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MicroRNAs (miRNAs) are endogenous small non-coding RNAs that play important
roles in several biological processes, including the regulation of body color. Leopard
coral grouper (Plectropomus leopardus) is a valuable marine aquaculture fish;
however, at present, there are no published reports on its early body color
development. The skin color of P. leopardus undergoes a transition from
transparent to red from 26 days post-hatching (dph) to 30 dph. In this study, we
performed mMiRNA sequencing on 26 dph (Transparent, PT) and 30 dph (Red, PR)
skin samples of P. leopardus to explore the molecular mechanism underlying red
color formation. A total of 44.31 M and 37.55 M clean tags were obtained from PT
and PR group, respectively. Among these tags, 981 miRNAs were identified,
including 493 known and 488 novel miRNAs. A total of 106 differentially
expressed miRNAs (DEMs) were identified in PT vs. PR, with 43 up-regulated and
63 down-regulated miRNAs in the PR group, compared to the PT group (|fold
change| > 2 and p-value < 0.05). A miRNA-mRNA network based on 18 candidate
miRNAs and 53 target genes related to pigmentation, and KEGG enrichment
analysis of the target genes of all DEMs, revealed that miRNAs involved in the
formation of red skin color were mainly related to: 1) the inhibition of melanin
synthesis (miR-141-z, miR-206-z, miR-206-y, miR-27-z, miR-137-y, miR-204-x,
miR-204-y, miR-211-x, miR-211-z); 2) chromatophore development (miR-206-z,
mMiR-206-y, miR-499-y, miR-1-z, miR-2188-x, miR-423-x); and 3) carotenoid
metabolism (miR-204-x, miR-204-y, miR-499-y). This study demonstrates the
potential role of miRNAs in red color formation and lays the foundation for the
molecular mechanism of body color polymorphism in P. leopardus.
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1 Introduction

The body color of animals plays an important role in predator,
camouflage, interspecific communication, courting, growth and
development (Hill, 1991; Stuart-Fox and Moussalli, 2009; Stevens
and Ruxton, 2011; Li-Yan, 2013; Figon and Casas, 2018). Fish have
the most diverse color patterns among vertebrates. To adapt to
environmental changes, they can undergo reversible changes in
body color through long-term or short-term changes in
morphology or physiological color (Aspengren et al., 2008;
Leclercq et al., 2009). The regulation of body color is a complex
process impacted by genetics, environment, physiology and diet etc.
(Ninwichian et al., 2022; Toomey et al., 2022; Zhao et al.,, 2022).
Genetics is a major factor, while changes in other factors are
accompanied by changes in the genetically related factors. For
example, the skin color of P. leopardus (Song et al., 2022a) and
Malaysian red tilapia (Wang et al, 2020) varies in different
backgrounds, as do the expression levels of genes involved in
pigmentation (scarbl, tyr, pomc, mch). However, the molecular
mechanisms underlying color changes in teleost fishes have
remained largely elusive.

Color patterns in fish are determined by the types, position, and
interactions between chromatophores (Yamanaka and Kondo,
2014; McGowan and Barsh, 2016). Chromatophores are derived
from neural crest cells and migrate to specific locations after
delamination and differentiation to form the final color pattern
(Kelsh et al., 2021). To data, at least six pigment cells have been
identified, including melanophores, erythrophores, xanthophores,
iridophores, leucophores and cyanophores (Kelsh, 2004). These
chromatophores play a vital role in the formation of body color.
Unlike mammals and birds, only eumelanin has been identified in
teleost fishes. The existence of pheomelanin is highly controversial
in fishes, although slc7a11/xCT, which is required for pheomelanin
formation in mammals (Chintala et al., 2005), has been identified in
most fishes (Wang et al., 2018; Wang et al., 2019; Zhi Weng Josiah
et al,, 2022). Therefore, the red color of fish is thought to be
produced by erythrophores with carotenoids and pteridine.
Carotenoids cannot be synthesized de novo in fish; they are
obtained from the diet, absorbed in the intestine, and transported
through the bloodstream by grouping into lipoproteins, which are
then deposited in target tissues such as the skin, fins, and scales to
produce the final body color (Parker, 1996; Matthews et al., 2006).
Based on color, carotenoids can be divided into two groups: yellow
carotenoids (zeaxanthin, B-carotene, 3-cryptoxanthin, lutein) and
red keto-carotenoids (astaxanthin, canthaxanthin). The red color is
produced either by the direct deposition of keto-carotenoids in the
skin or by the deposition of yellow carotenoids converted to keto-
carotenoids (Inouye, 2007; Lafountain et al., 2015). It is generally
believed that the skin pigmentation can be significantly improved
by dietary supplementation with astaxanthin, such as in P.
leopardus (Zhang et al., 2023), Malabar snappers (Lutjanus
malabaricus) (Zhi Weng Josiah et al., 2022) and Atlantic Salmon
(Sufmo sulur, L.) (Schmeisser et al., 2021). In relation to keto-
carotenoids conversion, Toomey et al. (Toomey et al., 2022)
reported that zeaxanthin and B-carotene can be converted to
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astaxanthin and canthaxanthin, respectively, within cyp2j19 and
bdhlll co-expressed in birds. cyp2ae2 and bdhla have similar
functions to cyp2j19 and bdhlll in Danio albolineatus (Huang
et al,, 2021). This conversion is also observed in crustaceans
(Wade et al,, 2015); however, the molecular mechanisms are not
clear. Pteridine biosynthesis involves gchl, pts and spr, which in
turn catalyze the formation of BH4 from GTP. Interestingly,
mutations in melanin biosynthesis genes are also associated with
the production of red body color. For example, disruption of oca2,
which plays a role in melanophore differentiation in zebrafish (Beirl
et al,, 2013), can cause abnormal red skin in Yellow River carp
(Cyprinus carpio haematopterus) (Jiang et al., 2022). mitfa-/- and
mitfb-/- double mutations reportedly resulted in red and yellow skin
in adult Nile tilapia (Wang et al., 2022). Recently, Kelsh et al. (Kelsh
et al., 2021) proposed a cyclical fate restriction hypothesis, to
explain the origin of red coloration in Yellow River carp and Nile
tilapia (Jiang et al., 2022; Wang et al., 2022).

MicroRNAs(miRNAs) are 18-25nt small non-coding RNAs
that affect transcription and translation by targeting mRNA
(Nilsen, 2007; Bizuayehu and Babiak, 2014). miRNAs play a role
in multiple biological processes, including osmotic regulation, cell
proliferation and the innate immune response by influencing gene
expression (Hwang and Mendell, 2007; Martin-Gomez et al., 2014;
Lingyu et al,, 2023). Studies have shown that miRNAs are involved
in the regulation of body color. For example, miR-21a-5p targeting
sox5 (Wang et al., 2016), miR-27a-3p targeting wnt3a (Zhao et al,
2015), and miR-137 targeting c¢-Kit and tyrp2 (Jiang et al., 2016)
have been reported to affect melanogenesis in mammals. In teleost
fishes, overexpression of miR-206 and miR-430b was reported to
inhibit melanogenesis and carotenoid levels by targeting mclr and
scarbl, respectively, in koi carp (Cyprinus carpio L.) (Dong et al.,
20205 Tian et al., 2022). In rainbow trout (Oncorhynchus mykiss),
miR-382 decreased melanogenesis by targeting dct, and miR-330
increased carotenoid accumulation by targeting bco2 (Wu et al.,
2022; Wu et al., 2023b). These studies demonstrated that miRNAs
are involved in the regulation of body color. However, the process
of miRNA regulation is complicated because one miRNA can
target multiple mRNAs, and one mRNA can be regulated by
multiple miRNAs.

Plectropomus leopardus is a valuable coral reef fish that comes in
a variety of colors including black, red and pink. As the red fish has
high economic and ornamental value, its market price is
significantly higher than that of black fish. However, blackening is
becoming more and more common in intensive aquaculture. To
explore the molecular mechanisms underlying body color variation
in P. leopardus, comparative analyses between black and red skin
adults were performed using multi-omics (Wang et al., 2015; Yang
et al., 2020; Ruijuan et al., 2021; Ruijuan et al., 2022; Song et al.,
2022b). In the process of cultivating P. leopardus seedlings, we
found that the skin was transparent at 26 days post-hatching (dph).
Then, the skin color changed to red with the production of a large
number of erythrophores at 30 dph (Figure 1), which can be used as
an ideal model for body color studies. To explore the molecular
mechanisms of the transparent to red color transition in P.
leopardus, transparent and red-colored skin was submitted to
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comparative miRNA-seq analysis. A miRNA-mRNA network was
constructed based on candidate miRNAs and their putative target
genes related to pigmentation, and KEGG enrichment analysis of
the target genes of all DEMs was performed. The results revealed
that miRNAs play a potential role in the red coloration of P.
leopardus. This finding lay the foundation for an understanding
of the molecular mechanisms of body color variation in
P. leopardus.

2 Materials and methods
2.1 Sampling and ethics statement

A total of 150 P. leopardus were collected from the wild ponds
of Hainan Dongfang Star Technology Co.,Ltd. at 26 dph
(transparent, 71.27 + 2.31 mg, 18.80 + 0.13 mm) and 30 dph
(red, 112.9 + 3.11 mg, 21.71 + 0.19 mm), respectively. Transparent
skin (PT) and red skin (PR) were carefully collected with sharp
tweezers and immediately transferred to liquid nitrogen. They were
then stored at -80°C for RNA extraction. Each sample was prepared
by mixing the skins of 50 larval P. leopardus in a bowl. Before
sampling, the P. leopardus larvae were anesthetized with MS-222.
All experiments were conducted in accordance with the guidelines
and approval of the respective Animal Care and Use Committee of
Guangdong Ocean University, China.

2.2 Total RNA extraction, construction of
miRNA library and sequencing

Total RNA from six skin samples was extracted using a TRIzol
reagent kit (Invitrogen, USA) according to the manufacturer’s
instructions. RNA purity and integrity were tested using the
NanoDrop spectrophotometer (Thermo Scientific, USA) and
Agilent 2100 Bioanalyzer (Agilent Technologies, USA), respectively.

For miRNA library construction, 18-30nt small RNAs (sSRNAs)
were enriched by 6% polyacrylamide gel electrophoresis (PAGE)
from high-quality total RNA; 3’ and 5" adaptors were added at the 3’
and 5 ends, respectively. 140-160 bp fragments were enriched by
PAGE after reverse transcription and PCR amplification.
Subsequently, six miRNA libraries were prepared for sequencing
by Gene Denovo Biotechnology Co. (Guangzhou, China) using an
Mumina HiSeq X ten.

10.3389/fmars.2023.1321196

2.3 Sequence filtering and annotation

The clean tags were obtained by filtering the raw reads using the
FastQC software (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) according to the following rules: 1) filter out
reads without the 3’ adaptor and extract the sequence before the
3’ adaptor; 2) filter out reads with the 5" adapter; 3) filter out low-
quality reads with no insert fragments and insert fragment length <
18 nt; 4) filter out reads containing poly A. Then, the clean tags were
aligned to the Genebank (http://www.ncbinlm.nih.gov) and Rfam
(http://rfam.xfam.org/) databases to remove rRNA, scRNA,
sonRNA, snRNA and tRNA. The clean tags were also blasted to
the P. leopardus reference genome (PRJDB9154) (Yang et al., 2020)
to remove the reads mapped in exons and introns. The final clean
tags were then submitted to miRbase (Griffiths-Jones, 2006) to
identify the existing miRNAs, and the unannotated tags were
aligned to the reference genome. The novel miRNAs were
identified based on the localization of the tags in the genome and
the hairpin structure predicted by the miRDeep software
(Friedlander et al., 2011).

2.4 Analysis of differential
expressed miRNAs

Due to a lack of P. leopardus information in the miRbase
database, the total miRNAs consisted of known and novel
miRNAs. According to the miRNA expression in each sample,
the miRNAs expression levels were normalized by tags per million
(TPM=actual miRNA tags*10%/total counts of cleans tags). edgeR
software (http://www.r-project.org/) was used to identify DEMs
according to the following threshold: |fold change| > 2 and a p-value
< 0.05.

2.5 Prediction of targets of DEMs and
enrichment analysis

Based on the known and novel miRNA sequences, three
software programs, i.e., TargetScan (http://www.targetscan.org),
miRanda (http://www.microrna.org) and RNAhybird (https://
bibiserv.cebitec.uni-bielefeld.de/rnahybrid) were utilized to predict
the target genes of the DEMs. The overlaps of these three software
were programs served as the final result. Subsequently, all target

FIGURE 1

The P. leopardus during the transparent period (26dph, A) and the red period (30dph, B).
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genes of the DEMs were annotated by checking their Gene
Ontology (GO) functions and Kyto Encyclopedia of Genes and
Genomes (KEGG) pathways enrichment. GO terms and
KEGG pathways with a p-value < 0.05 were defined as
significantly enriched.

2.6 mMRNA-miRNA pairs related
to pigmentation

The relationships between the DEMs and target genes were
assessed by the Pearson correlation coefficient (PCC). Based on
previous research reports, 53 target genes related to pigmentation
were selected, and miRNAs closely related to these genes were
selected as candidate miRNAs. Then, a miRNA-mRNA network
between the candidate miRNAs and target genes related to
pigmentation was constructed and visualized with Cytoscape
(v3.10.0) software.

2.7 Validation of DEMs by qPCR

10 DEMs were used to validate the quality of the sequencing
data. The high-quality RNA obtained above was used to synthesize
first-stand miRNA, according to the instruction of the TmnsScript®
miRNA First-Strand cDNA Synthesis SuperMix kit (Trans, AT351-
01). The qPCR reaction was then performed on a 384-well plate
using the Roche LightCycler 480 SystemlIl (Roche, Manheim,
Germany). The 10 ul reaction volume consisted of 5ul Green
qPCR SuperMix, lul miRNA, 0.5ul forward/reverse primer, and
3ul ddH,0. All of miRNA primers were designed using Primer
Premier 6 software. The primer information is provided in Table S1.
miR-23a was used as an internal control (Zhu et al., 2015). Three
biological replicates were used for the PT and PR groups,
respectively, and each biological replicate contained three
technical replicates. The relative expression levels of the miRNAs
were calculated using the 27848 method (Livak and
Schmittgen, 2001).

2.8 Statistical analysis
SPSS 27.0 and Graphpad Prism 9 software were used for data
analysis and visualization, respectively. All parameters are

presented as the mean + SD. p-value < 0.05 was considered as a
significant difference.

3 Results

3.1 Sequencing analysis and characteristics
of miRNA

A total 0f 45.02 M and 38.18 M clean reads were obtained in the
PT and PR groups, respectively, by filtering the preliminary raw
reads. After filtering out low-quality reads from all samples, the
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proportion of high-quality reads exceeded 98.87%, and 44.31 M and
37.55 M clean tags in the PT and PR groups, respectively, were
obtained through further quality control (Table 1). The length of
the clean tags were mainly distributed in 22 nt (Figure 2). These
results indicate that the quality of the sequencing results meets the
required standards for next step of analysis.

3.2 Genome alignment and
functional annotation

After removing the tags of rRNA, scRNA, snoRNA, snRNA and
tRNA by aligning the tags to Genebank and Rfam databases, the
remaining tags were mapped to the P. leopardus reference genome.
A total of 73,308,113 tags were mapped, with a mapping rate of
around 89.55% (Table 2). Then, the tags positioned in the exons and
introns were removed. In total, 981 miRNAs were identified,
including 493 known and 488 novel miRNAs. The miRNA
expression profiles are shown in Table S2.

3.3 Identification of DEMs and prediction
of their target genes

Principal component analysis (PCA) was performed prior to the
identification of the DEMs. The results showed good within-group
repeatability and good discrimination between the groups
(Figure 3A). After normalization of the miRNAs expression levels
by TPM, a total of 106 miRNAs were identified as DEMs on the
basis of a [fold change| > 2 and p-value < 0.05. Compared to the PT
group, there were 43 up-regulated and 63 down-regulated miRNAs
in the PR group, including 52 known and 54 novel miRNAs
(Figure 3B). Analysis using TargetScan, miRanda, and
RNAhybird software resulted in the prediction of a total of 22,433
target genes for the above 106 DEMs, giving rise to 255,643
miRNA-target pairs (Table S3).

TABLE 1 Summary of P. leopardus skin miRNA transcriptome
sequencing data.

Sample Clean High Clean tags
reads quality reads
PT1 17,420,427 17,256,463 (99.0588%) 17,184,527
(98.3424%)
PT2 14,615,406 14,457,405 (98.9189%) 14,360,504
(98.3195%)
PT3 12,990,932 12,844,749 (98.8747%) 12,762,503
(98.4122%)
PR1 13,084,650 12,958,236 (99.0339%) 12,867,761
(98.6458%)
PR2 13,868,920 13,720,377 (98.9290%) 13,635,851
(98.2559%)
PR3 11,226,512 11,109,219 (98.9552%) 11,048,257
(98.2416%)
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3.4 Candidate miRNAs identification and
MiRNA-mRNA network construction

18 candidate miRNAs were selected from the 106 DEMs based on
the 53 target genes related to pigmentation. These 53 target genes
include genes involved in carotenoid metabolism (scarbl, apod, fabp7,
beo2 etc), pteridine biosynthesis (gchl, pts, spr), melanogenesis (tyr,
tyrpl, dct etc) and chromatophore development (pax3, pax7, sox10
ect.). Based on the above 18 miRNAs and 53 target genes, 216 miRNA-
mRNA pairs were constructed and selected for further analysis. The
constructed miRNA-mRNA network is shown in Figure 4A.

3.5 GO and KEGG enrichment analysis of
target genes of DEMs

To better understand the molecular functions of the target
genes, all targets of the DEMs were evaluated for further GO and
KEGG enrichment analysis. GO enrichment analysis showed that
193 GO terms were significantly enriched (p < 0.05), including 168,

15 and 10 in biological process, cellular component and molecular
function, respectively. The most abundant GO terms in the three
GO categories were cellular process (GO:0009987) and single-
organism process (GO:0044699) in biological process; binding
(GO:0005488) and catalytic activity (GO:0003824) in molecular
function, and cell (GO:0005623), cell part (GO:0044464) and
organelle (GO:0043226) in cellular component (Figure 5).

For the KEGG pathway analysis, a total of 352 pathways were
enriched. 20 pathways related to pigmentation and immunity are
presented in Figure 6, including pathways related to melanogenesis
(MAPK, cAMP, and Wnt signaling pathway), pathways related to lipid
metabolism (Bile secretion, Retinol metabolism and Cholesterol
metabolism), and pathways related to the immune response
(microRNAs in cancer, Pathways in cancer and Insulin resistance).

3.6 gPCR validation of DEMs

To validate the miRNA-seq data quality, 10 DEMs (miR-137-y,
miR-206-y, miR-458-y, miR-551-x, miR-2188-x, miR-8159-x, miR-

TABLE 2 Statistical results of the different types of tags for each of the P. leopardus samples.

Sample Known number Unique tags Total known tags (%) Novel number Unique tags Total novel tags (%)
PT1 447 23,822 15,787,357 (91.87%) 438 1161 105,194 (0.61%)
PT2 446 23,117 12,347,493 (85.98%) 438 1153 99,972 (0.70%)
PT3 436 22,329 11,330,562 (88.78%) 424 1113 99,936 (0.78%)
PR1 423 22,144 11,380,089 (88.44%) 423 1089 92,658 (0.72%)
PR2 435 22,877 12,382,673 (90.81%) 410 1073 102,037 (0.75%)
PR3 422 21,244 10,118,306 (91.58%) 409 1030 100,368 (0.91%)
all 493 28,900 73,346,480 (89.60%) 488 1364 600,165 (0.73%)
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27-z, miR-204-x, miR-455-x, miR-460-x) were randomly selected
for qPCR validation. The qPCR results were consistent with the
miRNA-seq results, indicating the reliability of the sequencing
data (Figure 7).

4 Discussion

Fish possess high economic and ornamental value due to the
bright red color of their body surface. An increasing number of
studies have explored the molecular mechanisms of red color
formation (Zhu et al., 2016; Ruijuan et al., 2022). At present, it is
known that carotenoids play a crucial role in the production of red
skin color in most fish, including Atlantic salmon, Malabar snapper,
and Oujiang color common carp (Zoric, 2017; Du et al., 2021; Zhi
Weng Josiah et al,, 2022). In goldfish and guppies, red coloring is
determined by pteridine pigment (Masada et al, 1990; Grether
etal,, 2001). Before that, largely increasing erythrophores is basis for
the formation of red, which involves specification, migration and
development of chromatophores (Kelsh et al., 2021). In addition,
inhibition of melanophores and melanin production contributes to
redness (Wu et al., 2023a). The main phenotype of P. leopardus
comprises red and black coloration, and astaxanthin is the major
carotenoids of red skin in P. leopardus (Maoka et al, 2017). In
previous study, a series of genes (Idlr, bco2, angptl2, scd) related to
carotenoid metabolism were identified by transcriptome and
genome analysis based on red and black color skin in adults fish
(Yang et al,, 2020; Zhu et al., 2021; Xin et al,, 2022). In this study,
miRNA-seq of 26 dph (PT) and 30 dph (PR) skin was used to
characterize the molecular mechanisms of early red color formation
in P. leopardus. The miRNA-mRNA network based on candidate
miRNAs and their putative target genes related to pigmentation,
and the enrichment analysis of target genes of all DEMs, further
revealed that the miRNAs involved in red formation mainly
involves melanin synthesis (Figure 4B), chromatophore
development (Figure 4C) and carotenoid metabolism (Figure 4D).
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4.1 miRNAs regulate melanin synthesis

Body color is closely related to melanin synthesis. A large of
studies have demonstrated that the inhibition of melanin synthesis
results in lightening of black coloring, albinism and even redness
(Dong et al., 2012; Jiang et al., 2022; Wang et al., 2022). Melanin
synthesis is a complex process; upstream signaling pathways or
transcription factors acting on mitf (a master regulator of melanin
synthesis and melanophore development), promote or inhibit
melanin synthesis by regulating the expression levels of
downstream members of the tyr gene family (tyr, tyrpl and dct)
(Levy et al., 2006). The MAPK, Wnt and cAMP signaling pathways
have been shown to be involved in melanin synthesis in teleost fish
(Ruijuan et al., 2021; Song et al., 2022b). In this study, the MAPK,
Wnt and cAPM signaling pathways were enriched, suggesting that
miRNAs may be involved in melanin synthesis.

Several miRNAs involved in melanin synthesis were identified
in this study, including miR-141-z, miR-206-z, miR-206-y, miR-27-
z, miR-137-y, miR-204-x, miR-204-y, miR-211-x and miR-211-z.
Among these, miR-141-3p expression was found to be significantly
reduced in o--msh-stimulated B16-4A5 cells (mouse melanophore),
and miR-141-3p overexpression significantly reduces MITF protein
and tyrosinase activity by targeting Mitf, thus inhibiting melanin
synthesis (Itoh et al., 2020). Furthermore, previous studies have
demonstrated that miR-141 is more abundant in white alpaca skin
than black alpaca skin (Tian et al, 2012), and higher expression
levels have been observed in common carp with red skin as
compared to those with white skin (Yan et al,, 2013). In another
study, P. leopardus skin cultured on different backgrounds showed
significant differences (Feibiao et al., 2023). Moreover, miR-141-5p
was significantly up-regulated in whole pink (WP) skin compared
with pink with scattered black spots (PB) and pink with scattered
red spots (PR) in red tilapia (Wang et al,, 2018). In the present
study, miR-141-z was significantly up-regulated in PR compared
with PT, and this may result in the inhibition of melanin synthesis
by targeting mitf.
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Inhibition of miR-206 expression was found to significantly
increased mclr (which promotes the expression of mitf and
downstream genes such as tyr and tyrpl by increasing cAMP
levels) mRNA and protein levels in koi carp (Dong et al., 2020).
Although miR-206-z and miR-206-y were not predicted to have a

competitively binds to mclr, thereby
expression of mitf (Suzuki et al., 1997).

target relationship with mclr in this study, asip, as a target gene for
miR-206-z and miR-206-y, may be associated with o-MSH, which

reducing the downstream
The down-regulated miR-

206-z and miR-206-y may inhibit melanin synthesis by promoting
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Level2 GO terms of target genes of DEMs in PT vs PR.
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KEGG enrichment pathways of target genes of DEMs associated
with pigmentation and immune of DEMs in PT vs. PR

the expression of asip and inhibiting the expression of tyr and dct.
miR-27a-3p functions as a melanin inhibitor in mammals. MiR-
27a-3p inhibits melanogenesis in mouse skin melanocytes by
targeting wnt3a (Zhao et al, 2015). Meanwhile, the expression
level of miR-27-3p was found to be six times higher in white alpaca
skin than in brown alpaca skin (Tian et al., 2012), and these
differences have also been observed in the skin of P. leopardus
cultured in different backgrounds (Feibiao et al, 2023). In this
study, miR-27-z was up-regulated in the PR group compared to the
PT group, suggesting that miR-27-z may play a role in inhibiting
melanin synthesis. Previous studies have demonstrated that the
overexpression of miR-137 in mice results in a lighter grey
phenotype, and that miR-137 affects the expression of mitf and its
downstream tyr gene family members (Dong et al., 2012). In
addition, overexpression of miR-137 can inhibit tyrp2 (dct)
expression and melanin synthesis by targeting ¢-KIT in mouse
melanocytes (Jiang et al., 2016). However, in the present study,
miR-137-y was down-regulated, suggesting it may play other roles.
The specific regulatory mechanisms require further investigation.
miR-204 and miR-211 have been shown to inhibit the growth of
melanoma cell lines (Galasso et al., 2018), and miR-211 inversely
regulates tumor growth factor (TGF-f) and decreases the
expression of tyr and tyrpl (Dai et al,, 2014). In this study, miR-
204-x, miR-204-y, miR-211-x and miR-211-z were up-regulated in
the PR group, suggesting that they may be involved in the inhibition
of melanin synthesis. In addition, slc7all and epha2 were predicted
to be the target genes of miR-499-y, miR-137-y, novel-m0061-5p
and novel-m0226-5p. Slc7all, which is required for pheomelanin
formation in mammals, has been shown to be expressed at
significantly higher levels in PR red tilapia than in PB and WP
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tilapia (Wang et al., 2019). epha2 is significantly up-regulated in the
red skin of P. leopardus (Wu et al., 2023a), and may inhibit
melanogenesis by blocking the MAPK and AKT signaling
pathways in human lens epithelial (HLE) cells (Ma et al,, 2017).
In this study, epha2 was also enriched in several pathways,
including Axon guidance, Rapl signaling pathway and MAPK
signaling pathway. These results suggest that miR-499-y, miR-
137-y, novel-m0061-5p and novel-m0226-5p may inhibit
eumelanin synthesis and contribute to the formation of red
coloration by targeting epha2 and slc7all.

4.2 miRNA involved in
chromatophores development

Chromatophores originate from the neural crest. The early
development of chromophores (xanthophores, melanophores,
iridophores) during embryonic development has been well
studied in model fish (Tsunogai et al., 2021); however, there are
few research reports on erythrophores. It has been reported that
xanthophores and erythrophores share a common progenitor
(Huang et al., 2021), suggesting that erythrophore development,
similar to xanthophores, may depend on pax and sox gene
family members.

In our study, miR-206-z, miR-206-y, miR-499-y, miR-1-z, and
miR-2188-x were predicted to target pax7; miR-137-y, novel-
m0226-5p were predicted to target pax3; miR-137-y was
predicted to target sox9b, and miR-204-y was predicted to target
s0x10. In zebrafish, pax7 and pax3 are required for xanthophore
development, and pax7a/pax7b double mutants and pax3
knockdown resulted in complete depletion and reduction of
xanthophores, respectively (Minchin and Hughes, 2008; Nord
et al., 2016). In addition, pax7 play a role in inhibiting
melanophores by regulating mitf to promote the differentiation of
xanthophores lineage rather than melanophores. Mutations in pax7
resulted in an increase of melanophores in model fish (Motohiro
et al,, 2023). SoxI0 is a key regulator of xanthophore specification.
sox10a mutants and soxI0a/soxI0b double mutants exhibit a
reduction and severe defect in the number of xanthophore,
respectively (Tsunogai et al., 2021; Subkhankulova et al., 2023). In
addition, sox9b has also been shown to contribute to the formation
of pigment cells in madaka (Tsunogai et al., 2021). Although the
above studies focused on embryogenesis, the expression levels of
s0x10 and pax7 have been found to be significantly higher in most
red and yellow skin adult fish than in black skin in adult fish (Santos
et al., 2016; Dick et al., 2018; Susnik Bajec et al., 2022). Thus, these
miRNAs may be involved in erythrophore development by
targeting pax and sox gene family members.

4.3 miRNAs involved in
carotenoids metabolism

Red, orange and yellow body colors are produced by

carotenoids due to their unique conjugated double-bond system
(Bohm, 2019). Fish are not able to synthesize carotenoids de novo,
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gPCR validation of DEMs in PT vs. PR.

they have to be obtained from the diet. The process of carotenoid
metabolism involves absorption and transport, binding and
deposition and degradation (Toews et al, 2017; Toomey et al,
2022). Only a few studies have reported that miRNAs are involved
in the regulation of carotenoid metabolism. For example, miR-430b
was found to reduce the red skin pigmentation in koi carp by
targeting scarbl (Tian et al, 2022), and miR-330 overexpression
was found to significantly reduces bco2 expression and promotes
carotenoid accumulation in rainbow trout skin (Wu et al., 2023b).

The present study identified several miRNAs that may be
involved in carotenoid metabolism, such as miR-204-x and miR-
204-y targeting bcol and miR-499-y targeting plin2, plin3 and
abcg2. Two oxygenases, 3, B-carotene 15,15 dioxygenase (bcol)
and f3, B-carotene 9,10 dioxygenase (bco2), are known to mediate
the degradation of carotenoids. bcoll and bcol have B-carotene
catalytic activity in Atlantic salmon and zebrafish, respectively
(Lampert et al., 2003; Helgeland et al., 2019). Loss of bco2 results
in a deep carotenoid color in mammals (Véige and Boman, 2010;
Thomas et al, 2023). The plin gene family may be related to
carotenoid deposition. Mutation in piln6 resulted in a decrease in
xanthophores carotenoids and carotenoid droplet dispersion in
zebrafish (Granneman et al, 2017). Moreover, abcg2 has been
reported to be involved in the proliferation of erythrophores in
the cherry shrimp (Neocaridina denticulata sinensis) (Lu et al.,
2022). Thus, miR-204-x, miR-204-y and miR-499-y may play a
potential role in carotenoid metabolism and may promote redness.

In addition, target genes (such as Idlr, apoe, abcal, beol, stard3
and abcg2/5/8) of DEMs related to carotenoid metabolism were
enriched in bile secretion, retinol metabolism and cholesterol
metabolism signaling pathways. Furthermore, members of the
cytochrome P450 enzyme family, cyp2j19 and cyp2ae2, are closely
related to the site of keto-carotenoid formation in birds and
zebrafish, respectively (Toomey et al., 2022). In this study, cyp2j
were enriched in pathways. This indicates that miRNAs may
functions in keto-carotenoids formation in P. leopardus. However,
the exact molecular mechanism of carotenoid metabolism remains
unclear and requires further investigation.
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5 Conclusion

In this study, comparative miRNA-seq analysis was performed
on 26dph (PT) and 30dph (PR) skin in P. leopardus. A total of 981
miRNAs were identified, including 493 known miRNAs and 488
novel miRNAs. 18 out of 106 DEMs were selected as candidate
miRNAs related to red color formation. The results suggested that
miRNAs involved in red color formation are mainly involve the
inhibition of melanin synthesis, chromatophore development and
carotenoid metabolism. The finding of this study offer insight into
the potential molecular mechanism underlying the role of miRNAs
in the early formation of red skin color in P. leopardus.
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