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Abstract

Melanosis, or melanized focal changes (MFCs), is a significant issue in the Atlantic salmon
(Salmo salar) farming industry, causing economic losses due to fillet downgrading. Neverthe-
less, molecular mechanisms underlying melanosis remain poorly understood, particularly
in Chilean aquaculture. This study aimed to characterize transcriptional regulation associ-
ated with melanogenesis and inflammation in salmon muscle tissues exhibiting melanosis.
Samples were collected from fish at three productive stages, all with MFCs in muscle in com-
mon: freshwater at two different origins and accumulated thermal units “ATUs” (300 ATUs
post-antibiotic overdose, “Security”; 600 ATUs post-vaccination, “Vaccination”) and seawa-
ter harvest (“Harvest”). Gene expression analysis by qPCR targeted melanogenesis-related
genes (mitf, tyr, and dct) and immune markers (arg2, inos2, and il-1β). Results revealed
significant transcriptional modulation in freshwater samples, including downregulation of
mitf, upregulation of dct, and changes in immune-related genes (arg2 and inos2). In contrast,
seawater (“Harvest”) samples showed significant upregulation of tyr and dct, but no sig-
nificant immune gene modulation. These findings indicate distinct molecular responses
depending on the MFCs’ development stage, emphasizing early stages as critical points for
intervention. Unlike recent studies, which have predominantly focused on samples from
the harvest stage, this work uniquely integrates results from both the freshwater phase and
the harvest stage.
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Key Contribution: This study describes the expression patterns of melanogenesis-related
enzymes in muscle tissues exhibiting melanosis, using samples collected from freshwater
and harvest stages. This research represents the first approach to characterizing the molecu-
lar mechanisms of melanosis in Atlantic salmon in Chilean aquaculture. Specifically, it pro-
vides the first recorded investigation into the expression of melanogenesis-related enzymes
under productive conditions, considering three distinct situations at productive stages.

1. Introduction
Melanosis is an accumulation of melanin in tissues, including muscle or viscera. The

spots were previously known as “black spots” and are currently termed melanized focal
changes (MFCs) [1–4]. MFCs are a relevant cause of product downgrades, becoming a
constant challenge in salmon farming, leading to increased production costs. Managing
melanosis involves additional processing steps, such as fillet trimming, which reduces
yields and heightens the risk of microbiological contamination due to increased handling [5].
Despite its significant impact on the Chilean salmon industry, there is a notable absence of
official and consolidated records quantifying its effects on production. However, for the
first time, Aquabench has provided our team with official industry-wide data, monitoring
processing plants across all salmon farming companies in Chile. Their results indicate a
melanosis prevalence of 19.5%, 22.69%, and 21.9% in fillets from 2022 to 2024, with the
anterior ventral area being the most affected (Information provided by Aquabench).

Among the possible causes, it is related to a chronic inflammatory process charac-
terized initially by an increase in M1 iNOS+ macrophages (red spots), followed by an
upregulation of M2 macrophage (black spots) polarization with a consequent increase of
the arg2 gene expression [4,6]. On the other hand, fractures in the abdominal region have
been identified as a plausible occurrence, often linked to nutritional deficiencies [7,8]. This
condition has also been associated with the development of MFCs [9–11]. The causes that
promote the formation of MFCs have been widely addressed from a pathological perspec-
tive [1,6,10,12]; however, few studies have focused on aspects related to melanogenesis
itself [13].

In mammals and fish, key factors in melanin synthesis include microphthalmia-
associated transcription factor (mitf ), which regulates pigment-related enzymes such as
tyrosinase (encoded by the tyr gene), have been described [14]. Tyrosinase, expressed
mainly in pigment-producing cells, catalyzes the oxidation of tyrosine to form DOPA (di-
hydroxyphenylalanine) inside melanosomes. Subsequently, the intermediate compound
dopaquinone is converted by dopachrome tautomerase (dct) into melanin [15]. A clear
example of this is the publication by Edvardsen et al. [16], who, by blocking the expression
of the tyr gene by genome editing, showed an albino phenotype in Atlantic salmon Salmo
salar embryos, as well as Guyonneau et al. [17], who, by generating DCT-deficient mice,
showed a phenotype with deficient pigmentation. These genes can be regulated to adjust
melanin production [18].

Based on existing research, there is a consensus that melanosis has a multifactorial
origin that cannot be easily addressed [15]. However, no peer-reviewed evidence addresses
this issue from Chile, and existing investigations have not pinpointed the various physi-
ological systems that may be involved. Therefore, a greater understanding of molecular
mechanisms that prove this condition in salmon is necessary, which can be focused on
as possible control and/or solution pathways to this challenge. Furthermore, existing
evidence highlights the connection between phagocytic cells and melanin’s role in neu-
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tralizing oxidative radicals generated during phagocytosis [19], clearly underscoring the
relationship between the immune system and melanogenesis in melanosis.

Considering the significance of the melanosis issue in Chile, this research aimed to
investigate descriptively the mRNA expression of genes associated with melanogenesis in
samples obtained in three different field conditions exhibiting melanosis and those without
melanotic pigmentation. Furthermore, the study explored the expression of inos2 and arg2
genes, which are associated with macrophage polarization and function as markers of
inflammation and tissue repair, respectively, alongside other inflammatory markers such
as il-1β.

The study was conducted according to the Declaration of Helsinki and approved by
the Institutional Review Board (or Ethics Committee) of the Pontificia Universidad Católica
de Chile (protocol code 220424004 and date of approval 24 May 2023).

2. Materials and Methods
2.1. Tissue Sampling

Samples of Salmo salar used in this study were obtained from three different sources
and were kindly provided by a pharmaceutical company specializing in salmon aquacul-
ture, which conducts monitoring programs for its products. As part of its ongoing research
efforts, selected samples from its program were used in this study through a collaborative
initiative, contributing to the first approach to this topic within the Chilean industry. The
sampling procedures were carried out by veterinarians certified by Sernapesca, who are
officially accredited as “Certificadores de la condición sanitaria”, ensuring compliance
with industry health standards. The sampling process considered only the external in-
jection point visible on the belly of fish sourced from freshwater sites, along with ten
samples collected at a processing plant with the support of a salmon company at the
processing plant.

The first group of samples was collected from a “Safety Experiment” from a Fish phar-
maceutical company located in Puerto Varas, Chile, and sampled at 300 degree-days after an
oxytetracycline overdose testing assay. The second group was obtained at 600 degree-days
post-vaccination (before their transfer to seawater) from a Chilean fish farm in the “Los
Ríos” region. Finally, after the stunning procedure, the third group of harvest samples was
collected from a processing plant in Puerto Montt (Chile). Due to the operational conditions
of the processing plant, which primarily handles food for human consumption, further
in-depth analyses were not feasible. As a result, only tissue samples from the thoracic
region with focal melanosis were selected for this study (Figure 1B,C). These three sample
groups are safety, vaccination, and harvest (Table 1). Considering that the cause of MFCs
is not part of this research and that the sample information is confidential, the samples
were delivered in a “blind” manner to avoid bias during the analyses, considering only
seemingly healthy fish.

Table 1. Description of the samples used. The weight data are expressed in grams, and K is the Fulton
condition factor (Weight/Length3) × 100.

Group n Stage Weight Coefficient
of Variation K

Safety 9 Freshwater 144.61 10% 0.81
Vaccination 11 Freshwater 209.09 22% 1.20

Harvest 10 Seawater 6058.20 18% 1.29
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Figure 1. Photographs of samples used. (A) Photographs of a sample from safety showing the
injection point melanized 300 UTAs from the treatment, (B) harvest samples, and (C) images at 1.5×
magnification representing the sampling process. For each identified fish, a section of muscle tissue
was taken without melanosis (control) and with melanosis (melanosis).

The experimental design of this study considered a limited number of samples due to
the challenges of obtaining them under productive conditions in Chile. The study imple-
mented a statistical analysis that accounted for repeated measures to address this limitation.
By using a small number of fish but identifying each individual and its corresponding
samples with and without melanosis, this approach minimized genetic background ef-
fects when comparing independent samples [14,20]. Additionally, the methodology was
designed to maximize representativeness, ensuring that the findings remain robust and
meaningful despite the sample size constraints.

This procedure involved identifying the MFCs in muscle and extracting the sample
from the melanosis tissue and the adjacent area without melanosis, which was used as a
control (Figure 1A,C). To minimize the effect of genetic background when comparing inde-
pendent samples, both melanotic and non-melanotic tissue were identified from each fish
and included in the analysis. After obtaining and identifying each sample, they were stored
at 4 ◦C in Eppendorf tubes with RNAlater (SigmaTM, Darmstadt, Germany), previously
determined for each tissue sample, and immediately sent to the Marine Molecular Biol-
ogy Laboratory at the Faculty of Agronomy and Natural Systems, Pontificia Universidad
Católica de Chile, where they were stored at −20 ◦C until processing.

2.2. Tissue Homogenization and RNA Isolation

The tissue homogenization was performed using 50 mg of the sample with the Mini-
BeadBeater 24 (BioSpec Products, Inc., Bartlesville, OK, USA). Samples were placed in
2.0 mL screw tubes with standard caps (SSIbio, Lodi, CA, USA, cat. 2641-0B). Each tube
contained six 1.5 mm stainless steel beads (BioSpec, cat. 11079115ss) and 700 µL of TRIzol
(Invitrogen, Carlsbad, CA, USA). The samples were shaken at 2800 rpm for 30 s in the bead
beater, followed by a cooling step for 60 s. This process was repeated three times to achieve
complete tissue homogenization. The sample was then transferred to a 1.5 mL Eppendorf
tube and centrifuged at 12,000 rpm for 5 min. The supernatant was removed and mixed
in another tube with 100% ethanol at a 1:1 ratio. Subsequently, total RNA was extracted
using the “Direct-zol RNA Miniprep Plus” kit (Zymo Research, Irvine, CA, USA) following
the protocol until eluting the RNA sample in 50 µL of nuclease-free water and stored at
−80 ◦C. The RNA concentration of the samples was then quantified and aliquoted to a
concentration of 100 ng/µL with nuclease-free water.

2.3. Quantitative Real-Time PCR and Statistical Analysis

The HiScript II One Step Qrt-PCR SYBR Green kit (Vazyme, Nanjing, China) was used
for the qPCR on tissue samples, employing a Dlab Real-Time PCR System Accurate 96
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(Dlab, Beijing, China). An aliquot of 100 ng/µL was used as a template for all analyses.
Primer sequences are listed in Table 2.

Table 2. Primer sequences.

Gene Primers Sequence (5′→3′) Product bp Accession Number or
Reference

mitf gattgagagaagacggaggttt 100 bp XM_014136388.2gcctttgttccaacgcatac

tyr tgggaaacaaggtcctgggctac 111 bp [21]actgccagatcagctgagcctc

dct
tctcactctgcagccaatgac 85 bp [22]cagacttcctcatccactcatcaaa

inos2
catcggcaggattcagtggtccaat 136 bp [6]ggtaatcgcagaccttaggtttcctc

arg2 cctgaaggacttgggtgtccagta 109 bp [6]ccgctgcttccttgacaagaggt

il-1β
atcaccatgcgtcacattgc 90 bp [23]gtccttgaactcggttccca

β-actin cccatctacgagggttacgc 112 bp AF012125.1tgaaactgtaaccgcgctct

The data associated with the qPCR results obtained from related tissue samples were
analyzed using a paired t-test. We considered comparing the transcriptional regulation
of the studied genes in tissues with and without melanosis using a repeated measures
comparison. The analysis began by evaluating the assumptions necessary for a parametric
analysis (homogeneity of variance and normality of residuals). When the ∆Ct data met
the assumptions, the repeated measures t-test was used. When any assumptions were not
met, the Wilcoxon signed-rank test was used. The ∆Ct values of tissues with and without
melanosis identified in each fish were compared and graphed as 2∆∆Ct.

3. Results
The qPCR showed a significant downregulation of mitf (t = −5.703; p = 0.00045) and

upregulation of dct (t = 3.27; p = 0.01135) in MFC tissue compared to controls for the “Safety”
group (Figure 2A). In contrast, tyr showed no significant differences. Regarding immune-
related genes, arg2 (W = 1; p = 0.0078) and K (t = −2.749; p = 0.0251) were significantly
downregulated in MFC tissue, whereas il-1β showed no significant changes.

A similar trend occurred in the “Vaccination” group (Figure 3). Pigmentation-related
genes showed significant downregulation of mitf (t = −3.951; p = 0.0027) and upregulation
of dct (t = 2.626; p = 0.0253) in MFC tissue. Again, tyr showed no significant differences. For
immune genes, inos2 was significantly downregulated (W = 7; p = 0.0185), whereas arg2
downregulation was not statistically significant, and il-1β remained unchanged.

In the “Harvest” group (Figure 4B), mitf expression did not differ significantly between
melanosis and non-melanosis tissues. However, both tyr (t = 2.945; p = 0.0163) and dct (t = 7;
p < 0.001) showed significant upregulation in MFCs samples. Regarding immune-related
genes (Figure 4A), arg2, inos2, and il-1β showed no significant transcriptional differences
between MFCs and control tissues.
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Figure 2. Relative gene expression in samples from the safety group. The upper panel shows
pigmentation-related genes, and the lower panel shows immune-related genes. * Means statistical
differences between melanized tissue from related samples. Number of pairs for repeated analysis: 9.
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Figure 3. Relative gene expression in samples from the vaccination group. The upper panel shows
pigmentation-related genes, and the lower panel shows immune-related genes. * Means statistical
differences between melanized tissue from related samples. Number of pairs for repeated analysis: 11.
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Figure 4. Relative gene expression in samples from the harvest group. The upper panel shows
pigmentation-related genes, and the lower panel shows immune-related genes. * Means statistical
differences between melanized tissue from related samples. Number of pairs for repeated analysis: 10.

4. Discussion
This study represents the first investigation analyzing melanosis in Salmo salar across

both the freshwater stage and the harvest phase (seawater), providing valuable insights
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into the transcriptional regulation mechanisms in muscular tissues with and without
MFCs in Salmo salar from different developmental stages and sources. However, this
work presents some limitations that we want to highlight. It is a descriptive study that
shows expression patterns in three different groups, as the sample sources were obtained
through a monitoring program by a pharmaceutical salmon farming company. Additionally,
the samples with and without melanosis from each fish were analyzed using a repeated
measures model, which considers individual-level transcriptional regulation changes and
the intrinsic correlation among repeated measurements. Leveraging this relationship
reduces unexplained variability, enhancing statistical power and precision [24].

Significant differences and gene expression patterns were identified, potentially shed-
ding light on key stages and regulatory points associated with the MFCs. MITF is a tran-
scription factor that regulates the expression of several key genes involved in melanogene-
sis, such as tyr and dct. It is considered one of the most important transcription factors in
melanogenesis [25] and the central target of multiple signal transduction pathways [26,27].
As a transcriptional activator, MITF controls the expression of crucial melanogenesis-related
genes, including tyr, tyrp1, and dct, thereby promoting melanin synthesis [28]. The signifi-
cant negative regulation of the mitf gene in tissues with melanosis in safety and vaccination
groups supports the hypothesis that melanogenesis is modulated at the transcriptional
level in the presence of melanosis. This negative regulation represents an inhibition of
melanin production post-stimulus of the melanosis focus [29]. On the other hand, the
significant upregulation of the dct gene suggests active melanization. In contrast, the lack
of significant changes in tyr expression is likely due to the negative regulation of mitf [30].

Regarding genes related to melanization in the harvest group, the lack of significant
differences in mitf expression suggests that this gene is not differentially regulated in the
same way at an early stage of melanosis formation. However, the significant upregulation
of tyr and dct in tissues with melanosis reinforces the idea that these genes play an important
role in the pigmentary response of the tissue and could be regulated differently [31], maybe
related to the size of the MFCs or possibly associated with a longer development time
of MFCs.

From an immunological perspective, fish muscle possesses immune activity and is an
active site of immune responses against pathogens [32]. In addition, it has been described
that resident macrophages are present in muscle tissue, are involved in promoting the
inflammatory response, or participate in tissue repair. Within the cellular phenotypes of
macrophages, we can find the pro-inflammatory M1 and anti-inflammatory M2 cells that
participate in tissue repair [33]. These phenotypes are well characterized in fish, where
molecular markers have been described for each of them, finding inducible nitric oxide
synthase (iNOS) as the marker of M1 macrophages and arginase 2 (arg2) as the marker of
M2 macrophages [34]. In the present study, both groups, security and vaccination, showed
a negative regulation of the genes arg2 and inos2 in tissues with melanosis. This suggests
that these genes indicate the proximity in time to the inflammatory process that could have
triggered the melanosis focus, showing a negative regulation that compensates for the
activity. Both genes may play a role in reducing repair and inflammation associated with
the melanosis focus [2].

Considering that melanosis could be triggered by inflammatory processes, the gene
expression of il-1β, an early response pro-inflammatory cytokine characterized in fish,
was evaluated [35,36]. In this work, no significant differences in the expression of il-1β in
security and vaccination groups were observed. This could indicate that this molecule is
not modulated after 300 ATUs post-stimulus. It may play a different role in earlier stages in
what has been termed red spots, which occur in tissues before melanosis [12].
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Unlike the other groups, the “Harvest” samples did not show significant differences
in the transcriptional regulation of arg2, inos2, and il-1β between tissues with and without
melanosis. This absence of differences could be attributed to the processes that triggered
MFCs occurring over extended periods compared to those found in the smolt fish samples,
where samples were obtained at 300 and 600 ATUs post-melanosis initiation by OTC
injection and vaccination, respectively.

Although it is only a descriptive study, we hope it will be the first step towards focusing
the study of melanosis through the investigation of enzymes involved in pigmentation. This
research represents an effort to analyze MFCs from the dual perspective of melanogenesis
and immune response related to macrophage polarization. It integrates molecular insights
related to pigmentation and immune responses, offering a comprehensive understanding
of the underlying mechanisms. However, it is important to note that this is a brief and
focused study, limited explicitly to analyzing selected genes associated with pigmentation
and inflammatory responses. Additionally, this study is the first to describe MFCs in
both freshwater environments during the early developmental stages of salmon and at
the harvest stage, the culmination of the production cycle [15]. This dual-phase approach
underscores the importance of investigating the phenomenon across different life stages
and conditions to provide actionable insights for the industry.

5. Conclusions
In summary, this study provides critical insights into the transcriptional and im-

munological mechanisms underlying melanosis in Salmo salar. Regarding gene expression
patterns, a clear distinction emerged between freshwater and harvest-stage samples, sug-
gesting a different regulatory mechanism. These changes likely represent later stages of
MFCs’ development, potentially influenced by prolonged exposure to stimuli and the
increased size of MFCs. The findings underscore that pigmentation-related genes are active
in the pigmentary response during advanced stages, while immune responses stabilize
over time.

This study highlights these distinctions and emphasizes the importance of considering
developmental stages and temporal factors when investigating melanosis in aquaculture
systems. These insights offer valuable contributions to understanding the molecular basis
of melanosis and inform strategies for its management in the industry. Identifying specific
genes that are differentially regulated in MFCs provides a starting point for developing
solution strategies to mitigate this condition in farmed salmon, thereby improving both the
health and quality of fish in production systems in Chile and other countries.
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