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Depot-specific fat deposition influences carcass yield and meat quality in ducks. To explore regulatory mecha-
nisms, we profiled adipogenic progenitor cells (APCs) from pectoral muscle (PM), subcutaneous (SAT), and
visceral adipose tissue (VAT) using single-cell RNA sequencing. Nine major cell types were identified, with APCs
being most abundant in VAT and least abundant in PM, consistent with histological findings. Transcriptomic
comparisons revealed depot-specific microenvironments: PM was enriched with myogenic-related pathways, SAT
with immune and inflammatory responses, and VAT with pro-adipogenic signaling. Next, APCs were regrouped
into 5 subclusters. Cluster 0 (PI16"8" PDGFRB"8") enriched in SAT/VAT showed activated signaling of BMP and
glycolysis, indicating strong adipogenic potential. Cluster 1 (PDGFRA™S" F31i8%) enriched in PM was associated
with Wnt signaling, which maintains APCs in a progenitor state. Cell cycle, RNA velocity, and pseudotime an-
alyses indicated that APCs of SAT/VAT were more advanced in differentiation, while APCs of PM retained
stronger proliferative capacity. Cell-cell communication analysis further revealed more active paracrine regu-
lation within SAT/VAT, while APCs from PM showed limited signaling interactions. Key depot-specific regulators
were identified, including NEGRI (PM), CD36 (SAT), and RSPO2 (VAT), which may contribute to regulations of
the adipogenic process. This study provides the first single-cell atlas of duck APCs across depots, revealing
molecular heterogeneity, lineage dynamics, and niche-specific regulation. These findings advance understanding
of depot-specific adipogenesis and offer targets to enhance IMF while limiting excessive SAT and VAT, thereby
improving both meat quality and production efficiency.
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Introduction quality (Li et al., 2020a; Malgwi et al., 2022). In contrast, excessive

deposition of SAT and VAT reduces feed conversion efficiency, com-

Meat ducks are characterized by a short feeding cycle, rapid growth
rate, high meat yield, and superior meat quality, holding significant
importance in the poultry industry (Yang et al., 2022). In recent decades,
the intensive selection for enhanced meat yield and growth rates has
substantially improved production efficiency. However, this has also led
to excessive deposition of subcutaneous (SAT) and visceral (VAT) adi-
pose tissue, accompanied by reduced deposition of fat in the pectoral
muscle (PM). Increasing the content of intramuscular fat is known to
improve the tenderness, juiciness, flavor, and overall sensory attributes
of duck meat, and is therefore considered a critical indicator of meat

promises carcass quality, and leads to feed waste, ultimately hindering
the sustainable development of the duck industry (Cui et al., 2022; Li
et al., 2020b; Zhang et al., 2018). Consequently, precise regulation of
depot-specific fat deposition has become a central objective in the ge-
netic improvement of meat ducks.

Adipogenic progenitor cells (APCs), with the potential to differen-
tiate into mature adipocytes (Suchanecka et al., 2025), play a funda-
mental role in the development, expansion, and regeneration of fat
tissues (Berry et al., 2014). The total amount and deposition rate of
adipose tissue in specific depots are largely determined by the number,
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self-renewal capacity, and differentiation potential of APCs. During
embryonic development, APCs from different adipose depots originate
from distinct mesenchymal stem cells (Chau et al., 2014; Sebo and
Rodeheffer, 2019). Moreover, depot-specific microenvironments
contribute to differences in their adipogenic potential and differentia-
tion efficiency. For instance, APCs within the muscle tissue are exposed
to various myokines such as myonectin (Sun et al., 2023), irisin
(Roca-Rivada et al., 2013), and interleukin —15 (IL-15) (Kang et al.,
2018), which have been shown to have important regulatory functions
on adipogenesis. As a result, substantial variations exist in the adipo-
genic capacity and fat deposition rates among different depots.

Current research on fat deposition focuses on individual adipose
depots, with limited insights into the comparative regulatory mecha-
nisms underlying depot-specific fat deposition. To address this gap, this
study utilized the high-resolution techniques of single-cell RNA
sequencing (scRNA-seq) to systematically analyze the cellular land-
scapes of APCs and their differential regulatory mechanisms of adipo-
genesis within depots of the SAT, VAT, and PM of a most widely farmed
breed in China, the Cherry Valley ducks. We successfully identified key
regulatory genes and signaling pathways that might contribute to the
differential adipogenic potentials of APCs from the above three depots.
This work provides novel mechanistic insights and potential molecular
targets for improving meat quality and enhancing the economic effi-
ciency of meat duck production.

Materials and methods
Ethics Statement

All experimental procedures were approved by the China Council on
Animal Care and Ministry of Science and Technology of the People's
Republic of China. All experimental ducks were managed and handled
according to the guidelines established and approved by the Animal
Care and Use Committee of the Yangzhou University (No. SYDW-
2019015).

Animals and experimen design

The ducks used in this study were purchased from Shuyang Zhongke
Seed Poultry Co., Ltd. (Jiangsu, China). One-day-old male Cherry Valley
ducks with similar body weights were selected and raised under stan-
dardized husbandry conditions, with ad libitum access to feed and water
throughout the experimental period. On day 8, the ducks were slaugh-
tered, and samples of pectoral muscle, subcutaneous fat tissue, and
visceral fat tissue were promptly collected, with three biological repli-
cates for each tissue type. One portion of each sample was fixed in 4%
paraformaldehyde for hematoxylin and eosin (H&E) staining. The
remaining two portions were used for preparing single-cell suspensions
and for RNA extraction followed by quantitative real-time PCR (RT-
qPCR) to validate the expression levels of target genes.

Cell suspension preparation

Subcutaneous fat tissue, visceral fat tissue, and pectoral muscle
specimens were sequentially washed with cold PBS (Procell, PB180327,
Wuhan, China) and mechanically dissected into 2-4 mm?® fragments.
Tissue dissociation was performed using the Multi-Tissue Dissociation
Kit 2 (Miltenyi Biotec, 130-110-203, Bergisch Gladbach, Germany) ac-
cording to the manufacturer’s instructions. The resulting cell suspen-
sions were filtered through a 70 pm cell strainer, followed by
centrifugation to obtain the cell sediment. Erythrocytes were lysed by
resuspending the precipitate in Red Blood Cell Lysis Buffer (Solarbio,
R1011 China). After lysis, the cells were washed, centrifuged, and
resuspended. Cell number and viability were assessed using the Count-
star® Rigel S2 Fluorescence Cell Analyzer in combination with AO/PI
staining reagents (Countstar, RE010212, China). Cells with viability
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greater than 90% were washed, resuspended, and adjusted to a final
concentration of 700-1200 cells/pL for subsequent single-cell library
preparation using the 10x Genomics platform.

Single cell library construction and sequencing

Single-cell libraries were constructed using the Chromium Single Cell
3’ Reagent Kits v3 (10x Genomics) following the manufacturer’s in-
structions. Briefly, cell suspensions were loaded onto 10x Chromium
controllers for cell lysis, barcode reverse transcription, cDNA amplifi-
cation, shearing and adapter/index ligation. The PCR product was
evaluated using the High Sensitivity DNA assays (PerkinElmer), which
showed a fragment size of approximately 1200-1500 bp, indicating that
high quality cDNA was synthesised. Final libraries were normalized to
10 nM and sequenced on a NovaSeq 6000 (Illumina).

Data quality control

FastQC was used to assess the quality of raw sequencing data
generated by the Illumina platform in FASTQ format. To ensure high-
quality data for downstream analyses, raw reads were pre-processed
using Trimmomatic, which included trimming low-quality bases with
a 4-base sliding window when the average quality dropped below 10,
removing low-quality trailing bases, and eliminating adapter sequences
through both alignment-based and overlap-based methods. Addition-
ally, reads shorter than 26 bases and those lacking paired-end counter-
parts were discarded. The resulting high-quality reads, referred to as
clean reads, were then re-evaluated using FastQC to confirm their
quality before subsequent analyses.

Primary analysis of raw read data

Raw reads were demultiplexed and aligned to the reference genome
of anas platyrhynchos (NCBI_ZJU1.0) using the 10x Genomics Cell
Ranger pipeline with default parameters. Unique molecular identifiers
(UMlIs) were counted per gene and per cell barcode to generate digital
expression matrices. The cellranger count function handled alignment,
barcode and UMI counting, and generated feature-barcode matrices;
data from multiple GEM wells were combined and normalized using
cellranger aggr (v7.2.0). Secondary quality control was performed in the
R package of Seurat (v5.2.0) (Hao et al., 2024), retaining genes
expressed in at least three cells and cells expressing at least 500 genes,
while removing potential doublets or contaminant cells. Further
downstream analyses, including dimensionality reduction, clustering,
and visualization, were conducted following the standard protocol of
Seurat based on the filtered expression matrix.

Dimensionality reduction, clustering, and cell type annotation

To reduce dimensionality, highly variable genes were first identified,
and principal component analysis (PCA) was performed to capture the
major sources of variation. The top principal components were selected
based on ElbowPlot and JackStraw methods. For nonlinear dimension-
ality reduction and visualization, Uniform Manifold Approximation and
Projection (UMAP) or t-distributed Stochastic Neighbor Embedding (t-
SNE) was applied. Cell clustering was then performed using the graph-
based Louvain algorithm implemented in Seurat, which constructs a
K-nearest neighbor graph based on the PCA-reduced data. Each cluster
was annotated based on the expression of canonical marker genes.
Differentially expressed genes (DEGs) for each cluster were identified
using the FindAllMarkers function of Seurat, providing further insight
into cluster identity and functional heterogeneity.

Pseudotime trajectory analysis

Trajectory analysis was conducted using Monocle 3 (Trapnell et al.,
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2014), and cell differentiation trajectory was calculated using the learn
graph function. The starting point of differentiation was assigned based
on the expression of cell proliferation-related genes and built-in cell
cycle-related marker genes.

Cell cycle analysis

Cell cycle status of single cells was determined using the Seurat
package (v5.2.0). Canonical cell cycle marker genes associated with the
S and G2/M phases were used to score each cell through the CellCy-
cleScoring function, which assigns cells into G1, S, or G2/M phase ac-
cording to their expression profiles.

RNA velocity analysis

According to the previous study (La Manno et al., 2018), we use
velocyto to estimate the RNA velocity of each cell. The spliced and
unspliced reads were calculated with BAM files generated by 10X Ge-
nomics Cell Ranger. The resulting RNA velocity vectors were projected
onto the Seurat-derived UMAP to visualize lineage progression and infer
cell state transitions.

Functional enrichment analysis

The R package of clusterProfiler (version 4.2.2) (Wu et al., 2021) was
used to conduct KEGG (Kyoto Encyclopedia of Genes and Genomes)
(Kanehisa and Goto, 2000) enrichment analysis of the DEGs and gene set
enrichment analysis (GSEA).

Cell - cell communication analysis

To investigate the potential cell-cell communication networks
among different cell types, cell-cell communication analysis was per-
formed using the CellChat R package (v2.0.0) (Jin et al., 2025) based on
the scRNA-seq data. The input data included the quality-controlled gene
expression matrix and corresponding cell type annotations. CellChat
leverages ligand-receptor interaction database to identify significantly
expressed ligand-receptor pairs across cell clusters and employs a
probabilistic model to quantitatively infer the communication strength
between interacting cell types. Subsequently, pathway enrichment
analysis was conducted to identify dominant signaling pathways, and a
cell-cell communication network was constructed to pinpoint key signal
senders, receivers, and core pathways.

RNA extraction and real-time quantitative PCR

Total RNA was extracted from cell samples using the Total RNA
Extraction Kit (Solarbio, Beijing, China) following the manufacturer's
instructions. RNA quality was detected by an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA), with OD260/280 and
0D260/230 ratios of approximately 1.9 and 2.1, respectively. RNA
integrity was further verified by 1.0% agarose gel electrophoresis. RNA
was reverse transcribed into cDNA according to the instructions of
HiScript IV All-in-One Ultra RT SuperMix (Vazyme, Nanjing, China). RT-
gqPCR was performed using Taq Pro Universal SYBR qPCR Master Mix
(Vazyme, Nanjing, China), with GAPDH serving as the internal control
gene. Primer information is listed in Supplementary Table 1. The
expression levels of all genes were measured using the 222" method
(Livak and Schmittgen, 2001).

Statistical analysis

For single-cell transcriptomic sequencing, the analysis of differential
gene expression was performed based on the non-parametric Wilcoxon
rank sum test of the R package Seurat (v5.2.0). For RT-qPCR, a one-way
ANOVA followed by Bonferroni correction was conducted. These data
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are processed by SPSS 26.0 (IBM, USA) and GraphPad Prism software
(version 8), and expressed by means+SD. Statistical differences were
indicated as *p < 0.05 and **p < 0.01.

Results

The construction of single-cell transcriptomic atlas of adipogenic progenitor
cells from distinct adipose tissue depots of cherry valley ducks

To systematically investigate the regulatory mechanisms of fat
deposition variations in distinct depots of meat ducks, this study focused
on elucidating their differences in cellular characteristics of APCs, which
determine their adipogenic potentials. Tissues and cells were collected
from the PM, and the SAT and VAT adipose tissues of the 8-days-old
Cherry Valley ducks (Fig. 1a). Histological examination revealed that
the density of adipocytes in the VAT was markedly higher than that in
the SAT, while no visible adipocytes were detected in the PM (Fig. 1b).
The adipocytes in SAT were much larger than those in VAT.

After quality control, a total of 38,456 cells were retained for clus-
tering analysis. Utilizing the high-resolution techniques of scRNA-seq,
nine distinct cell clusters were identified from all three depots
(Fig. 1¢). These clusters were annotated based on expression profiles of
canonical marker genes: Adipose progenitor cells (APCs): PDGFRA,
MMP2; Erythrocytes (Ery): RHAG, SPTB; Myogenic cells (Myo): MYF5,
MYL1; Macrophages (Mac): CSFIR, C1QB; Endothelial cells (Endo):
PECAM1, CDH5; Neuronal cells (Neu): SNCA, FOXD3; T cells (T): CD3E,
SCD247; Smooth muscle cells (SMCs): ACTA2, TAGLN; Hematopoietic
stem cells (HSCs): KIT, HDC (Fig. 1d). Comparative analysis of cluster
proportions revealed that the cluster of APCs constituted a major cell
population in all three depots, with the highest abundance observed in
the VAT. In contrast, the population of Mac was more enriched in the
SAT and VAT compared to the PM (Fig. 1le). In summary, our histolog-
ical analysis showed clear differences in adipocyte depositions in three
depots, and our scRNA-seq analysis successfully identified the popula-
tion of APCs in all depots, laying the groundwork for further molecular
investigations.

Depot-specific microenvironment might contribute to variations in the
adipogenic properties of adipose progenitor cells

Transcriptomes of all cells in the PM, SAT, and VAT were compared
to show their differences in endogenous microenvironment caused by
the depots of deposition (Fig. 2). The results showed that the number of
genes that were positively regulated (Fig. 2a) in the PM (3275 genes)
was much larger than those of the SAT (251 genes) and VAT (455 genes),
while the number of genes that were negatively regulated (Fig. 2b)
between depots was comparable (1513, 1637, and 1512 genes, respec-
tively). The heatmap of differential expressed genes showed clear
distinction between three depots, showing large differences in their
transcriptomes (Fig. 2c¢).

The top 300 genes of the positively expressed markers in each depot
were used for pathway analysis (Fig. 2d-f). As shown in Fig. 2d, the
enriched terms of GO biological processes in the PM group were mostly
correlated with muscle development regulation, including terms of

0 . 2

“muscle system process”, “neuromuscular process”, “regulation of ATP-
dependent activity”, “calcium ion transmembrane transport”, “ERBB2
signaling pathway”. In contrast, the GO terms enriched in the SAT group
were mostly involved in the immune function and inflammation, such as
terms of “erythrocyte differentiation”, “T cell co-stimulation”,
“lymphocyte co-stimulation” (Fig. 2e). The appearance of these
enriched pathways might be correlated with the largest adipocyte size
identified in the SAT group as shown in Fig. 1b. Notably, the pathways
related to active adipogenesis were found in the VAT group including
“transforming growth factor beta receptor superfamily signaling

pathway”, “response to BMP”, “positive regulation of angiogenesis”,
“positive regulation of MAP kinase activity”, and “lipid import into cell”
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Fig. 1. The single-cell transcriptomic analysis reveals the heterogeneity of cell populations in different adipose depots. (a) Schematic overview of the
experimental workflow for investigating regulatory mechanisms of depot-specific fat depositions. (b) Representative H&E staining images of the pectoral muscle
(PM), subcutaneous adipose tissue (SAT), and visceral adipose tissue (VAT). (c) UMAP visualization of major cell clusters identified across different adipose depots,
including adipogenic progenitor cells (APCs), erythrocytes (Ery), myocytes (Myo), macrophages (Mac), endothelial cells (Endo), neurons (Neu), T cells (T), smooth
muscle cells (SMCs), and hematopoietic stem cells (HSCs). (d) Cell-specific markers are shown by violin plot. (e) Proportional distribution of identified cell clusters

within each adipose depot.
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(Fig. 2f). Therefore, the transcriptomes of each adipose depot showed
clear distinctions, which constitute distinct microenvironments for the
adipogenic regulations of the APCs. In addition, we randomly selected
five genes from three depots-specific genes and measured their expres-
sion using RT-qPCR (Fig. 2h). The results were consistent with the
single-cell results, further demonstrating the reliability of single-cell
data.

Functional differences of the APCs from different adipose depots

To further explore the potential molecular mechanisms underlying
depot-specific fat deposition, we focused on APCs cluster derived from
the PM, SAT and VAT (Fig. 3a). Comparison of depot-specific gene
expression in APCs revealed that APCs from different adipose depots
exhibit distinct functional characteristics (Fig. 3b-d). Specifically, genes
such as BDNF, NEGR1, DLK1, and ALDHIA2 were highly expressed in
APCs of the PM (Fig. 3b); CD36, FGF16, BMP5, and CCN3 were pre-
dominantly expressed in APCs of the SAT (Fig. 3c); while HMGAI,
RSPO2, GATA6 and RUNX1 were significantly upregulated in APCs of
the VAT (Fig. 3d).

To investigate the biological functions associated with these depot-
specific enriched genes, we performed functional enrichment analysis
for APCs from each adipose depot (Fig. 3e-g). The results showed that
PM-derived APCs have both characteristics of “stem cell development”
and “fat cell differentiation”. Additionally, their adipogenic potential
can be affected by various factors including oxidative stress, mechanical
stimuli, carbohydrates, glucocorticoids, calcium ions, and nitric oxide,
as well as signals from the WNT and ERK pathways (Fig. 3e). The APCs
in the SAT showed strong potentials for fibrotic differentiation as GO
terms of “extracellular matrix orgamzatlon” “cell-substrate adhesion”,
“collagen metabolic process”, “cell adhesion mediated by integrin”,
“smooth muscle cell migration”, “integrin-mediated signaling pathway”,
and “response to transforming growth factor beta” were enriched
(Fig. 3f). In addition, the APCs in the SAT also response to the regulation
of retinoic acid and insulin-like growth factor receptor signaling. Simi-
larly, the APCs in the VAT also enriched multiples term related to the
fibrotic differentiation of APCs, such as terms of “connective tissue
development”, “cell-matrix adhesion”, “fibroblast proliferation”, and
“transformation growth factor receptor superfamily signaling pathway”
(Fig. 3g). In addition, the enrichment of “long-chain fatty acid transport™
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and “BMP signaling pathway” showed enhanced adipogenic differenti-
ation potentials of APCs in the VAT. In summary, the APCs in distinct
depots of the Cherry Valley ducks showed great differences in their
cellular characteristics, signaling transductions and impacts of endoge-
nous factors. The complexity of their transcriptomes, including the
presence of fibrotic characteristics, reflects the potential heterogeneity
among APCs, warranting further investigation.

In addition, we randomly selected five genes from each adipose
depot-specifically expressed region for RT-qPCR validation (Fig. 3f). The
results were consistent with the single-cell sequencing data, further
demonstrating the reliability of the sequencing results.

The subtypes of adipose progenitor cells in distinct depots and their
transcriptomic characteristics

To further investigate the molecular regulatory mechanisms of APCs
in different adipose depots, we performed subclustering analysis on the
APCs. Based on the expression of known marker genes, five subclusters
were identified (Fig. 4a-c): Cluster O (PIl6high PDGFRBMigh APCs),
Cluster 1 (PDGFRA"E" F3M8" APCs), Cluster 2 (PDGFRA®™ F3'°"APCs),
Cluster 3 (PDGFRAM8" CDOM8N APCs), and Cluster 4 (FMOD™" APCs).
In terms of cellular composition, cells from Clusters 0 and 1 together
accounted for over 80% of all APCs (Fig. 4d). Notably, the proportion of
Cluster 0 was significantly lower in the PM compared to that in the SAT
and VAT, whereas Cluster 1 was more abundant in the PM than in the
other two depots (Fig. 4d).

To further elucidate the different properties of cells from Cluster
0 and Cluster 1, the transcriptomes of Culster 1 was compared with that
of the Cluster 0 (Fig. 4e-h). Functional enrichment analysis revealed that
the BMP signaling pathway was enriched in Cluster 0, while the ca-
nonical Wnt signaling pathway was enriched in Cluster 1 (Fig. 4e-f). This
finding suggests that the differing adipogenic properties of the APCs in
the PM and SAT and VAT may be influenced by these two important
signaling pathways. The GSEA demonstrated that pathways relate to
glycolysis, such as “glucose catabolic process to pyruvate”and “glyco-
lytic process through glucose-6-phosphate”were enhanced in cells of the
Cluster 0 compared to those of Cluster 1 (Fig. 4g), implying notable
differences in energy metabolism between the two clusters. Moreover,
genes of RSPO2, AHRR, THY1, WNT2, ITGB3, CHRDL1, PRRX1, ZNF469,
and PAMRI1 are among the top up-regulated genes in Cluster 0, while
genes of CHRM2, FREM1, DIO3, ALDH1A2, ACVRIC, BDNF, NEGRI,
GFRA2, and NID1 were mostly expressed in Cluster 1(Fig. h). These
genes might serve as key regulatory factors for the differential adipo-
genic properties of APCs in the three adipose depots.

The cellular characteristics and developmental relationships between
subtypes of APCs

To better understand the cellular characteristics of the different
subtypes of the APCs, we performed a cell cycle analysis using the R
package Seurat. The results indicated that Cluster 0 had the lowest ratio
of cells in the G2M phase, suggesting a reduced capacity for proliferation
(Fig. 5a-b). Consistently, we observed a significantly higher number of
cells in the G1 and S phases in the SAT and VAT compared to the PM
(Fig. 5¢-d). This suggests that the cells in the SAT and VAT have likely
lost their stem cell properties and are more prone to differentiation
rather than proliferation.

To further investigate the developmental relationships and dynamic
transitions between subtypes of the APCs, RNA velocity and pseudotime
trajectory analysis were performed (Fig. 5Se-f). The arrows in the
streamline of RNA velocity analysis (Fig. 5e) indicate the directions of
cellular state transition between the subpopulations of the APCs. The
Results showed that the chances of cells transiting between Cluster 0 and
Cluster 1 were low in the PM and VAT, while there is a small portion of
cells in Cluster O of the SAT tend to develop into cells of the Cluster 1. In
addition, the pseudo-trajectory analysis showed that cells of the Cluster
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0, 1, and 2 had the same developmental origins in the PM, but no
developmental relationships were found for cells of different clusters in
the SAT and VAT (Fig. 5f). However, noticeably, cells of Cluster 0 were
developmentally more advanced than cells of Cluster 1 (Fig. 5g). In
summary, the cell cycling and developmental relationship analysis
found that the APCs in the SAT and VAT showed more tendency to
differentiation and more advanced in development than the APCs in the
PM, which might explain their differences in adipogenic potentials.

Cell-cell communications in the local microenvironment exhibit differential
regulatory functions on the APCs

The adipogenic properties of APCs can be significantly influenced by
the local microenvironment. To investigate this, we analyzed the
intercellular interactions between APCs and other cell types in the PM,
SAT, and VAT using the R package CellChat v2. Our analysis focused on
ligand-receptor interactions to identify distinct signaling patterns and
variations in communication intensity among different cell types. The
results indicated that both the number and strength of cell-cell com-
munications were significantly higher in the SAT and VAT compared to
the PM (Fig. 6a). Consistently, the numbers of signals received and
secreted by the APCs within the PM were considerably lower when
compared to those in the SAT (Fig. 6b) or VAT (Fig. 6¢). In addition, the
number of intercellular interactions (Fig. 6a) and the number of signals
secreted by the APCs (Fig. 6d) within the VAT were much higher than
those within the SAT. The above findings suggest that the APCs in the
SAT and VAT are more strongly regulated by signals secreted from
nearby cells.

The relative information flow/interaction strength of each signaling
pathway was compared to show the altered signaling pathways between
three adipose depots (Fig. 6e). The results showed that the signaling
communications through pathways of SEMA7, CNTN, NEGR, ADGRA,
and SELPLG are the top 5 enriched pathways with the PM, while path-
ways of CYPA, THYE1, HSPG, VTN, and VWF were comparably enriched
within the SAT and VAT. We also analyzed the expression of genes
involved in these altered signaling pathways (Fig. 6f). The gene
expression of PTN, PDGFA, CNTN1, and NEGR1 was significantly higher,
while the expression of SLIT3, GDF15, FLRT2, and VTN was significantly
lower, in the PM compared to those in the SAT and VAT. Interestingly,
NEGR1 was also identified as one of the unique marker genes for the
APCs in the PM. Additionally, we measured the expression of PTN,
PDGFA, CNTN1, NEGR1, SLIT3, GDF15, FLRT2, and VTN in the three
depots using RT-qPCR (Fig. 6g). The results were consistent with the
single-cell analysis findings. Therefore, the signals and corresponding
signaling pathways identified in this study hold great importance for
elucidating the regulatory functions of other types of cells on the APCs.

Discussion

Fat is not only an important form of energy reserve in animal or-
ganisms but also plays a crucial role in maintaining metabolic balance,
regulating endocrine function, and influencing meat quality. However,
different adipose depots have distinct contributions. This study con-
structed single-cell transcriptome profiles of APCs from three adipose
depots (PM, SAT, and VAT) in Cherry Valley ducks. The results revealed
distinct differences in morphology, gene expression, signaling pathway
activation, and intercellular communication among these depots, which
collectively determine their varying adipogenic potential.

The formation and accumulation of adipose tissue are critically
dependent on the presence and activity of APCs. Previous studies have
shown that the proportion, stemness, and differentiation tendency of
APCs in different adipose depots, which may be an important factor
causing different deposition capacities of adipose depots (Nahmgoong
etal., 2022). In this study, nine distinct cell clusters were identified from
PM, SAT, and VAT, among which the cluster of APCs constituted a major
cell populations in all three depots, with the highest abundance
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Fig. 4. The compositional differences of APCs from different depots and their cellular characteristics. (a) UMAP visualization of APCs from different depots.
(b) Distribution of APC suclusters across different adipose depots. (c¢) Expression profiles of key marker genes across the five APCs subclusters. (d) Proportional
distribution of the five APC subclusters. (e) Enriched Gene Ontology (GO) terms of biological process based on top 150 genes up-regulated in Cluster 0 compared to
those in Cluster 1. (f) Enriched GO terms of biological process based on top 150 genes up-regulated in Cluster 1 compared to those in Cluster 0. (g) Enriched terms of
Gene Set Enrichment Analysis (GSEA) based on genes compared of Cluster 1 to Cluster 0. (h) Differentially expressed genes between Cluster 0 and Cluster 1.
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Fig. 6. Cell-cell communication networks between different clusters in different adipose depots. (a) Statistical analysis of the number and strength of
intercellular communication in three depots. (b) The differential numbers of interactions between cell types within the PM compared to SAT. (c) The differential
numbers of interactions between cell types within the PM compared to VAT. (d) The differential numbers of interactions between cell types within the VAT compared
to SAT. (e) Comparative analysis of the relative information flow/interaction strength of each signaling pathway among the three adipose depots. (f) Expression of
(Eifferential genes involved in altered signaling pathways in three adipose depots. (g) Measurement of relevant gene expression by RT-qPCR.

observed in VAT and the least in PM. This trend is consistent with the
changes in the density of adipocyte distribution in histological obser-
vations. This further confirms that there are significant differences in fat
deposition in the three depots, and that APCs play an important role in
fat deposition.

Fat deposition is not only determined by the number of APCs, but
also regulated by the surrounding microenvironment. Macotela et al.
showed that APCs in different mouse fat depots have significant differ-
ences in gene expression, differentiation potential, and response to
environmental or genetic factors (Macotela et al., 2012). In our study,
Transcriptomes of all cells in the three depots revealed depot-specific
microenvironments that shape APCs adipogenic potential. In PM, the
upregulated genes were were mostly correlated with muscle develop-
ment regulation, suggesting that this site may be affected by myogenic
signals, limiting the adipose differentiation potential of local APCs. SAT
was enriched in immune and inflammation-related pathways, such as T
cell/lymphocyte co-stimulation, suggesting an immune-mediated niche
that promotes adipocyte hypertrophy—consistent with histological ob-
servations of larger adipocytes in SAT. VAT, by contrast, showed
enrichment in pathways related to adipogenesis and tissue remodeling,
including BMP response, positive regulation of angiogenesis, and lipid
import into cell, reflecting a microenvironment favorable for adipose
expansion. Collectively, these findings highlight depot-specific micro-
environmental heterogeneity as a key determinant of regional
adipogenesis.

APCs from different adipose depots displayed distinct molecular
regulatory mechanisms. Reclustering identified five APC subpopulations
with clear functional specializations. Cluster 0 (P116"8" PDGFRBM8M),
mainly distributed in SAT and VAT, was enriched in the BMP signaling
pathway, whereas Cluster 1 (PDGFRAM8! F3hi#") predominantly found
in PM, was enriched in the canonical Wnt pathway. BMP signaling has
been well documented to promote adipogenesis (Constant et al., 2025),
with BMP2/4 activating SMAD and p38 cascades and inducing PPARy
expression to drive preadipocyte differentiation (Blazquez-Medela et al.,
2019; Schreiber et al., 2017). In contrast, The canonical Wnt pathway
suppresses PPARy and C/EBPua expression, thereby blocking terminal
differentiation and maintaining progenitors in an undifferentiated state
(Li et al., 2023; Xu et al., 2024; Yang Loureiro et al., 2023). Consistent
with these pathway activities, GSEA revealed that glycolysis-related
pathways were more highly enriched in Cluster 0, indicating a meta-
bolically active, differentiation-prone state, whereas Cluster 1 exhibited
features of an undifferentiated progenitor phenotype with conserved
energy metabolism.

Depot-specific gene expression further reinforced the functional
differences among adipose tissues. In SAT, enrichment of pro-adipogenic
factors such as CD36 and BMP5 suggested stronger differentiation ac-
tivity. CD36, a key protein involved in fatty acid uptake, is closely
associated with adipocyte maturation (Ashaq et al., 2024; Hu et al.,
2024; Li et al., 2022). In VAT, genes such as RUNX1 and RSPO2 were
highly expressed; notably, RSPO2 has been shown to induce adipose
tissue hypertrophy and insulin resistance in mice(Dong et al., 2022). In
contrast, PM was characterized by high expression of NEGR1, DLK1, and
EGFL6, all of which are known inhibitors of adipogenesis or maintain
progenitors in an undifferentiated state. DLK1 is a well-established
negative regulator of adipocyte differentiation (Smas and Sul, 1993;
Sul, 2009; Zhang et al., 2019), while NEGR1, originally studied in the
nervous system, has recently been implicated in metabolic regulation.
Mouse models have demonstrated that loss of NEGR1 leads to increased
white adipose tissue and insulin resistance, indicating its role in
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suppressing fat accumulation and promoting energy metabolism
(Boender et al., 2014). Similarly, NEGR1 deficiency was shown to cause
ectopic fat deposition (Joo et al., 2019), particularly in adipose and liver
tissues, consistent with the restricted adipogenic potential observed in
PM. Collectively, these findings highlight the molecular heterogeneity
underlying depot-specific adipogenesis.

Cell cycle and RNA velocity and pseudotime trajectory analyses
provided dynamic insights into depot-specific differences. APCs in PM
were more inclined to maintain stemness and proliferation, whereas
those in SAT and VAT predominantly occupied differentiation-related
states, suggesting a higher propensity for adipogenesis. This is consis-
tent with previous reports showing that adipose progenitors display
distinct proliferative and differentiation capacities depending on their
microenvironment (Hepler et al., 2018). RNA velocity and pseudotime
trajectory analysis further revealed that PM clusters (0, 1, and 2) shared
a common origin with relatively stable lineage relationships, while
trajectories in SAT and VAT were more dispersed, likely influenced by
local Wnt, BMP, and inflammatory signals (Cristancho and Lazar, 2011;
Gesta et al., 2007)[39, 40]. Together, these findings suggest that PM
APCs favor self-renewal, whereas SAT and VAT APCs undergo more
rapid differentiation, thereby contributing to depot-specific fat
deposition-supporting recent perspectives on the heterogeneity of adi-
pose progenitors (Rivera-Gonzalez et al., 2025) .

Cell-cell communication within the microenvironment plays a key
role in shaping APC behavior. The recently proposed "Adipocyte Pre-
cursor Niche" model points out that endothelial cells, immune cells,
smooth muscle cells and fibroblasts can jointly affect the proliferation
and directional differentiation of APCs (Kesharwani and Brown, 2024;
Altun et al., 2022). Consistently, Pyrina et al. reported that immune cells
and endothelial cells significantly affect the fate of APCs through
microenvironmental regulation (Pyrina et al., 2020), while APCs
themselves can modulate their maintenance and differentiation through
PPARy-mediated VEGF signaling with endothelial cells (Jiang et al.,
2017). This study revealed that APCs in the VAT and SAT exhibited a
greater number and stronger interactions with other cell types compared
to those in the PM, with the VAT showing the most pronounced effect.
These findings suggest that APCs in the SAT and VAT are more strongly
regulated by paracrine signals from neighboring cells, thereby influ-
encing their proliferative and adipogenic potential. Distinct signaling
landscapes were observed across depots, with PM enriched in SEMA?7,
CNTN, NEGR, ADGRA, and SELPLG pathways, while SAT and VAT
favored CYPA, THY1, HSPG, VTN, and VWF pathways. These divergent
patterns underscore unique microenvironmental cues shaping APC fate.
Gene expression analysis further revealed elevated PTN, PDGFA,
CNTN1, and NEGR1 in the PM, contrasting with higher SLIT3, GDF15,
FLRT2, and VTN in SAT/VAT. Notably, NEGR1 was identified as a
PM-specific APC marker, suggesting a role in restraining adipogenesis.
Together, these findings highlight depot-dependent signaling programs
governing APC regulation.

Conclusion

In summary, this study presents the single-cell transcriptomic atlas of
APCs from PM, SAT, and VAT adipose depots in Cherry Valley ducks,
uncovering striking depot-specific heterogeneity in cell composition,
differentiation potential, and intercellular communication. We identi-
fied key regulatory genes and signaling pathways, such as NEGRI in
intramuscular APCs, CD36 in subcutaneous APCs, and RSPO2 in visceral
APCs—that govern regional adipogenesis through distinct Wnt- and
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BMP-mediated programs. These findings provide novel mechanistic in-
sights into depot-specific fat deposition and highlight potential molec-
ular targets for precisely enhancing intramuscular fat while reducing
excessive subcutaneous and visceral fat, thereby offering new strategies
to improve both meat quality and production efficiency in ducks.
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