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ABSTRACT The economic losses incurred due to
reduced muscle pigmentation highlight the crucial role
of melanin-based coloration in the meat of black-bone
chickens. Melanogenesis in the breast muscle of black-
bone chickens is currently poorly understood in terms of
molecular mechanisms. This study employed whole-tran-
scriptome sequencing to analyze black and white breast
muscle samples from black-bone chickens, leading to
the identification of 367 differentially expressed (DE)
mRNAs, 48 DEIncRNAs, 104 DEcircRNAs, and 112
DEmiRNAs involved in melanin deposition. Based on
these findings, a competitive endogenous RNA (ceRNA)
network was developed to better understand the complex
mechanisms of melanin deposition. Furthermore, our
analysis revealed key DEmRNAs (TYR, DCT, EDNRB,
MLPH and OCA2) regulated by DEmiRNAs (gga-miR-

140-5p, gga-miR-1682, gga-miR-3529, gga-miR-499-3p,
novel-m0012-3p, gga-miR-200b-5p, gga-miR-203a, gga-
miR-6651-5p, gga-miR-7455-3p, gga-miR-31-5p, miR-
140-z, miR-455-x, novel-m0065-3p, gga-miR-29b-1-5p,

miR-455-y, mnovel-m0085-3p, and gga-miR-196-1-8p).
These DEmiRNAs competitively interacted with
DEIncRNAs including MSTRG.2609.2, MSTRG.4185.1,
LOC112530666, LOC112553366, LOCT71030,
LOC107054724, LOC121107411, LOC100859072,
LOC101750037, LOC121108550, LOC121109224,

LOC121110876, and LOC101749016, as well as DEcircR-
NAs, such as novel circ_ 000158, novel circ_ 000623,
novel_ 001518, and mnovel circ_ 003596. The findings
from this study provide insight into the mechanisms that
regulate IncRNA, circRNA, miRNA, and mRNA expres-
sion in chicken melanin deposition.
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INTRODUCTION

The meat of black-boned chickens is highly regarded for
its medicinal properties, which include not only immu-
nity-enhancing (Yu et al., 2021) and weight control (Tu
et al., 2009) effects but also activities against diseases such
as diabetes (Lin et al., 2005; Tian et al., 2007). In the
black-bone chicken market, muscle with a high melanin
content is considered highly nutritious; therefore, meat
color affects sensory quality and consumers’ desire to buy.
The degree of darkness in the muscle of a black-bone
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chicken is determined by the degree of melanin pigmenta-
tion in the chicken, which is produced by melanin bodies
in melanocytes in the muscles (Haraszti et al., 2011).
Therefore, it is crucial to understand how melanin is
deposited in the muscles of black-boned chickens.

To date, studies related to muscle melanin in black-
boned chickens have been limited to mRNA expression
and metabolite content. Through transcriptome analysis
of black and white chicken breast muscles, Yu success-
fully screened several key genes related to melanin pro-
duction in chicken muscles, including premelanosome
protein (PMEL ), RAB29, member RAS oncogene family
(RAB29), and 5 solute vector superfamily genes (Yu
et al., 2018). Li selected the breast muscle tissue of chick-
ens fed tyrosine or not fed tyrosine for transcriptome
sequencing and identified the genes PMFEL, melanophilin
(MLPH ), endothelin receptor B subtype 2 (EDNRB2),
and dopachrome tautomerase (DCT ) as related to mela-
nin deposition (Li et al., 2019). Li also characterized the
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genome-wide breeding history-related features of black-
bone chickens through combined whole-genome rese-
quencing and transcriptome analysis and found that
endothelin 3 (EDN3) generated black skin color by
interacting with the upstream ncRNA LOC1017/7896
(Li et al., 2020). Transcriptomic and metabolomic analy-
ses revealed that the expression of the tyrosinase
(TYR), tyrosinase related protein 1 (TYRP1), DOPA-
chrome tautomerase (DOT ), premelanosome protein 17
(PMEL17), melan-A (MLANA), and PDZ domain
containing 1 pseudogene 1 (PDZK1) genes was signifi-
cantly upregulated in black breast muscle compared with
white breast muscle (Dou et al., 2022). Although several
genes associated with melanin deposition have been iden-
tified, the ceRNA regulatory network involved in melanin
pigmentation in chicken muscle has not been defined.
Studies have emphasized the complex interactions of
noncoding RNAs, such as microRNAs (miRNAs), cyclic
RNAs (circRNAs), and long noncoding RNAs
(IncRNAs), in posttranscriptional regulatory networks
(Ma et al., 2018; Wang et al., 2020).

The objective of this research study was to character-
ize the IncRNAs, circRNAs, miRNAs, and mRNAs
expression patterns contributing to the regulation of
chicken muscle melanin pigmentation. Additionally, we
aimed to establish a ceRNA network, laying the founda-
tion for subsequent studies on the mechanism underly-
ing melanin pigmentation.

A

MATERIALS AND METHODS
Animals and Tissue Sampling

We obtained 6 female Xichuan black-bone chickens
from the Henan Agricultural University’s Poultry
Germplasm Resource Farm, including 3 with black
breast muscles (B1, B2, and B3) and 3 with white breast
muscles (W1, W2, and W3) (Figure 1A). Three chickens
in each group were euthanized at 1 d of age. The samples
were then quickly preserved by freezing them in liquid
nitrogen. The muscle tissue was fixed with a 4% parafor-
maldehyde solution and then embedded in paraffin
sections. We used the Fontana—Masson Stain Kit
(Legene, Beijing, China) for histochemical visualization
of muscle melanin.

All animal-based experiments were carried out in
compliance with the regulations and guidelines provided
by the Institutional Animal Care and Use Committee
(IACUC) of Henan Agricultural University, China.
The study was approved under Permit Number 11-0085
on June 13, 2011.

RNA Isolation, Library Construction, and
Sequencing

After extracting the total RNA from each sample, the
1% agarose gel electrophoresis was employed to evaluate
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Figure 1. Differences in melanin deposition between black and white breast muscle. (A) Photographs of breast muscle sampled from 1-day-old
Xichuan black-bone chickens. (B) Relative expression levels of PMEL and TYRP1. (C) Fontana—Masson staining of breast muscle, 100 x .
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the quality of the RNA. Illumina’s NEB Next Ultra
RNA Library Prep Kit (New England Biolabs, Ipswich,
MA, E7530) was utilized to construct 6 libraries of
mRNA, IncRNA, and circRNA. The NEBNext Multi-
plex Small RNA Library Preparation Kit (E7300, NEB)
was employed to generate the 6 miRNA sequencing
libraries. Sequencing was performed on the resultant
libraries utilizing an Illumina NovaSeq 6000 instrument
(LC-BIO, Hangzhou, Zhejiang, China).

Screening for Differentially Expressed
mRNAs

Reads with adapter contamination, low-quality bases,
or bases that could not be detected were removed using
Cutadapt (Kechin et al., 2017). A quality control tool was
utilized to assess the quality of the sequences using the
high-throughput sequence data provided by FastQC
(http://www.bioinformatics.babraham.ac.uk /projects
fastqc/). After that, TopHat2 and Bowtie2 were
employed to align the clean reads with the chicken refer-
ence genome GRCg7b (GCF_016699485.2), and String-
Tie was implemented to assemble the mapped reads
(Langmead et al., 2012; Kim et al., 2013). Finally, Ball-
gown and StringTie were applied to assess the levels of
expression for each transcript. DEmRNAs were described
as those with mRNA false discovery rate (FDR) < 0.05
and [logy(fold change)| >1 (Frazee et al., 2015; Pertea
et al., 2015). The heatmaps were processed using the R
package pheatmap. Blast2GO was utilized to conduct
Gene Ontology (GO) term enrichment analysis with the
GO database serving as the reference (Conesa et al.,
2005). A Kyoto Encyclopedia of Genes and Genomes
(KEGQG) pathway analysis was performed by referring to
the KEGG database (www.kegg.jp/kegg/keggl.html)
(Kanehisa et al., 2000). All terms with a P-value below
0.05 were determined to be significantly enriched.

IncRNA Identification and Analysis

The IncRNA transcriptome was constructed using
StringTie (v1.3.1). Exon number (>2) and length (>200
nt) filters were applied to retain putative IncRNAs. To
assess the coding ability of the putative IncRNAs, we
utilized coding potential calculator 2 (CPC2) and cod-
ing non-coding index (CNCI) software, and candidate
IncRNAs were identified by selecting the transcripts
that were designated as having no coding potential
according to both tools (Kang et al., 2017; Sun et al.,
2013). To identify DEIncRNAs, we applied the criteria |
logs (fold change)| > 1 and FDR < 0.05. Potential cis-
and trans-target mRNAs of the DEIncRNAs were
identified by considering gene expression levels and
chromosomal locations (Fu et al., 2019). DEmRNAs
situated downstream and upstream of DEIncRNAs by
100 kb were categorized as cis-acting target genes.
Furthermore, the Pearson correlation coefficient was
utilized to predict the extent of trans-regulation between
genes and IncRNAs (Guil et al., 2012).

CircRNA Identification and Analysis

Initially, the clean data was aligned with the reference
genome utilizing the BWA software (Houtgast et al.,
2018). Moreover, a high-quality clean dataset was used
to identify circRNAs using find circ and Bowtie2.
(Langmead et al., 2012). To analyze differential
expression, raw counts were normalized by using TPMs
(transcripts per million reads), and circRNAs with a P <
0.05 and |logs (fold change)| > 1 were applied to the
investigation of differential expression.

MiRNA Identification and Analysis

The distinct 16—35 nucleotide sequences were aligned
using a BLAST search with species-specific precursors
previously discovered in miRBase 21.0 (http://www.mir
base.org/) to facilitate the identification of novel and
known miRNAs. TargetScan (version 7.0) and miRanda
(v3.3a) were then combined with the differentially
expressed miRNAs (P < 0.05 and |logs (fold change) |>
1) across the black and white muscle libraries to deter-
mine the miRNA target genes (Agarwal et al., 2015).

CeRNA Network Construction and Analysis

TargetScan and MiRanda were utilized to predict
miRNA-mRNA, miRNA-circRNA, and miRNA-IncRNA
pairs. The Spearman correlation coefficient (SCC) was
performed to assess the correlations between these pairs.
Finally, a ceRNA network was established. Every regu-
latory network was visualized using Cytoscape v.3.2.1
software (Shannon et al., 2003).

Quantitative Real-Time Polymerase Chain
Reaction (QRT-PCR) Validation

The LightCycler 96 instrument (Roche Applied
Science, Indianapolis, IN) was employed to confirm 6
DEcircRNAs, DEmRNAs, DEmiRNAs, and DEIncR-
NAs utilizing qRT-PCR with the SYBR Premix Ex Taq
IT Kit (TaKaRa). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was utilized as the endogenous
control for mRNAs, IncRNAs, and circRNAs. For miR-
NAs, U6 micronuclear RNA (U6) was used as an endog-
enous control. Table S1 displays the primer sequences
developed with Oligo 6.0 software.

RESULTS

Differences in Melanin Deposition Between
Black and White Muscle

After confirmation using qRT-PCR, it was shown
that the black (B) group had higher melanin-associated
gene expression TYRPI and PMFEL compared to the
white (W) group (P < 0.05) (Figure 1B). Additionally,
Fontana—Masson staining of the breast muscle demon-
strated some melanin pigment in group B but none in
group W (Figure 1C). The findings revealed significant
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phenotypic differences between the 2 experimental
groups, which could be used to identify important circR-
NAs, miRNAs, mRNAs, and IncRNAs involved in the
control of melanin pigmentation in chicken muscle.

Global Correlations of mRNAs with Melanin
Deposition

The B and W libraries yielded 2,330, 4940, and
2,352,2282 clean reads, respectively, during whole-tran-
scriptome sequencing of B1l, B2, B3, W1, W2, and W3. A
total of 11,080 mRNAs were identified in breast muscle
after rigorous alignment with the chicken reference genome
(Figure 2A). Of these genes, 367 DEmRNAs were identi-
fied, including 138 upregulated (37.60%) and 229 downre-
gulated (62.40%) (Figure 2B). The expression profile of
each group of DEmRNAs was visualized using a heatmap,
and the DEmRNASs in the black and white breast muscles
were found to be clustered separately (Figure 2C). Several
genes that are crucial for melanin deposition were found
among the DEmRNAs, such as TYR, TYRP1, DCT,
endothelin receptor type B (EDNRB), MLPH, OCA2
melanosomal transmembrane protein (OCAZ2), PMEL,
RAB38, member RAS oncogene family (RAB38), glyco-
protein NMB (GPNMB), MLANA, cadherin 1 (CDH1)
and solute carrier superfamily genes.

KEGG and GO analyses were carried out to investigate
the roles of the DEmRNAs. Annotations for the majority
of DEmRNASs included the following GO terms: The bio-
logical process (BP) includes “metabolic process,” “single-
organism process,” and “cellular process”; cellular compo-
nent (CC) includes “cell part,” “cell,” and “membrane”; and
“binding”, “transporter activity” and “catalytic activity” are
classified as molecular functions (MF) (Figure 2D). The
KEGG pathway enrichment results for DEmRNAs are
illustrated in Figure 2E, which only includes the top 20
pathways with the smallest P-values. The following
pathways exhibited a significant association with melanin:
tyrosine metabolism (TYR, TYRP1, and DCT), phospho-
enolpyruvate carboxykinase 1 (PCK1), muscarinic ace-
tylcholine receptor M2 (CHRMZ2), thrombospondin 2
(THBS2), fibroblast growth factor receptor 2 (FGFR2),
cartilage oligomeric matrix protein (COMP), laminin
subunit alpha 1 (LAMAZL), chondroadherin (CHAD),
secreted phosphoprotein 1 (SPP1), tenascin (TNC),
integrin binding sialoprotein (IBSP), integrin alpha 11
(ITGA11), collagen type IX alpha 1 chain (COL9A1),
collagen type IX alpha 3 chain (COL9A3), DNA-dam-
age-inducible transcript 4 (DDIT4) and thrombospondin
1 (THBS1). As per the findings of the gene set enrichment
analysis (GSEA) software-based KEGG pathway enrich-
ment analysis, tyrosine metabolism exhibited the highest
degree of enrichment (Figure 2F).

Global Correlations of IncRNAs With Melanin
Deposition

To identify IncRNAs, the RNA-seq data were
matched to the reference chicken genome. During this

alignment step, any reads corresponding to known
IncRNAs were filtered out and excluded from subse-
quent analysis. The remaining reads were then subjected
to analysis using CNCI and CPC2, which identified a
total of 801 IncRNAs (Figure 3A). Among the DEIncR-
NAs, 21 were upregulated, accounting for 43.75% of the
total, while 27 DEIncRNAs were downregulated,
representing 56.25% of the total (Figure 3B). The over-
all patterns of expression for these DEIncRNAs are
shown in Figure 3C.

The expression of important genes can be controlled
by IncRNAs via both cis- and trans-regulatory mecha-
nisms. In this study, we did not find any cis-regulated
IncRNAs but found a total of 48 trans-acting IncRNAs
with 321 target genes. KEGG pathway analysis and GO
annotation of the correlated target genes were carried
out to get additional insight into the role of these trans-
acting IncRNAs in the control of melanin deposition.
Forty-four GO terms were employed to annotate the
trans-targets of the DEIncRNAs, with significant repre-
sentation of BP categories including “Metabolic process,”
“single-organism process,” and “cellular process”; MF cat-
egories including “transporter activity,” “catalytic activ-
ity,” and “binding”; and CC categories including “cell,”
“cell component,” and “membrane” (Figure 3D). In addi-
tion, several pathways associated with melanin deposi-
tion, including the PI3K-Akt, tyrosine metabolism, and
TGF-8 signaling pathways, were found to be substan-
tially enriched in the KEGG pathway analysis of the
trans-targets regulated by the DEIncRNAs (Figure 3E).
In addition, many trans-target DEmRNAs, namely,
TYR, TYRPI1, DCT, and EDNRB, were also enriched
in melanogenesis.

Global Correlations of CircRNAs With
Melanin Deposition

A total of 4,870 circRNAs were detected, with 1,239
specific to black breast muscle and 1,162 specific to
white breast muscle (Figure 4A). 104 DEcircRNAs were
discovered in total as a result of the screening procedure.
Among these DEcircRNAs, 53 were upregulated, 51
were downregulated, and the 104 DEcircRNAs we
screened were derived from 94 host genes (Figure 4B). A
heatmap was generated to visualize the clustering of
DEcircRNAs between the 2 groups (Figure 4C). The
DEcircRNA-hosting genes were examined by GO and
KEGG enrichment methods to elucidate their activities
in further detail. The majority of the DEcircRNA-host-
ing genes were found to be enriched in the cellular pro-
cess, binding, and cell component, according to GO
enrichment analysis (Figure 4D). Six KEGG pathways
were found to be significantly enriched (P < 0.05) among
the 63 KEGG pathways to which the DEcircRNA-host-
ing genes were annotated: endometrial cancer, arrhyth-
mogenic right ventricular cardiomyopathy, the pentose
phosphate pathway, the Hippo signaling pathway,
adherens junctions, and bacterial invasion of epithelial
cells (Figure 4E).
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Figure 2. Analysis and identification of DEmRNAs between black and white breast muscle. (A) Venn diagram displaying the mRNA number;
(B) Statistics on the number of down- and up-regulated DEmRNAs; (C) Heatmap of DEmRNA; (D) GO classification of DEGs; (E) A scatterplot
representing the top 20 pathways based on KEGG enrichment.; (F) GSEA of KEGG.

Global Correlations of miRNAs With Melanin

Deposition

The miRNA profile associated with melanin deposi-
tion in the breast muscle of black-bone chickens was
examined using both sRNA libraries and sequencing.

The black and white libraries yielded 32,387,496 and
32,348,875 clean reads, respectively, after filtering. The
majority of the miRNA clean reads had lengths ranging
from 21 to 24 bp, consistent with the typical characteris-
tics of miRNAs. These findings further validate the reli-
ability of our dataset (Figure 5A). In total, 550 miRNAs



W-vs-B

Level2 GO torms of trans.

LIET AL.

H UP
W DOWN

27

iTinmi

=

=
=
=
—
—
=
=

Top 20 of KEGG Enrichment
L]

ECM-receptor interaction {
Focal adhesion L[]
Dilated cardiomyopathy{ °
PIBK-Akt signaling pathway

Human papillomavirus infection
Phagosome{
Protein digestion and absorption {
Hypertrophic cardiomyopathy {
Staphylococeus aureus infection
Viral myocarditis {

Complement and coagulation cascades

GeneNumber
®

@12
@15

qualue
03
02

Pathway

Cardiac muscle contraction{
Ribosome biogenesis in eukaryotes {
Malaria .

Systemic lupus erythematosus {
Nucleocytoplasmic transport
Tyrosine metabolism{

01

Tight junction
Adrenergic signaling in cardiomyocytes {
TGF-beta signaling pathway:

0.00  0.05

10 015 020
RlchFactor

Figure 3. Analysis and identification of DEIncRNAs between black and white breast muscle. (A) Venn diagram demonstrating the number of
IncRNAs; (B) Statistics on the number of down- and up-regulated DEIncRNAs; (C) Heatmap of DEIncRNAs; (D) GO classification and (E) KEGG

enrichment of trans-target genes regulated by DEIncRNAs.

were detected, including 49 specific to black breast
muscle and 30 specific to white breast muscle
(Figure 5B). A total of 112 DEmiRNAs were found, of
which 66 exhibited upregulation (58.93%) and 46
demonstrated downregulation (41.07%) in black muscle
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(Figure 5C). The DEmiRNA expression profiles of the
samples are presented in Figure 5D.

For predicting DEmiRNA target genes, 2 prediction
software programs were used: miRanda and TargetScan.
A total of 256 DEmRNAs and 78 DEmiRNAs were
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Figure 4. Analysis and identification of DEcircRNAs between black and white breast muscle. (A) Venn diagram illustrating the number of
DEcircRNAs; (B) Statistics on the number of down- and up-regulated DEcircRNAs; (C) Heatmap of DEcircRNAs; (D) GO classification and (E)

KEGG enrichment of DEcircRNA-hosting genes.
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found to form 1124 miRNA-mRNA pairs. Out of 1,266
GO terms, 167 exhibited significant enrichment (P <
0.05) for DEmiRNA target genes. Metal ion binding,
cation binding, and the troponin complex were the most
significantly enriched (Figure 5E). KEGG enrichment
analysis revealed 154 pathways among the target genes
of the DEmiRNAs. Some of these pathways, including
melanogenesis, PI3K-Akt signaling, and TGF-8 signal-
ing, are implicated in melanin deposition (Figure 5F).
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gRT-PCR Validation of DEcircRNAs,
DEmMmRNAs, DEmiRNAs, and DEIncRNAs

For validation using qRT-PCR, a random selection of
24 transcripts was made from the DEcircRNAs, DEmR-
NAs, DEmiRNAs, and DEIncRNAs. The expression
patterns of these transcripts correlated with the
RNA-seq data, indicating the accuracy of the RNA-seq
results (Figure 6; Table S2).
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Figure 6. Validation of the RNA-seq findings using RT-qPCR. The Y-axis on the right represents the data from RT-qPCR, and the left Y-axis
shows the FPKM values obtained from the RNA-seq data. The data are presented as the means + SEDs. Whereas ** denotes P < 0.01 and * denotes

P <0.05.
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Construction and Analysis of the ceRNA
Regulatory Network

By screening the DEIncRNAs, DEmRNAs, and DEc-
ircRNAs that are regulated by the same DEmiRNAs in
the DEmiRNA—DEIncRNA, DEmiRNA—DEmRNA,
and DEmiRNA—DEcircRNA regulatory relationships, we
ultimately established 1001 circRNA—miRNA—mRNA
and 8551 IncRNA—miRNA—mRNA interactions (Table
53). KEGG enrichment analyses were conducted to iden-
tify DEmRNAs associated with the DEIncRNA/DEc-
ircRNA—DEmiRNA—DEmRNA  regulatory = network
(Figure 7). The results of the enrichment analyses
indicated the presence of DEmiRNA, DEIncRNA, and
DEcircRNA-related genes, including TYR, DCT, and
EDNRB, were strongly enriched in melanogenesis and
tyrosine metabolism. Notably, although there was no sig-
nificant enrichment of the Wnt signaling pathway accord-
ing to the KEGG enrichment analysis (Table S4), we
noted that several DEmRNAs were involved in this path-
way, including leucine-rich repeat-containing G protein-
coupled receptor 5 (LGR5A), R-spondin 4 (RSPO4),
catenin delta-2 (CTNND?2), and frequently rearranged
in advanced T-cell lymphomas 2 (FRAT?2). In addition,
there were some DEmRNASs related to melanin deposition
that were not annotated to any specific KEGG pathways,
such as MLPH and OCA2, which also deserve attention.
To further investigate the potential ceRNA—transcript
relationships, we identified 5 known DEmRNAs
(TYR, DCT, EDNRB, MLPH, and OCA2) related to
chicken melanin deposition from the ceRNA networks.
Finally, we established a ceRNA network including
13 DEIncRNAs (MSTRG.2609.2, MSTRG.4185.1,

LOC112530666,
LOC107054724,

A
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LOC101750037, LOC121108550, LOC121109224,
LOC121110876, and LOC101749016), 4 DEcircRNAs
(novel_circ_ 000158, novel_circ_ 000623, novel_ -
circ_ 001518, and novel circ_003596), 17 DEmiRNAs
(gga-miR-140-5p, gga-miR-1682, gga-miR-3529, gga-
miR-499-3p, mnovel-m0012-3p, gga-miR-200b-5p, gga-
miR-203a, gga-miR-6651-5p, gga-miR-7/55-3p, gga-miR-
31-5p, miR-140-x, miR-455-x, novel-m0065-3p, gga-miR-
29b-1-5p, miR-455-y, novel-m0085-3p, and gga-miR-196-
1-3p), 5 DEmRNAs (TYR, DCT, EDNRB, MLPH, and
OCA2), and 90 total interactions (Figure 8).

DISCUSSION

The ceRNA model has been widely accepted in recent
years and used to explain various genetic mechanisms
(Salmena et al., 2011; Ala et al., 2013). However, there
have been no studies on the ceRNA network associated
with melanin deposition in chicken breast muscles. In
this study, comparisons of black and white breast muscle
samples revealed 367 DEmRNAs, 48 DEIncRNAs, 104
DEcircRNAs, and 112 DEmiRNAs. Based on these
results, IncRNA/circRNA—miRNA-mRNA networks
that potentially regulate melanin deposition were con-
structed.

The potential roles of DEmRNAs, the DEcircRNAs’
host genes, and the DEIncRNAs/DEmiRNAs target
genes were investigated using KEGG analysis. Except
for the host genes of the DEcircRNAs, most of the
DEmRNAs overlapped with the set of target genes of
the DEIncRNAs and DEmiRNAs (Figure S1A). Further-
more, these overlapped genes were considerably enriched
in melanin deposition-related KEGG pathways, includ-
ing tyrosine metabolism and melanogenesis (P < 0.05)
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Figure 8. A ceRNA network was constructed with all the DEmRNAs, DEIncRNAs, DEcircRNAs, and DEmiRNAs.

(Figure S1B). Interestingly, the obtained results are in
line with the KEGG enrichment findings for DEmRNASs,
the target genes of DEIncRNAs/DEmiRNAs, and the
DEmRNAS in the ceRNA network. Therefore, we specu-
late that the similarity of the sets of genes leads to the
pathway similarity. Furthermore, these 2 pathways
(tyrosine metabolism and melanogenesis), which are
enriched among DEmRNAs and their associated ceR-
NAs, may be involved in melanin deposition.

Melanin production relies on the function of tyrosi-
nase, which controls the rate of melanin synthesis (del
Marmol et al., 1996; Lee et al., 2020). Many genes associ-
ated with melanin deposition, such as TYR, TYRPI,
tyrosinase-related protein 2 (TYRP2), and DCT, are
enriched in tyrosine metabolism pathways (Yuan et al.,
2019; Dou et al., 2022; Kim et al., 2022). From our con-
structed ceRNA network, we identified 2 DEmRNAs
(TYR and DCT) involved in tyrosine metabolism. TYR
is known to be important for melanin production, and
different T'YR alleles have been reported to be related to
the coloration of tissues such as skin, eyes, and feathers
in various species (Stokowski et al., 2007; Park et al.,
2016; Yang et al., 2019). In addition, TYR expression
and activity can influence melanogenesis and the total
cellular melanin content (Makpol et al., 2014; Paterson
et al, 2015). TYR was found to be a target gene of
novel-m0065-3p and to interact with LOC121107411
and novel circ_003596. DCT is an enzyme that is pri-
marily involved in melanin synthesis in melanosomes and
is a marker of melanocytes (Timar et al., 2006; Pak
et al., 2004). Moreover, DCT was significantly differen-
tially expressed in the skin tissues of goats with different
skin colors, indicating its possible regulatory effect on
melanin deposition (Xiong et al., 2020). DCT was found
to be a target gene of gga-miR-203a and to interact with

LOC101749016, whereas DCT was a target gene of
novel-m0085-3p and interacted with LOC101749016 and
novel_circ_ 001518. Melanogenesis is another pathway
that affects melanin deposition. Melanogenesis is
enriched in genes associated with melanin deposition,
such as EDNRB, melanocortin 1 receptor (MC1R), and
melanogenesis-associated transcription factor (MITF)
(Jung et al., 2016; Pillaiyar et al., 2017; Wang et al.,
2021). Based on our constructed ceRNA network, we
determined that EDNRB was enriched in tyrosine
metabolism. EDNRB and its endothelin ligand (EDNN)
play crucial roles in melanocyte development (Takeo
et al., 2016). The signaling pathways associated with
EDNRB are involved in promoting the proliferation, dif-
ferentiation, and regeneration of melanocytes (Li et al.,
2017). A ceRNA network study showed that EDNRB
is involved in 68 networks with 9 DEmiRNAs (gga-
miR-140-5p, gga-miR-1682, gga-miR-3529, gga-miR-
499-3p, mnovel-m0012-3p, miR-455-x, novel-m0065-3p,
gga-miR-203a, and gga-miR-29b-1-5p), 9 DEIncRNAs
(MSTRG.2609.2, LOC7T71030, LOC107054724,
LOC100859072, LOC101750087, LOC121108550,
LOC121109224, LOC121110876, and LOC101749016)
and 2 DEcircRNAs (novel circ_ 000628 and novel -
circ_003596).

Several DEmRNAs, such as MLPH and OCA2, were
identified in the constructed ceRNA network. These
genes were not shown to be enriched in melanin-related
pathways, but previous studies have reported their associ-
ation with melanin deposition (Dou et al., 2022). MLPH
is involved in melanosome transport, and a growing num-
ber of findings suggest that polymorphisms within the
MLPH gene are associated with coat color dilution in ani-
mals (Philipp et al., 2005; Ishida et al., 2006; Drogemiiller
et al, 2007). In the present study, MLPH targeted 2
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DEmiRNAs (gga-miR-200b-5p and gga-miR-203a) and
interacted ~ with  MSTRG.4185.1. In  addition,
LOC112530666 may regulate MLPH by sponging 3
DEmiRNAs (gga-miR-200b-5p, gga-miR-31-5p and miR-
140-z) to regulate melanin deposition. Notably, for the
first time, we identified OCA2 as affecting melanin con-
tent in chicken muscle. OCA2 is a transmembrane pro-
tein found in the melanosome membrane. Numerous
studies have suggested that this protein is involved in
tyrosine transport and the regulation of melanosome pH
and melanosome maturation (Rosemblat et al., 1994;
Chen et al., 2002; Toyofuku et al., 2002). Genetic varia-
tions in OCAZ2 are associated with skin pigmentation in
humans and chickens (Edwards et al., 2010; Zi et al.,
2023). In our study, OCA2 was found to be regulated by
5 DEmiRNAs (gga-miR-6651-5p, gga-miR-7455-8p, miR-
455-y, novel-m0065-3p, and gga-miR-196-1-3p) and to
interact with MSTRG.4185.1, LOC107054724, novel_-
circ_ 000158 and novel_circ_ 0006235.

Melanin deposition is a multistage process involving
melanocyte development, melanin synthesis, and mela-
nosome transport. For the 5 genes discussed above
(TYR, DCT, EDNRB, MLPH, and OCA2), we con-
structed a network of ceRNAs that function at various
stages of melanin deposition (Figure 9). MITF is a tran-
scription factor associated with microphthalmia that
encodes multiple protein isomers, including MITF-A, B,

LIET AL.

C, D, E, H, J, Mc, CM, and M. Among them, MITF-M
is the most abundant and is specifically expressed in mel-
anocytes. EDNRB can phosphorylate the transcription
factor MITF (Li et al., 2017). MITF not only regulates
the development of melanocytes but also induces the
expression of melanin-producing enzymes such as TYR,
TYRP1, and DCT (Schiaffino, 2010). In melanosomes,
DOPAchrome is synthesized from tyrosine through
L-DOPA and L-DOPA quinone by the action of TYR
(Shao et al., 2018). However, loss-of-function mutations
in OCA2 affect the conversion of tyrosine into L-DOPA
(Protas et al., 2006). DOPAchrome is converted into
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-
carboxylic acid (DHICA), which are then oxidatively
polymerized to form eumelanin (Pralea et al., 2019),
while DCT converts DOPAchrome to DHICA (Ng
et al., 2009). Finally, melanosomes are transported to
the cell membrane to distribute the melanin throughout
the muscles (Wu et al., 2018). The “melanosome trans-
port complex” is composed primarily of the RAB27A,
member RAS oncogene family (Rab27a), MLPH, and
myosin-Va (MyoVa) proteins and is responsible for
transporting melanosomes (Myung et al., 2021). Finally,
the ceRNA network constructed from the 5 noteworthy
DEmRNASs and their corresponding 13 DEIncRNAs, 4
DEcircRNAs, and 17 DEmiRNAs was speculated to be
related to melanin deposition in chicken breast muscle.
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ceRNA REGULATORY NETWORK IN THE BREAST MUSCLE 11

CONCLUSIONS

In this study, we constructed the first ceRNA network
related to melanin deposition in the breast muscle
of black-bone chickens, comprising 13 DEIncRNAs

(MSTRG.2609.2, MSTRG.4185.1, LOC112530666,
LOC112553366, LOCT7710350, LOC107054724,
LOC121107411, LOC100859072, LOC101750037,

LOC121108550, LOC121109224, LOC121110876, and
LOC101749016), 4 DEcircRNAs (novel_circ_ 000158,
novel_circ_ 000623, mnovel circ_ 001518, and novel -
circ_003596), 17 DEmiRNAs (gga-miR-140-5p, gga-
miR-1682, gga-miR-3529, gga-miR-499-3p, novel-m0012-
3p, gga-miR-2000-5p, gga-miR-203a, gga-miR-6651-5p,
gga-miR-7455-3p, gga-miR-31-5p, miR-140-x, miR-455-
x, novel-m0065-3p, gga-miR-29b-1-5p, miR-455-y, novel-
m0085-3p, and gga-miR-196-1-3p), and 5 DEmRNAs
(TYR, DCT, EDNRB, MLPH and OCA2). This study
provides a valuable resource for further characterizing
the mechanisms underlying melanin deposition in black-
bone chicken breast muscle and enhancing our under-
standing of the black-bone chicken transcriptome.
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