
ages [3, 4]. Du et al. deduced that cattle muscle is in the
hyperplasia phase from the middle stage of gestation to
birth and then enters the hypertrophy phase [5]; chicken
muscle was in the hyperplasia phase from the embryonic
stage to Week 4 or Week 5. Seven weeks from birth,
cells mainly increase in volume and enter the hypertrophy
phase [4]. The skeletal muscle is a highly complex organ.
However, the change in cell profiles corresponding to the
two-phase muscle development has yet to be determined.
Specifically, the deposition of intramuscular fat (IMF) can
markedly promote the tenderness of meat and exerts an
effect on the flavor of meat; however, the biomarker genes
detected for IMF are quite limited.

Single-cell RNA sequencing (scRNA-seq) has signifi-
cantly elucidated cell population diversity within tissues.
This technique has provided insights into the heterogen-
eity of gene expression across cells, the trajectory of cell
lineages during development, and the identification of
cell-specific gene expression [6, 7]. Guo et al. conducted
a systematic single-cell transcriptome analysis of more
than 400,000 cells, covering all major mouse organs. The
17 cell subpopulations of leg muscles were defined [8].
A developmental hierarchy of adipose progenitors con-
sisting of DPP4+ interstitial progenitors that generate
committed ICAM1+ and CD142+ preadipocytes was de-
fined by scRNA-seq, which are poised to differentiate
into mature adipocytes [9].

In the current study, single-cell transcriptome sequen-
cing by high-throughput scRNA-seq (10× Genomics
Chromium) was conducted to clarify the diversity of the
cell profiles of chicken breast muscles and identify
marker genes for IMF. The heterogeneity of chicken
breast muscles and the composition of cells, as well as
the molecular characteristics of muscles and IMF cells,
were analyzed at two distinct developmental stages. Typ-
ical cell-specific expressed genes were verified by RNA
in situ hybridization [10–12].

Results
Single-cell transcriptome profiling at two developmental
stages
The breast muscles at Day 5 (D5) and Day 100 (D100)
were used to represent the two developmental stages of
the skeletal muscle—hyperplasia and hypertrophy. In
total, single-cell transcriptomes of 8948 cells at D5 and
4504 at D100 were obtained (Table S1). At D5, 13,725
genes were detected, with an average of 826 unique mo-
lecular identifiers (UMIs) and 264 genes expressed per
cell. At D100, 10,917 genes were detected, with an aver-
age of 218 UMIs and 107 genes expressed per cell. The
mean reads of the cells at D5 and D100 were 43.399 k
and 94.599 k, respectively. Samples of the two stages
were subjected to sequencing saturation (Fig. S1). There
were 4225 poor-quality cells at D5 and 2679 at D100

were removed based on filtration criteria used, including
the proportion of mitochondrial genes expressed and the
number of expressed gene per cell (Table S2). The re-
main 4723 cells at D5 and 1825 cells at D100 were used
for subsequent analysis. At D5, the mean UMI count in
each cluster ranged from 609 to 1708, and the mean
UMI count of all filtrated cells was 1055. At D100, the
mean UMI count of each cluster ranged from 309 to
641, and the mean UMI count of all cells was 435. The
number of expressed genes in each cluster ranged from
265 to 455 at D5 and 154 to 397 at D100 (Table S3).

Differences in the cell type of breast muscle at day 5
At D5, 4723 cells were clustered based on gene expres-
sion similarity, and 10 cell populations were identified
(Fig. 1). The cell populations with their corresponding
proportions were as follows: Cluster 0, 22.6%; Cluster 1,
20.5%; Cluster 2, 17.3%; Cluster 3, 9%; Cluster 4, 7.7%;
Cluster 5, 7%; Cluster 6, 6.5%; Cluster 7, 5.3%; Cluster 8,
2.5%; and Cluster 9, 1.6%. The top 20 up-regulated genes in
each cluster were used to construct the heatmap (Fig. S2).

Clusters 0, 1, 3, 5, and 6 were identified as myoblasts,
which up regulatedMyf5, MYOD1, MYOG, and other
marker genes compared to other clusters. Known func-
tional genes—NRXN1, COTL1, RASD1, TUBB, and
FGFR4—were also found to be up-regulated in these five
myoblast subpopulations (Fig.2a).

Cluster 8 was identified as an adipocyte population on
the basis of the high expression of the marker genes—
for instance,ADIPOQ and FABP5. ADIPOQ expressed
in adipose tissue reportedly acts as a marker gene for
mature adipocytes.FABP5 participates in the peroxi-
some proliferator activated receptor (PPAR) signaling
pathway; in addition,FABP5 transports and binds to
fatty acids and may play a role in fatty acid uptake,
transport, and metabolism [13]. The remaining subpopu-
lations without expressed known marker were character-
ized by pathway enrichment analysis of genes. Cluster 2
was described as another adipocyte population because
the up-regulated genes were enriched in pathways related
to fat deposition. The PPAR signaling pathway, Wingless-
related integrated site (Wnt) signaling pathway, and extra-
cellular matrix (ECM)–receptor interaction, among
others, were associated with fat deposition signaling path-
ways [14–17]. GPX3, APOA1, COL1A1, COL6A3, and
ENSGALG00000041031, among others, were up regulated
in Cluster 2, andADIPOQ was up regulated in Cluster 8
(Fig.2b).

Enriched biological processes and molecular functions
were related to iron ion binding and oxygen transport in
Cluster 4, which was identified as the erythrocyte popu-
lation. Cluster 7 was identified asACTA1 group with
high expression ofACTA1, which was one of marker
genes for human stem cells [18]. Cluster 9 was uncertain
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because of the lack of a known marker for gene expres-
sion or a known enriched pathway.

Differences in the cell type of breast muscle at day 100
A total of 1825 cells at D100 were assigned to seven cell
clusters (Fig.3) with the following proportions: Cluster
0, 45%; Cluster 1, 22%; Cluster 2, 11%; Cluster 3, 7%;
Cluster 4, 6%; Cluster 5, 6%; and Cluster 6, 3%. The top
20 up-regulated genes in each cluster were used to con-
struct the heatmap (Fig. S3). The cell populations at
D100 showed clear boundaries.

Cluster 0 at D100 was defined as the erythrocyte
population. The GO enrichment results were related to
iron ion binding and oxygen transport. On the basis of
the characteristics ofTMSB4X, GNG11, and RHOA ex-
pression in Cluster 2, the population was identified as an
endothelial cell population. Cluster 3 was defined as the
myoblast population because the expression of the
marker geneMyf5 was up-regulated. The expression of
NRXN1, DMD, RASD1, FGFR4, and other genes were
also up-regulated (Fig.4a). Cluster 4 was identified as
the adipocyte population in which all up-regulated genes
were enriched in the Wnt signaling pathway, ECM–re-
ceptor interaction, TGF-beta signaling pathway, and
so on. APOA1, COL1A1, GPX3, COL6A3, ENSG
ALG00000041031, and other genes were up regulated
(Fig. 4b). The genesCD29, CD44, and CXCR4 were up-
regulated in Cluster 5, and it was defined as satellite cells.
Cluster 1 was identified asACTA1 group with high ex-
pression ofACTA1, which was one of marker genes for
human stem cells [18]. Cluster 6 was undefined owing to
the absence of any known marker gene expressed.

For population assignments at D5 and D100, some
clusters were similar between two stages on the basis of

the expression of typical genes and their enriched path-
ways, including myocyte and adipocyte clusters.

Commonly expressed genes at two stages in myoblast
and adipocyte populations
A total of 3097 cells were categorized into five clusters
(Clusters 0, 1, 3, 5, and 6) related to the myocyte at D5,
and 133 cells were assigned to one myocyte cluster
(Cluster 3) at D100. Meanwhile, 433 genes expressed in
myocyte clusters were expressed at D5, and 186 genes
were expressed at D100, 111 of which were commonly
expressed at two stages. Among the commonly expressed
genes, 28 were up-regulated, whereas 83 were down-
regulated at D100. Moreover, 20 genes, includingRASD1,
NRXN1, S100A1, SPTBN1, Myf5, andCOTL1, were func-
tional genes involved in muscle formation and develop-
ment (Table S4).

A total of 935 cells were categorized into two clusters
(Clusters 2 and 8) related to adipocytes (IMF) at D5; 106
cells were assigned to one adipocyte cluster (Cluster 4)
at D100. Meanwhile, 143 genes in the adipocyte cluster
were expressed at D5, and 114 genes were expressed at
D100; 63 genes were commonly expressed at two stages.
Both adipocyte populations at D5 and D100 were signifi-
cantly enriched in the Wnt signaling pathway, PPAR
signaling pathway, focal adhesion, ECM–receptor inter-
action, apoptosis, and advanced glycation end products–
receptor for advanced glycation end products (AGE-
RAGE) signaling pathway in diabetic complications
(Fig. 5). Of the 63 genes, 29 were up-regulated, and 34
were down-regulated. In addition, 19 genes were func-
tional genes associated with the development and lipid
transport of adipocytes. These genes includedKLF2,

Fig. 1 The t-SNE clustered results for the cells at D5. Clusters 0, 1, 3, 5, and 6 were identified as myoblasts; Clusters 2 and 8 were identified as
adipocyte clusters; Cluster 4 was an erythrocyte cluster; Cluster 7 was anACTA1+ cluster; and Cluster 9 was undetermined owing to the lack of
expression of a known marker gene
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GPX3, JUN, ENSGALG00000041031, APOA1, S100A10,
MMP2, SERPINF1, andKLF6 (Table S5).

Verification of marker gene expression in breast muscles
with RNA in situ hybridization
The biomarker genes for intramuscular adipocytes were
given focus in the current study. On the basis of the
aforementioned scRNA-seq results, two up-regulated
genes in the intramuscular adipocyte cluster—APOA1
andCOL1A1—were selected and verified by RNA in situ
hybridization in breast muscles. The known adipocyte
marker geneADIPOQ [9] was tested as positive control.
As shown in Fig.6, APOA1, COL1A1, andADIPOQ are
co-expressed in the breast muscle. The patterns of ex-
pression ofAPOA1 and COL1A1 in the breast muscle
were similar to that ofADIPOQ at two different develop-
mental stages.

Discussion
Skeletal muscles comprise the largest proportion of meat
produced by animals. The general development of skel-
etal muscles can be divided into two phases— hyperpla-
sia and hypertrophy. In this study, two phases of muscle
development were examined and characterized by high-
throughput scRNA-seq. The dataset of the reported
single-cell transcriptomes is thus far the first to describe
heterogeneity in chicken breast muscle cells in two
developmental stages, although a large number of
studies have indicated heterogeneity in tumors or
stem cells [19–22].

Based on deep sequencing and analysis of single-cell
transcriptomes of breast muscle tissues in two develop-
mental stages, the heterogeneous cell population in the
breast muscle was identified by the known cell marker
genes and/or functional genes of different cell popula-
tions. Five clusters (0, 1, 3, 5, and 6) at D5 and one

Fig. 2 Individual gene t-SNE and violin plots showing the expression levels and distribution of representative marker genes at D5. Fig.a presents the
details of the eight functional genes of muscle cells (NRXN1, Myf5, COTL1, RASD1, TUBB, FGFR4, MYOD1, MYOG) and Fig.b presents the six functional
genes of adipocytes (GPX3, APOA1, COL1A1, COL6A3, ENSGALG00000041031, ADIPOQ). The figures on the left are the heatmap of genes, where the
expression of the genes in all cells can be visualized, and the expression level gradually increases from gray to purple. The figures on the right are the
violin plots for a given gene. The abscissa represents the cell clusters, and the ordinate represents the normalized read count in log scale for the genes
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cluster (3) at D100 were identified as myoblasts, based
on the up-regulated genes—Myf5, MYOG, or MYOD1.
Myf5 was an early differentiation-specific gene expres-
sion of myoblasts;MYOD1 and MYOG were expressed
during myoblast differentiation; and MYOG was
expressed during late-stage myoblast differentiation [3,
23]. Pax3-induced myogenic progenitor cells express not

only the transcription factorsPax3 and Myf5 but also
the cell surface markersCD29, CD44, Calpain-2, and
CXCR4 [24]. Cluster 5 in the sample at D100 up regu-
lated CD29, CD44, and CXCR4 and was identified as a
myogenic satellite population.ACTA1 was expressed in
the early differentiation stage of myogenic satellite cells
[18] and could be detected in chicken breast muscle in

Fig. 3 The t-SNE clustered results of the cells at D100. Cluster 0 was defined as an erythrocyte cluster; Cluster 2 was an endothelial cell cluster;
Cluster 3 was a myoblast cluster expressingMyf5; Cluster 4 was identified as an adipocyte cluster; Cluster 5 consisted of satellite cells; Cluster 1
was theACTA1+ cluster; and cluster 6 was undetermined owing to the lack of expression of a known marker gene

Fig. 4 Individual gene t-SNE and violin plots showing the expression levels and distribution of representative marker genes at D100. Fig.a shows
the details of five functional genes of muscle cells (NRXN1, DMD, Myf5, RASD1, FGFR4). Fig.b shows five genes of adipocytes (GPX3, APOA1,
COL1A1, COL6A3, ENSGALG00000041031). The figures on the left are the gene heatmap, and the gene expression in all cells can be visualized. The
expression level gradually increases from gray to purple. The figures on the right are the violin plot for the genes. The abscissa represents the cell
clusters, and the ordinate represents the gene expression level
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differentially expressed genes of adipocyte population between the two
developmental stages.Table S6.KEGG enrichment pathways and related
genes in Cluster 2 at D5.Table S7.KEGG enrichment pathways and
related genes in Cluster 4 at D100.
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