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High temporal-resolution transcriptome o

landscape reveals the biological process
and regulatory genes of melanin deposition
in breast muscle of Silkie chickens

during embryonic development
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Abstract

Background Abnormal deposition of melanin in skeletal muscle is an interesting phenomenon and the Silkie

is the most typical example. Melanin deposition involves multiple steps such as neural crest cell migration, melano-
cyte differentiation, melanosome assembly and melanin biosynthesis, which have already occurred during the embry-
onic stage of Silkies. However, there is no comprehensive understanding of the dynamic changes in the biological
processes and regulatory mechanism underlying melanin deposition in skeletal muscle during chicken embryonic
development.

Results In this study, high-performance liquid chromatography (HPLC) was used to accurately measure the melanin
content in breast muscle across 13 embryonic time points. There was no melanin in breast muscle on embryonic
day 8 (E08) to E10, a trace amount of melanin on E11 to E16 and a large amount of melanin on E17 to E21. Accord-
ing to melanin content and deposition pattern, the melanin deposition process in breast muscle was further divided
into five stages, including EO8 to E10, E11 to E14, E15to E16, E17 to E18, and E19 to E21. High temporal-resolution
transcriptome analysis was performed in the breast muscle of Silkies across 13 embryonic time points. The protein-
coding genes (PCGs) and transcriptional factors (TFs) significantly specifically expressed at these five stages were
identified. Among these stage-specific genes, stage-specific DEGs between Silkies and Wenchang chickens with-
out melanosis were further screened at each stage. During E08 to E10, three stage-specific DEGs and one stage-spe-
cific TF act on neural crest cell migration and melanocyte stem cell differentiation. During E17 to E21, nine stage-
specific DEGs and one stage-specific TF act on melanosome assembly and melanin biosynthesis. During E19 to E21,
one stage-specific DEG enhances melanin biosynthesis. These stage-specific DEGs and TFs all affect the final melanin
content of breast muscle.
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Conclusions This study reveals the critical stage of melanin deposition in breast muscle during the embryonic devel-
opment, and identified the biological processes and functional genes at each stage. This study provides novel insights
into the biological process and regulatory mechanism of melanin deposition in skeletal muscle and provides a refer-

ence for breeding Silkies with high muscle melanin content.
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Background

Melanin is widely distributed in the epidermis, hair fol-
licles, choroid, iris, inner ear and other tissues of verte-
brates [1]. However, abnormal melanin deposition has
also been found in the dermis, connective tissue and
skeletal muscle of some chicken breeds [2]. The Silkie,
renowned for its snow-white feathers and black skin,
muscles, and bones, is recorded as an ancient and famous
chicken breed in The Travels of Marco Polo. The Silkie is
the most widespread and well-studied breed displaying
this phenomenon and this trait is due to their sex-linked
Inhibitor of Dermal Melanin (ID) and Fibromelanosis
(FM) mutations. The ID mutation located on the Z chro-
mosome can cause abnormal migration of neural crest
cells [3]. The FM mutation is caused by repetition and
inversion of the genome segment containing EDN3 [2],
which not only enhances the yield of melanoblasts speci-
fied from neural crest cells, but also further drives their
maturation [4]. Melanoblasts can further differentiate
into melanocytes; melanosome assembly is completed
within melanocytes and melanin biosynthesis occurs
within the melanosomes. This complex biological process
occurs in Silkies during the embryonic period. Existing
studies primarily compared light and dark black-boned
chickens at a single time point after birth [5-8], and one
study examined the differences between black-boned and
non-black-boned chickens during the embryonic period
[9]. However, there is no comprehensive understanding
of the dynamic changes in the biological processes and
regulatory mechanism underlying melanin deposition
in skeletal muscle during chicken embryonic develop-
ment. The melanin content in Silkies muscle continues
to decrease after birth (Fig. S1), and therefore, studying
the regulatory mechanism of melanin deposition during
the embryonic period is crucial to increasing the melanin
content.

Gene expression is spatiotemporally specific and genes
expressed stage-specifically during development often
have some physiological functions. A study on sheep hair
follicular development showed that protein-coding genes
(PCGs) with stage-specific expression or regulated by
stage-specific long non-coding RNAs, microRNAs and
circular RNAs were significantly enriched in epithelial
differentiation and hair follicle morphogenesis [10]. A
study on transcriptome analysis of two pig breeds across

27 time points found that Landrace showed a develop-
mental lag and stronger myoblast proliferation and cell
migration, but Tongcheng had higher ATP synthase
activity in postnatal periods [11].

This study used high-performance liquid chromatog-
raphy (HPLC) to measure the melanin content in the
breast muscle of Silkies across 13 embryonic time points
and determined the melanin distribution and deposi-
tion pattern in breast muscle through Hematoxylin and
Eosin (HE) and Fontana-Masson (FM) staining. Based on
the melanin content and deposition pattern, the melanin
deposition process of breast muscle was divided into five
stages. High temporal-resolution transcriptome land-
scapes of breast muscle in Silkies across 13 embryonic
time points were generated, which identified stage-spe-
cific PCGs and transcriptional factors (TFs) at these five
stages. Among these stage-specific genes, stage-specific
differentially expressed genes (DEGs) between Silkie and
Wenchang chickens without melanosis were identified at
each critical stage. The Gene Ontology (GO) enrichment
analysis of these stage-specific DEGs was performed to
reveal the physiological changes in skeletal muscle asso-
ciated with melanin deposition process. Finally, the stage-
specific DEGs and TFs that play a direct role in melanin
deposition of breast muscle were identified at each stage,
and the effects of these stage-specific DEGs and TFs on
melanin content were verified in breast muscle of adult
Silkies. This study provides novel insights into the occur-
rence period, biological process and regulatory genes of
melanin deposition in breast muscle during embryonic
development and provides a research basis for breeding
Silkies with a high melanin content in breast muscle.

Results

Melanin deposition pattern in breast muscle

during embryonic development

To explore the dynamic change of melanin deposition
in breast muscle during embryonic development, HPLC
was used to measure the melanin content in the breast
muscle across 13 embryonic time points (embryonic day
8 (E08), E09, E10, E11, E12, E13, E14, E15, E16, E17, E18,
E19 and E21) and 3 male chicken embryos at each time
point (Fig. 1-A; Table S1). Analysis of variance showed
significant differences in the melanin content among the
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Fig.1 The melanin deposition patterns and histomorphology observation of breast muscle in Silkies across 13 time points during the embryonic
period. A Changes in melanin content during breast muscle development. The red line is melanin content detected by HPLC, and the blue line
is the statistical proportion of melanin granules by FM staining. Data with different letters on each bar mean statistically significant difference
among time points (p < 0.05). B HE staining of transversal breast muscle sections. C FM staining of transversal breast muscle sections. The green
arrow points to blood cells, and the blue arrow points to melanin

five stages, including E08 to E10, E11 to E14, E15 to E16,
E17 to E18, and E19 to E21.

Transversal sections of breast muscle were stained by
HE (Fig. 1-B) and FM (Fig. 1-C) to observe the histo-
logical changes and melanin deposition patterns during
breast muscle development. During EO8 to E09, a large
number of free unfused myoblasts were present. At this
time, melanin granules have not yet appeared and the
melanin content could not be detected. At E10, myo-
blasts began to differentiate. During E11 to E14, a large
number of myoblasts fused into primary multinucleated
myotubes, which were round and had nuclei within and
around them. At this time, sporadic melanin granules
appeared around primary multinucleated myotubules
and blood cells and trace amounts of melanin could be
measured. During E15 to E16, the myofibril in myotube
gradually increased, causing the nuclei in myotubes to
gradually move toward the periphery of cells, becom-
ing what are called secondary myotubes. The perimy-
sium began to thicken significantly and melanin granules
began to accumulate on the perimysium and around
blood vessels. During E17 to E19, the nuclei in myotube
moved completely to the periphery of cell and fusion

E14

E12 E13 E14 E15 E16 E17 E18 E19 E21

E16 E18 E21

was enhanced to form muscle fibers. The distribution of
melanin granules gradually increased and the track of
transport along the perimysium to the fasciculus could
be clearly seen. During this stage, the melanin content
increased dramatically and reached its maximum by
E19. At E21, myofibrils filled the interior of the cell, the
nuclei were pushed to the very edge and the muscle fib-
ers matured and thickened in diameter, with the mela-
nin content at its highest level. According to the changes
in melanin content and deposition pattern, the melanin
deposition process of breast muscle was divided into five
stages, including EO8 to E10, E11 to E14, E15 to E16, E17
to E18, and E19 to E21.

Identification of stage-specific genes in breast muscle
during embryonic development

The PCA based on all transcripts revealed that the devel-
opmental stage was the major factor distinguishing sam-
ples (Fig. 2-A). This study identified genes specifically
expressed in five stages, where 1614, 517, 100, 936 and
1901 genes were significantly upregulated, while 2462,
1852, 463, 1070 and 2712 genes were significantly down-
regulated at stage I, stage II, stage III, stage IV and stage
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Fig.2 Identification of stage-specific genes during breast muscle development. A PCA based on all transcripts. B Numbers of stage-specific genes
during breast muscle development. Green lines: upregulation; blue lines: downregulation. C K-means clusters of all stage-specific genes. Top
enriched GO terms (biological process; BP), and the top representative motifs of TFs in each cluster are shown next to each cluster
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V (Fig. 2-B). The upregulated and downregulated stage-
specific genes were grouped into six clusters with differ-
ent expression trends across stages (Fig. 2-C, Table S2).
To investigate whether stage-specific PCGs in each clus-
ter were co-regulated by certain TFs, a motif enrichment
analysis was performed on the promoters, located 1500
bp up- and 500 bp downstream of transcription start sites
(TSS) of PCGs in each cluster (Table S3). The expression
trend of target TFs was consistent with that of stage-spe-
cific PCGs which belonged to the same cluster, indicating
that these TFs might play vital roles during embryonic
breast muscle development.

The PCGs and TFs in six clusters exhibited distinct bio-
logical functions (Fig. S2; Table S4). The PCGs in clusterl
showed the highest expression levels at EO8 to E10 and
were significantly enriched in embryonic pattern speci-
fication and chondrocyte differentiation (p< 0.01). Their
promoters were significantly enriched for motifs of TFs
which played important roles in pattern formation dur-
ing development, including MSXI, MSX2 and SHOX2,
and chondrocyte proliferation and differentiation-related
TFs, including SOX9 and TRPSI. The PCGs in cluster2
were highly expressed at E11 to E14 and were signifi-
cantly enriched in ion transport (p <0.01). The PCGs in
cluster3 were highly expressed at E15 to E16 and were
significantly enriched in muscle structure development
and chemical synaptic transmission (p < 0.01). Their pro-
moters were significantly enriched for motifs of MEF2 C,
which played a key role in evoking synaptic transmission.
The PCGs in cluster4 were highly expressed at E17 to E18
and were significantly enriched in muscle system pro-
cess and muscle contraction (p< 0.01). Their promoters
were significantly enriched for motifs of MEF2 A, which
is involved in muscle development. The PCGs in Clus-
ter5 showed the highest expression levels at E19 and were
significantly enriched in defense response and reactive
oxygen species metabolic process (p< 0.01). The PCGs in
Cluster6 showed the highest expression levels at E21 and
were significantly enriched in the tricarboxylic acid cycle
and glycolytic process (p< 0.01). Their promoters were
significantly enriched for motifs of NR1D2, which regu-
lated energy homeostasis.

The change of genes and pathways caused by melanin
deposition in breast muscle during embryonic
development

In order to explore the genes and pathways related to
melanin deposition process, the stage-specific DEGs
between Silkies and Wenchang chickens were further
screened among the genes specifically expressed in five
stages (Fig. 3-A; Table S5), and GO enrichment analy-
sis of these stage-specific DEGs was performed (Fig. 3-
B). A total of 78 genes with stage-specific expression
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at E09 were differentially expressed between Silkies
and Wenchang chickens, and significantly enriched in
positive regulation of mesenchymal cell proliferation,
collagen-containing extracellular matrix, vasoconstric-
tion, neural crest cell migration and positive regulation
of collagen biosynthetic process. A total of 70 genes
with stage-specific expression at E13 were differentially
expressed between Silkies and Wenchang chickens, and
significantly enriched in ATPase-coupled transmem-
brane transporter activity, postsynaptic neurotransmitter
receptor diffusion trapping, endothelial cell chemotaxis,
cell migration involved in sprouting angiogenesis and
neural crest cell development. A total of 169 genes with
stage-specific expression at E17 were differentially
expressed between Silkies and Wenchang chickens, and
significantly enriched in melanosome membrane, mela-
nin biosynthetic process, melanosome organization,
melanocyte differentiation and developmental pigmen-
tation. A total of 84 genes with stage-specific expression
at E21 were differentially expressed between Silkies and
Wenchang chickens, and significantly enriched in mito-
chondrial respiratory chain complex I assembly, aerobic
respiration, cholesterol homeostasis, removal of superox-
ide radicals and mitochondrial respiratory chain complex
III assembly.

Identification of stage-specific DEGs and TFs with crucial
roles in breast muscle melanin deposition process

We further screened 19 melanin-related key genes
among the stage-specific DEGs between Silkies and
Wenchang chickens (Fig. 4-A). Of these, SOX9, PAX3,
KIT, EDN3 and EDNRB2 with stage-specific expression
at E9, SOX10, SLC45 A2, OCA2, TRPM1, RAB38, MLPH,
MCIR, TYRPI, PMEL, MLANA, GPNMB and DCT with
stage-specific expression at E17, and GPRI143 and STAP2
with stage-specific expression at E21 were all significantly
highly expressed in Silkies.

To investigate whether these 19 melanin-related
stage-specific DEGs were collectively regulated by cer-
tain TFs, a motif enrichment analysis was performed
on their promoters and 16 TFs were detected (Fig. 4-B;
Table S6). These TFs exhibited stage-specific expression
consistent with target DEGs, indicating they might play
vital roles in melanin deposition process. Figure 4-C and
Table S7 showed the regulatory relationship between TFs
and target melanin-related DEGs, where TFAP2 A and
TFAP2B showed stage-specific expression at EO8 and E09
and acted as central TFs promoting melanoblast differ-
entiation, positively regulated EDN3, EDNRB2 and KIT
with Pearson correlation coefficient (PCC) exceeding
0.6. The MITF showed stage-specific expression at E17 to
E21 and played an important role in melanocyte devel-
opment, positively regulating DCT, GPNMB, MLANA,
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MLPH, OCA2, SLC45 A2, SOXI10, STAP2, TRPMI,
TYRPI and PMEL with PCC exceeding 0.6.

The functions of stage-specific DEGs and TFs in melanin
deposition process and their effects on breast muscle
melanin content
The detailed functions of these stage-specific DEGs in
the melanin deposition process were showed in Fig. 5.
The DEGs with stage-specific expression at EO8 to E10
play key roles in neural crest cell migration and melano-
cyte stem cell differentiation, DEGs with stage-specific
expression at E17 to E21 mainly play key roles in melano-
some assembly and melanin biosynthesis, and the DEGs
with stage-specific expression at E21 mainly assist mela-
nin biosynthesis.

In order to explore the impact of these two critical
stages, including E08 to E10 and E17 to E21, on the final
melanin content, the melanin content and the expression

levels of stage-specific DEGs and TFs were detected in
breast muscle of adult Silkies. It was found that three
DEGs and one TF with stage-specific expression at E08 to
E10 and 10 DEGs and one TF with stage-specific expres-
sion at E17 to E21 were significantly correlated with the
final melanin content in breast muscle (Fig. 6; Table S8),
indicating that the processes of melanocyte differen-
tiation, melanosome assembly and melanin biosynthesis
were all crucial for the final melanin content.

Discussion

Abnormal melanin deposition in the skeletal muscle of
Silkies is an interesting phenomenon and this complex
process begins during the embryonic period. Existing
studies primarily compared light and dark black-boned
chickens at a single time point after birth [5-8], and one
study examined the differences between black-boned and
non-black-boned chickens during the embryonic period
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[9]. However, there is no comprehensive understanding
of the dynamic changes in the biological processes and
regulatory mechanism underlying melanin deposition
in skeletal muscle during chicken embryonic develop-
ment. This study used HPLC technology to accurately
quantify the melanin content to determine the dynamic
changes and stage division of melanin deposition in
breast muscle during embryonic development. Accord-
ing to the changes in melanin content and deposition
pattern, the melanin deposition process of breast muscle
was divided into five stages, including E08 to E10, E11
to E14, E15 to E16, E17 to E18, and E19 to E21. It was
found that the melanin deposition process was closely
related to muscle development. At the myoblast stage
of E08 to E10, no melanin granules were found in breast
muscle, whereas at the myotube stage of E11 to E16, trace
amounts of melanin appeared in breast muscle and at

the muscle fiber stage of E17 to E21, a large amount of
melanin was deposited in breast muscle. The results of
HE and FM staining showed that melanin granules accu-
mulated around the blood vessels and traveled along the
perimysium into the fasciculus. The HE and FM staining
of breast muscle of Silkies after birth found that melanin
granules were mainly deposited in endomysium, epimy-
sium and around blood vessels. In the late growth period,
melanin granules were mainly deposited around blood
vessels and melanin granules within fasciculus were sig-
nificantly reduced (Fig. S1). It is speculated that melanin
granules are mainly produced around blood vessels and
migrate into fasciculus and with growth and develop-
ment, melanin synthesis gradually decreases and only
remains around blood vessels.

Muscle development is a dynamic biological process
reflected in dynamic changes of gene expression patterns
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at different time points. For this study, a high temporal-
resolution dynamic transcriptome landscape of early
breast muscle development in Silkies was constructed
by sampling 13 time points from E08 to E21. According
to the changes in melanin content and deposition pat-
tern during breast muscle development, 13 time points
were divided into five periods. Stage-specific expression
genes often reflect physiological functions at this stage of
development and it was shown that stage-specific PCGs
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and TFs played critical roles in breast muscle develop-
ment of chicken embryos. At E08 to E10, a large number
of free unfused myoblasts were present, where complex
stem cell fate decisions occur and mesodermal cells
undergo terminal differentiation and begin to synthesize
muscle-specific proteins. The genes IGF2, FGFR2 and
GATA3 showed stage-specific expression in this period,
where IGF2 promoted proliferation and differentiation
of bovine myoblasts [12], FGFR2 promoted myoblast



Yang et al. BMC Genomics (2025) 26:476

proliferation and differentiation and affected skeletal
muscle development in chicken [13] and GATA3 had a
role in myoblast differentiation regulation [14]. At E11 to
E14, myoblasts were fused in large numbers into multi-
nucleated myotubules and MYOG and SMYDI showed
stage-specific expression in this period. The MYOG
promoted human myoblast fusion [15] and disruption
of MYOG gene in zebrafish can drastically compromise
myocyte fusion, significantly reducing myotube sizes [16]
and SMYDI can accelerate myoblast differentiation and
myotube formation [17]. At E15 to E16, myofibrils com-
posed of actin and myosin in the myotubes gradually
increased, secondary myotubes formed and MYOM1 and
XIRPI showed stage-specific expression in this period.
The MYOMI helped to cross-link adjacent myosin to
form the M-line in myofibrils [18] and played an impor-
tant role in the assembly and stabilization of myofibrils
[19] and XIRPI protects actin filaments from depolym-
erization [20]. At E17 to E18, myotubes rapidly decreased
and muscle fibers began to form, with CAPN3, COL6 A1,
COL6 A2, COL6 A3, CSRP3 and MYHIB showing stage-
specific expression at E17 and E18. The CAPNS3 is essen-
tial for the formation of muscle fibers in the embryonic
chick [21] and COL6 A1, COL6 A2 and COL6 A3 encode
collagen type VI, a major microfibrillar component of
the extracellular matrix surrounding the muscle fibers.
Skeletal muscle fibers of COL6 A1 knockout mice show
signs of degeneration due to a block in autophagy [22]
and CSRP3 plays a crucial role in chicken myofiber com-
position and affects the distribution of chicken myofiber
types by regulating the expression of MYHIB [23]. The
ACTAI, KLHL41 and PPP3 CA showed stage-specific
expression at E19 where ACTAI encodes alpha-actin 1,
the main constituent of the sarcomeric thin filament,
KLHL41 stabilizes sarcomeres and maintains muscle
function by acting as a molecular chaperone [24] and
PPP3 CA encodes calcineurin Aa, which plays a critical
role in controlling skeletal muscle fiber type [25]. At E21,
skeletal muscle matures, glycogen metabolism intensifies
and mitochondrial metabolism generates ATP to pro-
vide energy for muscle fiber contraction, with PHKG]I,
PPPIR3 C and COX6 Al showing stage-specific expres-
sion in this period. The PHKGI is a catalytic subunit of
the phosphorylase kinase, which is critical to glycogen
degradation [26], PTG encoded by PPPIR3 C is a scaf-
folding protein that targets protein PP1 to glycogen and
plays a critical role in glycogen synthesis [27] and COX6
Al is a component of mitochondrial respiratory complex
IV, so COX6 Al-null mice show neurogenic muscular
atrophy leading to difficulty walking [28].

This study focused on genes that were specifically
expressed in the five stages of breast muscle melanin dep-
osition and differentially expressed between Silkie and
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Wenchang chickens. The significantly enriched GO terms
for these stage-specific DEGs helped the understanding
of the overall process of melanin deposition in breast
muscle and the physiological changes caused by mela-
nin deposition. All pigmented melanocytes are derived
from a group of migratory embryonic cells referred to
as the neural crest [29]. The DEGs specifically expressed
at EO8 to E10 were significantly enriched in neural crest
cell migration, indicating that neural crest cell migration
and development mainly occurred in the early embryonic
stage. The DEGs specifically expressed at E11 to E14 were
significantly enriched in angiogenesis and vasoconstric-
tion, which is consistent with the HE and FM staining
results that melanin granules mainly accumulate around
blood vessels. The DEGs specifically expressed at E17 to
E18 were significantly enriched in melanosome assem-
bly and melanin biosynthesis, which was consistent with
the result that melanin content significantly increased at
this stage. The DEGs specifically expressed at E19 to E21
were significantly enriched in mitochondrial respiratory
chain complex, cholesterol homeostasis and removal of
superoxide radicals. Existing research demonstrates a
direct relationship between cellular melanin content and
mitochondrial function [30]. Melanocytes can synthesize
cholesterol via HMG-CoA reductase and transport cho-
lesterol using LDL/Apo-B100/LDLR [31]. Melanin has
the property of removing superoxide radicals including
hydroxyl radicals and superoxide anions [32].

To identify the key genes influencing the final melanin
content of breast muscle, this study focused on stage-
specific melanin-related DEGs and detected their TFs. ID
locus acts upstream of FM locus. So, all birds expressing
the FM phenotype are homozygous wild-type *N at the
ID locus, or hemizygous in females as ID is located on
the Z chromosome. ID mutant control ectopic migration
of neural crest cell-derived melanoblasts throughout the
body, and FM mutation increasing EDN3 gene expression
was responsible for continued proliferation and main-
tenance of melanoblasts [2]. ID mutation and its causal
gene are still unclear, and it is necessary to identify the ID
causal mutation located on the chromosome Z. However,
this may require a complete assembled chromosome Z
without gap and a segregating population with related
phenotypes to perform ID mutation fine mapping, and
combine spatial single-cell transcriptome or in situ
hybridization analysis to determine the function of causal
gene. In our study, EDN3 and its receptor EDNRB2 show
stage-specific expression from E08 to E10, and their
expression in breast muscle of Silkies were significantly
higher than that of Wenchang chickens at EQ9, indicat-
ing that the ectopic migration, proliferation and mainte-
nance of neural crest cell-derived melanoblasts into the
breast muscle mainly occur at the very early embryonic
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stage. In addition, melanocyte stem cell differentiation
also occurred at this stage, and were regulated by SOX9,
EDN3, EDNRB2, KIT and PAX3. The SOX9 is expressed
in neural crest cells and promotes their development into
melanocytes [33], KIT is required for melanoblast differ-
entiation and plays a role in the development of melano-
cyte stem cells [29] and PAX3 functions at a nodal point
in melanocyte stem cell differentiation [34]. The pro-
cesses of melanosome assembly and melanin biosynthe-
sis occur centrally at E17 to E21, where RAB38, PMEL,
MLANA and GPNMB are responsible for melanosome
assembly. The RAB38 regulates the proper trafficking
of melanosomal cargoes to melanosomes, PMEL plays
an essential role in the transition from Stage I to Stage
II of melanosomes, MLANA is involved in melanosome
biogenesis by forming a complex with PMEL [35] and
GPNMB shows homology to the PMEL precursor and
influences the chemical composition of melanosomes
[36]. Total number of melanosomes and melanin syn-
thesis were sharply reduced by GPNMB-siRNA transfec-
tion [37], where OCA2 and SLC45 A2 are responsible for
regulating the pH of melanosome. The OCA2 is involved
in the transport of tyrosine, the precursor to melanin
synthesis, within the melanocyte and regulates the pH of
melanosome and the melanosome maturation, SLC45 A2
acts as proton/glucose exporter which increase luminal
pH by decreasing glycolysis and MLPH tethers melano-
somes to the actin cytoskeleton in melanocytes for trans-
port. The DCT and TYRPI play direct roles in melanin
biosynthesis, where DCT catalyzes the conversion of
L-dopachrome into 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) and TYRPI catalyzes the oxidation of
DHICA into indole-5,6-quinone-2-carboxylic acid. The
MCIR, TRPM1I, STAP2, SOX10 and GPRI143 indirectly
regulate melanin biosynthesis, where MCIR can medi-
ate melanogenesis via regulation of cAMP signaling in
melanocytes [38], TRPM1 forms ion channels associated
with melanin content in melanocytes [39], STAP2 posi-
tively regulates the protein levels of tyrosinase, which is
the critical and rate-limiting enzyme required for mel-
anogenesis [40], SOX10 regulate the promoter of DCT
and GPRI43 is involved in melanosomal biogenesis as a
ligand of L-DOPA, a precursor in melanin synthesis.

Conclusions

This study revealed the biological process and regula-
tory mechanism of melanin deposition in the breast
muscle of Silkie chickens through the high temporal-
resolution transcriptome landscape across 13 embryonic
time points. Based on the dynamic changes of melanin
content, the melanin deposition process in breast mus-
cle was accurately divided into five stages as E08 to E10,
E11 to E14, E15 to E16, E17 to E18 and E19 to E21. The
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DEGs between Silkie and Wenchang chickens specifically
expressed in five stages revealed the overall process of
melanin deposition in breast muscle and suggested that
the melanin deposition process was related to angiogene-
sis, mitochondrial respiration and removal of superoxide
radicals. On E08 to E10, three stage-specific DEGs played
key roles in neural crest cell migration and melano-
cyte stem cell differentiation and were regulated by one
stage-specific TF. On E17 to E21, 10 stage-specific DEGs
played key roles in melanosome assembly and melanin
biosynthesis and were regulated by one stage-specific TFE.
These stage-specific DEGs and TFs significantly affected
the melanin content in breast muscle of adult Silkies.
This study systematically explored the changing patterns
and occurrence periods of melanin abnormal deposition
in breast muscle during embryonic development, and
reveals the specific biological processes and regulatory
genes at each stage. These datasets and findings provided
a valuable resource for understanding the biology of mel-
anin abnormal deposition in skeletal muscle.

Materials and methods

Animals and sample collection

Silkie chickens and their fertilized eggs were all
descended from the Institute of Animal Sciences (IAS)
experimental sites of the Chinese Academy of Agricul-
tural Sciences (CAAS, Beijing, China). The eggs were
incubated at 37.8 °C and 55% relative humidity in an auto-
mated egg incubator, rotating every 6 h. Thirteen embry-
onic time points from E08 to E21, and three male Silkie
embryos at each time point were used for this study. The
embryos were euthanized by cervical dislocation. The sex
of Silkie embryos was identified by genomic PCR. The
TransDirect® Animal Tissue PCR Kit (TransGen Biotech,
China) was used for liver tissue lysis and PCR amplifica-
tion according to the manufacturer’s instructions. The
primer sequences of CHDI gene are shown in Table S9.
The length of PCR products in female embryos was 600
bp and 450 bp, and the length of PCR products in male
embryos was 600 bp.

Three hundred Silkie chickens were raised from 1-day-
old at the IAS experimental sites of CAAS. These chick-
ens were housed together in the same facility, and they
were provided with the same commercial feed and drink-
ing water, allowing them to feed and drink freely. When
they reached 24 weeks of age, 30 male Silkies were ran-
domly selected and euthanized by carotid artery bleeding
after 12 h of fasting at night.

The intact breast muscle samples from the left and
right sides were separated. The left breast muscle samples
were snap-frozen in liquid nitrogen for the subsequent
transcriptome and melanin content measurement. The
right breast muscle samples were used for histological
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observation, which were fixed in 4% paraformaldehyde.
After embedding in paraffin, 5 um tissue sections were
processed and stained with the FM method for the vis-
ualization of melanin distribution. The HE staining was
performed according to the classic method [41].

Melanin content measurement

Melanin content was indirectly quantified using 1H-pyr-
role-2,3-dicarboxylic acid (PDCA) and 1H-pyrrole-2,3,5-
tricarboxylic acid (PTCA), which are the hydrolysates
of melanin under alkaline hydrogen peroxide oxida-
tion condition [42]. The breast muscle samples (0.1 g)
of Silkie chickens were mixed with 0.5 ml of 30% hydro-
gen peroxide and 0.5 ml of 2 M ammonium hydroxide.
The sample was kept at the bottom of the plastic tube
for 8 h at 30 °C. To quench the hydrogen peroxide, 400
pl of 11.3% ammonium sulfite solution was added, then
400 pl of 4 M acetic acid was added to adjust the acidity
for the solid-phase extraction (SPE) column (Agela, USA)
clean-up. Columns were conditioned with 1 ml metha-
nol and 1 ml ultrapure water. The total sample was then
added to the SPE column and allowed to pass through
the column under gravity, then 3 ml of water and meth-
anol were added sequentially for washing. The SPE col-
umn was then thoroughly dried using a vacuum pump.
Elution was carried out with two portions of 1 ml of a
10% (v/v) triethylamine in methanol solution. The eluate
was evaporated using nitrogen gas. Dried samples were
reconstituted in 1 ml of a methanol solution containing
0.5% formic acid.

The reconstituted sample was analyzed using a QTRAP
6500 LC-ESI-MS/MS system (Sciex, USA) equipped
with an ESI Turbo IonSpray interface. The liquid chroma-
tography analysis used a 3 mm X150 mm ZORBAX col-
umn C18 (Agilent, USA) with a mobile phase, A: water
(0.1% acetic acid), B: acetonitrile (0.1% acetic acid); gradi-
ent program, 2% B at 0 min, 2% B at 1 min, 20% B at 5.6
min, 100% B at 7.0 min, 100% B at 9.4 min, 2% B at 9.6
min, 2% B at 12.0 min, with a flow rate of 0.35 ml/min
and a column temperature of 45 °C. The mass spectrom-
eter (MS) parameters were set as source temperature of
500 °C and negative ion spray voltage of (-) 4500 V. For
gas I and gas II, the curtain gas was set at 50, 50 and 35
psi, respectively and the collision gas was medium. The
multiple reaction monitoring transitions were PTCA 198
to 154 as the quantifier and 198.13 to 110.19 as the quali-
fier and PDCA 154.13 to 110.13 as the quantifier and
154.13 to 66.15 as the qualifier.

Transcriptome analysis

Total RNA was extracted from breast muscle tis-
sue of Silkie chickens using Trizol reagent. The quality
and quantity of all extracted RNA were assessed using

Page 11 of 13

Nanodrop and agarose gel electrophoresis. Three micro-
grams of RNA was used for cDNA library preparation
with PrimerScript RT Master Mix RR036 A (Takara,
Japan). Library preparations were sequenced on an
X-Ten platform (Illumina, USA) and 150-bp paired-end
reads were generated. Sequencing adaptors and low-
complexity reads were removed using Trimmomatic ver-
sion 0.36 software [43]. The clean data were mapped to
the Gallus gallus reference genome GCA_016699485.1
using TopHat version 2.0.11 software [44]. Read counts of
each gene were obtained by running HT Seq version 0.6.1
software [45]. The counts per million (CPM) mapped
sequence read for each gene were calculated using edgeR
version 3.20.9 packages [46].

The transcriptome data of Wenchang chicken breast
muscle were downloaded from NCBI. The accession
numbers can be found in BioProject: PRINA827465.

Statistical analysis

Stage-specific genes (|FoldChange (FC)|> 1, false discov-
ery rate (FDR) <0.05) and DEGs (|FC|> 1, FDR <0.05)
were identified using the R package DESeq2 [47]. Stage-
specific genes were identified between one stage and
others. Stage-specific DEGs were genes which specifi-
cally expressed at a certain stage, and also differentially
expressed between Silkie and Wenchang chickens at this
stage. Stage-specific genes were separately clustered with
the R k-means function where k= 6 within the cluster
package according to the Euclidean distance. The gene
set enrichment analysis (GSEA) was performed using
the R package GSVA, together with the annotated gene
sets C5 for Gallus gallus downloaded from the MsigDB
database [48]. The GO pathway enrichment analyses
were performed using DAVID tools (https://david.ncifc
rf.gov/home.jsp). The sequence motif enrichment analy-
sis of promoters of stage-specific genes was conducted
by MEME Suite (V 5.5.2) [49], based on the JASPAR
(2022) core non-redundant vertebrate motifs from Tom-
tom [50]. Clustering heatmaps were visualized with the
R package pheatmap [51]. The principal component
analysis (PCA) plot and bubble chart were visualized
with the R package ggplot2 [52]. The regulatory network
between TFs and their target genes was visualized using
Cytoscape (V 3.8.2).
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