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Integrative analysis of single-nucleus RNA-seq and bulk
RNA-seq reveals germline cells development dynamics
and niches in the Pacific oyster gonad

Huihui Wang,1 Hong Yu,1,2,4,* and Qi Li1,2,3,*
SUMMARY

Gametogenesis drives thematuration of germ cell precursors into functional gametes, facilitated by inter-
actions with the niche environment. However, the molecular mechanisms, especially in invertebrates,
remain incompletely understood. In this study, the gonadal microenvironment and gametogenic pro-
cesses in the Pacific oyster, a model for diffuse gonadal organization and periodic gametogenesis, are
investigated. We combine single-nucleus RNA-seq and bulk RNA-seq to analyze gonadal microenviron-
ments in oysters. Twenty-three male and nineteen female gonadal cell clusters are identified, revealing
four male and three female germ cell types, alongside follicular cells in females and Sertoli/Leydig cells
in males. The NOTCH and BMP (bone morphogenetic protein) signaling pathways play a significant role
in the male germline niche, suggesting similarities with mammalian germ cell microenvironment.
This study offers valuable insights into germ cell developmental transitions and microenvironmental
characteristics.

INTRODUCTION

Germ cells play a pivotal role in animal reproduction, genetic heredity, and evolution. In sexually reproducing animals, they are the exclusive

progenitors of eggs and sperm and undergo several major fate decisions, including mitosis-meiosis, sperm-oocyte, and apoptosis-survival

decisions.1 The strict regulation of germ cell development is essential for the development of all multicellular organisms.2 As such, the mo-

lecular and systemic mechanisms underlying the unique activities involved in germ cell development are of great interest to biologists, result-

ing in an enormous number of studies on the subject.

Studies in model organisms have provided significant insight into the molecular mechanisms that govern germline development. The

intrinsic balance of gene expression in germ stem cells between renewal and differentiation is critical for maintaining fertility. This process

is particularly important in the niches where gametes are encased by supportive somatic cells, creating units of reproduction. Studies of

the gonad niche in mammals have well mapped out a thriving microenvironmental kingdom, where different cell types play specific roles

in gametogenesis.3 In the testis, Sertoli cells provide structural, nutritive, and hormone-regulatory support to germ cells, while Leydig cells

generate sex hormones.4 In the ovary, granulosa cells produce estradiol-17 beta (E2) for oocyte growth and maturation. The NOTCH and

BMP signaling pathways are reciprocally expressed between fetal germ cells (FGCs) and associated gonadal niche cells.5 InDrosophila, nurse

cells support oocyte growth by generating piRNAs and aid in the establishment of oocyte polarity.6

Although significant progress has been made in dissecting the molecular mechanisms of germline development in model organisms, the

vast majority of invertebrates which constitute 99% of all animal life on earth, remain understudied.7 Invertebrates present excellent oppor-

tunities for germ cell research due to their remarkable reproductive diversity and the structural heterogeneity of their gonads. A comprehen-

sive understanding of the molecular mechanisms governing gametogenesis development in diverse invertebrate species could provide valu-

able insights into the evolution of germ cells and the complex process of germ cell differentiation.

Gonadal tissue in somemarine invertebrates, including bivalves such as oysters and clams, may appear deceptively simple. The gonads of

these species consist of diffuse and episodic tissues that encircle the digestive gland and lack sexual dimorphism, which poses a great chal-

lenge for germ cell studies. Additionally, unlike mammals, gonadal formation and gamete maturation in these species occur periodically.

During the initial stage of oyster gametogenesis, small clusters of self-renewing stem cells develop in conjunctive tissue.8 It remains unclear

whether an alternative gonadal microenvironment accounts for the unique gonadal organization and periodic gametogenesis observed in

these invertebrates. Transcriptomic analysis is commonly used in studies of the molecular mechanisms of germ cell development. However,
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Figure 1. Global patterns of single-cell expression profiles and identification of cell types

(A) Workflow for single-nucleus RNA-seq of the oyster gonad.

(B) Two-dimensional t-SNE representation of female (left) and male (right) gonad cells analyzed in this study.

(C and D) Expression patterns of germline cell and niche cell marker genes exhibited on t-SNE plots; a gradient of gray and purple indicates low to high

expression levels.
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bulk RNA-seq requires defining tissues a priori by morphology or marker gene expression, which is problematic in diffuse tissues like those

found in some bivalves.9

To address this issue, we performed extensive single-nucleus RNA sequencing (snRNA-seq) characterization of Pacific oyster male and

female gonadal cells. Our aim was to create a transcriptional cell atlas of all cell types in the gonad, effectively delineating cell heterogeneity

and mapping the germline cells and gonadal niche interactions at the cellular level. Our work provides a valuable resource that supplements

earlier transcriptome investigations by offering a detailed perspective on germ cell lineage development and establishing the germ cell niche

in the most abundant gonadal somatic cell populations.

RESULTS

The gene expression landscapes of Pacific oyster germline cells and somatic cells in the gonad

In this study, we conducted an unbiased snRNA-seq analysis on Pacific oyster gonad cells at stage I (Figures 1A and S1A). In this stage,

gonadal tubules were scattered in the connective tissue. Spermatogonia and oogonia were distinctly observable at the margins of the inner

walls of the gonadal tubules, signifying the commencement of development and formation of oocytes and spermatocytes (Figure S1A). After

QC (quality control) filtering, we identified a total of 6,452 male cells and 7,231 female cells, which were classified into 23 and 19 distinct clus-

ters, respectively. The cell clusters were visualized using t-distributed stochastic neighbor embedding (t-SNE) projection (Figure 1B). On

average, we identified median 622 and 656 expressed genes per cell in each female and male gonad cell, respectively (Table S1).

We performed functional enrichment analysis on differentially expressed genes (DEGs) to gain deeper insights into oyster germline cell

development and the regulatory interactions between germ cells and their surrounding niche cells. Our findings revealed that significant

enrichment of signaling pathways, including ribosome, base excision repair, and RNA transport in female clusters 3, 8, and 16, as well as

male clusters 0, 1, 2, 4, and 15. Additionally, we observed the expression of well-established germline cell markers of C. gigas, including

Ddx4 (Vasa) and Piwil1, as well as vertebrate markers such as TDRD1 and Boll (Dazl), within female clusters 3, 8, 16, and male clusters 0, 1,

2, 4, and 15 (Figures 1C and 1D, and Table S2).10–12 The presence of TDRD1 and Boll (Dazl) in germline cells was confirmed by in situ hybrid-

ization (ISH) (Figures S1B and S1C). High expression levels of TDRD1 and Boll (Dazl) in female andmale gonads were further substantiated by

bulk RNA-seq data (Figures S1D and S1E). Notably, Boll (Dazl) showed the highest expression in the adductor muscle (Figure S1E). We as-

sessed and presented the correlation between the two cell clusters, and observed that female clusters 3, 8, and 16 exhibited similar gene

expression patterns, suggesting they may represent the same cell type. Similarly, male clusters 0, 1, 2, 4, and 15 might also belong to the

same cell type (Figures S2A and S2B). Therefore, female clusters 3, 8, and 16, as well as male clusters 0, 1, 2, 4, and 15, were categorized

as germline cells.

Furthermore, we analyzed the gonadal somatic cells of female andmale. Clusters 1, 4, 13, 20, and 21 in femalewere determined as follicular

cells based on the expression pattern of female estrogenic yolk syntheses related and somatic cell-specific markers, such as Foxl2, Vg, TGF-

b-like, and esr1 (Figure 1C).13–16 Clusters 3 and 10 in male were determined as Sertoli cells, exhibiting clear expression of TGF-b-like, esr1,

CPT1A, Cpt1a, Arhgap18, CORO2A, Ggt1, lmbr1l, and Vwa5a (Figures 1D and S2C).5,13,17 We assigned cluster 12 in male as Leydig cells,

characterized by the expression of testosterone production-related gene lhx9 and secretin receptors PTH1R and VIPR1 (Figures 1D and

S2C).18,19 Male clusters 5, 6 and female clusters 5, 15 were identified as vesicular connective tissue cells (VCT-cells) as these cluster-specific

genes, such as apolpp, LRP1, Soat1, and PCK1, are associatedwith lipidmetabolism and glycogen synthesis (Figures S2D and S2E). The ISH of

apolpp further supported our classification (Figure S2F). The expression of the gonadotropin-releasing hormone II receptorGNRHR was pri-

marily observed in male cluster 13 and female cluster 12 (Figures S2D and S2E), indicating their characterization as putative nerve-like cells,20

but further experimental validation is needed to confirm this classification definitively. Additionally, we observed that a small subset of gonad

cell types showed high expression of several genes, such asmlc-3,Mp20,MYL9, and Act42A (Figures S2D and S2E). These cells (cluster 2 and

cluster 14 of female, cluster 9 of male) were labeled as myoepithelial cells, which may play a crucial role in facilitating germ cell migration and

ovulation in oyster gonads. Boll (Dazl) was upregulated in myoepithelial cells (cluster 2 of female and cluster 9 of male), suggesting its poten-

tial utility as a marker gene for both germline and myoepithelial cells (Figure 1E; Table S2).

Subcluster-specific expression profiles of germline cells

To characterize the heterogeneity within germline cells of oysters, we conducted further investigation into their sub-clustering. The clustering

analysis revealed four distinct subclusters for both female and male germline cells, denoted as FGC-0 to FGC-3 and MGC-0 to MGC-3,

respectively (Figure 2A). The identification of germline subgroups was based on the enrichment of recognizedmarkers andDEGs, with exper-

imental validation of germline-specific genes. The FTH1 showedwidespread expression in FGC-3 andMGC-1 subtypes (Figures 2B and 2C).21

Moreover, the cell proliferation marker gene PCNA exhibited higher abundance in FGC-3 and MGC-1 compared to other germline subclus-

ters, leading us to classify them as oogonia and spermatogonia (Figures 2C and S3A).22 ISH for PCNA and FTH1 confirmed its expression in

oogonia and spermatogonia, located in the inner layer of the gonadal ducts (Figures 3A, 3B, and S3B). Subsequently, we determined that
iScience 27, 109499, April 19, 2024 3
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Figure 2. Germline cell subclusters and their expression profiles

(A) Two-dimensional t-SNE plot displaying female and male germline cells.

(B and C) Violin plots showing the relative expression levels (TPM) of marker genes in each germline subclusters of female and male.

(D) Results of the KEGGenrichment test (p value < 0.05) demonstrating the enriched terms linked to upregulated genes in each of the four germline subclusters of

female and male.
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FGC-1 represented vitellogenic oocytes, characterized by the specific expression of genes related to lipid uptakes and lipogeneses, such as

Lrp2, FASN-like, FASN, and Pnliprp2 (Figure S3A).23–25 Notably, ISH for BP-10, the marker gene of FGC-1, confirmed the expression in vitel-

logenic oocytes (Figures 2B and 3A). Based on the expression patterns of ZAN, ZAN-like1, ZAN-like2, JAG2-like, and sli, FGC-0 and FGC-2

were identified as developing oocytes (Figures 2B, 3A, and S3A).26–28 The cells within MGC-0 were classified as meiotic zygotene spermato-

cytes, exhibiting high expression levels of synaptonemal complex protein SYCP1 andmeiotic recombination protein Prdm9 (Figures 2C, S3C,

and S3D).29 Notably, MGC-2 was identified asmeiotic pachytene spermatocytes, as evidenced by the clear expression of p62-like (Figures 2C

and 3B).30 MGC-3 comprised 57 cells, identified as migration phase spermatocytes, characterized by the expression of genes related to aer-

obic respiration energy, such as ND1, ND2, and others (Figure S3C).

A total of 759 and 601 differentially expressed unigenes were obtained in the female and male germline subclusters, respectively

(Table S3). The marker genes associated with oogonia, spermatogonia, and pachytene spermatocytes were significantly enriched in Kyoto

Encyclopedia of Genes and Genomes (KEGG) terms, such as ribosome pathway and tight junction (Figure 2D). Additionally, genes related

to vitellogenic oocytes showed enrichment in the fatty acid metabolism pathway, while genes expressed in migrating spermatocytes were

enriched in the oxidative phosphorylation and thermogenesis categories (Figure 2D).

To further investigate the genes involved in gametogenesis, we utilized bulk RNA-seq data from gonad development. When comparing

stage 0 and stage I with differently expressed genes in germline cells (Table S3), we identified eight genes, including SYCP2L, that were

uniquely expressed in developing oocytes (FGC-0). Notably, the upregulated genes in stage 0 were not entirely identical to those in germline

cells. In stage I compared to stage III, three oogonia-specific genes, namely mrsA, SOD3-like, and GLIPR2, showed increased expression,

while stage III exhibited higher expression of vitellogenic oocyte-specific genes (Atf7ip, uncharacterized LOC105334018, Incenp, and

H1-8-like) and a developing oocyte-specific gene (DCLRE1A) (Figure S3E; Table S3). In male, zygotene spermatocyte-specific genes (unchar-

acterized LOC105348138 and uncharacterized LOC117689247) and pachytene spermatocyte-specific genes (uncharacterized LOC105329656

and uncharacterized LOC117689247) were upregulated in stage I when comparing stage 0 and stage I (Table S3). Surprisingly, we observed

multiple overlappingmarker genes betweenmale stage I and stage III (Table S3). Of note, themeiotic spermatocyte-specific gene SYCP1was

included in the DEGs of male stage III, whereas the spermatogonia-specific maker gene FTH1 was listed in differently expressed genes of

male stage I (Figure S3F; Table S3).
Cell lineage reconstruction reveals the fate of germline cells

To gain insights into the fate of germline cells, we performed cell lineage reconstruction by positioning 1,273 female germline cells and 4,328

male germline cells along a pseudotemporal axis. In the female germ cell lineage, we observed two distinct waves of oogenesis at branch

points 1 and 2. Notably, the first wave of oogenesis (branch 1) occurred prior to the vitellogenesis stage, whereas the second wave of oogen-

esis (branch 2) occurred during the development of developing oocytes (Figure 4A). In the male germ cell lineage, pachytene and zygotene

spermatocytes were situated in the middle of the pseudotemporal axis, while migrating spermatocytes were located toward the end

(Figure 4B).

Additionally, we selected 521male and 384 female ordering genes that exhibited dynamic expression along pseudotime to investigate the

characteristics of various stages of germline cell development. Hierarchical clustering analysis of the ordered genes identified five distinct

groups with different expression patterns in female and male, respectively. Furthermore, we conducted Gene Ontology (GO) analyses on

the DEGs within each cluster. In female, the first and second groups, consisting of 155 and 21 genes, respectively, were enriched for various

metabolic processes, including sugar and energy metabolism, as well as gene expression. The fourth and fifth groups in female, comprising

128 and 71 genes, respectively, exhibited significant enrichment in planar cell polarity and microtubule-based processes (Figure 4C). In the

male germline trajectory, the first and second clusters consisted of 239 and 23 ordering genes, respectively, whichweremainly enriched inGO

terms such as gene expression, mRNA catabolism, and meiosis I (Figure 4D). Additionally, the genes in the fifth cluster of the male germline

trajectory showed significant enrichment in ATP generation, which corresponded to the identification of the migrating spermatocytes

(Figure 4D).
Transcription profiles of niche cells in the gonads

To validate the specific expression of TGF-b-like in niche cells, we performed ISH in the gonads. Interestingly, we observed that TGF-b-like

positive niche cells were initially dispersed within the stage I gonadal ducts and subsequently migrated to the inner wall of the gonadal ducts

during stage II and stage III (Figures S4A and S4B). Additionally, unsupervised hierarchical clustering analysis revealed that female clusters 1

and 13 were closely related, suggesting potential functional similarities, while female clusters 4, 20, and 21 exhibited greater heterogeneity

(Figures 1C and S4C). Likewise, male clusters 3 and 10 displayed much more similarity (Figure S4D).

We then conducted differential gene expression and GO analysis for these cells. By analyzing the profiles of DEGs, we identified

387, 318, 311, 250, and 345 genes that were explicitly upregulated in male clusters 1, 4, 13, 20, and 21, respectively (Figure 5A). GO
iScience 27, 109499, April 19, 2024 5
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Figure 3. Continued

Accession numbers: sli, GeneBank: XM_011435634.3, BP10, GeneBank: XM_034446675.1, FTH1, GeneBank: NM_001305338.1, SYCP1, GeneBank:

XM_034478449.1, PCNA, GeneBank: XM_011447436.3, p62-like, GeneBank: XM_034472977.1. Annotations: Og, oogonia; Oc, oocyte; Voc, vitellogenic oocyte;

Doc, developing oocyte; Spg, spermatogonia; Zspc, zygotene spermatocyte; Pspc, pachytene spermatocyte. Scale bars for (A, top): 10 mm, (A, center): 20 mm,

(A, bottom): 10 mm and 50 mm, (B): 10 mm.
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analysis revealed that genes specific to female cluster 1 were enriched in terms such as mRNA-containing ribonucleoprotein complex

export from the nucleus, dopamine secretion, and regulation of hormone secretion, suggesting that female cluster 1 may play a role

in dopamine and hormones secretion (Figure 5B). Moreover, we observed elevated expression of genes evolved in spindle location,

meiotic cell cycle, cell cycle process, and M phase in female clusters 4 and 13, indicating active cytokinesis activity or readiness for

oocyte division in certain follicular cells (Figure 5B). On the other hand, female clusters 20 and 21 were enriched in ion transport and

catabolic process (Figure 5B).
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Figure 4. Dynamic gene expression patterns of oyster germline cells

(A and B) Developmental pseudotime trajectory of germ cells, plotted in two dimensions usingmonocle. Different colors represent different cell types. The top of

the figure shows the degree of differentiation of cell types in the pseudotime trajectory, with darker colors indicating a lower degree of differentiation.

(C and D) Heatmap of gene expression ordered by pseudotime, showing differential expression of genes across the germline cell types. Enriched GO terms (p

value < 0.05) associated with biological processes are shown on the right.
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Figure 5. Dynamic gene expression patterns of oyster gonadal niche cells

(A and C) Heatmap showing differentially expressed genes in female and male gonadal niche cells. The heatmap color key indicated the relative expression

levels, ranging from low (blue) to high (yellow).

(B and D) Enriched GO terms (biological processes) for the differentially expressed genes in female and male gonadal niche cells. The top significantly enriched

GO terms (p value < 0.05) are shown on the right.
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Next, we investigated the characteristics of Sertoli cells and Leydig cells in males (Figures 1C and S4D). Noticeably, 383 genes specific to

male cluster 3 were enriched in processes such as aromatic amino acid family metabolic process and regulation of hormone secretion

(Figures 5C and 5D). In contrast, cluster 10 exhibited enrichment in terms such as morphogenesis of a branching epithelium, epithelial

tube morphogenesis, and establishment of endothelial barrier, suggesting that Sertoli cells form tubular structures that enclose germ cells

(Figure 5D). Additionally, the GO term, cellular lipid metabolic process, was highly enriched in the male Leydig cell cluster, suggesting that

cells in cluster 12 may undergo lipid metabolism (Figure 5D).

Oyster VCT-cells are involved in both lipid production and glycogen storage processes

The previous histological study has demonstrated that oyster VCT-cells possess the ability to store lipid droplets and glycogen, unlike scal-

lops.31 To further investigate this finding at the molecular functional level, we performed an unsupervised hierarchical clustering analysis of

female clusters 5 and 15, as well as male clusters 5 and 6, which correspond to VCT-cells (Figure 1C). We identified four distinct types of VCT-

cells in both female andmale cells, denoted as VCT-0 to VCT-3 (Figures 6A and 6B). The VCT-0 subpopulation was found to consist of 195 and

309 cells in female and male, respectively, accounting for 33.51% and 57.87% of the total VCT cells (Figure 6C). We conducted a differential

gene expression analysis and KEGG analysis for these VCT-cells. The results showed that 305 genes exhibited high expression in VCT-0 and

were significantly enriched in the glucagon signaling pathway, adipocytokine signaling pathway, PPAR signaling pathway, AMPK signaling

pathway, and insulin-related pathways (Figure 6D). To further dissect the role of VCT-0 in glucose and lipid metabolism, we focused on essen-

tial genes involved in energy-related pathways. Several genes, such as PCK1, PEPCK, Slc2a4, PRKAA2, Prkag2, Lar, and insr were simulta-

neously active in the aforementioned pathways and displayed high expressions in VCT-0 (Figure 6E).Moreover, functional enrichment analysis

of upregulated genes in VCT-1 to 3 subgroups revealed that VCT-1 and VCT-2 were enriched in KEGG terms related to regulating the actin

cytoskeleton and adherence genes, whereas VCT-3 was enriched in the ribosome pathway (Table S4). Further, we identified 168 upregulated

genes in female VCT-cells and 290 upregulated genes in male VCT-cells (Figure S5A). KEGG analysis indicated that the upregulated genes in

females were significantly associated with focal adhesion and ECM-receptor interaction, while those in males were significantly enriched in

terms related to lipid and glycogen metabolic processes (Figure S5B). DEGs related to cell adhesion and interaction-related in female VCT-

cells includedMATN1,ARHGAP5, act-2, ITGB1,COL6A3, act-2b, IGTA4, Vinc, andBIRC2 (Figure S5A). Male VCT-cells exhibited upregulation

of lipid and glycogen-related genes, including SCD-1, SCD-2, JAK2, Lar, Gk, Prkag2, PCK1, PRKAA2, and PPP1R3B (Figure S5A).

Signaling pathway features in oyster germline cells and gonadal niche cells

To investigate cell-cell communication in oyster germline cells and gonadal niche cells, we used the CellChat software to analyze ligand-re-

ceptor interactions. This analysis was performed separately for male and female samples based on the results of germline re-clustering. Fig-

ure 7A illustrates the cell type present in the oyster gonad interaction network, along with the number of potential ligand-receptor pairs

identified. In females, we identified 26 pairs of ligand-receptor relationships associated with 14 pathways, while in males, we found 37

ligand-receptor relationships connected to 19 pathways.

We further examined the cell types involved in sending or receiving signals and identified three distinct patterns for both male and female

germline niches (Figure 7B). Female germline cells were implicated in all three patterns of receiving signaling, while male germline cells were

only involved in pattern one (Figure 7B). The niche cell, a necessary component of the germline cell microenvironment, primarily participated

in patterns one and three of female outgoing signaling. The main pathways associated with this pattern included NCAM, LAMININ, NRG,

SEMA5, SEMA6, VISFATIN, BMP, and EPHB. On the male outgoing end, the niche cell was connected to patterns two and three, with the

main pathways being NRG, HSPG, VISFATIN, SEMA6, SELE, and NGL.

We identifiedNRG, VISFATIN, and SEMA6as vital niche signaling pathways in both female andmale samples (Figure 7C).We further inves-

tigated the ligand-receptor interactions within these pathways. In our results, the receptors in NRG, erbb4a, and erbb4b, were expressed in

oogonia (FGC-3), vitellogenic oocyte (FGC-1), and developing oocyte (FGC-0) in female, as well as in four germline subclusters in male. Follic-

ular cells (female clusters 1 and 13) and Sertoli cells (male cluster 3) expressed ligand nrg2b to transmit the signal to germline cells (Figures 7D

and 7E). The VISFATIN signaling pathway included the ligand nampta, which interacted with the receptors insra and insrb. Developing oo-

cytes (FGC-0, FGC-2) and male germline cells expressed receptors insra and insrb to receive signals from follicular cells (female cluster 1) and

Sertoli cells (male cluster 10), which expressed the ligand nampta (Figures 7D and 7E). The SEMA6 signaling pathway consisted of the ligand

sema6dL and its receptor plxna1a.Our study showed that plxna1awas expressed in female germline cells, zygotene spermatocytes (MGC-0),

and pachytene spermatocytes (MGC-2), while sema6dl was expressed in follicular cells (female clusters 1, 13, and 20), Sertoli cells (male clus-

ters 3 and 10), and Leydig cells (male cluster 12) (Figures 7D and 7E).

Additionally, we found that some signaling pathways, such as NOTCH and BMP, played important roles in the communication between

male gonadal niche cells and germ cells, consistent with previous studies using single-cell transcriptomes of gonadal cells (Figure S6A).5 In our

results, male Sertoli cells (male cluster 3) and germline cells expressed the ligands for theNOTCH signaling pathway (jagged1b, dll4, and dld),
iScience 27, 109499, April 19, 2024 9
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whereas Sertoli cells (male cluster 10) expressed its receptor, notch1b, to receive the signal (Figure S6B). Moreover, Sertoli cells (male clusters

3 and 10) specifically expressed bmp6, the ligand for the BMP signaling pathway, while male germline cells expressed bmpr1aa_acvr2aa to

respond to the signal (Figure S6C). Interestingly, male Sertoli cells (male clusters 3 and 10) expressed receptors bmpr1aa_bmpr2b to receive

ligand bmp6 from germline cells (Figure S6C). However, in females, the predicted communication pathways (BMP, BMP10) did not apply to

the signal exchange between germ cells and follicle cells (Figure S6D).

DISCUSSION

Altogether, our snRNA-seq profiling of oyster gonad tissues exposes the intricate transcriptional dynamics of germline cell development and

the coordinated and reciprocal expression of several signaling pathways betweengerm cells and their gonadal niche cells. Our study provides
10 iScience 27, 109499, April 19, 2024
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Figure 7. Signaling pathway features in oyster germline cells and gonadal niche cell development

(A) Number of ligand-receptor pairs between any pair of two cell populations. The edge width is proportional to the indicated number of ligand-receptor pairs.

(B) Cell-cell communication patterns in female andmale. The networks show the CellChat inferred latent patterns connecting cell groups sharing similar signaling

pathways. The thickness of the water flow represents the relative contribution of the cell group or signaling pathway to a latent pattern, outgoing patterns for

secreting cells.

(C) The inferred NRG, VISFATIN, and SEMA6 signaling networks. Edge width represents the communication probability.

(D) The dot plot of ligand-receptors in the NRG, VISFATIN, and SEMA6 signaling pathways of female.

(E) The dot plot of ligand-receptors in the NRG, VISFATIN, and SEMA6 signaling pathways of male.
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a comprehensive characterization of the oyster gonadal cell profile and lays the foundation for a molecular atlas of invertebrate gonad

development.
The sn-RNA transcriptome atlas: A platform for profiling gene expression dynamics during molluscan gametogenesis

The gametogenesis process in the Pacific oyster is divided into four stages. In stage 0, the gonads are in a resting phase and the sex of the

individual cannot be distinguished. Stage I is characterized by gonial mitosis, which involves the division of germ cells within the gonadal tu-

bules. During stage II, the gonads undergo further development, and in females, this is accompanied by vitellogenesis, the process of yolk

accumulation in oocytes. In males, stage II is marked by the presence of the entire germinal lineage in males. In stage III, the gonads are fully

developed and primarily contain either mature oocytes or spermatozoa. By analyzing the expression profiles of marker genes and integrating

information from the gonadal bulk transcriptome, we precisely identified the various germ cells. In females, we identified three subpopula-

tions of germline cells: oogonia, vitellogenic oocytes, and developing oocytes. In males, we identified four subpopulations of germline cells:

spermatogonia, meiotic zygotene spermatocytes, meiotic pachytene spermatocytes, and migration phase spermatocytes.

Significantly, the study identified and experimentally verified FTH1, a gene involved in iron storage, was one of the marker genes for

oogonia and spermatogonia, indicating that iron storage starts early in gametogenesis.32,33 Moreover, the gene sli, known to be essential

in cell migration and cell communication, was primarily expressed in vitellogenic oocytes and developing oocytes.28 Therefore, it is plausible

that the oocyte relies on niche cells to complete the assembly of yolk material before migrating inward to complete maturation. Interestingly,

in the bulk transcriptome of stage I and stage 0 gonads, we observed some marker genes of developing oocytes, zygotene spermatocytes,

and pachytene spermatocytes were upregulated in stage I, suggesting that stage I gonads contain a diverse range of germ cell

subpopulations.

Notably, our study revealed that upregulated genes of oogonia and spermatogonia subclusters, including RPL37A, RPS26, and RPS5,

were significantly enriched in the ribosome-related KEGG pathway. The presence of germplasm-related structures and the ‘‘germplasm

granule formation complex’’ in spermatogonia and oogonia subclusters was consistent with previous single cell RNA-seq findings in ver-

tebrates such as human and buffalo.5,34–36 Furthermore, we observed that the oogonia cluster displayed enrichment of genes related to

the tight junction pathway, suggesting that these cells adhere to the niche cells, ensuring their differentiation. In contrast, the vitellogenic

oocyte and developing oocyte clusters exhibited the expression of genes involved in fatty acid metabolic processes and aldosterone syn-

thesis, which are known to be crucial for oocyte development.37 The genes specifically expressed in meiotic zygotene spermatocytes

showed an enrichment associated with RNA transport and the mRNA surveillance pathway, suggesting active gene expression during

meiosis. In single cell RNA-seq studies characterizing human and Drosophila spermatogenesis, it was discovered that male germ cell

migration and spermatid elongation heavily rely on oxidative phosphorylation and mitochondrial ATP generation.5,38 We also discovered

that migration phase spermatocytes possessed upregulated ATP synthesis-related genes. This may be connected to the fact that in early

gametogenic gonads, a small number of spermatocytes migrating toward the gonadal tubules are accompanied by the process of sper-

matocyte formation.

The pseudotemporal analysis revealed distinct positioning of oogonia, spermatogonia, developing oocytes, and vitellogenic oocytes

along the development axis. Oogonia and spermatogonia were located at the beginning of the axis, indicating their early development

stages. The vitellogenic oocyte branch differentiated prior to the developing oocyte branch, suggesting a sequential progression in oogen-

esis. The initial wave of oogenesis likely involves the accumulation of vitellin, which is transportedby follicular cells to the oocyte for processing

into vitellogenin. The second wave of oogenesis contributes to oocyte maturation, as evidenced by an increase in oocyte size.39 The GO

enrichment analysis highlighted key processes involved in oogenesis, including germplasm accumulation and energy storage, as well as

the trafficking of mRNA-protein complexes within the oocyte, consistent with previous studies.40 In male germline cells, similar to the early

stages of oogenesis, spermatogenesis also undergoes an initial stage of germplasm construction followed by the meiosis process.

Taken together, these findings not only confirm the presence of distinct subclusters of germline cells in our dataset but also provide valu-

able insights into the diversity and plasticity of molluscan germ cells, even within the same gonad.
The sn-RNA transcriptome atlas: A platform for excavating of gonadal somatic cells functions in Molluscs

In this study, five clusters (female clusters 1, 4, 13, 20, and 21) were classified as female follicular cells. Two clusters (male clusters 3 and 10) were

identified as male Sertoli cells and male cluster 12 was proposed as male Leydig cells. By performing ISH of TGF-b-like, we observed that

some niche cells migrate to the interior edge of the gonadal tubule as the gonads developed. The migration path of niche cells resembled

that of germ cells within the gonadal tubule. The adhesion between niche cells and early germ cells suggested potential signal
12 iScience 27, 109499, April 19, 2024
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communication between niche cells and oogonia and spermatogonia. According to the results of GO analysis, we found that the follicular

cells in female oysters have functions related to hormone synthesis and secretion, as well as the preparation of substances required for

the division of female germ cells. This is similar to the role of follicular cells in humans.5 Moreover, the follicular cells exhibited ion transport

functions, which we speculate are involved in maintaining the osmotic pressure of the gonadal niches. Our results revealed that Sertoli cells in

oysters not only secrete hormones but also play a role in maintaining the morphology of gonadal tubules, which is inconsistent with that

observed in mammal.5

Additionally, clusters 5 and 15 in female, and clusters 5 and 6 in male were determined as VCT-cells. Furthermore, we analyzed the expres-

sion patterns of VCT-cells. We observed that VCT-0 cells are predominantly associated with major glycogenmetabolism processes in eukary-

otes, serving as the primary sources of energy.41 Interestingly, we identified specific expressions of Slc2a4, PCK1, PEPCK, Gk, and ACSL1 in

VCT-0 cells. Slc2a4 plays a pivotal role in mediating bidirectional glucose transport, while PCK1 and PEPCK are crucial flux-generating en-

zymes catalyzing the rate-limiting step of gluconeogenesis.42,43 Furthermore, studies on human brown fat biopsies have shown that PPAR

and adipocytokine-related genes, such as Gk and ACSL1, play a role in selecting adipocyte proteins that enhance cellular fatty acid import

and contribute to brown fat thermogenic capability.44,45We found distinct expression peaks of Lar and insr specifically in VCT-0 cells. Previous

research has demonstrated that Lar co-immunoprecipitates with insr andmodulates insulin receptor signaling by dephosphorylating the reg-

ulatory phosphoryl-tyrosine residues.46 Interestingly, we observed different enrichment results in VCT-1 to VCT-3, implying that oyster VCT-

cells may possess heterogeneity in maintaining gonadal morphology and gonadal development. As a class of cell cluster with both lipid and

glycogenmetabolic functions, the proportion of VCT-0 cells was shown to be greater in males than in females. More interestingly, genes con-

cerning lipid and glycogenmetabolic processes were upregulated inmale VCT cells while genes concerning cell adhesion were up-regulated

in female VCT cells. This implied that the meiotic process of germ cells in males might require more energy from VCT cells.

The sn-RNA transcriptome atlas: A platform for profiling signal pathways between germline cells and their somatic niche

In this study, we successfully identified and characterized the specific cell types involved in gametogenesis, namely the follicular cells in fe-

males, and Sertoli cells and Leydig cells in males. These somatic niche cells play crucial roles in regulating cell differentiation, nutrients supply,

and physical adherence of the extracellular matrix during gametogenesis. Notably, we identified three information flows from niche cells to

germ cells, namely NRG, SEMA6, and VISFATIN, shared between both sexes. Neuregulins have been shown to be essential for initiating sper-

matogonia meiosis.47 It is of particular interest that Sertoli cells express the ligand (nrg2b), while male germline cells express the receptor

(erbb4a and erbb4b). This further supports the crucial role of Sertoli cells as positive regulators in initiating spermatogonia meiosis andmain-

taining spermatocyte meiosis. Additionally, semaphorin protein ligand sema6dl has been proven to facilitate the gonadotropin hormone-

releasing system.48 Our findings highlighted that female germline cells, zygotene spermatocytes, and pachytene spermatocytes express

the receptor plxna1a, underscoring the significant influence of gonadal hormones in the oyster’s gonadal microenvironment. Previous

research has demonstrated that the ligand nampta of VISFATIN is an adipokine that inhibits granulosa cells from producing progesterone.49

Therefore, we speculate that follicular cells and Sertoli cells play a balancing role in ensuring the successful development of germ cells. Of

particular interest, our finding indicated a similar expression pattern of NOTCH and BMP signaling pathways components in male oysters

compared to humans.5 Sertoli cells (male cluster 10) expressed receptors in the NOTCH pathway to receive signals frommale germline cells,

while germ cells in male received signals from Sertoli cells (male clusters 3 and 10) through the BMP pathway. These findings suggest that the

microenvironmental characteristics of molluscan germ cells share certain similarities with mammals while also exhibiting distinct features.

Our study offers crucial perspectives on the essential characteristics of invertebrate germ cells during their highly orchestrated mitotic,

meiotic, and gametogenesis processes in vivo. Furthermore, we have established a robust platform for evaluating the identity and charac-

teristics of germ cells that have undergone in vitro differentiation from pluripotent stem cells. The reciprocal interaction between the niche

and germ cell signaling pathways uncovered in this study can provide vital information for enhancing the efficiency of germ cell differentiation

in vitro. Our comprehensive roadmap of germ cell growth in vivo under physiological conditions can contribute to the analysis of issues per-

taining to germ cells, including triploid infertility.

Limitations of the study

While our snRNA-seq analysis has provided insights into cell heterogeneity and elucidated the interactions between germline cells and

gonadal niche in the Pacific oyster at the cellular level, it is subject to several limitations. Firstly, a significant portion of the marker genes em-

ployed for defining cell types, particularly non-germline cells, were extrapolated from vertebrate studies. Although we conducted a thorough

examination of their homology, further experimental validation is warranted. Secondly, our study did not specifically identify undifferentiated

germ cells, hence limiting our ability to provide a comprehensive elucidation of sex determination and differentiation. Future investigations

could delve into the potential transcriptional regulation within the gonadal microenvironment to further elucidate the processes of sex deter-

mination and differentiation in oysters.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Digoxigenin-AP, Fab fragment Roche Cat# 11093274910; RRID: AB_2734716

Biological samples

Diploid male and female Pacific oyster Tianheng Island, Jimo City,

Shandong Province, China

N/A

Chemicals, peptides, and recombinant proteins

Tween-20 Sangon Biotech Cat# 9005-64-5

Deionized Formamide LookChem Cat# 75-12-7

Triethanolamine Sangon Biotech Cat# 102-71-6

203SSC Buffer, pH 7.0 Phygene PH1859

Maleic Acid Solarbio Cat# M8050

Proteinase K Merck KGaA Cat# 1245680100

RNase Inhibitor Beyotime Cat# R0102-10KU

Dextran Sulphate BBI Cat# A600160-0050

50X Denhardt’s Solution Sangon Biotech B548209-0050

Yeast tRNA Solarbio Cat# 9014-25-9

TRIzol reagent Invitrogen N/A

Critical commercial assays

Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 10X Genomics N/A

NBT/BCIP Stock Solution Roche Cat# 11681451001

Gel Extraction Kit Omega D2500-02

Deposited data

Oyster gonad transcriptome Yue et al.50 SRA: SRP112367

Oyster tissue transcriptome Zhang et al.51 GEO: GSE31012

snRNA-seq This paper SRA: SRR24954538 SRA: SRR24954539

Oligonucleotides

See Table S5 for ISH N/A N/A

Software and algorithms

Cell Ranger v3.1.0 10X Genomics https://support.10xgenomics.com/single-cell-gene-expression/

software/overview/welcome

Seurat v3.1.1 Butler et al., 201852 https://satijalab.org/seurat/

Monocle2 v2.28.0 Qiu et al., 201753 https://cole-trapnell-lab.github.io/monocle-release/docs/

#introduction

CellChat v1.6.1 Jin et al., 202154 http://www.cellchat.org/

Fastp v0.22.0 Chen et al., 201855 https://github.com/OpenGene/fastp/blob/master/README.md

Hisat2 v2.2.1 Kim et al., 201556 https://daehwankimlab.github.io/hisat2/

Samtools v1.6 Li et al., 200957 http://samtools.sourceforge.net/

clusterProfile Yu et al., 201258 https://guangchuangyu.github.io/software/clusterProfiler/
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Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Hong Yu (hongyu@

ouc.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� The snRNA-seq data have been deposited in theGenBank SRAdatabase and are publicly available as of the date of publication. Acces-

sion numbers are listed in the key resources table. The bulk RNA-seq data for different gonadal development stages and different tis-

sues of oysters were downloaded from the GenBank SRA database and GEO database (listed in the key resources table).
� This article contains no original code.
� Any additional information required to reanalyze the data reported in this study will be provided upon request to the lead contact.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Two-year-old adult Pacific oysters were obtainedmonthly from Tianheng Island, Shandong, China. Male and female diploid oysters at stage I

were used in snRNA-seq and stage I-III were used in in suit hybridization.

METHOD DETAILS

Tissue processing and histological analysis

Two-year-old adult diploid Pacific oysters were collectedmonthly fromMarch 2021 and July 2021 fromTianheng Island, Shandong, China. For

each oyster, the gonad was sampled and stored at -80�C for RNA extraction. Simultaneously, the gonad was subjected to fixation in Bouin’s

fluid and 4% paraformaldehyde overnight for histological analysis. The dehydrated gonad was embedded in paraffin and sectioned serially at

thickness of five micrometers. Histologically staining was performed on the sections, and digital images were captured using an Olympus

BX53 microscope (Olympus, Japan). The gonad development stage and sex of the oysters were identified by histological methods.

Isolation of nuclei from the oyster gonad

Oyster gonad tissues wereminced to 1mm3 and stored at -80�Cprior to nuclei extraction. Following histological confirmation, the nuclei from

male and female gonadal cells at stage I were isolated and resuspended in 2mL of phosphate-buffered saline containing 0.01% bovine serum

albumin. The concentration of nuclei was determined using Thermofisher Countess II FL Automatic Cell Counter and was adjusted as needed

to achieve the ideal range for loading on the 10X Chromium chip.

Construction of libraries and generation of cDNA on the 10X genomics platform

103 genomics-based libraries were generated following the manufacturer recommended protocol. Briefly, the re-suspended nuclei were

loaded into the 10XChromium systemusing the Single Cell 30 Reagent Kit v3 to obtain nanoliter-scale Gel Bead-In-Emulsions (GEMs). Primers

containing an Illumina� R1 sequence (read one sequencing primer), a 16 nt 10x Barcode, a ten nt Unique Molecular Identifier (UMI), and a

poly-dT primer sequence were mixed with GEMs during incubation, which was performed on PCR instrument (Bio-Rad C1000 Touch). Silane

magnetic beads were used to remove the biochemical reagents and primers. Then, the cDNA was amplified with 11 PCR cycles and purified

with SPRlselect (Beckman Coulter B23318). Illumina bridge amplification was carried out using the final libraries that contained the P5 and P7

primers after primers had been added. The libraries were pooled and sequenced on the illumine 10 3 Genomics Chromium platform. The

sequencing output was subjected to quality testing with DNA 1000 assay Kit (Agilent Technologies).

Total RNA extraction

Gonadal total RNAwas extracted using TRIzol reagent (Invitrogen, USA) according to themanufacturer’s instructions. RNA concentration was

measured using a Nanodrop spectrophotometer (Thermo Fisher Scientific, USA). The integrity and purity of RNA were assessed by running

the samples on 1% agarose gels. RNA samples that met the purity criteria (A260/A230 and A260/ A280 > 1.8) were selected for cDNA library

preparation.

In Suit Hybridization (ISH)

The gonad tissue was embedded in paraffin and sectioned at a thickness of 5 mm. The RNA in situ hybridization (ISH) protocol from a prior

study were followed with slight modifications.14 The key resources table and Table S5 contains information about the probes used.
18 iScience 27, 109499, April 19, 2024
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snRNA-seq analysis pipeline

Cell Ranger (v.3.1.0) was used to convert the raw BCL files into FASTQ files, followed by quality control of the sequences and alignment to the

C. gigas reference genome (GCF_902806645.1) with default parameters (10x Genomes). Downstream analysis was primarily performed using

Seurat (v.3.1.1).52 In brief, gene expression matrices were trimmed based on quality metrics (> 500 and < 4000 genes, < 20 % mitochondrial

reads, < 8000 UMI, and genes expressed in at least three cells). Potential batch effects were assessed using PCA visualization of the first three

dimensions, and outliers were disregarded. Following QC filtering, expression data for 6,502 male gonad cells and 7,273 female gonad cells

with median gene counts of 622 and 656, respectively, were obtained. Clusters were visualized using t-distributed Stochastic Neighbor

Embedding (t-SNE).
Oyster tissue transcriptome data processing

Transcriptomic data of different stages of gonadal development and different tissues in the Pacific oyster were downloaded (accession num-

ber: SRA: SRP112367, GEO: GSE31012).50,51 The raw sequence reads were subjected to quality control using Fastp (v.0.22.0) (https://github.

com/OpenGene/fastp), and low-quality reading were removed.50 The reads were then mapped to the reference genome using HISAT2

(v.2.2.1),59 and StringTie was used to calculate the read count and transcripts per million (TPM) values. Differential expression analysis was

carried out using DESeq2, with a significance threshold of | log2 (fold change) | R1 and a false discovery rate (FDR) < 0.05 to identify signif-

icantly differentially expressed genes.
QUANTIFICATION AND STATISTICAL ANALYSIS

Wilcoxon rank-sum test was used to compare each gene’s expression level to that of the other cells in a given cluster.60 Genes with at least

1.28-fold or 2-fold higher expression levels in the target cluster, expressed in at least 25% of the target cluster’s cells, and had a P-value of less

than 0.01 or 0.05 were considered significantly upregulated. The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) analyses were subsequently conducted.61,62 The trajectory reconstruction program Monocle2 was used to analyze the kinetics of

gene expression during the differentiation of germline cells on a set of highly variable genes.53
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