
 

Proteome-scale Isolation and Tagging of P Granules 
Uncover Unique Solid-like Condensates to Ensure 
Spermatogenesis 
Xuanxuan Guo,1,2,3 Xuejia Li,1,2,3 Lin Zeng,4 Lili Li, 1,2,3 Di Rao,1,2,3 Long Miao,5,6,7,8 Shikui Tu,4* En-Zhi Shen1,2,3* 1 
1Key Laboratory of Growth Regulation and Transformation Research of Zhejiang Province, School of Life Sciences, 2 

Westlake University, Hangzhou, Zhejiang, China 3 
2Westlake Laboratory of Life Sciences and Biomedicine, Hangzhou, Zhejiang, China 4 
3Institute of Biology, Westlake Institute for Advanced Study, Hangzhou, Zhejiang, China 5 
4Centre for Cognitive Machines and Computational Health (CMaCH), School of Computer Science, Shanghai Jiao  6 

Tong University, Shanghai, China. 7 
5Key Laboratory of RNA Biology, CAS Center for Excellence in Biomacromolecules, Institute of Biophysics, Chinese 8 

Academy of Sciences, Beijing 100101, China. 9 
6University of Chinese Academy of Sciences, Beijing 100049, China. 10 
7Center for Biological Imaging, Core Facilities for Protein Science, Institute of Biophysics, Chinese Academy of 11 

Sciences, Beijing 100101, China. 12 
8MOE Key Laboratory of Cell Proliferation and Regulation Biology, College of Life Sciences, Beijing Normal University, 13 

Beijing 100875, China. 14 
*Correspondence: tushikui@sjtu.edu.cn(S.-K.T), shenenzhi@westlake.edu.cn (E.-Z.S.) 15 

 16 

ABSTRACT 17 

P granules are membrane-less organelles essential for germ cell fate specification, post-transcriptional 18 

regulation, and genome stability. However, the molecular organization and developmental plasticity of P 19 

granules remain incompletely understood. Here, we isolated P granules from enriched C. elegans germ 20 

cells and identified 256 associated proteins by mass spectrometry. Using CRISPR/Cas9 together with 21 

programmatically generated primer sets, we established a proteome-scale collection of endogenously 22 

tagged strains for visualizing P-granule proteins. The corresponding fluorescence imaging data, together 23 

with genome-wide primer sets for constructing endogenously tagged C. elegans strains, were integrated 24 

into an annotated, searchable online database (https://scgerm-atlas.sjtu.edu.cn/website/#/P-granules). 25 

Using this resource, we systematically visualized P-granule protein dynamics and mapped their 26 

spatiotemporal expression trajectories during gametogenesis. Following the remodeling of perinuclear P 27 

granules during spermatogenesis, a distinct set of male-specific germ granules emerged, that likely forms 28 

diverse solid-like condensates to meet the multifaceted physiological demands of spermatogenesis. 29 

Together, this work uncovers a developmental transition in germ granule composition and highlight their 30 

critical role in male fertility and germline integrity, laying the groundwork for future studies on germ granules 31 

in development and disease. 32 
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 36 

INTRODUCTION 37 

Germ granules are membraneless organelles (MLOs) that are uniquely present in germ cells and widely 38 

conserved across the animal kingdom1. They play essential roles in germ cell fate determination, post-39 

transcriptional regulation, and maintenance of germline homeostasis2. Elucidating the protein composition 40 

and functions of germ granules is therefore fundamental for understanding how germ cells preserve their 41 

identity and functionality, and also offer insights into the molecular basis of infertility and related 42 

reproductive disorders. P granules are C. elegans specific germ granules composed of proteins and RNAs 43 

that form liquid-like condensates. During early embryogenesis, P granules localize to the germline precursor 44 

cells Z2 and Z3 through asymmetric cytoplasmic segregation and subsequently attach to the perinuclear 45 

region of germ cells, where they are present in all germ cells except mature sperm3,4. Functionally, P 46 

granules participate in post-transcriptional gene regulation, including mRNA stabilization and translational 47 

repression, thereby contributing to germ cell fate determination, gametogenesis, and the maintenance of 48 

germline integrity5-7. Owing to their well-defined localization patterns, tractable genetics, and evolutionarily 49 

conserved core components, C. elegans P granules have become an ideal model for dissecting the 50 

molecular composition, assembly mechanisms, and biological functions of germ granules. 51 

Since the 1980s, when Susan Strome and Bill Wood first observed germ-cell-specific cytoplasmic granules 52 

in C. elegans 8， genetic approaches such as chemical mutagenesis and RNAi screening have 53 

progressively elucidated the molecular composition and functional framework of P granules9-12. In recent 54 

years, advances in mass spectrometry-based proteomics and proximity-labeling have greatly accelerated 55 

the exploration of P granule composition. For example, Price et al. used TurboID combined with RNAi 56 

screening to identify EGGD-1 and EGGD-2 as critical for perinuclear anchoring, while Zhao et al. further 57 

refined the approach to identify13-15 HERD-1 as a regulator linking condensate assembly to small RNA-58 

mediated transgenerational inheritance. Although these studies have broadened our understanding of the 59 

P granule proteome, they still rely primarily on indirect approaches. In contrast, recent advances have 60 

enabled the direct biochemical purification of other membraneless organelles, such as cytoplasmic stress 61 

granules and P bodies, allowing comprehensive analyses of their composition and function16,17. However, 62 

the biochemical purification of P granules remains challenging. Therefore, developing a robust purification 63 

strategy for P granules to enable systematic molecular characterization has become a pressing goal. 64 

Among the various types of germ granules formed during reproduction, those in female germ cells have 65 

been extensively studied across species. These granules can be broadly classified into three categories: 66 

embryonic germ granules, which are essential for germ cell specification; oocyte-specific granules, such as 67 
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the Balbiani body, which associate with mitochondria and contribute to oocyte polarity; and perinuclear 68 

germ granules (also known as the nuage), found in differentiating germ cells and playing a central role in 69 

genome surveillance within the germline18,19. In contrast, P granules were observed to disassemble and 70 

disappear during spermatogenesis, a phenomenon long attributed to the extensive cytoplasmic reduction 71 

that occurs during sperm differentiation7. However, in 2022, Jan Schreier and colleagues identified a distinct 72 

type of germ granule, termed the PEI granule, which persists throughout spermatogenesis—including in 73 

round spermatids—and is crucial for paternal epigenetic inheritance and genome protection20. This 74 

discovery broadens our understanding of the diversity and functional specialization of germ granules, 75 

underscoring that their remodeling and diversification during spermatogenesis remain important directions 76 

for future research. 77 

In this study, we developed a method for efficiently purifying perinuclear P granules from highly enriched 78 

germ cells of C. elegans at the late L4 stage, a developmental phase encompassing spermatogenesis and 79 

related germline differentiation processes, identified a total of 256 germ granule protein components. By 80 

engineering a proteome-scale resource of endogenously tagged germ granule protein strains, we 81 

established spatiotemporal expression trajectories corresponding to germ cell development. The 82 

spatiotemporal expression data for P-granule proteins, along with genome-wide primer sets for the 83 

construction of endogenously tagged C. elegans strains, are integrated into a searchable web interface. 84 

This platform facilitates the generation of strains and enables in vivo visualization and functional analysis 85 

of P-granule proteins of interest. Notably, spatiotemporal profiling revealed dozens of previously 86 

uncharacterized germ granule proteins that emerge during spermatogenesis. Biophysical and functional 87 

characterization of the granules suggests that these newly identified, distinct male-specific components 88 

may cooperate to regulate various aspects of spermatogenesis, thereby collectively safeguarding male 89 

fertility. Taken together, our study offers a comprehensive view of germ granule dynamics during 90 

gametogenesis and provides a valuable resource for future research on male fertility and germ cell 91 

development. 92 

 93 

RESULTS  94 

Purified P granule proteome uncovered by Label-free Mass Spectrometry 95 

To identify P granule components, we first established a method for isolating high-purity P granules from 96 

enriched C. elegans germline cells (Figure S1A). In general, our approach involves two significant steps: 97 

germ cell isolation and particle sorting. Piwi-family member PRG-1 is a conserved core component of C. 98 

elegans P granules21,22. To label germ cells and germ granules, we integrated green fluorescent protein 99 

(GFP) at the N-terminus of PRG-1 using CRISPR/Cas9 (gfp::tev::2×flag::prg-1). After germline 100 

establishment, P granules remain perinuclear and are closely associated with the nuclear pore complex. 101 

To minimize interference from nuclear membrane components, we used wrmScarlet to label the nuclear 102 

membrane protein LMN-1 (wrmScarlet::lmn-1). Given the resolution limitations of flow cytometry due to the 103 
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small size of germ granules, we introduced SL2 as a linker between GFP and PRG-1, ensuring that GFP 104 

expression was PRG-1-dependent in germ cells without GFP localization to germ granules23,24. Thue, the 105 

experimental strain was gfp::tev::flag::prg-1; lmn-1::wrmscarlet, with the gfp::sl2::flag::prg-1; lmn-106 

1::wrmscarlet as control (Figure S1B). 107 

P granules are specific to germline cells. To enrich P granules, we first isolated germline cells from 108 

synchronized Late L4 stage worms using percoll density gradient centrifugation25,26. Confocal imaging 109 

revealed a highly enriched population of germline cells, with germ granules clearly visualized. (Figure 1A). 110 

After UV crosslinking27, cells were lysed, and the cytosolic extracts (presorted fraction) were processed by 111 

fluorescence-activated cell sorting (FACS). FACS analysis successfully identified wrmScarlet-negative, 112 

GFP-positive P granules, maintaining a stable proportion of ~10% (Figure 1B). To verify the purity of the 113 

sorted P granules, we first examined the samples using confocal microscopy. The results showed that 114 

sorted GFP-positive particles retained their typical size and morphology (Figure 1C). Subsequently, we 115 

performed western blot analysis to assess PRG-1 enrichment in different following multiple fractionation 116 

steps. After normalizing protein loading based on silver staining, we observed the highest PRG-1 levels in 117 

the sorted granules (Figure 1D). 118 
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 119 

Figure 1: The P granule proteome uncovered by label-free Mass Spectrometry of purified P granule 120 

(A) Representative confocal images of purified germ cells. PRG-1 (green) marks germ granules, LMN-1 121 

(red) labels the nuclear envelope, and DNA is stained blue. 122 
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(B) FACS separated particles based on their size and fluorescence. The sorting window of GFP-PRG-1 123 

labeled P granules (right panel) is delineated by the red line. The GFP-SL2-PRG-1 served as a control for 124 

non-P granule particles (middle). Wild-type showed only background noise (left). 125 

(C) Representative confocal images of purified P granules. 126 

(D) Western blot verifying the purity of isolated P granule (upper panel). Silver staining shows the protein 127 

loading amounts in different samples (lower panel). 128 

(E) Principal component analysis (PCA) of sorted and pre-sorted samples based on six biological replicates. 129 

(F) Volcano plot shows the comparison of protein abundances between sorted and pre-sorted fractions 130 

using quantitative values from normalized total spectra of LC-MS/MS. Significantly enriched and depleted 131 

proteins (Grey dots) are indicated, as well as known(Yellow dots) and newly validated P granule proteins 132 

(Red dots). p<0.05; FC>1.5. 133 

(G) Violin plots showing the average intrinsically disordered region (IDR) scores of P granule proteins 134 

compared with a random control set predicted by Fldpnn (Wilcoxon-Mann-Whitney test) .***p<0.001. 135 

To characterize the protein composition of perinuclear P granules, liquid chromatography-tandem mass 136 

spectrometry (LC-MS/MS) was employed28. Principal component analysis (PCA) indicated that six 137 

biological replicates from the same group clustered together, confirming the reproducibility of the mass 138 

spectrometry data (Figure 1E). Subsequently, comparing protein relative abundances between the sorted 139 

and pre-sorted fractions, we identified 256 proteins as significantly enriched in P granules (Fisher exact 140 

test, p < 0.05) (Figure 1F; Table S1). As expected, functional enrichment analysis identified these proteins 141 

as being involved in post-transcriptional gene regulation, gametogenesis, and negative regulation of gene 142 

expression. Among the 256 proteins, 35 were previously known as P granule components (Table S1), and 143 

159 exhibited evolutionary conservation (Figure S1D). Of particular note, 157 proteins remain totally 144 

unannotated. Additionally, predictive analyses indicated a significant enrichment of intrinsically disordered 145 

regions (IDRs) in P granule proteins relative to controls (Figure 1G), suggesting a potential role of IDRs in 146 

granule assembly and function. Functional enrichment indicated that the 256 identified P-granule proteins 147 

participate mainly in post-transcriptional regulation, gametogenesis, and non-membrane-bounded 148 

organelle assembly (Figure S1C). The enrichment patterns align well with known germ-granule functions, 149 

underscoring the reliability of our proteomic dataset. Taken together, we identified 256 constituent proteins 150 

from the isolated P granules. 151 

Visualizing the P granule proteome through engineering of proteome-scale endogenously tagged 152 

strains 153 

To gain deeper insights into the distribution of germ granule components identified by mass spectrometry, 154 

endogenous fluorescent tagging was applied to the full set of identified germ granule proteins. To construct 155 

endogenously fluorescently labeled germ granule protein strains, we utilized CRISPR/Cas9 gene editing 156 

methods, employing unc-119 as a selectable marker for integration screening29,30. The workflow is depicted 157 
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in Figure S2E. For co-localization analysis, we chose a key scaffolding protein PGL-1 which is required for 158 

P granule assembly as a marker10 (Figure S2A and S2B). We selected the GGS-GFP-TEV-FLAG-AID multi-159 

functional tag to label the proteins (Figure S2C). Fluorescent protein insertion sites (N- or C-terminus) were 160 

selected based on literature or defaulted to the C-terminus when no reference was available. Primers 161 

required for plasmid construction in transgenic C. elegans were batch-retrieved computationally (Table S2). 162 

In total, 137 tagged strains were generated, 95 (75%) of which were detectable by fluorescence imaging. 163 

Of these, 87 proteins formed granule-like condensates and co-localized with PGL-1(Figure 2A). For 164 

example, Y66D12A.19, a protein stably expressed in germ cells, formed granule-like structures surrounding 165 

the nucleus and co-localized with PGL-1 (Figure 2B). So far, we have further confirmed the accuracy of the 166 

identified P granule proteins. Therefore, hundreds of new germ granule protein components, along with 167 

their expression and localization patterns, are likely to be uncovered. 168 

To facilitate access to the original fluorescence images of P granules proteins and retrieval of primer sets 169 

for generating user-defined transgenic C. elegans strains, we compiled these data into a searchable online 170 

database available at https://scgerm-atlas.sjtu.edu.cn/website/#/primer. The main functions and 171 

representative interfaces of the database are shown in Figure S3. 172 

 173 
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Figure 2: Endogenous fluorescent tagging reveals dynamic expression trajectories of P granule 175 

proteins during gametogenesis 176 

(A) Summary of the construction of endogenously fluorescently tagged P granule protein strains. 177 

(B) Representative confocal images of the endogenously labeled P granule component Y66D12A.19 178 

showing its localization to P granules. 179 

(C) Heatmap showing expression trajectories of 87 granule proteins during germ cell development. Black 180 

squares indicate no signal, and green squares indicate detectable signal. Representative images and 181 

corresponding magnified views are shown on the right. 182 

P granules exhibit developmentally related compositional remodeling during gametogenesis 183 

To gain deeper insights into the compositional changes, granule dynamics, and germ cell development of 184 

germ granule components, we systematically analyzed the developmental expression trajectories of P 185 

granule proteins identified by mass spectrometry, we used confocal microscopy to analyze the expression 186 

pattern of the labeled proteins systematically during gametogenesis. Spanning two developmental 187 

processes, images were classified into five stages for spermatogenesis (mitotic, transition zone, pachytene, 188 

condensation, and division zones) or four stages for oogenesis (mitotic, transition zone, pachytene, and 189 

oogenic stages).  The frequency distribution of distinct expression patterns was manually scored to 190 

generate specific expression trajectories. Based on these scores, 87 proteins were clustered into four 191 

groups. According to the heatmap, P-granule components exhibit distinct spatiotemporal expression 192 

dynamics during germ cell development, particularly throughout spermatogenesis (Figure 2C; Table S3). 193 

Unlike previous assumptions, we found that spermatogenesis is accompanied by a coordinated 194 

compositional transition of germ granules, in which mitotic P-granule proteins are gradually displaced and 195 

replaced by sperm-specific factors, reflecting a developmentally regulated remodeling of granule 196 

architecture. By the way, those tagged P granule proteins during oogenesis fall into two major groups: 197 

participating and non-participating components. 198 

In 2018, Tzur et al. generated a spatiotemporal transcriptomic map of C. elegans gonads, providing a 199 

valuable resource for germline expression analysis31. To gain transcriptomic insights into the expression 200 

dynamics of germ-granule components during gametogenesis, we analyzed the mRNA expression profiles 201 

of 256 identified proteins in both hermaphrodites and males. Hierarchical clustering of germ-granule genes 202 

based on their transcriptomic profiles revealed several distinct expression groups across gametogenesis 203 

(Figure S2F; Table S4). Two major groups were predominantly expressed during spermatogenesis, 204 

comprising largely uncharacterized genes together with those linked to phosphorylation and signal-205 

transduction pathways. Another broad cluster showed sustained expression during oogenesis but was 206 

repressed during spermatogenesis, enriched for factors involved in gene silencing, translational regulation, 207 

and oocyte development. A smaller set of genes maintained stable expression across both gametogenic 208 

programs, functioning mainly in ncRNA-mediated post-transcriptional regulation, whereas a few exhibited 209 
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meiotic or embryonic enrichment. Together, these data uncover distinct transcriptional trajectories of germ-210 

granule components, underscoring a coordinated remodeling that accompanies gametogenesis and 211 

reflecting their potential functional specialization. Overall, this compositional remodeling in both protein and 212 

transcriptional level likely reflects a functional specialization of germ granules to meet the translational and 213 

regulatory demands of germ cell differentiation and provides key insights into the roles of individual granule 214 

genes. 215 

Male-specific germ granules arise following the transition of perinuclear P granules.  216 

Proteomic and transcriptomic analyses identified dozens of previously uncharacterized germ-granule genes 217 

whose expression initiates in perinuclear P granules at the L4 pachytene stage and continues throughout 218 

spermatogenesis (Figure S4A and S4B). To test whether sperm-specific germ granules are required for 219 

reproduction, we generated CRISPR/Cas9 null alleles for 20 candidates and measured the progeny number. 220 

All mutants exhibited reduced fertility, though the extent of reduction varied among strains (Figure 3A). 221 

These findings underscore the essential role of germ granule components expressed during 222 

spermatogenesis in maintaining the reproductive competence of C .elegans. Among the genes analyzed, 223 

the knockout of C18E3.1 exhibited the most significant detrimental effect on the reproductive capacity of C. 224 

elegans. 225 
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Figure 3. Multiple functional germ granules formed during spermatogenesis. 227 

(A) Progeny numbers of sperm-specific Germ Granule protein-deficient strains compared with wild-type. 228 

The dashed line represents the median value of the control group. 229 

(B) Representative confocal images showing the expression pattern of C18E3.1 across development. 230 

pgl::wrmScarlet serves as P granule marker. Scale bars: 10 μm. 231 

(C-H) Representative confocal images showing the subcellular localization of two sperm-specific germ 232 

granule proteins in spermatocytes (SC), pgl-1::wrmScarlet serves as P granule marker. The white line 233 

indicates the position used for fluorescence intensity profiling. The left panel shows the proximal region of 234 

the gonad in early L4 worms, and the right panel shows enlarged view of spermatocyte. (D, F,H) the right 235 

panel shows the fluorescence intensity along the white line in (C, E and G). (C, D) C18E3.1 (green) and 236 

Y38F1A.1 (purple). (E, F) C18E3.1 (green) and PEI-1 (blue). (G, H) Y38F1A.1 (green) and PEI-1 (blue). 237 

(I) Time-lapse confocal images showing fluorescence recovery of C18E3.1 after photobleaching. 238 

(J) Quantification of FRAP results. Data were obtained from five cells per group and are presented as mean 239 

± SEM (error bars). 240 

(K) C18E3.1 domain composition. Prediction of intrinsically disordered regions was performed using 241 

PONDR VSL2 and PONDR VL3 algorithms. 242 

(L) Brood size of wild-type and C18E3.1 variants. ****p<0.0001, two-tailed Student’s t-test. 243 

(M) Confocal images of late-L4 stage hermaphrodites expressing indicated proteins. In all images: Green: 244 

C18E3.1, Red: PGL-1. Images represent two biologically independent experiments. Scale bars: 20 μm. 245 

To be more specific, we used C18E3.1 as an example to characterize sperm-specific germ granules. As 246 

described, C18E3.1 initially co-localizes with PGL-1 during the early stages of expression and forms more 247 

condensates gradually in the cytoplasm over time (Figure 3B). A similar localization pattern was observed 248 

for the other candidate protein, Y38F1A.1 (Figure S4C). These results suggest that P granules may 249 

undergo a developmental transition and remodeling during spermatogenesis. P granules are widely 250 

recognized for their liquid-like properties. To further assess the phase separation behavior of C18E3.1 251 

condensates, FRAP assays were performed32. The results showed negligible fluorescence recovery within 252 

5 minutes, indicating that C18E3.1 condensates are largely immobile and exhibit a low-dynamic state 253 

(Figure 3I and 3J). Intrinsically disordered regions (IDRs) often play a central role in promoting condensate 254 

formation33. Sequence analysis predicted that the N-terminal region of C18E3.1 constitutes an IDR (Figure 255 

S4K). Consistent with this, domain-deletion mutant strains were generated in the c18e3.1::gfp background 256 

to assess the functional relevance of the IDR in sperm granule assembly (Figure 3L), and loss of the IDR 257 

resulted in reproductive defects similar to those observed in the c18e3.1 knockout. Fluorescence imaging 258 

revealed that deletion of the IDR markedly reduced granule formation during spermatogenesis, leading to 259 

diffuse cytoplasmic GFP signals (Figure 3M). Consistent with C18E3.1, Y38F1A.1 also contains a predicted 260 
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N-terminal IDR, and its deletion impaired the formation of solid-like condensates and caused fertility defects 261 

similar to those of the Y38F1A.1 knockout strain (Figure S4D-S4H). Together, these findings demonstrate 262 

that the IDR region contributes to the assembly of solid-like sperm specific condensates with limited 263 

molecular mobility. 264 

To test whether the identified sperm-specific proteins assemble into the same condensate, we selected 265 

another candidates Y38F1A.1 together with C18E3.1 for colocalization analysis (Figure 3D). Colocalization 266 

experiments using worms co-expressing C18E3.1::GFP and Y38F1A.1::mCardinal revealed that the two 267 

proteins were spatially segregated, suggesting that they form distinct condensates. Given that a previous 268 

study reported a PEI-1 mediated condensate associated with heredity during spermatogenesis, we next 269 

examined whether this structure corresponds to the sperm-specific granules identified here. Colocalization 270 

analyses in C18E3.1::GFP; PEI-1::BFP and Y38F1A.1::GFP; PEI-1::BFP worms showed that C18E3.1, 271 

Y38F1A.1, and PEI-1 occupy distinct, non-overlapping regions(Figure 3E and 3F). These findings 272 

demonstrate that multiple compositionally and spatially distinct germ granules are assembled during 273 

spermatogenesis, highlighting their potential functional diversification. Taken together, these results 274 

demonstrate that male specific germ granules form along with the compositional remodeling of liquid-like P 275 

granules and progress into functional condensates characterized by low molecular dynamics.  276 
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 277 

Figure 4. Loss of the sperm-specific germ granule protein C18E3.1 impairs spermatid formation and 278 

activation. 279 

(A) Confocal images of gonads from adult male worms (WT and c18e3.1 mutants). 280 

(B) Quantification of pachytene region length in WT and c18e3.1 mutants. 281 
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(C) Quantification of round spermatid numbers in WT and c18e3.1 mutants. 282 

(D) In vitro sperm activation assay in WT and c18e3.1 mutants. Activated sperm are shown in blue. 283 

(E) Volcano plot of the significantly dysregulated genes detected by mRNA-seq. |log2 fold-change>1.25, 284 

FDR<0.05). 285 

(F) Gene Ontology (GO) enrichment analysis of dysregulated genes shown in (E) (FDR<0.05). 286 

(G) Volcano plot of the significantly dysregulated genes detected by Ribo-seq. (log2 fold-change>1.25, 287 

FDR<0.05) 288 

(H) Gene Ontology (GO) enrichment analysis of upregulated genes shown in (G) (FDR<0.05). 289 

Male-specific germ granules modulate spermatogenesis 290 

Given their specific expression pattern, sperm-specific germ granules were hypothesized to contribute to 291 

spermatogenesis. To define the role of C18E3.1 during spermatogenesis, we analyzed sperm development 292 

in c18e3.1 knockout males. Males were generated by heat shock for subsequent analysis. DAPI staining 293 

revealed that the gonad arms, particularly the pachytene region, were markedly shortened in c18e3.1 294 

mutants compared with wild type (Figure 4A and 4B). Quantification of sperm production showed a marked 295 

reduction in round spermatids (Figure 4C), and in vitro activation assays demonstrated a significant 296 

decrease in sperm activation rate relative to wild type (Figure 4D). These findings demonstrate that sperm-297 

specific germ granules coordinate spermatid differentiation and activation, which are essential for male 298 

fertility in C. elegans. To elucidate the molecular basis of sperm maturation defects observed in c18e3.1 299 

knockout strains, we performed transcriptomic analysis (Table S5). This analysis revealed widespread gene 300 

expression alterations, with more than a thousand genes differentially expressed. GO enrichment analysis 301 

indicated that downregulated genes were predominantly involved in negative regulation of translation and 302 

meiotic progression (Figure 4E and 4F). This suggests that the loss of c18e3.1 may impair translational 303 

homeostasis, potentially leading to aberrant activation of protein synthesis during spermatogenesis. To 304 

evaluate this hypothesis, ribosome profiling was performed to assess translational activity in adult males of 305 

the c18e3.1 knockout strain. The results revealed that, compared to wild-type, over 900 genes exhibited 306 

increased translational activity, whereas about 200 showed reduced translation in the knockout samples 307 

(Figure 4G; Table S6). Functional enrichment analysis indicated that the upregulated genes largely 308 

corresponded to changes observed at the mRNA level (Figure 4H). Therefore, these findings suggest that 309 

the sperm-specific germ granule protein C18E3.1 may influence translational regulation and thereby affect 310 

the meiotic process during spermatogenesis.  311 

Additionally, we analyzed two other candidate genes that significantly affected reproductive capacity and 312 

found that both exhibited similar phenotypic consequences on spermatogenesis. In y38f1a.1 and c38c10.3 313 

null allele worms, spermatid numbers were reduced and sperm activation ability was markedly impaired 314 

(Figure S5A and S5B, S5D and S5E). Despite these comparable phenotypes, transcriptomic profiling 315 

revealed distinct molecular responses. In y38f1a.1 knockout group, downregulated genes were 316 
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predominantly enriched for nuclear events associated with meiotic division (Figure S5C), whereas in 317 

c38c10.3 mutants the affected genes were mainly associated with phosphorylation regulation during 318 

spermatogenesis (Figure S5F; Table S8). These findings suggest that although both granule components 319 

are essential for sperm maturation and activation, they operate through distinct regulatory pathways to fine-320 

tune spermatogenic processes. Collectively, our findings reveal that sperm-specific germ granules share 321 

overlapping roles in promoting sperm formation and activation but act through distinct molecular pathways. 322 

This functional diversity suggests that different condensates contribute to fine-tune specific aspects of 323 

spermatogenesis within the confined cytoplasmic environment of spermatocytes. 324 

 325 

DISCUSSION  326 

In this study, we established an efficient approach for isolating perinuclear P granules from enriched C. 327 

elegans germ cells, enabling systematic proteomic characterization of their composition and dynamics. This 328 

methodological advance provides a valuable platform for dissecting the molecular architecture, assembly 329 

principles, and developmental remodeling of germline condensates. Beyond P granules, our strategy offers 330 

a broadly applicable framework for the biochemical purification and proteomic analysis of other classes of 331 

membraneless organelles. Together with increasing proteomic data on stress granules and P-bodies, the 332 

present work expands the repertoire of phase-separated organelles that can be analyzed at the systems 333 

level, offering new opportunities to elucidate shared molecular principles governing condensate formation 334 

and function34. 335 

Understanding the in vivo dynamics of membraneless organelles during development remains a central 336 

challenge in cell biology. C. elegans provides a uniquely powerful system to address this question, as its 337 

germ granules are optically accessible throughout development and amenable to endogenous fluorescent 338 

tagging. Based on our proteomic map, we generated 137 endogenously tagged strains covering a broad 339 

range of germ granule components, which allowed us to visualize their spatiotemporal expression patterns 340 

in living animals. These strains serve as a comprehensive resource for studying granule dynamics in germ 341 

cell differentiation and for uncovering how protein composition correlates with developmental stage and cell 342 

fate. 343 

Our results reveal pronounced developmental plasticity of germ granule composition. Systematic profiling 344 

across germline stages showed that the identities and abundances of granule-associated proteins change 345 

dynamically, and that male and female gametogenesis display strikingly divergent expression trajectories. 346 

This compositional remodeling likely reflects a functional reprogramming of germ granules from maintaining 347 

germline identity to supporting gamete-specific differentiation35,36. The temporal correlation between stage-348 

specific expression and cell fate transition underscores the idea that condensate composition itself can act 349 

as a readout—or possibly a driver—of developmental state. These findings highlight the complexity and 350 

adaptability of the germ granule network as a regulatory platform for germ cell maturation. 351 
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While most previous studies of germ granules have focused on embryogenesis or oogenesis, our work 352 

identifies and characterizes a previously underexplored class of sperm-specific germ granules. These 353 

structures arise as canonical perinuclear P granules progressively disassemble during meiosis, 354 

accompanied by the sequential emergence of new condensates composed of sperm-specific proteins. In 355 

the early L4 germline, when spermatocytes first enter the pachytene stage, we observed partial spatial 356 

overlap between P granule components and the newly appearing sperm-specific markers, consistent with 357 

a transitional remodeling process. This stage coincides with the reported decline and eventual 358 

disappearance of canonical P granule components such as PGL-1 and GLH-1. Together, these 359 

observations suggest a developmentally ordered handover in which the disassembly of P granules is 360 

coupled to the assembly of sperm-specific condensates, representing a reorganization of the germline 361 

condensate system in response to meiotic and transcriptional reprogramming. 362 

Colocalization analyses further demonstrated that distinct sperm granule components, such as C18E3.1 363 

and Y38F1A.1, occupy non-overlapping regions, implying the existence of multiple, compositionally 364 

independent condensates during spermatogenesis. This spatial segregation contrasts with the close 365 

physical coupling among P granules, Z granules, and Mutator foci observed in earlier germline stages37, 366 

suggesting that the germline condensate network becomes more diversified and compartmentalized in 367 

male gametes. Functional assays revealed that several of these sperm-specific granule proteins influence 368 

fertility to varying degrees, with C18E3.1 showing a particularly strong effect on sperm formation and 369 

activation. These findings point to functional specialization among different classes of sperm granules and 370 

raise the possibility that they coordinate distinct aspects of sperm maturation and competence. 371 

From a biophysical perspective, germ granules exhibit a continuum of phase states ranging from liquid-like 372 

to solid-like, depending on developmental context and physiological conditions. These phase transitions 373 

are tightly coupled to cellular fate dynamics, reflecting the distinct physiological demands of different 374 

developmental stages. Early embryonic P granules display rapid molecular exchange characteristic of 375 

dynamic liquid droplets, enabling them to respond swiftly to fate changes. In contrast, condensates in 376 

mature germ cells—such as the Balbiani body or nuage in oocytes are more gel-like or even amyloid-like, 377 

reflecting functional requirements for long-term RNA storage and translational repression. In our study, the 378 

sperm-specific granule protein C18E3.1 forms condensates through its N-terminal intrinsically disordered 379 

region (IDR) and exhibits negligible fluorescence recovery in FRAP assays, indicating a solid-like state. 380 

Such low dynamics may help maintain the spatial confinement of regulatory factors, stabilize stored RNAs 381 

or proteins, and protect critical developmental information in transcriptionally quiescent sperm. We propose 382 

that the formation of these solid-like granules represents an adaptation for maintaining sperm potential and 383 

epigenetic integrity during prolonged storage. 384 

In summary, our work provides a comprehensive molecular and developmental framework for 385 

understanding dynamic behavior of germ granules during gametogenesis in C. elegans. By integrating 386 

biochemical purification, proteomic profiling, and live imaging, we uncover a stepwise transition in which 387 
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canonical P granule components are orderly dismantled during meiosis and replaced by sperm-specific 388 

condensates with distinct molecular compositions and biophysical properties. This remodeling exemplifies 389 

how phase-separated organelles can be dynamically repurposed to meet the developmental and 390 

physiological needs of differentiating gametes. Future studies combining high-resolution imaging, RNA 391 

profiling, and perturbation genetics will be essential to elucidate the molecular triggers and regulatory logic 392 

that govern this condensate transition and its roles in sperm differentiation and fertility. 393 

  394 
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STAR★METHODS 395 

METHOD DETAILS 396 

Strains and Maintenance 397 

All of the C. elegans strains were maintained at 20°C on nematode growth medium (NGM) plates and 398 

seeded with Escherichia coli OP50, as described previously 38. Null alleles were generated using 399 

CRISPR/Cas9 RNP methods previously described 39, by co-injection of Cas-9 RNPs, donors (oligos and 400 

melted PCR products) and rol-6 marker. Endogenously fluorescent-tagged strains were generated using a 401 

plasmid-based CRISPR/Cas9 system with unc-119(ed4) as a selection marker29,30. 402 

Fertility of C. elegans 403 

Synchronized populations were bleached and plated on NGM plates with OP50 at 25°C. Brood size was 404 

determined by counting the number of F₁ larvae produced by individual hermaphrodites. At least 15 animals 405 

were analyzed per strain. 406 

Microscopic imaging of P granule components 407 

Images of GFP-tagged P granule components were acquired using an Andor Dragonfly confocal 408 

microscope. Live animals were immobilized on glass slides (Thermo) with 1 mM levamisole. Images were 409 

further processed and cropped by Imaris programs.  410 

P Granule Purification 411 

Synchronized late L4-stage worms were grown on OP50-seeded NGM plates at 20 °C for 50 h. The 412 

collected populations were washed three times with M9 buffer, followed by two washes with sterile ddH₂O. 413 

For cuticle permeabilization, worm pellets were treated with three volumes of SDS–DTT solution (20 mM 414 

HEPES, 0.25% SDS, 200 mM DTT, 3% sucrose, pH 8.0) for 4–5 min, followed by five washes with egg 415 

buffer (118 mM NaCl, 48 mM KCl, 2 mM CaCl₂, 2 mM MgCl₂, 25 mM HEPES, pH 7.3). The worms were 416 

then digested with two volumes of pronase E (15 mg/mL in egg buffer) for 25 min with gentle shaking. The 417 

digestion was stopped by adding egg buffer containing 10% FBS, and the cells were washed three times. 418 

Germ cells were purified by Percoll density-gradient centrifugation using 90%, 70%, and 50% layers 419 

prepared in egg buffer. After centrifugation at 800 × g for 20 min, cells collected from the 90–70% interface 420 

were recovered as purified germ cells for downstream applications. 421 

Cell pellets were frozen and stored at −80 °C. Unless otherwise stated, all subsequent procedures were 422 

carried out at 4 °C or on ice. Pellets were resuspended in lysis buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 423 

150 mM NaCl, 0.2% Triton X-100) supplemented with 65 U/mL RNaseOUT ribonuclease inhibitor (Promega) 424 

and an EDTA-free protease inhibitor cocktail (Roche Diagnostics). To enhance lysis efficiency, the 425 

suspension was disrupted on an Eppendorf benchtop shaker at 1,500 rpm for 20 min. The lysate was 426 

centrifuged at 200 × g for 5 min to remove nuclei. To eliminate residual DNA, the supernatant was 427 

supplemented with 10 mM MgSO₄ and 1 mM CaCl₂ and treated with 4 U/mL RQ1 DNase (Promega) for 30 428 
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min at room temperature. The resulting supernatant was centrifuged again at 10,000 × g for 7 min, and the 429 

pellet was resuspended in 40 µL lysis buffer containing 80 U RNaseOUT. This organelle-enriched 10,000 430 

× g fraction was referred to as the pre-sorted fraction. P granules were subsequently isolated from this 431 

fraction by fluorescence-activated particle sorting using a Cytoflex SRT cell sorter (Beckman). Particles 432 

were detected based on forward-scattered light (FSC) and GFP fluorescence, using a 488 nm excitation 433 

laser (526/52 nm band-pass filter) and a 561 nm excitation laser (561/19 nm band-pass filter). 434 

Western Blot  435 

Samples were homogenized in SDS lysis buffer at 95oC for 10 minutes. Lysates were centrifuged at 436 

12000rpm for 10 minutes to obtain protein supernatant. Proteins (100 μg) were resolved by SDS-PAGE 437 

and transferred to PVDF membranes (BioRad). Mouse anti-Flag antibody (Sigma, 1:5000) and HRP goat 438 

anti-mouse igG(Immunology, AE012,1:10000) were used for probing the blots. 439 

Proteomics 440 

After matching concentrations of the P granule sorted and pre-sorted fractions, samples were processed 441 

for liquid chromatography–tandem mass spectrometry (LC-MS/MS) in the Proteomics and Metabolomics 442 

platform of Westlake University. Peptides were analyzed on a Thermo Vanquish Neo nano-HPLC system 443 

coupled to a Thermo Exploris 480 mass spectrometer equipped with a FAIMS Pro interface. Peptide 444 

separation was achieved on a C18 analytical column using a 60-min gradient at a flow rate of 0.3 µL/min. 445 

The mass spectrometer was operated in data-dependent acquisition mode using Xcalibur 4.1 software, 446 

with FAIMS compensation voltages of −45 V and −65 V applied as two independent acquisition events. MS 447 

data were processed with Thermo Xcalibur Qual Browser and Proteome Discoverer software against the 448 

C. elegans UniProt proteome database. Database searches were performed using Sequest with a 10 ppm 449 

precursor tolerance and a 0.02 Da fragment tolerance. Peptide identifications were filtered to achieve a 1% 450 

false discovery rate (FDR). 451 

mRNA Library Preparation and data analysis 452 

To construct mRNA library, the total RNA of Synchronized worms at L4 stage was extracted by TRIzol 453 

regent and followed by ethanol precipitation. Ribosomal RNAs were removed from 1 μg total RNA by using 454 

Ribo-off rRNA Depletion Kit (Vazyma, N406). Then, libraries were prepared using VAHTS Universal V8 455 

RNA-seq Library Prep Kit for Illumina (Vazyma, N605), the first-strand cDNA was ligated to 5′ and 3′ 456 

adapters of VAHTS Small RNA Library Prep Kit for Illumina (Vazyma, NR801). Finally, the libraries were 457 

amplified with a barcoded PCR primer for 14 cycles. Sequencing was performed on an Illumina HiSeq 2000. 458 

RNA-seq reads were trimmed with Cutadapt and aligned to the C. elegans genome (WS282) using STAR. 459 

Read counts were obtained with featureCounts and normalized in DESeq2 for differential expression 460 

analysis. Significance was determined using an adjusted p value < 0.05. 461 

Ribo-seq and data analysis  462 
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Ribosome profiling was performed as described 40. Dissected gonads from synchronized late-L4 C. elegans 463 

were collected in ice-cold lysis buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM MgCl₂, 1% Triton X-464 

100, 100 µg/mL cycloheximide, 1 mM DTT, RNase inhibitor). Samples were homogenized using a FastPrep 465 

homogenizer at 6.5 m/s for 20 s, and lysates were clarified by centrifugation (20,000×g, 10 min, 4 °C). 466 

Supernatants were digested with RNase I, and reactions were stopped with excess RNase inhibitor. 467 

Monosomes were isolated by centrifugation through a 1 M sucrose cushion (260,000×g, 3 h, 4 °C; SW55Ti 468 

rotor). RNA was extracted from the pellet using TRIzol LS, and 26–34 nt ribosome-protected fragments 469 

were purified by 12.5% denaturing PAGE for library construction. Libraries exhibiting CDS enrichment and 470 

clear 3-nt periodicity were used for analysis. Adapter sequences and low-quality bases were trimmed with 471 

cutadapt, and reads mapping to rRNA were removed using STAR. The remaining reads were aligned to 472 

the C. elegans ce11 genome with STAR, and uniquely mapped reads were quantified with featureCounts 473 

(Rsubread). Differential expression and translational efficiency analyses were performed using DESeq2 474 

and Xtail, with significance defined as FDR ≤ 0.05. P-site periodicity and read length distributions were 475 

evaluated with riboWaltz, and noncanonical ORFs were identified using ORFik based on triplet periodicity 476 

evidence. 477 

Statistical analysis 478 

Statistical analysis was performed using GraphPad Prism. Sample sizes and statistical parameters are 479 

reported in the main text, figures, and figure legends. Statistical significance was assessed using Student’s 480 

paired and unpaired t-tests for parametric data, or Wilcoxon rank-sum tests for non-parametric data; p-481 

values ≤ 0.05 were considered statistically significant. 482 

  483 
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Supplementary Figure 1: Strategy for P granule purification 

(A) Workflow for P granule purification. 

(B) Representative images of strains for P granule isolation. Left: gfp::sl2::flag::prg-1;lmn-
1::wrmScarlet. Right: gfp::tev::flag::prg-1;lmn-1::wrmScarlet.  

(C) Gene ontology enrichment analysis of the P granule proteome performed using Metascape. 

(D) Pie chart summarizing the conservation statistics of P granule proteins. 
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Supplementary Figure 2: Endogenous tagging of P granule proteins and their 
transcriptional expression trajectories 

(A) Representative confocal images of wrmScarlet labeled PGL-1in unc119 (ed4) strains. 

(B) Quantification of progeny numbers for unc-119(ed4) and unc-119(ed4); pgl-1::wrmScarlet 
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strains. n.s., no significant difference. 

(C) Structural model of the multifunctional tag predicted by AlphaFold. 

(D) Schematic workflow of the large-scale endogenous tagging process. 

(E) Schematic showing primers required for construction of the C-terminal donor plasmid. 
(F) Each row represents a single P granule gene, and expression levels are displayed as 
normalized z-scores. Sections 1–10: from the distal mitotic tip (section 1), through the different 
developmental stages, to the final mature gametes (section 10). 
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Supplementary Figure 3: Screenshot of the searchable online database for P-granule 
proteins 
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Supplementary Fig 4: Features of functional sperm specific granules  

(A) Heatmap showing localization trajectories of sperm granule proteins during development. 
Red squares: nuclear diffuse signal; blue squares: perinuclear granule signal; green squares: 
cytoplasmic granule signal; yellow squares: cytoplasmic diffuse signal. Mit: mitotic region; Tran: 
transition zone; Pach: pachytene region; Con: condensation zone; Div: division zone; OG: 
oogenesis; Oth: other region. Color scale: 0, no signal; 1, weak; 2, detectable; 3, significant; 4, 
strong. 
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(B) Heatmap showing transcriptional expression trajectories of sperm granule proteins during 
gametogenesis. Sections 1–10: from the distal mitotic tip (section 1), through the different 
developmental stages, to the final mature gametes (section 10). 

(C) Representative confocal images showing the expression pattern of Y38F1A.1 across 
development. pgl-1::wrmScarlet serves as a P granule marker. Scale bars: 10 μm. 

(D) Time-lapse confocal images showing fluorescence recovery of Y38F1A.1 after 
photobleaching. 

(E) Quantification of FRAP results. Data were obtained from five cells per group and are 
presented as mean ± SEM (error bars). 

(F) Y38F1A.1 domain composition. Prediction of intrinsically disordered regions was performed 
using PONDR VSL2 and PONDR VL3 algorithms. 

(G) Brood size of wild-type and Y38F1A.1 variants. ****p<0.0001, two-tailed Student’s t-test. 

(H) Confocal images of late-L4 stage hermaphrodites expressing indicated proteins. In all 
images: Green: Y38F1A.1, Red: PGL-1. Images represent two biologically independent 
experiments.  
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Supplementary Fig 5: Sperm-specific germ granules participate in diverse functions that 
synergistically promote spermatogenesis. 

(A, D). Quantification of sperm numbers in Y38F1A.1 (A) and C38C10.3 (D) knockout mutants. 
**p ≤ 0.001; ***p ≤ 0.0001. 

(B, E). In vitro sperm activation assays for Y38F1A.1 (B) and C38C10.3 (E) knockout mutants. 

(C, F). Gene Ontology (GO) analysis of downregulated genes identified by RNA-seq from 
Y38F1A.1 (C) and C38C10.3 (F) knockout mutants. RNA samples were obtained from round 
spermatids (C) and late L4-stage gonads (F). Adjusted p < 0.05. 
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