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Abstract
Different chicken breeds exhibit distinct muscle phenotypes resulting from selective breeding, but little is known 
about the molecular mechanisms responsible for this phenotypic difference. Skeletal muscle is composed of a 
large number of heterogeneous cell populations. Differences in differentiation and interaction of cell populations 
play a key role in the difference of skeletal muscle phenotype. In the current study, we performed a single-cell 
RNA sequencing (scRNA-seq) on the leg muscle of Daheng broiler (DH, cultivated breed) and Tibetan chicken (TC, 
native breed) at embryonic (E) 10, E14 and E18. A comprehensive cell atlas of embryonic chicken skeletal muscle, 
consisting of 29,579 high-quality cells representing 6 distinct cell types was built. The differentiation trajectory of 
Myoblasts and fibro-adipogenic progenitors (FAPs) was constructed through pseudotemporal trajectory analysis. 
Our results revealed the different developmental trajectories and dynamic gene expression profiles in 3 subtypes of 
myoblasts and 5 FAPs subtypes of the two chicken breeds. Tibetan chicken showed earlier embryonic myogenesis 
and less myoblasts compared with Daheng broiler. By comparing the switch status and switch time of genes in 
the two breeds, SNRPG,SNRPE,EIF4EBP1 and HSP90AB1 were considered as potentially critical genes for embryonic 
myogenesis, and the genes MYOG,MYBPH,APOA1, and MGP played dominant roles in the embryonic adipogenesis. 
Intercellular interaction networks showed that strong and complex intercellular communication was contained 
during embryonic skeletal muscle growth and development. These findings revealed the differences of molecular 
mechanisms in the skeletal muscle development between TC and DH chickens. Our data provide a better 
understanding of skeletal muscle developmental differences between cultivated and native breeds and valuable 
information for genetic breeding of chicken.
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Introduction
Skeletal muscle is a highly complex and heterogeneous 
tissue and is the most widely distributed type of muscle 
(approximately 40% of body mass) serving a multitude 
of functions in the organism [1–3]. Myogenesis is an 
extremely complex process. For vertebrates, except for 
the skeletal muscle of the head derived from the occipital 
and cephalic lateral somite, the rest of all skeletal muscle 
originates from dermomyotome [4]. In the dermomyo-
tome, there are many types of muscle progenitors, and 
both Myoblasts and Muscle satellite cells originate from 
the dermomyotome [5]. Under the control of a large 
number of genes, transcription factors, and signaling 
pathways, biological activities such as proliferation, dif-
ferentiation, fusion, migration, and intercellular commu-
nication are carried out in these muscle cells to promote 
the growth and development of skeletal muscle [6–9]. So 
far, great breakthroughs have been made in the research 
of myogenesis process. However, due to the complexity 
of skeletal muscle growth and development process and 
technological limitations, many macro phenomena still 
cannot be explained, and the mechanisms of some bio-
logical processes are still unclear.

The process of muscle development is very conserva-
tive among vertebrates. The avian embryo is an ideal 
model system for researching skeletal muscle myogenesis 
cause of the advantage of easy observation and track-
ing [10, 11]. Our detailed knowledge of muscle cell lin-
eages and myogenesis in the embryonic stage is mostly 
based on the manipulation of avian models [10, 12]. 
During the embryonic period, myoblasts form primary 
and secondary muscle fibers through proliferation, dif-
ferentiation, migration and fusion and the total number 
of muscle fibers is already fixed at hatching [13, 14]. The 
time points at embryonic (E) 10, E14 and E18 represent 
embryonic chicken skeletal muscle in the stage of forma-
tion of primary and secondary muscle fibers (E10) [15], 
during the formation and differentiation of independent 
muscle tubes (E14) [16], and in the period of hypertrophy 
of muscle fibers (E18) [11]. After hatching, the number of 
muscle fibers hardly changes.

Chickens are significant agricultural animals that 
have become the primary meat choice globally over the 
last 50 years [17]. The growth and development of skel-
etal muscle determines, at least in part, muscle produc-
tion and mass [18]. Therefore, genetic selection for the 
rapid growth of skeletal muscles in poultry has led to 
the emergence of cultivated breeds like white and yel-
low feather broilers, which improves the quality and 
speed of muscle development, resulting in faster muscle 
growth than native breeds. For example, as a cultivated 
breed, the skeletal muscle growth rate of Daheng broiler 
was much faster than that of Tibetan chicken, which is 
native breed. Although previous research has advanced 

our understanding of the skeletal muscle, knowledge of 
the transcriptional dynamics of skeletal muscle heteroge-
neity in different breeds is currently limited, such as cell 
types in the skeletal muscle, cell status at different devel-
opmental stages of skeletal muscle, and gene expression 
profiles at single-cell resolution. Therefore, it is necessary 
to conduct a more comprehensive analysis of skeletal 
muscle cells and prospectively characterize the molecu-
lar features of the skeletal muscle in different breeds at a 
single-cell level.

Single-cell RNA sequencing (scRNA-seq) is a pow-
erful tool for obtaining a global view of developmen-
tal processes. This strategy enables us to explore gene 
expression in single cells, offering an opportunity to 
fully grasp the heterogeneity of cells and to more accu-
rately define rare cell types [19, 20]. In this study, Daheng 
broiler (DH) and Tibetan chicken (TC) were selected as 
representatives of cultivated breeds and native breeds, 
we performed systematical and sequential analysis on 
29,579 (DH) and 30,060 (TC) single-cell transcriptomes 
from leg muscle at embryonic (E) 10, E14, and E18 which 
encompasses the main stage of the increase of myoblast 
number, respectively. Seventeen major cell populations 
were identified by using t-distributed stochastic neighbor 
embedding (tSNE) analysis, we identified cell-clusters-
specific marker genes and annotated the cell types in 
combination with classic marker genes collected. Accord-
ing to pseudotime analysis, we successfully decoded the 
dynamic differentiation process of skeletal muscle cells 
and the molecular events that occur during the differ-
entiation process in the two chicken breeds. In addition, 
gene-switch status and intercellular interactions were 
revealed during skeletal muscle growth and develop-
ment. These results provide insights into the regulation 
of embryonic skeletal muscle development in different 
breeds at a single-cell level.

Materials and methods
Experimental animals
In this experiment, Fertilized chicken eggs of DH were 
provided by Sichuan Daheng poultry breeding Co. LTD 
(Chengdu, Sichuan Province, China). Fertilized chicken 
eggs of TC were provided by Mao Xian Jiuding Origi-
nal Ecological Livestock and Poultry Breeding Co., LTD. 
(Aba Tibetan and Qiang Autonomous, Sichuan Prov-
ince, China). Fertilized eggs of DH and TC (Gallus gallus 
domesticus) were incubated at 37.5℃ and 55% humidity 
until they reached the desired developmental stages. Eggs 
were opened and a small piece of muscle was taken for 
PCR genetic sexing, as described previously [21]. After 
determining the gender of the chicken embryos, the leg 
muscle tissues from healthy male embryos at three differ-
ent developmental stages (E10, E14, and E18). Three bio-
logical replicate samples of leg muscle from two chicken 
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breeds at each stage were mixed and labeled as DH_E10, 
DH_E14, DH_E18, TC_E10, TC_E14, and TC_E18, 
respectively. All embryos were quickly isolated and euth-
anized via decapitation. The experiments were approved 
by the Institutional Animal Care and Use Committee 
of Southwest Minzu University, China (Permit num-
ber: 2020MDLS44). All experiments were performed in 
accordance with the relevant guidelines and regulations.

Single-cell RNA-seq using 10 x Genomics
The muscle tissues isolated from E10, E14, and E18 were 
digested with collagenase I for 30 min and filtered with a 
40 μm nylon cell strainer. After the red blood cells lyse, 
the single-cell suspension was obtained by mechanical 
dissociation using a pipetting system. The quality of sin-
gle-cell suspension was detected by AO/PI fluorescence 
staining. The single-cell suspension was used to con-
struct a single-cell library after the following conditions: 
cell activity > 85%, fragments < 4%, cell agglomeration 
rate < 5%, and total number of cells > 105.

Single-cell libraries were constructed using the 10× 
Genomics single-cell RNA sequencing platform (10× 
Genomics, Pleasanton, CA, USA). Reverse transcrip-
tion and 10×barcoded cDNA libraries were performed 
by the 10× Genomics Chromium Single Cell 3’ Library 
& Gel Bead Kit v2 (10×Genomics, Pleasanton, CA, USA) 
and 10× Genomics Chromium barcoding system follow-
ing the instructions provided by the manufacturer. The 
sequencing of prepared libraries was performed using 
Illumina NovaSeq 6000 (Illumina, San Diego, CA, USA) 
as per the manufacturer’s instructions.

10 x sequencing data preprocessing
The raw sequencing data was analyzed by the Cell Ranger 
software (v3.1.0) provided by 10× Genomics to ensure 
the availability and validity of data for subsequent anal-
ysis. The STAR software was used to align sequences 
to the reference genome (GRCg6a). The matrix of gene 
expression versus cells were then used for downstream 
visualization analysis. According to gene number, UMI 
number, and mitochondrial gene expression distribution 
characteristics, the abnormal data of unbound cells and 
low-quality cells such as double cell, multicellular and 
dead cells were eliminated using the R package Seurat 
(v3.1.1). The delocalized value was found by fitting a dis-
tribution model based on the linear relationship between 
UMI number and gene number in each cell, and then the 
delocalized cells were filtered. Cells with gene and UMI 
numbers within the mean value ± 2 standard deviations 
and the proportion of mitochondrial genes < 30% were 
retained as high-quality cells for further analysis. After 
applying these quality control criteria, 10,344 cells in the 
DH_E10 group, 9,481 cells in the DH_E14 group, 9,754 
cells in the DH_E18 group, 10,978 cells in the TC_E10 

group, 12,406 cells in the TC_E14 group and 6,676 cells 
in the TC_E18 group were included in downstream anal-
yses respectively.

Identification and characterization of cell clusters
Top variable genes across single cells were identified 
using the method described by Macosko et al. [22]. The 
most variable genes were selected using FindVariable-
Genes function in Seurat [23]. A principal component 
analysis (PCA) was performed to reduce the dimension-
ality of single-cell sequencing data by the RunPCA func-
tion implemented in Seurat. The batch effect between 
chicken leg muscle tissue samples was corrected by the 
Mutual nearest neighbors (MNN) algorithm in the R 
package before clustering. Cell clustering was performed 
based on the gene expression profile of cells using the 
FindClusters function implemented in Seurat. Cell clus-
ters were visualized using a 2-dimensional tSNE algo-
rithm with the RunTSNE function implemented in 
Seurat. We used the Seurat implemented FindAllMarkers 
function was used to detect differences in gene expres-
sion between the specified cluster and all other clusters, 
and the genes with up-regulated expression (P < 0.05) 
were screened as potential specific marker genes in each 
cluster. The CellMarker database (​h​t​t​p​​:​/​/​​b​i​o​-​​b​i​​g​d​a​​t​a​.​​h​
r​b​m​​u​.​​e​d​u​.​c​n​/​C​e​l​l​M​a​r​k​e​r​/) and collected marker genes 
of known cell types form a reference data set for marker 
genes of cell types. Cell types were determined based on 
the Spearman correlation between the expression profiles 
of the cells to be identified and the reference data set cal-
culated by the singleR software package.

Immunofluorescence staining
For immunofluorescence staining analysis, paraffin 
blocks encasing DH or TC leg muscle tissue were depa-
raffinized and rehydrated. The citrate buffer (pH 6.0) was 
used to fully expose the antigenic epitopes of paraffin 
Sect. (97.5℃, 20 min), cooled to room temperature (RT), 
and rinsed three times with 1×PBS for 5 min each time. 
To block endogenous peroxidase, paraffin sections were 
incubated with 3% hydrogen peroxide for 25  min (RT, 
in the dark). After rinsing three times with 1×PBS for 
5 min each time, tissues were blocked for 40 min with 3% 
BSA at RT, followed by overnight incubation (4℃) with 
primary antibodies, all of which were commercially pre-
pared by Affinity biosciences Co., Ltd, China, including 
DCN (#DF6543), PAX7 (#AF7584), PDGFRA (#AF5489), 
PRRX1 (#DF4274) and MYF5 (#DF4274) and Beijing 
Biosynthesis Biotechnology Co., Ltd, China, including 
MYOG (#Bs-3550r). All antibodies at a dilution ratio of 
1:100. Following three consecutive washes with 1× PBS 
for 5  min each time, tissues were incubated with a sec-
ondary antibody, FITC conjugated Goat Anti-Rabbit IgG 
(#GB22303) from Wuhan Servicebio Technology Co., 

http://bio-bigdata.hrbmu.edu.cn/CellMarker/
http://bio-bigdata.hrbmu.edu.cn/CellMarker/
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Ltd, China for 30 min at 37℃. Paraffin sections were sub-
sequentially washed three times with 1× PBS for 5  min 
each time and stained with DAPI (#G1012) from Wuhan 
Servicebio Technology Co., Ltd, China for 10 min at RT. 
Finally, paraffin sections were washed three times with 
1×PBS for 5  min each time and the slides were sealed. 
The fluorescence images were observed and analyzed 
using an inverted fluorescence microscope (Olympus, 
Japan).

Pseudotime analysis
Single-cell trajectories were analyzed by using Monocle 
according to the instruction [24]. We used Monocle to 
perform machine learning based on the expression pat-
terns of key genes to simulate the dynamic changes of 
temporal development. Firstly, the significantly affected 
genes were obtained among the clusters. Next, the spatial 
dimensionality reduction was performed according to the 
expression profile of selected genes, and then the mini-
mum spanning tree (MST) was constructed. Finally, the 
cell differentiation trajectory with similar transcriptional 
characteristics was visualized through the longest path of 
MST. We used Monocle to implement the plot_pseudo-
time_heatmap function to plot pseudotemporal heatmap. 
To investigate gene functions in each gene module, gene 
ontology (GO) analysis was performed using clusterPro-
filer R package. Gene expression was plotted using the 
“plot_genes_in_ pesudotime” function to track changes 
along pseudotime.

GeneSwitches analysis
GeneSwitches analysis was performed to discover the 
ordering of critical gene (named switching gene) expres-
sion changes over pseudotime. Firstly, gene expression 
data in pseudotime trajectory were binarized to screen 
out potential switching genes with “on” or “off” gene 
expression states using the GeneSwitches package [25]. 
Subsequently, logistic regression analysis was performed 
for these potential switch genes to calculate the switch-
ing time point of each switching gene. The correlation 
analysis between switching genes and pseudotime was 
performed using McFadden’s Pseudo R2. Among them, 
the switching genes that were positively correlated with 
the pseudotime (R2 > 0) were defined as the activated 
switching genes or up-regulated switching genes, while 
the silenced switching genes or down-regulated switch-
ing genes were negatively correlated with the pseudo-
time (R2 < 0). The higher the pseudotemporal correlation 
(|R2|), the closer the relationship between switching 
genes and the trajectory process. Switching genes were 
considered significant at|R2| > 0.2 and the gene expres-
sion rate > 10%.

Cell-cell communication analysis
We used the R package CellChat (v1.6.0) with the Cell-
ChatDB databases including the information of ligand-
receptors and cofactors interactions to infer, visualize, 
and analyze intercellular communication from scRNA-
seq data [26]. We selected chicken genes according to 
their homologous with humans. CellChat identified dif-
ferentially expressed signaling genes for all cell groups 
(P < 0.05) and calculated intercellular communication 
probability represented the intercellular interaction 
strength. In addition, the KEGG database was combined 
to provide information on the interactions of pathways 
and signaling molecules. The cell-cell communication 
network was calculated by summing the number or 
strength of ligand-receptor pairs of significant interaction 
in various cell types.

Results
ScRNA-Seq and characterization of Cellular Heterogeneity 
during skeletal muscle myogenesis
To decipher the transcriptome regulatory network and 
cellular fate decisions during skeletal muscle myogen-
esis, leg musculature from male embryos of DH group 
and TC group were dissected from embryos at E10, E14, 
and E18, digested into single cells and performed drop-
let-based scRNA-seq (Fig. 1A). We detected 20,904 (DH) 
and 20,107 genes (TC) in total from muscle cells at E10, 
20,735 (DH) and 19,979 genes (TC) at E14, 19,960 (DH) 
and 18,589 (TC) genes at E18, respectively (Fig. S1A 
and S1B). After removing low-quality cells, we obtained 
29,579 single-cell transcriptome profiles (10,344, 9,481, 
and 9,754 single cells at E10, E14, and E18) and 30,060 
single-cell transcriptome profiles (10,978, 12,406, and 
6,676 single cells at E10, E14, and E18) in DH and TC 
group from skeletal muscle cells, respectively. Then we 
performed tSNE analysis for all the single cells to gain 
an insight into the cellular heterogeneity during skeletal 
muscle myogenesis in different chicken breeds. Based on 
tSNE dimensionality reduction, we identified 17 tran-
scriptionally distinct cell clusters (Fig. 1B). The cell num-
ber and proportion detected in different development 
stages of the two breeds were counted. Cluster 2, 5, 7, and 
9 were dominant in E10 of DH (accounting for 34.19%, 
10.17%, 12.82%, and 12.00%, respectively), cluster 2, 4, 
7, and 11 were dominant in E10 of TC (accounting for 
28.27%, 13.34%, 13.62%, and 17.05%, respectively); Clus-
ter 3, 5, 6, and 10 were dominant in E14 of DH (account-
ing for 13.32%, 13.21%, 14.13%, and 16.76%, respectively), 
cluster 1, 3, 4, and 8 were dominant in E14 of TC 
(accounting for 21.64%, 15.45%, 13.20%, and 12.49%, 
respectively); Cluster 3, 6, 12, and 13 were dominant in 
E18 of DH (accounting for 30.68%, 10.96%, 10.25%, and 
12.12%, respectively), cluster 1, 3, 5, and 12 were domi-
nant in E18 of TC (accounting for 54.06%, 5.71%, 11.38%, 
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and 13.39%, respectively) (Fig. S1C). We found that most 
of the cell clusters showed significant change from E10 to 
E18 in two breeds which preliminarily deciphered that 
skeletal muscle cells were highly heterogenous. We also 
found that some of the cell clusters showed similar trends 
in the two breeds while others revealed distinctly differ-
ent trends. The cluster-specific gene expression was com-
pared across the cell clusters and the top 10 expressed 
cluster-specific genes showed obvious cluster-specific 
expression (Fig. 1C).

To further characterize cell cluster identity, we 
evaluated the expression of a combination of cell 
marker genes and identified six major cell types: 
MYF5,MYOD1,MYOG,NRXN1,FGFR4, and PAX7 high 
expressed in myoblasts [27, 28], PDGFRA,COL3A1,C

OL1A1,POSTN,DCN, and PRRX1 high expressed in 
fibro-adipogenic progenitors (FAPs) [29, 30], ACTA1 
high expressed in stem cells [31], SOX18 and CDH5 
high expressed in endothelial cells [30], HBBA,HBA1, 
and HBE1 high expressed in erythrocytes [28, 30], and 
CDH19 high expressed in CDH19+ cells (Fig. 1D and E) 
and (Fig. S2A and S2B). We also performed uniform man-
ifold approximation and projection (UMAP) analysis for 
all the single cells, which was consistent with the result 
of tSNE analysis (Fig. S2C). Besides, immunofluorescence 
staining of cell type marker genes was used to verify myo-
blasts and FAPs in muscle tissues and the accuracy of cell 
types (Fig. S3). Taken together, these results identified 
major cell populations, identified a series of cell identity 

Fig. 1  Single cell transcriptome sequencing reveals multiple cell types in chicken skeletal muscle. (A) The scheme of muscle preparation, single-cell isola-
tion, and scRNA-seq in E10, E14, and E18. (B) The tSNE visualization of 17 clusters derived from 59,639 high-quality cells filtered from 18 chicken leg muscle 
samples. (C) Heatmap showing the expression of top 10 cluster specific genes in each cluster. The pink-black-yellow color ramp represents an increase in 
expression. (D) The tSNE visualization of 6 cell types. E Dot plot showing the expression of 6 cell types marker genes

 



Page 6 of 18Li et al. BMC Genomics          (2025) 26:187 

specific signature genes, and revealed cellular heteroge-
neity during myogenesis in the skeletal muscle.

Clustering and pseudotemporal trajectories identified 
transcriptional dynamics of myoblasts
Unsupervised clustering was performed on the myoblast 
population, which identified a total of six unique sub-
clusters that we labeled as subclusters 1 to subclusters 6 
(Fig. 2A). Specifically, subclusters 3 and 4 expressed high 
levels of PAX7 and MYF5 (Fig. 2B), thus we defined sub-
clusters 3 and 4 as muscle satellite cells. Subclusters 1 
and 5 were marked by the expression of myoblast mark-
ers, CDC20 and PCNA (Fig. 2B). Most of the cells in sub-
clusters 2 and 6 expressed the myocytes markers, MYOG 
and MYBPH (Fig. 2B). Interestingly, we noticed different 
trends of proportion variation of muscle satellite cells, 
myoblasts, and myocytes in the two breeds (Fig. 2C).

We then used pseudotime trajectory analysis to analyze 
the progression of continuous cell states of myoblasts 
and revealed ordered cells expressing different levels of 
marker genes in a trajectory. Ordering of cells in trajec-
tory analysis arranged the six subclusters into one major 
trajectory with four minor bifurcations and nine stages 
(Fig.  2D) and (Fig. S4). The majority of muscle satellite 
cells were located toward the origin of the trajectory in 
both DH and TC. There was a fraction of satellite cells 
that ended at 3 bifurcations (one at the start and two 
at the end) in DH while 2 bifurcations (at the start) in 
TC. Myocytes were located toward or at the end of the 
major branch and 1 bifurcation at the end of the trajec-
tory in the two breeds. Myoblasts were located toward 
or at the end of the major branch and 3 bifurcations at 
the end of the trajectory in DH, whereas myoblasts in TC 
were located toward or at the origin of the major branch 
and 3 bifurcations at the start of the trajectory (Fig. S4). 
The dynamic changes of marker gene expression along 
the major branch were investigated. High expression of 
MYF5 and PAX7 was observed at the origin of pseudo-
time, while MYOG and MYBPH were enriched at the 
end of pseudotime (Fig.  2E). These results could serve 
as a validation for the differentiated trajectory of satel-
lite cells. The RNA velocity map showed that myocytes 
developed from myoblasts, and myoblasts developed 
from muscle satellite cells, due to the high RNA velocity 
that began between them (Fig. S5). The RNA velocity of 
these cell types was consistent with the pseudotime path. 
Intriguingly, we found that some of the myoblasts turned 
into muscle satellite cells, which suggested that activated 
myoblasts either go to differentiation or enter into qui-
escence. Quiescent satellite cells were mainly responsible 
for postnatal skeletal muscle development [32].

We next examined pseudotime dynamics of signifi-
cantly changed genes along the differentiation trajec-
tory. Four modules were arranged according to their 

pseudotemporal expression patterns (Fig.  3). The pseu-
dotime heatmap showed that module 1 of DH and TC 
were both enriched in skeletal muscle fiber adapta-
tion (ACTA1), skeletal muscle satellite cell commitment 
(PAX7), skeletal muscle cell proliferation (SIX1 and 
WNT4), and regulation of mitotic cell cycle (BACH1 
and E4F1). Modules 2 and 3 of the two breeds revealed 
clear enrichment in the regulation of myoblast fusion 
(MYOG and TMEM8C), muscle cell fate commitment 
(MYOD1,MYOG), regulation of skeletal muscle satel-
lite cell proliferation (MYOG,GPC1) and differentiation 
(MEF2C,GPC1,DDX17, and KLHL41), skeletal muscle 
thin filament assembly (MYBPC3,MYBPH and MYOM1), 
and skeletal muscle myosin thick filament assem-
bly (MYBPC3,MYBPH,MYOM1,MYOM3,OBSL1 and 
TCAP). Modules 4 of two breeds were enriched in stri-
ated muscle cell development (SDC1), and skeletal mus-
cle tissue development (POGLUT1,ANKRD1,CCNT2,CF
L2,COL19A1, and RHOA) (Fig. 3, Table S1 and S2). Col-
lectively, these results provide insights into the develop-
mental trajectory of skeletal muscle cells during cell state 
transitions.

Interestingly, we found that module 4 of DH was 
enriched in the regulation of skeletal muscle satellite 
cell proliferation (MSTN,MEGF10, and GPC1) and dif-
ferentiation (MEGF10, and GPC1) (Fig. 3A). In addition, 
we found that the expression of MYF5 and PAX7 were 
significantly downregulated at the pseudotime in TC, 
whereas the levels of MYF5 and PAX7 first decreased 
and then rapidly increased in DH. We also observed 
that the expression of MYOG and MYBPH were signifi-
cantly upregulated at the later pseudotime in TC, while 
their levels first increased and then rapidly decreased in 
DH (Fig. S6). These data indicated that satellite cells and 
myoblasts display distinct proliferation and differentia-
tion in the two breeds.

Dynamic changes of gene expression in myoblasts
To investigate the dynamic changes of gene expression 
and how the order is maintained in different muscle cell 
types, we conducted a gene-switch analysis at single-cell 
resolution based on the genes detected in all clusters. 
The best-fitting top 35 genes and top 15 transcript fac-
tors (TFs) were plotted along the pseudotime trajectory 
(Fig. 4 and Table S3).

In the myoblasts of DH, 2 genes were significantly 
inactivated, and 179 genes were significantly activated, 
including 4 early genes, 82 mid genes, and 93 late genes 
(Fig.  4A and Table S4). Ribosomal proteins are essen-
tial components of the protein biosynthetic. We found 
6 small nuclear ribonucleoprotein (SNRP) genes (SNRP
D1,SNRPG,SNRPE,SNRPF,SNRPL, and SNRPD2) were 
activated in mid and late stages which suggested protein 
synthesis was active in muscle cells in these two stages. 
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Fig. 2  Identification of myoblasts subtypes and pesudotime trajectory analysis in DH and TC. (A) The tSNE visualization of 6 myoblasts subclusters and 
3 myoblast subtypes. (B) The tSNE plots of marker genes for muscle satellite cells (MYF5 and PAX7), myoblasts (CDC20 and PCNA), myocytes (MYOG and 
MYBPH). (C) The bar chart showing the proportion of 3 myoblasts subtypes in 6 samples. (D) Trajectories of myoblasts in DH and TC along pseudotime. 
The colors from dark (purple) to light (yellow) represent the forward order of pseudotime. (E) Expression patterns of 3 myoblasts subtypes marker genes 
along pseudotime in DH and TC. Various colored dots represent distinct myoblasts subtypes
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Strikingly, SNRPG, and SNRPE were activated early, indi-
cating that they might be critical genes for protein syn-
thesis and skeletal muscle development. Some mid and 
late genes that may play crucial roles in muscle cells were 
identified. For example, EIF4EBP1 and HSP90AB1 acti-
vated in mid stage regulated mitotic cell cycle. CHRNA1 
may regulate skeletal muscle contraction and muscle cell 
cellular homeostasis. PLS3 and SVIL were shown to be 
crucial for the regulation of actin filament binding, actin 

filament bundle assembly, and actin filament network 
formation (Fig. 4B and Table S4).

In the muscle cell types of TC, 5 genes were signifi-
cantly inactivated, and 65 genes were significantly acti-
vated, including 10 early genes, 39 mid genes, and 16 late 
genes (Fig. 4C and Table S4). Some early and mid genes 
that may play crucial roles in muscle cells were identi-
fied. For example, we detected RBM24 and MAP1A 
activated in early stages which have been indicated to 
be crucial for the regulation of myoblast differentiation 

Fig. 3  The pseudotemporal heat map analysis of significantly altered genes on DH (A) and TC (B) myoblasts differentiation trajectories. Genes (Y-axis) 
were clustered into four modules, and cells (X-axis) were ordered according to pseudotime. GO terms enriched for a portion of each gene set were labeled 
in the right panel
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and cytoskeleton organization. Interestingly, we found 
that EIF4EBP1 and HSP90AB1 were activated in the 
early stage of TC while in the mid stage of DH, and 
CHRNA1,PLS3 and SVIL were activated in the mid stage 
of TC while in the late stage of DH. As myocyte mark-
ers, MYOG and MYBPH have been indicated to regulate 
myoblast differentiation and myoblast fusion. Remark-
ably, MYOG and MYBPH were activated in the late stage, 
which suggested they were vital for skeletal muscle fiber 

development (Fig. 4D and Table S4). The switching state 
of MYOG and MYBPH was consistent with the pseudo-
time path. Collectively, these findings are meaningful 
for revealing the dynamic changes in gene expression in 
muscle cells of two breeds, and many insights into gene 
activation provided here deserve further study.

Fig. 4  Schematic diagram of priority activated and inactivated genes in myoblasts. (A) and (C) Representative activated (top panel) and inactivated (bot-
tom panel) genes in DH and TC during the development of Myoblasts. The X-axis shows the predicted open (upper panel) or closed (lower panel) times. 
The Y-axis represents the goodness of fit. Early genes, switch-at-time < 10.4 in DH and < 12.1 in TC; late genes, switch-at-time > 31.1 in DH and > 36.3 in TC. 
(B) and (D) Trajectory along the pseudotime progression of representative genes that were activated and inactivated in DH and TC
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Clustering and pseudotemporal trajectories identified 
transcriptional dynamics of fibro-adipogenic progenitors
Of the total clusters, FAPs revealed a gene expression 
pattern that could be assigned to adipocyte-derived 
stem cells. Twelve juxtaposed subclusters labeled as 
subcluster 1 to subcluster 12 were identified by using 
unsupervised clustering on the FAPs (Fig. 5A). Subclus-
ters 1, 4, 5, and 7 were defined as myofibroblasts, which 
expressed relatively higher levels of myofibroblast mark-
ers (MYL9,CDH11, and PALLD) (Fig. 5B). Subclusters 2 

and 9 expressed high levels of PDGFRA, thus we defined 
subclusters 2 and 9 as FAPs (Fig. 5B). Subclusters 3, 6, 8, 
and 11 were identified as differentiating adipocytes by 
the expression of COL1A1,COL6A3,MGP, and APOA1 
(Fig.  5B). Subcluster 10 was marked by the expression 
of classic tenocyte marker (SCX) (Fig.  5B). Subcluster 
12 was marked by the expression of classic adipocyte 
marker (ADIPOQ) (Fig. 5B). The 6 FAPs subtypes showed 
different trends of proportion variation in DH and TC 
(Fig. 5C).

Fig. 5  Identification of FAPs subtypes and pesudotime trajectory analysis in DH and TC. (A) The tSNE visualization of 12 FAP subclusters and 5 FAP 
subtypes. (B) The tSNE plots of marker genes for FAPs (PDGFRA), tenocytes (SCX), adipocytes (ADIPOQ), myofibroblasts (MYL9,CDH11, and PALLD), and dif-
ferentiating adipocytes (COL1A1,COL6A3,MGP, and APOA1). (C) The bar chart showing the proportion of 5 FAPs subtypes in 6 samples. (D) Trajectories of 
FAPs in DH and TC along pseudotime. The colors from dark (purple) to light (yellow) represent the forward order of pseudotime. (E) Expression patterns 
of the adipocytes and differentiating adipocytes marker genes along pseudotime in DH and TC. Various colored dots represent distinct FAPs subtypes
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We then used Monocle to analyze dynamic cell transi-
tions of FAPs during the myogenesis, which arranged the 
twelve subclusters into one major trajectory with four 
minor bifurcations and nine stages in DH, whereas only 
two bifurcations and five stages in TC (Fig. 5D and S7). 
FAPs were located toward the major branch and bifur-
cations of the trajectory in two breeds. Myofibroblasts 
were located toward the major branch and bifurcations 
of the trajectory in DH, but myofibroblasts in TC were 
located toward or at the origin of the major branch and 
two bifurcations of the trajectory. Differentiating adipo-
cytes, tenocytes, and adipocytes were all located toward 
or at the end of the major branch and bifurcations at the 
end of the trajectory in the two breeds. Intriguingly, we 
found that differentiating adipocytes appeared earlier in 
TC compared to DH, and more adipocytes were detected 
in TC (Fig. S7). We also investigated the dynamic changes 
of marker gene expression along the trajectory (Fig.  5E 
and S8). We found that the expression of differentiating 
adipocytes marker genes (COL1A1,COL6A3,MGP, and 
APOA1) was downregulated at the end of pseudotime 
in DH, while increased at the end of pseudotime in TC. 
Similar expression trends of the adipocyte marker gene 
(ADIPOQ) were also observed at the end of pseudotime 
in two breeds. These results could serve as a validation 
for the differentiated trajectory of FAPs.

We also examined pseudotime dynamics of signifi-
cantly changed genes along the differentiation trajec-
tory. Four modules were arranged according to their 
pseudotemporal expression patterns (Fig.  6). The pseu-
dotime heatmap showed that module 1 of DH and TC 
were both enriched in fibroblast growth factor produc-
tion (SHH), negative regulation of collagen binding 
(GTPBP4), regulation of fatty acid metabolic process 
(ACSL4,EIF2AK3, and PRKAG2), regulation of triglyc-
eride biosynthetic process (LOC107057318), regulation 
of lipid metabolic process (ACSL1,CHD9,CPT2,DRD3,F
ADS1,FADS1L1,FDFT1,GOLM1,H2AFY,LACTB,MED1
,NCOA2,NCOA6,NCOR1,NCOR2,PLIN2,PPARG,PPP4
R3B,SIN3A,SMARCD3,TGS1,TIAM2, and TNFRSF21), 
and positive regulation of adipose tissue development 
(SH3PXD2B) (Fig. 6, Table S5 and S6). Modules 2 of TC 
revealed clear enrichment in positive regulation of fatty 
acid metabolic process (ADIPOQ), positive regulation 
of fat cell proliferation (PID1), positive regulation of 
fat cell differentiation (CEBPB,CMKLR1,CREBL2,ID2; 
RARRES2,WDFY2,WNT5B, and ZNF385A), regulation of 
lipid biosynthetic process (MID1IP1), very-low-density 
lipoprotein particle remodeling (APOA1 and LPL), and 
regulation of cholesterol transport (APOA1) (Fig. 6B and 
Table S6). Modules 4 of DH showed similar enrichment 
with modules 2 of TC, such as positive regulation of fatty 
acid metabolic process (ADIPOQ), positive regulation of 
fat cell proliferation (PID1), positive regulation of fat cell 

differentiation (CCDC71L,CEBPB,CMKLR1,ID2,NOCT
,RARRES2,TMEM64,XBP1, and ZBTB7C) (Fig.  6A and 
Table S5). Altogether, these results improve our under-
standing of the developmental trajectory of FAPs.

Dynamic changes of gene expression in FAPs
To investigate the dynamic changes of gene expression 
and how the order is maintained in different FAP cell 
types, we conducted a gene-switch analysis at single-cell 
resolution based on the genes detected in all clusters. 
The best-fitting top 35 genes and top 15 TFs were plotted 
along the pseudotime trajectory (Fig. 7 and Table S7).

In the FAPs of DH, 1 gene was significantly activated, 
and 100 genes were significantly inactivated, including 
44 early genes, 40 mid genes, and 16 late genes (Fig.  7 
and Table S8). In the FAPs of TC, 10 genes were signifi-
cantly activated, including 1 mid gene, and 9 late genes, 
and 8 genes were significantly inactivated, including 5 
early genes, and 3 mid genes (Fig. 7C and Table S8). We 
found that CRABP1 was inactivated in the early stage 
of TC while in the mid stage of DH. CRABP1 binds 
retinoic acid specifically in the cytoplasm, and Crabp1 
knockout mice exhibited an adult-onset amyotrophic 
lateral sclerosis-like phenotype [33]. We also found that 
TMSB15B and STMN1 were inactivated in the mid stage 
of TC while in the late stage of DH. STMN1 is a micro-
tubule-destabilizing phosphoprotein critically involved 
in cell cycle progression, cell motility and survival [34]. 
TMSB15B, a small actin-binding protein, plays an impor-
tant role in the organization of the cytoskeleton. In addi-
tion, FMOD related to extracellular matrix (ECM) was 
inactivated in the early stage of DH, but activated in the 
late stage of TC. Remarkably, as a differentiating adi-
pocyte marker, APOA1 was only found activated in the 
mid stage of TC, and MGP were only found activated in 
the late stage of TC (Fig. 7C and D and Table S8). These 
results collectively provide important insights into the 
different dynamic changes in gene expression in FAPs of 
two breeds.

Ligand-receptor interaction prediction during skeletal 
muscle development
Intercellular communication based on ligand-receptor 
interactions is crucial for tissue to accomplish complex 
life activities [35]. Cell-cell contact is common in skeletal 
muscle growth and development [36]. To further explore 
cellular interaction during skeletal muscle development, 
we performed a comparative analysis of cellular commu-
nication between 6 identified cell types in skeletal muscle 
of two chicken breeds, including FAPs (myofibroblasts, 
FAPs, differentiating adipocytes, tenocytes, and adipo-
cytes), myoblasts (muscle satellite cells, myoblasts, and 
myocytes), endothelial cells, stem cells, CDH19+ cells, 
and erythrocytes (Fig.  8). We detected a total of 8,175 
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ligand-receptor pairs during the three developmental 
stages (P < 0.05). At E10, 1,335 and 1,084 ligand-receptor 
pairs were detected in DH and TC, respectively. Com-
pared with TC, there were more interaction pairs among 
FAPs, myofibroblasts, myoblasts, and muscle satellite 
cells in DH.

Interestingly, the interaction number and strength 
among muscle satellite cells, myocytes, and myoblasts in 
TC were higher than DH (Fig. 8A, S9A and Table S9). At 
E14, 1,420 and 1,442 ligand-receptor pairs were detected 

in DH and TC, respectively. The number of interactions 
between muscle satellite cells and other cells in DH was 
greater than that in TC. In addition, we also found that 
endothelial cells communicated more actively with other 
cells in DH than in TC (Fig.  8B, S9B and Table S9). At 
E18, there were 1,298 and 1,596 ligand-receptor pairs in 
DH and TC, respectively. There were more interaction 
pairs among myofibroblasts, myoblasts, muscle satellite 
cells, and tenocytes in DH than in TC and the interac-
tion pairs between differentiating adipocytes and other 

Fig. 6  The pseudotemporal heat map analysis of significantly altered genes on DH (A) and TC (B) FAPs differentiation trajectories. Genes (Y-axis) were 
clustered into four modules, and cells (X-axis) were ordered according to pseudotime. GO terms enriched for a portion of each gene set were labeled in 
the right panel
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cells was increased. Importantly, no communication 
information was detected in adipocytes in DH, whereas 
it was widely detected in TC. In particular, the number of 
interactions between differentiating adipocytes (source 
cells) and adipocytes (target cells) was the highest in TC 
(Fig.  8C, S9C and Table S9). It is worth noting that the 
interaction of CDH19+ cells with other cells was wide-
spread during all three developmental stages in both two 

breeds, which suggested that CDH19+ cells may play an 
important role in skeletal muscle development.

The ligand-receptor pairs were further categorized 
into 42 signaling pathways, with COLLAGEN and 
LAMININ pathways showing highly abundant signaling 
interactions among 6 samples (Fig. 8D). In the COLLA-
GEN pathway, other cells mainly targeted tenocytes and 
CDH19+ cells, while interactions between 3 myoblast 
subtypes and other cells were mainly observed in the 

Fig. 7  Schematic diagram of priority activated and inactivated genes in FAPs. (A) and (C) Representative activated (top panel) and inactivated (bottom 
panel) genes in DH and TC during the development of FAPs. The X-axis shows the predicted open (upper panel) or closed (lower panel) times. The Y-axis 
represents the goodness of fit. Early genes, switch-at-time < 10.3 in DH and < 11.6 in TC; late genes, switch-at-time > 31.0 in DH and > 34.8 in TC. (B) and 
(D) Trajectory along the pseudotime progression of representative genes that were activated and inactivated in DH and TC
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LAMININ pathway (Fig. S10A, SS11A and Table S9). 
We found that ligands COL1A2 and COL4A1, recep-
tors ITGA1 + ITGB1,ITGA11 + ITGB1, and CD44 made 
higher contributions in the COLLAGEN pathway of all 
6 samples (Fig. S10B). In the LAMININ pathway, ligands 
LAMC1,LAMB1 and LAMA4, receptors ITGA6 + ITGB1 
and DAG1 made higher contributions (Fig. S11B). Some 

signaling pathways appeared only in DH, such as VISFA-
TIN (at E10, E14, and E18), PROS (at E10 and E18), and 
TGFb (at E10) (Fig.  8E, S12A and S12B). The interac-
tions between muscle satellite muscle, myoblasts, myo-
cytes, and CDH19+ cells involved with NAMPT as the 
ligand, and INSR as the receptor in the VISFATIN signal-
ing pathway. In the PROS signaling pathway, the main 

Fig. 8  Cell-cell communications among various cell types in chicken embryonic skeletal muscle. (A)-(C) Comparison of the number of intercellular com-
munications between DH and TC on E10, E14, and E18. TC was used as control group in all comparison, the red and blue lines indicate an increase and 
decrease in the intercellular interaction number in DH compared to TC, respectively. (D) Comparison of information flow of each signaling pathways in 6 
samples. (E) and (G) Chord plots of intercellular interaction network in TGFb and ADIPONECTIN signaling pathway. Arrows within the circle indicate the 
information flows of the communication pathways. The outer and inner circles indicate the sender and receiver, respectively. (F) and (H), Relative contri-
bution of each ligand-receptor pair to the overall TGFb signaling pathway and ADIPONECTIN signaling pathway
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interaction involved PROS1 as the ligand and TYRO3 as 
the receptor, with FAPs, myofibroblasts, differentiating 
adipocytes, myoblasts, and CDH19+. The TGFb signaling 
pathway only appeared only at E10, FAPs, myofibroblasts, 
myoblasts, muscle satellite cells, myocytes, and CDH19+ 
cells communicated and interacted via ligands TGFB2 
and TGFB3, which were receptors of ACVR1 + TGFBR1 
and TGFBR1 + TGFBR2 (Fig. 8F, S12A and S12B). Addi-
tionally, the CHEMERIN (RARRES2-GPR1) and ADI-
PONECTIN (ADIPOQ-ADIPOR2) signaling pathways 
were only found in TC at E18 and were specific to adi-
pocytes communication (Fig. 8G and H and S12c). In the 
ADIPONECTIN signaling pathway, adipocytes received 
signals as ligand cells, while adipocytes acted as receptor 
cells to send signals in the CHEMERIN signaling path-
way. Together, the results of cell communication analysis 
provide insights into the dynamic changes of various cells 
during skeletal muscle development in the two breeds.

Discussion
Skeletal muscle formation is a highly precise and 
multi-step process, which requires the proliferation of 
myoblasts, permanent withdrawal from the cell cycle, dif-
ferentiation, migration, and final fusion into multinucle-
ated muscle fibers [37]. According to the characteristics 
of muscle development, the number of muscle fibers is 
already fixed at the embryonic stage [13]. Therefore, the 
embryonic stage is the key period for the growth and 
development of skeletal muscle in livestock and poultry. 
Poultry is a common model for studying the development 
of embryonic muscle, but the cell profile corresponding 
to embryonic skeletal muscle development in chickens is 
not yet complete. In this study, we selected two chicken 
breeds and applied scRNA-seq to provide a compre-
hensive resource describing the molecular signatures 
of skeletal muscle growth. We constructed a compre-
hensive single-cell transcriptomic atlas of 29,579 and 
30,060 high-quality cells filtered from three DH and TC 
samples, respectively. Our results revealed the heteroge-
neity of muscle tissue cells during developmental stages, 
the developmental trajectories of myoblasts and FAPs, 
the gene expression status in myoblasts and FAPs, and 
the spatiotemporal regulation of skeletal muscle develop-
ment. These findings provide insights into the phenotypic 
difference in skeletal muscle development of two breeds 
at single-cell resolution.

In the study, the heterogeneous myoblast population 
was subdivided into six subclusters and further identified 
as muscle satellite cells, myoblasts, and myocytes. Order-
ing of cells in trajectory analysis arranged the three cell 
subpopulations of two breeds into one major trajectory 
which is consistent with embryonic myogenesis [3]. Nev-
ertheless, we found that a fraction of satellite cells ended 
at two bifurcations at the end of the trajectory only in 

DH. We well known that the growth or hypertrophy of 
muscle volume and the repair or regeneration of muscle 
injury after birth are mainly achieved through the cascade 
of muscle satellite cells [38], which play an important role 
in the regulation of muscle development. PAX7 is the 
most widely recognized marker of satellite cells ubiqui-
tously expressed in all satellite cells, including activated 
and quiescent ones [39, 40]. MYF5 is also discovered as 
a marker of satellite cells, which is specifically expressed 
by myogenic cells, but not expressed in quiescent satel-
lite cells [41]. The dynamic changes of PAX7 and MYF5 
were consistent with the pseudotime trajectories in the 
two breeds. Based on the pseudotemporal trajectories 
of myoblasts, GO analysis revealed that the regulation of 
skeletal muscle satellite cell proliferation was activated at 
the late pseudotime in DH which was also consistent with 
the RNA velocity. It is acknowledged that Pax3 and Pax7 
positive cells constitute a reserve of muscle satellite cells. 
However, Pax3 was weakly expressed in both two chicken 
breeds, the reason may be that Myf5 is genetically down-
stream of Pax3 in the myogenic context [42]. MYOG is 
essential for the terminal differentiation of myogenic 
cells and myogenin-null mice quickly die after birth from 
severe and global muscle deficiency [43]. MYOG was 
found significantly upregulated at the later pseudotime 
in TC, which illustrated that satellite cells had thoroughly 
quit cell proliferation, and began cell differentiation and 
fusion. However, the upregulation of PAX7 and MYF5 
and downregulation of MYOG in DH indicated that the 
proliferation of satellite cells was not over yet. TC showed 
earlier embryonic myogenesis and less myoblasts com-
pared with DH broiler. Consistent with our results, pigs 
with less meat production show earlier embryonic myo-
genesis and less myogenic progenitors [44–46]. These dif-
ferences may be the reasons for the phenotypic difference 
of skeletal muscle in the two chicken breeds.

We investigated the dynamic changes of gene 
expression in different muscle cell types by pseu-
dotime and gene-switch analysis for understand-
ing their biological functions in the skeletal muscle. 
EIF4EBP1,HSP90AB1,CHRNA1,PLS3 and SVIL were 
found activated earlier in TC than DH. GO enrichment 
showed that EIF4EBP1 and HSP90AB1 were related to 
positive regulation of mitotic cell cycle, CHRNA1,PLS3 
and SVIL were crucial for the regulation of muscle cell 
cellular homeostasis and actin filament. The results 
revealed that skeletal muscle development in TC is faster 
compared to DH. MYOG and MYBPH were activated in 
the late stage of TC which also verified skeletal muscle 
development in TC is faster than DH. The spliceosome 
is a large ribonucleoprotein complex that is comprised of 
five SNRPs and numerous proteins that guide pre-mRNA 
splicing in eukaryotic cells [47]. Six SNRP genes includ-
ing SNRPD1,SNRPG,SNRPE,SNRPF,SNRPL, and SNRPD2 
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were activated in DH, and in which of them, SNRPG 
and SNRPE were activated early. Being the core spliceo-
some associated protein, the downregulation of SNRPG 
induced cell cycle arrest [48]. Together, these findings 
clearly reveal that protein biosynthesis is more active in 
DH and skeletal muscle development in TC is faster com-
pared to DH.

The heterogeneous FAPs were subdivided into twelve 
subclusters and further identified as myofibroblasts, 
FAPs, differentiating adipocytes, tenocytes, and adipo-
cytes. Ordering of cells in trajectory analysis arranged 
the five cell subpopulations of two breeds into one major 
trajectory. Myofibroblasts were located toward the major 
branch in DH, but myofibroblasts in TC were located 
toward or at the origin of the major branch. Myofibro-
blasts are key contributors to fibrosis of skeletal muscle. 
Some studies showed that myofibroblasts could inter-
act with satellite cells and regulate their proliferation 
and differentiation [49–51]. The premature depletion of 
myofibroblasts led to rapid exhaustion and early differ-
entiation of the satellite cells [52]. Consistent with this 
conclusion, there were fewer myofibroblasts and satel-
lite cells at the later pseudotime in TC compared to DH. 
We found that differentiating adipocytes and tenocytes 
appeared earlier in TC compared to DH, and more adi-
pocytes in TC. Skeletal muscle development of embryos 
involves myogenesis, adipogenesis, and fibrogenesis [53], 
all of which are derived mainly from mesenchymal stem 
cells. The commitment of mesenchymal stem cells to 
myogenic, adipogenic, or fibrogenic lineages can be con-
sidered a competitive process [54]. We speculate that the 
distinguishing competitive process of myogenesis, adi-
pogenesis, and fibrogenesis in two breeds contribute to 
the different developmental trajectories and ultimately 
lead to phenotypic differences. We also investigated the 
dynamic changes of gene expression in different FAPs by 
pseudotime and gene-switch analysis. FMOD,TMSB15B 
and STMN1 were found inactivated earlier in TC than 
DH. GO enrichment showed that FMOD was related to 
the extracellular matrix, and TMSB15B was related to the 
sequestering of actin monomers, actin monomer bind-
ing, and actin filament organization. As differentiating 
adipocyte markers, APOA1 and MGP were only found 
activated in TC. The dynamic changes in gene expres-
sion revealed that myogenesis and adipogenesis in TC are 
faster compared to DH.

In the process of skeletal muscle development, 
extremely complex biological activities occur between 
muscle tissue cells, which require accurate and efficient 
intercellular communication [55]. To explore the differ-
ences in ligand-receptor interaction networks underlying 
distinct muscle phenotypes, the ligand-receptor inter-
actions were analyzed in three developmental stages of 
two chicken breeds. Among the 42 obtained signaling 

pathways, COLLAGEN and LAMININ pathways which 
accounting for a large proportion were highly abundant 
in the two breeds. These two pathways belong to the same 
intercellular interaction type known as ECM-receptor. 
Ligand-receptor pairs in both COLLAGEN and LAM-
ININ pathways were also extensively detected in bovine 
skeletal muscle and pig skin [56, 57]. These results sug-
gested that COLLAGEN and LAMININ pathways play 
important roles in multiple complex tissues of organisms, 
which indicated the importance of ECM in skeletal mus-
cle development. CHEMERIN, also known as RARRES2 
and ADIPONECTIN are two important adipokines that 
regulate adipogenesis and adipocyte lipid metabolism 
[58–60]. Interestingly, these two pathways were detected 
only in TC, suggesting that adipogenesis in TC is faster 
than in DH. The VISFATIN, PROS, and TGFb pathways 
were detected only in DH mainly involved in the interac-
tions between FAPs, myofibroblasts, and 3 myoblast sub-
types, and the number of interactions between these cells 
was higher in DH than TC. These findings suggested that 
communication between muscle cells was more active 
during myogenesis in DH.

Conclusions
In summary, we build a single-cell atlas of the chicken 
skeletal muscle, which is composed of 6 distinct cell 
types and reveal their developmental trajectories, gene 
expression status, and ligand-receptor interaction during 
embryonic skeletal muscle development. Our findings 
indicate that the skeletal muscle cell population showed 
different dynamic changes in the two chicken breeds. TC 
showed earlier embryonic myogenesis and less myoblasts 
compared with DH, which may underpin the distinct 
muscle phenotypes of the two chicken breeds. This study 
also detected some functional genes in the molecular 
mechanisms of skeletal muscle development between TC 
and DH. Our study provides new insights into the differ-
ent genetic mechanisms between cultivated and native 
chicken breeds at single-cell level.
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