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ABSTRACT 

The melanocortin system is a complex neuroendocrine signaling mechanism involved in 

numerous physiological processes in vertebrates, including pigmentation, 

steroidogenesis and metabolic control.  This review focuses at one of its most 

fascinating function in fish, its regulatory role in the control of pigmentation, in which 

the melanocortin 1 receptor (Mc1r), its agonist α-melanocyte stimulating hormone (α-

Msh), and the endogenous antagonist agouti signaling protein (Asip1) are the main 

players. Functional control of Mc1r, which is highly expressed in fish skin and whose 

activation stimulates melanin production and melanosome dispersion in fish 

melanophores, is considered a key mechanism for vertebrate pigment phenotypes. The 

α-Msh peptide, the most documented Mc1r agonist involved in pigmentation, is 

produced in the pituitary gland, activating melanin synthesis by binding to Mc1r in fish 

melanophores. Finally, Asip1 is the putative factor for establishing the evolutionarily 

conserved dorso-ventral pigment pattern found across vertebrates. However, we are just 

starting to understand how other melanocortin system components are acting in this 

complex regulatory network.  

 

Keywords: α-Msh, Asip, Fish, Mc1r , Pigmentation, Pomc. 
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INTRODUCTION  

Pigment patterns exhibit a wide functional spectrum in vertebrates, including 

camouflage (Belk and Smith, 1996; Protas and Patel, 2008; Rudh and Qvarnström, 

2013), thermoregulation (Ellis, 1980; Rudh and Qvarnström, 2013), photo-protection 

(Rudh and Qvarnström, 2013), mate choice (Kodric-Brown and Nicoletto, 2001; Bajer 

et al., 2011; Maan and Sefc, 2013), and others. Pigment patterns are primarily generated 

by the organized distribution of neural crest-derived pigment cells or chromatophores. 

Mammals have only one type of chromatophore - termed melanocytes - that produce 

both eumelanin, a melanin pigment that generates dark black, brown or grey 

colorations, and pheomelanin, a yellow to reddish melanin pigment. The ratio of 

pheomelanin to eumelanin production and the distribution of these pigment types in turn 

generate mammalian pigment patterns. In birds, probably the most diverse group of 

animals regarding melanin-based coloration, the integument (avian skin) also contains 

both eumelanin and pheomelanin (Galvan & Solano, 2016). 

However, the diversity and complexity of pigment patterns are exceedingly more 

complex in fish, which possess up to six different types of chromatophores with 

pigments of different chemical identities. Fish melanophores only produce eumelanin, 

but no pheomelanin (Fujii, 1993; Bagnara, 1998; Kottler et al., 2015), whereas 

xanthophores and erythrophores display pteridine and/or carotenoid pigments (Schartl et 

al., 2015). Iridophores and leucophores contain stacked crystalline platelets composed 

of purines, mainly of guanine, that are responsible for reflection of light (Fujii, 1993), 

while cyanophores contain blue pigmentary organelles of unknown chemical 

composition (Goda and Fujii, 1995; Schartl et al., 2015). The genetic basis of the 

chromatophore diversity in fish, particularly teleosts, remains poorly understood, but 
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functional diversification of pigment pathway components following gene duplication 

in a teleost-specific genome duplication (TGD) event has been suggested as a potential 

contributing factor (Braasch et al., 2007, 2008, 2009a). Pigment patterns also depend on 

chromatophore interactions such as the striped pattern of the zebrafish (Danio rerio) 

(Maderspacher, 2003; Takahashi and Kondo, 2008; Patterson and Parichy, 2013; Singh 

et al., 2014; Eom et al., 2015). Zebrafish iridophores and melanophores show short-

range repulsion, which causes melanophore aggregation in the presence of iridophores, 

while iridophores and xanthophores exhibit mutual attraction, and xanthophores and 

melanophores repel each other (Frohnhöfer et al., 2013). Chromatophores in another 

teleost fish, the sole (Solea senegalensis), show similar cell type interactions  to build a 

spotted pigment pattern (Darias et al., 2013). 

In fish, most studies on pigment patterning have addressed teleost fishes, which 

represent around 96 percent of all living fish species and about half of all living 

vertebrates (Nelson 2006), and have focused on stripe formation using zebrafish as 

model system, identifying a core striping mechanism dependent on interactions between 

different pigment cell types. It has recently been demonstrated that zebrafish uses two 

distinct adult pigment patterning mechanisms: an ancient dorso-ventral patterning 

mechanism, which is present in all bony vertebrates and which is controlled by 

regulating melanin chemistry, pigment cell distribution, and development, and an 

evolutionary more recent striping mechanism based on the aforementioned pigment 

cell-cell interactions that provides zebrafish with its eponymous adult pattern of dark 

and light stripes. It has been determined that these two pigment patterning mechanisms 

function largely independently, with resultant patterns superimposed to generate the 

full, combinatory pattern (Ceinos et al., 2015). However, these pigment patterning 
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mechanisms may change in response to different environmental stimuli, making it one 

of the most captivating features of fish pigmentation. 

Fish color changes are accomplished by two different mechanisms: physiological and 

morphological color change. Physiological color change is caused by short-term stimuli 

and is based on pigment organelle aggregation or dispersion within skin 

chromatophores. Physiological color change is controlled by both sympathetic 

(noradrenalin) and endocrine (α-melanocyte stimulating hormone, α-Msh, and melanin 

concentrating hormone, Mch) systems (Fujii, 2000). Noradrenalin and Mch released 

from chromaffin tissue and the pituitary have been shown to induce pigment-

aggregation on light backgrounds (Kawauchi et al., 1983; Logan et al., 2006; Sugimoto, 

2002). By contrast, α-Msh induces pigment dispersion and its plasma level is increased 

on dark backgrounds (Logan et al., 2006; Mizusawa et al., 2013). Morphological color 

change, on the other hand, is caused by long-term stimuli and is mediated by apoptosis 

or proliferation of skin chromatophores, as well as changes in their cellular morphology. 

Several studies have demonstrated that fish also can morphologically change their color 

by decreasing or increasing the number and size of melanophores during long-term 

adaptation to light or dark background, respectively (Sugimoto et al., 2005; van der 

Salm et al., 2005). The opposite response, a decrease in dark backgrounds and increase 

in white backgorunds, is observed in the number of iridophores (Sugimoto et al., 2005). 

Both physiological and morphological color changes appear to be controlled by similar 

mechanisms, which at the molecular-cellular level include the melanocortin system.  

The teleost fish melanocortin system consists of five melanocortin receptor subtypes 

(Mc1r, Mc2r, Mc3r, Mc4r, Mc5r), the endogenous agonists alpha and beta melanocyte 

stimulating hormone (Msh) and adrenocorticotropic hormone (Acth), melanocortin 
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peptides derived from the proopiomelanocortin (pomc) gene, and the endogenous 

antagonists of the agouti signaling protein family (Asip1, Asip2, Agrp1 and Agrp2). All 

these components in their cellular context are illustrated in Fig. 1.  

 

MELANOCORTIN RECEPTORS 

The melanocortin system exerts its multiple functions via a number of G-protein 

coupled receptors (GPCRs), the melanocortin receptors (Mcrs). Within the GPCR 

family, Mcrs are included in the rhodopsin class, family A-13. To date, five Mcr types 

have been identified (Mc1r-Mc5r), differing in their spatial distribution, ligand affinities 

and specificities, thereby accomplishing a wide range of distinctive physiological role. 

A high degree of identity and conservation in structural characteristics and 

pharmacology exists between Mcrs from fish and mammals (Schiöth et al., 2005). In 

fish, at least five melanocortin receptors also mediate the diverse actions of 

melanocortins (Mc1r, Mc2r, Mc3r, Mc4r, Mc5r). In mammals, the Mc1r gene is mainly 

expressed in skin and is involved in coloration, while Mc2r is expressed in the adrenal 

gland and controls steroidogenesis. Mc3r and Mc4r are expressed in the brain and are 

involved in regulating the energy balance, and Mc5r is expressed in a number of 

different tissues and is involved in exocrine secretion (Cone, 2006; Cooray and Clark, 

2011). In fish, the number, affinity, specificity, tissue distribution and the physiological 

roles are far from defined and appear to be species-specific. For example, pufferfish 

(Tetraodon nigroviridis) has only four receptors lacking Mc3r (Schiöth et al., 2005), 

while zebrafish has six receptors with two copies of Mc5r (Kumar et al., 2011). The 

larger number of Mcr paralogs found in some teleost species probably originated in the 

extra round of whole genome duplication that occurred during early teleost evolution 
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(3R or TGD; Teleost Genome Duplication) (Braasch et al., 2008). In fish, mc1r is 

expressed in the skin of the sea bass (Dicentrarchus labrax) and of the Mexican tetra 

cavefish (Astyanax mexicanus) and is also involved in pigmentation in cavefish (Gross 

et al., 2009; Sánchez et al., 2010); mc2r is expressed in zebrafish (Danio rerio) 

interrenal tissue and controls cortisol synthesis (To et al., 2007); mc3r is mainly 

expressed in the pufferfish (Takifugu rubripes) central nervous system (CNS) (Klovins 

et al., 2004b); mc4r is also expressed in the sea bass CNS (Sánchez et al., 2009b) and in 

zebrafish peripheral tissues and is involved in food intake in sea bass and zebrafish 

(Cerdá-Reverter et al., 2003b; Forlano and Cone, 2007). Finally, mc5r is expressed in 

different sea bass tissues and is involved in the regulation of hepatic lipid metabolism 

and, probably, pigmentation in sea bass (Sánchez et al., 2009a). Although mc5r is 

duplicated in zebrafish, only one copy is present in most teleost genomes analyzed 

(Ringholm et al., 2002).    

In mammals, the melanocortin-1 receptor (MC1R) is a key regulator of pigmentation. In 

both mammals and fish, the melanocortin-1 receptor (MC1R/Mc1r) is activated by α- 

αMsh, which induces cAMP production (García-Borrón et al., 2005; Sánchez et al., 

2010). In mammals, this cAMP increase activates - via protein kinase A (PKA) - the 

melanin synthesis pathway that involves the tyrosinase (TYR), tyrosinase-related 

protein 1 (TYRP1) and dopachrome tautomerase (DCT) enzymes, which ultimately 

results in de novo dark brown/black eumelanin pigment synthesis (Buscà and Ballotti, 

2000; García-Borrón et al., 2005). This pathway is assumed to act very similar in 

teleosts, but the best-known effect of α-Msh-Mc1r binding in fish is actually pigment 

dispersion within melanophores (Fujii, 2000). In fish and mammals, melanin is 

produced and deposited within specific organelles called melanosomes (Hearing, 2000). 

Interestingly, melanosomes are dispersed by the effect of α-Msh also via a cAMP 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

pathway in fish melanophores (Sugimoto et al., 1997; Logan et al., 2006; Kobayashi et 

al., 2009), which results in the skin darkening usually involved in physiological color 

change. 

Sequence polymorphisms in the Mc1r gene are associated with differences in 

pigmentation in amniotes (Valverde et al., 1995; Dun et al., 2007) and various 

mutations can result in an overactive MC1R, causing hyperpigmentation (melanism) in 

several mammalian and avian species (Robbins et al., 1993; Newton et al., 2000; Eizirik 

et al., 2003; Ling et al., 2003; Nadeau et al., 2006). Interestingly, a two base pair 

deletion mc1r mutant apparently seems to cause hypopigmentation in some caveforms 

of the Mexican tetra Astyanax mexicanus (Gross et al., 2009).  

The physiological function of Mc1r can be antagonized by the paracrine signaling 

molecule protein agouti (Asip), which in amniotes is responsible for the switch to the 

production of the yellowish red pheomelanin pigments (Cone et al., 1996) and in fish 

for the inhibition of melanosome dispersion (Cerdá-Reverter et al., 2005). It is widely 

accepted that fish only synthesize eumelanin, while, to date, pheomelanin has not been 

identified in fish (Adachi et al., 2005; Braasch et al., 2009; Kottler et al., 2015). As in 

mammals, melanocortin 1 receptor (Mc1r) is encoded by a single-exon gene in fish and 

is present as a single gene with no known extra paralog even in teleost fish (Selz et al., 

2007). The mc1r gene encodes a protein with three intracellular loops, three 

extracellular loops and seven transmembrane helix domains (García-Borrón et al., 

2005). It has been suggested that its C-terminus has an important role in coupling, 

transport and correct anchoring in the plasma membrane (Selz et al., 2007). Moreover, 

the intracellular phosphorylation sites are important for controlling Mc1r activity and 

numerous conserved sites have been identified among several vertebrate species 

(García-Borrón et al., 2005; Selz et al., 2007). The expression of mc1r gene has been 
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reported in the skin of most fish species studied so far: zebrafish (Danio rerio), medaka 

(Oryzias latipes), platyfish (Xiphophorus maculatus (Selz et al., 2007); cavefish 

(Astynax mexicanus) (Gross et al., 2009); barfin flounder (Verasper moseri) (Kobayashi 

et al., 2010); Japanese flounder (Paralichthys olivaceus) (Kobayashi et al., 2012a); 

goldfish (Carassius auratus) (Kobayashi et al., 2011b) and Japanese ornamental carp 

(Cyprinus carpio var. Koi) (Bar et al., 2013); and sea bass (Dicentrarchus labrax) 

(Sánchez et al., 2010). However, mc1r expression is found in many other tissues and its 

expression levels vary among fish species (Klovins et al., 2004; Selz et al., 2007; 

Kobayashi et al., 2010; Sánchez et al., 2010; Takahashi et al., 2014). 

In fish, α-Msh and Acth affinities to Mc1r differ among species and depend on their 

acetylation level (Klovins et al., 2004; Kobayashi et al., 2010, 2012a; Sánchez et al., 

2010). Interestingly, mc1r expression has been reported in zebrafish, barfin and 

Japanese flounder melanophores (Kobayashi et al., 2010, 2012a; Higdon et al., 2013), in 

goldfish xanthophores (Kobayashi et al., 2011a) and in zebrafish iridophores (Higdon et 

al., 2013). Moreover, mc1r is not the only melanocortin receptor gene expressed in fish 

chromatophores. The expression of mc5r was also detected in melanophores and 

xanthophores in barfin flounder and Japanese flounder (Kobayashi et al., 2010, 2012b), 

and strong expression of mc5r has been reported in the skin of goldfish (Cerdá-Reverter 

et al., 2003a) and sea bass  (Sánchez et al., 2009a). Additionally, considering that Acth 

(a melanocortin agonist) may have a role in regulating fish pigmentation (Fujii, 2000) 

and that Acth acts on Mc2r (Aluru & Vijayan, 2008) and low levels of mc2r expression 

were detected in the skin of sea bass (Agulleiro et al., 2013), the involvement of Mc2r 

in fish pigmentation might be a possibility that merits study in more detail. 
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MELANOCORTIN AGONISTS  

Melanocortin receptors are stimulated by agonists, the melanocortins, a group of peptide 

hormones that include ACTH and different forms of MSH (Dores and Lecaude, 2005). 

Melanocortins are derived from post-translational cleavage of proopiomelanocortin 

(POMC) (Nakanishi et al., 1979) and are expressed mainly in corticotrope and 

melanotrope cells of the pituitary gland (Cerdá-Reverter and Canosa, 2009) (see Fig. 2). 

Comparisons of Pomc postranscriptional processing in several tissues showed that the 

precursor is cleaved in a tissue-specific (pituitary, skin, central nervous tissue and 

placenta) manner in both mammals and fish (Eberle, 2000; Cerdá-Reverter and Canosa, 

2009; Takahashi and Mizusawa, 2013). The main enzymes cleaving POMC precursors 

are prohormone convertase 1 (PC1) and prohormone convertase 2 (PC2) (Bertagna, 

1994). In corticotrope cells, PC1 cleaves POMC to produce ACTH and β-lipotrophin, 

but in the melanotrope cells the combined action of PC1 and PC2 cleave the precursor 

to produce α-MSH and β-endorphin (Barr, 1991; Bertagna, 1994; Metz et al., 2006). 

After cleavage, POMC derived peptides are under the control of different modifications 

including acetylation and amidation, which modulate peptide activity and receptor 

binding (Wilkinson, 2006).  

Acth is considered the main factor mediating the pituitary control of corticosteroid 

synthesis/secretion during fish stress response (Wendelaar-Bonga et al., 1994). 

Although it has been shown to mediate pituitary control of fish stress response 

(Wendelaar-Bonga et al., 1994), Msh is best known for the induction of melanosome 

dispersion in fish melanophores (Bagnara and Hadley, 1973). The precursor Pomc 

includes different Msh peptides, e.g., α-melanocyte-stimulating hormone (α-Msh), β-
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melanocyte-stimulating hormone (β-Msh) and γ-melanocyte-stimulating hormone (γ-

Msh) (which has been lost in teleosts), all of which are characterized by a core HFRW 

sequence and localized in different domains of the precursor:  γ-Msh in the N-terminal 

pro-γ-Msh domain, α-Msh in the Acth domain, and β-Msh in the C terminal β-

lipotrophin domain (Barr, 1991; Bertagna, 1994; Metz et al., 2006) (Fig. 2).  

α-MSH induces the synthesis of the dark brown/black eumelanin pigment in vivo and in 

vitro cell culture disperses melanosomes by MC1R binding in vertebrates (Sugimoto et 

al., 1997; García-Borrón et al., 2005; Yamanome et al., 2007). In vitro experiments in 

mammals have shown that α-MSH-MC1R binding leads to an increase of intracellular 

cAMP levels as a result of the stimulation of adenylyl cyclase (AC) (Kreiner et al. 

1973). Additionally, high levels of intracellular cAMP activate protein kinase A (PKA) 

(Roesler et al. 1998) and induce the activation of tyrosinase enzyme mediated by the 

microphtalmia transcription factor (MITF) (Bertolotto et al. 1998). In vitro tests showed 

that tyrosinase is the essential and rate-limiting enzyme in melanin biosynthesis 

(Kobayashi et al. 1995). This is the classical pathway by which α-MSH is mediating its 

melanogenic effects on melanocytes in mammals. 

In fish, α-Msh disperses melanosomes in both dermal and epidermal melanophores in 

vitro skin explants (Fujii and Miyashita, 1982) and stimulates melanophore proliferation 

and melanin synthesis in vivo (Fujii, 2000; Yamanome et al., 2007).  A high degree of 

conservation of the melanin pathway has been reported among vertebrates (Hoekstra, 

2006; Braasch et al., 2009). It seems that the melanogenic effect of α-Msh is also 

mediated by binding to Mc1r. In vivo, α-Msh stimulates Mc1r signal transduction, 

which is coupled to the activation of adenylyl cyclase, resulting in increased cytosolic 

levels of cAMP, which then activates PKA (Sugimoto et al., 1997; Sánchez et al., 

2010). Moreover, teleost microphtalmia transcription factor a (mitfa) gene also has a 
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conserved cAMP responsive element (CRE) region in its promoter region (Li et al., 

2013) and, like mammalian Mitf, induces melanization in vivo (Lister et al., 1999).  In 

fish, in vitro experiments have also found that α-Msh causes rapid melanosome 

dispersion within melanophores (Sugimoto et al., 1997; Logan et al., 2006; Kobayashi 

et al., 2009; Mizusawa et al., 2013). In vitro experiments showed that such melanosome 

dispersion is also regulated through activation of the cAMP pathway (Rozdzial and 

Haimo, 1986), and is dependent on extracellular Ca
2+

 ions (Fujii, 2000; Logan et al., 

2006). The long-term effects of α-Msh include melanophore proliferation and melanin 

synthesis in vivo (Yamanome et al., 2007), which is consistent with the α-Msh effect in 

mammals. Therefore, it should also be noted that there are significant differences in the 

physiology of pigmentation between fish and mammals: the presence of different 

pigment cell types, the production of only eumelanin melanophores and the reversible 

dispersion and aggregation of melanosomes for rapid color change in fish. Moreover, it 

has been shown that in vitro Msh stimulates not only melanophores but also other types 

of chromatophores – xanthophores and iridophores (Matsumoto et al., 1977; Iga and 

Matsuno, 1986; Kobayashi et al., 2011a). In vitro, α-Msh promotes xanthosome 

dispersion in xanthophores (Kobayashi et al., 2011a, 2012a) and may promote platelet 

aggregation in a specific type of iridophores (motile iridophores (Fujii, 2000)). 

In fish, α-Msh is involved in the process of physiological (short-term) (Mizusawa et al., 

2013) and morphological (long-term) (Arends et al., 2000) background adaptation. The 

transfer of white-adapted fish to a black background results in the dispersion of 

melanophore pigment within a few hours (short-term) and increased plasma α-Msh 

levels (Mizusawa et al., 2013). Although the role of α-Msh in long-term background 

adaptation has been studied in several fish species (van Eys and Peters, 1981; Baker et 

al., 1984; Gilham and Baker, 1984; Rotllant et al., 2003; van der Salm et al., 2005; 
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Mizusawa et al., 2013), no consensus regarding α-Msh function regarding the specific 

types of background has emerged, which suggests multiple possible endocrine controls 

of background adaptation and/or a species-specific role for α-Msh in long-term 

background adaptation. 

A crucial factor that may determine α-Msh melanogenic activity is the degree of 

acetylation at its N-terminal domain (Wilkinson, 2006; Takahashi and Mizusawa, 

2013). Lower levels of monoacetyl-α-Msh have been found in sea bream adapted to a 

white compared to a black background (Arends et al., 2000). In tilapia (Oreochromis 

mossambicus), the greatest pigment dispersion was generated by monoacetyl-α-Msh 

(van der Salm et al., 2005). By contrast, monoacetyl-α-Msh had no effect on 

melanosome movements in barfin flounder and Japanese flounder, but did affect 

pigment dispersion in flounder xanthophores (Kobayashi et al., 2010, 2012b). In 

goldfish, both diacetyl-α-and monoacetyl-α-MSH stimulate pigment dispersion in 

xanthophores (Kobayashi et al., 2012a, 2012b). It therefore appears that there is no 

consistent response between α-Msh acetylation levels and pigment dispersion among 

different fish species (Arends et al., 2000; Rotllant et al., 2003; van der Salm et al., 

2005; Mizusawa et al., 2013). Additionally, recent in vitro pharmacological receptor-

binding studies in Japanese flounder have shown that dimerization of Mc1r and Mc5r 

creates a ligand-dependent signal modulation (Kobayashi et al., 2106). The authors 

specifically showed that heterodimerization of Mc1r and Mc5r controls the inhibition of 

cAMP production in Japanese flounder melanophores as a result of α-Msh but not 

deacetyl-α-Msh activation.  

 

MELANOCORTIN ANTAGONISTS  
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Another major feature of melanocortin receptors is the presence of endogenous 

antagonists that include agouti signaling protein (ASIP) and agouti-related protein 

(AGRP). ASIP is a paracrine signaling protein involved in mammalian pigmentation, 

which competes with α-MSH by binding to MC1R and MC4R (Lu et al., 1994). AGRP 

is a neuropeptide involved in energy balance, body weight regulation and metabolism in 

mammals, acting as an antagonist of MC3R and MC4R in mammals (Ollmann et al., 

1997). It has been extensively reported that ASIP regulates pigmentation in mammals 

(Lu et al., 1994; Siracusa, 1994; Norris and Whan, 2008; Fontanesi et al., 2012; 

Chandramohan et al., 2013). The Asip gene is composed of four exons that encode a 

131 amino acid protein. This protein can be structurally divided into a N-terminal basic 

domain that is rich in lysine (K) residues, followed by a proline (P)-rich region localized 

just before the cysteine C-terminal domain (Bultman et al., 1992). The cysteine-rich C-

terminus was identified as the key region for the competitive antagonism with MC1R 

(Ollmann and Barsh, 1999) and the C-terminal loop is the crucial domain for the 

inhibition of MC1R (Patel et al., 2010), while the amino-terminal residues are essential 

down-regulating MC1R (Ollmann and Barsh, 1999). 

Asip is expressed in the mammalian dermal papillae of hair follicles (Millar et al., 1995) 

and promotes the switch from eumelanin (dark/brown pigment) to pheomelanin 

(yellow/red pigment) synthesis (Miller et al., 1993), acting as an α-MSH competitive 

antagonist of the MC1 receptor (Ollmann et al., 1998). Additionally, studies in mouse 

have also reported an effect of ASIP on melanocyte differentiation and maturation 

(Manceau et al., 2011). Furthermore, dorsal-ventral variations in mouse hair coloration 

were shown to be due to different Asip expression levels (Manceau et al., 2011), and the 

expression of different ASIP isoforms in dorsal and ventral skin as result of the use of 

alternative promoters (Vrieling et al., 1994).  
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In contrast to the two Agouti family genes in tetrapods (Asip and Agrp), the teleost 

agouti gene family is more complex, with four gene family members identified so far 

that were initially termed asip1, asip2, agrp, and agrp2 (Kurokawa et al., 2006) (Fig.  

S1). The connectivity of teleost to mammalian gene function depends on understanding 

gene orthologies and it has been suggested that asip2 and agrp2 are duplicates of 

asip/asip1 and agrp1, respectively, resulting from teleost genome duplication (TGD) 

(Kurokawa et al., 2006). This interpretation of the evolutionary relationships of the four 

agouti family genes in teleosts, however, is controversial. Phylogenetic analyses alone 

are unlikely to resolve their evolutionary history (Braasch and Postlethwait, 2011; 

Schioth et al., 2011), and alternative data are needed.  

A model based on the integration of conserved synteny data (Braasch and Postlethwait, 

2011) proposes that the agrp/asip gene precursor was duplicated in the R1 and R2 

rounds of vertebrate genome duplication and that Agrp2 and Asip2 went missing from 

tetrapods, while asip2 was retained in the lineage leading to teleosts. This asip2 gene 

was then further duplicated in the TGD, giving rise to the teleost genes that were 

initially called asip2 and agrp2 (Kurokawa et al., 2006), but which should be called 

asip2a and asip2b (Braasch and Postlethwait, 2011). According to this model, the 

second duplicates from the TGD of both asip1 and agrp1 were lost in teleosts, so that 

there is only one agrp type gene in teleosts, but three asip type genes (asip1, asip2a, 

asip2b) (Braasch and Postlethwait, 2011) (Fig. S1). While this conserved synteny-based 

model therefore suggests that the agouti gene repertoire is an outcome of the three 

rounds of vertebrate genome duplication (Braasch and Postlethwait, 2011), other studies 

favor a model of subsequent small scale gene duplications generating the agouti gene 

family (Schioth et al., 2011; Västermark et al., 2012). To resolve these differing views 

on the agouti gene family evolution, further analyses integrating data from the multitude 
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of recent new vertebrate genome assemblies will be required. Of relevance for our 

discussion here is that there are three teleost genes with known functions for 

pigmentation patterning: asip1, asip2b (aka agrp2) and agrp1. 

Dorso-ventral countershading in mammals is driven by the regulation of Asip 

expression and the resulting type of melanin synthesis (eu-/pheomelanin) in 

differentiated melanocytes. In fish, such dorso-ventral countershading is, in contrast, 

achieved by differences in the distribution of different types of pigment cells (Bagnara 

and Matsumoto, 2006). Despite these different countershading mechanisms in fish and 

in mammals, it has recently been shown that fish asip1 shows a dorso-ventral 

expression gradient in the skin of several adult fish species with lower levels in the 

dorsum and high levels in the ventrum (Cerdá-Reverter et al., 2005; Kurokawa et al., 

2006; Guillot et al., 2012; Agulleiro et al., 2014; Ceinos et al., 2015) (Fig. 2). This asip1 

expression gradient is not restricted to teleosts, but is also found in the non-teleost ray-

finned fish spotted gar (Lepisosteus oculatus) (Cal et al., 2017; Fig. 3), which diverged 

from teleosts before the Teleost Genome Duplication (TGD) (Amores et al., 2011; 

Braasch et al., 2016). This expression pattern correlates with the dorso-ventral pigment 

pattern in gar showing darkly colored skin in the dorsal area and a light ventrum. 

Additionally, it has also been shown that ectopic overexpression of asip1 or injection of 

capped asip1 mRNA induces lightening of dorsal skin in zebrafish (Ceinos et al., 2015) 

(See Fig. 4) and flatfish (Guillot et al., 2012) respectively. Moreover, asip1 mRNA 

ectopic overexpression and injection in turbot (Scophthalmus maximus) results in 

reduced expression of tyrosinase-related protein-1 (tyrp1) gene, a key enzyme of 

melanin synthesis (Guillot et al., 2012; Ceinos et al., 2015). It should also be mentioned 

that Asip1 inhibits α-Msh-induced melanosome movement on the scales of medaka 

(Oryzias latipes) via Mc1r (Cerdá-Reverter et al., 2005).  All this evidence suggests that 
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agouti (Asip1) has a conserved function in bony vertebrates for the overall dorso-ventral 

pigment pattern, but that it may act through different cellular mechanisms in mammals 

and ray-finned fish. Apart from the obvious role of Asip1 in fish pigmentation, it has 

been reported that zebrafish Asip2b/Agrp2, which is mainly expressed in the pineal 

gland and brain, antagonizes Mc1r. This melanocortin receptor is highly expressed in 

the zebrafish hypothalamus and up-regulates proMch (pmch) and proMch-like (pmchl) 

genes, which regulate background adaptation (Zhang et al., 2010). The agrp2/asip2b 

gene is also expressed in the skin of different teleost species like zebrafish (Zhang et al., 

2010), sea bass (Agulleiro et al., 2014), Atlantic salmon (Salmo salar) (Murashita et al., 

2009) and fugu (Takifugu rubripes) (Kurokawa et al., 2006). Another endogenous 

antagonist probably involved in pigmentation is Agrp1/Agrp, which has been reported 

to act as inverse agonist of Mc1r in sea bass, where it is thought to affect pigmentation 

(Sánchez et al., 2010). Histological studies have revealed that agrp1 is expressed in the 

skin of fugu (Kurokawa et al., 2006), sea bass (Agulleiro et al., 2014), Atlantic salmon 

(Murashita et al., 2009) and goldfish (Cerdá-Reverter et al., 2003b). Despite the above 

evidence and the fact that induced stable overexpression of Agrp1/Agrp does not alter 

the zebrafish pigment pattern phenotype (Song and Cone, 2007), the role of Agrp1/Agrp 

in fish pigmentation remains to be fully explored. 

 

CONCLUSION AND FUTURE PERSPECTIVES 

Despite the identification of a variety of loci involved in pigmentation in several 

vertebrates, the melanocortin system is consistently found as a major determinant of 

vertebrate pigment phenotypes and patterns. In fish, the color pattern mechanisms 

involve a patterned distribution of different types of pigment cells or chromatophores. 

In fact, it has recently been demonstrated that two distinct adult pigment patterning 
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mechanisms function in zebrafish – an evolutionary ancient dorso-ventral patterning 

mechanism, and an evolutionary more recent striping mechanism based on cell–cell 

interactions. These two mechanisms function largely independently, with the resultant 

patterns superimposed to give the full pattern. In fish as in mammals, the melanocortin 

system is also a key player in the establishment of the adult pigment pattern, with Mc1r, 

αMsh and Asip1 each playing a fundamental role, suggesting an overall conserved 

function throughout vertebrate evolution. However, the possible role that other 

members of the melanocortin system may have on fish pigmentation needs to be further 

addressed. Although some light has been thrown on the regulation of fish pigmentation 

by the melanocortin system (Asip1, for example), much is still not clear. Therefore, 

future studies should focus on the response of each type of chromatophore to the 

melanocortin system, the possible involvement of other melanocortin 

agonists/antagonists and receptors in pigment pattern establishment, and the 

evolutionary conservation of these mechanisms in vertebrates. There is no doubt that we 

still have a long way to go before we fully understand how the melanocortin system 

modulates fish pigmentation and vertebrate color patterning in general.  
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LEGENDS  

Fig. 1. The melanocortin system and fish pigmentation. Schematic drawing of the 

hypothetical regulatory control model of pigmentation through different melanocortin system 

components in fish chromatophores. (A) Melanophores, (B) xanthophores, and (C) iridophores. 

(↑), stimulation; (┬), inhibition; (?, dotted line), unknown. 

Fig. 2. Scheme of POMC posttranslational modifications. POMC is the precursor of several 

peptide hormones. POMC is modified differently in corticotrope cells and melanotrope cells. 

The scheme summarizes the tissue-specific POMC-derived products in fish. ACTH is the major 

product in corticotrope cells, but other products may be found, depending on the species. In 

melanotrope cells, some of the many different products are class-specific. An asterisk (*) 

indicates a region in the POMC sequence that is lost in teleosts. Two asterisks (**) indicate a 

specific region that appears only in chondrichthyans (cartilaginous fishes such as sharks and 

rays). 

Fig. 3. Differential dorso-ventral asip/asip1 gene expression. asip/asip1 is differentially 

expressed in dorsal pigmented skin (black bar) and ventral non-pigmented skin (white bar) in 

turbot (Scophthalmus maximus), zebrafish (Danio rerio), and spotted gar (Lepisosteus oculatus). 

asip/asip1 gene expression was quantified by qRT-PCR. Data are the mean ± SEM [Standard 

error of the mean]. The numerical data were compared by paired Student t-tests. Asterisks 

indicate significant differences (P<0.05) between dorsal and ventral asip1 expression. Scale 

bars: 1 cm. 

 

Fig. 4. Disruption of the dorso-ventral countershading pattern in transgenic zebrafish 

overexpressing asip1. Lateral view of adult pigment pattern of wild type (WT) and transgenic 

agouti zebrafish [asip1-Tg; line Tg(Xla.Eef1a1:Cau.Asip1)iim05; Ceinos et al., 2015)] (A) 

Wildtype fish have a pattern with dark stripes and light interstripes. (B) Asip1-Tg fish show a 

dramatic reduction in melanophore numbers in the dorsal regions. Scale bar: 1cm. 
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