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Abstract: Leopard coral grouper (Plectropomus leopardus), possessing a distinct red body
color, is an important species in commercial markets; however, the high ratio of black
individuals under intensive cultivation has limited the commercial value of the species.
To dissect the regulatory mechanisms underlying the red skin trait in P. leopardus, gene
expression and DNA methylation modifications were compared between red and black
skin tissues after astaxanthin treatment. Astaxanthin effectively increased the redness value
a* and body weight. Multi-omics analyses revealed the crucial roles of pathways related to
antioxidants and lipid metabolism, particularly “Tyrosine metabolism”, “Melanogenesis”,
“Fatty acid metabolism”, “Fatty acid elongation”, and “Biosynthesis of unsaturated acids”,
in red skin coloration. A molecular network for the regulation of red skin coloration in
P. leopardus was constructed, and pmel, tyr, tyrp1a, tyrp1b, dct, slc24a5, wnt1, acsl4, elovl1,
elovl6l.1, elovl6l.2, and elovl7 were identified as key genes. Notably, pmel, acsl4, and elovl7
were negatively regulated by differential DNA methylation. Our results provide new
insight into the molecular and epigenetic mechanisms of body color variation, representing
a significant step towards breeding for the red skin trait in P. leopardus.

Keywords: Plectropomus leopardus; body color; methylome; transcriptome; antioxidant
pathway; lipid metabolism

1. Introduction
Owing to its high commercial value, leopard coral grouper (Plectropomus leopardus)

is widely cultured in many Asian countries. P. leopardus has a bright red skin color, a sign
of auspiciousness in Chinese traditional culture; thus, the price of fish with red skin is
1.5–2 times that of individuals of other colors in the market [1,2]. However, the ratio of
red-skinned individuals is quite low under intensive cultivation. Therefore, it is necessary
to determine the mechanism underlying red skin coloration and improve the frequency of
this trait in P. leopardus breeding.

The type and content of pigments, such as melanin, carotenoids, and pteridine, de-
termine body color in fish and are related to genetics, dietary factors, and environmental
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conditions [3]. Previous studies have indicated that teleost fish possess six pigment cell
types, including melanophores (black or brown), xanthophores (ocher or yellow), ery-
throphores (red), iridophores (iridescent), leucophores (white), and cyanophores (blue) [4].
The melanin level determines skin color in P. leopardus [5]. Melanin is synthesized in
the melanophores/melanocytes through the specific lysosome-related organelles termed
melanosomes [6]. Melanosomes are usually categorized into four stages (I–IV) based on
the grade of morphological maturity; therein, melanin production and massive deposition
occurs in the third and fourth stages [7]. In melanocytes, melanin production is mainly
regulated by four categories of factors, involving enzymatic components for melanin syn-
thesis (TYR, TYRP1, and TYRP2/DCT), fibrillar proteins involved in melanosome structure
(PMEL, MART-1, and GPNMB), dynamic proteins for melanosome transport and transfer
(APs, OA1, BLOC-1, and Rab27a), and melanogenic transcription factors (CREB, MITF,
PAX3, SOX9, and SOX10) [4,7]. In addition, several key genes regulating melanin produc-
tion and distribution have been identified through functional experiments. For example,
mutations in slc24a5 or slc45a2 affect body color or lead to albinism in teleost fish [4,8].
However, the causative mechanisms of color variation under aquaculture conditions have
not been clarified in most cultured fish.

Carotenoids serve as regulators of red and yellow phenotypes; they cannot be syn-
thesized de novo in fish and are acquired through dietary sources [9]. Astaxanthin, a
ketocarotenoid, is commonly used in aquaculture to promotes red body coloration and to
improve antioxidant activity and immunity [3]. Furthermore, the light spectrum and tank
color can directly affect body color and color-related gene expression in fish species [10–12].
There is a wealth of genomic resources on skin color variation in P. leopardus, including
whole-genome sequencing [13–16], whole-transcriptome (mRNA, miRNA, circRNA, and
lncRNA) [17–23], metabolomics [24], and proteomics data [25] as well as data from genome-
wide association studies (GWASs) [1,26] and studies of functional genes [9,17]. However,
red skin coloration in P. leopardus is determined by complex interactions among multiple
regulatory mechanisms. The species can switch between red- or black-colored bodies under
various aquaculture conditions. Here, we evaluated whether environmental factors, such
as dietary astaxanthin, shape color-related gene transcription via DNA methylation. Briefly,
DNA methylation is an important epigenetic modification and affects gene expression
in response to environmental stimuli [27]. Depending on the visual environment, male
cichlid fish (Astatotilapia burtoni) can change their body color from yellow to blue by down-
regulating the expression of the ednrb gene through DNA hyper-methylation within its
promoter [28]. The role of DNA methylation in red body coloration has also been reported
in common carp (Cyprinus carpio) and crucian carp (Carassius carassius) [29,30]. However,
its contribution to coloration in P. leopardus has not been determined.

The primary objective of this study was to explore the epigenetic mechanisms underly-
ing body color differences among P. leopardus individuals to aid the selection of high-value
broodstock. We compared red and black skin tissues induced by astaxanthin treatment
using RNA-seq and whole-genome DNA methylation analyses. The results highlight the
vital role of DNA methylation in regulating red skin coloration. Furthermore, a potential
regulatory network was constructed based on the color-related candidate genes. This study
provides valuable data for uncovering the molecular and epigenetic mechanisms of red
skin formation in P. leopardus.

2. Materials and Methods
2.1. Resources and RNA Extraction

The feeding experiment was carried out at Laizhou Ming Bo Aquatic Co., Ltd.
(Laizhou, China) in water recirculation conditions. The larvae were derived from mixed
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broodstocks from a culture facility; these broodstocks have not been selected for body color
traits. All larvae were raised on a compound pelleted diet (Santong Bioengineering Co.,
Ltd., Weifang, China) until reaching one year old. Then, healthy juveniles (356.76 ± 6.96 g)
were randomly allocated into two groups, in triplicate, with each tank (10 m3) containing
300 fish. Commercial pellets supplemented with 0.10 g/kg astaxanthin were used for the
treatment group (TR) and the control group (CB) was fed the diet without any carotenoid
pigment. Natural astaxanthin for the feeding experiment was derived from Haematococ-
cus pluvialis (3% purity), with the optical isomers of (3S, 3’S). After the astaxanthin was
dissolved in water, it was evenly sprayed on the base feed and then dried naturally. The
supplemental dosing and usage of astaxanthin were based on previous studies [31,32]. All
culture tanks were identical and possessed a white bottom and walls. The light source
was white LED lamps, and the light intensity and photoperiod were set to 1600 lux and
14:10 light:dark (L:D), respectively. The fish were fed twice a day (8 a.m. and 4 p.m.) at 2%
of their body weight for 3 months, with a feed conversion ratio of 1.5. After the feeding
trial, 70 individuals in two groups were measured for growth performance and colorimetric
evaluation, respectively. The 3nh NR60CP Colorimeter (Guangdong Sanenshi Intelligent
Technology Co., Ltd., Guangzhou, China) was used to measure the L* (the brightness) and
a* (the redness) values on different body areas of the fish (Figure 1A). All measurements
were performed following a previously described method [3]. Finally, the red and black
dorsal skins were sampled from nine fish in two groups, and samples from three fish were
combined to obtain a mixed sample for mRNA and DNA methylation analyses. Total RNA
was extracted from the samples using the TRIzol reagent kit (Invitrogen, Waltham, MA,
USA), adhering to the manufacturer’s protocol.

2.2. Transcriptome Analysis

The Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a
1% agarose gel were used for assessing RNA purity and integrity. RNA-seq libraries were
prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina and sequenced on
the Illumina NovaSeq6000 platform (Gene Denovo Biotechnology Co. Ltd., Guangzhou,
China). To obtain clean reads, adapters and low-quality sequences were filtered via fastp
v0.18.0 with default parameters and then mapped to the reference genome [16] using Hisat2
v2.1.0. Fragments per kilobase of transcript per million mapped reads (FPKM) values were
calculated using RSEM software package v1.3.3. Differentially expressed genes (DEGs)
were screened using the DESeq2 R software 1.44.0 [33], with threshold values of FDR < 0.05
and |log2FC| ≥ 1. The DEG functions were further explored through Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses.

2.3. Methylome Analysis

The samples for RNA-seq were resubmitted for the whole-genome bisulfite sequenc-
ing (WGBS). High-quality DNA was fragmented and purified using the MiniElute PCR
Purification Kit (QIAGEN, Valencia, CA, USA). After end repair, poly(A) addition, adapter
ligation, bisulfite conversion, and PCR amplification, the products were sequenced using
the Illumina HiSeq 2500 (Gene Denovo Biotechnology Co., Guangzhou, China). After filter-
ing, the clean reads were mapped to the reference genome [16] using BSMAP v2.90 [34].
A Perl script was used for calling the methylated cytosines [35]. For CG, CHG, and CHH
contexts, genomic DNA methylation levels were evaluated according to the ratio of methy-
lated cytosine on various gene regions. MethylKit v1.7.10 was used to identify differentially
methylated regions (DMRs), with a sliding window of 200 bp according to the following
criteria: (1) for CG and CHG, the numbers in each window ≥5, absolute difference in
methylation ratio ≥0.20, and q ≤ 0.05; (2) for CHH, numbers in a window ≥10, absolute
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difference in methylation ratio ≥0.10, and q ≤ 0.05. Then, DMR-related genes (DMGs) were
further analyzed through a KEGG pathway enrichment analysis.
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Figure 1. Comparison of growth and body color traits between groups. (A) Appearance and
measured areas of P. leopardus in the control group (CB) and the treatment group (TR). The numbers
1–8 represent the cheek, operculum, dorsal skin, ventral skin, caudal peduncle, dorsal fin, pectoral fin,
and caudal fin. (B) Comparison of body weight between the CB and TR groups. (C) Skin lightness in
the CB and TR groups. (D) Skin redness in the CB and TR groups. The blue and yellow horizontal
lines in subfigures C, D represent the mean values, whereas the dashed line indicates 1 standard
deviation (SD).

2.4. Integrated Analysis of the Methylome and Transcriptome

Gene expression levels were categorized into four classes: non-expressed
(RPKM ≤ 1), low expression (1 < RPKM ≤ 10), intermediate expression (10 < RPKM
≤ 100), and high expression (RPKM > 100). The region-wise method was used for
quantifying DNA methylation levels on various genomic regions. Correlations between
methylation and expression levels in gene regions (gene body ± 2 kb flanking regions)
were calculated using Spearman’s correlation analyses. A positive correlation was
confirmed by rho > 0, while rho < 0 represented a negative correlation.

Overlap between DMGs and DEGs was obtained, and overlapping genes were evalu-
ated through a KEGG enrichment analysis.

2.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

To validate the accuracy of the transcriptome data, 14 DEGs involved in melanin
synthesis and lipid metabolism were adopted for qRT-PCR verification. The cDNA was
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reverse-transcribed from total RNAs using the PrimeScript™ RT Reagent Kit (Takara Bio,
Kusatsu, Japan). qRT-PCR was conducted in triplicate, and β-actin was used as a reference
gene. qRT-PCR was performed using the LightCycler480II (Roche, Basel, Switzerland) with
TB Green Premix Ex Taq II (Tli RNaseH Plus) (Takara Bio, Kusatsu, Japan). The reaction
mixture was incubated for 30 s at 95 ◦C, followed by 40 amplification cycles of 5 s at 95 ◦C
and 30 s at 60 ◦C. To ensure a single amplification reaction, a melting curve analysis was
conducted at the end of each run. The 2−∆∆Ct method was used for calculating the relative
gene expression levels. The primers used for validation are listed in Table S1.

2.6. Data Analysis

Statistical analyses were carried out using one-way analysis of variance (ANOVA)
with Duncan’s multiple comparison tests, via IBM SPSS Statistics 26.0 (SPSS Inc., Chicago,
IL, USA). The experimental data are expressed as the mean ± standard deviation (SD), and
p < 0.05 was considered statistically significant.

3. Results
3.1. Growth and Colorimetric Evaluation

After 3 months of the feeding trial, body weight was significantly higher in the TR
group (609.33 ± 11.25 g) than in the CB group (554.26 ± 12.67 g) (Figure 1B). Similarly, the
condition factor was significantly higher in the TR group (3.46 ± 0.04%) than in the CB
group (3.30 ± 0.03%).

The color parameters L* and a* in different body areas are shown in Figure 1C,D. The
brightness (L*) value was higher on the ventral skin than on other body areas. Furthermore,
the L* value was significantly higher in the TR group than in the CB group on the ventral
skin, caudal peduncle, dorsal fin, and caudal fin. The redness (a*) value was highest on the
pectoral fin. Notably, the values of a* in TR were higher than those in CB in all eight test
areas (Figure 1D). In particular, the fin rays, including the dorsal, pectoral, and caudal fins,
showed substantially higher redness values in TR.

3.2. Identification of DEGs and Functional Enrichment Analysis

After filtering, a total of 45.41 Gb of clean data and 301.30 M clean reads were obtained.
Detailed information on sequence data is presented in Supplementary Table S2. The ratios
of total reads mapped ranged from 88.77% to 91.38%, with an average value of 90.67%.
A total of 36 DEGs were identified between TR and CB with the threshold of q < 0.05,
including 31 upregulated and 5 downregulated genes in TR. Notably, the melanin synthesis
genes tyrp1a and pmel were significantly downregulated in the astaxanthin-treated group
(Figure 2A).

To illustrate the potential regulatory network, 528 DEGs were further identified with
a threshold of p < 0.05, of which 375 and 153 were up- and downregulated, respectively
(Figure 2B). A KEGG enrichment analysis revealed that the candidate DEGs were signifi-
cantly involved in “Tyrosine metabolism” and “Melanogenesis”. Furthermore, enrichment
for lipid-metabolism-associated function, including “Fatty acid elongation”, “Biosynthesis
of unsaturated acids”, “Sphingolipid metabolism”, and “Fatty acid metabolism”, was
detected (Figure 2C).
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A GO enrichment analysis revealed significant enrichment for terms related to pigmen-
togenesis and dermogenesis, such as “Melanin biosynthetic process”, “Melanin metabolic
process”, “Eye pigmentation”, “Epidermis development”, and “Keratinocyte differenti-
ation”. The melanin synthesis genes tyr, slc24a5, wnt1, and dct were all downregulated
(Figure 3). Furthermore, there was enrichment for terms related to lipid metabolism and
cell growth, including “Fat cell differentiation”, “Lipid homeostasis”, and “Long-chain
fatty-acyl-CoA biosynthetic process”, consistent with the KEGG pathway enrichment re-
sults. Moreover, numerous lipid metabolism genes exhibited elevated expression levels in
the red skin group, such as elovl7, acsl4, dbi, acer1, klf5, nr1d1, and nr1d2 (Figure 3).
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3.3. Identification of DMGs and Functional Enrichment Analysis

The resulting clean reads totaled 0.78 Gb, with a sequencing depth of 26.77 times and
74.05% genome mapping rate (Table S3). In both groups, the mCpG type was identified
as the major type, accounting for 95% of mCs, whereas mCHG and mCHH accounted
for 3.14% and 0.89%, respectively (Figure S1A). Individuals of the same color showed
higher similarity in DNA methylation patterns, as identified through a Pearson correlation
analysis (Figure S1B). Genomic DNA methylation levels did not show significant differences
between the TR and CB groups. Furthermore, the genomic DNA methylation levels were
lower in the regions 2 kb upstream of genes across both test groups (less than 50%) (Figure
S1C). DNA methylation levels were further analyzed in different genomic regions. For
mCHG and mCHH contexts, higher methylation levels were broadly detected in different
gene regions in the TR group than in the CB group. However, for CpG sites, there was a
slight decrease in methylation levels in gene body, intron, and downstream 2 kb regions
and a mild increase in the other gene regions (Figure S1C).

The CpG sites possessed the most DMRs (8734), whereas there were fewer DMRs
(24 and 156) at CHG and CHH sites, respectively. Further genomic annotation of DMRs
revealed 3360 DMGs, of which 1563 and 1797 showed hyper- and hypo-methylation. A
KEGG enrichment analysis revealed numerous pathways associated with pigmentogenesis,
such as “Melanoma”, “EGFR tyrosine kinase inhibitor resistance”, and “Wnt signaling
pathway” (Figure S2).

3.4. Correlations Between DNA Methylation and Gene Transcript Levels

Compared with the control group, genomic regions with differential methylation and
expression levels were detected at the chromosomal level in the TR group (Figure 4A). A
negative correlation between gene transcript levels and DNA methylation was detected
in all gene regions across both test groups (Figure 4B). In total, 51 common genes be-
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tween DEGs and DMGs were extracted (Figure 4C). Twenty-four common genes exhibited
a negative correlation between gene expression and DNA methylation. Among these,
11 genes were downregulated with DNA hyper-methylation, while 13 genes were upreg-
ulated, exhibiting hypo-methylation. Furthermore, “E+ & M−” and “E− & M+” were
identified as the main types of DNA methylation responsible for DEGs (Figure 4D).
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A KEGG analysis of the common genes showed enrichment for lipid-metabolism-
related pathways (Figure 4E), including “Fatty acid metabolism”, “Biosynthesis of unsatu-
rated fatty acids”, “Fatty acid elongation”, “Adipocytokine signaling pathway”, “Fatty acid
biosynthesis”, “Sphingolipid metabolism”, “Fatty acid degradation”, and “PPAR signaling
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pathway”. The lipid synthesis genes acsl4, elovl6l.1, and elovl7 were upregulated. Notably,
acsl4 and elovl7 exhibited DNA hypo-methylation in the CB vs. TR comparison.

3.5. Lipid Metabolism Played a Vital Role in Red Skin Coloration

The transcriptomic and methylomic analyses together highlighted the vital role of
lipid-metabolism-related categories, such as “Biosynthesis of unsaturated fatty acids”,
“Fatty acid elongation”, “Fatty acid metabolism”, and “Sphingolipid metabolism”, in red
skin formation. Color ribbons were used to demonstrate the inclusion relation between the
candidate genes and functional pathways. Interestingly, numerous candidate genes were
upregulated and were modulated by DNA methylation, including elovl6l.1, elovl7, acsl4,
and acer1 (Figure 5). In contrast, melanin synthesis pathways were extensively downreg-
ulated, such as “Tyrosine metabolism”, “Melanogenesis”, and “Wnt signaling pathway”.
These genes involved in black skin coloration were significantly downregulated, including
pmel, tyr, tyrp1a, tyrp1b, dct, slc24a5, and wnt1. Notably, the pmel gene, required proper
melanosome development, was downregulated by DNA hyper-methylation (Figure 5).
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According to candidate gene expression patterns, an interaction analysis was carried
out to construct a potential molecular regulatory network for pigmentogenesis. In the
network, acsl4, prkca, ube2a, acer1, and slc27a1 were identified as hub genes (Figure 6).
Interestingly, melanin synthesis genes were broadly downregulated, and their potential
regulatory relationships based on expression data were identified among tyr, dct, tyrp1b,
pmel, and slc24a5 (Figure 6).
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to the color of the pathway, indicating that the gene was enriched in this pathway.

Based on the above bioinformatics analysis and manual literature searches, a potential
molecular network for the role of lipid metabolism in the regulation of red skin coloration
was constructed for P. leopardus (Figure 7). This regulatory network contained “Astaxanthin
intake”, “Unsaturated fatty acid synthesis”, “Tyrosinase degradation”, and “Melanin
synthesis”. Notably, inflammatory- and stress-associated genes (ifi44, ifit2, ugrcp, ankrd2,
p4hb, and bdh1) were mostly downregulated in the TR group. However, genes involved in
“Biosynthesis of unsaturated fatty acids” and “Fatty acid elongation” were upregulated,
which might facilitate the synthesis of unsaturated fatty acids. Consequently, unsaturated
fatty acids decreased melanin synthesis through promoting tyrosinase degradation; this
process was mediated by proteasome and ubiquitination, and related regulatory genes
were mostly upregulated, including psma4, ube2a, and sae1. “Melanin synthesis” pathways,
including “Tyrosine metabolism” and “Melanogenesis”, were downregulated in the red
skin group. Furthermore, the key genes pmel, acsl4, elovl6l.1, elovl7, and socs3 were also
regulated by DNA methylation. The regulatory mechanisms of candidate genes and
pathways in body color traits are highlighted in the Discussion section.
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3.6. Validation of DEGs by qRT-PCR

To evaluate the accuracy of RNA-seq, we selected 14 DEGs (pmel, tyrp1a, tyrp1b, acsl4,
igfbp6b, glul, krt91, krt97, s100z, epgn, muc19, klf9, pnpla2, and ciart) for validation using
qRT-PCR, as summarized in Figure 8. The pmel, tyrp1a, and tyrp1b genes, involved in
melanin synthesis, were downregulated, consistent with the RNA-seq results. The acsl4
gene, involved in lipid metabolism, was significantly upregulated in both analyses. In
short, the overall strong concordance between qRT-PCR and RNA-seq results underscored
the reliability of the findings.
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4. Discussion
The red body color trait is increasingly utilized in P. leopardus breeding. However, a

low frequency of red individuals has been found in artificial cultivation, possibly due to
environmental factors, such as astaxanthin supplementation. Therefore, understanding the
molecular and epigenetic mechanisms underlying red body color formation is essential for
supporting P. leopardus breeding. In this study, a combined transcriptome and methylomics
analysis was used to clarify the mechanism underlying skin pigmentation caused by
astaxanthin in P. leopardus cultivation.

4.1. Astaxanthin Increases Body Weight and Redness

After 3 months of cultivation, the body weight was higher in the TR group than
in the CB group. This suggested that astaxanthin addition exerted a beneficial effect on
growth, consistent with previous results for P. leopardus [3]. The addition of astaxanthin
to the diet is widely used in aquaculture, and the roles of astaxanthin in fish growth,
immunity, and antioxidant activity have been verified by phenotypic assays, histological
observations, enzyme activity assays, transcriptome analyses, and studies of functional
genes [3,36]. Multiple studies have demonstrated that astaxanthin can reduce lipid accu-
mulation and enhance fish growth through promoting the absorption and utilization of
metabolic intermediates in nutrients [36,37].

Moreover, astaxanthin addition effectively increased the redness value (a*) compared
with that in the CB group across all test areas in P. leopardus. Under environmental stimulus,
the a* value decreased more significantly in body areas than in the fin rays. Therefore,
high red differences were detected in each tested fin ray, with the highest value observed
for the pectoral fin. Accordingly, these findings suggest that the pectoral fin should be
used as a representative test area for the redness a* of P. leopardus. However, there was
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little difference in the brightness L* in numerous test areas, contrary to previous findings
showing significant reductions in the L* value in the TR group [3]. This difference among
studies may be related to differences in the developmental stage and testing environment.

4.2. Transcriptome and Methylome Patterns in P. leopardus

In a transcriptome analysis, a total of 36 DEGs were identified between the TR
and CB groups. Notably, the melanin synthesis genes tyrp1a and pmel were markedly
downregulated in the TR group, similar to previous results [3,24]. The identified DEGs
were significantly enriched in amino acid metabolism, endocrine system, and lipid
metabolism categories and were involved in vital pathways, such as “Tyrosine metabolism”,
“Melanogenesis”, “Fatty acid elongation”, “Biosynthesis of unsaturated acids”, and “Fatty
acid metabolism”.

Although DNA methylation, as a key epigenetic regulation, participates in various
biological processes, few studies have focused on its role in fish pigmentation through
the regulation of target genes. Thus, a WGBS analysis was used to evaluate the red
and black skin of P. leopardus. A total of 8734 DMRs were found, including 1563 hyper-
and 1797 hypo-methylated DMGs. These DMGs were involved in pathways related to
pigmentogenesis, such as “Melanoma”, “EGFR tyrosine kinase inhibitor resistance”, and
“Wnt signaling pathway”. The pivotal role of “Wnt signaling pathway” in coloration has
also been demonstrated in DNA methylation analysis of honey bees [38].

Highly expressed genes showed reduced DNA methylation in different gene regions.
This negative correlation was weak in the 2 kb upstream regions, which may be explained
by lower levels of genomic methylation in these regions [39]. In gene bodies, DNA hy-
pomethylation plays a vital role in regulating transcript elongation and alternative splic-
ing [40]. Moreover, “E+ & M−” and “E− & M+” were identified as the main types of
DNA methylation responsible for DEGs. These results revealed that DNA methylation con-
tributes to body color variation in P. leopardus through regulating inducible and reversible
gene expression.

The common genes between DEGs and DMGs were enriched for lipid metabolism
pathways, such as “Fatty acid metabolism”, “Biosynthesis of unsaturated fatty acids”,
“Fatty acid elongation”, “Fatty acid biosynthesis”, and “PPAR signaling pathway”. Notably,
the lipid synthesis genes acsl4, elovl6l.1, and elovl7 were upregulated, and acsl4 and elovl7
exhibited DNA hypo-methylation. Previous transcriptome analyses of P. leopardus body
color have yielded similar results, that is, candidate DEGs were specifically enriched in
lipid-related pathways [3,24,36]. Notably, acsl4 could regulate melanin synthesis through
activating ferroptosis (promoting cell death via lipid peroxidation) [2].

4.3. Melanin Synthesis Inhibition Might Promote Red Coloration

Two types of chromatophores, light-reflecting iridophores and aggregated light-
absorbing melanophores, were identified in the skin of P. leopardus, in the upper and
lower layers of the dermis, respectively [41]. The body color of P. leopardus might change
from red to black or vice versa depending on the melanosome count and distribution.
Black body colors occur because melanosomes extend their dendritic processes to cover
iridophores and absorb light. Only the light reflected by iridophores is visible, and the body
color turns red [41]. Melanin is synthesized in the melanophores determining the skin color
of P. leopardus [5]. Solar ultraviolet radiation and inflammatory stimuli promote melanin
biosynthesis via increasing the level of intracellular reactive oxygen species (ROS) [42].
Therefore, we hypothesized that intensive cultivation caused oxidative stress and inflam-
matory responses in P. leopardus, ultimately leading to an increase in the proportion of black
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individuals [43]. Similarly, the melanin content was over eight-fold higher in the dorsal
skin of farmed red porgy (Pagrus pagrus) than in wild individuals [44].

Antioxidants, such as astaxanthin, protect fish cells against oxidative damage [45].
Previous transcriptome studies have reported that astaxanthin supplementation reduces
fat accumulation and oxidative damage in the liver of P. leopardus [36]. Intriguingly, genes
involved in inflammatory- and stress-responsive functions were mostly downregulated
in the TR group. Interferon-induced protein 44 (IFI44) is a potential prognostic indicator
in the inflammatory response [46]. During oxidative stress caused by the exposure of
myoblasts to H2O2, Ankrd2 expression is slightly upregulated via ROS [47]. Through
targeting P4HB, salidroside, a main active ingredient of Rhodiola, could inhibit inflammation
and melanogenesis [48]. BDH1 over-expression could inhibit the excessive production
of ROS, protecting HK-2 cells from glucotoxicity and lipotoxicity via the NRF2-mediated
antioxidant pathway [49]. The bdh1 gene was significantly upregulated in the TR group.
Therefore, we speculated that astaxanthin treatment attenuated the inflammatory response
and oxidative stress, thereby inhibiting melanin biosynthesis via decreasing levels of
ROS [50].

4.4. Signaling Lipids Play a Vital Role in Body Color Formation

For melanin synthesis, tyrosinase (TYR), as a rate-limiting enzyme, catalyzes ty-
rosine to generate 3,4-dihydroxyphenylalanine (DOPA) and further oxidizes DOPA to
dopaquinone. Tyrosinase-related protein 2 (TYRP2/DCT) catalyzes dopachrome to DHI-2-
carboxylic acid (DHICA). Under the regulation of TYRP-1, DHICA produces indole-5,6-
quinone-2-carboxylic acid (IQCA), thereby generating eumelanin (Figure 7). Therefore,
it is generally believed that the concentration of melanin is directly proportional to TYR
expression and activity [51,52]. Intriguingly, the catalytic genes (tyr, dct, tyrp1a, and tyrp1b)
were consistently downregulated in the TR group.

Unsaturated fatty acids, such as linoleic acid and docosahexaenoic acid (DHA), can
inhibit melanin synthesis through increasing TYR degradation, which is regulated by the
ubiquitin–proteasome system [52,53]. Long-chain polyunsaturated fatty acids are key
components of lipid molecules and are biosynthesized through fatty acyl desaturases
(Fads) and elongation of very-long-chain fatty acid (Elovl) proteins. The candidate elovl
genes (elovl1, elovl6l.1, elovl6l.2, and elovl7) were upregulated in the TR group. Moreover,
elovl6l.1 and elovl7 were regulated by DNA methylation. DHA, as the longest and the
least saturated fatty acid, can decrease melanin production via the promotion of TYR
degradation in murine melanoma cells [52]. In vertebrates, astaxanthin can improve the
stability of DHA by inhibiting oxidation of non-esterified polyunsaturated fatty acids [54].
The condition factor was higher in the TR group than in the CB group. Therefore, we
speculated that astaxanthin promoted the synthesis of unsaturated fatty acids, thereby in-
hibiting melanin biosynthesis through increasing TYR degradation. Furthermore, the
tyrp2 gene was identified in a GWAS analysis of the black color trait in P. leopardus
and possessed the most prominent marker, SNP1733237 [26]. Thus, the findings pro-
vided crucial targets for marker-assisted selection and gene editing for body color traits
in P. leopardus.

5. Conclusions
The study used a combined transcriptomics and methylomics approach to elucidate

the genetic and molecular basis of body color formation in P. leopardus. Astaxanthin addition
effectively increased the redness a* and body weight in the TR group. Furthermore, the
antioxidant pathway and lipid metabolism were strongly related to red skin coloration.
Finally, candidate genes were highly enriched for “Tyrosine metabolism”, “Melanogenesis”,
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“Fatty acid metabolism”, “Fatty acid elongation”, and “Biosynthesis of unsaturated acids”.
These results contribute to the dissection of mechanisms underlying body color formation,
thus facilitating molecular breeding for the red skin trait in P. leopardus.
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the WGBS.

Author Contributions: Conceptualization, Y.L. and Y.T.; methodology, Z.L.; validation, X.W. and
T.D.; formal analysis, Y.L.; investigation, S.C., P.D. and Y.Q.; writing—original draft preparation, Y.L.;
writing—review and editing, Y.L. and L.W.; visualization, L.L. and X.D.; funding acquisition, Y.L.
and Y.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Key Research and Development Project of Shandong Province
(2022LZGC016); National Key Research and Development Program of China (2022YFD2400502;
2022YFD2400103); Taishan Industry Leading Talent Project (LJNY202109); China Agriculture Research
System of MOF and MARA (CARS-47); Qingdao Natural Science Foundation (23-2-1-53-zyyd-jch);
Qingdao Science and Technology Benefiting the People Demonstration Project (24-1-8-xdny-3-nsh);
Central Public-interest Scientific Institute Basal Research Fund, CAFS (2020TD19) and Yellow Sea
Fisheries Research Institute Research Fees (20603022021010).

Institutional Review Board Statement: All experimental animal treatment in this study was ap-
proved by the Animal Care and Use Committee of Yellow Sea Fisheries Research Institute, and the
approval code was YSFRI-2025001.

Informed Consent Statement: All authors consent to the publication of this article.

Data Availability Statement: The transcriptome and methylome data presented in the study are de-
posited in the NCBI SRA repository, accession numbers PRJNA1189492 and PRJNA1189689, respectively.

Acknowledgments: We would like to thank Zunfang Pang, Haowei Lin, Fangfang Sun, and Qingbin
Wang from Mingbo Aquatic Co. Ltd., Laizhou 261400, China, for resources.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wen, X.; Tang, H.; Zhou, M.; Yang, M.; Huang, J.; Liu, J.; Zhou, K.; Fan, X.; Zhang, W.; Luo, J. Genome-wide association study of

red skin color in leopard coral grouper (Plectropomus leopardus) based on genome resequencing. Aquaculture 2023, 563, 739014.
[CrossRef]

2. Wu, H.-Y.; Chen, K.-S.; Huang, Y.-S.; Hsieh, H.-Y.; Tsai, H. Comparative transcriptome analysis of skin color-associated genes in
leopard coral grouper (Plectropomus leopardus). BMC Genom. 2023, 24, 5. [CrossRef] [PubMed]

3. Zhang, J.; Tian, C.; Zhu, K.; Liu, Y.; Zhao, C.; Jiang, M.; Zhu, C.; Li, G. Effects of Natural and Synthetic Astaxanthin on Growth,
Body Color, and Transcriptome and Metabolome Profiles in the Leopard Coralgrouper (Plectropomus leopardus). Animals 2023,
13, 1252. [CrossRef]

4. Sun, D.; Qi, X.; Wen, H.; Li, C.; Li, J.; Chen, J.; Tao, Z.; Zhu, M.; Zhang, X.; Li, Y. The genetic basis and potential molecular
mechanism of yellow-albino northern snakehead (Channa argus). Open Biol. 2023, 13, 220235. [CrossRef] [PubMed]

5. Raposo, G.; Marks, M.S. Melanosomes—Dark organelles enlighten endosomal membrane transport. Nat. Rev. Mol. Cell Biol. 2007,
8, 786–797. [CrossRef] [PubMed]

6. Liu, H.; Dai, C.; Li, X.; Luo, D.; Chen, H.; Cui, J.; Chen, G.; Liu, Q.; Tu, Z.; Sun, Y. Analysis of the differentially expressed genes and
characterization of PIMITF genes of the leopard coral grouper (Plectropomus leopardus). Aquac. Rep. 2022, 23, 101076. [CrossRef]

7. Yamaguchi, Y.; Hearing, V.J. Physiological factors that regulate skin pigmentation. BioFactors 2009, 35, 193–199. [CrossRef]
[PubMed]

8. Yu, L.; Chen, H.; Hu, X.; Chen, X.; Liu, Z.; Wang, J.; Wang, C. SLC24A5 plays fundamental roles in regulating melanophore
development in Cyprinidae fish. Reprod. Breed. 2021, 1, 167–173. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox14010093/s1
https://www.mdpi.com/article/10.3390/antiox14010093/s1
https://doi.org/10.1016/j.aquaculture.2022.739014
https://doi.org/10.1186/s12864-023-09153-3
https://www.ncbi.nlm.nih.gov/pubmed/36765277
https://doi.org/10.3390/ani13071252
https://doi.org/10.1098/rsob.220235
https://www.ncbi.nlm.nih.gov/pubmed/36789536
https://doi.org/10.1038/nrm2258
https://www.ncbi.nlm.nih.gov/pubmed/17878918
https://doi.org/10.1016/j.aqrep.2022.101076
https://doi.org/10.1002/biof.29
https://www.ncbi.nlm.nih.gov/pubmed/19449448
https://doi.org/10.1016/j.repbre.2021.11.001


Antioxidants 2025, 14, 93 16 of 18

9. Jin, C.; Wang, M.; Gao, X.; Wu, S.; Ding, H.; Bao, Z.; Wang, B.; Hu, J. Deciphering scavenger receptors reveals key regulators in the
intestine that function in carotenoid coloration of leopard coral groupers (Plectropomus leopardus). Int. J. Biol. Macromol. 2024,
260, 129387. [CrossRef] [PubMed]

10. Kasagi, S.; Mizusawa, K.; Takahashi, A. The effects of chromatic lights on body color and gene expressions of melanin-
concentrating hormone and proopiomelanocortin in goldfish (Carassius auratus). Gen. Comp. Endocrinol. 2020, 285, 113266.
[CrossRef] [PubMed]

11. Ninwichian, P.; Phuwan, N.; Limlek, P. Effects of tank color on the growth, survival rate, stress response, and skin color of juvenile
hybrid catfish (Clarias macrocephalus × Clarias gariepinus). Aquaculture 2022, 554, 738129. [CrossRef]

12. Song, F.; Shi, L.; Yao, F.; Gu, Y.; Zheng, D.; Zhang, W.; Liang, Y.; Zhang, K.; Yang, M.; Wang, L. The effect of background color on
skin color variation of juvenile plectropomus leopardus. Animals 2022, 12, 3349. [CrossRef]

13. Han, W.; Wu, S.; Ding, H.; Wang, M.; Wang, M.; Bao, Z.; Wang, B.; Hu, J. Improved chromosomal-level genome assembly and
re-annotation of leopard coral grouper. Sci. Data 2023, 10, 156. [CrossRef]

14. Wang, Y.; Wen, X.; Zhang, X.; Fu, S.; Liu, J.; Tan, W.; Luo, M.; Liu, L.; Huang, H.; You, X. Chromosome genome assembly of the
leopard coral grouper (Plectropomus leopardus) with Nanopore and Hi-C sequencing data. Front. Genet. 2020, 11, 876. [CrossRef]
[PubMed]

15. Yang, Y.; Wu, L.N.; Chen, J.F.; Wu, X.; Xia, J.H.; Meng, Z.N.; Liu, X.C.; Lin, H.R. Whole-genome sequencing of leopard coral
grouper (Plectropomus leopardus) and exploration of regulation mechanism of skin color and adaptive evolution. Zool Res. 2020, 41,
328–340. [CrossRef]

16. Zhou, Q.; Guo, X.; Huang, Y.; Gao, H.; Xu, H.; Liu, S.; Zheng, W.; Zhang, T.; Tian, C.; Zhu, C.; et al. De novo sequencing and
chromosomal-scale genome assembly of leopard coral grouper, Plectropomus leopardus. Mol. Ecol. Resour. 2020, 20, 1403–1413.
[CrossRef] [PubMed]

17. Liu, X.; Jiang, M.; Wen, S.; Zhang, K.; Hong, Y.; Sun, K.; Deng, X.; Huang, Y.; Shi, G.; Tian, C. Comparative miRNA-seq analysis
revealed molecular mechanisms of red color formation in the early developmental stages of Plectropomus leopardus. Front. Mar.
Sci. 2023, 10, 1321196. [CrossRef]

18. Hao, R.; Zhu, X.; Tian, C.; Jiang, M.; Huang, Y.; Li, G.; Zhu, C. LncRNA–miRNA–mRNA ceRNA network of different body colors
in Plectropomus leopardus. Front. Mar. Sci. 2023, 10, 1170762. [CrossRef]

19. Hao, R.; Zhu, X.; Tian, C.; Jiang, M.; Huang, Y.; Zhu, C. Integrated analysis of the role of miRNA-mRNA in determining different
body colors of leopard coral grouper (Plectropomus leopardus). Aquaculture 2022, 548, 737575. [CrossRef]

20. Song, F.; Wang, L.; Yang, Z.; Shi, L.; Zheng, D.; Zhang, K.; Sun, J.; Luo, J. Transcriptome analysis reveals the complex regulatory
pathway of background color in juvenile Plectropomus leopardus skin color variation. Int. J. Mol. Sci. 2022, 23, 11186. [CrossRef]

21. Hao, R.; Zhu, X.; Tian, C.; Huang, Y.; Li, G.; Zhu, C. Identification and characterization of circRNAs from different body color
leopard coral grouper (Plectropomus leopardus). Front. Mar. Sci. 2023, 10, 1201726. [CrossRef]

22. Hao, R.; Zhu, X.; Tian, C.; Zhu, C.; Li, G. Analysis of body color formation of leopard coral grouper Plectropomus leopardus. Front.
Mar. Sci. 2022, 9, 964774. [CrossRef]

23. Song, F.; Yang, Z.; Shi, L.; Zheng, D.; Liang, H.; Wang, L.; Sun, J.; Luo, J. Transcriptome analysis reveals candidate miRNAs
involved in skin color differentiation of juvenile Plectropomus leopardus in response to different background colors. Comp.
Biochem. Physiol. Part D Genom. Proteom. 2023, 48, 101141. [CrossRef] [PubMed]

24. Zhu, X.; Hao, R.; Tian, C.; Zhang, J.; Zhu, C.; Li, G. Integrative transcriptomics and metabolomics analysis of body color formation
in the leopard coral grouper (Plectropomus leopardus). Front. Mar. Sci. 2021, 8, 726102. [CrossRef]

25. Wen, X.; Yang, M.; Zhou, K.; Huang, J.; Fan, X.; Zhang, W.; Luo, J. Transcriptomic and proteomic analyses reveal the common
and unique pathway (s) underlying different skin colors of leopard coral grouper (Plectropomus leopardus). J. Proteom. 2022,
266, 104671. [CrossRef] [PubMed]

26. Tang, H.; Liu, J.; Wang, Z.; Zhang, L.; Yang, M.; Huang, J.; Wen, X.; Luo, J. Genome-wide association study (GWAS) analysis of
black color trait in the leopard coral grouper (Plectropomus leopardus) using whole genome resequencing. Comp. Biochem. Physiol.
Part D Genom. Proteom. 2023, 48, 101138. [CrossRef]

27. Alvarado, S.; Fernald, R.D.; Storey, K.B.; Szyf, M. The dynamic nature of DNA methylation: A role in response to social and
seasonal variation. Integr. Comp. Biol. 2014, 54, 68–76. [CrossRef]

28. Fang, W.; Blakkan, D.; Lee, G.; Bashier, R.; Fernald, R.; Alvarado, S. DNA methylation of the endothelin receptor B makes blue
fish yellow. bioRxiv 2022. [CrossRef]

29. Zhang, Y.; Liu, J.; Fu, W.; Xu, W.; Zhang, H.; Chen, S.; Liu, W.; Peng, L.; Xiao, Y. Comparative Transcriptome and DNA methylation
analyses of the molecular mechanisms underlying skin color variations in Crucian carp (Carassius carassius L.). BMC Genet. 2017,
18, 1–12. [CrossRef]

https://doi.org/10.1016/j.ijbiomac.2024.129387
https://www.ncbi.nlm.nih.gov/pubmed/38253150
https://doi.org/10.1016/j.ygcen.2019.113266
https://www.ncbi.nlm.nih.gov/pubmed/31493394
https://doi.org/10.1016/j.aquaculture.2022.738129
https://doi.org/10.3390/ani12233349
https://doi.org/10.1038/s41597-023-02051-z
https://doi.org/10.3389/fgene.2020.00876
https://www.ncbi.nlm.nih.gov/pubmed/32983227
https://doi.org/10.24272/j.issn.2095-8137.2020.038
https://doi.org/10.1111/1755-0998.13207
https://www.ncbi.nlm.nih.gov/pubmed/32521104
https://doi.org/10.3389/fmars.2023.1321196
https://doi.org/10.3389/fmars.2023.1170762
https://doi.org/10.1016/j.aquaculture.2021.737575
https://doi.org/10.3390/ijms231911186
https://doi.org/10.3389/fmars.2023.1201726
https://doi.org/10.3389/fmars.2022.964774
https://doi.org/10.1016/j.cbd.2023.101141
https://www.ncbi.nlm.nih.gov/pubmed/37690214
https://doi.org/10.3389/fmars.2021.726102
https://doi.org/10.1016/j.jprot.2022.104671
https://www.ncbi.nlm.nih.gov/pubmed/35788407
https://doi.org/10.1016/j.cbd.2023.101138
https://doi.org/10.1093/icb/icu034
https://doi.org/10.1101/2022.09.27.509821
https://doi.org/10.1186/s12863-017-0564-9


Antioxidants 2025, 14, 93 17 of 18

30. Li, X.-M.; Song, Y.-N.; Xiao, G.-B.; Zhu, B.-H.; Xu, G.-C.; Sun, M.-Y.; Xiao, J.; Mahboob, S.; Al-Ghanim, K.A.; Sun, X.-W. Gene
expression variations of red—White skin coloration in common carp (Cyprinus carpio). Int. J. Mol. Sci. 2015, 16, 21310–21329.
[CrossRef] [PubMed]

31. Zhu, X.; Hao, R.; Zhang, J.; Tian, C.; Hong, Y.; Zhu, C.; Li, G. Dietary astaxanthin improves the antioxidant capacity, immunity
and disease resistance of coral trout (Plectropomus leopardus). Fish Shellfish Immunol. 2022, 122, 38–47. [CrossRef] [PubMed]

32. Lim, K.C.; Yusoff, F.M.; Shariff, M.; Kamarudin, M.S. Dietary astaxanthin augments disease resistance of Asian seabass, Lates
calcarifer (Bloch, 1790), against Vibrio alginolyticus infection. Fish Shellfish Immunol. 2021, 114, 90–101. [CrossRef] [PubMed]

33. Anders, S.; Huber, W. Differential expression analysis for sequence count data. Genome Biol. 2010, 11, R106. [CrossRef]
34. Xi, Y.; Li, W. BSMAP: Whole genome bisulfite sequence MAPping program. BMC Bioinform. 2009, 10, 1–9. [CrossRef]
35. Lister, R.; Pelizzola, M.; Dowen, R.H.; Hawkins, R.D.; Hon, G.; Tonti-Filippini, J.; Nery, J.R.; Lee, L.; Ye, Z.; Ngo, Q.-M. Human

DNA methylomes at base resolution show widespread epigenomic differences. Nature 2009, 462, 315–322. [CrossRef] [PubMed]
36. Wang, M.; Ding, H.; Wu, S.; Wang, M.; Ma, J.; Xiao, J.; Bao, Z.; Wang, B.; Hu, J. Comparative transcriptome analysis provides new

insights into the protective effect of astaxanthin on the liver of leopard coral grouper (Plectropomus leopardus). Aquaculture 2023,
565, 739118. [CrossRef]

37. Amar, E.; Kiron, V.; Satoh, S.; Watanabe, T. Influence of various dietary synthetic carotenoids on bio-defence mechanisms in
rainbow trout, Oncorhynchus mykiss (Walbaum). Aquac. Res. 2001, 32, 162–173. [CrossRef]

38. Abdelmawla, A.; Li, X.; Shi, W.; Zheng, Y.; Zeng, Z.; He, X. Roles of DNA Methylation in Color Alternation of Eastern Honey Bees
(Apis cerana) Induced by the Royal Jelly of Western Honey Bees (Apis mellifera). Int. J. Mol. Sci. 2024, 25, 3368. [CrossRef]

39. Liu, Y.; Wang, L.; Li, Z.; Li, L.; Chen, S.; Duan, P.; Wang, X.; Qiu, Y.; Ding, X.; Su, J. DNA Methylation and Subgenome Dominance
Reveal the Role of Lipid Metabolism in Jinhu Grouper Heterosis. Int. J. Mol. Sci. 2024, 25, 9740. [CrossRef]

40. Wang, N.; Yang, Q.; Wang, J.; Shi, R.; Li, M.; Gao, J.; Xu, W.; Yang, Y.; Chen, Y.; Chen, S. Integration of transcriptome and
methylome highlights the roles of cell cycle and hippo signaling pathway in flatfish sexual size dimorphism. Front. Cell Dev. Biol.
2021, 9, 743722. [CrossRef] [PubMed]

41. Zhao, N.; Ge, X.; Jiang, K.; Huang, J.; Wei, K.; Sun, C.; Chen, S.X. Ultrastructure and regulation of color change in blue spots of
leopard coral trout Plectropomus leopardus. Front. Endocrinol. 2022, 13, 984081. [CrossRef] [PubMed]

42. Kazimierczak, U.; Dondajewska, E.; Zajaczkowska, M.; Karwacka, M.; Kolenda, T.; Mackiewicz, A. LATS1 Is a Mediator of
Melanogenesis in Response to Oxidative Stress and Regulator of Melanoma Growth. Int. J. Mol. Sci. 2021, 22, 3108. [CrossRef]

43. Fernandez, C.W.; Koide, R.T. The function of melanin in the ectomycorrhizal fungus Cenococcum geophilum under water stress.
Fungal Ecol. 2013, 6, 479–486. [CrossRef]

44. Chatzifotis, S.; Pavlidis, M.; Jimeno, C.D.; Vardanis, G.; Sterioti, A.; Divanach, P. The effect of different carotenoid sources on skin
coloration of cultured red porgy (Pagrus pagrus). Aquac. Res. 2005, 36, 1517–1525. [CrossRef]

45. Yuli, A.; Muhamad, D.C.; Yaya, R.; Dikdik, K. Role of antioxidants in the pigmentation of ornamental fishes. Iran. J. Fish. Sci. 2024,
23, 389–407.

46. Pan, H.; Wang, X.Q.; Huang, W.Q.; Dai, Y.M.; Yang, M.; Liang, H.Z.; Wu, X.X.; Zhang, L.S.; Huang, W.Q.; Yuan, L.; et al.
Interferon-Induced Protein 44 Correlated with Immune Infiltration Serves as a Potential Prognostic Indicator in Head and Neck
Squamous Cell Carcinoma. Front. Oncol. 2020, 10, 557157. [CrossRef]

47. Cenni, V.; Kojic, S.; Capanni, C.; Faulkner, G.; Lattanzi, G. Ankrd2 in Mechanotransduction and Oxidative Stress Response in
Skeletal Muscle: New Cues for the Pathogenesis of Muscular Laminopathies. Oxidative Med. Cell. Longev. 2019, 2019, 7318796.
[CrossRef]

48. Ding, X.J.; Zhang, Z.Y.; Jin, J.; Han, J.X.; Wang, Y.; Yang, K.; Yang, Y.Y.; Wang, H.Q.; Dai, X.T.; Yao, C.; et al. Salidroside can target
both P4HB-mediated inflammation and melanogenesis of the skin. Theranostics 2020, 10, 11110–11126. [CrossRef]

49. Wan, S.R.; Teng, F.Y.; Fan, W.; Xu, B.T.; Li, X.Y.; Tan, X.Z.; Guo, M.; Gao, C.L.; Zhang, C.X.; Jiang, Z.Z.; et al. BDH1-mediated
βOHB metabolism ameliorates diabetic kidney disease by activation of NRF2-mediated antioxidative pathway. Aging-Us 2023,
15, 13384–13410. [CrossRef] [PubMed]

50. Huang, S.T.; Chen, Q.; Zhang, M.M.; Chen, S.M.; Dai, J.Y.; Qian, Y.X.; Gong, Y.Y.; Han, T. Synthetic astaxanthin has better effects
than natural astaxanthins on growth performance, body color and n-3 PUFA deposition in black tiger prawn (Penaeus monodon).
Aquac. Rep. 2023, 33, 101816. [CrossRef]

51. Shi, J.P.; Guo, Y.F.; Wang, H.Y.; Xiao, Y.; Liu, W.M.; Lyu, L.C. The ubiquitin-proteasome system in melanin metabolism. J. Cosmet.
Dermatol. 2022, 21, 6661–6668. [CrossRef] [PubMed]

52. Balcos, M.C.; Kim, S.Y.; Jeong, H.S.; Yun, H.Y.; Baek, K.J.; Kwon, N.S.; Park, K.C.; Kim, D.S. Docosahexaenoic acid inhibits melanin
synthesis in murine melanoma cells in vitro through increasing tyrosinase degradation. Acta Pharmacol. Sin. 2014, 35, 489–495.
[CrossRef]

https://doi.org/10.3390/ijms160921310
https://www.ncbi.nlm.nih.gov/pubmed/26370964
https://doi.org/10.1016/j.fsi.2022.01.037
https://www.ncbi.nlm.nih.gov/pubmed/35085737
https://doi.org/10.1016/j.fsi.2021.03.025
https://www.ncbi.nlm.nih.gov/pubmed/33838221
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1186/1471-2105-10-232
https://doi.org/10.1038/nature08514
https://www.ncbi.nlm.nih.gov/pubmed/19829295
https://doi.org/10.1016/j.aquaculture.2022.739118
https://doi.org/10.1046/j.1355-557x.2001.00051.x
https://doi.org/10.3390/ijms25063368
https://doi.org/10.3390/ijms25179740
https://doi.org/10.3389/fcell.2021.743722
https://www.ncbi.nlm.nih.gov/pubmed/34926443
https://doi.org/10.3389/fendo.2022.984081
https://www.ncbi.nlm.nih.gov/pubmed/36339398
https://doi.org/10.3390/ijms22063108
https://doi.org/10.1016/j.funeco.2013.08.004
https://doi.org/10.1111/j.1365-2109.2005.01374.x
https://doi.org/10.3389/fonc.2020.557157
https://doi.org/10.1155/2019/7318796
https://doi.org/10.7150/thno.47413
https://doi.org/10.18632/aging.205248
https://www.ncbi.nlm.nih.gov/pubmed/38015723
https://doi.org/10.1016/j.aqrep.2023.101816
https://doi.org/10.1111/jocd.15433
https://www.ncbi.nlm.nih.gov/pubmed/36207998
https://doi.org/10.1038/aps.2013.174


Antioxidants 2025, 14, 93 18 of 18

53. Ando, H.; Watabe, H.; Valencia, J.C.; Yasumoto, K.; Furumura, M.; Funasaka, Y.; Oka, M.; Ichihashi, M.; Hearing, V.J. Fatty acids
regulate pigmentation via proteasomal degradation of tyrosinase—A new aspect of ubiquitin-proteasome function. J. Biol. Chem.
2004, 279, 15427–15433. [CrossRef]

54. Wang, H.; He, W.Z.; Dansou, D.M.; Zhang, H.Y.; Nugroho, R.D.; Tang, C.H.; Guo, X.Q.; Yu, Y.A.; Zhao, Q.Y.; Qin, Y.C.; et al.
Astaxanthin improved the storage stability of docosahexaenoic acid-enriched eggs by inhibiting oxidation of non-esterified
poly-unsaturated fatty acids. Food Chem. 2022, 381, 132256. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1074/jbc.M313701200
https://doi.org/10.1016/j.foodchem.2022.132256
https://www.ncbi.nlm.nih.gov/pubmed/35123229

	Introduction 
	Materials and Methods 
	Resources and RNA Extraction 
	Transcriptome Analysis 
	Methylome Analysis 
	Integrated Analysis of the Methylome and Transcriptome 
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
	Data Analysis 

	Results 
	Growth and Colorimetric Evaluation 
	Identification of DEGs and Functional Enrichment Analysis 
	Identification of DMGs and Functional Enrichment Analysis 
	Correlations Between DNA Methylation and Gene Transcript Levels 
	Lipid Metabolism Played a Vital Role in Red Skin Coloration 
	Validation of DEGs by qRT-PCR 

	Discussion 
	Astaxanthin Increases Body Weight and Redness 
	Transcriptome and Methylome Patterns in P. leopardus 
	Melanin Synthesis Inhibition Might Promote Red Coloration 
	Signaling Lipids Play a Vital Role in Body Color Formation 

	Conclusions 
	References

