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Transcriptome profile of goat
folliculogenesis reveals

the interaction of oocyte

and granulosa cell in correlation
with different fertility population

Shen Li%8, Junjie Wang?®, Hongfu Zhang?, Dongxue Ma?, Minghui Zhao?, Na Li?, Yuhao Men?,
Yuan Zhang*, Huimin Chu®, Chuzhao Leif, Wei Shen?, Othman EI-Mahdy Othman’,
Yong Zhao?** & Lingjiang Min*"**

To understand the molecular and genetic mechanisms related to the litter size in one species of two
different populations (high litter size and low litter size), we performed RNA-seq for the oocytes

and granulosa cells (GCs) at different developmental stages of follicle, and identified the interaction
of genes from both sides of follicle (cocyte and GCs) and the ligand-receptor pairs from these two
sides. Our data were very comprehensive to uncover the difference between these two populations
regarding the folliculogenesis. First, we identified a set of potential genes in oocyte and GCs as the
marker genes which can be used to determine the goat fertility capability and ovarian reserve ability.
The data showed that GRHPR, GPR84, CYB5A and ERAL1 were highly expressed in oocyte while JUNB,
SCN2A, MEGE8, ZEB2, EGR1and PRRC2A were highly expressed in GCs. We found more functional
genes were expressed in oocytes and GCs in high fertility group (HL) than that in low fertility group
(LL). We uncovered that ligand-receptor pairs in Notch signaling pathway and transforming growth
factor-B (TGF-B) superfamily pathways played important roles in goat folliculogenesis for the different
fertility population. Moreover, we discovered that the correlations of the gene expression in oocytes
and GCs at different stages in the two populations HL and LL were different, too. All the data reflected
the gene expression landscape in oocytes and GCs which was correlated well with the fertility
capability.

Abbreviations

GCs Granulosa cells

IACUC Institutional Animal Care and Use Committee
HL High fertility

LL Low fertility

HSO Small follicular oocyte in high fertility group
HMO Medium follicular oocyte in high fertility group
HLO Large follicular oocyte in high fertility group
LSO Small follicular oocyte in low fertility group
LMO Medium follicular oocyte in low fertility group
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LLO Large follicular oocyte in low fertility group

HSG Small follicular granulosa cells in high fertility group
HMG Medium follicular granulosa cells in high fertility group
HLG Large follicular granulosa cells in high fertility group
LSG Small follicular granulosa cells in low fertility group
LMG Medium follicular granulosa cells in low fertility group
LLG Large follicular granulosa cells in low fertility group
FPKM Fragments Per Kilobase of exon model per Million mapped fragments
PPI Protein-protein interactions

q-RT-PCR  Quantitative reverse transcriptional PCR

IHF Immunofluorescence staining

PBS Phosphate buffer saline

DAPI 4',6-Diamidino-2-phenylindole

The bidirectional interactions of oocytes and surrounding granulosa cells (GCs) play vital roles in folliculogenesis
which is crucial for the oocyte to acquire the developmental competence. During folliculogenesis, the cellular
communication between oocytes and GCs is intricate because both oocytes and GCs pose active regulatory
functions. The surrounding GCs provide cAMP', calcium?, some metabolites>* and many unknown signals’
to support the meiotic process and cytoplasmic maturation of oocytes. On the other hand, the oocyte secretes
many factors such as growth factors to stimulate the differentiation and proliferation of GCs®. Moreover, RNAs
can be transferred from one side to the other side to be involved in the folliculogenesis®. However, the specific
mechanisms of transporting these macromolecules are unknown.

Recently, the impressive body of data suggested that the transcriptome profile of GCs”'” and oocytes
reflects the developmental potential of follicles and even the following successful fertilization and embryo forma-
tion. Furthermore, it has been reported that the dynamic transcriptional regulation in both oocyte and GCs plays
very important roles in the follicle growth and oocyte maturation®?. Late on, Zhang et al. (2018) suggested that
the key event to understanding the molecular interactions that regulates oocyte maturation and follicle growth
is to characterize the transcriptome of oocyte and GC at different developmental stages®. Moreover, Biase and
Kimble found that the bidirectional communication between oocyte and GCs is very complicated in which
ligand-receptor pairs in these two sides play important roles in the regulation of the expression of thousands of
genes?. At the same time the interactions of ligand-receptors are also important for the acquisition of oocyte
developmental competence.

The domestic goats (Capra hircus) are widely raised as livestock throughout the world for meat, milk, skin
and fiber. Moreover, recently goats have been applied in biomedical research?*-?’. Therefore, the increase in the
population of goats has been a strong enthusiasm in which the improvement of reproductive traits especially
the litter size has been of expanding enthusiasm for goats?®* However, a number of factors affect litter size and
ovulation rate is the key one. Although a few studies have analyzed the gene expression of oocyte or GCs in goat
ovaries, the data are not complete because they only determined the gene expression in one population, or at one
developmental stage, or just oocyte or just GCs. To understand the molecular and genetic mechanisms related
to the litter size in one species of two different populations (high litter size and low litter size), we performed
RNA-seq for the oocytes and GCs at different developmental stages of follicle, and identified the interaction of
genes from both sides of follicle (oocyte and GCs) and the ligand-receptor pairs from these two sides. Our data
are very comprehensive to uncover the difference between these two populations regarding the folliculogenesis.
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Methods

Study design. This study was approved by the Committee on the Ethics of Animal Experiments of Qing-
dao Agricultural University IACUC (Institutional Animal Care and Use Committee) in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health®**!,

Ji'Ning grey goat is one of Chinese oldest domesticated goat species with high fecundity®. In current study,
Ji'Ning grey goats were used. 15 goats from High fertility group (= 3/litter; HL) and 15 goats from Low fertility
group (< 2/litter; LL). All the ovarian follicles (small: < 3 mm; medium: 3-7 mm; large: ~ 7 mm; small represents
early stage while medium and large represent late stage as discussed in the result section) from each group were
collected. Then oocytes and GCs were mechanically separated by pipet a few times. The oocytes from small,
medium, and large follicles of High fertility group were labeled as HSO, HMO and HLO respectively. The oocytes
from small, medium, and large follicles of Low fertility group were labeled as LSO, LMO and LLO respectively.
The GCs from small, medium, and large follicles of High fertility group were labeled as HSG, HMG and HLG
respectively. The GCs from small, medium, and large follicles of Low fertility group were labeled as LSG, LMG
and LLG respectively. All the oocytes from small, medium, and large follicles of High fertility group were pulled
together respectively. Then the oocytes from each stage was separated into different samples (five samples for
each stage, LSO1, LSO2, LSO3, LSO4, LSO5; LMO1, LMO2, LMO3, LMO4, LMO5; LLO1, LLO2, LLO3, LLO4,
LLO5; HSO1, HSO2, HSO3, HSO4, HSO5; HMO1, HMO2, HMO3, HMO4, HMO5; HLO1, HLO2, HLO3,
HLO4, HLO5; 2-3 oocytes/each sample). And the GCs from each stage was separated into different samples (five
samples for each stage, LSG1, LSG2, LSG3, LSG4, LSG5; LMG1, LMG2, LMG3, LMG4, LMG5; LLG1, LLG2,
LLG3, LLG4, LLG5; HSG1, HSG2, HSG3, HSG4, HSG5; HMG1, HMG2, HMG3, HMG4, HMG5; HLG1, HLG2,
HLG3, HLG4, HLG5; 10-20 GCs/each sample). Then the samples were subjected to next steps. The goat ovaries
were purchased from the Jining Castle Peak Sheep Farm Co., Shandong, P.R. China. This study is reported in
accordance with ARRIVE guidelines.
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Library preparation, sequencing and data analysis. Library preparation and sequencing. We pre-
pared libraries for the oocytes and GCs separately. For GCs, total RNA was extracted as described in our early
articles®®. Then Ribo-Zero rRNA Removal Kit was used to remove rRNA to purify the RNA samples. Then
Ribo-Zero rRNA Removal Kit and DNA polymerase I and RNaseH were used to make the double strands cDNA
followed by the sequencing by Illumina HiSeq X Ten equipment following the manufacturer’s instruction. For
the oocytes, total RNA was isolated as described in our early article®. Then the mRNA was enriched by the Oligo
(dT) beads. Then the mRNA samples were used to make the double strand cDNA templates for the sequencing
by Ilumina HiSeq X Ten equipment following the manufacturer’s instruction.

Gene expression levels and principal component analysis. The libraries were aligned against the Capra_hircus
genome?!. Only reads showing a unique match to the genome and less than five mismatches were further filtered
to eliminate duplicates with picard. The bam files containing non-duplicated reads were employed as input for
Cufflinks (v.2.2.1), together with Ensembl gene annotation, to obtain FPKM (Fragments Per Kilobase of exon
model per Million mapped fragments) data. Genes were subjected to analytical procedures if FPKM >0.5. All
statistical analyses were conducted in R software (Biase FH, Kimble 2018). To identify the main sources of
variation in the dataset, we employed the FPKM values as the input for principal component analysis using the
FactorMiner R package. The significance of the principal components was obtained with the Seurat package via
a permutation test, after 1000 randomized samplings*.

Identification of putative ligands and receptors in cumulus-oocyte complexes.  First, we produced a comprehen-
sive protein—protein interaction (PPI) database as described in the articles?#*>-*, Briefly, the gene from our data
were used to search the ligand-receptor pairs as reported in these articles. Then the ligand-receptor pairs from
GCs or oocytes were mapped the gene identifier.

Calculation of the pairwise correlation of transcript levels between genes expressed in oocytes and surrounding
GCs.  We calculated the Spearman’s correlation coefficient® between the expression levels of genes expressed in
oocytes and the surrounding GCs. Then the data were expressed by heatmap package in R stadio.

Functional annotation. The function of the different expressed genes was enriched by Metascape online.

q-RT-PCR. The procedure for mRNA q-RT-PCR was reported in our early publications using gPCR Mas-
ter Mix (Roche, German) by the Roche LightCyclerl 480 (Roche, German)®!. The primers for gPCR analysis
were synthesized by Invitrogen and present in Table S1. Briefly, total RNA was extracted using TRIzol Rea-
gent (Invitrogen Corp., Carlsbad, CA, USA) and purified using an RT2 gPCR-Grade RNA Isolation Kit from
SABiosciences Co., Ltd (MD, USA). Total RNA was quantified using a Nanodrop 3300 (ThermoScientific, DE,
USA). The quality of RNA was controlled by the A260:A280 ratio being greater than 2.0 and confirmed by elec-
trophoreses, with a fraction of each total RNA sample with sharp 18S and 28S ribosomal RNA (rRNA) bands
as reported in our recent publication. One microgram of total RNA was used to make the first strand cDNA in
20 pl. The program for the reaction of miRNA and IncRNA was 25 °C for 30 min, 42 °C for 30 min, 85 °C for
5 min, then 4 °C or on ice. The qPCR was performed with the Roche LightCycler 480 (Roche, Germany) and the
reaction was as follows: Step 1, 95 °C for 3 min; Step 2, 40 cycles of 95 °C for 12 s; 62 °C for 40 s. Three independ-
ent experimental samples were analyzed.

Immunohistofluorescence staining (IHF).  The procedure for immunofluorescence staining is reported
in our recent publication®**!. Briefly, goat ovarian Sects. (5 pm; paraffin embedded) were prepared and subjected
to antigen retrieval. Sections were then blocked with normal goat serum in phosphate buffer saline (PBS), fol-
lowed by incubation (1:150 in PBS-1% BSA) with primary antibodies (GPD1, Cat. #: bs-2388R; TST, Cat. #: bs-
19187R; both from Beijing Biosynthesis Biotechnology CO.) at 4 °C overnight. After a brief wash, sections were
incubated with goat anti-rabbit or donkey anti-goat secondary Abs (1:100 in PBS; Beyotime Institute of Biotech-
nology, Shanghai, P.R. China) at RT for 30 min and then counterstained with 4',6-diamidino-2-phenylindole
(DAPI). The stained sections were visualized using a Nikon Eclipse TE2000-U fluorescence microscope (Nikon,
Inc., Melville, NY), and the captured fluorescence images were analyzed using MetaMorph software.

Ethics approval and consent to participate. This study was approved by the Committee on the Ethics
of Animal Experiments of Qingdao Agricultural University IACUC (Institutional Animal Care and Use Com-
mittee) in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health.

Results

The transcript profiles of oocytes and granulosa cells during folliculogenesis. In order to dis-
cover the interactions of GCs and oocytes in the folliculogenesis, we analyzed the gene expression in different
stages of oocytes and GCs of different fertility populations (HL, LL). We found that during the development,
the gene expression profiles changed dramatically in the different stages of oocytes (Fig. 1a, Tables S2, S3). The
gene expression profiles for different stages of GCs did not change much (Fig. 1a). In order to discover the
molecular difference in oocytes and GCs, we used Seurat program to detect the marker genes and found the
highly changed genes in oocytes and GCs, such as HSD17B2 and INHA (Fig. 1b). Moreover, the PCA analysis
discovered that important marker genes in oocytes and GCs in PC1 component (Fig. 1c). The cluster analysis
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Figure 1. The global transcriptomic character of oocytes and granulosa cells in Jining grey goat. (a) 3D PCA
plot of oocyte and granulosa cell (GCs) samples. (b) Highly variable genes of samples identified by Seurat (top
10 with label). (c) Genes in PC1 identified by Seurat. (d) UMAP cluster of oocyte and granulosa cells.

by UMAP program found that GCs and oocytes can be separated very well (Fig. 1d). However, there were two
subclusters of oocytes (Fig. 1d) which indicated that there was some difference for gene expression in different
stages of oocytes.

Based on the significant expressed marker genes, we found lots of dramatically different expressed genes in
oocytes or GCs (Fig. 2), such as GDF9 and BMP15 which were highly expressed in oocytes while FST, FSHR,
and LHCGR which were highly expressed in GCs (Fig. 2a,b). At the same time, we discovered new marker genes
which can be used to separate the different cell types, such as GRHPR, GPR84, CYB5A, ERALI for oocytes
(Fig. 2¢), while JUNB, SCN2A, MEGES, ZEB2, EGR1, and PRRC2A for GCs (Fig. 2d). These genes can be potential
marker genes of goat follicular cells. At the same time, the protein of the different genes for oocytes (GPDI) and
GCs (TST) were analyzed by IHF staining (Fig. 2e,f).

Dynamic gene expression profiles in different stages of oocytes of the two fertility popula-
tions. There were two population of goats used in this investigation: high fertility group (> 3/litter; HL) and
low fertility group (<2/litter; LL). The main purpose of this investigation was to explore the difference in the
gene expression in different stages (large follicle>7 mm in size; medium follicle 3-7 mm in size; small folli-
cle <3 mm in size) of oocytes and GCs in the two fertility population goats.

PCA analysis found that the gene expression pattern was closer for the oocytes in large follicles in high fertility
group (HLO) than that in low fertility group (LLO) (Fig. 3a). Similarly, the gene expression pattern was closer for
the oocytes in medium follicles in high fertility group (HMO) than that in low fertility group (LMO) (Fig. 3b).
Moreover, the gene expression pattern was closer for the oocytes in small follicles in high fertility group (HSO)
than that in low fertility group (LSO) (Fig. 3c). The data suggested that the oocytes in high fertility group were
more homogeneous than that in low fertility group.

There were 161 genes highly expressed in HLO while 68 genes were highly expressed in LLO (Fig. 3d). The
functions of the changed genes were enriched by Metascape online. Most of the enriched functional pathways
were related to metabolism which was related to the growth of large follicle to prepare for ovulation (Fig. 3d).

There were 707 genes highly expressed in HMO while 119 genes were highly expressed in LMO (Fig. 3e). Most
of the enriched functional pathways were related to transport which was related to the interaction of oocytes and
GCs for the exchange of materials (Fig. 3e).

There were 218 genes highly expressed in HSO while 337 genes were highly expressed in LSO (Fig. 3f). The
enriched functional pathways were in wide range of molecular functions. There were some pathways related to
cell defense in the increased genes (Fig. 3f).
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Figure 2. The molecular marker genes of oocytes and granulosa cells in Jining grey goat. (a) Typical marker
genes in oocyte. (b) Typical marker genes in GCs. (c¢) Novel identified marker genes in oocytes. (d) Novel
identified marker genes in GCs. (e) IHF for GPD1. (f) IHF for TST.

The data in this section suggested that for the gene expression, the big difference was in the oocytes of the
medium follicles. And the HMO has the highly developmental potential to HLO.

Dynamic gene expression profiles in different stages of GCs of the two fertility popula-
tions. PCA analysis uncovered that the gene expression pattern was similar for the GCs in large follicles of
high fertility group (HLG) and low fertility group (LLG) (Fig. 4a); in medium follicles of high fertility group
(HMG) and low fertility group (LMG) (Fig. 4b); in small follicles of high fertility group (HSG) and low fertility
group (LSG) (Fig. 4c).
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Figure 3. Dynamic gene expression in oocytes of different fertility groups throughout folliculogenesis. (a)
PCA of oocytes in large follicles of high fertility and low fertility samples (HLO vs. LLO). (b) PCA of oocytes in
medium follicles of high fertility and low fertility (HMO vs. LMO). (c) PCA of oocytes in small follicles of high
fertility and low fertility (HSO vs. LSO). (d) Differentially expressed genes (DEGs) in oocytes of large follicles
from high fertility group and low fertility group, and the top enriched function pathways. Red indicates the gene
expressed higher in HLO; green indicate the gene expressed higher in LLO. (e) Differentially expressed genes
(DEGs) in oocytes of medium follicles from high fertility group and low fertility group, and the top enriched
function pathways. Red indicates the gene expressed higher in HMO; green indicate the gene expressed higher
in LMO. (f) Differentially expressed genes (DEGs) in oocytes of small follicles from high fertility group and low
fertility group, and the top enriched function pathways. Red indicates the gene expressed higher in HSO; green
indicate the gene expressed higher in LSO.

There were 5664 genes highly expressed in HLG while 2944 genes were highly expressed in LLG (Fig. 4d).
There were two pathways related to differentiation and embryo development were enriched in the increased
genes in HLG (Fig. 4d).

There were 4323 genes were highly expressed in HMG while 5907 genes were highly expressed in LMG
(Fig. 4e). There were some pathways related to cell division, and embryonic development enriched in the
increased genes in HMG (Fig. 4e) which further indicated that GCs in the large follicles of high fertility group
pose more potential for the oocyte development.

There were 3925 genes were highly expressed in HSG while 5992 genes were highly expressed in LSG (Fig. 4f).
The enriched functional pathways were diverse in this comparation (Fig. 4f) which suggested that at small follicle
stage, the GCs in high fertility and low fertility groups are close.

Some of the gene expression levels were confirmed by q-RT-PCR (Fig. 4g).
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Figure 4. Dynamic gene expression in GCs of different fertility groups throughout folliculogenesis. (a) PCA

of GCs in large follicles of high fertility and low fertility samples (HLG vs. LLG). (b) PCA of GCs in medium
follicles of high fertility and low fertility (HMG vs. LMG). (c) PCA of GCs in small follicles of high fertility and
low fertility (HSG vs. LSG). (d) Differentially expressed genes (DEGs) in GCs of large follicles from high fertility
group and low fertility group, and the top enriched function pathways. Red indicates the gene expressed higher
in HLG; green indicate the gene expressed higher in LLG. (e) Differentially expressed genes (DEGs) in GCs of
medium follicles from high fertility group and low fertility group, and the top enriched function pathways. Red
indicates the gene expressed higher in HMG; green indicate the gene expressed higher in LMG. (f) Differentially
expressed genes (DEGs) in GCs of small follicles from high fertility group and low fertility group, and the top
enriched function pathways. Red indicates the gene expressed higher in HSG; green indicate the gene expressed
higher in LSG. (g) The comparation of RNA-seq data and PCR data for GCs. Fold change of high fertility group
compared to low fertility group.
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Figure 5. Ligand-receptor pairs in oocytes and GCs. (a) Ligand and receptor encoding genes in NOTCH
pathway expressed in goat follicular oocyte and GCs. Left, outside circle showed in GC or oocyte; while inside
circle showed ligands or receptors. Right, relative expression. (b) Ligand and receptor encoding genes in TGF-f8
pathway expressed in goat follicular oocyte and GCs. Left, outside circle showed in GC or oocyte; while inside
circle showed ligands or receptors. Right, relative expression. Free R package Circlize (version0.4.11; https://
cran.r-project.org/web/packages/circlize/) software was used.

Road map of ligands and receptors between oocytes and GCs in the two goat populations.  The
ligands and receptors play vital roles in the folliculogenesis, especially the interaction between the oocyte and
GCs is bidirectional which is mediated by ligands and receptors interaction*****4. We determined the expression
of genes encoding ligand-receptor pairs in oocytes and GCs.

NOTCH signaling pathway and TGF-p signaling pathway are the two most important signaling pathways in
the folliculogenesis, and we found that many interesting unique protein—protein interactions (PPIs) of ligands
and receptors for the oocytes and GCs. In NOTCH signaling pathway, the ligands DLL3 and JAGI were specifi-
cally highly expressed in oocytes, while the ligand JAG2 was highly expressed in early stages of GCs and all
stages of oocytes (Fig. 5a). The receptors NOTCH1, NOTCH2 were highly expressed in GCs while NOTCH3 was
expressed in oocytes and GCs. Especially, NOTCHI and NOTCH2 were very highly expressed in early stages
of GCs (Fig. 5a), while NOTCH3 was very highly expressed in late stages of GCs (Fig. 5a). And the target gene
HES] was specifically expressed in oocytes (Fig. 5a).

In TGF-P signaling pathway, the ligands GDF9 and BMP15 were specifically expressed in oocytes, while
their receptors BMPRIA, BMPRI1B and BMPR2 were expressed in oocytes and GCs while the expression was
time dependent (developmental stages) (Fig. 5b). The target genes ID3 was expressed in oocytes and ID4 was
expressed in GCs and oocytes (Fig. 5b).
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Figure 6. Ligand-receptor pairs, and ligand and receptor encoding genes expressed in high fertility and low
fertility groups oocyte and GCs of goat large follicles. Outside circle showed in GC or oocyte; while inside circle
showed ligands or receptors. Free R package Circlize (version0.4.11; https://cran.r-project.org/web/packages/
circlize/) software was used.

Cell-cell junctions also are very important for oocyte-GCs communication. The junction protein G/CI and
GJA4 were highly expressed in oocytes while GJAI and GJA9 were highly expressed in GCs (Fig. S1).

Moreover, based on the gene expression the ligands and receptors pairs have been identified in different stages
of oocytes and GCs of the two population goats (Figs. 6, 7, 8). 44 ligand-receptor pairs have been identified for
the ligands in GCs and receptors in oocytes, while 65 ligand-receptor pairs have been found for the ligands in
oocytes and receptors in GCs in the large follicles of high fertility group (HL) (Fig. 6). 27 ligand-receptor pairs
have been identified for the ligands in GCs and receptors in oocytes, while 42 ligand-receptor pairs have been
found for the ligands in oocytes and receptors in GCs in the large follicles of low fertility group (LL) (Fig. 6).
47 ligand-receptor pairs have been identified for the ligands in GCs and receptors in oocytes, while 68 ligand-
receptor pairs have been found for the ligands in oocytes and receptors in GCs in the medium follicles of high
fertility group (HM) (Fig. 7). 50 ligand-receptor pairs have been identified for the ligands in GCs and receptors
in oocytes, while 97 ligand-receptor pairs have been found for the ligands in oocytes and receptors in GCs in the
medium follicles of low fertility group (LM) (Fig. 7). 50 ligand-receptor pairs have been identified for the ligands
in GCs and receptors in oocytes, while 69 ligand-receptor pairs have been found for the ligands in oocytes and
receptors in GCs in the small follicles of high fertility group (HS) (Fig. 8). 55 ligand-receptor pairs have been
identified for the ligands in GCs and receptors in oocytes, while 82 ligand-receptor pairs have been found for
the ligands in oocytes and receptors in GCs in the small follicles of low fertility group (LS) (Fig. 8).

The functions of these PPI have been enriched by Metascape online. There were some specific functional
pathways in the different stages of follicles of high or low fertility population. The interesting pathways “Signal-
ing pathways regulating pluripotency of stem cells” and “T'GF-beta signaling pathway” were enriched in the HL
group not in LL population (Fig. S2). The pathways “developmental growth” and “epithelial cell differentiatio”
were enriched in the HM group not in LM population (Fig. S3). The pathways “developmental growth”, “MAPK
cascade”, “ECM-receptor interaction” and “GPCR ligand binding” were enriched in the HS group not in LS
population (Fig. S4). The data suggested that the ligand-receptor interactions were different in the two fertility
population which may be related to the fertility capability in goat.

Co-regulated gene expression between the oocyte and GCs of the two fertility popula-
tions. The analysis of the gene co-expression between oocytes and GCs in different stages of follicles in two
different fertility populations was performed in current investigation to explore the difference in the interactions
of oocytes and GCs at different stages and in different populations.

The patterns of correlation of gene expression for different stage of follicles and different populations were
present in Fig. 9. The X-axis was for oocytes and the Y-axis was for GCs. The very positively expressed genes in
oocytes and GCs at different stages in the two populations were enriched to identify the functions. It was inter-
esting that similar functional pathways were identified for oocytes and GCs with the strong positive correlation
in all the stages of follicle in both high and low fertility populations. These functional pathways were related to
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Figure 7. Ligand-receptor pairs, and ligand and receptor encoding genes expressed in high fertility and low
fertility groups oocyte and GCs of goat medium follicles. Outside circle showed in GC or oocyte; while inside
circle showed ligands or receptors. Free R package Circlize (version0.4.11; https://cran.r-project.org/web/packa
ges/circlize/) software was used.

Figure 8. Ligand-receptor pairs, and ligand and receptor encoding genes expressed in high fertility and low
fertility groups oocyte and GCs of goat small follicles. Outside circle showed in GC or oocyte; while inside circle
showed ligands or receptors. Free R package Circlize (version0.4.11; https://cran.r-project.org/web/packages/
circlize/) software was used.
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Figure 9. Functional co-expression between oocytes and GCs based on Spearmanss correlation coefficient. (a)
Heatmap of genes expression between oocytes and GCs in large follicles of high fertility group; and the top four
enriched functional pathways for the high correlation genes. (b) Heatmap of genes expression between oocytes and
GCs in medium follicles of high fertility group; and the top four enriched functional pathways for the high correlation
genes. (c) Heatmap of genes expression between oocytes and GCs in small follicles of high fertility group; and the top
four enriched functional pathways for the high correlation genes. (d) Heatmap of genes expression between oocytes
and GCs in large follicles of low fertility group; and the top four enriched functional pathways for the high correlation
genes. (e) Heatmap of genes expression between oocytes and GCs in medium follicles of low fertility group; and the
top four enriched functional pathways for the high correlation genes. (f) Heatmap of genes expression between oocytes
and GCs in small follicles of low fertility group; and the top four enriched functional pathways for the high correlation
genes. Horizontal and vertical bars next to the heatmaps annotate gene clusters with enriched biological processes.
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RNA processing, protein modification (Fig. 9). And the cell cycle related pathways were enriched in the medium
and small follicles not large follicles which indicated that in the early stage oocytes and GCs cell proliferation,
division, or differentiation (Fig. 9b,c,e,f).

There were some pathways enriched only in high fertility population, not in low fertility population: such as
“microtubule-based process”, “positive regulation of telomere maintenance via telomerase” (Fig. 9a,d); “chro-
mosome segregation’, “cytoplasmic sequestering of protein” (Fig. 9b,e); “posttranscriptional regulation of gene
expression’, “cell cycle checkpoints” (Fig. 9¢,f). The data suggested that the oocytes and GCs were different with
the correlation in gene expression for the two populations.

Discussion

As the technology development, RNA-seq is a very useful tool to uncover the transcriptomic changes of
oocytes and granulosa cell and to discover the interaction of different types of cells and even the mechanisms of
folliculogenesis®. In current investigation, we explored the gene expression landscape of oocyte and GCs during
different developmental stages by the tube based single cell RNA-seq. We aimed to discover the gene expression
patterns in these two types of cells oocytes and GCs, the dynamic gene expression changes during development,
and the interactions of genes in both sides to deeply understand the mechanism of folliculogenesis in two dif-
ferent populations. The data will be used to help the regulation of goat fertility (litter size).

First, we identified a set of potential genes in oocyte and GCs as the marker genes which can be used to
determine the goat fertility capability and ovarian reserve ability. The data showed that GRHPR, GPR84, CYB5A
and ERALI were highly expressed in oocyte while JUNB, SCN2A, MEGES8, ZEB2, EGRland PRRC2A were
highly expressed in GCs. It has been reported that ZEB2 has been identified as a new marker gene in human
follicular GCs during the folliculogenesis®. Moreover, estrogen is mainly produced by aromatase in GCs. Jun,
highly expressed in GCs, regulated aromatase through cAMP signaling pathway to control the estrogen level®.
EGRI has been reported to be one of the target genes of fibroblast growth factors (FGF) in cow GCs*® and it can
promote the apoptosis of GCs in aging mouse ovary*’. In our another study (unpublished data) MEGES can be
used as a marker gene in goat GCs. Many of these marker genes need to be identified in the future.

Next, we tried to explore the functional gene expression in oocytes and GCs in the different populations
(high fertility group, HL; low fertility group, LL). We found much more genes are highly expressed in large and
medium oocytes of HL population than that in LL population, while, more gene expressed in small oocytes of
LL population than that in HL population. The enriched functional pathways in the high expressed gene in the
large and medium oocytes of HL population are related to protein translation, metabolism, and transportation
which are very close to the oocyte function at these stages. While the enriched functional pathways for the genes
highly expressed in LL population are related to other functions. The data indicated that oocytes in HL popula-
tion pose the high potential for folliculogenesis.

The gene expression profile poses the developmental trend in GCs, too. And many more genes were dif-
ferentially expressed in GCs of the two populations (HL vs. LL) than that in oocytes. More genes were highly
expressed in GCs of large follicles in HL group than that in LL group, while more genes were highly expressed
in GCs of medium follicles in LL group than that in HL group. The enriched functional pathways in the highly
expressed genes in large and medium follicular GCs were related to cell cycle and proliferation which is close to
the function of GCs at these stages. The data suggested that the expression of genes in GCs were correlated to
the oocyte for the folliculogenesis which may reflect the fertility difference in these populations.

It has been reported recently ligands and receptors mediate the regulatory signaling between follicular oocytes
and GCs during folliculogenesis (Biase and Kimble 2018). And the transcriptome profile of oocytes'®-*' and
GCs”" can reflect the developmental potential of oocyte to be successfully fertilized to develop to be embryo.
Moreover, ligand-receptor pairs can tune the signaling for the regulation of gene expression (Biase and Kimble
2018). In current investigation, we found that ligand-receptor pairs played important roles in goat folliculogen-
esis. Notch signaling pathway has been reported to be one of the most important pathways in folliculogenesis®.
DLL3, a ligand in Notch pathway, was highly expressed in oocytes, while another ligand in Notch pathways
JAG2 was highly expressed in GCs compare with DLL3 and JAGL1. The receptors in Notch pathway NOTCH2
and NOTCH3 were highly expressed in GCs while the target gene HESI was highly expressed in oocytes. The
transforming growth factor-p (TGF-B) superfamily plays vital roles in the tuning folliculogenesis®. The important
ligands in TGF-{ pathway were highly expressed in oocytes while the receptor BMPR1b was highly expressed
in GCs. The target gene ID3 was highly expressed in oocytes while ID4 was highly expressed in GCs. Moreover,
we found ligand-receptor pairs were differentially expressed in the oocytes and GCs of HL and LL at different
developmental stages. The data suggested that the gene expression levels are differentially regulated by ligand-
receptors in HL and LL population during folliculogenesis.

Furthermore, the correlations of the gene expression in oocytes and GCs at different stages in the two popu-
lations HL and LL were different, too. It has been reported that the association between the transcript levels of
genes expressed in oocytes and GCs play important roles in follicogenesis, too?*. Our data matched this notion
very well.

Conclusions

In summary, in the current investigation we found many marker genes differentially expressed in oocytes or
GCs during folliculogenesis. The ligand-receptor pairs in oocyte-GCs are involved in the regulation of the gene
expression profile in two fertility population HL and LL. At the same time, the gene expression pattern was cor-
related well in oocyte and GCs in HL or LL. All the data reflect the gene expression landscape in oocytes and
GCs which is correlated well with the fertility capability.
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Data availability
The 10x sequencing raw data are deposited in NCBI's Gene Expression Omnibus under accession number:
GSE135897 and GSE136005.
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