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A B S T R A C T

Eggshell quality is a major concern in the poultry industry. The speckle phenotype in eggshell affects eggshell 
color, thickness, and Haugh Unit (HU) and significantly affects the hatchability rate. The rate of speckled eggs 
increases during the late-laying period, which can lead to notable economic losses. Eggshell speckles have me
dium heritability; however, the genetic architecture of speckled eggshells remains unclear. In this study, the 
chickens were divided into two groups based on the rate of egg speckling. Uterine tissues were collected and 
analyzed using 10X Genomics single-cell RNA sequencing to delineate the molecular signatures of the various 
cell types. A total of 10 cell types were identified: immune (B, T, monocyte macrophages, and plasma cells), 
endothelial, epithelial, stromal, neuroendocrine, serous, and protoporphyrin IX pigment cells. The trends of cell 
type distributions were consistent in two groups. Functional enrichment analysis showed that unique biological 
processes, such as IgA production and Toll-like C-type lectin receptor signaling pathways, were enriched in 
immune cells, whereas TGF-beta, Wnt, and NOD-like receptor signaling pathways were enriched in epithelial 
cells. Subsequently, we identified differentially expressed genes in the two groups, among which SPP1 (secreted 
phosphoprotein 1) was down-regulated in all cell types in the speckled group. The cellular interaction signals of 
speckled group were significantly enhanced compared to the control group. The cell proliferation and differ
entiation pathways mediated by WNT, SPP1, and BMP were inhibited and the interaction related to cell 
migration was activated in the speckled group. This study explored cell heterogeneity, extended prior findings by 
adding single-cell resolution atlas, and identified cell type specific patterns that can guide future functional 
studies of speckled eggs.

Introduction

Eggs are an important and economical source of animal protein. Egg 
quality parameters, including albumen height, Haugh Unit (HU), egg 
yolk ratio, and yolk color, reflect the nutritional value and freshness of 
eggs. In addition, eggshell traits, including eggshell color, shape index, 
strength, thickness, translucency, and speckles, are related to resistance 
to microbial invasion (Sirri et al., 2018) and significantly influence 

consumer preferences. Speckles are irregular reddish-brown marks on 
the surface of the eggshells. The appearance of spots is a manifestation of 
uneven eggshell pigment deposition and is widely observed in 
brown-shelled eggs, particularly those laid by older laying hens.

In recent years, the trend of extended laying cycles has become 
increasingly significant. However, an extended laying cycle is associated 
with a decline in eggshell quality, resulting in a light eggshell color, 
increased eggshell weight, and speckled eggshells (Molnar et al., 2016). 
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Speckle traits affect eggshell color, thickness, and HUs, resulting in 
decreased egg freshness.

Previous research have pointed that age, light intensity, dietary nu
trients, environmental changes (such as oxidative stress) and genetic 
information can affect the formation of speckled eggs (Cheng et al., 
2019; Lewis et al., 2008). The hatchability rate of speckled eggs is 
significantly lower than that of normal eggs (P < 0.05), resulting in 
considerable economic losses (Cheng et al., 2023c; Duan, et al., 2023). 
Therefore, reducing the incidence of speckled eggs and analyzing the 
genetic mechanisms underlying speckle trait formation are necessary.

Eggshell speckles are a moderately heritable trait (0.22− 0.38) and 
are related to extreme selection for eggshell color during breeding 
(Arango et al., 2006; Cheng et al., 2023b). A genome-wide association 
study (GWAS) of the eggshell speckle phenotype in purebred Rhode 
Island was conducted to detect potential genomic loci and candidate 
genes, including 311 single nucleotide polymorphisms (SNPs) (six 
significantly and 305 suggestively associated) and 39 candidate genes. 
Pathway analysis revealed alpha-linolenic acid metabolism, linoleic acid 
metabolism, ether lipid metabolism, GnRH signaling pathway, vascular 
smooth muscle contraction, and MAPK signaling pathways (Cheng et al., 
2023b). The uterus (eggshell gland) forms the complete eggshell struc
ture, outer cuticle, and pigmentation (Samiullah et al., 2015; Wilson 
et al., 2017). Integrative transcriptome and methylome data analysis of 
the uterine mucosa identified BFSP2 as a key gene involved in this 
process, which was expressed at low levels and hypomethylated in the 
speckled group (Cheng et al., 2023a). Duan et al. (2023) conducted 
histological observations and transcriptome analyses of the uterine tis
sue of laying hens that produced normal and speckled eggs. The lower 
the cilia density, the more the epithelial cells tend to defect with poor 
integrity in the speckled group, and the biological processes of differ
entially expressed genes were mainly involved in the immunological 
function and embryonic growth of chickens. However, further func
tional verification of the identified genes is required.

The ultrastructure of speckled eggshells has also been reported, 
suggesting that the eggshell in the speckled region is thick, with loose 
material between the vertical crystal and cuticle layers. Moreover, the 
protoporphyrin IX content in the speckled region was significantly 
higher than that in the adjacent normal region (P < 0.01) (Cheng et al., 
2023c). Underwood and Sealy (2002) reported that the primary con
stituent of eggshell speckles is protoporphyrin IX. These results suggest 
that the synthesis and deposition of protoporphyrin IX are closely 
related to speckle formation. However, the genetic mechanisms under
lying the formation of eggshell speckles remain unclear.

In farm animals, single-cell RNA sequencing (scRNA-seq) has been 
widely used to determine the expression profiles of different tissues 
during development, physiology, and disease (Potter, 2018; Wang et al., 
2022). Thousands of single cells from a single tissue can be analyzed 
using unique molecular identifiers (UMI) to reveal cellular signatures 
and cell communication (Trapnell, 2015). In addition, scRNA-seq tech
nology can be used to explore different cellular functions and develop
mental trajectories in human and animal models (Garcia-Alonso et al., 
2022; Xu et al., 2023; Zhao et al., 2022). Rao et al. (2023) presented the 
most comprehensive postnatal liver development single-cell atlas and 
demonstrated metabolic and immune changes across four age stages. In 
studies related to reproductive traits, single-cell transcriptome analysis 
of male chicken germ cells revealed that the transcriptional levels of 
components of the MAPK, Hedgehog, and thyroid hormone signaling 
pathways were steadily upregulated after mitotic arrest, suggesting the 
cooperation of multiple signaling pathways during entry into mitotic 
arrest and the subsequent quiescence of male chicken germ cells (Choi 
et al., 2023). Estermann et al. (2020) performed a comprehensive 
analysis of the gonads of embryonic chickens during sexual differenti
ation using scRNA-seq to study the gonadal sex differentiation process. 
Wang et al. (2024) analyzed two sides of the ovaries at six distinct 
embryonic developmental stages using single-cell transcriptome 
sequencing and provided insights into the left-right asymmetric 

development of the chicken ovary, particularly the role of cortex cells in 
the left ovary. scRNA-seq has revealed the molecular regulatory mech
anisms of sheep spermatogenesis and highlighted gene conservation 
during spermatogenesis in sheep and humans (Tian et al., 2022). 
Single-cell sequencing has revealed reproductive variations between 
primiparous and multiparous Hu ewes, providing insights into the mo
lecular mechanisms underlying the high fecundity of Hu sheep (Ge et al., 
2023). Xu et al. (2023) revealed a comprehensive age-associated tran
scriptomic atlas using ovarian data at different stages at the single-cell 
level and identified new diagnostic biomarkers and potential thera
peutic targets for age-related ovarian diseases. Li et al. (2020) compared 
the single-cell transcriptome data of chicken breast muscle at two 
developmental stages, identified cell clusters, captured the gene 
expression of single cells, and identified two genes, APOA1 and COL1A1, 
as biomarkers of intramuscular fat cells. In terms of chicken peripheral 
blood leukocytes, in addition to major leukocyte cells, a new subpopu
lation of chicken peripheral B-cells with high SOX5 expression was 
identified, along with TCRγ/δ + T-cell subpopulations including at least 
two subtypes (Maxwell et al., 2024). Zhang et al. (2024) explored the 
regulative mechanisms of follicular selection and atresia in chicken 
granulosa cells using single-cell RNA sequencing.

GWAS of eggshell quality traits and proteomic research in uterine 
fluid were performed to identified key genes and proteins of eggshell 
(Chen et al., 2024; Gao et al., 2025). Despite previous studies on uterus 
of egg-laying hens, no study has explored the chicken oviduct, particu
larly the uterus, using single-cell RNA sequencing. Considering the 
critical role of the chicken oviduct in egg formation as the yolk travels 
through the infundibulum, magnum, and isthmus and reaches the 
uterus, a single-cell perspective could uncover new regulatory mecha
nisms of speckle formation. In this study, a single-cell transcriptome 
using 10X Genomics Cr was used to elucidate the diversity of the cell 
profiles in the chicken uterus. Typical cell-specific genes were verified 
using RNA in situ hybridization. Our aim was to address the existing gap 
in the single-cell characterization of the uterus and provide new insights 
into the genetic and cellular basis of speckled eggshell formation.

Materials and methods

Chicken management

Thirty Hy-Line brown laying hens (72 weeks old) were raised in in
dividual cages under the same routine conditions of nutrition, vaccina
tion, and management. A laying hen lighting program was adopted 
during the experimental period. Mashed feed and fresh water were 
provided, ad libitum. After observing and determining the probability of 
producing speckled eggs for more than seven days, the chickens were 
divided into two groups: control and speckled.

Uterine tissue collection and dissociation

Six hens (three in the control group [C1, C2, C3] and three in the 
speckled egg group [S1, S2, S3]) were euthanized after oviposition, and 
the uterus was isolated, rinsed with phosphate-buffered saline (PBS), 
and cut into pieces. Part of the uterine tissue was fixed in 4% formal
dehyde for RNA in situ hybridization, and the other part was used to 
detect protoporphyrin IX content. Other uterine samples from the same 
position were stored in MASC tissue storage solution (cat#130-100-008, 
Miltenyi Biotec, USA) and immediately transferred to the laboratory for 
single-cell dissociation within 24 h.

Uterine tissues were dissociated into single cells in dissociation so
lution in a 37◦C water bath with shaking for 20 min at 100 rpm. 
Digestion was terminated using 1 × PBS containing 10% fetal bovine 
serum (FBS). The cell suspension was filtered and centrifuged at 300 × g 
for 5 min at 4◦C. The cell pellets were resuspended and incubated at 
room temperature. After incubation, the cell debris and dead cells were 
removed. The overall cell viability reached > 85%, and the 
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concentration of single-cell suspensions was adjusted to 700–1200 cells/ 
μL for the 10X Genomics ChromiumTM system.

scRNA-seq data processing and analysis

Single-cell mRNA libraries were generated using the Single-Cell 3′ 
Reagent V3 Kit (10X Genomics, Pleasanton, CA, USA) according to the 
manufacturer’s protocol. cDNA libraries were amplified by PCR using 15 
cycles. Libraries were sequenced on an Illumina NovaSeq 6000 (Illu
mina, San Diego, CA, USA) by LC-Bio Technology Co. Ltd. (Hangzhou, 
China) at a minimum depth of 20,000 reads per cell.

After sequencing, Cell Ranger software (version 7.2.0) was used to 
perform preliminary processing, and the FASTQ files were mapped to 
the chicken genome reference (https://ftp.ensembl.org/pub/release 
-110/fasta/gallus_gallus/cdna/Gallus_gallus.bGalGal1.mat.broiler.GR 
Cg7b.cdna.all.fa.gz). The R package Seurat (version 4.1.1) was used for 
dimensional reduction and clustering (Butler et al., 2018). The control 
threshold was set as follows: all genes expressed in less than three cells, 
the number of genes expressed per cell was over 500, and the percent of 
mitochondrial genes was less than 25%. The LogNormalize method was 
used to normalize expression levels, The clustering algorithm optimized 
based on the shared nearest neighbor (SNN) module for identifying cell 
clusters, while using harmony to remove batch effects. The cells were 
then visualized in two dimensions using Uniform Manifold Approxi
mation and Projection (UMAP). We set the random seed to 10086, the 
resolution to 0.8, and select dims as 20 to complete dimensionality 
reduction clustering. Single-cell data analysis was performed using the 
OmicStudio tools created by LC-BIO Co., Ltd (HangZhou, China) at 
https://www.omicstudio.cn/cell.

Cell type annotation and difference analysis

We artificially annotated the clusters into different cell types based 
on a cell marker dataset. The cell-type proportions between groups were 
performed using t-test. Specifically, we identified the marker genes and 
differentially expressed genes (DEGs) of each cell-type using the ‘bimod’ 
test as implemented in the Seurat FindMarkers function, P < 0.01, log2 
(Fold Change) > 0.26, the minimum % expression cutoffs threshold was 
set 0, and markers genes which were expressed in more than 10% of the 
cells in a cluster (Mcdavid et al., 2013). The bimod algorithm, which can 
precise identification of genes featuring subpopulation-specific expres
sion, and allow for unsupervised screening of core markers that drive 
cellular heterogeneity from a vast pool of genes. Gene Ontology (GO) 
enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analyses of DEGs were performed using R, indi
cating a P ≤ 0.05 for significant gene enrichment.

Marker gene verification by RNA in situ hybridization

Uterine tissue was fixed overnight in 4% paraformaldehyde at 4◦C. 
The samples were then embedded in paraffin. The sections were used for 
in situ RNA hybridization. Probes for three genes (KRT18, PIGR, and 
CLDN10) were designed. KRT18 was used as the positive control. The 
uterine sections were pretreated with protease K. The pretreated sec
tions were hybridized with RNA probes in a hybridization solution 
overnight. After RNA in situ hybridization, the nuclei were counter
stained with DAPI for 8 min at room temperature. A fluorescent mi
croscope (Zeiss, Axo Observer 3, Germany) and CaseViewer 2.4.0 
(3DHistech, Budapest, Hungary) were used for imaging. The three 
probes were located in different probe channels and labeled with 
different fluorescence tags using TSA Plus fluorophore.

Cell communication analysis

Signaling crosstalk is critical for informing diverse cellular decisions, 
such as the activation of the cell cycle, cell death, migration, and 

differentiation (Giladi et al., 2020). To elucidate cell-cell communica
tion within the uterine tissue, a comprehensive analysis of signaling 
crosstalk was conducted using the Python package CellPhoneDB 
(v5.0.0). The top 20 significant ligand-receptor interactions were 
generated using the R package ggplot2 (version 3.3.0).

Results

Comparison of speckled ratio and detection protoporphyrin IX

After evaluating the eggshell phenotype for two weeks, six chickens 
were selected and grouped. The results showed that the ratio of speckled 
egg production was > 75% in the speckled group (Table 1). Protopor
phyrin IX content in the uterine tissues of the two groups was detected 
using ELISA test kits. As shown in Table 2, the protoporphyrin IX content 
in the uterine tissue of the speckled group was significantly higher than 
that of the control group (P < 0.05).

Chicken uterine cell types profiling using single-cell transcriptome

In total, 49,755 single cells were captured from the two groups 
(27,500 and 22, 255 cells in the control and speckled egg groups, 
respectively). Overall, 33,815 cells passed quality control after critical 
cell filtration (Supplementary Table 1). The number of cells obtained 
from each sample ranged from 3,045 to 6,832. The average number of 
genes in each cell ranged from 2,160 to 3,003.

Based on the sequencing data, 25 clusters were identified using 
UMAP analysis. We characterized the cell types using existing cell 
markers provided by the reference, Fig. 1A and 1B respectively pre
sented the 10 major cell atlas of the two groups. Distinct expression 
patterns of the selected signature genes for each cell type were visual
ized using a dot matrix (Fig. 1C). Stromal cells were identified with high 
expression levels of marker genes, including PDGFRA, DCN, and TCF21. 
Epithelial cells were identified based on the expression of PIGR, CLDN10 
and EDIL3. Using marker genes including PSCA, ALAS1, RARRES1, and 
SPINK5, we identified protoporphyrin IX-synthesized cells. T lympho
cytes were annotated based on the expression levels of CD3D, and CD3E. 
Monocyte/macrophage cell was specifically expressed at high levels of 
the marker genes, LYZ, CD14, and MARCO. Cells were annotated as 
neuroendocrine cells based on CHGB and SCG2 expression. Further
more, other important cell types were identified, including endothelial 
cells (EMCN, VWF, and CDH5), serous cells (CA2 and SPP1), plasma cells 
(JCHAIN and MZB1). The distribution of cell types was presented in each 
samples (Fig. 1D). There was no significant difference in the proportion 
of cell types between two groups using T-test. The serous and stromal 
cells were the main cell types in the control group, B cells and T cells 
were also account for high proportions in the speckled group (Supple
mentary Table 2). Two marker genes were selected and verified using 
RNA in situ hybridization. The expression patterns of PIGR and CLDN10 
in uterine tissues were similar to those of KRT18. The fluorescence re
sults confirmed the expression and localization in the cell types (Fig. 2).

Gene expression signatures in cell types

The upregulated genes in each cell type were identified (Supple
mentary Table 3). Most genes are specifically expressed in their 
respective cell types. Fig. 3 shows marker genes for cell types and GO 
and KEGG enrichment data revealed typical cellular functions. Meta
bolic and oxidative phosphorylation pathways were significantly 

Table 1 
Comparison of the speckled eggs ratio between two groups.

Control Group Speckled Group

Samples C1 C2 C3 S1 S2 S3
Speckled rate (%) 0 0 0 75 83 75

Y. Sun et al.                                                                                                                                                                                                                                      Poultry Science 105 (2026) 106581 

3 

https://ftp.ensembl.org/pub/release-110/fasta/gallus_gallus/cdna/Gallus_gallus.bGalGal1.mat.broiler.GRCg7b.cdna.all.fa.gz
https://ftp.ensembl.org/pub/release-110/fasta/gallus_gallus/cdna/Gallus_gallus.bGalGal1.mat.broiler.GRCg7b.cdna.all.fa.gz
https://ftp.ensembl.org/pub/release-110/fasta/gallus_gallus/cdna/Gallus_gallus.bGalGal1.mat.broiler.GRCg7b.cdna.all.fa.gz
https://www.omicstudio.cn/cell


enriched in endothelial, epithelial, neuroendocrine, serous, and proto
porphyrin IX-synthesizing cells. The key marker genes of immune cells 
annotated representative pathways, including IgA production, Toll-like 

receptor signaling, and C-type lectin receptor signaling pathways. 
MAPK, focal adhesion, and forkhead box O (FoXo) signaling pathways 
were enriched in endothelial cells. TGF-beta signaling pathway, WNT 
signaling pathway, and NOD-like receptor signaling pathway were 
enriched in epithelial cell.

Differential cell expression profiles between two groups

Fig. 4 shows differential expression between control and speckled 
groups. Most DEGs were identified in the stromal and serous cells 

Table 2 
Content of protoporphyrin IX in uterus.

Items Control Group Speckled Group P Value

Content (ng/mL) 46.26±5.47b 52.66±5.95a 0.02

a,b Values differ significantly at P < 0.05.

Fig. 1. Identification of chicken uterine cell types by single-cell RNA-seq transcriptomics. A UMAP plot of ten cell types in control group. Each point represents an 
cell. B Identification ten cell types on UMAP in speckled group. C Dot plot of different cell marker gene expression levels. D Bar plot showing the proportion of cell 
types in two groups.

Fig. 2. In situ validation of mRNA expression of the marker genes KRT18, PIGR, and CLDN10 in uterine tissue. PIGR, and CLDN10 are selected from up-regulated 
genes in epithelia cell, KRT18 is a known marker gene and used as a positive control. A The expression and localization in control group. B presents the results of 
speckled group.
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Fig. 3. The marker genes of cell types and function enrichment.

Fig. 4. Differential expression between control and speckled groups.
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(Supplementary Table 4). A total of 560 upregulated and 229 down
regulated DEGs were identified in stromal cells, 307 upregulated and 
449 downregulated DEGs in serous cells, 310 upregulated and 111 
downregulated DEGs were identified in epithelial cells, 123 upregulated 
and 88 downregulated DEGs in protoporphyrin IX-synthesizing cells, 
and six upregulated and nine downregulated DEGs in neuroendocrine 
cells. Only one DEG, SPP1 (secreted phosphoprotein 1), was found in 
endothelial cells, and a total of 593 upregulated DEGs and 1020 
downregulated DEGs were identified in immune cells. Notably, SPP1 
expression was down-regulated in all cell types in the speckled group. 
Excluding endothelial cells, the other nine cell types intersected with 
one gene- the matrix extracellular phosphoglycoprotein (MEPE), which 
was down-regulated in the speckled group. SPP1 was verified using RNA 
in situ hybridization in both groups. As shown in Fig. 5, the fluorescence 
signal of SPP1 in the control group was significantly stronger than that in 
the speckled group.

To shed further light on the putative functions of the DEGs, KEGG 
enrichment analyses were conducted with the identified DEGs (Sup
plementary Table 5). In stromal cells, the DEGs were significantly 
enriched in the ribosome, focal adhesion, TGF-beta signaling pathway, 
and regulation of actin cytoskeleton. In serous cells, the enriched 
signaling pathways included metabolic pathways, phagosomes, C-type 
lectin receptor signaling pathways, NOD-like receptor signaling path
ways, and TGF-β signaling pathways. The enriched pathways of DEGs in 
epithelial cells were mainly related to metabolic pathways, Salmonella 
infection, phagosomes, and cell adhesion molecules. The DEGs in pro
toporphyrin IX-synthesized cells were enriched for oxidative phos
phorylation and focal adhesion. Significantly enriched pathways in 
immune cells included apoptosis, Salmonella infection, ECM-receptor 
interactions, and the immune network for IgA production.

Signaling crosstalk among various cell types

A cell-to-cell communication network was constructed based on li
gands and matching receptors expression information from our single- 
cell atlas (Fig. 6A). The key cellular interactions have been identified, 
including serous cells, protoporphyrin_IX pigment cells, epithelial cells 
and neuroendocrine cells. Fig. 6B and Fig. 6C displayed the interacted 

strength between cells in two groups, separately. The result showed the 
interaction signals of speckled group were significantly enhanced 
compared to the control group. Further exploration was conducted on 
the abundance of ligand-receptor interactions (Fig. 6D and Fig. 6E). 
Conserved interaction signals were detected in two groups, stromal cells 
were predicted to communicate with endothelial cells and serous cells 
through COL4A1-integrin a11b1 complex and COL4A1-integrin a1b1 
complex interactions in the control group. COL4A1-integrin communi
cation was related to cell adhesion, the signal abundance of these ligand- 
receptor suggested the communication intensity related to cell adhesion 
is significantly weakened in the speckled group. In cell transduction, 
APP-SORL1, APP-TNFRSF21, and APP-CD74 interactions were detected 
in multiple cell pairs of two groups. However, APP-CD74 has a stronger 
signal in cell pairs such as stromal cells to epithelial cells and endothelial 
cells to protoporphyrin IX pigment-synthesizing cells in speckled group, 
indicating cellular transduction mediated by this signal is upregulated in 
the speckled group.

There were also significantly altered interaction signals, reflecting 
the activation/inhibition of specific signaling pathways. WNT5A-FRZB, 
SPP1-integrin αVβ3 complex, and BMP6 related interactions were 
unique detected in control group. These ligand-receptor showed no 
significant signals in speckled group, suggesting the cell proliferation 
and differentiation pathways mediated by WNT, SPP1, and BMP were 
inhibited in the speckled group. However, EFNB1-EPHB1, JAG1- 
NOTCH1, and CXCL12-CXCR4 pairs were only appeared in speckled 
group, which suggested the interaction network related to cell differ
entiation and migration was activated in the speckled group.

Discussion

The heritability of eggshell speckles was 0.35 at 28 weeks of age 
(Cheng et al., 2023b). The formation of speckles has a significant effect 
on eggshell color, and the L-, a-, and b-values are significantly different 
from those in normal egg groups (Duan et al., 2023). The uterus is an 
important organ that forms the eggshell. Therefore, the transcriptional 
profiles of the uterus are essential for investigating the mechanisms 
underlying speckled traits on the eggshell surface. In the present study, 
we investigated the differences in the expression profiles of the uterus 

Fig. 5. In situ validation of mRNA expression of SPP1 in two groups. A shows the fluorescence signal of SPP1 in the control group. B shows the fluorescence signal of 
SPP1 in the speckled group.
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using scRNA-seq, providing insights into this speckled trait. Ten cell 
types were identified, and their corresponding expression profiles were 
mapped to the uterus. The proportions of cell subsets and differential 
expression of cell types between the two groups were compared. These 
included four types of immune cells, which accounted for 28.5% in the 
control group and 49.8% in the speckled group, possibly because of the 
age of the hens. This result indicates that the aged uterus tends to exhibit 
enhanced barrier defense. We specifically labeled the 
pigment-synthesizing cells according to the key genes of the protopor
phyrin IX pigment synthesis pathway, which also belongs to the 
epithelial cell type. The proportion of cell types was no significant dif
ference in two groups. This study used three control and three speckled 
hens, which is a small sample size that limits how broadly the results can 
be generalized.

The identified marker genes of cell types, which play important roles 
in eggshell formation. MEPE and SPP1 are marker genes of serous cells, 
and both were DEGs in two groups. MEPE is also known as OC-116 
(ovocleidin 116). OC-116 is the major component of the eggshell matrix, 
plays an important role in the regulation of calcite growth during 
eggshell calcification, and is positively correlated with the thickness of 
the effective layer (Marie et al., 2015). OC-116 is also expressed in the 
tibia and mandible of chicken embryos and plays a role in osteogenesis, 
mineralization, and phosphatemia regulation (Bardet et al., 2010). 
Meanwhile, multiple signaling pathways such as oxidative phosphory
lation, endocytosis were annotated in serous cells, which may be a key 
cell type in the uterus during eggshell formation.

The epithelial cells are important experimental materials for study
ing the uterine regulation mechanism of eggshell mineralization. In our 
result, OC17 (ovocleidin 17), EDIL3 (EGF repeats, discoidin domains 3), 
TF (transferrin), and SAA (serum amyloid A) have been identified as 
marker genes of epithelial cells. Furthermore, OC17 was only upregu
lated in the serous cells and T cells of the speckled group. TF and SAA 
were also upregulated in the epithelial cells of the speckled group. OC17 
is an eggshell matrix protein that controls and regulates calcium 

carbonate deposition in the calcified eggshell layers (Lakshminarayanan 
et al., 2005; Reyes-Grajeda et al., 2004). Proteomic qualitative analyses 
of uterine fluid have identified proteins related to mineralization 
including OC17, and the novel calcium-binding protein-EDIL3 (Marie 
et al., 2015). We annotated WNT and TGF-beta signaling pathways, 
which have been reported to play a role in cell proliferation and dif
ferentiation (Kahata et al., 2018; Zhao et al., 2021). These two pathways 
may influence epithelium and play roles in eggshell formation.

In protoporphyrin IX pigment-synthesizing cells, RARRES1 (retinoic 
acid receptor responder 1) is a key marker gene, also known as OCX32 
(ovocalyxin-32). This gene was upregulated in B, T, and serous cells of 
the speckled group. OCX32, an eggshell matrix protein, is expressed at 
high levels in the uterine and isthmus regions of the oviduct. In the 
eggshell, OCX32 localizes to the outer palisade layer, vertical crystal 
layer, and cuticle (Gautron et al., 2001). OCX32 haplotypes are associ
ated with eggshell quality and are useful markers of eggshell traits 
(Takahashi et al., 2010).

In the DEGs analysis of the two groups, SPP1 was highly expressed in 
all cell types of the control group. SPP1 is synthesized by granular cells 
in the uterine surface epithelium (Fernandez et al., 2003). It is secreted 
into the uterine fluid along with other matrix proteins, where it accu
mulates in mineralizing eggshells. SPP1 is a highly phosphorylated 
acidic glycoprotein and influences eggshell structures by regulating 
crystal growth and morphology (Chien et al., 2008; Panheleux et al., 
1999). A lower abundance of SPP1 has been identified in weak eggshells 
than in strong ones (Sun et al., 2013). Athanasiadou et al. (2018)
demonstrated that higher concentrations of SPP1 led to a smaller 
nanostructure size. Previous research has highlighted the association 
between SPP1 expression and abnormalities in corrugated, pimpled, and 
cracked eggshells (Arazi et al., 2009). In this study, single-cell tran
scriptomic of uterus-producing speckled eggshells also revealed down
regulation of SPP1 expression in each uterine cell type.

Cell communication network showed that the interaction signals of 
speckled group were significantly enhanced compared to the control 

Fig. 6. scRNA-seq reveals cell communication changes in two groups. A Overall signaling crosstalk among various cell types. B shows the communication strength of 
cell types in control group. C shows communication strength of cell types in speckled group. D shows the significant ligand-receptor interactions in control group. E 
shows the significant ligand-receptor pairs in speckled group.

Y. Sun et al.                                                                                                                                                                                                                                      Poultry Science 105 (2026) 106581 

7 



group and the shared core ligand-receptor maintained cross cell type 
communication. The enhanced interaction signals may alter the micro
environment of the uterus, thereby affecting the formation of speckle 
eggshells. We also identified the altered intercellular communication. 
Among them, SPP1 interacting with integrin αVβ3, can activate several 
downstream signaling pathways, such as the PI3K/Akt, NF-κB, and 
STAT3 pathways, implicated in a variety of physiological and patho
physiological processes (Urtasun et al., 2012). This interaction was only 
detected in control group. In addition, JAG1-NOTCH1 regulates cell 
proliferation, differentiation, and apoptosis through the Notch signaling 
pathway, and maintaining tissue homeostasis (Li et al., 2025). Chemo
kines play a crucial role in cell migration, which participate in physio
logical processes such as organizational repair and guidance of immune 
cells (Rossi et al., 2000). In speckled group, Notch and chemokine 
signaling pathways were activated. The activation/inhibition of specific 
signaling may be associated with the formation of speckled eggshell. The 
single-cell atlas and cell type specific expression-patterns that can guide 
future functional studies in eggshell formation.

Conclusion

This study demonstrates a single-cell atlas and cellular heterogeneity 
of chicken uterus in relation to speckled eggs. In total, ten distinct cell 
types were identified, particularly annotated the protoporphyrin IX 
pigment-synthesizing cells. The altered cellular communication, acti
vation and inhibition of specific signaling pathways and key genes 
significantly influenced eggshell speckle traits. Further studies are 
required to explore how these gene expression patterns vary across 
different breeds and developmental stages. This study establishes a 
foundation for targeted improvements in poultry egg production and 
quality through molecular insights.
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