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A B S T R A C T   

Barramundi (Lates calcarifer), a popular aquaculture species, has silver to bronze skin coloration with rare 
golden, “panda” (golden and black spots), and black variants. Increased production of these rare color variants is 
commercially desirable; however, the differences in skin-cell morphologies have not been characterized. Mi-
croscopy, transmission electron microscopy, and immunohistochemistry were utilized to characterize morpho-
logical, ultrastructural, and cellular differences between barramundi color variants. Notably, melanophores, 
iridophores, and xanthophores were evident. Differences in the occurrence of melanin were visible, with a 
reduction in melanophores in the golden (average of 0.47 melanophores/cm2) versus the silver (average of 218.6 
melanophores/cm2) or black (average of 462.9 melanophores/cm2) color phenotypes. Furthermore, a significant 
decrease in melanophores was observed in panda variant at the edge between golden and black patches: golden 
vs. edge (p < 0.001), golden vs. black (p < 0.001) and edge vs. black (p < 0.001). The TEM analysis revealed a 
distinct difference in melanophores and mature melanosomes, with stages 1, 2, 3, and 4 melanosomes present in 
silver variants and rare stage 1 (immature) melanosomes in golden variant. Furthermore, the immunohisto-
chemical techniques provided independent and thorough documentation of the presence and maturity of me-
lanophores and melanosomes across highly valued barramundi color variants. In conclusion, the color of 
barramundi appears to be driven by the presence/absence and number of melanophores in the skin layer.   

1. Introduction 

Barramundi (Lates calcarifer) is a commercially important aquacul-
ture and capture-fishery species throughout its tropical Indo-Pacific 
distribution (Jerry, 2013). Skin coloration in barramundi commonly 
varies from silver to bronze; however, rare golden (xanthic), panda 
(barramundi with golden and black patches), and black color variants 
are occasionally found (Fig. 1). 

Golden skin-colored barramundi are valuable for the aquarium 
trade, but most significantly, from a farming perspective, golden vari-
ants do not exhibit the intensity of “greying” of the flesh, which is a 
negative consumer attribute often found in farmed barramundi fillets. 

Golden skin coloration (or xanthism) has been described in numerous 
other aquaculture finfish species (Dunham and Childers, 1980; Huang 
et al., 2021; Lewand et al., 2013; Pathan, 2022; Pawar and Jawad, 2017) 
and has been identified as a desirable attribute for the market, making 
this color trait particularly appealing for the Australian barramundi 
aquaculture industry. Despite the commercial importance of skin and 
flesh coloration in this species, no studies have described attributes of 
the skin and particularly the dispersion of pigment-producing cells 
among the different colored variants. Elucidation of differences within 
the skin that may be present among the color variants is the first step in 
not only understanding pigmentation of barramundi, but also giving 
insights into possible genetic and/or environmental drivers of coloration 
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in this species. 
In teleosts, cellular, genetic, and physiological factors all play a role 

in determining skin coloration (Colihueque, 2010). At a cellular level, 
coloration is dependent on interactions among pigment-producing cells, 
also called chromatophores (Burton, 2011). In finfish, multiple chro-
matophore cell-types have been characterized which contain pigments 
that each selectively absorb or reflect particular wavelengths of light 
(Burton, 2002). These chromatophore cell-types differ in their presence 
within teleosts, with the most common cell-types being (i) melano-
phores that are light absorbing, dendritic cells, comprising intra-cellular 
melanin-producing organelles called melanosomes (Cal et al., 2017); ii) 
iridophores that are iridescent/silver pigmented cells able to reflect light 
through the presence of purine platelets (Kelsh, 2004); iii) xanthophores 
that are yellow pigment-producing cells, characterized by the presence 
of xanthosomes, organelles containing pteridine and carotenoids pig-
ments absorbing blue light (Burton, 2011), and iv) erythrophores that 
are characterized by erythrosomes, containing carotenoids (Burton, 
2011). Commonly, chromatophores in fish skin appear to be predomi-
nantly in the upper layer of the dermis, but they have also been reported 
in the epidermal layer (Elliott, 2011); the quantity, dispersion, and 
location of chromatophores in the fish skin is thought to determine the 
final coloration of the animal (Nilsson Sköld et al., 2013). In addition, 
extrinsic environmental variables such as temperature, dissolved oxygen 
(and especially hypoxia), background color, and light cycles also have a 
noticeable effect on the color of the skin (Dong et al., 2011; Estlander 
et al., 2010; Kalinowski et al., 2007; Segade et al., 2015). Those changes 
are normally correlated with reduction in melanophore number, 
changes in melanin production, or the dispersion of melanosomes in the 
melanophores (Leclercq et al., 2010), through activation of pathways 
that involve cell survival, melanin formation and dispersion (Leclercq 
et al., 2010). 

This study investigated the differences in cellular composition and 
structure of the skin and fin in four barramundi color variants, through 
the utilization of histological, immunohistochemical, and ultrastructural 
techniques. In particular, understanding the morphological and physi-
ological changes that occur in the golden color variants is the first step in 
identifying the mechanisms underlying skin color, which in turn permits 
targeted practices to be applied by the industry that could result in 
higher proportions of farmed golden variants. 

2. Material and methods 

2.1. Fish 

All fish used in this study came from a commercial hatchery 
(Mainstream Aquaculture Group, Werribee, Australia) and were housed 
in a 2000-liter tank that is part of a 10-tank recirculating tank system. 
Three times per week, the fish were fed commercial aquaculture feed to 
satiety. The animals were closely monitored during feeding and 
routinely inspected throughout the day, with all mortalities being 

removed from the tanks and weighed. The photoperiod was set to 
correspond with daylight, with lights off at night. For tissue analyses, n 
= 22 barramundi (weight: 0.618 ± 0.09 kg, length: 345.14 ± 10.96 cm, 
with ± representing standard error) were weighed using a digital bal-
ance and their lengths were measured to the nearest mm using a ruler 
and tape measure. The fish were euthanized in a bath containing 40 mg/ 
L of isoeugenol (Aqui-S®, New Zealand Ltd.), after which spinal dislo-
cation was performed (JCU Animal ethics approval: A2829). 

2.2. Light microscopy 

Approximately 3 cm3 of skin tissue (subsequently divided into two 
pieces) was excised from the dorsal fin, along with the shoulder (dorsal) 
and belly (ventral) of the fish. Since “panda” variants exhibit black and 
golden colored patches, two tissue samples were collected from each of 
this colored variant encompassing both golden- and black-pigmented 
regions. Samples were then examined using stereo, optical, and trans-
mission electron microscopy (TEM). 

For the stereo microscopy analyses, samples were kept in seawater at 
2 ◦C once excised and promptly analyzed under a Discovery V8 stereo 
microscope with an Axiocam 208 color microscope objective (Carl Zeiss 
Microscopy GmbH, Germany). Images were processed with AxioVision 
software (verison 4.7.2, AxioVision, Zeiss, Italy), and the brightness and 
contrast of images were adjusted using Adobe Photoshop (version 
23.2.1, Adobe Systems, USA). Additionally, analysis and observations 
specifically focused on counting the number of melanophores present in 
silver, golden, and black tissue samples were performed by subdividing 
the images taken with zoom 30 x, in 6042 pixel (equivalent to 0.42 cm2) 
sub-images and by counting the nuclei of the melanophores (number of 
pictures = 135; 3 variants (silver, golden and black), n = 5 individuals 
per variant, 3 independent images per individual, 3 subsets of the 
image). Average number of melanophores in each sub-image was then 
calculated, and one-way ANOVA, followed by post hoc pairwise com-
parison tested with Tuckey’s test, were used to statistically test for dif-
ferences in melanophore abundance. The density of the melanophores 
was calculated by dividing the number of melanophores by the area 
analyzed (melanophores/cm2). A similar approach was undertaken for 
the images (number of pictures = 15; 5 individual (panda), 3 sub-image: 
golden, edge [½ golden, ½ black], black) at the edge of the black–golden 
color transition of “panda” barramundi, however the zoom was 20 x, 
and a 3022 pixel (equivalent to 0.21 cm2) sub-image was obtained, to 
ensure both the golden and black areas were included in the sub-image. 

For the optical microscopy, samples were fixed in 10% neutral 
buffered formalin, dehydrated in ethanol, cleared in xylene, and 
embedded in paraffin. Sections (2–3 μm) were stained, utilizing stan-
dard protocols, with hematoxylin-eosin (H&E) and Masson-Fontana. 
The slides were then scanned with an automated slide scanner (Aperio 
LV1 IVD, Leica Microsystems Pty Ltd., Australia). Digitalized images 
were analyzed with Aperio ImageScope software (version 12.4.0.5043) 
and Adobe Photoshop 23.2.1. 

Fig. 1. Multiple skin color phenotypes in Lates Calcarifer. A) silver, B) golden, C) panda, D) black.  
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2.3. Transmission electron microscopy (TEM) 

Small samples (approximately 2 mm2) were taken from ventral skin, 
dorsal skin, and the dorsal fin from 12 specimens (three individuals from 
each variant, including silver, golden, panda, and black). Tissue samples 
were fixed in glutaraldehyde and paraformaldehyde in 0.1 M sodium 
cacodylate buffer pH 7.4 (ProSciTech Pty Ltd., Australia) and kept at 
− 20 ◦C. The samples were en bloc stained with 2% aqueous uranyl ac-
etate for 30 min in the dark, then post-stained with 1% osmium tetroxide 
for 1 h. The samples were dehydrated in a graded series of ethanol/ 
water concentrations and embedded into Epon resin (Embed 812 Kit, 
EMS). Ultra-thin sections of 70–100 nm of the samples were taken along 
the longitudinal axis of the fish using a microtome (Ultracut UC7 Leica 
Microsystem, Austria) and post-stained with lead citrate and uranyl 
acetate. Specimens were imaged in a transmission electron microscope 
(H-7800, Hitachi, Japan) operating at 80 kV. Adobe Photoshop software 
23.2.1 was used to adjust the brightness and contrast of the images. 

2.4. Mc1r – gene and protein characterization, sequence alignment, and 
antibody choice 

Mc1r (melanocortin 1 receptor) is a G protein-coupled receptor, 
primarily present on melanophores (Feeley and Munyard, 2009), that 
has been described in several vertebrates, including teleosts (Feeley and 
Munyard, 2009; Jiang et al., 2021; Metz et al., 2006; Sturm et al., 2001; 
Takahashi et al., 2016). However, the characterization of the mc1r gene 
was still missing in L. calcarifer. Being specific to melanophores, Mc1r 
detection through immunohistochemistry has been utilized in mammals 
to determine the presence of these cells in different organs and tissues 
(Swope et al., 2012). In the present study, Mc1r detection was used to 
determine the difference in melanophore population between the mul-
tiple color variants in the skin of barramundi. 

The barramundi mc1r gene sequence was first looked for within the 
barramundi genome (RefSeq: GCF_001640805.1). Initially, the basic 
local alignment search tool (BLAST) (Altschul et al., 1990) was utilized 
to search the barramundi genome database utilizing the known zebra-
fish mc1r gene (Gene ID: 353151). Homolog for mc1r was identified in 
the DNA contig (LBLR01010943.1_Lates_calcarifer_10943). Subse-
quently, BLAST (Altschul et al., 1990), FASTA (Pearson and Lipman, 
1988), and the translate tool of Exasy (Gasteiger et al., 2005) were 
utilized to predict the protein and annotate the gene. The gene organi-
zation and predicted amino-acids sequence for mc1r used in this inves-
tigation were determined for comparison between species. Selected 
vertebrate mc1r sequences - Takifugu bimaculatus (TNM91179.1), Poe-
cilia reticulata (XP_008403681), Gambusia affinis (XP_043993552.1), 
Liparis tanakae (TNN74950.1), Sebastes umbrosus (XP_037646789.1), 
Sparus aurata (XP_030270706.1), Mugil cephalus (XP_047435784.1), 
Perca flavescens (XP_028434928.1), Seriola dumerili (XP_022599193.1), 
Seriola lalandi dorsalis (XP_023251476.1), Labrus bergylta 
(XP_020490269.1), Morone saxatilis (XP_035537986.1), Chelmon ros-
tratus (XP_041789782.1), Larimichthys crocea (XP_010739809.1), Col-
lichthys lucidus (TKS70083.1), Dicentrarchus labrax (CAY39344.1), 
Toxotes jaculatrix (XP_040905375.1), Homo sapiens (Q01726.2), Mus 
musculus (Q01727.2), Gallus gallus (P55167.1), Rana temporaria 
(ABU96501.1), Latimeria chalumnae (XP_005999265.1) - were retrieved 
from the NCBI database and multiple sequence alignments of selected 
amino acid and nucleotide sequences were generated using ClustelX 
v1.81 (Larkin et al., 2007). Additionally, the protein sequence alignment 
of human (Q01726.2), mice (Q01727.2), and barramundi Mc1r was 
compared to identify conserved protein regions (immunogen), targets of 
commercially available polyclonal antibodies. Importantly, barramundi 
Mc2r, Mc3r, Mc4r, and Mc5r protein sequences were also predicted and 
aligned against Mc1r to identify conserved and non-conserved regions. 
Ultimately, to select the best antibody for this investigation, available 
Mc1r-specific antibodies were screened utilizing the following parame-
ters: 1) the immunogen was targeting a conserved region (between mice, 

human, and barramundi) of the Mc1r protein, 2) the immunogen was 
targeting a non-conserved region between barramundi Mc1r, Mc2r, 
Mc3r, Mc4r, Mc5r and therefore being specific to Mc1r, without cross- 
reactivity, 3) the antibody was appliable in immunohistochemistry 
techniques (paraffin). 

The coding cDNA of barramundi mc1r (Fig. 2A) was predicted from 
the L. calcarifer genome. The cDNA sequence of mc1r was intronless and 
972 nucleotides (nt) in length. The barramundi cDNA sequence of mc1r 
encoded for a 324 amino acid protein, with a predicted molecular 
weight of 36.98 kDA. Alignment of the predicted sequence of barra-
mundi Mc1r protein with selected known vertebrate Mc1r sequences 
(Supplementary material 1) showed the presence of a number of 
conserved regions, including the C-terminal tripeptide motif CSW. The 
barramundi Mc1r, Mc2r, Mc3r, Mc4r, and Mc5r amino acids sequences 
were also aligned to identify non-conserved regions (data not shown). 
Additionally, the alignment between barramundi, human, and mice 
Mc1r was analyzed, and the conserved region was compared with 
available immunogens of pre-existent commercial antibodies (Fig. 2B). 

Following the previously mentioned parameters, an Mc1r specific 
polyclonal antibody (ThermoFisher Scientific, PA5-21911, RRID: AB 
_11152789) was chosen for the immunohistochemistry study, whose 
target is specific for the region between amino acid position 253 and 317 
of the homolog human Mc1r protein. 

2.5. Immunohistochemistry 

The waxed blocks utilized for the histology staining were sent to the 
QIMR Berghofer Medical Research Institute, Brisbane, Queensland, 
Australia, for protocol development and immunohistochemistry stain-
ing. Sections (3–4 μm) were affixed to positively charged adhesive slides 
and air-dried overnight at 37 ◦C. Those were then dewaxed and rehy-
drated through xylol and descending graded alcohols to water using 
standard protocols. Endogenous peroxidase activity was blocked by 
incubating the sections in 1.0% H2O2 in TBS (Tris-buffered saline). The 
sections were washed in three changes of water for 5 min and then 
washed in three changes of TBST (Tris-buffered saline with 0.1% 
Tween®) buffer for 5 min. To better visualise the antibody beneath the 
melanin, an additional step was performed to bleach the melanin in 
selected slides: melanin pigment in skin and fin tissue was bleached 
using 0.3% aqueous potassium permanganate and 3.0% aqueous oxalic 
acid. Antigen retrieval was undertaken using Diva antigen retrieval so-
lution (Biocare Medical, USA) at 100 ◦C for 20 min using a decloaking 
chamber. Sections were then washed in three changes of TBST buffer for 
5 min each. Nonspecific antibody binding was inhibited by incubating 
the sections in Background Sniper (Biocare Medical, USA) for 30 min. 
Primary antibody, rabbit anti-human/anti-mouse Mc1r (AB_11152789) 
was diluted 1:500 in Da Vinci Green Antibody Diluent (Biocare Medical, 
USA) and applied on the sections for 60 min at room temperature. The 
sections were then washed in three changes of TBSTW (Tris-Buffered 
Saline with Detergent) for 5 min each, and MACH2 Rabbit Polymer HRP 
was applied for 30 min. Sections were then washed in three changes of 
TBSTW. Control slide signals were developed in Nova Red for 5–10 min 
and counterstained in Hematoxylin. The slides were subsequently 
scanned with an automated slide scanner (Aperio LV1 IVD, Leica 
Microsystems Pty Ltd., Australia). Digitalized images were analyzed 
with Aperio ImageScope software (version 12.4.0.5043) and Adobe 
Photoshop 23.2.1. 

3. Results 

3.1. General skin structure and differences in wild-type dorsal/ventral 
skin 

In the epidermis, just above the basal layer, epithelial cells were 
cubical. In contrast, the middle of the epidermis showed columnar shape 
epithelial cells, and in the upper region, the epithelial cells had a 
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flattened morphology (Fig. 3C). The dermis was divided into two 
distinct layers, the loose connective tissue, the stratus spongiosum and the 
dense collagen tissue, the stratum compactum. The loose connective tis-
sue was characterized by collagen and reticulin fibers, while the dense 
connective tissue was composed of dense and compact collagen fibers, 
with parallel orientation to the skin surface. The hypodermis was mainly 
constituted by loose connective tissue with a high number of adipocytes 
(Fig. 3). The hypodermis was lying above and in some areas within the 
muscle tissue. 

Between the dorsal and ventral skin of silver barramundi, there was 
an evident difference in cell pigment density and structure. With the 
utilization of the Masson-Fontana stain, specific to melanin, it was 

possible to highlight the presence of pigment in the epidermis, both 
layers (stratus spongiosum and stratum compactum) of the dermis, and the 
hypodermis of the dorsal skin (Fig. 3D). In contrast, the ventral skin 
appeared to have no melanin in the dermis and hypodermis, while the 
presence of melanin was rarely observed in the epidermis. Instead, iri-
dophores with filament-like, brown pigment layers were detected in 
both layers of the dermis (Fig. 3E). Also, through the H&M staining 
technique, xanthophores in the dorsal skin were detected. In fact, a light 
yellow/brown pigment layer was present in the epidermis underneath 
the melanin. 

Fig. 2. A: Nucleotides and amino acid sequence of Lates calcarifer Mc1r. Highlighted in grey is the intra-membrane region of the receptor. The stop codon was 
labelled with an asterisk. B: Multiple alignments of the predicted barramundi Mc1r translations with human and mice Mc1r sequences. Identical (*) and similar (: or.) 
residuals identified by ClustelX program are indicated. Underlined is the region targeted by the selected antibody (RRID: AB_11152789). 

Fig. 3. Histological analysis of wild-
type silver barramundi with (A, B. C) 
H&E stain and (D, E, F) Masson- 
Fontana stain. A and D: dorsal skin; 
B and E: ventral skin. C: different cell 
layers in the epidermis (green: flat-
tened cells, blue: columnar shape 
cells, and yellow: cubical cells). F: 
features the hypodermis of dorsal skin 
with the presence of melanin. Black 
arrows indicate melanin. (For inter-
pretation of the references to color in 
this figure legend, the reader is 
referred to the web version of this 
article.)   
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3.2. Pigment differences in the dorsal skin of color variants 

Similar to what was seen in silver barramundi through the H&M 
staining, a clear layer of xanthophores was observed underneath the 
epidermis cubical cells in all samples of golden, panda, and black 
barramundi. However, substantial differences in the presence and den-
sity of melanophores expressing melanin were observed between the 
dorsal skin samples of color variants (Fig. 4 and 4G). In particular, in all 
the golden barramundi samples, no melanin was evidently present in the 
epidermis, dermis, hypodermis, or muscle tissue (Fig. 4A). However, in 
80% of the samples analyzed from golden, panda and black barramundi, 
nests of melanophores expressing melanin were observed in the hypo-
dermis (Fig. 4D and G). Additionally, within the skin of panda barra-
mundi, the golden patches followed the skin structure of golden 
individuals (Fig. 4A and G), with no presence of melanin in the 
epidermis or dermis. However, within the black patches, there was 
presence of melanophores producing melanin in the epidermis and the 
stratus spongiosum, while no melanin was observed in the stratum com-
pactum, hypodermis, or muscle tissue (Fig. 4B, E and G). For black 
barramundi, the skin structure followed that observed in silver barra-
mundi (Fig. 4C, F and G), with melanophores producing melanin present 
in the epidermis, both dermis layers and hypodermis. 

3.3. Pigment layering in the fin of silver, golden, panda, and black 
barramundi 

Dorsal fins of silver, golden, panda, and black barramundi were 
observed under the stereo microscope (Fig. 5). Fins from silver barra-
mundi were characterized by a high number of melanophores (x‾ = 91.8 

± 5.2 melanophores in 6042 pixel section, equivalent to a density of 
approximately 218.6 melanophores/cm2), organized in dendritic, star- 
like shape. Moreover, a sparse number of contracted xanthophores 
were embedded deeper in the fin epidermis under the melanophores 
(Fig. 5C). Within the dorsal fins of golden barramundi, however con-
tracted and enlarged xanthophore cells were observed, and very few 
melanophores were observed (x‾ = 0.2 ± 0.1 melanophores in a 6042 

pixel picture, equivalent to a density approximately 0.47 melanophores/ 
cm2) (Fig. 5C). The analysis revealed a significant main difference be-
tween the number of melanophores observed in the black, silver and 
golden variances (F(2, 444) = 14,609, p < 0.001). Post hoc pairwise 
comparison using Tuckey’s test indicated that statistical significance 
was observed in the number of melanophores counted between golden 
vs black (p < 0.001), golden vs silver (p < 0.001) and silver vs black (p <
0.001). As previously described, the panda barramundi variant is char-
acterized by a variable pattern of dark (silver/black) and golden 
patches. To better appreciate the differences between the two-color 
patches of the fish, fin tissues at the edge between the color change 
were analyzed. The initial ANOVA analysis revealed a significant main 
difference between black, edge and golden in the panda barramundi, F 
(2,42) = 904.1, p < 0.001). Post hoc comparison using Tuckey’s test 
indicated that there was a clear and statistically significant decrease in 
the presence of melanophores from the golden (x‾ = 14.2 ± 1.7 per 3022 

pixel, equivalent to approximately 67.61 melanophores/cm2), edge (x‾ 
=91.4 ± 3.5 per 3022 pixel, equivalent to approximately 435 melano-
phores/cm2) to the dark (x‾ = 138.2 ± 4.5 per 3022 pixel, equivalent to 
approximately 657 melanophores/cm2) patches were evident in the 
following comparisons: golden vs. edge (p < 0.001), golden vs. black (p 
< 0.001), edge vs. black (p < 0.001) (Fig. 5E). Additionally, dotted (no 

Fig. 4. Histological analysis of dorsal skin of golden (A, D), panda (B, E), and black (C, F) barramundi with (A, B. C) H&E stain and (D, E, F) Masson-Fontana stain. D: 
nest of melanophores observed in the hypodermis of golden barramundi. Black arrows indicate melanin. G: schematic graph describing the pigment structure in the 
dorsal skin of color variants, left to right: silver, golden, black patches of panda, black. Blue: epidermis, light green: loose connective tissue, dark green: dense 
connective tissue, grey: hypodermis, red stripes: muscle; yellow layer representing xanthophores and black ovals representing melanin. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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presence of dendrites) and dendritic melanophores, as well as contracted 
and enlarged xanthophores, were observed in fin tissue of panda 
barramundi (Fig. 5C). In the dorsal fin sample of black barramundi, 
there was a high concentration of both melanophores (dotted and den-
dritic) (x‾ = 194.4 ± 5.4 melanophore per 6042 pixel section, equivalent 
to a density of approximately 462.9 melanophores/cm2) (Fig. 5D), as 
well as xanthophores (contracted and enlarged). Interestingly, there is a 
significant difference between the number of melanophores observed in 
the golden (0.47 melanophores/cm2) and black (462.9 melanophores/ 
cm2) fish, p < 0.001). 

3.4. Ultrastructure of barramundi skin 

Transition electron microscopy was utilized to characterize the ul-
trastructure of the silver, golden and panda variants of barramundi skin 
and fin. From the silver barramundi scans, the presence of xanthophores 
and melanophores was confirmed and numerous melanosomes con-
taining melanin were identified in the cytoplasm of the melanophores 
(Fig. 6A). The melanophores possess a double membrane, and clear 
differences in the electrodensity of the melanosomes were observed, 
indicating different stages of melanin maturation. Stage 1, 2, 3, and 4 
melanosomes were visually apparent. However, there were differences 
in grey shades (Fig. 6C). The nucleus of the melanophores was charac-
terized by a round to an oval shape, with apparent dense chromatin. A 
high number of xanthophores were also observed adjacent to the me-
lanophores. In the golden barramundi, no melanophores with mature 
melanosomes (stage 2, 3, and 4) were observed (Fig. 6B). However, a 
small number of melanophores with stage 1 melanosomes were present 
(Fig. 6D). Golden patches of the panda barramundi followed the TEM 
structure of golden fish tissue, while black patches followed the struc-
ture of silver fish skin as described above. 

3.5. Immunohistochemistry 

Immunohistological tagging of cells using an anti-Mc1r antibody 
revealed clear differences in the presence of melanophores in the tissues 
analyzed. In silver barramundi melanophores with Mc1r protein was 
detected in both dorsal skin and fin (Fig. 7A and B), while a drastic 
reduction of immunostained melanophores was evident in the ventral 
skin. Specifically, in the dorsal skin, melanophores producing melanin 
were detected in the epidermis, dermis, and hypodermis. In contrast, 
infrequent observation of melanophores (both producing and non- 
producing melanin) was identified in the epidermis of the ventral skin. 
By comparing the same tissue in bleached and normally stained slides, 
the antibody anti-Mc1r was detectable beneath the melanin, confirming 
that melanophores are responsible for melanin production in silver 
barramundi. 

In the skin and fin of golden barramundi, a strong reduction of cells 
tagged through Mc1r immunostaining was evident, with only sparse 
anti-Mc1r immunostaining of cells observed in the epidermis (Fig. 7C). 
Interestingly, in the dorsal skin, loose, compact and walled agglomerates 
of cells with low-melanin production, positive to immunostaining, were 
also discovered in the dermis of all samples analyzed (Fig. 7D). Addi-
tionally, a small number of small, walled melanin-producing cell gran-
ulomas (i.e. nested melanin) were visible (Figs. 4D and 7E). When the 
bleached melanin slides were compared to the normal staining, the 
antibody anti-Mc1r was detectable beneath the visible melanin (Fig. 7F). 

Similar to the golden variants, in the golden patches of panda 
barramundi, the antibody anti-Mc1r revealed low levels of non- 
producing melanin melanophores in the upper layers of the skin, 
while melanin-producing granulomas were present in the hypodermis. 
In contrast, in the black patches of panda barramundi, anti-Mc1r was 
tagged to melanophores producing melanin in the epidermis and upper 
dermis, while no cells tagged by the Mc1r antibody were detected in the 
lower layers of the skin, with the exception of rare granulomas with 

Fig. 5. A: different barramundi color variants. B: Silver, golden, panda, and black dorsal fin of barramundi were analyzed under the stereo microscope, and the 
evident differences in pigment cell density and presence. C: pigment cells observed with the stereo microscope (Magnification: 80×). D: Boxplot representing the 
melanophore number (x axis) between black, golden, and silver color variants (6042 pixel images). E: Boxplot indicating the number of melanophores (x axis) in the 
panda transition between black, edge and golden patch of panda barramundi (3022 pixel images). In the y axis the gradient bar represents the color transition from 
black (bottom), to edge (middle), to golden (top). Bars indicate standard error. Pairwise comparison performed with Tukey’s test, *** indicating p < 0.001. 
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melanin-producing melanophores. Black and silver barramundi were 
similar, with Mc1r detection particularly visible after melanin bleaching 
in all layers of the skin, including the hypodermis. Noticeably, also in 
black barramundi, small, rare granulomas were visible in the 
hypodermis. 

4. Discussion 

The aim of this investigation was to a) understand the differences in 
skin structure and cell composition between the phenotypic color vari-
ants observed in L. calcarifer, and b) describe the main morphological 
features of the skin of this species at a histological and ultrastructural 
level. Additionally, the presence of melanophores was investigated with 
immunohistochemistry techniques, through the detection of Mc1r pro-
tein receptor, with an anti-Mc1r polyclonal antibody. 

Until the present study, there have been only brief descriptions of 
barramundi skin structure with regards to the effect of infectious disease 
on skin health (Gibson-Kueh, 2012; Trujillo-González et al., 2015). No 
studies have described the presence and distribution of pigment cells, 
particularly, melanophores. However, evidence of melanin in barra-
mundi skin is visible in previously published histological images 
(Hender et al., 2021), showing a similar structure to what has been 
observed in this present investigation. The skin of teleosts has been 
described widely in multiple finfish species (Cordero et al., 2017; Elliott, 
2011; Faílde et al., 2014; Zhang et al., 2022). Although there are inter- 
species and intra-species differences (Ferguson, 1989), the histological 

and ultrastructural characteristics of barramundi skin follow the typical 
teleost type, with the distinct layers of the epidermis, dermis (both loose 
and dense connective tissue), followed by hypodermis and muscle tissue. 
No differences were observed in the skin structure of dorsal and ventral 
skin of barramundi; however, a clear variation in presence/absence of 
melanin was observed between the two skin regions. Differences in 
coloration between the dorsal and ventral portion of the barramundi are 
also visually evident, with the dorsal part of the animal being darker 
shaded than the ventral. Interestingly, this characteristic color pattern, 
defined as countershading, is evolutionarily conserved in several taxa 
and not only protects the animal from ultra-violet light, but in aquatic 
environments also provides an anti-predator cryptic pigmentation 
(Ruxton et al., 2004). In mammals, the changes in skin and hair color 
have been associated with a biochemical difference in the melanin 
production from the melanocytes, with a shift from eumelanin to 
pheomelanin, regulated through the expression of the gene Agouti- 
signaling protein (Asip) (Lamoreux et al., 2010). Nevertheless, the 
presence of pheomelanin in teleosts is still an unanswered question in 
the literature (Kottler et al., 2015); however, evidence of correlations 
between the gradual expression of asip gene and changes in coloring has 
been reported in several finfish (Cal et al., 2017; Cal et al., 2019a; Cal 
et al., 2019b; Liang et al., 2021). Most importantly, it has been 
demonstrated that the change in color between the dorsal and ventral 
skin seen in certain finfish species is due to a significant reduction in the 
number of pigment-producing cells. This contrasts with the biochemical 
shift in the pigment produced as seen in mammals, with almost no 

Fig. 6. Skin sample processed with transmission electron microscopy (TEM). A and C represent skin tissues from silver barramundi, and B and D from golden 
barramundi. A: Evident melanosomes with melanin deposit in silver barramundi fin. B: No evident presence of melanosomes with melanin deposit in golden 
barramundi fin. C: Evident presence of xanthophores, melanophore with its nucleus and melanosomes, endoplasmic reticulum (yellow arrow: indicating stage 4, blue 
arrow indicating stage 3, orange arrow indicating stage 2 and green arrow indicating stage 1). D: golden barramundi fin with melanosomes at stage 1 (green arrow). 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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presence of melanophores nor xanthophores in the ventral skin (Cal 
et al., 2019a). From the histological analysis of silver barramundi skin, it 
was possible to observe a clear difference in the presence of melanin 
between the dorsal and ventral skin. 

Based on histology alone, it was not possible to determine if the 
absence of melanin was due to a) the non-production of melanin by the 
melanophores or, b) the absence of melanophores themselves. Through 
the utilization of a polyclonal antibody for the Mc1r, it was possible to 
demonstrate that the barramundi countershading is determined by the 
presence/absence of melanophores. Low numbers of Mc1r were detec-
ted in the layers of the ventral skin of the silver barramundi. In contrast, 
high abundance of Mc1r (and therefore melanophores) was observed 
within the epidermis, dermis, and hypodermis of the dorsal skin. 
Additionally, melanophores with melanosomes containing melanin 
were also identified in the dorsal skin and fin of silver barramundi using 
TEM. However, melanophores or mature melanosomes were not iden-
tified in the golden fish, confirming the patterns observed in the 
immunohistochemistry analysis. Moreover, the four stages of melano-
somes were visible in the silver samples, highlighting the ongoing pro-
duction of melanin in those tissues (Raposo and Marks, 2007), while 
only low numbers of observations of stage 1 immature melanosomes 
were visible in the golden samples. 

The ultimate color of the skin is also due to the layering of the pig-
mented cells, with a vertical order of chromatophores described in 
multiple finfish species. Interestingly, the characteristic order in which 
the cells are organized appears to be species-specific. For example, in 
zebrafish fin, xanthophores are in the uppermost skin layer, iridophores 
beneath, and melanophores in the basal layer (Hirata et al., 2005); in 
turbot species, melanophores and xanthophores are in the upper layer, 
while iridophores are in the basal layer (Faílde et al., 2014). Similarly, 
the order in the layering of chromatophores in the fin structure of silver 

barramundi, with melanophores being in the upper layer, xanthophores 
layering underneath, and iridophores in the basal layer, is conserved. 
However, the abundance, and in some cases, their presence within the 
skin layers differed substantially across color variants. 

Within the dorsal fins of golden barramundi, no melanin was 
detected. Similarly, the edge between dark and golden patches of panda 
variants showed a clear reduction of melanin in the golden color patch 
compared to adjunct black patches. Changes in pigment cell populations 
within different color patterns have been extensively reported, with 
most studies undertaken in zebrafish (Patterson and Parichy, 2019; 
Singh and Nüsslein-Volhard, 2015). From those, it is clear that cell-cell 
interactions (Maderspacher and Nüsslein-Volhard, 2003), signaling, and 
pathways related to melanophore differentiation and survival, with 
genes involved such as asip1 and agrp2, all play a major role in defining 
stripes and patch formation (Singh and Nüsslein-Volhard, 2015). Most 
studies have correlated the changes in color pattern to the different 
pigment cell populations, specifically the absence of melanophores. 
However, some studies suggested that the non-production of melanin 
and aggregation of melanosomes are the causative reason for the lighter 
color of the skin. This has been observed when the fish is adapting to 
new backgrounds or responding to stress [13] and in multiple color 
phenotypes. For example, in green sunfish (Lepomis cyanellus), golden 
variants have been linked to a reduction in the number of melanophores 
and melanin granules (Dunham and Childers, 1980), rather than a 
reduction in melanophores. In this present study, clear differences in the 
quantity of melanin were observed between the multiple color variants 
of barramundi, with a substantial reduction of melanin within the layers 
of the skin in the golden variants (both full golden and golden patches of 
panda). However, using histological analysis, it was not possible to 
determine if the melanophores were present and not producing melanin, 
or if they were absent. To answer this, similar to the countershading 

Fig. 7. Immunohistochemistry sections of silver (A, B) and golden (C, D, E, F) barramundi. A, C: dorsal fin, B: hypodermis, D: dermis. E: Unbleached slide with 
evident small walled granulomas containing melanin. F: Bleached slide with Mc1r immunostaining within the walled granulomas. Arrows indicating Mc1r detection 
in non-melanin-producing melanophores. C: compact agglomerate of melanophores, L: loose agglomerate of melanophores, G: walled granulomas with 
melanophores. 
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characterization, an immunohistochemistry technique was utilized 
through the detection of the Mc1r protein. In recent years, antibodies 
targeting proteins involved in melanin production, such as Tyr, Mitfa or 
Pmel, have been developed and utilized in fish (Chen et al., 2019; 
Gramann et al., 2019). Yet, although identifying these proteins is 
informative, utilizing those antibodies was out of the scope of this study 
as the question was why the skin of golden barramundi lacked apparent 
melanin. Therefore, targeting a melanophore cell-specific membrane 
receptor such as Mc1r, involved in the switching on/off of melanin 
production, would identify if melanophores were actually present and 
not producing melanin, or absent entirely. In fact, from this investiga-
tion, it was observable that in golden barramundi (and in the golden 
patches of panda barramundi) the presence of Mc1r was drastically 
reduced, denotating a reduction of melanophore occurrence. Addition-
ally, different stages of aggregation of non-producing melanin melano-
phores were evident in the dermis, as well as small walled granulomas 
containing melanin within the hypodermis. 

In a broader context, it is essential to clarify that while most of the 
xanthic phenotypes reported in the literature appear to be due to a stable 
and heritable trait, the color of barramundi is not. Not only are golden 
barramundi born silver and subsequently change color, but they can also 
revert during their lifetime. Observations have revealed that stressful 
events such as water quality and transport changes can trigger color 
changes, such as golden and panda reverting to silver/black variants (H. 
S. Cate, personal communication, March 27, 2022). This suggests that in 
those individuals the melanophores have the capability to re-produce 
melanin when triggered. Similar to barramundi, goldfish (Carassius 
auratus) change color (from grey to red) throughout their lifetime, and 
this transition has been extensively studied (Zhang et al., 2017a, 2017b). 
Specifically, the transformation from grey to red coloration was char-
acterized by a reduction in the number of melanophores and a signifi-
cant decrease in melanosomes and melanin production within the 
remaining pigment cells, showing a similar physiological response to 
that observed in barramundi. Additionally, apoptosis pathways were 
highly regulated in the goldfish, with a statistically significant reduction 
of mc1r expression and up regulation of the asip1 gene (Zhang et al., 
2017b). In PmelA-/PmelB- engineered golden tilapia (Oreochromis 
aureus), a decrease in melanophore number and sparse melanin-free 
melanophores were observed in the skin (Wang et al., 2022). More-
over, fish held in tanks with a white background also showed a reduction 
in the number of melanophores, with just a few surviving long-term 
adaptation. However, melanophores could re-establish their original 
size, dendricity and melanin production and proliferate when fish were 
transferred to tanks with a black background (Sugimoto, 2002). This 
capability of re-establishing the melanin pathways and multiplication of 
the non-melanin-producing melanophores after specific triggers could 
explain the capacity of golden barramundi to revert to black. However, 
this study not only detected a reduced number of melanophores and a 
reduced melanin production within the golden phenotype, but it also 
detected agglomeration of non-melanin-producing melanophores and 
nested melanin-producing melanophores. Moreover, agglomeration of 
melanin-producing melanophores in organs, such as the spleen and 
liver, has been reported as a stress, parasite, and/or immune defense 
response (Salimi, 2017). This leads to an alternative explanation 
whereby it could be possible that the color variants have an enhanced 
response to stress leading to melanophore aggregation and death, 
resulting in skin color changes. Interestingly, in golden loach (Para-
misgumus dabryanus), the absence of melanin was observed in the his-
tological analysis (Zhang et al., 2022), but most importantly, pathways 
associated with immune system response, autoimmune diseases, 
cytokine-cytokine interaction, and apoptosis were highly upregulated in 
the golden fish (Huang et al., 2021). Significantly, this could indicate 
that in loach, the golden coloration could result from multiple physio-
logical changes and molecular interactions rather than simple melanin 
reduction/melanophore death, similar to what was seen in barramundi. 

In this present study, we described the structure and cell pigment 

populations of silver barramundi and color variants, laying the basis for 
future investigation. Understanding the genetic basis of the golden 
phenotype, the abundance, and presence of melanophores, and whether 
they produce melanin is an important step toward manipulating color 
and producing higher proportions of golden barramundi within an in-
dustrial aquaculture context. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.aquaculture.2023.739859. 
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Segade, Á., Robaina, L., Otero-Ferrer, F., García Romero, J., Molina Domínguez, L., 2015. 
Effects of the diet on seahorse (Hippocampus hippocampus) growth, body colour and 
biochemical composition. Aquac. Nutr. 21 (6), 807–813. https://doi.org/10.1111/ 
anu.12202. 

Singh, Ajeet P., Nüsslein-Volhard, C., 2015. Zebrafish stripes as a model for vertebrate 
colour pattern formation. Curr. Biol. 25 (2), R81–R92. https://doi.org/10.1016/j. 
cub.2014.11.013. 

Sturm, R.A., Teasdale, R.D., Box, N.F., 2001. Human pigmentation genes: identification, 
structure and consequences of polymorphic variation. Gene 277 (1–2), 49–62. 
https://doi.org/10.1016/s0378-1119(01)00694-1. 

Sugimoto, M., 2002. Morphological color changes in fish: regulation of pigment cell 
density and morphology. Microsc. Res. Tech. 58 (6), 496–503. https://doi.org/ 
10.1002/jemt.10168. 

Swope, V.B., Jameson, J.A., McFarland, K.L., Supp, D.M., Miller, W.E., McGraw, D.W., 
Patel, M.A., Nix, M.A., Millhauser, G.L., Babcock, G.F., 2012. Defining MC1R 
regulation in human melanocytes by its agonist α-melanocortin and antagonists 
agouti signaling protein and β-defensin 3. J. Invest. Dermatol. 132 (9), 2255–2262. 
https://doi.org/10.1038/jid.2012.135. 

Takahashi, A., Davis, P., Reinick, C., Mizusawa, K., Sakamoto, T., Dores, R.M., 2016. 
Characterization of melanocortin receptors from stingray Dasyatis akajei, a 
cartilaginous fish. Gen. Comp. Endocrinol. 232, 115–124. https://doi.org/10.1016/ 
j.ygcen.2016.03.030. 
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