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Abstract: Fish exhibit a broad spectrum of colors and patterns facilitated by specialized cells known
as chromatophores. The vibrant coloration of fish, controlled by complex genetic and environmental
interactions, serves critical roles in ecological functions such as mating, predation, and camouflage.
This diversity not only makes fish an invaluable model for exploring the molecular mechanisms of
pigmentation but also significantly impacts their economic value within the aquaculture industry,
where color traits can drive marketability and breeding choices. This review delves into the sophisti-
cated biological processes governing fish pigmentation and discusses their applications in enhancing
aquaculture practices. By exploring the intersection of genetic regulation, environmental influences,
and advanced breeding techniques, this review highlights both the scientific understanding and
practical applications of fish coloration, providing a bridge between basic biological research and its
application in commercial aquaculture.

Keywords: pigment cell; coloration; breeding; aquaculture

Key Contribution: This paper provides a comprehensive review of the genetic and molecular
mechanisms underlying fish pigmentation, particularly highlighting recent advances in pigment
cell differentiation, gene regulation, and their applications in aquaculture, thus offering a valuable
framework for future research and genetic engineering strategies in the field.

1. Introduction

Fish are distinguished by a vibrant and diverse palette of body colors, which vary
significantly across species, populations, and even individuals. These color variations are
not merely aesthetic but serve crucial biological functions such as communication and
reproduction, as well as camouflage and predation, which are essential for the survival
of many fish species [1–3]. In the context of sexual dimorphism, coloration is particularly
pivotal during mating. For instance, female peacock cichlids (Cichla) show a preference for
mates displaying bright orange-red hues [4]. Furthermore, pigmentation is vital for the
growth and development of fish, providing protection against DNA damage from excessive
ultraviolet radiation, which can lead to skin lesions, developmental abnormalities, or even
unexpected mortality [5–7].

Beyond its biological significance, coloration in fish is a key economic trait in aqua-
culture, influencing market value profoundly. Ornamental species like goldfish (Carassius
auratus) are prized for their vivid colors and unique shapes [8–10], while species like red
tilapia (Oreochromis spp.) are valuable due not only to their vibrant color but also to their
taste and nutrition [11]. The market value of the leopard coral grouper (Plectropomus leopar-
dus), for instance, increases with the intensity of its red body coloration [12,13], underlining
the economic importance of pigment traits. Consequently, the controlled and effective
enhancement of color traits through genetic selection remains a focal point in aquaculture.
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The underlying determinants of fish skin color involve intricate interactions among
various pigment cells which originate from the developmental processes of neural crest cells
(NCCs). Extensive research has elucidated that while many pigment cells share a common
intermediate destiny, it is the differential regulation of genes and signaling pathways that
dictates their fate [14–18]. Additionally, the synthesis and accumulation of pigments within
these cells are critical for color variability, influenced by the ratio of pigments like pteridines
and carotenoids [19].

Furthermore, the determination of coloration is influenced by an interplay of ge-
netic, environmental, dietary, and physiological factors, with genetics playing a particu-
larly critical role [20]. Over recent decades, advancements in genomics, transcriptomics,
metabolomics, and proteomics have shed light on the regulatory networks that underpin
color formation and have identified key genes regulating color variations [21–26]. Along-
side these advancements, techniques such as hybrid breeding, genomic selection, and gene
editing have been successfully applied to breed fish with desired color traits [9,27–31].

This review aims to provide a comprehensive overview of the cellular and structural
bases of fish coloration, the factors influencing color variation, and the recent progress
in color-related fish breeding. By delving into the mechanisms for the differentiation of
pigment cells and the molecular processes regulating pigment accumulation, and discussing
the influence of various factors such as nutrition, light, and hormones on color variation, this
article bridges fundamental biological research and its practical applications in commercial
aquaculture.

2. Cellular and Molecular Basis of Pigmentation

Fish exhibit a wide array of both colors and patterns on the skin, from the stark
horizonal blue and yellow stripes of zebrafish (Danio rerio) to the bright red body of the
leopard coral grouper adorned with blue iridescent spots. The diversity of coloration traits
in fish is determined by the types of pigment cells present, their pigment accumulation and
distribution across the scales, fins, and skin [32]. Therefore, a fundamental understanding
of the types of pigment cells, their differentiation mechanisms, and the molecular processes
driving pigment accumulation is essential for the molecular breeding of color traits in
aquaculture. This fundamental understanding will become the cornerstone of research into
the genetic manipulation of coloration in fish.

2.1. Pigment Cells and Their Development in Fish

Six primary types of pigment cells have been identified, including melanophore,
erythrophore, xanthophore, iridophore, leucophore, and the rarely reported cyanophore.
Fish also exhibit specialized pigment cells known as dichromatic chromatophores, which
uniquely combine the characteristics of two distinct types of pigment cells [33,34], adding
complexity to their coloration. Based on their mechanisms of coloration, pigment cells are
further classified into pigment cells and structural cells.

Melanophores are pigment cells characterized by their large size and radially branched
morphology with dendritic extensions. These cells typically range from 100 to 300 µm in
diameter, are larger than other types of cells, and contain melanin granules. The distribution
of these granules affects the color intensity of the fish’s surface—dispersing to darken
the surface and aggregating to lighten it. Melanophores primarily house two types of
melanin: eumelanin and pheomelanin, with granules generally measuring between 0.3 and
0.7 µm [35,36].

Xanthophores and erythrophores are closely related pigment cells that share a common
progenitor in zebrafish [37]. Xanthophores, usually measuring between 50 and 100 µm in
diameter, contain pteridine pigments that impart a yellow hue, whereas erythrophores are
filled with carotenoids responsible for red coloration. Interestingly, pteridine pigments and
carotenoids can coexist within the same cell, influencing the color outcome based on their
relative concentrations [38,39]. It is noteworthy that animals cannot synthesize carotenoids
themselves and must obtain them from food. Through a series of processes including ab-
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sorption, transportation, oxidation, and deposition within the body, carotenoids eventually
manifest in the coloration of the body surface [40,41].

Iridophores are structural cells characterized by a polygonal or oval shape and contain
reflective substances such as guanine, hypoxanthine, and adenine that create iridescence
through light reflection. Interference and scattering phenomena occur when the incident
light goes through the reflection plates, resulting in the display of different colors when
layered with other pigment cells. The size of iridophores is similar to that of xanthophores,
but their dendrites are thicker [42,43].

Leucophores, also categorized as structural cells, utilize uric acid-formed reflectors
to produce white or silver-white colors, distinguishing them from the iridescent colors of
iridophores. The size of leucophores is similar to that of xanthophores and erythrophores.
Research on leucophores is relatively abundant on the medaka (Oryzias latipes) [44,45].

Pigment cells in teleost fish originate from NCCs during embryonic development.
NCCs are a special population of embryonic stem cells in vertebrates with transient, highly
migratory, and multipotent characteristics [46]. After their delamination from the dorsal
neural tube, NCCs migrate extensively throughout the embryo, settling in diverse locations
and differentiating into various cell types, including neurons, glial cells, chondrocytes,
bone cells, and pigment cells critical for skin coloration [47,48].

The mechanisms governing the fate determination of NCCs have not been fully
resolved yet. Early studies proposed the direct fate restriction (DFR) model which suggests
that NCCs differentiate directly into specific cell types at defined locations under the
influence of targeted signals such as bone morphogenetic protein (BMP), neuregulin (NRG),
and Wnt. These signals drive the differentiation of NCCs into sensory neuron cells, smooth
muscle cells, and melanophores, respectively [49–51]. However, emerging research has
indicated a notable heterogeneity in the expression of key marker genes among early
migrating and pre-migratory NCCs across different conditions. This observation has led
to the proposal of the progressive fate restriction (PFR) model, which suggests a more
dynamic differentiation process involving a series of intermediate progenitor cells [52–56].
These progenitors differentiate into specific cell types as they migrate to appropriate sites
within the embryo. For instance, bipotent sympathetic neuroglial progenitor cells which
have potential for sympathetic neuron and neuroglial cell fates, migrate towards the aorta
to form sympathetic ganglia [57,58]. Moreover, the differentiation trajectories of NCCs in
other vertebrates like mice (Mus musculus) and chickens (Gallus gallus) support the PFR
model, showing potential common progenitors for melanophores and glial cells [59,60].
The advent of single-cell sequencing technologies has further refined our understanding
of these processes, revealing the transcriptional heterogeneity of NCCs in multiple model
species [16–18] and the expression of pigment cell-specific genes in pre-migratory NCCs in
zebrafish [18]. These supplementary research findings have led to a broader acceptance of
the PFR model.

The zebrafish is distinguished by its possession of the most common types of pigment
cells found in fish—melanophores, xanthophores, iridophores, and leucophores. Coupled
with attributes such as embryo transparency, rapid development, and an ease of genetic
manipulation, the zebrafish has proven to be an exemplary model for studying the origins,
differentiation pathways, and patterning mechanisms of pigment cells [61–63]. Research
has demonstrated that these pigment cells originate from NCCs, and during their differen-
tiation, zebrafish exhibit bipotent pigment progenitor cells, aligning with the PFR model
of NCC differentiation [14,15]. In-depth studies have elucidated the cellular mechanisms
underlying the fate determination of these cells, particularly how NCCs differentiate into
specific pigment cells [64–66].

Melanophores, the most extensively studied pigment cell type across animal species,
are heavily influenced by a network of regulatory factors. The transcription factor Sox10 is
pivotal in the fate specification of neural crest-derived cells. Mutations in sox10 result in the
apoptosis of NCCs and the subsequent failure to develop melanophores, xanthophores, and
iridophores [67]. Initially, the upregulation of sox10 during embryonic development triggers
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the activation of mitfa, a critical gene directing the melanophore lineage [68]. Interestingly,
as development progresses, sox10 is rapidly downregulated, which inversely affects the
expression of pigment synthesis genes such as dct, tyr, and silva, mediated by mitfa [69]. This
dynamic expression is potentially regulated by feedback mechanisms involving the Hdac1
histone deacetylase. Furthermore, studies have indicated that sox9b can independently
drive melanophore differentiation apart from mitfa regulation, stabilizing the presence of
melanophores in the organism [69]. The Wnt signaling pathway also plays a crucial role
throughout the process of melanophore differentiation, exerting a continuous influence up
to 72 hpf [70,71]. Initially, this pathway synergizes with sox10 to activate the expression of
mitfa, thereby facilitating the early stages of melanophore differentiation. As development
progresses, a positive feedback loop emerges between the Wnt signaling pathway and mitfa,
which plays a pivotal role in the morphological evolution of melanophores. This dynamic
regulatory interaction underscores the complexity of the cellular signaling involved in
pigment cell development.

Recent advancements have significantly deepened our understanding of the mecha-
nisms for iridophores’ differentiation, particularly their close linkage with melanophore
differentiation. Central to this process is transcription factor tfec, a member of the MiT
transcription factor family, similar to mitfa. Tfec serves as the master regulator guiding mul-
tipotent progenitors to differentiate into iridophores [72]. It is co-expressed with sox10 and
leukocyte tyrosine kinase (ltk), which encodes an insulin-like receptor tyrosine kinase, in
early NCCs. This expression synergy promotes the differentiation of these cells into specific
iridophore precursors [66,73]. Sox10 plays a pivotal role in sustaining tfec expression within
these precursors, while tfec and ltk reciprocally maintain each other’s expression through a
positive feedback loop [66]. Moreover, iridophore precursors also express mitfa, and intrigu-
ingly, in mitfa mutant zebrafish where melanophores are absent, an increase in iridophore
numbers is observed. This indicates the bipotent capability of iridophore precursors to
differentiate into either melanophores or iridophores [66,72]. Additionally, the forkhead
box transcription factor encoded by foxd3 is expressed in pre-migratory NCCs and is crucial
for iridophore differentiation [74]. Studies have shown that in zebrafish, foxd3 inhibits mitfa
expression by binding to its promoter, which not only promotes iridophore development
but also prevents these precursors from differentiating into melanophores [75–77]. The
Edn3b signaling pathway also plays a crucial role in both iridophore differentiation and
pigment accumulation. The knockdown of edn3b results in a significant reduction in iri-
dophore numbers by 48hpf [78], and the knockout of its receptor, ednrba, in adult zebrafish
leads to decreased iridophore numbers and defects in stripe patterns [79]. Furthermore,
other transcription factors like gbx2, alx4a, and mpv17, which encode various regulatory
proteins, contribute to the specialization of iridophores, although the specifics of their
downstream regulatory mechanisms remain to be fully elucidated [80–82].

The differentiation of xanthophores involves a complex network of multiple genes,
including pax3, pax7, csf1r, sox5, and sox10. Studies using the targeted knockdown of pax3
in specific NCC populations have demonstrated its critical role, as its absence results in the
depletion of xanthophores and enteric neurons, highlighting pax3′s essential function in
xanthophore development [83]. Additionally, pax7 proves to be pivotal in establishing the
xanthophore lineage; zebrafish embryos with double mutations in pax7a and pax7b exhibit
a significant reduction in xanthophore precursor cells and a complete absence of mature
xanthophores [65]. Moreover, pax7 mutants display an increase in melanophores, which
migrate more extensively and contribute to a darker phenotype in embryos and larvae. This
suggests that pax7 influences pigment cell differentiation by regulating bipotent xantho-
melanophore precursor cells. Further analysis reveals that the regulatory interactions
between sox10, pax3, and mitfa are evolutionarily conserved and work synergistically to
enhance mitfa expression, which plays a critical role in directing the fate of these bipotent
cells. Intriguingly, pax7 can modulate mitfa to preferentially differentiate these cells into
xanthophores rather than melanophores, thus influencing the fate selection of xantho-
melanophore cells in zebrafish. This mechanism of fate determination is analogous to the
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regulation observed between melanophores and iridophores, where the expression of mitfa
by transcription factors is a deciding factor [84]. In addition, studies have found that csf1r
(also known as fms), which encodes the type III receptor tyrosine kinase, is indispensable
for the maturation of xanthophore precursors into fully developed xanthophores and also
impacts the distribution of melanophores [85]. Furthermore, sox5 plays an important
role in overall pigment cell differentiation by acting antagonistically against sox10 and
loss of sox5 can rescue the loss of three types of pigment cells including xanthophore in
the sox10 mutant in zebrafish. However, in the medaka, which has abundant numbers
of leucophores, sox5 interacts with sox10 in the xanthophore/leucophore progenitors to
promote the xanthophore fate [86].

Research on erythrophores has predominantly concentrated on the aspects of pig-
ment synthesis, accumulation, and degradation, with relatively few studies addressing
the early differentiation mechanisms of these cells. This gap in research is partly due to
the absence of erythrophores in zebrafish, a commonly used model organism. To bridge
this knowledge gap, Huang et al. leveraged the presence of erythrophores in Danio al-
bolineatus, a close relative of zebrafish, to explore the differentiation dynamics between
erythrophores and xanthophores [37]. Their study discovered that in the fins of D. albo-
lineatus, both erythrophores and xanthophores originate from shared orange progenitor
cells and make distinct fate decisions based on the cell distribution within the tissue. Re-
markably, under specific conditions, differentiated erythrophores have the capability to
transform into xanthophores, underscoring a significant developmental flexibility and
interconnection between these pigment cells. This observation is corroborated by the
findings of Sušnik et al. [87]. Further research in Spotted scat (Scatophagus argus) provided
insights into the genetic regulation of erythrophore function. It was observed that genes
involved in carotenoid metabolism (scarb1, plin6, and bco1), tetrahydrobiopterin synthesis
(gch2), and pigment granule differentiation (slc2a15b and csf1ra) exhibit a marked increase
in expression from 24 to 36 hpf. This upregulation reflects the critical developmental phases
of erythrophores, elucidating the temporal gene expression patterns during their early
embryonic development [88].

The medaka has become a valuable model organism for studying pigment cell dif-
ferentiation mechanisms due to its possession of key cell types, including melanophores,
iridophores, xanthophores, and leucophores [89]. Although leucophores used to be thought
to be more related to iridophores as they share the same mechanism of purine-dependent
light reflection, research has elucidated that the differentiation pathways of leucophores
in medaka closely mirror those of xanthophores. Specifically, transcription factor Pax7a
is crucial for differentiating both leucophores and xanthophores [90]. It was also shown
that pax7 can regulate the formation of xantho-leucophores or melanophores through the
modulation of mitfa [84]; furthermore, the gene slc2a15b has been identified as promoting
the development of xantho-leucophores into leucophores [90]. Expanding on these in-
sights, studies have shown that sox5 serves as a regulatory switch in the fate determination
of these bipotent progenitor cells. The expression of sox5 in medaka directs progenitor
cells towards a xanthophore lineage, whereas a reduction in sox5 function shifts the bal-
ance towards leucophore differentiation [91]. This dynamic role of sox5 has been further
validated by research conducted by Nagao et al., which demonstrates that while sox5
supports xanthophore lineage differentiation in medaka, it acts conversely in zebrafish,
highlighting a fascinating aspect of species-specific regulatory mechanisms in pigment
cell development [86]. The mechanisms for the differentiation of these pigment cells are
illustrated in Figure 1.
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Figure 1. A schematic diagram illustrating the differentiation mechanisms of pigment cells in fish.
The diagram highlights the major regulatory genes that promote (arrows) or inhibit (“T” shaped
marks) specific pigment cell fates. The sox5 gene plays a suppressive role in overall pigment cell
differentiation, including xanthophores in zebrafish, by antagonizing sox10. However, in medaka,
where leucophores are abundant, it promotes xanthophore differentiation over leucophores. Inter-
mediate cells represent a stage with dual differentiation potential. Only genes with a known role in
pigment cell differentiation are depicted. Hdac1 complex: histone deacetylase 1 complex.

2.2. Accumulation of Pigments and Body Color Differences

The differentiation of NCCs into various pigment cells and the subsequent accu-
mulation of pigments are pivotal processes that dictate the diverse coloration observed
in fish. The process of pigment accumulation is regulated by specific genes and influ-
enced by a myriad of factors including the genetic makeup, intercellular interactions, and
environmental conditions.

In melanophores, melanin synthesis is a critical determinant of coloration, governed
by the tyrosine enzyme family. This family includes tyrosinase (Tyr), tyrosinase-related
protein 1 (Tyrp1), and dopachrome tautomerase (Dct), which are essential for the conver-
sion of tyrosine into melanin [92]. Tyr, as the rate-limiting enzyme, plays a decisive role in
initiating melanin biosynthesis, while Tyrp1 and Dct further catalyze the conversion of in-
termediate dopaquinone into actual melanin [93]. These enzymatic activities are intricately
regulated by Mitfa, which influences melanin production by binding to the promoters of tyr,
tyrp1, and dct [94]. Several signaling pathways are implicated in the regulation of melanin
synthesis (Figure 2). The Wnt/β-catenin signaling pathway modulates the gene expression
involved in melanogenesis through the regulation of mitfa [95,96]. Exposure to ultraviolet
radiation triggers the Mc1r/α-MSH pathway, which then drives the expression of mitfa to
enhance melanin synthesis to provide photoprotection [97,98]. Conversely, Asip’s inter-
action with Mc1r can suppress Mitfa expression, thereby reducing melanin synthesis [99].
Additionally, the Scf/c-Kit signaling pathway negatively regulates melanin production by
activating Erk1/2 phosphorylation [100,101]. Similar to this, the P13K/Akt pathway can
also influence melanin production by regulating the expression of mitfa [102,103]. In this
process, mTOR cooperates with this signal to decrease mitfa expression, thereby inhibiting
melanin synthesis [104].
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Figure 2. Signaling pathways influencing melanin synthesis in fish pigment cells. Illustrated are
the Wnt/β-catenin signaling pathway, the Mc1r/α-MSH signaling pathway, the Scf/c-Kit signaling
pathway, and the PI3K/Akt signaling pathway, each contributing to the regulation of melanin
synthesis.

In xanthophores, pigments responsible for coloration include pteridines and carotenoids.
Thus, the biosynthesis of pteridine substances forms the foundation for pigment accumulation
in xanthophores. In species like zebrafish and medaka, the biosynthesis of pteridines primar-
ily involves key enzymes, such as GTP cyclohydrolase (Gch), 6-pyruvoyltetrahydropterin
synthase (Ptps), and sepiapterin reductase (Spr). The gch gene encodes the first crucial rate-
limiting enzyme in this pathway, and its high expression leads to an increased pteridine
metabolism and pigment content [105]. Mutations in gch2 result in grayish xanthophores in
zebrafish larvae, which gradually return to normal during development due to compensatory
effects from gch1 [106]. ptps encodes the second crucial enzyme in pteridine synthesis, and its
loss results in a lethal albino phenotype in silkworms [107]. spr catalyzes the conversion of
sepiapterin to tetrahydrobiopterin (BH4), and its expression increases with the proliferation of
xanthophores [105].

Erythrophores primarily contain carotenoids which animals cannot synthesize and
must obtain from food. Thus, the metabolism of carotenoids is closely related to pigment ac-
cumulation in erythrophores. The process involves several biological stages such as absorp-
tion, oxidation, transportation, deposition, and degradation (Figure 3). Carotenoid absorp-
tion relies on transport molecules, including scavenger receptor class B type 1 (SR-B1) [108],
cluster of differentiation 36 (CD36) [109], and ATP-binding cassette transporters [110]. After
being absorbed, carotenoids undergo oxidation via ketolases before being assimilated by
the organism. For instance, cyprinid fish oxidize zeaxanthin into astaxanthin, creating
more vivid body colors. Some marine fish produce bright yellow substances through
tunacrysin, a byproduct of astaxanthin oxidation [111]. Notably, six ketolases, namely
Cyp2j19, Cyp3a80, Cyp384a1, Crtw, Crto, and Crts, have been identified. A mutation in
the cyp2ae2 gene significantly reduces the astaxanthin content in the fin region containing
erythrophores of Danio albolineatus, while the relative amount of zeaxanthin increases,
indicating that cyp2ae2 encodes a carotenoid ketolase affecting oxidation [37]. In addition,
carotenoids are typically packaged into chylomicrons and some lipoproteins for transport
to other tissues for utilization by the body [112,113]. Carotenoid-binding proteins, such as
crustacyanin, the asteriarubin protein, the Linckiacyanin protein, and the shrimp ovary
green protein mediate the transportation and deposition of carotenoids in animals [114,115].
Finally, carotenoid cleavage dioxygenases such as Bco1 and Bco2 degrade carotenoids by
acting on different chemical sites [116,117].
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Iridophores exhibit a unique feature: their pigment composition lacks internal pig-
ments but uses reflective plates made of guanine crystals to display various colors [43].
Therefore, guanine synthesis directly affects iridophore coloration. This pathway includes
inosine monophosphate (IMP) synthesis, guanosine monophosphate (GMP), and finally
guanine [118]. Enzymes encoded by the gart and paics genes are crucial for IMP synthe-
sis. Mutations in these genes lead to a significant deficiency in the guanine required for
iridophore pigmentation in zebrafish embryos [119]. The pnp4a gene encodes purine nucle-
oside phosphorylase which converts guanosine to guanine. Mutations in pnp4a in medaka
significantly reduce the guanine deposition in iridophores throughout their lifecycle, affect-
ing iridophore coloring [120]. While guanine synthesis is a key determinant of iridophore
coloration, other factors such as the angle of incident light, the cytoplasmic refractive index,
and the spacing of reflective plates also play significant roles. Together, these factors interact
to create the observed variations in iridophore coloration [43]. Leucophores, structurally
similar to iridophores, also possess reflective plates. Recently, research in medaka has
found that the primary high-refractive-index substance is uric acid [121]. Uric acid scatters
light, creating a white appearance. Thus, uric acid synthesis may influence leucophore
coloration and subsequently contribute to body color variation.

In summary, NCCs differentiate into various pigment cell types via diverse molecu-
lar mechanisms. Pigment cells accumulate pigments under complex gene networks and
signaling pathways. Interactions between neighboring cells, signal regulation in the cel-
lular environment, and external factors ultimately lead to body color differences within
the same species. This regulatory network and differentiation process accounts for the
diversity of fish coloration, providing an essential focus for understanding biodiversity
and evolutionary adaptation.

3. Factors Influencing Pigmentation

The manifestation of color changes in fish primarily stems from two fundamental
aspects: morphology and physiology. These facets are intricately regulated by a multitude
of factors, encompassing environmental variables, nutritional statuses, and intrinsic biolog-
ical determinants. The interplay of diverse conditions, such as disparate lighting regimes
and nutritional compositions, can yield a spectrum of body colors among fish populations.
Dynamic alterations in body coloration, triggered by external stimuli, are mediated by
the intricate orchestration of physiological processes, including the secretion of hormones.
Furthermore, certain species undergo metamorphic transitions during their developmental
stages, engendering profound shifts in body pigmentation and consequent individual vari-
ations in coloration. Consequently, within stable genetic frameworks, a myriad of factors
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exerts discernible influences on the coloration of fish. These color dynamics epitomize
an adaptive mechanism, facilitating an enhanced resilience to fluctuating environmental
conditions and fostering superior acclimatization within their habitat.

3.1. Nutritional Influences

Zooplankton stand as a vital component of the natural diet for fish, furnishing them
with a rich array of nutrients, including docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA). The consumption of zooplankton by fish precipitates the deposition of skin
pigments, which has been observed in species such as the Turbot (Scophthalmus maximus),
the Dover sole (Solea solea), and the Atlantic halibut (Hippoglossus hippoglossus) [122–124].
An insufficiency of DHA can detrimentally impact melanin synthesis. Skin tissues undergo
heightened sensitivity during the pre- and post-metamorphic phases of fish development,
with pigment progenitor cells transitioning into fully mature pigment cells. Throughout
this critical period, the nutritional milieu emerges as a pivotal determinant influencing skin
pigmentation dynamics. Noteworthy instances include observations in Senegalese sole
(Solea senegalensis) fry, where supplementation with arachidonic acid (ARA) during early
developmental stages manifests in a bleaching phenotype, hampering the accumulation of
skin pigments [125]. Thus, fatty acids are underscored as indispensable contributors to the
intricacies of fish coloration.

Numerous economically significant fish species, such as the leopard coral grouper
and the red tilapia, command premium prices in the market when exhibiting hues leaning
towards red. This desirable coloration is primarily attributed to the deposition of ample
carotenoids on the body surface [111]. Among these, astaxanthin stands out, yet it is
noteworthy that animals lack the ability to synthesize it endogenously [126]. Instead, astax-
anthin is assimilated and metabolized by the intestines post-consumption, predominantly
sourced from dietary intake. Once absorbed, it accumulates in the skin tissues, imparting
vivid red, orange, and yellow hues to the body [127,128]. However, color degradation
can occur in artificial aquaculture settings, often mitigated by dietary supplementation
strategies incorporating astaxanthin or astaxanthin-rich sources such as microalgae into the
fish’s diet [129].

3.2. Environmental Factors

Illumination plays a pivotal role in regulating the circadian rhythms of fish and ensur-
ing the synchronization of their biological clocks [130]. In natural habitats, light conditions
that align with the visual acuity of fish facilitate efficient foraging, thereby enhancing their
overall survival rates [131]. Moreover, distinct light spectra exhibit varying degrees of
transmission, and the selection of specific lighting conditions in fish rearing settings can
significantly influence body pigmentation and even impact survival outcomes. Notably, in-
vestigations have revealed that exposure to white light inhibits the embryonic development
of zebrafish and the deposition of xanthophores, underscoring the significance of mitigating
light pollution [3]. In aquaculture practices, adjustable LED lights are commonly employed
as artificial light sources to emulate natural lighting conditions, thereby fostering optimal
conditions for breeding and eliciting desired body coloration traits. For instance, in the case
of the spotted snakehead fish (Channa punctata), it has been observed that monochromatic
light influences the distribution of melanophores. Blue light exhibited a favorable effect on
the fish’s coloration, whereas continuous exposure to white and black light compromised
the aesthetic appearance of C. punctata [132].

In addition to external lighting conditions, the selection of an appropriate background
color for fish rearing holds significant importance. Research has underscored the profound
impact of background color on various aspects of fish biology, particularly in terms of
pigmentation [10,133]. Fish adapt to their background hues, leading to changes in their
body coloration. This adaptive response has been thoroughly examined in rainbow trout,
where individuals raised in tanks of different colors exhibited distinct color variations,
with trout in the white tank displaying the most vibrant coloration, while those in the
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black tank showed the darkest hues [134]. This suggests that lighter background hues
may enhance body color brightness. Similar observations have been corroborated in the
leopard coral grouper, where employing white as the background color was found to be
particularly advantageous in maintaining vibrant red body pigmentation [135]. However,
contrasting results were observed in goldfish, wherein a white background was found
to compromise skin coloration while simultaneously promoting fish growth, indicating a
complex interaction between background color and physiological responses [136].

These external factors—lighting and background color—are perceived as stimuli that
can lead to variations in hormone secretion, reflecting the organism’s internal response
to environmental changes. For instance, research on rainbow trout revealed that rearing
them against different background colors resulted in varying levels of secretion of melanin-
concentrating hormone 1 (Mch1) and pro-opiomelanocortin (Pmoc), with higher secretion
observed in environments with white and black backgrounds, respectively [134]. Similarly,
catfish reared in tanks of different colors showed elevated cortisol levels for those kept
in black tanks compared to those in white, yellow, and green tanks [137]. These findings
underscore the need for further research to explore how background color affects body
coloration through changes in hormone secretion, enhancing our understanding of the
physiological mechanisms underlying these environmental effects on fish pigmentation.

In addition to the aforementioned factors, various other environmental parameters
exert notable influences on the body coloration of fish within aquaculture settings. For
instance, factors such as temperature and salinity have been identified as key determinants
shaping fish coloration dynamics. Notably, maintaining a water temperature of 28 ± 2 ◦C
and incorporating astaxanthin or microalgae into the diet have been shown to significantly
enhance the vibrancy of goldfish body coloration [138]. Similarly, when rainbow trout are
reared under conditions of 30‰ salinity, they exhibit elevated total carotenoid contents
compared to those raised in fresh water [139]. Furthermore, stocking density emerges as
a pivotal factor influencing body color variations among fish populations. High stocking
densities can induce pressure mechanisms, leading to observable changes in skin coloration.
For instance, Atlantic mackerel (Scomber scombrus) subjected to elevated rearing densities
may transition from green to blue hues [140]. Additionally, physiological responses to
acute stress in teleost can evoke a rapid whitening of body coloration, a phenomenon
attributed to the prompt release of adrenaline into the bloodstream [13]. These multifaceted
interactions underscore the intricate interplay between environmental factors and fish
pigmentation within aquaculture systems.

3.3. Hormonal Influences

Alterations in fish body coloration are not solely contingent upon external influ-
ences such as nutrition and lighting but are also intricately linked to hormonal regulation.
Notably, stress-induced responses in fish prompt the secretion of two key hormones:
melanin-concentrating hormone (Mch) and melanocyte-stimulating hormone (Msh), insti-
gating rapid color changes as a coping mechanism in response to external stimuli [141].
Moreover, as research endeavors delve deeper into color-related studies, mounting evi-
dence underscores the pivotal roles played by hormones such as thyroid hormone (Th),
somatolactin (Sl), and prolactin in modulating the differentiation and development of
pigment cells. These insights illuminate the multifaceted interplay between hormonal
regulation and fish pigmentation dynamics, underscoring the complexity of the underlying
physiological processes.

In addition to exerting influences on the physiological dynamics of fish body col-
oration, the hormones Mch and Msh play pivotal roles in modulating the differentiation
and synthesis of melanophores. Notably, research elucidates that Mch curtails the height-
ened activity of melanophores in trout, while Msh stimulates melanin synthesis and serves
as a pivotal differentiation factor for melanophores [36,142]. Meanwhile, Sl, a member of
the growth hormone superfamily, contributes to a myriad of physiological processes encom-
passing reproduction, growth, and immune responses [143,144]. Within Cichlasoma dimerus,
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Sl has been observed to foster melanophore proliferation, whereas in medaka, it selectively
orchestrates the morphogenesis of specific pigment cells [145,146]. Further investigations
unveil a close physiological and morphological interdependence between Mch and Sl in
effecting body color changes, collectively influencing pigment cell differentiation [147].
Additionally, prolactin has been noted in Nile tilapia (Oreochromis niloticus) to disperse
erythrophores and xanthophores, thereby facilitating the development of corresponding
skin hues [148,149].

Th serves as a pivotal regulator in various physiological facets, encompassing ab-
normal development, growth, reproduction, and metabolism in animals. This review
centers on elucidating its influence specifically on the differentiation mechanism of pig-
ment cells. McMenamin et al. elucidated the dependency of pigment cell differentiation
on Th through the zebrafish pigment differentiation model [150]. Furthermore, leveraging
advancements in single-cell sequencing technology, Saunders et al. conducted an intricate
analysis of this mechanism. Their findings revealed that Th fosters the differentiation
of pigment progenitor cells into melanophores while concurrently constraining the total
melanophore population generated. Moreover, in xanthophores, Th facilitates the accu-
mulation of carotenoids, thereby imbuing color to the cells [151]. Additionally, research
has underscored the significant role of Th signaling in the visual adaptation of vertebrates,
potentially linking changes in illumination to alterations in body coloration mediated by
fish vision [152]. Consequently, the question arises: do illumination factors induce changes
in body color through Th signaling?

The intricacies of body coloration, whether in its formation or alteration, entail a
complex interplay of processes involving pigment cell differentiation, pigment synthesis,
and accumulation. These intricate processes are tightly regulated by the organism’s own
gene expression networks. Factors such as nutrition, light exposure, background color,
hormonal influences, among others, exert their effects on body coloration primarily through
modulating the expression of genes linked to pigmentation. Consequently, elucidating the
genetic mechanisms underpinning body color traits in economically significant species
stands as a paramount objective in aquaculture breeding programs. The overarching
goal is to delineate the key genes governing body color formation, thereby facilitating the
selective breeding of aquaculture species harboring desirable color traits. Ultimately, these
genetic insights are leveraged within aquaculture practices to optimize productivity, as
aquaculture species exhibiting coveted body color characteristics are selectively bred to
meet market demands.

4. Advances in Breeding Technologies for Color Traits

To enhance the skin color and economic viability of cultured and ornamental fish
species, researchers continue to delve into the genetic regulatory mechanisms underlying
pigmentation, and by harnessing cutting-edge breeding technologies such as gene editing,
selective breeding, and hybrid breeding, researchers are able to pinpoint and manipulate
the genetic determinants of pigmentation, propelling the development of targeted breeding
strategies in aquaculture.

4.1. Gene Editing

Gene editing, particularly through the CRISPR/Cas9 system, has revolutionized the
precision with which we can alter the genetic makeup of organisms. This technology allows
for the targeted modification of DNA to include point mutations, gene knockouts, and
large-scale genomic rearrangements, thereby enabling researchers to directly assess gene
function and trait manifestation [153–155].

Focused gene exploration by gene editing has been pivotal in expanding our under-
standing and manipulation of pigmentation pathways into aquaculture fish species. The
study by Xu et al. has shown that knocking out the tyrosinase (tyr) genes in Oujiang
color common carp leads to the absence of melanin, creating golden mutants in the initial
(F0) generation [156]. The disruption of mc1r in Oujiang color common carp resulted in a
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significant reduction of skin melanin levels, which underscored the pivotal role of mc1r in
skin melanin spot formation [157]. Moreover, utilizing CRISPR-Cas9 targeting tyr genes in
Atlantic salmon, crucian carp, and zebrafish, as well as the asip gene in Oujiang color carp,
researchers have probed various aspects of melanin regulation in these species [158–161].

Additionally, strategic disruptions in pigment-related genes using CRISPR-Cas9 have
led to groundbreaking advances in the breeding of fish with desirable color traits. For
instance, targeted knockouts in melanin-related genes such as pmela and pmelb have resulted
in Nile tilapia variants displaying a pale yellow coloration and reduced melanophore
density, pivotal in the development of the golden Nile tilapia variant [162]. Similarly,
the creation of homozygous mutants in the hps4 gene, critical for melanin synthesis, has
produced silver-white Nile tilapia variants [163]. Furthermore, precise gene editing of
csf1ra has yielded Nile tilapia with gray and gray-black tails, illustrating the refined control
achievable over pigment cell development [164]. Remarkably, the knockout of a single
gene, agrp2, has enabled the reconstitution of stripe patterns in a non-striped cichlid,
showcasing the potential of gene editing to manipulate specific patterns in fish [165]. This
discovery opens new avenues for breeding ornamental fish with customized patterns
through targeted genetic manipulation.

Gene editing not only offers a pathway to deepen our understanding of genetic
factors underlying fish pigmentation but also serves as a crucial technology for sustainable
fishery development. Its ability to achieve precise trait incorporation rapidly and without
introducing foreign DNA addresses both biosafety concerns and accelerates breeding cycles.
Ongoing advancements in delivery techniques, such as microinjection, electroporation,
and nanoparticle delivery, are expected to further enhance the efficiency and scope of
gene editing in aquaculture. CRISPR-Cas9′s role in modern aquaculture exemplifies a
shift towards more controlled and sustainable breeding practices, promising significant
advancements in fish farming efficiency and genetic diversity preservation.

4.2. Selective Breeding and Genome-Wide Association Studies (GWAS)

Selective breeding is instrumental in enhancing and manipulating fish coloration, a
process critical for both commercial and conservation purposes [20,166]. By strategically
pairing individuals that exhibit desirable color traits, breeders can produce offspring with
intensified hues. This selective process typically focuses on individuals displaying the most
vibrant and distinct colors, facilitating the hereditary transmission of these traits. Achieving
effective selection, however, necessitates a comprehensive understanding of the genetic
foundations that link genotypes to phenotypes. While this is relatively straightforward
in instances where a single or a few genes govern the color trait, the complexity increases
substantially when the trait is influenced by multiple genes or when the specific gene or
cis-regulatory elements remain unidentified. Fortunately, advancements in next-generation
sequencing technologies, coupled with decreasing costs, have empowered researchers and
breeders to identify molecular markers linked to specific color traits. These markers can
then be employed in marker-assisted selection or genomic selection strategies to precisely
enhance color traits in fish populations.

Genome-Wide Association Studies (GWAS) utilize statistical methods based on linkage
disequilibrium to identify correlations between genetic variants—particularly single nu-
cleotide polymorphisms (SNPs)—and phenotypic traits across a broad spectrum of aquatic
organisms [167]. This approach has been pivotal in researching growth, disease resistance,
stress tolerance, and pigmentation traits in fish [168–171]. GWAS not only aid in gene
discovery but also significantly advance molecular marker-assisted breeding, enhancing
both the precision and the efficiency of these processes [172].

Recent applications of GWAS have profoundly impacted the study of fish pigmenta-
tion, elucidating the complex genetic architecture that governs color traits. For example, Xu
et al. (2014) employed whole-genome sequencing to analyze the genomes of various strains
of common carp (Cyprinus carpio) and identified genetic loci associated with scale patterns
and color variations, highlighting the wnt/β-catenin signaling pathway as a crucial element
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in pigmentation processes [173]. GWAS were used to identify 158 genes within 50kb of
57 SNPs linked to black color traits [174] and 10 SNPs with 35 associated genes which
are correlated to the red color traits in the leopard coral grouper [171]. In Huanghe carp,
GWAS analysis revealed 18 significant SNP loci on chromosome 11, subsequently localiz-
ing to five candidate genes (mitf, oca2, ap1m1, apope, and lprp8) associated with pigment
deposition [175].

Additionally, GWAS continue to be instrumental in other species such as the Yesso
scallop (Patinopecten yessoensis), the giant grouper (Epinephelus lanceolatus), and the large
yellow croaker (Larimichthys crocea), where it has helped identify genes linked to traits like
shell or skin color and growth, significantly enhancing aquaculture practices [176–178].
These findings underscore the value of GWAS in uncovering the genetic foundations of
economically important traits and in fostering the sustainable development of aquaculture.

As genomic technologies and methodologies continue to advance, the scope and im-
pact of GWAS in fish research are expected to expand, offering more profound insights into
genetic mechanisms and enabling more targeted breeding strategies. This ongoing evolu-
tion promises to refine our understanding of fish genetics and to support the conservation
and enhancement of fish populations worldwide.

4.3. Hybrid Breeding

Hybrid breeding, a method involving the crossbreeding of individuals from different
populations, varieties, or subspecies, leverages genetic diversity to produce offspring with
desirable traits. This method enhances phenotypic characteristics such as growth rate,
disease resistance, stress tolerance, and notably, diverse color patterns, thereby increasing
the adaptability, productivity, and economic value of the offspring [179].

Research has shown that complex color patterns in fish can emerge from the hybridization
of simpler motifs, a phenomenon supported by mathematical models. Miyazawa et al. (2010)
provided empirical support for this model by documenting the emergence of intricate, curved,
worm-like and labyrinthine patterns in hybrids of White-spotted charr (Salvelinus leucomaenis)
and Masu salmon (Oncorhynchus masou), where bright and dark spots, respectively, combined
to produce new patterns consistent with simulation predictions [180]. Subsequent studies
by Miyazawa (2020) further elucidated the mechanistic underpinnings of these camouflaged
labyrinthine patterns, finding strong associations with simple spot motifs across a broad
analysis of 18,114 fish species, which underscored the robustness of the pattern blending
hypothesis [181].

While traditionally utilized in the breeding of ornamental fish, targeted hybridization for color
traits has also shown potential in modifying skin coloration in food fish, catering to niche market
preferences. For example, hybrid groupers (Epinephelus fuscoguttatus × Epinephelus lanceolatus)
have demonstrated notable variations in skin color, including normal, white, and yellow hues,
potentially enhancing market appeal [182]. Additionally, hybrid breeding offers a strategic
approach to amalgamating favorable color traits with other advantageous characteristics like
growth rates from different species or strains [182,183]. This breeding technique also plays a
crucial role in elucidating the genetic mechanisms underlying pigmentation. For instance, research
by Nwachi et al. on the African catfish (Clarias gariepinus) leveraged hybrid breeding to probe the
genetic determinants of albinism, revealing gender-specific patterns in the inheritance of body
color traits [184].

In summary, hybrid breeding emerges as a formidable strategy in aquaculture, en-
abling the development of fish with tailored traits that not only enhance visual appeal
and commercial value but also foster a deeper understanding of genetic and phenotypic
evolution. As biotechnological advancements progress, and our understanding of fish
pattern formation deepens, the precision and effectiveness of hybrid breeding for color
trait enhancement are anticipated to advance, further solidifying its role in promoting
sustainable aquaculture practices.
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5. Conclusions and Prospects

This review has illustrated the intricate interplay of genetic, environmental, and
nutritional factors that govern the pigmentation in fish. Understanding these complex
mechanisms is crucial not only for the scientific breeding of aesthetically and economically
valuable aquaculture species but also for contributing to biodiversity conservation and
ecological studies.

While substantial advancements have been made, research on fish pigmentation con-
tinues to confront significant controversies and limitations. For instance, the traditional
PFR model has been a longstanding framework for understanding pigment cell differentia-
tion. However, recent insights from Subkhankulova et al. propose an alternative Cyclical
Fate Restriction (CFR) model, which suggests that pigment cells arise directly from highly
multipotent progenitor cells that express various fate-biased markers cyclically [185,186].
Upon receiving specific signals, these cells commit to distinct fates, enriching our under-
standing of the cellular pathways involved in pigment cell differentiation and highlighting
the dynamic nature of genetic regulation in this field.

Despite having identified numerous key genes responsible for the differentiation of
NCCs into specific pigment cell types, our understanding remains limited regarding the
specific mechanisms through which these genes are upregulated or downregulated along
different developmental pathways. Evolutionary research in cichlids and Danio species
has suggested that cis-regulatory modifications other than those of the coding region often
underlie variations in color patterns among fish [187]. Moving forward, it is imperative
that future studies focus on identifying and conducting a comprehensive analysis of the
regulatory factors and their corresponding cis-regulatory elements. Such research will
significantly deepen our understanding of the molecular mechanisms that control the
formation of pigment cells in fish.

The zebrafish stands out as an exemplary model organism for investigating the devel-
opment of fish pigment cells, owing to its possession of the three primary types of pigment
cells found in fish, along with leucophores—a fourth type only recently identified in this
species [188]. Despite this, there remains a significant gap in research concerning special-
ized pigment cells such as erythrophores, leucophores, and the less frequently studied
cyanophores. Although the pigment accumulation in erythrophores is well-documented,
the differentiation mechanism of erythrophores in fish remains relatively unexplored. Re-
search on leucophores has primarily focused on medaka, with limited numbers of studies
on other species. Moreover, specialized pigment cells such as the light-absorbing dichro-
matic chromatophores, which contain both erythrosomes and cyanosomes in the same
cell, have been identified in the mandarin fish Synchiropus splendidus [33], and dichromatic
chromatophores with reddish pigments and reflective platelets have been observed in
the reddish-violet skin regions of Pseudochromis diadema [34]. These findings suggest that
further types of pigment cells are likely to be discovered across the diverse range of fish
species. Moreover, cross-species comparative analyses of pigment cells are crucial for a
comprehensive understanding of the interspecies variations in these cells. Our current
knowledge is largely based on in-depth analyses of a limited number of model species. To
advance our understanding and application of this knowledge, particularly in aquaculture,
it is essential to broaden these studies to include a wider array of fish species.

Moreover, the influence of environmental factors like light exposure, dietary composi-
tion, and hormonal fluctuations on body coloration is well-documented but often studied
only at the phenomenological level. There is a need for deeper molecular investigations
to elucidate how these factors interact with genetic pathways to cause visible changes in
pigmentation. Additionally, while color traits are economically significant in aquaculture,
they have received less attention compared to growth and stress resilience. Addressing this
research gap could lead to more refined breeding strategies that enhance both the aesthetic
and commercial values of aquaculture species.

In summary, the field of fish pigmentation genetics offers vast potential for enhancing
our understanding of biological diversity and for applying these insights to improve
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aquaculture practices. As research methodologies advance and new genetic tools become
available, the scope for developing innovative breeding strategies that emphasize pigment
traits will expand, promising significant contributions to sustainable aquaculture and
conservation biology.
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