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Abstract 14 

Sexual reproduction in animals requires the development of oocytes, or egg cells. This 15 

process, termed oogenesis, requires complex interactions amongst germline and somatic 16 

cell types in the ovary. How did these cell types and their signaling interactions evolve? 17 

Here we use the sea star Patiria miniata as a non-chordate deuterostome representative 18 

to define the ovarian cell type toolkit in echinoderms. Sea stars continuously produce 19 

millions of new oocytes throughout their lifespan, making them a practical system to 20 

understand the mechanisms that drive oogenesis from a biomedical and evolutionary 21 

perspective. We performed scRNA-seq combined with high-resolution 3D-imaging to 22 

reveal the ovarian cell types and their spatial organization. Our data support the presence 23 

of actively dividing oogonial stem cells and granulosa-like and theca-like cells, which 24 

display similarities and possible homology with their mammalian counterparts. Lastly, our 25 

data support the existence of an endocrine signaling system between oogonial stem cells 26 

and intrinsic ovarian neurons with striking similarities to the vertebrate hypothalamic-27 

pituitary-gonadal axis. Overall, this study provides molecular evidence supporting the 28 

possible pre-chordate origins of conserved ovarian cell types, and the presence of an 29 

intrinsic neuroendocrine system which potentially controls oogenesis and predates the 30 

formation of the hypothalamic-pituitary-gonadal axis in vertebrates.  31 
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 34 

Introduction 35 

Oogenesis is essential for the propagation of most animal species. This process takes 36 

place within the ovary, where somatic and germ cells interact to form a fundamental 37 

reproductive unit: the follicle (1). Diverse ovarian cell types underlie these interactions 38 

and define the reproductive potential of the organism. For instance, somatic follicle cells, 39 

also referred to as granulosa in mammals, are in direct contact with developing oocytes 40 

and provide signals and metabolic support to regulate growth and meiotic arrest. 41 

Mammalian theca cells in the outer layers of the follicles have a key role in steroid 42 

hormone production, nutrient delivery to the follicle through the vasculature, and 43 

regulating granulosa cell function (2). In vertebrates, the hypothalamic-pituitary gland-44 

gonadal (HPG) axis provides hormonal cues from the central nervous system essential 45 

for proper germ cell growth, maturation, and ovulation (3). 46 

 47 

Many germ line processes are broadly conserved, but different organisms have diverse 48 

reproductive potentials due to the presence or absence of specific cell types or states. 49 

For instance, the mammalian oocyte reserve is established during embryogenesis, during 50 

which germ cells are limited to either entering meiosis, generating oocytes that remain 51 

arrested until puberty, or undergoing apoptosis (4). This limited number of oocytes shows 52 

signs of developmental decline with age in both mice and humans (5). Other animals such 53 

as the fruit fly instead produce oocytes throughout their lifespans due to a well-defined 54 

germ line stem cell niche that persists through adulthood (6). However, the mechanisms 55 

controlling oogenesis and the establishment of reproductive potential in other metazoans 56 

remain less understood. Moreover, numerous evo-devo studies have identified 57 

conserved genes expressed in germ line cells (7), but much less is known about the 58 

evolutionary history of the other somatic cell types within ovaries.  59 

 60 

Echinoderms are non-chordate deuterostomes (8), a phylogenetic position informative for 61 

both vertebrates and other invertebrates, thus making them a valuable experimental 62 
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system for addressing questions about the deep evolution of reproductive cell types (Fig. 63 

1A). Echinoderms including sea stars continuously produce millions of oocytes that 64 

develop into optically transparent embryos and larvae, and have documented lifespans 65 

that can exceed a century (9). However, while echinoderms have been extensively used 66 

to study fertilization, gene regulation, and embryogenesis due to the abundance of eggs 67 

they provide, we still lack a mechanistic understanding for how they achieve this 68 

remarkable reproductive output (10,11).  69 

 70 

In this work, we asked how the reproductive potential of the sea star Patiria miniata is 71 

controlled, and whether sea star ovarian cell types are conserved with distantly related 72 

animals. Using high-resolution microscopy and single cell RNA sequencing (scRNA-seq), 73 

we defined the cellular organization of the sea star ovary, determined its cell types, and 74 

explored their evolutionary relationships with other animals. We found the ovary to consist 75 

of epithelial cells, immune cells, neurons, oocytes, three diversified groups of follicle cells, 76 

and putative oogonial stem cells organized in germ cell cysts. Our cross-species 77 

comparison revealed the presence of potentially conserved ovarian cell types, including 78 

a granulosa-like population. Last, we report conserved signaling pathways involved in 79 

oogenesis, as well as an intrinsic hypothalamic-like and gonadotropic-like signaling 80 

system operating between oogonial stem cells and ovarian neurons which we propose 81 

may be analogous, or possibly homologous, to the vertebrate HPG axis.  82 

 83 

Materials and Methods 84 

Animal husbandry, ovary isolation, in vitro culture 85 

Adult Patiria miniata were obtained from South Coast Bio (San Diego, CA, USA) and 86 

Monterey Abalone Company (Monterey, CA, USA). The animals were maintained in 87 

temperature controlled (15°C) circulating seawater aquariums at the Marine Resources 88 

Center (MBL, MA, USA). Ovarian fragments were surgically isolated through the oral side 89 

of the sea star’s arm using a Stoelting™ Sterile Disposable Scalpel, No.11 and ovaries 90 

were collected using forceps in Eppendorf tubes containing filter sea water (FSW). For 91 

the single cell RNA sequencing experiments the ovaries were used immediately. For the 92 
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rest of the experiments of the manuscript, ovaries were kept in FSW 10 μg/ml 93 

trimethoprim and 50 μg/ml sulfamethoxazole at 15°C as previously described (12).  94 

 95 

Ovary dissociation 96 

Dissociation of isolated sea star intact ovarian lobes into single cells was performed as 97 

previously described with minor modifications (13). Briefly, ovarian fragments were 98 

transferred with forceps to a petri dish containing Ca2+ Mg2+-free artificial sea water 99 

(CaMg-free ASW) and allowed to settle for 3 minutes (min). Then the ovary was 100 

transferred to an Eppendorf tube containing the dissociation buffer (1M glycine, 0.02M 101 

EDTA, in CaMg-free ASW) and incubated for 10 min. Dissociation was promoted through 102 

gentle pipette aspiration every 2 min. Once dissociation was complete, cells were spun 103 

down with a swing bucket centrifuge at 500g for 10 min and washed twice with CaMg-104 

free ASW. Propidium Iodide and Fluorescein diacetate were used to assess cell viability 105 

and only cell suspensions with cell viability ≥ 90 % were further processed. Single cells 106 

were passed through a 40 μm cell strainer to remove aggregates. The number of cells 107 

was estimated using a hemocytometer and diluted according to the manufacturer’s 108 

protocol (10X Genomics). During the entire process, specimens were kept on ice, except 109 

for the centrifugations in which they were kept at 4°C. The isolated cells were loaded on 110 

the 10x Genomics Chromium Controller according to the manufacturer's instructions and 111 

cDNA libraries were generated using the Chromium Single Cell 3’ Reagent Kit (v3.1 112 

Chemistry Dual Index). Specimens were sequenced by the Azenta Life Sciences 113 

(Burlington, MA) sequencing service using the Illumina NextSeq 550 with a maximum 114 

read length 2 x 150 bp at a resolution of 350M PE reads.  115 

 116 

Single cell RNA sequencing mapping of reads and data analysis.  117 

Single cells from ovaries originating from three different animals were processed using 118 

the 10X Genomics Chromium scRNA-seq capturing system. The libraries generated were 119 

biased towards early oogenesis since the 10X Genomics Chromium capturing system 120 

allows for the capture of cells up to 40 μm, which means that in our single cell atlas the 121 

maximum oogonium size represented is 40 μm. Fully grown oocytes in Patiria miniata are 122 

~170 μm. Patiria miniata genome version 3.0 (14) was used for single cell RNA 123 
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sequencing read mapping. The corresponding annotation was modified to contain only 124 

protein coding entries using AGAT v0.7.0 (15) and Linux command line tools GNU 125 

coreutils v8.26. Cell Ranger Software Suite v7.1.0 (16) was used to create the index from 126 

the genome FASTA file and the annotation GTF file as well as for mapping with --no-bam 127 

and --nosecondary flags, with all other settings left as default so the number of cells was 128 

estimated automatically by Cell Ranger. Cell Ranger output files were loaded in R Studio 129 

and processed with the Seurat pipeline (17). Seurat objects were created by excluding 130 

cells containing genes that are transcribed in less than three cells and cells that have less 131 

than a minimum of 400 and a maximum of 5000 transcribed genes. Next the Seurat 132 

objects were normalized, and variable genes were found through the variance stabilizing 133 

transfer (VST) method with a maximum of 2000 variable features. The three different 134 

objects were integrated through identification of gene anchors (FindIntegrationAnchors). 135 

Following integration, scaling and principal component analysis (PCA) were performed. 136 

Jackstraw was used to evaluate PCA significance. Uniform Manifold Approximate and 137 

Projection (UMAP) was used to perform clustering dimensionality reduction. The final 138 

object consisted of 35,877 cells. The FindAllMarkers command was used to identify 139 

differentially expressed marker genes. The average expression of genes of interest were 140 

visualized using the DotPlot and DoHeatmap commands included in the Seurat R 141 

package. To compare the Patiria miniata ovary integrated single cell atlas with the publicly 142 

available human (18), mouse (19), zebrafish (20), sea urchin (21) and fruit fly (22) ovarian 143 

atlases as well as with the mouse pituitary gland atlas (23) and the sea urchin larva one 144 

(13) SAMap v1.02 (24) was used as previously described (25). For the mouse, zebrafish, 145 

fruit fly and sea urchin (ovary and larva) datasets the already available rds files were 146 

used, while for the human fetal ovary and the mouse pituitary gland datasets clustering 147 

analysis was performed similar to what was previously described (18,23). The average 148 

score of genes of interest was performed using the AddModuleScore function 149 

incorporated in the Seurat R package. The oogenesis trajectory was performed using the 150 

R package Monocle3 (26). The package EnhancedVolcano was used to visualize the 151 

differentially expressed genes between the germ cell cysts and oocytes along the 152 

trajectory, while the R packages topGO and clusterProfiler were used for the GO 153 

enrichment analysis.  154 
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Light sheet microscopy/Segmentation 3D analysis 155 

Ovarian samples were mounted individually in Fluidflon FEP tubes (Proliquid 1.6x2.4mm) 156 

using 1% low gelling agarose (Sigma-Aldrich A0701, type VII-A) with their elongated 157 

morphology parallel to the tube. A Zeiss Lightsheet 7 was used to acquire multiple-view 158 

data. It was equipped with a 10x/0.5 W Plan-Apochromat detection objective and two 159 

10x/0.2 air illumination objectives producing two light-sheets 5.8 µm thick at the waist and 160 

12µm thick at the edges of a 1100 µm x 1100 µm field of view. Illumination mode was 161 

dual (mean fused) with active pivot scan. Samples were imaged from five views (72 162 

degrees apart) and Zoom factor 0.8. Each z-stack has a pixel frame of 1920x1920 and a 163 

voxel size of 0.57 µm x 0.57 µm x 1.8 µm. Each optical slice was acquired with a 164 

combination of 405, 488, and 561 nm laser with following filter settings: 405nm: EF1 - BP 165 

420-470, CAM BS - SBS LP 490; 488 nm: EF1 - BP 505-545, CAM BS - SBS LP 560, 166 

561 nm: EF1 - BP 575-615, CAM BS - SBS LP 640. For registration of multi-view 167 

acquisitions and fusion plus deconvolution of the registered data, the Fiji plugin 168 

BigStitcher v2.3.4 (27) was used with standard settings. Image segmentation, 3D-169 

reconstructions and data analysis were performed using the Amira software package (FEI 170 

Visualization Sciences Group Thermo Fisher Scientific), version 2024.1. Morphological 171 

features such as muscles and nuclei were segmented semi-automatically using various 172 

tools in Amira, such as "Thresholding" and "Magic Wand". Oocytes and germ cell cysts 173 

were primarily segmented manually. Volumes of oocytes and germ cell cysts were 174 

measured using the “Material Statistic” tool. Visualization of all segmented 175 

reconstructions was achieved using tools like “Volren”, "Surface Rendering" and “Surface 176 

View” within the software package. 177 

 178 

Immunohistochemistry (IHC) and fluorescent stainings 179 

Ovarian fragments were fixed with 4% PFA in FSW for 15-20 min at room temperature 180 

(RT). Specimens were washed twice with FSW and five times with PBS supplemented 181 

with 0.1 % Tween (1x PBST). Next, samples were incubated in blocking solution [1 mg/ml 182 

Bovine Serum Albumin (BSA) and 4 % sheep serum (SS)] in PBST for one hour at RT. 183 

Blocking solution was removed and primary antibodies were added in the appropriate 184 

dilution in blocking solution and incubated overnight at 4°C. 1E11 (gift from Dr. Ina 185 
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Arnone) was used in a 1:20 dilution, anti-acetylated tubulin (Sigma) 1:100, anti-DM1α 186 

(Developmental Studies Hybridoma bank) 1:100, anti-alpha tubulin (Sigma) 1:100, anti-187 

MHC (PRIMM) 1:50, anti-serotonin (Sigma) 1:500, anti-TH (Sigma) 1:100m and anti-188 

Myosin II (Developmental Studies Hybridoma bank) (1:50). Samples were washed five 189 

times with 1x PBST (15 min each) and incubated for one hour at RT with secondary 190 

antibodies (AlexaFluor) diluted 1:1000 in PBST. Samples were washed five times with 1x 191 

PBST. In cases where phalloidin (Invitrogen) was used, it was diluted 1:20 (from a 40x 192 

stock solution) in 1x PBST and allowed to incubate overnight at 4°C. For WGA staining 193 

(Invitrogen) a working solution of 5 μg/mL was prepared, and the specimens were 194 

incubated overnight at 4°C. Ovaries were washed five times with 1x PBST, nuclei were 195 

stained with DAPI (1 μg/mL), and specimens were mounted for imaging. During the entire 196 

procedure the interval of each wash was 15 min.  197 

 198 

Whole mount Hybridization Chain Reaction (HCR) 199 

HCR was performed according to previous protocols (28) with minor modifications. 200 

Probes were designed either by Molecular Instruments or HCR 3.0 Probe Maker (29). 201 

Ovarian fragments were fixed in 4% PFA in Fixative Buffer (0.1M MOPS, 0.5M NaCl, 202 

2mM EGTA, 1mM MgCl2 and 1x PBS) for 1 hour at room temperature (RT). Specimens 203 

were washed three times with Fixative Buffer (without PFA) at RT. Samples were washed 204 

twice with 100% methanol, transferred into fresh 100% methanol, and placed at -20°C for 205 

long term storage. Specimens were rehydrated in 75%, 50%, 25% methanol in RNAase 206 

free water on ice (each for 10 min). Next, ovaries were washed four times for 5 min each 207 

in RNase free 1x PBST. Ovaries were treated with permeabilization buffer (1.0% SDS, 208 

0.5% Tween, 50 mM Tris-HCl (pH 7.5), 1.0mM EDTA (pH 8.0), 150 mM NaCl) and 209 

incubated for 1h at RT. Next, specimens were washed four times for 5 min each in 1x 210 

PBST. Pre-heated (37°C) Probe Hybridization Buffer (PHB) was added to the samples 211 

and incubated for 3 hours at 37°C. PHB was exchanged with PHB containing in total 0.04 212 

μM of each probe and specimens were left to incubate for one day at 37°C. Following 213 

hybridization, samples were washed 4 times with pre-heated Probe Wash Buffer (PWB) 214 

for 5 min each, followed by two washes with PWB for 30 min each at 37°C. Samples were 215 

then washed two times with 5x SSCT (5x Saline Sodium Citrate and 0.1% Tween) and 216 
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two times with 1x SSCT (1x Saline Sodium Citrate and 0.1% Tween) each for 5 min. Next, 217 

specimens were incubated with Amplification Buffer for 30 min at RT, hairpins were added 218 

to the specimens according to manufacturer’s guidelines and incubated overnight at RT 219 

in the dark. Lastly, samples were washed twice with 1x SSCT for 5 min, two more times 220 

for 30 min and four times with 1x PBST. Nuclei were stained with DAPI (1 μg/mL), and 221 

specimens were mounted for imaging. 222 

 223 

Fluorescent in situ hybridization (FISH)  224 

FISH and antisense RNA probes design was performed as previously described (30,31). 225 

In brief, ovaries were fixed in 4% PFA in MOPS Buffer for 1 hour at RT. Samples were 226 

washed five times with MOPS buffer, gradually dehydrated (20%, 50% ethanol) and 227 

stored in 70% ethanol and kept at -20°C for long term storage. Specimens were gradually 228 

rehydrated (50%, 20% ethanol) and washed five times with MOPS Buffer. At this step 229 

ovaries were dissected to smaller pieces using micro scissors. Specimens were then pre-230 

hybridized for 3 hours at 65°C, followed by a 48 hour period of probe hybridization. Next, 231 

specimens were washed five times with MOPS Buffer and incubated in blocking solution 232 

(Akoya Biosciences) for 30 min at RT. Next, specimens were transferred to a solution 233 

containing the anti-Digoxigenin (Roche) antibody diluted 1:1000 in blocking solution. The 234 

antibody solution was removed, samples were washed with MOPS Buffer five times and 235 

the signal was developed using fluorophore conjugated tyramide technology (TOCRIS). 236 

Nuclei were stained with DAPI (1 μg/mL), and specimens were mounted for imaging. 237 

 238 

EdU labeling 239 

Click-It EdU Cell Proliferation Kit for Imaging Alexa Fluor 488 (Thermo Fisher Scientific) 240 

was used and was combined with either HCR or IHC as previously described (13,32). 241 

Isolated intact ovarian fragments were treated with EdU at a final concentration of 20 μM 242 

in FSW with 10 μg/ml trimethoprim and 50 μg/ml sulfamethoxazole and allowed to 243 

incubate for 2 days at 15°C. Depending on whether the EdU cell proliferation was 244 

combined with HCR or IHC specimens were fixed accordingly as described in their 245 

respective sections above. To develop the EdU signal, the Click-iT reaction mix was 246 

prepared according to the manufacturer’s guidelines. In cases where the EdU assay was 247 
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combined with HCR after the washes with PWB, specimens were washed twice with 3% 248 

BSA in PBST for 15 min at RT. Next the Click-iT reaction mix was added and incubated 249 

for 30 min in the dark at RT. After this step the HCR procedure was carried out as 250 

described above. For combination of the EdU Cell Proliferation assay with 251 

immunostaining the ovaries were fixed in 4 % PFA in FSW for 15 min at RT and washed 252 

five times with PBST. PBST was removed and the reaction mix was added to the samples 253 

for 30 min (RT). Specimens were washed five times with PBST, mounted for imaging. 254 

 255 

Results 256 

The structural organization of the Patiria miniata adult ovary 257 

We first sought to define the structure of its ovary, which is multi-lobed and optically 258 

translucent (Fig. 1B). We stained for F-actin with phalloidin as a cell boundary marker 259 

and acetylated tubulin to visualize cilia (Fig. 1C). Each ovarian lobe is a hollow tube that 260 

consists of a thin, tightly packed epithelial cell layer with long motile cilia (Fig. 1B). We 261 

also identified cells organized in plexus-like structures resembling a nerve net underneath 262 

the epithelial layer that are positive for synaptotagmin 1, a pan-neuronal marker in 263 

echinoderms (Fig. 1D, S1A, E-H). We also identified ovarian neurons in the related sea 264 

urchin Strongylocentrotus purpuratus (Fig. S1I-J) and the sea cucumber Holothuria 265 

tubulosa (Fig. S1K-L), arguing that these are a conserved cell type across echinoderms. 266 

We also identified extensive musculature below and in close proximity to the nerve net 267 

(Fig. 1E, S1B), which is likely responsible for the contraction of the ovary during spawning 268 

(33). We observed axonal projections in close proximity to the muscle layer, which may 269 

regulate their contraction (Fig. S1E-F, I-J). Below the muscle layer and within the lumen, 270 

we detected oocytes at different stages of maturation enwrapped by follicle cells, which 271 

are filamentous in nature and ciliated (Fig. 1F, Fig. S1C-D).  272 

 273 

We determined the stages of oocyte development, and the nature of oocyte-follicle 274 

complexes. Early small oogonia are spatially organized in closely associated groups with 275 

an average size of 8-16 μm (Fig. 1G, Fig. S2A-B). These groups were found in all ovaries 276 

tested, although their number varied with different individuals. The chromatin morphology 277 

of these cells was distinct, with condensed DNA concentrated towards the nuclear 278 
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periphery. This may be consistent with the leptotene to zygotene stage of meiosis, in 279 

which chromosomes adopt a bouquet configuration (34). The cells within these groups 280 

were compact with intense actin staining at the cell boundaries, and surrounded by small 281 

somatic nuclei that do not intercalate within the cluster (Fig. 1G). This organization 282 

resembles germ cell nests or cysts that are found in other species, including fruit flies and 283 

mammalian fetal ovaries (35). Similar structures were observed by electron microscopy 284 

in the ovaries of the phylogenetically distant sea star Asterias rubens (36). Co-staining 285 

for F-actin and membrane lectins revealed cortical channel-like structures between 286 

distinct oogonia within the germ cell groups (Fig. 1H-J). Such an organization strongly 287 

resembles the intercellular bridges that physiologically connect the germ cells within the 288 

germ cell cysts in mammals and protostomes, allowing for the exchange of the germ 289 

plasm and suggests that germ cells are organized in cysts also in a non-chordate 290 

deuterostome. Therefore, from here on we refer to these groups as “cysts”.  291 

 292 

To test the germline nature of these cysts, we performed HCR for the conserved germ 293 

cell factor nanos1, and the yolk protein vtg2, which is expressed in sea star follicle cells 294 

in other echinoderms (37–39). We found that nanos1 is expressed specifically in oocytes 295 

of all sizes as well as in the cysts (Fig. 1K). vtg2 was expressed by the follicle cells that 296 

surround the oocytes. We also found that the vtg2+ follicle cells enwrap the cysts as a 297 

whole, while none of the cells within the cysts are individually enwrapped (Fig. 1K). This 298 

configuration further resembles the germ cell cysts observed in vertebrates, suggesting 299 

that sea star adult oogenesis may share conserved features. Co-staining for nanos1 and 300 

vtg2 also enabled us to ask what is the smallest oocyte size necessary to form a primary 301 

follicle. We found that the smallest nanos1+ oocytes are located next to germ cell cysts 302 

and by using the diameter of these oocytes as a proxy to calculate the size and volume 303 

we found they are within the range of 17-42 μm (Fig. S2C-D).  304 

 305 

We next asked how oogenesis is spatially organized within the ovarian lobe. Is there a 306 

defined stem cell niche, or is oogenesis instead uniformly distributed? To test this, we 307 

used large volume light sheet microscopy on entire ovarian lobes (Fig. 1L-M, Fig. S2G). 308 

Segmentation and 3D reconstruction revealed that oogenesis is spatially polarized from 309 
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outside to inside. Germ cell cysts and smaller oocytes were localized entirely to the 310 

periphery of the lobe interior, but were broadly distributed. Fully grown oocytes in 311 

prophase I arrest, instead, were centrally located within the lumen (Fig. 1L-M, Fig. S2G). 312 

Quantification of segmented cell volumes found that the diameter of the entire germ cell 313 

cysts ranges from 27-56 μm, of the small oocytes from 17-106 μm and of the pre-GVBD 314 

ones from 107-187 μm (Fig. S2E-F). Altogether, these results define the cell type 315 

organization of the sea star ovary at a molecular level and the oocyte size distribution 316 

during oogenesis (Fig. 1N, Fig. S2A-F). Moreover, our data provide molecular evidence 317 

for the presence of germ cell cysts and show how P. miniata oogenesis is spatially 318 

oriented within the ovary. 319 
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Figure 1. Molecular characterization of the P. miniata ovary. (A) Phylogenetic tree showing the 321 
evolutionary relationships of P. miniata with other metazoan experimental systems. (B) P. miniata ovarian 322 
explant. Scale bar is 1 mm. (C) Phalloidin and acetylated tubulin staining to label cell boundaries and cilia. 323 
Scale bar is 20 μm. (D) IHC for α-tubulin labeling the ovarian nerve plexus. Scale bar is 40 μm. (E) Phalloidin 324 
staining showing ovarian muscle fibers. Scale bar is 40 μm.(F) Acetylated tubulin labeling cilia on the follicle 325 
cells. Dotted circle indicates oocytes, while germ cell cysts are outlined with dotted lines. Scale bar is 20 326 
μm. (G) Phalloidin staining labeling the cell boundaries of the germ cell cysts. Germ cell cysts are outlined 327 
with dotted lines. Scale bar is 20 μm. (H-J) Phalloidin and WGA lectin co-staining labeling the cell 328 
boundaries and membranes. Yellow arrowheads indicate intercellular bridge-like structures. Scale bar is 1 329 
μm. (K) HCR for nanos1 (magenta) and vtg2 (yellow) labeling the entire germ lineage and follicle cells 330 
respectively. Germ cell cysts are outlined with dotted lines. Scale bar is 20 μm. Nuclei were labelled with 331 
DAPI (cyan). (L-M) 3D rendering of segmented germ cell cysts and oocytes. Scale bar is 100 μm. Ovary 332 
seen from the lateral (I) and top (J) views. (N) Schematic summary of the germ cell cyst, young oocyte and 333 
mature oocyte size distributions in the P. miniata ovary. fc, follicle cells; l, lobe; o, oocytes.  334 
 335 

The P. miniata ovary consists of nine molecularly distinct cell type groups 336 

Having defined the overall structures of the ovary, we next sought to determine the 337 

molecular identities of its constituent cell types with scRNA-seq (Fig. 2A, Fig. S3A). We 338 

used ovaries from three independent Patiria miniata females (Fig. S3B-C). One ovary 339 

originated from an individual in which spawning was induced 2 months prior to ovarian 340 

isolation, one was highly enriched in germ cell cysts and early oocytes, and one consisted 341 

mostly of fully grown oocytes. For each ovary used, the size distribution of their 342 

oogonia/oocytes was determined by dissociating the ovaries and manually measuring the 343 

oogonia/oocytes diameter to estimate their volume (Fig. S3B-C). Computational analysis 344 

and integration of the sequenced libraries yielded an atlas of 35,877 cells distributed in 345 

twenty-seven clusters or cell states (Fig. 2A, Fig. S3A).  346 

 347 

We next inferred the cell type identities of the twenty-seven clusters using the average 348 

expression of differentially expressed marker genes, and gene homologs known to label 349 

ovarian cell types, in echinoderms and other organisms. (Fig. 2B) We curated 9 cell type 350 

groups expressing genes corresponding to endothelial and ciliated cells (btub2/3, cfap77, 351 

dhc2, col1a, vwf) (13,40,41), mammalian granulosa cells (tgfb2, foxl2, inhbb, cyp26, foxo, 352 

gata4) (1,42–45), echinoderm follicle cells (vtg2, vtg5) (39), mammalian theca cells 353 

(mmp14, angpt1, star, cyp17a1, vegfa, fgf18) (46–50), muscles (mhc, mlck, tnn1) (13), 354 
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immunocytes (lyz, mpeg1, bpi, cd151) (51–54), neurons (syt1, smp, pplnp, oxy/vp, hdc) 355 

(13,55,56) and germ cells/oocytes (nanos1, nanos3, boll, piwi1, msl3, sycp1, figla, ddx4, 356 

sox2, pum2) (37,38,57–64). We found that most cell states were equally distributed 357 

amongst the three ovary samples (Fig. S3D) with the exception of clusters 5, 9, 10, 11, 358 

12 and cluster 4, identified as follicle cells and epithelium, respectively, which 359 

predominantly originated from the previously spawned ovaries of female 1. Germ cell cyst 360 

clusters 13 and 14 were also enriched in sample 2, which was used for the 3D volume 361 

analysis (Fig. 1I-K) and contained numerous germ cell cysts. Therefore, our single cell 362 

atlas reflects the experimentally validated reproductive states of the ovaries used. With 363 

this confidence in our dataset, we next sought to spatially map their location within intact 364 

ovaries using HCR and FISH (Fig. 2C-H. Fig. S3E-I).  365 

 366 

We first examined genes expressed in follicle cells, which enwrap and support oocytes 367 

as they develop. Using HCR, we detected vtg2 (a previously validated marker) and the 368 

signaling molecule tgfb2 in follicle cells, with the mammalian theca marker tgfb2 (65) 369 

being expressed in a subset of them (Fig. 2C-D). We also detected foxl2, a known 370 

mammalian granulosa cell transcription factor, in follicle cells (Fig. 2E). Therefore, the 371 

clusters that contain foxl2 (clusters 5-8, 23-24), tgfb2 (clusters 5, 7-8, 22, 24-25) and vtg2 372 

(clusters 5-8, 9-12, 23) transcripts were confirmed to correspond to the partially non 373 

overlapping follicle cell groups as identified by scRNA-seq.  374 

 375 

We next turned to the putative germ line clusters. The transcription factor figla, which 376 

functions in mammalian oogenesis, was detected exclusively in the germ cell lineage 377 

including cysts and oocytes (Fig. 2F). Similar results were obtained for the germline 378 

factors piwi1 and nanos3 (Fig. 2G, Fig. S3D-D’). Surprisingly, we did not detect the 379 

conserved germ line RNA helicase ddx4/vasa in the germ cell cysts, though it was 380 

detected in all other oocyte stages (Fig. 2H). This result suggests that ddx4/vasa 381 

transcription is activated only once the primary follicle is formed. These expression 382 

patterns are consistent with the single-cell predictions and suggest the presence of two 383 

cell groups: the germ cell cysts (clusters 13 and 14) and early oocytes (clusters 15, 16, 384 

17, 18 and 19). To further validate our clustering analysis, we examined syt1 expression, 385 
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which was unexpectedly predicted to be present not only in the nervous system but also 386 

in germ cell cysts and oocytes. HCR confirmed syt1 in the nerve net as well as in the 387 

germ cell cysts and oocytes (Fig. S3F-G’), while a positive control in P. miniata larvae 388 

and post-metamorphic juveniles verified the probe specificity, showing syt1 expression in 389 

the nervous system as reported in other echinoderms (Fig. S3H, I). Taken together, our 390 

spatial and transcriptomic analyses enabled us to identify and map nine cell type groups 391 

distributed in twenty-seven clusters (Fig. 2I). 392 
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Figure 2. Cell type/state diversity of the P. miniata adult ovary. (A) Integrated UMAP of the three 394 
different scRNA-seq libraries. Color code is indicative of different cell type groups. (B) Dotplot showing the 395 
average expression of known echinoderm cell type markers as well as genes labeling ovarian and 396 
associated cell types in other organisms. Color code is the same as in panel A. (C-D) HCRs for the follicle 397 
cells markers vtg2 (C) and tgfb2 (D). (E-F) FISH using antisense probes for the transcription factors foxl2 398 
(E) and figla (F) labelling the follicle cells and germ lineage respectively. Dotted circle in panel E is indicative 399 
of oocytes, while germ cell cysts in panel F are outlined with dotted lines. Scale bars for panels C and E 400 
are 20 μm, and for panel D 60 μm. (G-H) HCRs for the germ line markers piwi1 and ddx4. Germ cell cysts 401 
in panels G and H are outlined with dotted lines. Scale bars are 20 μm. (I) Schematic representation of the 402 
ovary depicting the cell type groups revealed by our single cell RNA sequencing atlas. Color code is the 403 
same as in panel A. fc, follicle cells; o, oocytes.  404 
 405 

Shared cell type toolkits between P. miniata and other deuterostomes 406 

How similar are sea star ovarian cell types to those of animals that diverged millions of 407 

years ago? Our gene candidate-based analysis identified similarities—for instance, sea 408 

star follicle cells (clusters follicle I and follicle III) express gene orthologs also found in 409 

mammalian granulosa (foxl2, inhbb, tgfb2, gata4) and theca (tgfb2, mmp14, angpt1r, star, 410 

cyp17a1, vegfa, fgf18) cells. To more broadly test this similarity, we used SAMap to 411 

compare our atlas with published datasets of adult fruit fly, sea urchin, zebrafish, mouse, 412 

and fetal human ovaries (Fig. 3, S4). As expected, sea star cluster 22 (muscle-related) 413 

aligned with muscle clusters in all animal ovaries tested. This similarity is not unique to 414 

ovarian muscles, as alignment with a sea urchin larval scRNA-seq dataset also revealed 415 

strong similarity with esophageal muscles (Fig. 3, S4). We also identified similarity 416 

between the sea star follicle cell I (cluster 6) and their follicular counterparts in fruit fly and 417 

sea urchin (Fig. 3A, S4A). Surprisingly, despite substantial evolutionary distance, this 418 

follicle cell cluster also aligned with follicle cells in zebrafish, and granulosa cells in both 419 

mouse and human, although in the latter with lower alignment scores (Fig. 3B,C, S4B). 420 

In addition, the sea star oocyte cluster 19 aligns with germ and oogonial cell clusters in 421 

fruit fly, sea urchin, zebrafish and human (Fig. 3A-C, S4A). Zebrafish and mouse theca 422 

cells aligned with sea star epithelial clusters, while zebrafish vasculature aligned to one 423 

sea star follicle cluster (Fig. 3B). Similarities become scarcer when we compare the 424 

ovaries of sea star with the adult mouse, which does not contain oogonial stem cells (66) 425 

(Fig. S4B). However, when we compared the sea star ovary with the human embryonic 426 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 28, 2025. ; https://doi.org/10.1101/2025.03.24.644836doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.24.644836
http://creativecommons.org/licenses/by-nc/4.0/


 

 18 

ovary, in which oogenesis is still occurring, we found that one human germ cell cluster 427 

aligned with the sea star oocytes cluster 17 (Fig. 3C). We also detected similarities 428 

between sea star follicle cells (I) with human endothelium, sea star follicle cells (III) with 429 

human granulosa cells, as well as sea star epithelium with human stromal and theca cells 430 

(Fig. 3C). A summary of the main findings can be found in (Fig. 3D). In support of the 431 

specificity of the similarities we detected, comparison to the sea urchin larva, which 432 

serves as a null comparison, yielded no strong hits apart from muscle (Fig. S4C). Overall, 433 

our analysis has shown the existence of transcriptionally similar ovarian cell type 434 

programs across phylogenetically distant organisms, suggesting the possible pre-435 

chordate origins of ovarian cell types, including follicle cells.  436 
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Figure 3. Cross-species comparison of ovarian single cell atlases with SAMap. Sankey plot depicting 438 
the alignment scores between the adult sea star ovarian cell clusters with the adult sea urchin (A), adult 439 
zebrafish (B) and fetal human ovarian clusters (C). (D) Summary of the cell types shared between sea star 440 
and the taxa used for comparison. Alignment score is defined as the average number of mutual nearest 441 
cross-species neighbors of each cell relative to the maximum possible number of neighbors. Alignment 442 
scores equal or greater to 0.1 were considered significant.  443 
 444 

Identification and characterization of mitotic oogonial stem cells  445 

Having defined similar ovarian elements across species, we then asked what unique 446 

features of the sea star ovary support its extreme reproductive capability, such as adult 447 

oogonial stem cells (OSCs). To identify potential OSC populations, we computationally 448 

scored for the co-expression of cell cycle-associated and meiotic genes with germline 449 

marker genes (Fig. 4A, S5A). We found that the epidermal cell clusters 2 and 3, the germ 450 

cell cysts clusters 13-14 and oocytes (15-19) express genes associated with G1/S phase 451 

(including cyclinD2, cyclinE, cdt1 and pcna), while the epidermal cluster 4, the follicle cell 452 

clusters 9-12, the germ cell cyst cluster 14 and oocytes (15-19) express genes operating 453 

during G2/M phase (including cyclinA, cyclinB and bub3) (Fig. 4A). Genes specific to 454 

meiosis, such as spo11, mlh1, hormad, sycp1, sycp2 and sycp3 were expressed in the 455 

germ cell cyst clusters 13-14 and oocyte clusters 15-19 (Fig. 4A). HCR for one of those 456 

genes, mlh1, confirmed the predicted expression in both the germ cell cysts and the 457 

oocytes (Fig. 5SB).  458 

 459 

To directly test cell proliferation, we cultured ovarian lobes in vitro and performed EdU 460 

cell proliferation assays (Fig. 5SC-E). We found cells undergoing DNA replication in both 461 

somatic and germ cell populations. This included the ovarian epithelium, follicle cells, and 462 

within germ cell cysts (Fig. 5SC-E). To further define the germ line population, we paired 463 

EdU incorporation with HCR for nanos1, piwi1 and ddx4/vasa (Fig. 4B-E). The EdU signal 464 

was exclusively detected in nanos1 and piwi1 positive germ cell cyst nuclei, but not in the 465 

ddx4 positive growing oocytes. Altogether, these data revealed the presence of 466 

replicating cells within the sea star ovary (Fig. 4F) and support our hypothesis of a self-467 

renewing oogonial stem cell pool in adult sea star ovaries. 468 
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 469 
Figure 4. Identification of self-renewing oogonial stem cells. (A) Dotplot showing the average score of 470 
genes involved in G1/S, G2/M phases of the cell cycle and meiosis across the P. miniata ovarian cell type 471 
groups. (B-E) HCR for the germline markers piwi1 and ddx4 paired with the EdU proliferation assay. Scale 472 
bars are 20 μm. Nuclei were labelled with DAPI (cyan). Dotted lines outline the germ cell cyst in panels B-473 
D. (F) Summary of the ovarian cell types undergoing mitosis as revealed by the EdU nuclear incorporation. 474 
o, oocytes. 475 
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We next asked how gene expression changes as oocytes develop. We used Monocle3 476 

to identify a developmental trajectory linking the 7 germ line cell clusters (13, 14, 15, 16, 477 

17, 18), from OSC to oocyte. Cluster 13 was chosen as the root because its molecular 478 

signature and cellular morphology was most similar to typical germ cells, and because it 479 

did not express ddx4, as experimentally validated by HCR (Fig. 5C-E). We found a 480 

substantial number of genes that are upregulated in germ cell cysts and downregulated 481 

in oocytes, and fewer that are more highly expressed in oocytes. (3378 genes 482 

upregulated in cysts, 849 upregulated in small oocytes; Fig. S6A). Gene ontology (GO) 483 

enrichment analysis shows that most of the cyst genes correspond to transcription and 484 

translation factors, while many of the oocyte genes are related to splicing, protein 485 

synthesis and transport. (Fig. S6B-B’, S7). Among the genes also upregulated in the 486 

germ cell cyst clusters are the transcriptional and epigenetic regulators atrx1 and cxxc1. 487 

Both genes are important for mammalian sexual differentiation and oogenesis 488 

respectively (67–69). Plotting their average expression on the trajectory as well as HCR 489 

for both genes confirmed their co-expression in the oocyte lineage and presence within 490 

the germ cell cysts (Fig. 5F-K, Fig. S6C-C’’’). Taken together our data highlight, for the 491 

first time in echinoderms, distinct transcriptional differences occurring during the transition 492 

from oogonia to early oocytes (Fig. 5L). 493 
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 494 
Figure 5. Reconstruction of the early oogenesis developmental trajectory. (A-B) HCR for the germline 495 
markers piwi1 and ddx4 highlights the absence of ddx4 in the germ cell cysts. Dotted lines outline the germ 496 
cell cyst. Nuclei were labelled with DAPI (cyan). (C-D) Feature plot showing the expression levels of piwi1 497 
and ddx4 along the germline clusters of the P. miniata single cell atlas. (E) UMAP depicting the 498 
developmental trajectory of the germline clusters reconstructed with Monocle3. The germ cell cluster 13 499 
has been used as a root. (F-I) HCR for the transcriptional regulators atrx1 and cxxc1 paired with piwi1 500 
confirms their expression in germ cell cysts. Scale bars are 5 μm. (J-K) Feature plot showing the distribution 501 
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of atrx1 and cxxc1 transcripts along the trajectory confirms their differential expression in clusters 502 
corresponding to germ cell cysts. Nuclei were labelled with DAPI (cyan). (L) Cartoon highlighting the 503 
difference in gene expression of the oogonia in the germ cell cysts versus the oocyte stages. o, oocytes. 504 
 505 

Signaling pathways across ovarian cell types 506 

What are the major signaling pathways that could control oogenesis and folliculogenesis? 507 

We first mined our atlas for the expression of gene groups corresponding to either ligands 508 

or downstream signaling cascades of the Wnt, Tgfb, Delta/Notch, Hh, and RA signaling 509 

pathways (Fig. 6A, S8A).We found that the clusters that most strongly express Wnt ligands 510 

correspond to epithelium, oocytes and immune cells, while follicle I, germ, oocytes, 511 

neurons and muscles are able to respond to the signal based on the expression of frizzled 512 

receptors, dvl3, gsk3, apc, tcf/Lef and β-catenin (Fig. 6A, S8A). Similarly, Tgfβ ligands are 513 

expressed by the epithelium, follicle I, follicle III and muscle clusters, while their receptors 514 

and signaling cascade factors are expressed in germ, oocytes, muscles, follicle III and 515 

immune cells (Fig. 6A, S8A). For Delta/Notch signaling, delta transcripts are found in 516 

epithelial, follicle II, follicle III and oocytes cell type groups, and the signal is predicted to 517 

be received by follicle I, oocytes and neurons notch receptors and gamma secretase 518 

subunits (Fig. 6A, S8A). Hedgehog (hh) is exclusively expressed by neurons, and the 519 

signal may be received by follicle I and germ cell type groups based on the expression of 520 

patched and smoothened receptors (Fig. 6A, S8A). Lastly, retinoic acid synthesis 521 

machinery gene orthologs, including sdr7, aldh1, aldh3 and aldh8 are differentially 522 

expressed in the follicle II, germ, and oocyte cell groups, and the cells that express RA 523 

receptors rar, rxr and ppar belong to the follicle I, III, germ, neural and muscle ones (Fig. 524 

6A, S8A). Degradation of RA is performed by cells expressing cyp26, which includes the 525 

follicle I group, while its transport is mediated by cells that express fabpl3, which includes 526 

the follicle I and follicle II groups (Fig. 6A, S8A). Our results indicate the presence of a 527 

complex signaling system involved in sea star oogenesis by which diverse signals are 528 

produced and received both by the follicle cells, the cells of the germ lineage, and the 529 

ovarian neurons.  530 

 531 

We next focused on Tgfβ signaling, which has been implicated in primordial germ cell 532 

development and follicular growth in mammals (1,70,71) (Fig. 6C-F, S8B-D). Our atlas 533 
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indicates that Tgfβ signaling may be active within the oocyte-follicle complex. Of the 534 

genes tested, only tgfb2 ligand was uniquely expressed in somatic tissues and primarily 535 

in follicle cells enwrapping the oogonia and mature oocytes (Fig. 6C). We found Tgfβ 536 

receptors tgfbr3, alk2 and the intercellular messenger smad5 expressed by both the germ 537 

cell cysts and developing oocytes, validating the scRNA-seq predictions (Fig. 6D-F). In 538 

addition, our atlas showed that several Bmp ligands are expressed within the germ 539 

lineage, suggesting that Tgfβ signaling may also be active between growing oocytes, or 540 

acting upon follicle cells, a dual role also reported in mammals (Fig. 6A, S8A). HCR for 541 

bmp1 and bmp4 confirmed these predicted expression patterns (Fig. S8B-D). In summary, 542 

our results support the deep evolutionary conservation of Tgfβ signaling pathway 543 

components within the ovarian follicle.  544 

 545 

 546 
Figure 6. Putative signaling pathways involved in ovarian cell type crosstalk. (A) Dotplot showing the 547 
average score of gene groups corresponding to ligands and signaling cascade genes in relation to Wnt, 548 
Tgfβ, Delta/Notch, Hh and RA signaling pathways across the P. miniata ovarian cell type groups. (B) 549 
Schematic representation of the predicted paracrine crosstalk between follicle cells, neurons and germ cell 550 
cysts. (C) HCR for tgfb2 labeling follicle cells. Scale bar is 40 μm. (D-F) HCRs for tgfbr3, alk2 and smad5 551 
show localization within the germ cell cysts and oocytes spatially confirming the scRNA-seq predictions. 552 
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Scale bar is 20 μm. Dotted lines outline the germ cell cysts. Nuclei were labelled with DAPI (cyan). fc, follicle 553 
cells; o, oocytes. 554 
 555 

Evidence for pre-chordate origins of the HPG axis  556 

Vertebrate oogenesis is regulated by endocrine signaling between the hypothalamus, the 557 

pituitary gland, and the ovary. Therefore, we asked how the ovarian nervous system might 558 

serve as an intrinsic paracrine regulator of oogenesis. We found that most neuropeptide 559 

synthesis genes are specifically expressed by neuronal cluster 20, including, tryptophan 560 

hydroxylase (tph), tyrosine hydroxylase (th), choline O-acetyltransferase (chat), histidine 561 

decarboxylase (hdc), and glutamate decarboxylase (gad) are expressed , indicating 562 

serotonergic, dopaminergic, cholinergic, histaminergic and GABAergic neurons, 563 

respectively (Fig. S9A) (72,73). Moreover, we found that sixteen different neuropeptides 564 

are expressed in the same cell cluster (Fig. S9A). Immunofluorescence for TH and 565 

serotonin (5HT) confirmed the presence of extensive dopaminergic and serotonergic 566 

neuronal subepidermal networks respectively (Fig. S9C-D’). To our surprise, we also 567 

detected serotonin within the germ cell cysts, (Fig. 7A-B) as well as genes encoding for 568 

neuromodulators and neuropeptides including tph, chat, prolactin-releasing peptide 569 

(prrp), luqin (lqp) and uncharacterized neuropeptide precursor (np25) (Fig. S9A). The 570 

widespread presence of neuromodulators within the germ cell cysts prompted us to 571 

further assess the link between ovarian neurons and germ cell cysts (Fig. 7C). 572 

Importantly, most of the ligand/receptor pairs used for this analysis have been previously 573 

identified and some even de-orphanized in sea stars and sea urchins (74–80). We found 574 

that neuropeptides involved in the function and regulation of the mammalian HPG axis, 575 

including gonadotropin-releasing hormone (gnrh), kisspeptin (kpp), oxy/vp (81) and the 576 

echinoderm muscle relaxant neuropeptide F-Salmf (76) were specifically expressed in 577 

the neuron cell type group and in both germ cell groups (Fig. 7C). Their receptors were 578 

predominantly expressed in the germ cell cyst clusters, suggesting crosstalk between 579 

neurons and germ cell cysts (Fig. S7C). Similarly, the receptors for serotonin, dopamine 580 

and GABA were found expressed within the germ cell cyst clusters (Fig. S9B). On the 581 

other hand, we found the ngffyamide (ngffap) neuropeptide to be expressed primarily in 582 

the germ and oocytes cell type groups and not in the neurons, while the latter contained 583 

transcripts for its receptor (Fig. S7C). Moreover, we also found neuropeptides including 584 
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prrp and lqp as well as their receptors expressed by both germ cell cysts and neurons 585 

(Fig. S7C). Last, we report additional putative neuropeptidergic crosstalk of the ovarian 586 

neurons with the muscles and the ovarian epithelium (Fig. S7C). 587 
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Figure 7. Neuropeptidergic profile of the P. miniata intrinsic ovarian nervous system. (A-B) 589 
Immunofluorescence of 5HT and Myosin II. Dotted lines outline the germ cell cysts. Scale bars 20 μm. (C) 590 
Dotplot showing the average expression of the reconstructed and/or deorphanized pairs of 591 
neuropeptides/receptors. (D-D’) HCR for oxy/vp and nanos1 shows the relatively short distance between 592 
the oxy/vp positive neurons and the germ cell cysts. Scale bars in panels are 20 μm. Dotted lines outline 593 
the germ cell cysts. (E) Orthogonal views of the oxy/vp and nanos1 HCR, shows the close proximity of the 594 
oxy/vp neuron in respect to the nanos1 positive germ cell cysts. Dotted lines outline the germ cell cysts. 595 
Scale bar is 10 μm. (F-F’) HCR for gnrh in subepithelial ovarian neurons. Scale bars in panels are 20 μm. 596 
Dotted lines outline the germ cell cysts. (G) Orthogonal views of a gnrh HCR, highlights the spatial 597 
organization of the gnrh positive neurons in close proximity to the germ cell cysts. Scale bar is 10 μm. 598 
Dotted lines outline the germ cell cysts. (H-H’) HCR for gnrhr confirms the single cell predictions of 599 
expression in the germ lineage. Scale bars are 20 μm. Dotted lines outline the germ cell cysts. (I) Sankey 600 
plot depicting the alignment scores between adult sea star ovarian cell atlas with the adult mouse pituitary 601 
gland one. (J) Schematic representation of the components participating in the predicted crosstalk between 602 
the intrinsic ovarian neurons and the germ cell cysts. Nuclei are labelled with DAPI (cyan). fc, follicle cells; 603 
o, oocytes. 604 
 605 

To test these predictions, we examined expression of oxy/vp as well as for the lowly 606 

expressed gnrh and gnrhr. Using HCR, we found that oxy/vp are expressed exclusively 607 

in rare subepidermal neurons (1-2 per ovarian lobe, Fig. 7D-D’, S9 E-E’). These oxy/vp 608 

positive neurons were in close proximity to the germ cell cysts, suggesting potential 609 

crosstalk (Fig. 7E). Similarly, we detected gnrh+ cells in proximity to germ cell cysts, while 610 

gnrhr was expressed both in the cysts and oocytes (Fig. 7F-H’). Previous studies in the 611 

adult sea star A. rubens reported that gnrh is expressed predominantly within the sea 612 

star’s nervous system (oral nerve ring and radial nerve cords). Consistent with this prior 613 

work, and supporting the specificity of our HCR probes, gnrh and gnrhr were in 614 

complementary regions of the oral nerve ring and the radial nerve cord (Fig. S9F-F’).  615 

 616 

Taken together, our analysis found that many known hypothalamic neuromodulators 617 

involved in the vertebrate HPG axis such as 5HT, dopamine, GABA, GNRH, KPP and 618 

OXY/VP (81) as well as the pituitary gland secreted PrRP (82) are all present in the sea 619 

star ovarian neurons. To further test if such a system is in place in sea star ovaries, we 620 

assessed the similarity between sea star cell type families with the mammalian pituitary 621 

gland using SAMap (Fig. 7I). Surprisingly, this analysis showed that the sea star neurons 622 
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exclusively align with pituitary gland gonadotropes, which upon stimulation by 623 

hypothalamic gnrh produce the gonadotropins that control sex hormone production, 624 

oogenesis, and ovulation in mammals (83). Our comparison showed alignments between 625 

pituitary gland thyrotropes with the sea star follicle cells (follicle I) while the germ cell cysts 626 

aligned with the pituitary gland lactotropes (Fig. 7I). Altogether, our results reveal a 627 

diverse and putatively multifunctional intrinsic ovarian nervous system that may 628 

communicate with the germ cell cysts (Fig. 7J). Lastly, our data suggest that the sea star 629 

ovarian nervous system has a dual hypothalamic-like and gonadotropic-like state that 630 

could act as a localized HPG-like center operating in parallel or independently from the 631 

oral nerve ring and radial nerve cords to regulate sea star oogenesis, oocyte maturation 632 

and spawning behavior.  633 

 634 

Discussion 635 

Sexual reproduction depends on the interactions between multiple cell types within the 636 

ovary. Ovarian structure varies across animals, reflecting differences in reproductive 637 

strategies and adaptations to different environments. For instance, many marine 638 

invertebrates follow seasonal patterns and release large quantities of gametes into the 639 

water column, whereas in mammals seasonal mating patterns result in the fertilization of 640 

only a limited number of oocytes within the oviduct. Despite these differences, in most 641 

animals studied, the ovary serves two critical roles as both an endocrine organ that 642 

produces steroid hormones, and as the niche for oocyte development. Here we took 643 

advantage of the easily accessible, optically transparent and highly fecund sea star ovary, 644 

representing an extreme case of reproductive output, to explore the identity and the 645 

evolutionary origins of the ovarian cell types in a non-chordate deuterostome. Our single 646 

cell atlas identified nine cell type groups distributed across twenty-seven transcriptionally 647 

distinct clusters which we then spatially mapped within the ovary. We show that the ovary 648 

is made of seven somatic cell groups corresponding to ciliated epithelium, neurons, 649 

muscles, immune cells and three different types of follicle cells, corroborating previous 650 

morphological studies (36). We also found cell groups corresponding to young oocytes 651 

as well as proliferating germ cells organized into cysts. Single cell trajectory analysis finds 652 

connections between the cysts and the oocytes and shows how the gene expression 653 
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changes during early oogenesis. Collectively, this analysis provides a framework for 654 

understanding echinoderm oogenesis at a new depth, and a valuable resource for future 655 

investigation of reproductive biology and cell type evolution. 656 

 657 

Sea star follicle cells are a heterotypic group 658 

Follicle cells that enwrap oocytes serve important roles in oogenesis across animals (84). 659 

In insects, different types of follicle cells produce yolk components or contribute to the 660 

formation of egg protective layers (85). In mammals and fish, granulosa cells are involved 661 

in the production of estrogen, nutrient transfer and regulation of oocyte maturation 662 

(1,86,87). Theca cells instead populate the outer layers of the follicle and produce steroid 663 

hormones that are taken up and converted to estrogen by granulosa cells. Similarly in 664 

echinoderms, follicle cells produce maturation-inducing molecules, such as 1-665 

methyladenine in sea stars, upon stimulation by the gonad stimulating substance (GSS) 666 

from the nervous system that triggers the resumption of meiosis in arrested oocytes 667 

(88,89). However, the molecular signature of follicle cells has not been well defined. Here 668 

we provide evidence for three diversified sea star follicle cell groups, one that appears to 669 

be echinoderm specific (follicle II), involved primarily in vitellogenesis, and two that 670 

express genes typically found in granulosa (follicle I) and theca cells (follicle III) in 671 

mammals. Surprisingly, our results suggest possible pre-chordate evolutionary origins for 672 

theca and granulosa cells.  673 

In support of this hypothesis, our transcriptomic and spatial analysis discovered that 674 

several genes associated with mammalian granulosa cells are also expressed by a 675 

subset of sea star follicle cells. This includes the transcription factors foxl2 and gata4, and 676 

the protein hormone inhibin beta (inhbb) (1,44). The forkhead transcription factor foxl2 is 677 

a crucial member of the GRN controlling the granulosa cell proliferation and differentiation 678 

in mammals (43), and in sea stars we find it expressed by a subset of follicle cells that 679 

are in direct contact with the developing oocytes. In addition, we detected primary cilia on 680 

the surface of the follicle cells enwrapping oocytes, which is a conserved feature of 681 

estrogen-producing granulosa cells of antral follicles in mice (90). Our cross-species 682 

analysis revealed that a granulosa-like cell cluster (follicle I) consistently aligned with 683 

granulosa cell clusters in humans and mice, and with follicle cells in the rest of the species 684 
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analyzed. This raises the possibility that sea star granulosa cells influence follicle 685 

development through similar mechanisms as in mammals. For instance, in mammals 686 

granulosa cells secrete several Tgfβ family ligands that influence oocyte development 687 

(91). Similarly, we find that such ligands are expressed by the granulosa-like (follicle) 688 

cells. Last, our scRNA-seq data suggest that sea star granulosa-like cells produce and 689 

respond to RA signaling, which prior work has been found to regulate granulosa cell 690 

proliferation and steroidogenesis in mammals (92). Moreover, our data show that the 691 

follicle III cell group expresses star and cyp17a1, genes essential for steroidogenesis in 692 

mammalian theca cells. The sea star ovarian epithelium shares similarities with theca 693 

cells in zebrafish, mouse, and fetal human ovaries, with two clusters expressing cyp17a1 694 

and one expressing star, indicating a potential role in steroid hormone production similar 695 

to what was previously reported in humans (93). Taken together our data suggest that 696 

the sea star ovary harbors follicle cell types evolutionarily conserved to distinct follicle cell 697 

populations in other deuterostomes as well as protostomes. 698 

 699 

Molecular identification of putative oogonial stem cells  700 

An evolutionarily conserved feature of oogenesis is the formation of germ cell cysts. 701 

Clusters of cytoplasmically interconnected oogonia have been found in the ovaries of a 702 

variety of animals including insects, amphibians, reptiles, birds, and mammals (35,94–703 

99). Here we define the germline identity of sea star germ cell nests and provide evidence 704 

for intercellular bridges within them, thus suggesting that germ cell cysts are conserved 705 

in non-chordate deuterostomes. Using 3D segmentation and reconstruction, we also 706 

defined the spatial organization of oogenesis, in which germ cell cysts are localized to the 707 

periphery of the ovarian lobe along with young oocytes organized in primary follicles. Cyst 708 

expressed genes include the conserved germline markers piwi1, nanos1, nanos3, boll, 709 

msl3, meiotic recombination components sycp1 and mlh1, and transcriptional regulators 710 

including figla, atrx1 and cxxc1 (59,100–102). We also detect cell proliferation within the 711 

cysts, supporting them as the likely source of new oogonia and oocytes in the adult ovary 712 

(103). The conserved germline RNA helicase ddx4/vasa is inactive in the cysts, but is 713 

expressed in early follicles, similar to what was shown in marsupial fetal germ cells (104-714 
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106). This repression may contribute to maintaining an undifferentiated state, as seen in 715 

fruit flies where ddx4 knockout led to arrested oocyte development (107). Additionally, we 716 

hypothesize that the self-renewal-meiotic entry decision could be regulated by RA, Wnt, 717 

Tgfβ and Hh pathways, whose respective receptors and intracellular components were 718 

found expressed in the germ cell cysts. These results support an ancient role for these 719 

pathways in oogenesis, as demonstrated in other species including mice and amphibians 720 

(108–111).  721 

 722 

Neuronal control of oogenesis predates the establishment of chordate HPG axis 723 

Oogenesis and ovulation are regulated by neuroendocrine signals from the nervous 724 

system in many animals. In vertebrates, this signaling occurs between the hypothalamus, 725 

the pituitary gland, and the gonad, also known as the HPG axis. HPG signaling molecules 726 

include neuropeptides gnrh and oxy/vp that are secreted by the hypothalamus and 727 

received by gonadotropin cells within the pituitary gland. This induces the secretion of the 728 

gonadotropin hormones follicle stimulating hormone (FSH) and luteinizing hormone (LH), 729 

that in turn regulate gametogenesis within the gonad through activation of the 730 

steroidogenic pathway. In mammals, the secretion of upstream hypothalamic 731 

neuropeptides is regulated by several neuromodulators including 5HT, dopamine, GABA, 732 

PrRP and KPP (112–116). How might oogenesis and ovulation be regulated in animals 733 

like sea stars that lack a central nervous system? 734 

Foundational work in sea stars found that soluble signals from radial nerves induce oocyte 735 

maturation and spawning, indicating that oogenesis is under neural control even in 736 

invertebrates (117). Our data further argue that the sea star ovary itself contains an 737 

intrinsic neurochemical regulatory system. For instance, we found that the epithelium, 738 

germ cells, and oocytes produce previously identified neuropeptides such as rgpp and 739 

trh, both of which have been found to be produced by the radial nerve cords and regulate 740 

oogenesis in echinoderms (118,119). We also found numerous other HPG-associated 741 

signaling factors, including 5HT, dopamine, GABA, KPP, GNRH, PrRP and OXY/VP to 742 

be expressed in the intrinsic ovarian nerve plexus and their respective receptors in the 743 

germ cell cysts. Strikingly, our data suggest the presence of a novel echinoderm ovarian 744 
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cell type that features a dual molecular identity resembling chordate hypothalamic 745 

neurons and pituitary gonadotropic endocrine cells. In support of this is the similarity of 746 

the sea star neuronal cluster with the one corresponding to the mouse pituitary gland 747 

gonadotropes.  748 

Taken together our analysis provides molecular evidence towards the presence of a 749 

hypothalamic-like and gonadotropic-like intrinsic ovarian neuroendocrine signaling 750 

system in non-chordate deuterostomes. We hypothesize that the echinoderm ovarian 751 

neurons are analogous to the mammalian HPG axis elements. We speculate that during 752 

animal evolution, oogenesis was initially regulated by intrinsic neuroendocrine systems 753 

within the ovary and as organisms became more complex the regulatory role was co-754 

opted by distinct organs such as complex interconnected nervous systems and endocrine 755 

glands.  756 
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Supplementary Figures 1132 

 1133 

Figure S1. Immunohistochemical identification of echinoderm ovarian cell types. (A-D) IHC for Syt1 1134 
labeling neurons (A), for Mhc labeling muscles (B) and for myosin (C) and α-tubulin (D) labeling follicle 1135 
cells. Scale bars for panels A and D are 40 μm; for panel B 60 μm; for C 20 μm. (E-F) IHC for Syt1 and 1136 
Mhc to visualize the interconnection of ovarian neurons and muscles. Scale bars for panels are 20 μm. (G-1137 
H) IHC for Syt1 and α-tubulin co-labels the ovarian neurons. Scale bars for panels are 20 μm. (I-J) IHC for 1138 
Syt1 and Mhc confirms the presence of the neurons and muscles respectively in the sea urchin S. 1139 
purpuratus ovary. Scale bars are 25 μm. (K-L) IHC for α tubulin labels the ovarian neurons in the sea 1140 
cucumber H. tubulosa ovary. Scale bars are 50 μm. Nuclei were labelled with DAPI (cyan). fc, follicle cells; 1141 
o, oocytes. 1142 
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Figure S2. Size and spatial distributions of oogonia and oocytes in the sea star ovary. (A-B) Violin 1144 
plot showing the experimentally measured diameter (A) and estimated volume (B) of each oogonium within 1145 
germ cell cysts. (C-D) Violin plot showing the measured diameter (C) and estimated volume (D) of the 1146 
smallest nanos1 positive oocyte in close proximity to the germ cell cysts. (E-F) Violin plot of the 1147 
segmentation-based calculated volumes (E) and estimated diameter (F) of germ cell cysts, oocytes close 1148 
to the ovarian surface, and those within the lumen. (G) 3D rendering of segmented germ cell cysts and 1149 
oocytes. Scale bar is 100 μm. Ovary seen from a side view. Estimated volumes or diameters were 1150 
calculated based on experimentally measured diameters or volumes respectively, assuming the shape of 1151 
the oogonia and oocytes is spherical.  1152 
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Figure S3. P. miniata ovary cell atlas and cell contribution of the different libraries. (A) Integrated 1154 
UMAP of the three different scRNA-seq libraries, in which color code is indicative of different clusters (B-1155 
C) Violin plot showing the experimentally measured diameter (B) and estimated volume (C) of the oogonia 1156 
and oocytes within the ovaries used for the reconstruction of the single cell atlas. Due to the capturing 1157 
system limitations only the oocytes with a size ≤ 40μm in diameter are included in the single cell atlas. (D) 1158 
Integrated UMAP of the three different scRNA-seq libraries, split by the cell contribution of each library. The 1159 
color code is indicative of different clusters. (E-E’) HCR for the nanos3 gene with (E) and without (E’) the 1160 
nuclei channel (DAPI) confirmed its localization in the germ lineage. Dotted circles in panel E are indicative 1161 
of oocytes. Scale bars are 20 μm. (F-G’) HCR for the syt1 gene with (F-F’) and without (G-G’) the nuclei 1162 
channel (DAPI) shows expression in the neurons (F-G) as well as the germ cell cysts and oocytes (F’-G’). 1163 
Dotted circles in F’ are indicative of oocytes. Germ cell cysts in panels F’ and G’ are outlined with dotted 1164 
lines. Scale bars are 20 μm. (H-I) HCR for the syt1 gene with (G) and without (G’) the nuclei channel (DAPI) 1165 
shows expression of the gene only in the nervous system of the P. miniata larvae (H) and post-metamorphic 1166 
juveniles (I), confirming the specificity of the probe. Scale bars for panels H and I are 50 and 100 μm 1167 
respectively. cb, ciliary band; m, mouth, oocytes; oh, oral hood; onr, oral nerve ring; rnc, radial nerve cord.  1168 
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 1169 
Figure S4. Cross-species comparison of sea star ovarian cell types with protostome and 1170 
deuterostome representatives with SAMap. Sankey plot depicting the alignment scores between adult 1171 
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sea star ovarian cell atlas with the adult fruit fly ovary (A), adult mouse ovary (B) and with sea urchin larva 1172 
(C). Alignment scores equal or greater to 0.1 were considered significant.  1173 

 1174 

 1175 
Figure S5. Identification of mitotic and meiotic molecular signatures in the sea star ovary. (A) Dotplot 1176 
showing the average expression of the genes used for the scoring analysis shown in Fig.4 A. (B) HCR for 1177 
the meiotic marker mlh1 labelling the germ cell cysts and oocytes of various sizes. (C-E) IHC for Myosin II 1178 
labeling cell peripheries with the EdU proliferation assay, confirms that cells from both the somatic and 1179 
germ lineages are actively proliferating in the adult sea star ovary. Nuclei are labelled with DAPI (cyan). 1180 
Dotted lines outline the germ cell cyst in panels C-E. Scale bars are 20 μm. fc, follicle cells; o, oocytes. 1181 
 1182 
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 1183 
Figure S6. Differential expression patterns along the sea star oogenesis developmental trajectory. 1184 
(A) Volcano plot showing the differential expression of the germ cell cyst (clusters 13 and 14) genes versus 1185 
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the oocyte reference group (clusters 15-19). (B-B’) Dotplot showing the top 20 enriched gene ontology 1186 
terms associated with the germ cell cyst (B) and the oocyte (B’) upregulated genes. (C-C’’’) HCR for the 1187 
transcriptional regulators atrx1 and cxxc1 paired with piwi1 shows expression in oocytes. Scale bars are 1188 
10 μm. 1189 
 1190 

 1191 
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Figure S7. Distinct transcription factor profiles during early oogenesis. Heatmap of the top 50 1192 
differentially expressed transcription factors across the germline clusters.  1193 
 1194 

 1195 
Figure S8. Expression patterns of evolutionarily conserved ovarian signaling pathways. (A) Dotplot 1196 
showing the average expression of the genes used for the scoring analysis shown in Fig. 6A. D, 1197 
degradation; L, ligand; S, synthesis; SC, signaling cascade; T, transport. (B-D) HCR for the bmp1 and bmp4 1198 
ligands confirms their spatial expression in the germ cell cysts and oocytes. Nuclei are labelled with DAPI 1199 
(cyan). Dotted lines outline the germ cell cyst. Scale bars are 20 μm. o, oocytes. 1200 
 1201 
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Figure S9. Neuropeptides and neurotransmitters expressed in the intrinsic ovarian nervous system. 1203 
(A) Dotplot showing the average expression of known echinoderm neurotransmitter synthesizing enzymes 1204 
and neuropeptides. (B) Dotplot showing the average expression of sea star neurotransmitter receptors. (C-1205 
C’) Immunofluorescence of TH shows the presence of subepidermal ovarian dopaminergic neurons. Scale 1206 
bars are 40 μm. (D-D’) Immunofluorescence of 5HT confirms the presence of subepidermal ovarian 1207 
serotonergic neurons. Scale bars are 40 μm. (E-E’) HCR for oxy/vp neuropeptide marks two oxy/vp positive 1208 
neurons per ovarian lobe. Scale bars are 20 μm. (F-F’) HCR for gnrh and gnrhr shows expression in the 1209 
post-metamorphic P. miniata nervous system confirming the specificity of the probes. Scale bars are 50 1210 
μm. onr, oral nerve ring; rnc, radial nerve cord. 1211 
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