2019).
Xanthophore Behaviour and Stripe Formation
Recent studies have focused on the behaviour of xanthophores during stripe formation. Researchers have found that larval xanthophores multiply at the beginning of metamorphosis and eventually cover the fish's flank using long-term time-lapse imaging. These cells migrate to the interstripe region, where they densely cover iridophores, and adopt a loosely arranged stellate shape over melanophores within the stripes (Irion et al, 2014). This cellular behaviour, characterised by xanthophores' attraction to iridophores and repulsion from melanophores, contributes to the sharpening and colouration of the stripe patterns (Mahalwar et al., 2014).
Color Adaptation and Behavioral Responses
Zebrafish, in contrast to rodents, can quickly change the colour of their bodies in response to a variety of internal and external stimuli. Changes in coloration can reflect overall well-being, health status, social dynamics, aggression, stress, and drug treatments. Paler colors are often associated with sleep, stress, or illness, while darker and more vivid colors are linked to aggression and dominance. Zebrafish also exhibit camouflage responses, becoming lighter on light backgrounds and darker in dark environments to evade predation. These adaptive color changes provide insights into their neurobehavioral responses and are influenced by a range of factors, including visual stimuli (De et al., 2021). Specialised visual stimulators have been developed to study zebrafish's colour preferences and their role in neurobehavioral responses (Park  2016). This has enabled precise control over light spectral characteristics and further exploration of how colour impacts complex emotional, social, and cognitive behaviours in zebrafish.
slc45a2 Gene 
Research on individual genome sequences has uncovered numerous genetic variations in humans, many of which are uncommon within the population. Existing computational methods aimed at deciphering the functional impact of these variations often disagree (Goldstein et al. 2013). Thus, experimental methods to directly assess the significance of these mutations in living organisms. The selected pigmentation as a trait that can be easily observed in both humans and model organisms (Parra 2007). Rare mutations in certain pigmentation genes can lead to conditions like oculocutaneous albinism, while variations in other pigmentation genes have influenced the evolution of human skin color (Sturm and Duffy 2012). The focus on SLC45A2 and SLC24A5. SLC45A2, also known as AIM1 and MATP, was first identified as a pigmentation gene through studies on hypopigmented medaka b and mouse underwhite mutants. In humans, mutations in SLC45A2 can cause oculocutaneous albinism type 4 (OCA4) (Ito S and Wakamatsu K 2011). Additionally, two common coding variations in SLC45A2 are known: the L374F polymorphism, which is predominant in European populations and associated with variations in skin, hair, and eye color as well as an increased risk of certain skin cancers; and the E272K polymorphism, more prevalent in East Asian populations and linked to darker pigmentation. However, the connection between E272K and pigmentation requires further experimental confirmation (Zurab et al.,2012)
	Melanins, which are abundant in skin, hair, and eyes in mammals and vertebrates, protect people from damaging UV rays and are essential for the growth and operation of the retina (Wakamatsu  and Ito  2021). Melanosomes, specialized organelles present in skin and eye melanocytes as well as ocular pigment epithelia, are where melanin is produced (Barral DC and Seabra MC 2004). Different types of oculocutaneous albinism (OCA), which are characterized by vision impairment and an increased risk of skin and eye malignancies, were caused by disorders in melanin synthesis (Grønskov et al. 2007). Non-syndromic OCA has been connected to mutations in eight genes, with variations in these genes being linked to variances in human eye, hair, and skin color (Ullah  2022). Analyses of SLC45A2 distribution and function in pigment cells have been hampered by the absence of particular antibodies (Kondo  et al. 2015). Using epitope-tagged human SLC45A2 expressed in different cell types, we examined the location and role of SLC45A2-L374 and -F374 variations in melanosome biogenesis. According to Le  et al. (2020), SLC45A2 is produced in HeLa cells, it raises the pH of lysosomes and/or late endosomes, just like OCA2. SLC45A2 localizes to melanosomes in melanocytes, where it probably neutralizes the lumen of the melanosome. Furthermore, we found that SLC45A2 and OCA2 localize to distinct subsets of melanosomes, and that the F374 variation does not alter the location of SLC45A2, but it speeds up its destruction. There findings demonstrate how crucial melanosome neutralization is for preserving eumelanin pigmentation, a process that is controlled at several phases of melanosome maturation 
	Researchers show that golden mutants of zebrafish exhibit lighter variations of human pigmentation, which are defined by a decrease in the number, size, and density of melanosomes. Lamason et al. (2005) zebrafish's golden gene encodes slc24a5 (nckx5), a putative cation exchanger that localizes to an internal membrane, most likely the melanosome or a precursor to it. This gene's human equivalent operates similarly in zebrafish and shows a high degree of sequence similarity. In contrast to the variant allele that is almost fixed in European populations, the ancestral allele of a human coding polymorphism is common in East Asian and African populations. In mixed groups, this variant allele corresponds with lighter skin pigmentation and is associated with much lower regional heterozygosity, suggesting that the SLC24A5 gene plays a crucial role in human pigmentation (Lamason et al., 2005). SLC45A2 is critically involved in the melanogenesis pathway, which is essential for pigment production in melanocytes (Mpofana et al. 2025). This protein is primarily localized in the melanosomal membrane, where it influences the transport of ions and small molecules essential for melanin synthesis (Schiaffino 2010). Recent research indicates that SLC45A2 regulates intracellular pH and ionic equilibrium, which are vital for the enzymatic activity of tyrosinase and related melanogenic enzymes (Le Let al. 2020). The proper function of SLC45A2 ensures an optimal environment for melanin production, and its dysfunction can lead to significant pigmentary abnormalities (Ghosh et al. 2024).
	Zebrafish carrying mutations in slc45a2 (associated with OCA4) were initially categorized as albino due to their lack of melanin pigmentation, a trait observed following spontaneous mutations (Durazo 2021). Interestingly, introducing human SLC45A2 mRNA did not rescue this pigment phenotype in the mutant zebrafish. These mutants nonetheless produce regular xanthophores and iridophores, which are particular chromatophores present in lower organisms, even though they lack melanin. Despite sharing phenotypic similarities with tyr mutants, which also lack pigment, slc45a2 mutants do not exhibit delayed responses to light stimuli and have functional tyrosinase, indicating that dopamine insufficiency, a feature of tyr mutants, is not impacting them (Doepner 2022).
	According to the nomenclature put forth by Montoliu and associates (2014), zebrafish mutants that have mutations in slc24a5 (linked to OCA6) have reduced pigmentation, which is why they are referred to as having a "golden" phenotype. These mutants have fewer melanosomes, which are smaller and have irregular forms, and thinner melanophores than the wild type (Haffter  et al. 1996). The potassium-dependent sodium/calcium exchanger family includes Slc24a5, also known as NCKX5, which is thought to promote calcium buildup, which in turn promotes melanogenesis. A calcium-dependent furin-like protease may use this mechanism to process the melanosomal scaffolding protein Pmel17 (Link et al., 2015).
Table 1: Important Genes and their role in Zebrafish Pigmentation

	Gene
	Function
	References

	slc24a5 (NCKX5)
	Regulates melanosome biogenesis, ion homeostasis, and synthesis of melanin; mutation leads to golden phenotype and OCA6.
	Lamason et al., 2005; Haffter et al., 1996; Link & Collery, 2015

	slc45a2 (AIM1/MATP)
	Regulates melanosome pH, ion transport, and melanin synthesis; mutations cause Oculocutaneous Albinism Type IV (OCA4).
	Le et al., 2020; Ito & Wakamatsu, 2011; Sengupta et al., 2019

	oca2
	Regulates melanosome pH and melanin production; mutations cause Oculocutaneous Albinism Type II (OCA2).
	Ancans et al., 2001; Kondo et al., 2015; Wiriyasermkul et al., 2020

	Tyr (Tyrosinase)
	Encodes tyrosinase enzyme, key for melanin synthesis from tyrosine; mutations cause albinism.
	Doepner, 2022; Ancans et al., 2001

	tyrp1a/b
	Brown locus genes; regulate melanosome maturation in retinal pigment epithelium; knockdown reduces trace element accumulation.
	Takamiya et al., 2016

	unc45b
	Chaperone protein mutation linked to cataract-like lens defects in albino mutants due to oxidative stress.
	Takamiya et al., 2016





Mechanism of Action of SLC45A2
SLC45A2 is a transporter protein found in melanocytes, which are the cells that produce melanin, the pigment that gives skin, hair, and eyes their colour (Bellono and Oancea 2014). It facilitates the transport of substrates across the membrane of pigment cells. Though the exact substrates are not entirely clear, it is thought to transport small molecules, potentially including those involved in melanin synthesis (D’Alba and Shawkey 2019). SLC45A2 is involved in the regulation of melanin production by maintaining an optimal pH within the melanosome, the organelle where melanin synthesis occurs (You J et al. 2022). The protein likely affects the pH balance inside the melanosome, which is critical for the activity of tyrosinase, the enzyme responsible for the first steps in melanin synthesis (Ancans et al., 2001). By stabilising the environment within the melanosome, SLC45A2 ensures that tyrosinase functions efficiently, leading to effective melanin production. Mutations or variants in the SLC45A2 gene can lead to altered pigmentation (Lui et al. 2024). For example, certain alleles of SLC45A2 are associated with lighter skin pigmentation in humans. In humans, loss-of-function mutations in SLC45A2 can lead to conditions such as Oculocutaneous Albinism Type 4 (OCA4), which results in reduced melanin production and lighter skin, hair, and eye colour.
Slc45a2 Receptors 
MATP is a membrane-associated transporter protein that is encoded by the SLC45A2 gene, which is found at chromosome location 5p13.2. MATP is a transmembrane protein situated in the melanosomal membrane of melanocytes (Brancato et al. 2023). Its primary function is to regulate the pH within the melanosomal lumen, which is crucial for maintaining osmotic balance. Oculocutaneous Albinism Type IV (OCA IV) can result from mutations in the SLC45A2 gene (Sengupta et al., 2019). Research on trace element distribution has revealed its impact on oxidative stress and associated pathological conditions, including eye diseases such as cataracts. Studying the trace elements in zebrafish embryos using micro-X-ray fluorescence (μ-XRF) imaging, it was discovered that these elements primarily accumulate in the retinal pigment epithelium (RPE). There was a discernible decrease in element accumulation in the RPE upon knockdown of genes associated with the zebrafish brown locus (tyrp1a/b), indicating a connection between these elements and mature melanosomes (Takamiya et al., 2016).
	Furthermore, aberrant lens reflections resembling congenital cataracts seen in mutants with an Unc45b mutation were seen in albino mutants, which are melanosome-deficient. Increased oxidative stress in their lenses was found using an insitu spin trapping technique. Melanosomes in pigment epithelial cells may shield the lens from oxidative stress during embryonic development by controlling trace element levels, as demonstrated by the development of cataracts when a normal lens was transplanted into an albino mutant (Takamiya et al., 2016).
Conclusion
One of the most useful and educational vertebrate model species for comprehending the genetics, development, and evolution of pigmentation is the zebrafish. The colouration stripe due to coordinate interaction of chromatophores provides a unique system to study cell communication, behaviour and evolutionary adaptation in colouration. Further, the comparative study on Danio species, including pearl danio with its unique erythrophores, shows the contribution of diversified pigment cells to ecological signalling, speciation and evolutionary adaptation. Zebrafish pigmentation is also associated with behaviour and physiology, influencing the mate choice, camouflage, social interaction and response to stress. Further establishment of standardised behavioural assays due to their visual system and colour preferences for application in neurobiological and toxicological studies. The genes responsible for pigmentation in zebrafish research are closely linked to human skin biology. Moreover, the zebrafish pigmentation system reveals the role of melanosomes as a protective function in managing oxidative stress regulation and supporting retinal health, drawing their translational relevance directly to human skin physiology and eye disease. Studies on zebrafish pigmentation collectively emphasise its significant role as a unifying model that connects the developmental biology, evolutionary genetics and biomedical science in humans. With the Ongoing progress in live imaging, genome engineering, and computational approaches, zebrafish will remain central to uncovering key mechanisms of pigmentation studies, providing essential insight into both fundamental biology and clinical research. These findings establish zebrafish as a pivotal model for understanding the genetic, cellular, and evolutionary dynamics of pigmentation across vertebrates.
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