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Abstract

In the modern sheep production systems, the reproductive performance of ewes determines the economic
profitability of farming. Revealing the genetic mechanisms underlying differences in the litter size is
important for the selection and breeding of highly prolific ewes. Hu sheep is a high-quality Chinese sheep
breed with high fecundity and it is an ideal model for investigating prolificacy traits. In the current study,
animals were divided into two groups according to their delivery rates in three consecutive lambing
seasons (namely, the High-reproduction and lowly reproductive groups with = 3 lambs and one lamb per
season, respectively). Three ewes were randomly picked from each group and slaughtered within 12 h of
estrus, and unilateral ovarian tissues were collected and analyzed by single-cell RNA sequencing. A total
of five types of somatic cells were identified and corresponding expression profiles were mapped in the
ovaries of each group. Noticeably, the differences in the ovary somatic cell expression profiles between
the High-reproduction and lowly reproductivegroups were mainly clustered in the granulosa cells, a cell
line that is significantly relevant to female prolificacy. In addition, four granulosa cell subtypes were
identified. GeneSwitches revealed that the abundance of the JPHT expression and the reduction of the
LOC1011122917 expression could lead to different evolutionary directions of the granulosa cells. The
expression levels of FTH7 and FTL in GCs of the Highly reproductive group were significantly higher,
which inhibited necroptosis and ferroptosis of mural GCs from decreasing follicular atresia. This study
constructed the gene expression atlas of the sheep ovary and revealed related biological characteristics
at the cellular and molecular levels. It also provides a theoretical basis for the mechanisms underlying the
differences in ovulation numbers, which will be helpful for breeding and molecular genetics-based
selection of highly prolific ewes.

1. Background

For a long time, sheep have been subjected to a strong selection pressure to improve fecundity because
high reproduction traits are always considered beneficial for producers. The ovary, a critical reproductive
organ consisting of follicles at several different developmental stages. The number of lambs produced is
an important indicator of sheep fertility. It is also a complex quantitative trait regulated by genetic,
epigenetic, and hormonal factors with a heritability of 0.03-0.10 [1]. The number of lambs produced by
each ewe is influenced by the number of ovulations, and the ovulation can be genetically regulated by a
single main effector gene or some micro-effector polygenes [2, 3], such as BMPRIB [4], BMP1515], and
GDF96)].

The ovary is a heterogeneous organ co-regulated by multiple cells, which determines the complexity of
the ovarian function. Follicular development is a highly coordinated process in sheep. Follicle cyclic
recruitment, spatial displacement, follicle atresia, and ovulation are implicated events resulting from the
release of molecular signals by somatic cells. Cells have different functions in the specific biological
cycle of the ovary and contribute to the maturation of follicles [7]. Previous studies have focused on the
impact of follicles (including granulosa cells and oocytes) on ovarian function [8, 9]. Few studies have
been conducted to investigate the effect of different cells in the ovary on reproductive performance.
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Therefore, establishing a functional analysis based on different ovarian cells and their specific
physiological roles is important to explore the ovarian function and elucidate the mechanisms of
differences in lambing number.

With the development of sequencing technologies, single-cell RNA sequencing (scRNA-seq) technology
has been proposed to detect the expression profiles of different tissue cells. Thousands of single-cells
from a single biopsy can be analyzed by introducing unique molecular identifiers (UMI) in droplet-based
protocols, reducing amplification errors and facilitating the detection of small populations of cells whose
transcriptional programs are often not detected using bulk RNA sequencing [10]. ScCRNA-seq technology
revealed that at distinct developing stages of cells, the corresponding cell markers are different [11-13].
In addition, using this technology, studies have explored the different cellular functions and
developmental trajectories of the ovary in humans and some model animals [14-16]. Whereas, there is
few studies focus on ovary function of domestic animals with scRNA-seq. In the current study, this
technique was conducted to explore the celluler mechanisms underlying differences in lambing number
in Hu sheep.

Hu sheep is a first-class protected local livestock breed in China and a world-renowned multiparous sheep
breed. It has early sexual maturity, four seasons of estrus, two or three litters a year, and an average
lambing rate of 277.4% [17]. Hu sheep are currently bred on a large scale in China's mutton sheep
production system, and the litter size of ewes clearly impacts the economic efficiency. In sheep breeds
with high fecundity performance, five main causal genes control ovulation and lambing numbers|[18].
However, except for the FecB locus in the BMPR-1B gene, all other loci are not associated with high
fecundity traits in Hu sheep[18]. There is still a gap between the specific gene regulatory networks and
lambing number. In this study, we focused on the critical window period of estrus using the 10xGenomics
scRNA-seq technology to uncover the key biological processes of cells in the ovaries of primiparous and
multiparous Hu ewe. Additionally, key genes and pathways associated with the average litter size were
investigated, which provide new targets for molecular breeding and theoretical basis for further studies.

2. Materials and methods

2.1 Ethical statement

The present study was approved by the Animal Care and Use Committee of Northwest A&F University,
China (Approval No. DK2021113). All methods and experimentations were performed in accordance with
the relevant guidelines and regulations.

2.2 Sheep management

A total of 6 estrus Hu sheep were divided into 2 groups, and litter size from three consecutive parities was
used as a grouping basis. Highly reproductive group (HLS) had a litter size of = 3, and the lowly
reproductive group (LLS) had 3 sheep which had a litter size of =1.
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The six randomly selected ewes were slaughtered within 12 h of estrus. The ram test was used to
determine the estrous status. Venous blood samples were collected before slaughter for testing blood
biochemical and hormone levels. Unilateral ovarian tissues were collected, placed in a protective solution
(MACS® Tissue Storage Solution, Miltenyi Biotec Inc, Germany), stored at 4 °C, and analyzed by scRNA-
seq.

2.3 Blood biochemical and hormone determination

Blood biochemical indicators were measured with an automatic biochemical analyzer (BK-280, Biobase,
China). Blood hormone concentration was tested according to the instructions of the Elisa kit (Table S2).

2. 4 ScCRNA-seq
2.4.1 Sample preparation

The entire unilateral ovaries of Hu ewe were cut up, digested with collagenase1 for 30 min and trypsin for
10 min, sieved, centrifuged, and lysed for cell counting. The 10xGenomics Chromium system
(10xGenomics, USA) used an 8-channel microfluidic "double cross" crossover system to mix barcode-
containing gel beads, a mixture of cells and enzymes, and oil to form gel beads in emulsions (GEMs, a
water-in-oil microsystem). After forming GEMs, the cells were lysed, and the gel beads automatically
dissolved to release many barcode sequences. The oil droplets were ruptured, and cDNA products were
collected and amplified. Total mMRNA was reverse transcribed to produce cDNA with 10x barcode and
unique molecular identifier (UMI) information. A standard sequencing library was constructed, and the
10x library was cyclized and sequenced using the MGISEQ sequencing platform (MGI Tech Co., Ltd,
China).

2.4.2 Sequencing

ScRNA-seq libraries were prepared with Chromium Single Cell 3’ Reagent v2 (or v3) Kits (10xGenomics,
USA) according to the manufacturer’s protocol. Single-cell suspensions were loaded on the Chromium
Single Cell Controller Instrument (10xGenomics, USA) to generate single-cell GEMs. After generating
GEMs, reverse transcription reactions were engaged with barcoded full-length cDNA followed by the
disruption of emulsions using the recovery agent and cDNA clean-up with DynaBeads Myone Silane
Beads (Thermo Fisher Scientific, USA). cDNA was amplified by polymerase chain reaction (PCR) with
appropriate cycles, depending on the recovered cells. The amplified cDNA was fragmented, end-repaired,
A-tailed, index adaptor-ligated, and library amplification. These libraries were sequenced on the Illumina
sequencing platform (HiSeq X Ten), and 150 bp paired-end reads were generated.

2.4.3 Data preprocessing

The Cell Ranger software pipeline (v5.0.0) provided by 10xGenomics was used to demultiplex cellular
barcodes, and reads were mapped to the genome and transcriptome using the STAR aligner and down-
sample reads as required to generate normalized aggregate data across samples, producing a matrix of
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gene counts versus cells. The UMI count matrix was processed using the R package Seurat (v3.1.1) [19].
To remove low-quality cells and multiplet captures, a major concern in microdroplet-based experiments, a
criterion was applied, including to filtering out cells with gene numbers less than 200, UMI less than 1000,
and log10GenesPerUMI less than 0.7. We discarded low-quality cells where >10% of the counts belonged
to mitochondrial genes, and >5% of them belonged to hemoglobin genes. The DoubletFinder package
(v2.0.2) [20] was applied to identify potential doublet. After applying these QC criteria, 41,150 single-cells
were included in downstream analyses. Library size normalization was performed with the
NormalizeData function in Seurat [19] to obtain the normalized count. The global-scaling normalization
method “LogNormalize” normalized the gene expression measurements for each cell by the total
expression and multiplied by a scaling factor (10,000 by default). The results were log-transformed.

Top variable genes across single-cells were identified using the method described by Macosko et al. [21].
The most variable genes were selected using the FindVariableGenes function (mean.function =
FastExpMean, dispersion.function = FastLogVMR) in Seurat [19]. Principal component analysis (PCA)
was performed to reduce the dimensionality with the RunPCA function in Seurat [19]. Graph-based
clustering was performed to cluster cells according to their gene expression profiles using the
FindClusters function in Seurat [19]. Cells were visualized using a 2-dimensional Uniform Manifold
Approximation and Projection (UMAP) algorithm with the RunUMAP function in Seurat [19]. The
FindAlIMarkers function (test.use = presto) was used in Seurat [19] to identify marker genes of each
cluster. For a given cluster, FindAlIMarkers identified positive markers compared with all other cells.

Differentially expressed genes (DEGs) were identified using the FindMarkers function (test.use = presto)
in Seurat. Pvalue < 0.05 and |log2foldchange| > 0.58 were set as the threshold for significantly
differential expression. Gene Ontology (GO) enrichment and Kyoto Encyclopaedia of Genes and Genomes
(KEGG) pathway enrichment analysis of DEGs were performed using R based on the hypergeometric
distribution.

2.4.4 Pseudotime analysis

Pseudotime analysis was done with the Monocle2 package [22]. The raw count was converted from the
Seurat object into the CellDataSet object with the import CellDataSet function in Monocle. The
differentialGeneTest function of the Monocle2 package was used to select ordering genes (qval < 0.01),
which were informative in the ordering of cells along the pseudotime trajectory. The dimensional
reduction clustering analysis was performed with the reduce dimension function, followed by trajectory
inference with the order. The cell function was done using default parameters. Gene expression was
plotted with the plot_genes_in_pseudotime function to track changes over pseudo-time.

2.4.5 GeneSwitches analysis

GeneSwitches (v 0.1.0) [23] was used to discover the sequence of gene expression turn-on, and turned-off
during cell state transitions at single-cell resolution. Gene expression data were binarized to a 1 (on) or 0
(off) state using the binarize_exp function (fix_cutoff = TRUE, binarize_cutoff = 0.05) from the
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GeneSwitches package. A mixture model of two Gaussian distributions was fitted to the input gene
expression for each gene, which was used to calculate a threshold for binarizing the gene. Genes without
a significant "on-off" bimodal distribution were removed, and the binary state of gene expression (on or
off) was modeled using the find_switch_logistic_fastglm function (downsample = TRUE). The top 50
best-fit (high McFadden's Pseudo R*2) genes were plotted along the proposed timeline. Genes turned on
with the proposed time were shown above the horizontal axis. Genes that were turned off with the
proposed time are shown below the horizontal axis.

2.5 Histological observation
2.5.1 Hematoxylin and eosin staining

The ovary samples were fixed in 4% polyformaldehyde, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin (H&E) for the histologically observation ovarian tissues. SlideViewer 2.5.0
(3DHistech Ltd., Hungary) was used for imaging.

2.5.2 Immunofluorescence staining

The sections of paraffin-embedded tissues were stained with Decorin antibody (sc-73896, Santa Cruz,
USA), VE-cadherin antibody (sc-9989, Santa Cruz, USA), CD53 antibody (sc-9989, Santa Cruz, USA), FSHR
antibody (22665-1-AP, Proteintech, China), RGS5 antibody (11590-1-AP, Proteintech, China), and DAPI
(C0060, Solarbio, China) forimmunofluorescence. SlideViewer 2.5.0 (3DHistech Ltd., Hungary) was used
forimaging.

2.6 Statistical analysis

The Student's ttest was used for data analysis by SPSS software, version 24.0. (SPSS, USA). Statistical
significance was set at p < 0.05 and extremely significant at p< 0.01.

3. Results

3.1 Blood biochemical and body weight of sheep

Sheep weight and production records are shown in Table s1. Twelve hours before sampling the ovaries,
the venous blood samples were collected to evaluate the physiological status of the sheep. As shown in
Table 1, the blood biochemical and body weight of sheep had no difference between the two groups.

3.2 Clustering and identification of the ovarian somatic cells

In this study, ovaries were obtained from six ewe (three replicates in each group) with different litter sizes,
and subjected to H&E staining was performed for ovary structure observation. In the ovary, follicles were
observed in different developmental states in both groups (Fig. 1A), which means that our subsequent
analysis covers all cell types from various developmental states during estrus.
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The ovaries were digested for 10x genomic single cell RNA-seq (Fig. 1B). After critical cell

filtration, 38,921 cells were collected. The number of cells obtained from every sample ranged from 5,796
to 7,335, and the average number of UMI in each cell ranged from 6,227 to 10,384. The average number
of genes in each cell ranged from 2,160 to 3,003, and the average proportion of mitochondrial UMl in
each cell ranged from 0.0330 to 0.0480 (Fig. 1C). Mapping rate of every sample was higher than 85%,
indicating the reliability of the scRNA-seq data of this study. Based on the sequencing data, a seurat-
based workflow was used for cell clustering, and a total of 20 clusters (C) were identified by the uniform
manifold approximation and projection (UMAP) analysis. All clusters were present in HLS and LLS
groups.

We characterized ovarian somatic cell types by existing cell markers provided by reference. The cells in
C1, C2,C7-1,C13, and C14 were endothelial cells with high expression levels of marker genes,

including CDH5, CD34, VWF, FLI1, and MMRNT1 [24]. Granulosa cells (GCs) (C5, C7-2, and C12) were
recognized by the expression levels of AMH, CDH2, FSHR, and FST [25, 26]. According to the high
expression levels of PDGFRA, DCN, and TCF21, cells in C3, C4, C7-3, C8, and C16 were identified as
ovarian stromal cells [27]. Cells in C9 and C10 were annotated as perivascular cells based on the high
expression of typical cell markers RGS5, MCAM, and DES[28]. The immune cells (C6, C11, C17, and C18)
recognized by expression levels of CD69, CD3G, PTPRC and CD53 [25]. The gene signatures of cells in
C15, C19, and C20 were DCDC2, MUC16, MPZ, CDH19, MZB1, and VPREB3. The specific cell type related
to these markers is rarely reported. Thus, these cells were identified as “unknown cells” (Fig. 2A). The
immunofluorescence results also confirmed the expression and localization of different cell types (Fig.
2B, 2C). After cell type identification, five cell types of ovarian somatic from Hu-sheep were identified, and
the cell number of endothelial cells, GCs, stromal cells, perivascular cells, and immune cells were 17921,
3214, 11328, 2635, and 3180, respectively.

3.3 Ovarian somatic cell expression profiles during estrus

We collected high-variable genes (Top 300) of each cell type for GO and KEGG enrichment analysis. The
top 3 GO terms and KEGG pathways are shown in Fig. 3. GO and KEGG enrichment data uncovered the
typical cell function and confirmed the cell type identification results. Numerous pathways related to
metabolism (energy, amino acid, carbohydrate, and lipid) occurred in GCs and stromal cells, which was
indicated during estrus. GCs and stromal cells underwent a very energetic metabolism for follicle
development and maturation. Some key pathways were enriched in certain cells during estrus. The “AMP-
activated protein kinase (AMPK)" pathway is only enriched in GCs. “Forkhead box O (FoXo) signaling”
pathway is enriched in GCs and stromal cells. “Phosphoinositide-3 kinase (PI3K)-Akt signaling” pathway
enriched in endothelial and perivascular cells. The “Mitogen-activated protein kinase (MAPK) signaling”
pathway enriched in endothelial and immune cells.

3.4 Differences of ovarian somatic cell expression profiles between the HLS and LLS groups.

The differences between the somatic cell expression profiles of primiparous and multiparous Hu ewes

were compared. In our study, the comparison of somatic cell expression profiles was based on the cell
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types. The proportion of cell types differed between the HLS and LLS groups. The proportion
of endothelial and immune cells in HLS was lower than in LLS, whereas GCs and stromal cells were
higher than in LLS. The distribution of perivascular cells was consistent in both groups (Table. 2, Fig. 4A).

p-value<0.05 and Fold Change >1.2 were used as screening criteria. The numbers of up-regulated DEGs
were 61, 115, 65, 74, and 105, while the down-regulated genes were 179, 168, 108, 181, and 179 in
endothelial cell, GC, stromal cell, perivascular cell, and immune cell, respectively (Fig. 4B). GO and KEGG
enrichment analyses were conducted with the identified DEGs. The enrichment results showed that the
functions up-regulated in ovarian somatic cells were associated with ribosome in HLS group compared to
LLS group. Up-regulation of structural components of ribosomes, cytoplasmic large ribosomal subunits,
translation, and other GO terms was observed in endothelial, GC, stromal, and perivascular cells. The
result of KEGG enrichment in ovarian somatic cells was closely involved in cellular functions and the
enhanced ribosome pathways. The “ovarian steroidogenesis” pathway was up-regulated in GCs.
Enhanced enrichment of the “oxidative phosphorylation” pathway was observed in stromal cells.
Decreased functional enrichment of somatic cells was associated with extracellular structures and cell
adhesion functions. For the GO term, cell adhesion enrichment was decreased in endothelial cells.
Functional enrichment was decreased in stromal and perivascular cells. In KEGG enrichment, a
corresponding decrease in functional enrichment (ECM-receptor interaction) was observed in stromal and
perivascular cells. The HLS group showed decreased nutrient metabolic functions in the KEGG
enrichment results compared to the LLS group, such as decreased “cholesterol metabolism” enrichment
in endothelial cells and decreased enrichment of” protein digestion and absorption” in stromal and
perivascular cells. This difference was more pronounced in GCs, where the HLS group significantly down-
regulated enrichment of “glycolysis/glucose production”, “oxidative phosphorylation”, and
“thermogenesis”. By comparing the expression profiles of ovarian somatic cells of Hu ewes with different
litter size, the number of differential genes and functional changes closely related to ovarian ovulation
was greater in GCs than in other somatic cells. Thus, the difference in GCs in the different groups required
further analysis.

3.5 GC subtype identification and developmental trajectory of sheep ovary

We reduced the dimension of the identified GCs into 11 sub-clusters (CL1-CL11) (Fig. 5A). CL1, CL3, CL5,
and CL8 were recognized as early GC (eGC) through high expression of WT7[29], TNNI3[25] and

WNT6 [30], and the low expression of VCAN[31], Although we recognized these cells, the mapping
condition was not ideal. Thus, we performed cell functions analysis with GO and KEGG (Fig. S1). Based
on the GO and KEGG enrichment results, we found that the enriched GO terms and KEGG pathways
related to signal transduction, response to peptide hormone and insulin, and the key pathways, such as
“Rap1 signaling”, “FoxO signaling”, “AMPK signaling”, “Mammalian target of rapamycin (mnTOR)
signaling”, and “WNT signaling” pathways enriched in CL1. Positive regulation of transcription by RNA
polymerase Il, nucleus, and DNA binding function was enriched in CL3. “MAPK signaling”, “steroid
biosynthesis”, “focal adhesion”, “PI3K-Akt signaling”, and “SMAD binding” pathways were enriched in

CL3. In CL5, the enriched GO terms and KEGG pathways related to the nucleus and RNA binding were
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enriched. The enriched pathways were the “regulation of the actin cytoskeleton”, “focal adhesion”, and
“relaxin signaling”. GO terms related to the nucleus, transcription corepressor activity, transcription factor
binding and response to cAMP enriched in CL8, and pathways about “PI3K-Akt signaling” and “MAPK
signaling” were enriched. Previous studies have shown that in in that the WNT signal activation occurs
exclusively at the primordial follicle stage [30]. Meanwhile, the “FoXO signaling”, “mTOR signaling”,
“MAPK signaling”, and “PI3K-Akt signaling” pathways have key functions in the activation of primordial
follicles [32, 33]. Through the function enrichment results, we confirmed that these cell clusters belonged
to eGC. Mural GCs (mGCs) (CL 2 and CL9) were identified based on the expression levels of reported cell
markers CITED2 [34], FSHR [35], GJA4, IGFBP5, and CYP11AT1[36, 37]. CL4, CL6, and CL7 were cumulus
GCs (CCs) since the high expression levels of marker genes /HH, INH BB, and IGFBP2 [27], while CL10 and
CL11 were recognized as atretic GCs (aGCs). The expression levels of GJAT and CDH2 were lower in

atretic follicles GC when compared with healthy follicles

We found a very extensive co-expression occurring in different GCs, which indicated that a lot of cell
differentiation took place during estrus. Although the ovaries were collected at a single time point, the
special histology structure of the ovary could obtain follicles in different developmental states (Fig. 1A).
Cell trajectory analysis explored the differentiation trajectory of GCs by Monocle [22]. From trajectory
analysis data, GC cells were divided into seven states. All CLs were presented in the trajectory. CL1 was
presented almost in all states. CL2 was presented in states 6 and 7. CL3 was presented in states 1, 2, and
3. CL4 was presented in state 4. CL5 was presented in states 1 and 4. CL6 was presented in state 6. CL7
was presented in states 6 and 7. CL8 was presented in states 1 and 4. CL9 was presented in state 7, and
CL 10 was presented in state 4 (Fig. S2). We identified the GCs’ sub-type and mapped the sub-type into
the trajectory. The identified sub-type and the eGCs were located in the early state. The GCs were
differentiated into two broad directions, including mGCs and CCs. Through trajectory analysis, in eGCs,
CL1 appeared in all states, and CL3 and CL8 appeared only in early development states, whereas CL5
intended to differentiate into CC (Fig. 5D). We performed heatmap analysis on cells in different
developmental states and granulosa cells exhibited four patterns of gene expression levels. Genes in the
pre-branch showed model1 and 3 patterns, with high expression in the early developmental stages. Genes
in branch1 and branch2 showed similar patterns of late high expression levels in the two different
branches (Fig. 5E). KEGG and GO enrichment analyses of genes were conducted with different expression
patterns, and the enrichment results of model1 and model3 were similar to those of eGC enriched in
“adherens junction”, “notch signaling”, “WNT signaling”, “tOhyroid hormone signaling”, “MAPK signaling”,
“Hippo signaling”, and “mTOR signaling” pathways. The growth hormone synthesis, secretion, and action
pathways were enriched in model1, indicating that cells were in a rapid growth period during this stage. In
model2, significant enrichment of functions was related to genetic material transfer, such as the
ribosome, proteasome, DNA replication, RNA transport, and mismatch repair, as well as enhanced cell
metabolism activities such as oxidative phosphorylation, thermogenesis, and citrate cycle, which
suggests that cell metabolism is activated during the process of early GCs to cumulus cells development.
In the enrichment results of model4, functions related to the regulation of actin cytoskeleton, endocytosis,
and phagosome were observed (Fig. 5F). These results justify the GC subtype identification strategy. The
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marker genes of each GC subtype were explored (Supplementary Material 2). The maker genes of eGC,
CC,and mGC identified in this study in Hu ewes were WT7 and CD34, AMH and INHA, and HTRAS3,
respectively, for Hu sheep in our study.

To investigate key genes involved in the developmental timeline of granulosa cells, GeneSwitches
analysis was conducted. Along the timeline of the process of GCs developing to CCs (branch1), we
observed gene closure throughout the entire timeline, leading to the development of early GCs into CCs. In
the later stage, more transcription factors (TF), such as JUNB and FNDC3B, and a key gene, such as
FOSB, participated in the closure process. At 23.4 h, LOC1011122917 expression arrested. These genes
decreased expression levels during the final transformation into CCs (Fig. 6A, Fig. 6C). Along the timeline
of GCs to mGCs development (branch?2), the expression levels of genes increased in the early stage.
Some TFs related to energy metabolisms, such as ACTG1, LDHB, ATP5MG, ATP5MC3, and ATP5FTE,
expression initiated. In the late stage of the timeline, we observed the initiating of JPHT expression. These
genes were expressed higher when early GCs were transformed into mGCs (Fig. 6A, Fig. 6C).

We performed KEGG pathway enrichment analysis on key genes in different branches. In the process of
branch1, only “adherens junction” pathway suspended. The other pathways were turned on. “Adherens
junction” pathway was enriched at lower levels in the early stages of development and decreased with the
timeline, while “proteasome”, “thermogenesis”, and “oxidative phosphorylation” increased with the
timeline and decreased rapidly before the endpoint. “RNA polymerase function” only increased in the late
stages of development. In the process of branch2 development, the enrichment of pathways was turned
on, focusing on cell energy metabolism (“oxidative phosphorylation” and “TCA cycle”) and related

functions of cell protein synthesis (“RNA transport”, “protein export”, and “protein processing in the
endoplasmic reticulum”) (Fig. 6C).

3.6 Differences of ovarian GC expression profiles between the HLS and LLS group

By comparing the proportions of different cell subtypes, the proportion of aGCs was significantly higher
in the LLS group than in HLS (Fig. 7A). In the LLS group, the physiological status of GCs was altered,
resulting in an increase in follicles with a propensity for atresia. Changes in cell function based on cell
subtypes were analyzed using KEGG enrichment. Pathways associated with apoptosis and necroptosis
were inhibited, while pathways associated with cell survival were up-regulated. This change was cell
subtype based. In mGCs, the enrichment of the necroptosis pathway was elevated. The genes enriched in
the pathway were FTHT, FTL, and HZAZ1. FTHT and FTL in the necroptosis pathway had a negative
feedback regulatory effect in the ferroptosis pathway. In the current study, FTH7 and FTL highly
expressed in group HLS reduced necroptosis by reducing the release of reactive oxygen species (ROS)
after decreased lysosome membrane permeabilization. The expression levels of ferroptosis-resisted
genes FTH17 and FTL were up-regulated in HLS. Then, we retrieved the location of FTH7 and FTL on the
ferroptosis pathway and analyzed its upstream and downstream genes. The downstream expression
levels of key genes MAPTLC3A, ATG5, and ATG7 (Fig. S3), and NCOA4 (Fig. S3) were downregulated in
the HLS group, thus reducing ferroptosis via inhibiting the Fenton response. On the other hand, the
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enrichment of the FoxO signaling pathway was downregulated in HLS and reduced apoptosis by
decreasing the expression of /RS2, EP300, BCL2L 11, and SGKT (Fig. S3). In CCs, the enrichment of ECM-
receptor interaction in the HLS group was up-regulated by increasing the expression levels of

COL4A4 (Fig. 7D), whereas the enrichment of the cAMP signaling pathway, oxytocin signaling pathway,
tight junction, and thyroid hormone signaling pathway was down-regulated in the multi-lamb group, with
decreasing the expression levels of CALM1, PLD1, OXT, PLN, ATP2B1, F2R, ACTG1, and MYL6 (Fig. 7D,
Fig. S3). In eGCs, differences between the two groups were reflected in the down-regulation of the
expression of transcription factor complex AP-1 composed of FOS, FOSB, and JUN (Fig. 7B, Fig. 7C).

4. Discussion

Every estrus cycle in sheep, typically consists three or four follicle waves development during the inter-
ovulatory interval [38], and about 1~3 mature follicles ovulate [39]. Estrus is a special time window. In
peripheral blood, luteinizing hormone peaks can be observed; estradiol decreases rapidly from maximal
values; progesterone is at its lowest level, and ewe usually ovulate about 20 h after the onset of estrus
[40]. Thus, understanding the transcriptional profiles of ovarian somatic cells during estrus is essential to
investigate the mechanism of ovulation. In the present study, we investigated the differences in
expression profiles of primiparous and multiparous Hu ewe ovary somatic cells by scRNA-seq, providing
insight into the mechanisms underlying the differences in ovulation numbers. A total of five types of
somatic cells were identified, and corresponding expression profiles were mapped in the ovaries of Hu
ewe. A subtype identification of GCs was performed. Key genes involved in different subtype transitions
were analyzed. The differences in cellular expression profiles were compared to identify the key factors
regulating different litter sizes. These findings provide a theoretical basis for breeding high-fertility sheep
and proposes new targets for molecular genetics-based selection.

4.1 Identification of ovarian somatic cells

Various cells in the ovary act in synergy to enable ovarian function, whereas existing research has not
paid much attention to the function of these somatic cells, except GCs. The ovarian stroma comprises
mostly incompletely characterized stromal cells (e.g., fibroblast-like, spindle-shaped, and stromal cells)
[41]. In recent years, the role of stromal cells in the ovary has been revisited, and studies have identified
estrogen receptors a and B in the cytoplasm and nucleus of bovine stromal cells, unlike fibroblasts, these
cells are oval cells with lipid droplets and vacuoles [42]. Progesterone receptor a has been identified in
stromal cells of pregnant and postpartum rabbit ovaries [43]. In the present study, a large amount of
energy metabolism occurred in the ovaries during estrus for supporting ovulation. There is an extensive
blood supply to the ovary, which is involved in forming dominant follicles, and the endothelium can
participate extensively in the angiogenic process. The importance of combined transplantation of ovarian
endothelial cells with stromal cells when performing follicular transplantation in individuals with
premature ovarian failure was demonstrated to ensure the formation of a well-vascularized and well-
structured ovarian-like stroma [44]. A previous study proposed that perivascular cells were multipotent
progenitors that contribute to granulosa, thecal, and pericyte cell lineages in the ovary, which supports
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folliculogenesis [45]. The main functions of immune cells in the ovary are defense, remodeling of ovarian
structure, signaling, and ovarian aging [46, 47]. In the present study, marker genes of ovary somatic cells
proposed were confirmed in former studies [28]and also available as stroma cell gene signatures of Hu
ewe.

Among the ovarian somatic cells, the most well-studied are the GCs. The GC is a somatic cell surrounding
the oocyte co-located with the oocyte in the same follicular microenvironment. Its function is limited to
the secretion of gonadotropins to stimulate ovulation and includes follicular development. GCs secrete
factors, including gonadal steroids, growth factors, and cytokines are critical for GC survival and follicular
growth [48, 49]. In contrast, identifying the GC subtype remains controversial, especially for sheep. In the
human ovary, the expression pattern of early-stage GCs is WT7"90/ EGR4"9h/ VCAN®Y/ FST%. The
expression pattern of CCs is (VCAN9"/ FSTNiSh/ IGFBP2MiSh HTRATNSN/ INHBB 9N IHHSM), and the
expression pattern of mGC is WT 7%/ EGR4°Y/ KRT18"90/ CITED2M9N/ [ IHPiSh/ AKIRINTNISN [27]. In
domestic animals, the GCs of goats were identified based on developmental trajectory. ASIPand ASPN
were highly expressed in early GCs, INHA, INHBA, MFGES8, and HSD17B1 were highly expressed in GCs
during the growth phase, and /IGFBPZ, IGFBP5, and CYP11AT were highly expressed during the growth
phase of GCs [26]. However, the study did not give subtype classification markers based on cell function.
The present study defined GC subtypes by combining existing marker genes and functional analysis of
different sub-clusters. Using pseudotime analysis, the reliability of GC subtype identification was verified.
It has been found that WT7 and CD34 are marker genes for eGCs. AMH and INHA are marker genes for
CCs, and HTRA3is a marker gene for mGCs. These marker genes were applicable for identifying sheep
GC subtypes.

Five somatic cell lineages were identified in sheep ovaries based on their gene expression signatures. GCs
were further characterized into three subtypes, marker genes for each cell type are only expressed in
specific “regions” in the UMAP figure and immunofluorescence profiling, which were consistent with the
anatomy of the ovary [50]. These results illustrated the reliability of the scRNA-seq data from this

study. However, no luteal cells were detected in our dataset, which is consistent with our previous study
[24], which implies the degradation of luteal cells during the samples collection period (estrus) or the
luteal cells are difficult to collect.

4.2 The transition of different GC subtypes

CC and mGC interact with oocytes differently in the follicle. The CC carries out bidirectional information
transfer with the oocyte through gap junctions, contributing to oocyte maturation, fertilization, and early
embryonic development [51]. In contrast, the mGC has multiple receptors on its surface that can secrete
various hormones and cytokines that regulate follicular growth and maturation in an autocrine and
paracrine manner [52]. In the present study, key genes were observed using GeneSwitches, which are
involved in the transition of different GC subtypes. The suspend expression of LOC7071772291 led to the
differentiation of eGCs into CCs, while the initiating of JPHT expression led to the differentiation of eGCs
into mGCs. A previous study investigating the molecular mechanism of lambing in Hanper sheep using
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ovarian tissue has revealed that LOC707772291 (XIST) regulates lambing number through the
methylation process [8]. On the other hand, the protein expressed by the JPHT gene, Junctophilins (JPHSs),
is a family of structural proteins that connect the plasma membrane with intracellular organelles such as
the endoplasmic/sarcoplasmic reticulum (ER/SR). The anchoring of these membrane structures leads to
highly organized subcellular connections, playing an important role in signal transduction in all excitable
cell types [53]. Our study found that the expression levels of these genes expression were turned off.
Therefore, LOC7077172297 and JPHT genes may potentially regulate the direction of differentiation of
early GCs.

4.3 Differences in transcriptional profiles of GCs in Hu sheep with different litter size.

In the modern sheep production system, the reproductive performance of female animals determines the
economic profitability of farming, and how to increase the number of lambs has always been the hottest
spot and key in sheep breeding and reproduction research. Based on former studies, GC is vital in follicle
development [48, 49, 54]. Our data revealed the number of differential genes and the key functional
differences in primiparous and multiparous Hu ewes distributed in GCs, so we paid attention to these cell
clusters. Li et al. [26] studied the gene expression of GCs at different stages in two populations of Jining
Gray goats, and they found differences in the enrichment of GO terms of GCs at different periods in
different litter size groups. The previous study showed the differences in the expression profiles of GCs at
different litter size from functional analysis. In this study, the definition of the subtypes of Hu ewe GCs
enabled us to discover differences in the functions of GCs in the two groups. Follicular atresia was
increased in the LLS group, which was mainly caused by ferroptosis of GCs. Healthy growing follicles
have a granulosa layer that is aligned with the follicular basement membrane, and no apoptotic cells are
present. In the early stages of follicular atresia, apoptotic GCs gradually increase. In progressive atretic
follicles, most GCs undergo apoptosis leading to severe disruption of the granulosa layer and clearance
of the follicle. Apoptosis is initiated in the GCs on the inner surface of the granulosa layer, while the
oocytes, as well as the inner and outer layers of the membrane, are not affected by apoptosis in the early
stages of atresia [55], suggesting that GC apoptosis plays an initiating role in follicular atresia [56,

57]. Ferroptosis is a form of cell death caused by iron-dependent lipid peroxidation and ROS
accumulation characterized by the reduction or loss of mitochondrial cristae and rupture of the outer
mitochondrial and mitochondrial membranes condensation [58]. Zhang et al. [59] found that transferrin
(TF) expression was significantly reduced, and PCBP expression was significantly increased in porcine
early atretic follicles, suggesting that iron accumulation began to occur early in follicular atresia

and ferroptosis had an essential regulatory role in follicular atresia. Another study on female infertility
found that induced iron overload in GCs led to ferroptosis and suppressed oocyte maturation by releasing
exosomes from GCs, suggesting that ferroptosis of GCs is detrimental to oocyte development [60]. This
study found that the GCs of multiparous ewes suppressed ferroptosis by increasing the expression levels
of anti-ferroptosis genes FTH7 and FTL, which promotes oocyte maturation and prevents follicular
atresia, contributing to the multiparous trait.
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5. Conclusion

In our study, we identified differences in the expression profiles of ovarian somatic cells between
primiparous and multiparous Hu ewes. These differences were mainly attributed to GCs. The expression
condition of JPHT and LOC7077722917 emerged as a significant indicator for determining the
evolutionary directions of granulosa cells. Additionally, FTH7 and FTL were identified as potential genes
that regulate litter size. This study provides new insights into the molecular mechanisms underlying the
high reproductive rate of Hu sheep.

Abbreviations

aGC

atretic granulosa cells

AMPK

AMP-activated protein kinase
C

clusters

CL

sub-cluster

CcC

cumulus granulosa cell

DEGs

Differentially expressed genes
eGC

early granulosa

ER/SR
endoplasmic/sarcoplasmic reticulum
FoXo

Forkhead box O

GC

Granulosa cell

GEM

gel beads in emulsions

GO

Gene Ontology

H&E

hematoxylin and eosin

HLS

Highly reproductive group
KEGG

Page 14/29



Kyoto Encyclopaedia of Genes and Genomes
LLS

lowly reproductivegroup

MAPK

Mitogen-activated protein kinase
mTOR

Mammalian target of rapamycin
mGC

Mural granulosa

PCA

Principal component

PCR

polymerase chain reaction

PI3K

phosphatidylinositol 3-kinase B
ROS

reactive oxygen species
SCRNA-seq

single-cell RNA sequencing

TF

transferrin

UMAP

Uniform Manifold Approximation and Projection
UMl

unique molecular identifiers.

Declarations

Ethics approval and consent to participate

The present study was approved by the Animal Care and Use Committee of Northwest A&F University,
China (Approval No. DK2021113). All methods and experimentations were performed in accordance with
the relevant guidelines and regulations.

Consent for publication
All authors have read and approved the manuscript.
Availability of data and materials

The datasets generated and/or analysed during the current study are available in the [NCBI gene
expression omnibus database] repository [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

Page 15/29



acc=GSE233801, Accession Number: GSE233801].
Competing interests

The authors declare that they have no competing interests.
Funding

This research was supported by the mutton sheep industry technology system construction project of
Shaanxi Province (NYKJ-2021-YL(XN) 43).

Author’s contributions

Ting Ge wrote the main manuscript text and performed single-cell RNA sequencing and corresponding
data collection, analysis, and visualization. Ting Ge and Yifan Wen performed blood biochemical and
hormone levels tests, H&E staining, and immunofluorescence staining. Yifan Wen, Xiaoyu Huang, and Bo
Li edited the manuscript. Ting Ge, Shaohua Jiang, Xiao Yu Huang, and Bo Li collected the samples.
Enping Zhang supervised the entire experiment.

Acknowledgements
In this research, we acknowledge all members of the Innovative Research Team of Sheep and Goats
Author’s information

Affiliations: College of Animal Science and Technology, Northwest A&F University, Xianyang 712100
Shaanxi, China

References

1. Miao X, Luo Q: Genome-wide transcriptome analysis between small-tail Han sheep and the Surabaya
fur sheep using high-throughput RNA sequencing. Reproduction. 2013, 145:587-96.DOI: 10.1530/rep-
12-0507.

2. Davis GH: Fecundity genes in sheep. Anim Reprod Sci. 2004, 82-83:247-53.DOI:
10.1016/j.anireprosci.2004.04.001.

3. Wang C, Zhao Y, Yuan Z, Wu Y, Zhao Z, Wu C, Hou J, Zhang M: Genome-Wide Identification of
MRNASs, IncRNAs, and Proteins, and Their Relationship With Sheep Fecundity. Front Genet. 2021,
12:750947.D0OI: 10.3389/fgene.2021.750947.

4. Chong Y, Liu G, Jiang X: Effect of BMPRIB gene on litter size of sheep in China: A meta-analysis.
Anim Reprod Sci. 2019, 210:106175.DOI: 10.1016/j.anireprosci.2019.106175.

5. Moore RK, Shimasaki S: Molecular biology and physiological role of the oocyte factor, BMP-15. Mo/
Cell Endocrinol. 2005, 234:67-73.D0I: 10.1016/j.mce.2004.10.012.

Page 16/29



10.

11.

12.

13.

14.

15.

16.

17.

18.

. Vage DI, Husdal M, Kent MP, Klemetsdal G, Boman IA: A missense mutation in growth differentiation

factor 9 (GDF9) is strongly associated with litter size in sheep. BMC Genet. 2013, 14:1.DOI:
10.1186/1471-2156-14-1.

. Wang JJ, Ge W, Zhai QY, Liu JC, Sun XW, Liu WX, Li L, Lei CZ, Dyce PW, De Felici M, Shen W: Single-

cell transcriptome landscape of ovarian cells during primordial follicle assembly in mice. PLoS Biol.
2020, 18:€3001025.DOI: 10.1371/journal.pbio.3001025.

.Liu A Liu M, Li Y, Chen X, Zhang L, Tian S: Differential expression and prediction of function of

IncRNAs in the ovaries of low and high fecundity Hanper sheep. Reprod Domest Anim. 2021, 56:604-
20.DOI: 10.1111/rda.13898.

. Miao X, Luo Q, Zhao H, Qin X: Co-expression analysis and identification of fecundity-related long

non-coding RNAs in sheep ovaries. Sci Rep. 2016, 6:39398.D0I: 10.1038/srep39398.

Trapnell C: Defining cell types and states with single-cell genomics. Genome Res. 2015, 25:1491-
8.D0I: 10.1101/gr.190595.115.

Zhao ZH, Ma JY, Meng TG, Wang ZB, Yue W, Zhou Q, Li S, Feng X, Hou Y, Schatten H, et al: Single-cell
RNA sequencing reveals the landscape of early female germ cell development. Faseb j. 2020,
34:12634-45.D0I: 10.1096/fj.202001034RR.

Mayeére C, Neirijnck Y, Sararols P Rands CM, Stévant |, Kiihne F, Chassot AA, Chaboissier MC,
Dermitzakis ET, Nef S: Single-cell transcriptomics reveal temporal dynamics of critical regulators of
germ cell fate during mouse sex determination. Faseb j. 2021, 35:€21452.DOI:
10.1096/fj.202002420R.

Yabuta Y, Kurimoto K, Ohinata Y, Seki Y, Saitou M: Gene expression dynamics during germline
specification in mice identified by quantitative single-cell gene expression profiling. Biol Reprod.
2006, 75:705-16.DOI: 10.1095/biolreprod.106.053686.

Zhao ZH, Wang XY, Schatten H, Sun QY: Single cell RNA sequencing techniques and applications in
research of ovary development and related diseases. Reprod Toxicol. 2022, 107:97-103.DOI:
10.1016/j.reprotox.2021.12.003.

Garcia-Alonso L, Lorenzi V, Mazzeo Cl, Alves-Lopes JP, Roberts K, Sancho-Serra C, Engelbert J,
Mareckova M, Gruhn WH, Botting RA, et al: Single-cell roadmap of human gonadal development.
Nature. 2022, 607:540-7.DOI: 10.1038/s41586-022-04918-4.

Qi L, Liu B, Chen X, Liu Q, Li W, Lv B, Xu X, Wang L, Zeng Q, Xue J, Xue Z: Single-Cell Transcriptomic
Analysis Reveals Mitochondrial Dynamics in Oocytes of Patients With Polycystic Ovary Syndrome.
Front Genet. 2020, 11:396.D0I: 10.3389/fgene.2020.00396.

Kalds B Zhou S, Gao Y, Cai B, Huang S, Chen Y, Wang X: Genetics of the phenotypic evolution in
sheep: a molecular look at diversity-driving genes. Genet Sel Evol. 2022, 54:61.DOI: 10.1186/s12711-
022-00753-3.

Abdoli R, Zamani P, Mirhoseini SZ, Ghavi Hossein-Zadeh N, Nadri S: A review on prolificacy genes in
sheep. Reprod Domest Anim. 2016, 51:631-7.D0I: 10.1111/rda.12733.

Page 17/29



19.

20.

21.

22.

23.

24.

25.

26.

27.

28

29.

30.

31.

Butler A, Hoffman P, Smibert P, Papalexi E, Satija R: Integrating single-cell transcriptomic data across
different conditions, technologies, and species. Nat Biotechnol. 2018, 36:411-20.DOI:
10.1038/nbt.4096.

McGinnis CS, Murrow LM, Gartner ZJ: DoubletFinder: Doublet Detection in Single-Cell RNA
Sequencing Data Using Artificial Nearest Neighbors. Cell Syst. 2019, 8:329-37.e4.DOI:
10.1016/j.cels.2019.03.003.

Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, Tirosh |, Bialas AR, Kamitaki N,
Martersteck EM, et al: Highly Parallel Genome-wide Expression Profiling of Individual Cells Using
Nanoliter Droplets. Cell. 2015, 161:1202-14.DOI: 10.1016/j.cell.2015.05.002.

Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, Lennon NJ, Livak KJ, Mikkelsen TS,
Rinn JL: The dynamics and regulators of cell fate decisions are revealed by pseudotemporal ordering
of single cells. Nat Biotechnol. 2014, 32:381-6.D0I: 10.1038/nbt.2859.

Cao EY, Ouyang JF, Rackham OJL: GeneSwitches: ordering gene expression and functional events in
single-cell experiments. Bioinformatics. 2020, 36:3273-5.D0I: 10.1093/bioinformatics/btaa099.
Wang S, Zheng Y, Li J, Yu Y, Zhang W, Song M, Liu Z, Min Z, Hu H, Jing Y, et al: Single-Cell
Transcriptomic Atlas of Primate Ovarian Aging. Cell. 2020, 180:585-600.e19.DOI:
10.1016/j.cell.2020.01.009.

Fan X, Moustakas |, Bialecka M, Del Valle JS, Overeem AW, Louwe LA, Pilgram GSK, van der
Westerlaken LAJ, Mei H, Chuva de Sousa Lopes SM: Single-Cell Transcriptomics Analysis of Human
Small Antral Follicles. Int J Mol Sci. 2021, 22.DOI: 10.3390/ijms222111955.

Li Z, Wang J, Zhao Y, Ma D, Zhao M, Li N, Men Y, Zhang Y, Chu H, Lei C, et al: scRNA-seq of ovarian
follicle granulosa cells from different fertility goats reveals distinct expression patterns. Reprod
Domest Anim. 2021, 56:801-11.DOI: 10.1111/rda.13920.

Fan X, Bialecka M, Moustakas |, Lam E, Torrens-Juaneda V, Borggreven NV, Trouw L, Louwe LA,

Pilgram GSK, Mei H, et al: Single-cell reconstruction of follicular remodeling in the human adult
ovary. Nat Commun. 2019, 10:3164.DOI: 10.1038/s41467-019-11036-9.

. Wagner M, Yoshihara M, Douagi I, Damdimopoulos A, Panula S, Petropoulos S, Lu H, Pettersson K,

Palm K, Katayama S, et al: Single-cell analysis of human ovarian cortex identifies distinct cell
populations but no oogonial stem cells. Nat Commun. 2020, 11:1147.DOI: 10.1038/s41467-020-
14936-3.

Chen M, Cen C, Wang N, Shen Z, Wang M, Liu B, Li J, Cui X, Wang Y, Gao F: The functions of Wt1 in
mouse gonad development and somatic cells differentiationt. Biol Reprod. 2022, 107:269-74.DOI:
10.1093/biolre/ioac050.

Habara O, Logan CY, Kanai-Azuma M, Nusse R, Takase HM: WNT signaling in pre-granulosa cells is
required for ovarian folliculogenesis and female fertility. Development. 2021, 148.DOI:
10.1242/dev.198846.

Li S, Chen LN, Zhu HJ, Feng X, Xie FY, Luo SM, Ou XH, Ma JY: Single-cell RNA sequencing analysis of
mouse follicular somatic cellst. Biol Reprod. 2021, 105:1234-45.DOI: 10.1093/biolre/ioab163.

Page 18/29



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Zhang X, Zhang W, Wang Z, Zheng N, Yuan F, Li B, Li X, Deng L, Lin M, Chen X, Zhang M: Enhanced
glycolysis in granulosa cells promotes the activation of primordial follicles through mTOR signaling.
Cell Death Dis. 2022, 13:87.D0I: 10.1038/s41419-022-04541-1.

Turathum B, Gao EM, Chian RC: The Function of Cumulus Cells in Oocyte Growth and Maturation
and in Subsequent Ovulation and Fertilization. Cells. 2021, 10.DOI: 10.3390/cells10092292.

Burnik Papler T, Vrtacnik Bokal E, Maver A, Kopitar AN, LovreCi¢ L: Transcriptomic Analysis and Meta-
Analysis of Human Granulosa and Cumulus Cells. PLoS One. 2015, 10:e0136473.DOI:
10.1371/journal.pone.0136473.

Zhang M, Su YQ, Sugiura K, Xia G, Eppig JJ: Granulosa cell ligand NPPC and its receptor NPR2
maintain meiotic arrest in mouse oocytes. Science. 2010, 330:366-9.D0I: 10.1126/science.1193573.
Heidarzadehpilehrood R, Pirhoushiaran M, Abdollahzadeh R, Binti Osman M, Sakinah M, Nordin N,
Abdul Hamid H: A Review on CYP11A1, CYP17A1, and CYP19A1 Polymorphism Studies: Candidate
Susceptibility Genes for Polycystic Ovary Syndrome (PCOS) and Infertility. Genes (Basel). 2022,
13.DOI: 10.3390/genes13020302.

Yang H, Ma J, Wan Z, Wang Q, Wang Z, Zhao J, Wang F, Zhang YJTFJ: Characterization of sheep
spermatogenesis through single-cell RNA sequencing. 2021, 35:€21187.DOI:

Bartlewski PM, Baby TE, Giffin JL: Reproductive cycles in sheep. Anim Reprod Sci. 2011, 124:259-
68.D0I: 10.1016/j.anireprosci.2011.02.024.

Evans AC: Ovarian follicle growth and consequences for fertility in sheep. Anim Reprod Sci. 2003,
78:289-306.DOI: 10.1016/s0378-4320(03)00096-4.

Guay PJCVJLRVC: Physiology and Technology of Reproduction in Female Domestic Animals. 1980,
23.DOL:

Navarini H, Reeves G: Specific stroma in the cortex and medulla of the ovary. 3. Changes induced by
ionizing radiation. Obstet Gynecol. 1972, 39:556-61.DOI:

Kenngott RA, Scholz W, Sinowatz F: Ultrastructural Aspects of the Prenatal Bovine Ovary
Differentiation with a Special Focus on the Interstitial Cells. Anat Histol Embryol. 2016, 45:357-
66.DOI: 10.1111/ahe.12203.

Abd-Elkareem M: Cell-specific immuno-localization of progesterone receptor alpha in the rabbit ovary
during pregnancy and after parturition. Anim Reprod Sci. 2017, 180:100-20.DOI:
10.1016/j.anireprosci.2017.03.007.

Dath C, Dethy A, Van Langendonckt A, Van Eyck AS, Amorim CA, Luyckx V, Donnez J, Dolmans MM:
Endothelial cells are essential for ovarian stromal tissue restructuring after xenotransplantation of
isolated ovarian stromal cells. Hum Reprod. 2011, 26:1431-9.DOI: 10.1093/humrep/der073.

Li SY, Bhandary B, Gu X, DeFalco T: Perivascular cells support folliculogenesis in the developing
ovary. Proc Nat/ Acad Sci U S A. 2022, 119:€2213026119.DOI: 10.1073/pnas.2213026119.

Kinnear HM, Tomaszewski CE, Chang FL, Moravek MB, Xu M, Padmanabhan V, Shikanov A: The
ovarian stroma as a new frontier. Reproduction. 2020, 160:R25-r39.DOI: 10.1530/rep-19-0501.

Page 19/29



47.

48.

49.

50.

51.

52.

53.

54.

59.

56.

57.

58.

59.

60.

Camaioni A, Ucci MA, Campagnolo L, De Felici M, Klinger FG: The process of ovarian aging: it is not

just about oocytes and granulosa cells. J Assist Reprod Genet. 2022, 39:783-92.DOI:

10.1007/s10815-022-02478-0.

Knox RV: Follicle development in pigs: State of the art. Mol Reprod Dev. 2022.DOI:
10.1002/mrd.23576.

An R, Wang X, Yang L, Zhang J, Wang N, Xu F, Hou Y, Zhang H, Zhang L: Polystyrene microplastics
cause granulosa cells apoptosis and fibrosis in ovary through oxidative stress in rats. Toxicology.
2021, 449:152665.D0I: 10.1016/j.tox.2020.152665.

Smith B, Wilhelm D, Rodgers RJ: Development of mammalian ovary. J Endocrinol. 2014, 221:R145-
61.DOI: 10.1530/joe-14-0062.

Clarke HJ: Regulation of germ cell development by intercellular signaling in the mammalian ovarian
follicle. Wiley Interdiscip Rev Dev Biol. 2018, 7.DOI: 10.1002/wdev.294.

Chou CH, Chen MJ: The Effect of Steroid Hormones on Ovarian Follicle Development. Vitam Horm.
2018,107:155-75.D0I: 10.1016/bs.vh.2018.01.013.

Lehnart SE, Wehrens XHT: The role of junctophilin proteins in cellular function. Physiol Rev. 2022,
102:1211-61.DOI: 10.1152/physrev.00024.2021.

Matsuda F, Inoue N, Manabe N, Ohkura S: Follicular growth and atresia in mammalian ovaries:
regulation by survival and death of granulosa cells. J Reprod Dev. 2012, 58:44-50.DOI:
10.1262/jrd.2011-012.

Inoue N, Matsuda F, Goto Y, Manabe N: Role of cell-death ligand-receptor system of granulosa cells in
selective follicular atresia in porcine ovary. J Reprod Dev. 2011, 57:169-75.DOI: 10.1262/jrd.10-198e.
Tilly JL, Kowalski Kl, Johnson AL, Hsueh AJ: Involvement of apoptosis in ovarian follicular atresia
and postovulatory regression. Endocrinology. 1991, 129:2799-801.DOI: 10.1210/endo-129-5-2799.
Matsuda-Minehata F, Inoue N, Goto Y, Manabe N: The regulation of ovarian granulosa cell death by
pro- and anti-apoptotic molecules. J Reprod Dev. 2006, 52:695-705.D0I: 10.1262/jrd.18069.

Cepelak |, Dodig S, Dodig D: Ferroptosis: regulated cell death. Arh Hig Rada Toksikol. 2020, 71:99-
109.DOI: 10.2478/aiht-2020-71-3366.

Zhang J, Liu Y, Yao W, Li Q, Liu H, Pan Z: Initiation of follicular atresia: gene networks during early
atresia in pig ovaries. Reproduction. 2018, 156:23-33.DOI: 10.1530/rep-18-0058.

Ni Z, Li Y, Song D, Ding J, Mei S, Sun S, Cheng W, Yu J, Zhou L, Kuang Y, et al: Iron-overloaded
follicular fluid increases the risk of endometriosis-related infertility by triggering granulosa cell
ferroptosis and oocyte dysmaturity. Cell Death Dis. 2022, 13:579.DOI: 10.1038/s41419-022-05037-8.

Tables
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ltem

TR g/L

GLU, mmol/L
TC, mmol/L
HDL-C, mmol/L
LDL-C, mmol/L
TG, mmol/L
E,, ng/L

LH, ng/L

FSH, IU/L

T, nmol/L
Prog, pmol/L
Weight, Kg

LLS
70.70%2.61
3.73%+0.29
1.98+0.27
1.41+0.44
0.80+0.10
0.17+0.04
58.50+6.38

17.75+2.44
32.53+2.98
7.42+0.19
941.88+46.44
42.01+0.31

HLS
76.031+2.41
3.27+0.17
1.57+0.26
0.99+0.24
0.65+0.09
0.20+0.05
58.59+1.49

13.84+0.57
29.93+3.84
5.86+0.10

1057.59+£152.12

40.16+1.19

pvalue
0.923
0.339
0.980
0.373
0.953
0.571
0.060

0.210
0.511
0.328
0.057
0.097

Table 2. Comparison of different cell type proportions between HLS and LLS.

Figures

HLS

Cell type LLS
Endothelial cell 49.95+8.44
Granulosa cell 7.63+1.86
Stromal cell 23.89+4.52
Perivascular cell  6.59+0.48
Immune cell 9.1+1.74
Unknown 2.84+1.88
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41.09+8.63
9.09+3.23
34.74+3.55
6.88+0.67
7.53%3.02
0.67+0.09

p-value
0.86
0.27
0.61
0.54
0.29
0.02
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Figure 1

Single cell transcriptome sequencing of somatic cells in Hu sheep ovary. A, H&E staining of the ovary; 1,
Primordial follicle; 2, 3, Growing follicle; 3, Antral follicle; 4, Graafian follicle. B, Procedure of ovary single-
cell transcription sequencing. C, Quality control of single-cell transcriptome data. D, UMAP of ovary single-
cell transcription sequencing data and clusters distribution in HLS and LLS groups.
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Figure 2

Identification of somatic cells in Hu sheep ovary. A, Identification result of five different cell types on
UMAP. B, Dot plot of different cell marker gene expression levels. C, Representative marker genes’ feature
plot and immunofluorescence of ovary somatic cell, green- gene, and blue- DAPI. Scale bar: 200 pm.
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Figure 4

Comparison of differed cell type expression profiles between single and multi lamb sheep ovary. A,
Somatic cell type difference in UMAP. B, Differentially expressed genes (DEGs) in a somatic cell of sheep
ovary. C, Top 5 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment,
light red- up-regulated, light blue- down-regulated.
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Figure 5

Granulosa cell subtype identification of sheep ovary. A, UMAP of reduced the dimension of granulosa
cells. B, Granulosa cells sub-cluster marker gene heatmap. “-" indicates low expression of the
corresponding gene. “+" indicates high expression of the corresponding gene. C, Granulosa cell subtype
identification in UMAP. D, Granulosa cell pseudotime trajectory. E, Granulosa cell different developmental
states heatmap. F, Top 10 KEGG enrichment of pseudotime heatmap genes.
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Figure 6

Granulosa cell developmental trajectory with pseudotime. A, Key genes involved in the developmental
process of granulosa cells. The horizontal axis is pseudotime, and the vertical axis is the goodness-of-fit
R?*2. The genes turned on with the pseudotime are shown above the horizontal axis, and the genes turned
off are shown below the vertical axis. Genes that satisfy the following conditions have been selected for
mapping: 1. The percentage of zero-expressing cells is below 90%, 2. The top 50 plots with the highest
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goodness-of-fit. B, feature plot of representative gene expression. C, Top 10 KEGG enrichment of genes
involved in granulosa cells developmental process. Up, function enrichment turned on; down, function
enrichment closure.
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Comparison of different granulosa cellsub-type expression profiles between single/mult lamb sheep
ovary. A, Granulosa cellsub-type difference in UMAP. B, Comparison of different granulosa cell sub-types
proportion between HLS and LLS of cell Differentially expressed genes (DEGs) in a somatic cell of sheep
ovary. C, KEGG enrichment of DEGs in ovarian granulosa cell subtypes of sheep with different lambing
numbers, light red- up-regulated, light blue- down-regulated. D, Comparison of representative genes of
ovarian granulosa cell subtypes in sheep with different lambing numbers.
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