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Multi-omics reveals key cell types and gene families
regulating eggshell strength in chicken uteri

Xiao-Ke Zhang', Ji-Lan Chen'”, Yan-Yan Sun’, Qin Li', Peng-Yun Ma', Hong-Feng Du', Han-Han Yang', Xin-Yi Li",

Xin-Ying Xu', Hui Ma', Jing-Wei Yuan', Yun-Lei Li""

' State Key Laboratory of Animal Biotech Breeding, Institute of Animal Science, Chinese Academy of Agricultural Sciences, Beijing

100193, China

ABSTRACT

Eggs represent an accessible and nutrient-dense source of
high-quality animal protein, and decades of selective
breeding have markedly elevated reproductive output in
commercial laying hens. However, sustaining elevated
productivity while improving eggshell integrity presents a
critical challenge, as the molecular mechanisms of
eggshell strength remain unclear. In this study, phenotypic
assessment of eggshell strength was combined with
single-cell transcriptomic profiling of the uterus from high-
and low-strength groups, transcriptomic analysis of
multiple tissues, and quantitative proteomic analysis of
uterine fluid. Serum calcium and phosphorus levels did not
differ significantly between groups. A single-cell atlas of
the Rhode Island Red uterus was successfully generated
for the first time, identifying nine distinct cell populations
encompassing smooth muscle, epithelial, endothelial, and
immune subsets. Integration of transcriptomic and

proteomic datasets revealed that genes encoding
collagens (COL4A1/2, COL1A1/2, COL5A1, and
COL6A1/2/3), solute carriers (SLC4A4/7, SLC6A4,

SLCY9A2/9, and SLC38A2), ATPases (ATP1A1, ATP1B1,
ATP2B1/2, ATP2A2/3, and ATP2C1), calcium voltage-
gated channels (CACNB2, CACNA1C, and CACNA2D1),
annexins (ANXA5 and ANXAG6), and integrins (/ITGB1 and
ITGA9) were key molecular determinants associated with
variation in eggshell strength. These genes were primarily
enriched in signaling cascades involved in focal adhesion,
actin cytoskeleton regulation, extracellular matrix (ECM)-
receptor interactions, and calcium signaling. Notably,
collagen family genes were predominantly localized to
smooth muscle cells, consistent with the tissue remodeling
and uterine inversion that occur during shell calcification,
which may enhance spatial proximity between calcium ions
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and matrix proteins. These findings establish a multi-omics
framework for understanding the uterine regulatory
mechanisms underlying eggshell formation and offer a
molecular foundation for breeding strategies aimed at
prolonging laying cycles while preserving shell quality.
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INTRODUCTION

Eggs offer a cost-effective, nutrient-dense source of high-
quality animal protein. Sustained genetic selection over the
past five decades has markedly improved egg production and
reproductive efficiency in laying hens. Current breeding
programs target prolonged production cycles of up to 100
weeks, with a cumulative output of 500 eggs per hen (Bain
etal.,, 2016). Achieving this benchmark requires not only
enhanced productivity but also consistent preservation of egg
quality throughout the extended laying period. Egg breakage
rates exceeding 5% have been observed during late-stage
production in Rhode Island Reds—a Shaver pure line
introduced from the University of Guelph in 2018—consistent
with prior findings (Liu etal., 2018; Silversides et al., 2007).
These challenges underscore the need to improve eggshell
quality and integrity while maintaining high productivity.

The eggshell serves as a critical barrier that protects
internal contents from microbial contamination, regulates
water and gas exchange during embryogenesis, and provides
calcium required for embryonic skeletal development.
Typically, the shell comprises 10%—11% of the total egg
weight (Ar et al., 1979), with a composition of approximately
1.6% water, 95% calcium carbonate in the form of calcite, and
3.3%-3.5% organic substances such as fibrin, collagen,
proteoglycans, and glycoproteins (Roland, 1982). Shell
formation occurs within the uterus (shell gland), which
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represents the longest stage of the egg formation process,
lasting approximately 19 h (Gautron etal, 2021). The
biomineralization process is governed by precise temporal and
spatial regulation, encompassing three distinct stages: initial
nucleation and rapid calcium carbonate deposition (5 h), linear
deposition (12 h), and termination of calcification (2 h). The
protein composition of the uterine fluid changes dynamically
throughout these stages (Gautron etal., 1997), and matrix
proteins in the fluid exhibit high calcium-binding affinity,
playing a pivotal regulatory role in crystal growth and guiding
formation of the palisade layer (Hincke et al., 2000; Soledad
Fernandez etal.,, 2001). This highly organized columnar
crystal layer provides the structural rigidity required to resist
external mechanical stress and prevent shell fracture. Uterine
fluid secretion peaks between 18 h and 19 h post-ovulation
(Shapiro et al., 2013). Prior to eggshell formation, the uterus
lacks calcium reserves (Nys et al., 1999), relying entirely on a
continuous supply from blood plasma during calcification
(Gautron et al., 1997).

The eggshell strength trait exhibits moderate to high
heritability, indicating substantial genetic influence on shell
quality (Chen etal., 2024; Sun etal.,, 2015). Genome-wide
association studies have identified several candidate loci
linked to this trait (Chen et al., 2024), including ovocalyxin-32
on chromosome 9, reported through F, linkage mapping
(Takahashi et al., 2009, 2010). Transcriptomic comparisons
between hens with low and normal shell strength identified
differential gene expression enriched in focal adhesion,
calcium ion transport, and calcium signaling pathways (Zhang
et al., 2015). A follow-up study by Zhang et al. (2019) divided
60 Hy-Line Brown hens into high and low shell strength
groups and observed no significant differences in serum
estradiol (E2) or calcium levels. Proteomic profiling of
eggshells from hens at 38 and 108 weeks of age identified 76
differentially expressed proteins involved in adherens
junctions, extracellular matrix (ECM)-receptor interactions,
focal adhesion, and oxidative phosphorylation (Zhao etal.,
2024). Investigations employing physiological assays, genetic
markers, histological analyses, and candidate gene studies
have contributed to the understanding of shell formation
(Brionne et al., 2014; Cheng & Ning, 2023; Sun et al., 2013;
Yang etal, 2020; Zhao etal, 2024), yet the genetic
architecture controlling eggshell strength remains insufficiently
characterized, especially from a multi-omics perspective. This
knowledge gap has impeded efforts to optimize extended
laying cycles without compromising shell integrity.

The rapid development of single-cell RNA sequencing
(scRNA-seq) has transformed the resolution at which
transcriptional landscapes in livestock and poultry can be
analyzed (Leng etal., 2024; Wang etal.,, 2024), enabling
accurate identification of discrete cell types and improving
detection sensitivity (Griin & Van Oudenaarden, 2015). To
elucidate the molecular mechanisms underlying variation in
eggshell strength, multi-layered analyses were conducted in
Shaver pure-line Rhode Island Red hens, integrating
phenotypic traits, serum biochemical indices, bulk and single-
cell transcriptomics, and uterine fluid proteomics. This study
provides a valuable genomic and cellular framework for future
functional investigations and contributes foundational
resources for the genetic improvement of laying performance
in commercial poultry.

MATERIALS AND METHODS

Ethics statement

The present study was approved by the Animal Care and Use
Committee of the Institute of Animal Science, Chinese
Academy of Agricultural Sciences (IAS-CAAS, No. IAS2023-
49) and was performed in accordance with all relevant
guidelines and regulations set by Ministry of Agriculture and
Rural Affairs of the People’s Republic of China.

Animal selection and sample collection

Eggshell strength was evaluated in 806 healthy Shaver pure-
line Rhode Island Red hens at 33 weeks of age under uniform
management conditions, using an egg force reader (FGV-
10XY, Orka Food Technology, USA). For each hen, 3—4 eggs
were measured consecutively, excluding cracked, soft-shelled,
and double-yolked eggs. Based on the resulting distribution
(Figure 1A), hens were classified into high and low eggshell
strength groups. Six individuals exhibiting an average eggshell
strength above 4.5 kg/cm? were assigned to the high-strength
group (HTSS), and six individuals with values below
3.3 kg/cm? were assigned to the low-strength group (LTSS).
Both groups laid between 60 and 80 eggs, with no significant
difference in shell weight observed between them.

From each individual, 2 mL of blood was collected from the
wing vein prior to euthanasia. Uterine fluid was harvested at
18—-19 h post-ovulation, corresponding to the peak secretion
phase, using a 1 mL pipette and transferred into low-
adsorption 1.5 mL DNA/RNase-free centrifuge tubes.
Protease inhibitors were added immediately following
collection. Initial centrifugation was performed at 5 000 r/min
and 4°C for 5 min (radius 4 cm) to remove debris. The
supernatant was aspirated and transferred to a new centrifuge
tube, followed by centrifugation at 12 000 r/min and 4°C for
10 min (radius 4 cm), repeated twice. The final supernatant
was aliquoted into new tubes, snap-frozen in liquid nitrogen,
and stored for subsequent proteomic sequencing.

Tissue samples (n=6 per group) from uterus, red isthmus,
magnum, ovary, duodenum, and liver were collected,
immediately frozen in liquid nitrogen, and stored at -80°C for
subsequent RNA-seq. Uterine samples were partially
preserved for single-cell suspension preparation and
downstream scRNA-seq. Integrated multi-omics analyses,
including phenotype, serum biochemistry, transcriptomics, and
proteomics, were performed (Figure 1B).

Determination of serum
concentrations

Serum calcium and inorganic phosphorus concentrations were
quantified using an automatic biochemical analyzer (CLS880,
Jiangsu Zecheng Biotechnology, China). Under alkaline
conditions, serum calcium ions were reacted with o-cresol
phthalein complexone to form a red-colored complex, with
absorbance measured at 600 nm. The increase in absorbance
was directly proportional to calcium ion concentration, which
was determined by comparison with concurrently processed
standards. Under acidic conditions, ammonium molybdate
was reacted with inorganic phosphorus in serum to form a
non-reducing phosphomolybdic acid compound. Absorbance
was measured at 340 nm, and the increase in signal was
proportional to inorganic phosphorus concentrations in serum,
which was similarly quantified using standard comparisons.

calcium and phosphorus

Bulk RNA-seq and data processing
Total RNA was extracted from tissue samples using TRIzol®
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Figure 1 Schematic overview of the study

A: Experimental design. A total of 806 Rhode Island Red chickens were evaluated for eggshell strength at 33 weeks of age. Individuals were divided
into high- and low-strength groups based on measured values. B: Sample collection and data generation. Twelve serum samples were collected for

biochemical analysis. Six tissue samples were subjected to transcriptomic
samples were collected for tandem mass spectrometry sequencing.

Reagent following the manufacturer’s instructions. RNA quality
was determined using a 5300 Bioanalyzer (Agilent, USA), and
concentration was measured using a NanoDrop 2000
spectrophotometer (Thermo Scientific, USA). RNA purification,
reverse transcription, library construction, and sequencing
were performed at Shanghai Majorbio Bio-Pharm
Biotechnology (China) following Illlumina (USA) protocols. The
RNA-seq transcriptome library was prepared using the
lllumina® Stranded mRNA Prep, Ligation Kit (lllumina, USA)
with 1 pg of total RNA. After quantification using Qubit v.4.0,
paired-end libraries were sequenced on the NovaSeq Xplus
platform (lllumina, USA).

Raw paired-end reads were trimmed and quality-filtered
using Trimmomatic (v.0.39) (Bolger et al., 2014) under default
parameters. Clean reads were aligned to the chicken
reference genome (GRCg6a, v.112) using HISAT2 (v.2.2.1)
(Kim etal., 2019). Two low-quality duodenal samples were
excluded, and 70 high-quality samples with more than 20
million clean reads and unique mapping rates above 84%
were retained for subsequent analysis (Supplementary Table
S1). Gene-level read counts for 30 862 Ensembl-annotated
genes (Gallus gallus GRCg6a v.112) were extracted using
featureCounts (v.2.0.6) (Liao etal., 2014). Differential
expression analysis was conducted using the DESeq2
(v.1.42.1) R toolkit. Genes with log,(fold change)
(logoFC|)>0.5 and adjusted P<0.05 were considered
significantly differentially expressed genes (DEGs). Functional
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sequencing and uterus single-cell RNA sequencing. Eight uterine fluid

enrichment analysis was performed using Database for
Annotation, Visualization, and Integrated Discovery (DAVID
v.2024q4, https://davidbioinformatics.nih.gov/summary.jsp).

RNA isolation and quantitative reverse transcription
polymerase chain reaction (RT-qPCR)

Total RNA was extracted using an RNAfast200 Kit (Fastagen,
China), and RNA concentration was quantified using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
USA). In total, 1 000 ng of RNA was reverse-transcribed into
complementary DNA (cDNA) using the PrimeScript RT
Reagent Kit (TaKaRa, Japan). qRT-PCR was conducted using
TB Green® Premix Ex Taq™ I (Tli RNaseH Plus, TaKaRa,
Japan) on the CFX96 Touch Real-Time PCR System (Bio-
Rad, USA), with three technical replicates for each reaction.
Relative mRNA expression levels were calculated using the
284Ct method, with B-actin as the internal reference gene.
Primer sequences are provided in Supplementary Table S2.

Single-cell tissue dissociation and cell purification

Uterus tissue was washed in sterile 1x Dulbecco’s phosphate-
buffered saline (DPBS) and minced on ice in a sterile culture
dish. Enzymatic dissociation was performed using a solution
containing 0.25% trypsin and 10 pg/mL DNase | dissolved in
PBS with 5% fetal bovine serum (FBS; Cat. no. SV30087.02,
Thermo Fisher, USA). Tissue digestion was carried out at
37°C with gentle shaking at 50 r/min for 40 min. To increase
yield and viability, dissociated cells were harvested at 20 min
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intervals. Cell suspensions were filtered through a 40 pm
nylon cell strainer, and red blood cells were removed using 1x
red blood cell lysis solution. The dissociated cells were
washed with 1x DPBS containing 0.4% FBS. Cell viability was
assessed using 0.4% acridine orange/propidium iodide
(AQ/PI) staining on a Countstar Rigel S2 system (Countstar,
China). Processed samples were then submitted to Majorbio
Bio-Pharm Technology (China) for downstream analysis.

Single-cell 10x library construction and sequencing

Beads containing unique molecular identifiers (UMIs) and cell-
specific barcodes were loaded to near-saturation levels to
ensure one bead per cell within individual gel beads-in-
emulsion (GEM) droplet. Following cell lysis, polyadenylated
RNA transcripts hybridized to the oligo-dT primers on the
beads. Beads were then pooled into a single tube for reverse
transcription. During cDNA synthesis, each transcript was
labeled at the 3' end (5' end of an mRNA transcript) with a
UMI and a cell barcode, preserving the molecular and cellular
origin. The resulting cDNA underwent second-strand
synthesis, adaptor ligation, and amplification to generate
sequencing libraries enriched for the 3' ends of transcripts.
Library construction was performed according to the standard
Chromium Single Cell 3' (v.3.1) protocols, which captures
whole-transcriptome profiles while linking each read to its
corresponding cell and transcript. Final libraries were
quantified using a High Sensitivity DNA Chip (Agilent, USA) on
a Bioanalyzer 2100 and the Qubit High Sensitivity DNA Assay
(Thermo Fisher Scientific, USA). The libraries were
sequenced on the NovaSeq Xplus platform (lllumina, USA)
using 2x150 chemistry. Sequencing was performed by
Majorbio (China).

ScRNA-seq data processing and analysis

Raw sequencing reads were processed using Cell Ranger
(v.8.0.1) with default and recommended parameters. FASTQ
files generated from lllumina output were aligned to the
GRCg6a (v.112) chicken reference genome using the STAR
algorithm (Dobin et al., 2013). Gene-barcode matrices were
generated for each individual sample by counting UMIs and
filtering non-cell associated barcodes. The resulting matrices,
containing gene expression profiles for barcoded cells, were
imported into Seurat (v.5.1.0) for quality control and
downstream analysis. Cells were retained if they met the
following criteria: <5 000 detected genes, <20 000 detected
transcripts, <25% of reads mapped to mitochondrial genes,
and <40% of reads mapped to ribosomal genes. Putative
doublets were removed using DoubletFinder (v.2.0.4) with a
doublet detection rate of 7.6% (McGinnis etal., 2019).
Normalization was performed using the NormalizeData
function, followed by identification of highly variable genes
(i.e., variable features) with FindVariableFeatures. Data
scaling was conducted using the ScaleData function. To
eliminate batch effects, single-cell datasets were integrated
using the Harmony algorithm via the IntegrateLayers function.
Dimensionality reduction was carried out using principal
component analysis (PCA), retaining the top 30 principal
components. Uniform Manifold Approximation and Projection
(UMAP) was applied for two-dimensional visualization of cell
clusters. Clusters were identified based on transcriptional
similarity and visualized using UMAP, which offers rapid
computation, robust reproducibility, and high fidelity in
representing cellular structure (Becht etal., 2019). Marker
genes distinguishing each cluster were identified using

FindAllIMarkers. Cell type annotation was performed using
SingleR (v2.4.1), supplemented by manual curation based on
reference databases CellMarker and PanglaoDB.

Differential functional enrichment
analysis

DEGs between sample groups or cell clusters were identified
using the FindMarkers function in the Seurat package, utilizing
the likelihood ratio test. Specifically, genes with |log,FC|>1
and adjusted P<0.05 were regarded as significant DEGs.
Compared to bulk RNA-seq, single-cell transcriptomics
generates substantially larger data volume and cellular
heterogeneity; thus, more stringent quality control criteria were
implemented in this study to ensure robust and biologically
meaningful differential expression results.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were
conducted to assess functional categories and signaling
pathways significantly associated with the DEGs. Enrichment
analyses were performed using DAVID (v.2024q4, https://

davidbioinformatics.nih.gov/summary.jsp).

expression and

Pseudotime series analysis

Pseudotime analysis was performed using the Monocle2 R
package (v.2.34.0). CellDataSet objects were initially created
using the newCellDataSet function, with normalization
subsequently performed using estimateSizeFactors and
estimateDispersions. Low-quality genes (expression<0.1)
were filtered using detectGenes. Feature genes for trajectory
inference were selected via the setOrderingFilter function.
Dimensionality reduction was performed using
reduceDimension, followed by cell ordering with orderCells to
reconstruct the developmental trajectory across pseudotime.

Cell-cell communication analysis

Cell-cell communication analysis was conducted using
CellChat (v.1.6.1). Normalization of expression data was
performed using the GetAssayData function, followed by
construction of a CellChat object with createCellChat. The
curated CellChatDB database was used for in-depth analysis
of cell-cell communication. Communication probability and
signaling network strength were inferred using the
computeCommunProb function to reconstruct the intercellular
communication landscape.

Proteomic sequencing and data processing
Samples were lysed in a buffer containing 8 mol/L urea and
1% sodium dodecyl sulfate (SDS) supplemented with
appropriate protease inhibitors to prevent protease activity.
Protein concentration in the supernatant was determined
using the bicinchoninic acid (BCA) method with a BCA Protein
Assay Kit (Thermo Scientific, USA), following the
manufacturer’'s protocols. After quantification, proteins were
separated by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and digested with trypsin at a
1:50 trypsin-to-protein mass ratio. The resulting peptides were
dried under vacuum and quantified using a NanoDrop One
spectrophotometer (Thermo Scientific, USA). Based on
peptide concentrations, samples were analyzed using a
Vanquish Neo UHPLC system coupled to an Orbitrap Astral
mass spectrometer (Thermo Scientific, USA) at Majorbio Bio-
Pharm Technology (China).

Raw DIA data were processed using Spectronaut (v.19)
(Martinez-Val etal., 2021). Search parameters were set as
follows: peptide length 7-52 amino acids; trypsin/P enzyme
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cutting site; maximum number of missed cleavage sites 2;
carbamidomethylation of cysteines set as a fixed modification;
oxidation of methionines and protein N-terminal acetylation set
as variable modifications; protein false discovery rate (FDR)<
0.01; peptide FDR<0.01; peptide confidence299%; and
extracted ion chromatogram (XIC) width <75 ppm. Protein
quantification was performed using the MaxLFQ method (Cox
etal., 2014).

Differentially expressed proteins were defined by: log,FC>2
(up-regulated) or log,FC<0.5 (down-regulated) with adjusted
P<0.05. Functional annotation and enrichment analyses for
GO terms and KEGG pathways were conducted for all
identified proteins. Protein-protein interaction (PPI) analysis
was performed using the UniProt database (Release 2025_01,
https://www.uniprot.org/).

Western blotting

Uterine fluid samples were analyzed for COL6A2 and ACTN4
protein expression. Protein concentrations were determined
using a BCA Protein Assay Kit (Cwbio, China), and equal
amounts of protein were resolved by SDS-PAGE and
transferred to polyvinylidene difluoride membranes (Merck
Millipore, Germany). Membranes were blocked with 5% nonfat
milk in PBS containing Tween-20 for 2 h, then incubated at
4°C overnight with primary antibodies (1:1 000): rabbit anti-
COLBA2 (Abcam, UK), rabbit anti-ACTN4 (ABclonal, China),
and rabbit anti-GAPDH (ABclonal, China). After washing,

(1:10 000) for 2 h at room temperature. Gray scale values of
the bands were calculated using ImageJ (https://imagej.net/ij/)
and normalized to GAPDH.

RESULTS

Phenotypic traits and serum biochemical parameters
Among 2 376 eggs assessed from 806 Rhode Island Red
hens, mean eggshell strength was 3.88 kg/cm? (Figure 2A).
Based on this distribution, six individuals from the high- and
low-strength groups were selected, respectively. A significant
difference in eggshell strength was observed between these
groups (P<0.01; Figure 2B), while no significant difference
was found in egg weight (Figure 2C). Upon dissection, all 12
hens had eggs present in the uterus at the rapid mineralization
stage, and group-specific differences in shell strength were
already evident at this point (Supplementary Figure S1). No
significant differences were detected in serum calcium,
phosphorus, or calcium-to-phosphorus ratio (Figure 2D—F),
although mean calcium concentration was elevated in the
HTSS group compared to the LTSS group.

Transcriptomic, proteomic, and biochemical data
overview

A total of 70 bulk RNA-seq libraries were generated from six
major tissues (Supplementary Table S3), vyielding

approximately 1.5 billion clean reads. The mean unique
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Figure 2 Phenotypic and serum biochemical parameters

A: Distribution histogram of 2 376 eggshell strength measurements across 806 Rhode Island Red chickens. B, C: Distributions of eggshell strength
and egg weight in high- (HTSS) and low-strength (LTSS) groups. D-F: Distributions of serum calcium, phosphorus, and calcium-to-phosphorus ratio

in HTSS and LTSS groups. ns: Not significant; ™: P<0.001.
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77.29%-92.92%) and the mean overall mapping rate was
95.21% (range: 81.58%—97.97%) (Supplementary Table S1).
ScRNA-seq of uterine tissue from six HTSS and six LTSS
individuals produced six additional datasets (Supplementary
Table S3). After rigorous quality control, approximately 2.0
billion clean reads were retained, with an average confident
mapping rate of 93.60% (range: 92.60%-95.70%)
(Supplementary Table S4). Additionally, eight proteomic
datasets were generated from uterine fluid samples collected
from HTSS and LTSS hens, using tandem mass spectrometry
(Supplementary Table S3). After raw data processing, an
average of 3 917 proteins (range: 3 874-3 977) were identified
per sample (Supplementary Figure S2). To evaluate
biochemical differences associated with eggshell formation,
serum calcium and phosphorus levels were measured in 12
samples (six per group) (Supplementary Table S5).

Single-cell clustering and cell type identification

A high-resolution single-cell atlas of the Rhode Island Red
chicken uterus was constructed (Figure 3A). Correlation
heatmaps for the single-cell datasets are shown in
Supplementary Figure S3. Quality control was performed
based on key metrics, including the number of detected
features (nFeature), total RNA molecule counts (nCount), and
the percentages of mitochondrial and ribosomal gene
expression (Supplementary Figure S4). Subsequently,
putative  doublets  were identified and removed
(Supplementary Figure S5). Following batch-effect correction,
the UMAP plot of the integrated dataset is shown in
Supplementary Figure S6. After filtering, 31 596 high-quality
single cells expressing 20 507 genes were retained for
downstream  analyses  (Supplementary  Table  S6).
Unsupervised clustering revealed 22 transcriptionally distinct
cell clusters (Figure 3A). Manual annotation of these clusters
was performed using reference-based classification with the
SingleR toolkit and CellMarker database. These cell clusters
were subsequently annotated into nine major cell types,
including natural killer T cells (13.67%), epithelial cells
(37.17%), monocytes (8.75%), smooth muscle cells (17.72%),
B cells (7.81%), microglial cells (5.70%), endothelial cells
(5.52%), T cells (2.81%), and dendritic cells (0.85%)
(Figure 3B). The HTSS and LTSS groups contained 14 599
and 16 955 cells, respectively (Figure 3C). Notable differences
in cell type proportions were observed between the HTSS and
LTSS groups: epithelial cells were less abundant in the HTSS
group, while smooth muscle and endothelial cells were
proportionally enriched. Group-specific UMAP visualizations
are shown in Figure 3D, and dataset-specific projections for
each sample are shown in Supplementary Figure S7.
Expression levels and detection frequencies of marker genes
across identified cell types are presented in a dot plot matrix
(Figure 3E).

Functional enrichment analysis of DEGs in single-cell
datasets

A total of 4 123 DEGs were identified across single-cell
populations and subjected to GO and KEGG functional
enrichment analyses (Supplementary Table S7). Key signaling
and structural pathways were visualized (Figure 4A), with cell
type—specific DEG profiles detailed in Supplementary Table
S8. Multiple gene families were prominently enriched in
biologically relevant categories. Collagen family genes
(COL1A1, COL1A2, COL4A2, COL4A1, COL6A2, COL6BAS,
and COL5AT) were strongly associated with the focal

adhesion pathway and encode structural proteins critical for
collagen formation. Similarly, ATPase family genes (ATP1A1,
ATP1B1, ATP2C1, ATP2B2, ATP2A3, ATP2B1, and ATP2A2)
were significantly enriched in calcium ion transmembrane
transport and ATP-binding molecular function terms,
consistent with their roles in establishing electrochemical
gradients and regulating calcium homeostasis. Solute carrier
family genes (SLC9A9, SLC6A6, SLC4A7, SLC9A2, and
SLC4A4) were enriched in the “plasma membrane” cellular
component category and contribute to inorganic cation/anion
and amino acid/oligopeptide transport and Rho GTPase
signaling cascades. Furthermore, calcium voltage-gated
channel family genes (CACNB2, CACNA1C, and CACNA2D1)
were enriched in the “L-type voltage-gated calcium channel
complex” cellular component category and regulate calcium
current density and channel kinetics.

Volcano plots were generated to highlight DEGs at the cell
type level (Figure 4B), and expression patterns of selected
DEGs across different cell types were visualized (Figure 4C).
Collagen family genes showed predominant expression in
smooth muscle cells, with COL4A2 and COL4A1 also highly
expressed in endothelial cells. CACNA2D1 exhibited strong
expression in endothelial populations. While ATPase and
solute carrier family genes were broadly expressed across
multiple lineages, ATP1A1 and ATP2B2 showed elevated
expression in smooth muscle and epithelial cells.

Group-wise comparisons revealed higher expression of
collagen and calcium channel genes in the HTSS group
relative to the LTSS group, as shown in the heatmap
(Figure 4D). To further explore molecular pathways associated
with eggshell strength variation, KEGG enrichment was
performed at the proteomic level (Figure 4E). Collagen family
genes were mainly enriched in focal adhesion and ECM-
receptor interaction pathways. ATPase family genes were
primarily enriched in adrenergic signaling in cardiomyocytes,
cardiac muscle contraction, and calcium signaling pathways.
Calcium voltage-gated channel family genes were enriched in
the gonadotropin-releasing hormone (GnRH) signaling
pathway. The PPl network constructed from the DEGs
highlighted dense clustering of nodes in the lower right
quadrant, with collagen genes exhibiting strong connectivity
with integrin alpha and beta subunit genes (Figure 4F).

Pseudotime and cell-cell communication analysis
The distribution of cell types along the pseudotime trajectory
revealed dynamic shifts in cell state progression (Figure 5A).
Smooth muscle and endothelial cells exhibited peak densities
between pseudotime values of 10 and 20, suggesting elevated
representation of these populations during this developmental
interval. Smooth muscle cells were further subclustered, and
PCA distinguished discrete transcriptional states (Figure 5B).
BMP2-related tissue stem cells were predominantly enriched
in State 1, while differentiated smooth muscle cells were
concentrated in State 2. In contrast, State 3 showed a
heterogeneous mix of cell types with no dominant lineage
signature. Examination of collagen gene expression dynamics
was conducted across pseudotime cell-type-specific
transcriptional programs: COL1A71 and COL1A2 were highly
expressed in differentiated smooth muscle cells (vit_D),
whereas COL4A1 and COL4A2 were highly expressed in
BMP2-associated tissue stem cells (Figure 5C).

Cell-cell interactions were inferred by quantifying interaction
counts and signal strength across all cell types (Figure 5D, E).
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Figure 3 Single-cell transcriptome landscape of the Rhode Island Red chicken uterus

A: UMAP projections identifying 22 specific clusters representing the uterus cell types. B: UMAP projections showing nine major uterine cell types.
C: Percentage of cell types in high- (HTSS) and low-strength (LTSS) groups. D: UMAP projections for HTSS and LTSS groups. E: Feature gene

expression levels and proportions across cell types.

Smooth muscle cells demonstrated extensive interaction
networks, particularly with immune populations including
natural killer T cells, T cells, B cells, and monocytes, as well
as endothelial cells. Signal transmission patterns were further
partitioned into outgoing and incoming communication profiles
(Figure 5F). Smooth muscle cells were characterized by
prominent outgoing signaling through collagen ligands, while
epithelial cells exhibited diverse outgoing signals involving
molecules such as amyloid precursor protein (APP) and
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fibronectin 1 (FN1). Immune cells (natural killer T cells, T cells,
B cells, and monocytes) displayed strong incoming signaling
activity across multiple signaling molecules, indicating that
these immune cells are relatively active in receiving external
signals. Notably, collagen signaling exerted pronounced
influence on endothelial cells (Supplementary Figure S8).

Transcriptomic profiling of isthmus, and
duodenum tissues

Differential gene expression analysis was performed across

uterus,
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A: Cell density distribution along pseudotime for all cell types. B: Principal component plot of smooth muscle cells. Each dot represents a single cell,
color-coded by timepoints. C: Collagen family gene expression changes over pseudotime. D: Number of cell-cell interactions per cell type. E:
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represents number/weight. F: Heatmap of outgoing and incoming signaling contributions by cell type; rows represent pathways, columns represent
cell types, and color intensity indicates communication probability.

six tissues from the HTSS and LTSS groups. Minimal differences were detected in the liver tissues (Supplementary
transcriptomic divergence was observed in the magnum and Figure S9). In contrast, substantial transcriptional changes
ovary, with only a few DEGs identified, while no significant were observed in the uterus, red isthmus, and duodenum
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tissues—three tissues involved in eggshell calcification
(Figure 6A—C). GO and KEGG enrichment analyses were
subsequently performed for the DEGs in these three tissues
(Supplementary Table S9), with representative enriched
pathways visualized in Figure 6D—F. Enrichment of terms such
as “cell adhesion” and “protein binding” across all three
tissues indicated a shared functional signature linked to
eggshell formation. In the uterus, DEGs, including PDGFRB,
ROCK1, ITGA4, ITGB3, COL1A2, COL6A1, COL6A3, and
MYL9, were significantly enriched in the focal adhesion
pathway, consistent with the patterns observed in the single-
cell transcriptomic dataset (Supplementary Table S9). In the
duodenum, annexin family genes (ANXA1, ANXA2, ANXA13,
ANXAS, and ANXA7) were enriched in the calcium-dependent
phospholipid binding pathway, while PANX1, ANXA2, ANXAS,
and CACNA2D3 were enriched in the calcium channel activity
pathway (Supplementary Table S9). In the uterus, DEGs were
significantly enriched in the focal adhesion pathway, muscle
cell cytoskeleton, and adherens junctions, consistent with the
single-cell DEG results. Quantitative analysis of mRNA levels
revealed significantly higher expression of ROCK1, COL6A1,
COL6A3, COL4A2, and COL1A1 in the HTSS group
compared to the LTSS group, but no significant difference for
COLG6AZ2 (Figure 6G).

Proteomic profiling of uterine fluid

By calculating the correlation coefficients between the protein
expression levels of samples within groups and those between
groups, differences in the proteomes between groups were
identified, while the proteomes within groups were relatively
stable (Figure 7A). A total of 264 proteins exhibited differential
expression, including 168 up-regulated and 96 down-regulated
proteins (Figure 7B). KEGG pathway enrichment analysis
revealed that these proteins primarily associated with
metabolic pathways, endocytosis, MAPK signaling, regulation
of actin cytoskeleton, and focal adhesion (Figure 7C), similar
to the enriched pathways obtained from transcriptomic
analysis (Figure 6D). Within the focal adhesion pathway, the
COL6A2 protein showed elevated expression in the HTSS
group (Figure 7D). The COL6A1 and OVA proteins also
differed between the groups (Supplementary Table S10).
Western blotting confirmed significantly higher expression of
ACTN4 and COLBA2 proteins in the HTSS group compared to
the LTSS group (P<0.05; Figure 7E, F).

DISCUSSION

Rhode Island Reds represent a globally recognized dual-
purpose breed valued for both egg-laying performance and
favorable meat quality. Their widespread use reflects robust
adaptability and productivity under diverse environmental
conditions (Zhang etal., 2024). Eggshell strength is a key
reproductive trait in poultry production, critically affecting
hatchability, transport resilience, and economic output. This
trait is governed by a complex interplay of genetic and
environmental factors and remains a principal target of
artificial selection in layer breeding programs. Previous studies
have implicated multiple gene families in modulating eggshell
mechanical properties, including collagens (Sun et al., 2023;
Zhang et al., 2015), solute carriers (Bahadoran et al., 2018; Li
etal., 2025), ATPases (Cui etal., 2025; Gloux et al., 2019;
Jonchere etal., 2012; Zhang et al., 2022), calcium voltage-
gated channels (Li etal.,, 2021), annexins, and integrin
subunits. In the present study, integrated multi-omics analyses

elucidated key molecular determinants of eggshell strength in
Rhode Island Reds. Complementary single-cell transcriptomic
profiling further enabled high-resolution mapping of uterine
states and lineage-specific gene expression signatures.
Results indicated that candidate genes associated with
eggshell strength were primarily associated with focal
adhesion, actin cytoskeleton regulation, ECM-receptor
interaction, and calcium signaling.

Transcriptomic profiling of reproductive system tissues,
including the liver, ovary, magnum, red isthmus, and uterus,
was conducted to elucidate molecular mechanisms underlying
variation in eggshell strength in laying hens. Minimal
differential gene expression was observed in the magnum and
ovary, with no detectable changes in liver tissues. In contrast,
pronounced transcriptional differences were identified in the
uterus and red isthmus, which both play crucial roles in
eggshell mineralization. DEGs were predominantly enriched in
pathways linked to focal adhesion, actin cytoskeleton
regulation, apoptosis, ECM-receptor interaction, and protein
binding. Among these, ROCK?1 and multiple collagen family
genes were significantly enriched in the focal adhesion and
ECM-receptor interaction pathways, aligning with earlier
findings (Zhang etal., 2015). qRT-PCR analysis confirmed
that expression levels of ROCK1 and key collagen genes were
elevated in individuals with high eggshell strength compared
to those with low eggshell strength.

To resolve the cellular origin of these molecular signals,
single-cell transcriptomic sequencing was performed on
uterine tissue samples collected 18-19 hours post-
ovulation—coinciding with peak uterine fluid secretion and
rapid eggshell mineralization. This analysis produced the first
single-cell transcriptomic atlas of the Rhode Island Red
chicken uterus, identifying nine distinct cell types grouped into
four major categories: smooth muscle, epithelial, endothelial,
and immune cells. These categories mirrored those previously
reported in the human endometrium (Mareckova et al., 2024;
Wang etal, 2020). Integration of single-cell, bulk
transcriptomic, and proteomic datasets revealed candidate
genes associated with eggshell strength, with collagen gene
expression localized predominantly to smooth muscle cells.
This pattern may reflect a mechanistic role in uterine wall
inversion during eggshell calcification, facilitating optimal
integration of calcium ions with matrix proteins. Cell-cell
communication analyses indicated that smooth muscle cells
maintained extensive signaling interactions with immune,
epithelial, and endothelial cells, and functioned as important
effectors of collagen signaling pathways. Subpopulations of
smooth muscle cells enriched for BMP2, osteogenic markers,
and TGFB3 were identified, consistent with established roles
in osteogenic differentiation, bone formation, calcium
deposition, and transcriptional homeostasis (Guerrero et al.,
2014; Zhu et al., 2024).

Single-cell transcriptomic profiling, integrated with bulk
transcriptomic and proteomic analyses, demonstrated that
collagen gene family members exert critical regulatory function
during eggshell calcification. COL4A1 and COL4A2 encode
type IV collagen a-chains that assemble into a “chicken-wire”
scaffold in conjunction with laminins, proteoglycans, and
entactin/nidogen. Disruption of COL4A1 impairs intracellular
Ca?* signaling in the smooth sarcoplasmic reticulum and
contributes to age-related cerebral small vessel disease in
COL4A1 mutant mice (Yamasaki et al., 2023). COL1A1 and
COL1A2 encode type | collagen pro-a chains, with pathogenic
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Figure 6 Transcriptomic profiling of uterus, isthmus, and duodenum

A-C: Differentially expressed gene (DEG) volcano plots for each tissue. D-F: GO and KEGG functional enrichment analyses of DEGs. G: Relative
mRNA levels of different genes between high- (HTSS) and low-strength (LTSS) groups. ns: Not significant; ": P<0.05.
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Figure 7 Proteomic analysis of uterine fluid

A: Correlation heatmap across samples. B: Volcano plot of differentially expressed proteins between high- (HTSS) and low-strength (LTSS) groups.
C: KEGG pathway enrichment analysis of all proteins. D: Heatmap of differentially expressed proteins (P<0.05) in the focal adhesion pathway. E:
Western blot analysis of uterine fluid proteins prepared from HTSS and LTSS groups. F: Relative protein levels of COL6A2 and ACTN4 in HTSS

and LTSS groups. : P<0.05; ™: P<0.01.

variants implicated in human uterine diseases and
osteogenesis imperfecta (Lu et al., 2023; Zhytnik et al., 2019).
COLbA1 contributes to the synthesis of low-abundance fibrillar
collagen, while COL6A1, COL6A2, and COL6A3 encode

matrix-binding collagens essential for tissue structural integrity
and cellular adhesion. Functional studies have demonstrated
that silencing of COL6A71 suppresses proliferation and
migration in human aortic vascular smooth muscle cells (Chen
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etal.,, 2019). These collagen family genes (COL4A1/2,
COL1A1/2, COL5A1, and COL6A1/2/3) influence eggshell
strength through coordinated synthesis of matrix scaffolds and
regulation of intracellular calcium ions. These findings are
consistent with previous transcriptomic studies of the chicken
uterus (Zhang et al., 2015) and underscore the enrichment of
these genes in focal adhesion and ECM-receptor interaction
pathways. Beyond calcification, collagen family members also
participate in folliculogenesis, supporting structural remodeling
and intercellular communication during ovarian development
(Du et al., 2022; Huang et al., 2022).

Genes encoding voltage-gated calcium subunits were also
implicated in eggshell strength via enrichment in calcium
signaling and membrane-depolarization pathways. CACNB2
encodes the B, regulatory subunit of high-voltage-dependent
calcium channels, while CACNA1C encodes the pore-forming
a,C subunit responsible for generating L-type calcium
currents, which are involved in chondrogenesis during limb
development (Atsuta etal., 2019), and has also been
implicated in eggshell strength (Li et al., 2021). CACNA2D1 is
involved in calcium channels that mediate calcium ion influx
into the cell upon membrane depolarization. The calcium
voltage-gated channel family genes (CACNB2, CACNA1C,
and CACNA2D1) affect eggshell strength by controlling the
voltage-gated calcium channels that generate L-type calcium
currents, consistent with earlier transcriptomic studies (Zhang
et al., 2015). These genes are functionally concentrated in the
calcium signaling pathway and represent key modulators of
uterine calcium flux during shell formation.

Annexin A5 and A6, encoded by ANXA5 and ANXAG6, are
calcium-dependent phospholipid-binding proteins implicated in
membrane trafficking events, particularly during exocytosis
and endocytosis. High levels of ANXAS in chicken uterine fluid
have been associated with increased fertilization rates (Riou
etal., 2019). Integrin subunits encoded by ITGA9 and ITGB1
mediate intercellular and cell-matrix adhesion by recognizing
proline-rich motifs in collagen and promoting laminin matrix
deposition.  These integrins can also  modulate
vasoconstriction through Ca?* influx via L-type voltage-gated
channels and Rho-associated kinase-mediated calcium
sensitivity (Morris etal.,, 2022). Solute carrier genes
(SLC4A4/7, SLC6A4, SLC9A2/9, and SLC38A2) and ATPase
family genes (ATP1A1, ATP1B1, ATP2B1/2, ATP2A2/3, and
ATP2C1) contribute to eggshell formation by regulating the
transport and homeostasis of Na*, K*, Ca?*, HCOg, and CI
ions, as well as intracellular pH. These functions align with
previous descriptions of uterine ion transporters involved in
the initiation of eggshell calcification (Bahadoran et al., 2018;
Cui etal., 2025; Gloux et al., 2019; Jonchére et al., 2012; Li
etal.,, 2025; Zhang etal, 2022). Identification of these
candidate genes provides a reference for genetic association
studies on eggshell strength, and may inform the development
of single nucleotide polymorphism (SNP)-based selection
strategies to improve shell quality in late-phase laying hens.

Prior to the onset of calcification, the uterus lacks intrinsic
calcium storage capacity. During active eggshell
mineralization, calcium ions are rapidly mobilized from the
bloodstream, alongside a substantial quantity of matrix
proteins required for shell formation (Nys et al., 1999). In the
present study, serum calcium and phosphorus concentrations
were modestly elevated in the high-strength group relative to
the low-strength group, consistent with previous findings that
serum calcium exerts limited effects on shell strength (Zhang
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etal., 2019). Dietary calcium is primarily absorbed in the
duodenum, and its level significantly impacts shell quality.
Increases in dietary calcium from 1.5% to 2.5% improve shell
quality, although further increase beyond 2.5% yield no
appreciable gains (Moreki et al., 2011; Cufadar et al., 2011).
In this study, transcriptomic analysis of the duodenal tissues
revealed significant enrichment of calcium channel activity-
related pathways, highlighting the regulatory linkage between
absorption of Ca?* and the release of calcium ions. Proteomic
analysis of uterine fluid identified high expression of ANXA4
and ANXAS5, markers associated with high fertilization ability
(Riou et al., 2019), while CACNA2D3 is associated with the
number of eggs laid (Lei etal.,, 2024). Integration of these
transcriptomic and proteomic datasets suggests the ANXA2,
ANXAS5, and CACNA2D3 may modulate duodenal calcium-
channel activity, thereby influencing Ca?* absorption and, in
turn, affecting eggshell quality.

This study expanded the repertoire of candidate genes
beyond those previously reported (Zhang et al., 2022; Li et al.,
2025). In addition, previously characterized functions of ion
transporter genes were integrated with current findings to infer
roles for newly identified genes in eggshell formation, enabling
refinement of the uterine ion transport model (Figure 8).

CONCLUSION

A single-cell transcriptomic atlas of the Rhode Island Red
chicken uterus was successfully constructed, resolving nine
distinct cell types broadly categorized as smooth muscle,
epithelial, endothelial, and immune cells. Integration of multi-
omics data identified six gene families—collagens, solute
carriers, ATPases, calcium voltage-gated channels, annexins,
and integrin subunits—as contributors to eggshell strength.
These genes were predominantly associated with focal
adhesion, actin cytoskeleton regulation, ECM-receptor
interaction, and calcium signaling. Collagen genes were
primarily expressed in smooth muscle cells, implicating these
cells in matrix remodeling during eggshell calcification. This
study identified key genetic factors that contribute to variation
in eggshell strength in Rhode Island Red chickens, providing a
mechanistic foundation for understanding the regulatory
pathways that influence eggshell formation and offering a
basis for strategies aimed at improving shell quality.
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