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Abstract 1 

RNA interference (RNAi) is a conserved gene regulation mechanism that utilizes the 2 

Argonaute protein and their associated small RNAs to exert regulatory function on complementary 3 

transcripts. While the majority of germline-expressed RNAi pathway components reside in 4 

perinuclear germ granules, it is unknown whether and how RNAi pathways are spatially organized 5 

in other cell types. Here we find that the small RNA biogenesis machinery is spatially and 6 

temporally organized during embryogenesis. Specifically, the RNAi factor, SIMR-1, forms visible 7 

concentrates during mid-embryogenesis that contain an RNA-dependent RNA polymerase, a 8 

poly-UG polymerase, and the unloaded nuclear Argonaute protein, NRDE-3. Further, we observe 9 

that many other RNAi factors form foci in embryonic cells distinct from SIMR granules, including 10 

the Argonaute protein CSR-1, underscoring a potential role for cytoplasmic concentrates of RNAi 11 

factors to promote gene regulation in embryos.  Curiously, coincident with the appearance of the 12 

“SIMR granules”, the small RNAs bound to NRDE-3 switch from predominantly CSR-class 22G-13 

RNAs to ERGO-dependent 22G-RNAs. Thus, our study defines two separable roles for NRDE-3, 14 

targeting germline-expressed genes during early embryogenesis and switching later in 15 

embryogenesis to repress recently duplicated genes and retrotransposons in somatic cells, 16 

highlighting the plasticity of Argonaute proteins and the need for more precise temporal 17 

characterization of Argonaute-small RNA interactions. 18 

 19 

Introduction 20 

Precise gene expression is essential for organisms at all developmental stages. Small 21 

RNAs and their partners, the Argonaute (AGO) proteins, play an important role in regulating gene 22 

expression by targeting and silencing complementary nucleic acid sequences. This small RNA-23 

mediated gene silencing process is known as RNA interference (RNAi) (Fire et al. 1998). The 24 

nematode Caenorhabditis elegans, distinguished by its expanded Argonaute family and intricate 25 

RNAi pathway, is a well-established model organism to study the RNAi pathway. C. elegans has 26 

19 functional Argonaute proteins and various classes of small RNAs (Yigit et al. 2006; Seroussi 27 

et al. 2023), which is greatly expanded compared to 8 Argonaute proteins in mammals, 5 in 28 

Drosophila melanogaster, and 1 in Schizosaccharomyces pombe (Höck and Meister 2008). This 29 

expansion of the Argonaute family in nematodes may be linked to the diversity of habitats in which 30 

nematodes reside and environmental cues to which they must respond. First, RNAi has been 31 

well-studied in plants for its role as an antiviral defense mechanism (Ding et al. 2004); and like 32 

plants, worms lack an adaptive immune system, making the RNAi system a primary means to 33 

respond to viral intruders (Félix et al. 2011; Ashe et al. 2013; Sarkies and Miska 2013). Second, 34 
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nematodes have a specialized nucleic acid transporter required for the uptake of double-strand 35 

(ds)RNA from the intestinal lumen (McEwan et al. 2012; Winston et al. 2007), indicating that 36 

environmental sensing mediated by ingested dsRNA is an important aspect of nematode 37 

physiology (Sarkies and Miska 2013). Lastly, it has been proposed that Ago diversity and rapid 38 

evolution could be linked to the environmental plasticity of nematodes, including the capacity for 39 

parasitism and challenges of invading and colonizing a host (Buck and Blaxter 2013). Regardless 40 

of the evolutionary origin for the expansion of RNAi pathway proteins in nematodes, these 41 

pathways are not only important for a response to the environment, but are essential for the 42 

regulation of thousands of endogenous genes. Therefore, untangling the details of RNA silencing 43 

in C. elegans will shed light on the mechanisms of small RNA-mediated gene regulation in C. 44 

elegans and other organisms.  45 

Argonaute proteins can be subdivided into three clades. Proteins are grouped into the 46 

AGO and PIWI clades based on their similarity to Arabidopsis thaliana AGO1 and Drosophila 47 

melanogaster PIWI, respectively. The third, WAGO, clade represents a nematode-specific 48 

expansion of the Argonaute protein family (Yigit et al. 2006). While small RNAs bound by the 49 

AGO- and PIWI-clade Argonaute proteins tend to be processed from longer, precursor transcripts, 50 

the WAGO-clade Argonaute proteins bind 22-nucleotide, 5’-triphosphorylated small RNAs (22G-51 

RNAs) with which are each de novo synthesized by RNA-dependent RNA polymerases (RdRPs) 52 

(Gu et al. 2009; Pak and Fire 2007; Aoki et al. 2007). However, even within the WAGO clade, 53 

each of the 11 Argonaute proteins exhibits specificity for a unique group of 22G-RNAs and exhibits 54 

distinct tissue and developmental expression patterns (Seroussi et al. 2023). For example, 55 

WAGO-1 binds 22G-RNAs that target transposons, pseudogenes, and aberrant transcripts, and 56 

silences genes post-transcriptionally in the germline cytoplasm (Gu et al. 2009), while CSR-1 57 

binds 22G-RNAs targeting germline-expressed genes, functioning to clear maternal mRNA in 58 

early embryos while licensing and tuning gene expression in the adult germline (Quarato et al. 59 

2021; Gu et al. 2009; Claycomb et al. 2009). Other WAGO Argonautes, such as SAGO-1 and 60 

SAGO-2, function exclusively in somatic cells and play roles in regulating endogenous genes, 61 

exogenous RNAi, and immunity (Seroussi et al. 2023). Unique amongst the WAGO Argonautes 62 

for their nuclear localization are HRDE-1 and NRDE-3, which are thought to silence genes co-63 

transcriptionally in germline and soma respectively, and are required for the inheritance of RNA 64 

silencing signals from parents to offspring (Buckley et al. 2012; Guang et al. 2008). Despite 65 

extensive characterization of the C. elegans Argonaute proteins, we still know little about the 66 

factors that promote the spatiotemporal expression of each Argonaute protein and the 67 

mechanisms that promote Argonaute-small RNA binding specificity. Furthermore, most 68 
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Argonaute-small RNA sequencing experiments have been performed at a single time point, 69 

usually in adult C. elegans, meaning that we have little understanding as to how the RNA targets 70 

of each Argonaute protein change across development. 71 

In the C. elegans germline, many of the RNAi components, including Argonaute proteins, 72 

RdRPs, and other small RNA processing machinery, localize within phase-separated germ 73 

granules. Often, proteins acting in different functional branches of the RNAi pathway seem to 74 

reside in separate compartments of the germ granules, suggesting that there are specialized 75 

areas within the germ granules where distinct molecular reactions occur. Presently, four sub-76 

compartments of the germ granule have been identified in C. elegans: P granules, Mutator foci, 77 

Z granules, and SIMR foci (Brangwynne et al. 2009; Phillips et al. 2012; Wan et al. 2018; Manage 78 

et al. 2020). These germ granule compartments are situated at the cytoplasmic side of the 79 

nucleus, proximal to nuclear pores. However, the mechanisms governing their spatial 80 

organization remain unknown. Moreover, with the majority of studies focusing on mechanisms of 81 

RNA silencing and germ granule organization in the germline, there is limited understanding of 82 

how each of these germ granule compartments assembles and functions in embryos. It has been 83 

observed that in C. elegans embryogenesis, the primordial germline cell P4 divides into Z2 and 84 

Z3 progenitor germ cells (PGCs) at around the 100-cell stage, coinciding with the demixing of Z 85 

granules from P granules, the appearance of Mutator foci and SIMR foci, and the initiation of germ 86 

cell transcription (Updike and Strome 2010; Uebel et al. 2021; Wan et al. 2018; Seydoux and 87 

Dunn 1997). Together, the assembly of this more complex germ granule organization coinciding 88 

with a burst of transcription from the germ cells, may indicate that these multi-compartment 89 

structures are necessary to monitor the newly-synthesized germline transcripts. Yet even these 90 

limited studies of RNAi pathway factors in embryos fail to address a role for ribonucleoprotein 91 

granules in RNA silencing in the soma.  92 

Here, we discovered that SIMR-1, the founding component of the germline SIMR foci, is 93 

also found in cytoplasmic granules in the somatic cells of C. elegans embryos. These embryonic 94 

SIMR granules additionally contain factors involved in 22G-RNA amplification and associated with 95 

the nuclear Argonaute protein, NRDE-3. However, NRDE-3 itself only associates with the SIMR 96 

granules when not bound to small RNAs. Strikingly, the SIMR granules exhibit temporal dynamics 97 

where they first appear in early embryogenesis (around the 8-cell stage), peak around the 100-98 

cell stage, and have mostly disappeared by the comma stage of embryogenesis. Curiously, these 99 

embryonic SIMR granules are by no means the only RNAi-related embryonic granules, as 100 

numerous other RNAi factors are found in separate granules in embryos, including components 101 

of the CSR pathway, the Argonaute CSR-1 and its RdRP EGO-1. Furthermore, by sequencing 102 
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the small RNAs bound by NRDE-3 in early and late embryogenesis, we found that the formation 103 

of the SIMR granules coincides with a switch in NRDE-3 small RNA targets, from CSR-class 22G-104 

RNAs to ERGO-class 22G-RNAs. Together, our data demonstrates that NRDE-3 has two 105 

separate functions, first acting with CSR-1 in early embryogenesis, possibly to transcriptionally 106 

silence germline-expressed transcripts in somatic cells, and second acting downstream of ERGO-107 

1 to transcriptionally silence retrotransposons, pseudogenes, and aberrant transcripts. Further, 108 

the SIMR granules themselves appear to be sites of NRDE-3-bound 22G-RNA biogenesis and 109 

loading and may contribute to the efficiency or specificity of Argonaute-small RNA interactions 110 

during embryogenesis. 111 

 112 

Results: 113 

SIMR-1 and ENRI-2 localize to cytoplasmic granules during embryogenesis  114 

 In previous work, we sought to identify proteins that associate with SIMR-1 and ultimately 115 

found that SIMR-1 associates with HRDE-2 and the nuclear Argonaute protein, HRDE-1, to 116 

promote correct HRDE-1 small RNA binding in germ cells (Chen and Phillips 2024). In that work, 117 

we also identified another nuclear Argonaute protein, NRDE-3, as an interactor of SIMR-1. To 118 

delve further into this potential interaction between SIMR-1 and NRDE-3, we first systematically 119 

compiled a list of the protein interactions identified from previous studies for both SIMR-1 and 120 

NRDE-3 (Fig. 1A). Interestingly, the HRDE-2 paralog, ENRI-2, had been shown to interact with 121 

both SIMR-1 and NRDE-3 in embryos by immunoprecipitation followed by mass spectrometry (IP 122 

mass-spec), and another HRDE-2 paralog, ENRI-1, was similarly shown to interact with only 123 

NRDE-3 (Lewis et al. 2020). These findings suggest that SIMR-1, NRDE-3, ENRI-2, and possibly 124 

ENRI-1 proteins may function together in the somatic nuclear RNAi pathway, analogous to the 125 

roles of SIMR-1, HRDE-1, and HRDE-2 in the germline nuclear RNAi pathway.  126 

Here, we first aimed to address whether and where NRDE-3, SIMR-1, ENRI-1, and ENRI-127 

2 colocalize. NRDE-3 has previously been shown to be expressed in the nucleus of most somatic 128 

cells (Guang et al. 2008). Until recently, all characterization of NRDE-3 was done using a low-129 

copy, integrated transgenic strain in which the nuclear localization was not visible until the ~30-130 

80-cell stage of development, and it was presumed that this localization reflected the endogenous 131 

NRDE-3 localization (Guang et al. 2008; Lewis et al. 2020).  However, a more recent study 132 

constructed an endogenously-tagged NRDE-3 strain using CRISPR and found that NRDE-3 133 

additionally localizes to the nucleus of oocytes and early embryos (Seroussi et al. 2023, 2022), 134 

suggesting that the older, transgenic NRDE-3 construct may be targeted for silencing in germ 135 

cells. SIMR-1 is a component of the SIMR foci, a sub-compartment of germ granules, that appears 136 
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as punctate foci at the periphery of C. elegans germ cells starting in embryos through the adult 137 

stage (Manage et al. 2020; Uebel et al. 2021). ENRI-1 has been reported to localize to the 138 

cytoplasm of oocytes and embryos while ENRI-2 localized to both the nucleus and cytoplasm, 139 

varying depending on developmental stage (Lewis et al. 2020). With these four proteins showing 140 

distinct localization patterns from one another, it was unclear how these proteins could physically 141 

interact. 142 

To investigate where and how these interactions might potentially occur, we chose to 143 

initially examine localization of these proteins in the germline of adult C. elegans using the 144 

endogenously-tagged NRDE-3 strain which is visible starting in late pachytene. As expected 145 

based on previous work, NRDE-3 localizes to the nucleus of germ cells, while SIMR-1 is found in 146 

the cytoplasm in SIMR foci, a compartment of the germ granule (Supplementary Fig. 1A) 147 

(Seroussi et al. 2022, 2023; Manage et al. 2020). Next, we decided to examine NRDE-3 and 148 

SIMR-1 localization in embryos, carefully dividing the embryos into distinct developmental stages, 149 

from 4-cell to comma stage. As expected, we found that NRDE-3 is consistently localized to the 150 

nucleus in all embryonic stages (Fig. 1B). Interestingly, we observed that SIMR-1 forms granules 151 

in the cytoplasm of somatic cells during some embryonic stages (Fig. 1B). By quantifying the total 152 

number of granules per embryo across embryonic development, we found that the SIMR-1 153 

granules first appear around the 8-cell stage and reach a peak at approximately the 100-cell 154 

stage, coinciding with the division of the germline precursor cell P4 into the primordial germ cells 155 

Z2 and Z3 (Wang and Seydoux 2013). Subsequently, the number of SIMR-1 granules decreases, 156 

and in late embryos, SIMR-1 localizes primarily to the germ granules surrounding the two germ 157 

cells, as previously observed (Uebel et al. 2021) (Fig. 1B,C). We had previously shown that the 158 

Tudor domain of SIMR-1 was important for its assembly into germline SIMR foci. Therefore, we 159 

next explored the requirement for the Tudor domain in assembling SIMR-1 cytoplasmic granules 160 

in embryos (Manage et al. 2020). We found that the Tudor domain mutant, SIMR-1(R159C), fails 161 

to assemble in cytoplasmic granules in the embryos (Supplementary Fig. 1B), indicating that, 162 

similar to germline SIMR foci, the Tudor domain is also required for assembly of the cytoplasmic 163 

SIMR granules in embryos.  164 

We next focused on ENRI-1 and ENRI-2 and observed that ENRI-2 shows similar 165 

cytoplasmic granule localization and colocalizes with SIMR-1 in embryos, but it does not localize 166 

to the germ granules in Z2 and Z3, suggesting that the activity of ENRI-2 is restricted to somatic 167 

cells (Fig. 1B). Finally, we examined the localization N-terminal tagged 2xTy1::GFP::ENRI-1, and 168 

found that we could not detect any specific localization in either nuclei or cytoplasmic granules 169 

(Supplementary Fig. 1C) (Lewis et al. 2020). Consequently, we constructed a new strain with C 170 
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terminal tagged ENRI-1::mCherry::2xHA and confirmed the presence of full-length ENRI-1 protein 171 

with Western Blot (Supplementary Fig. 1D). Nonetheless, we could not detect any ENRI-1 172 

localization in embryos with our newly generated strain (Supplementary Fig. 1C). These results 173 

are consistent with the fact that ENRI-1 does not interact directly with either SIMR-1 or ENRI-2 174 

by immunoprecipitation (Fig. 1A) (Lewis et al. 2020). Altogether, these data indicate that SIMR-1 175 

and ENRI-2 colocalize at cytoplasmic granules in the somatic cells of embryos and suggest that 176 

ENRI-2 and SIMR-1 may function together at these sites. In contrast, NRDE-3 is spatially 177 

separated in the nucleus and no clear expression pattern was observed for ENRI-1. 178 

 179 

Unloaded NRDE-3 associates with SIMR-1 in cytoplasmic granules 180 

Next, to determine whether SIMR-1 and ENRI-2 are required for NRDE-3 localization, we 181 

introduced the simr-1 mutant, enri-2 mutant, enri-1 mutant, and enri-1; enri-2 double mutant in 182 

the endogenously tagged GFP::3xFLAG::NRDE-3 strain, and examined NRDE-3 localization 183 

across embryonic developmental stages. We observed no changes in NRDE-3 expression or 184 

nuclear localization in any of the mutants examined at any developmental stage (Supplementary 185 

Fig. 2A). 186 

In previous work, we demonstrated that the germline nuclear Argonaute protein HRDE-1 187 

loses nuclear localization and associates in the cytoplasm with the SIMR compartment of germ 188 

granules when it is unable to bind small RNAs (Chen and Phillips 2024). Additionally, ENRI-2 189 

interacts more strongly with NRDE-3 in an eri-1 mutant background compared to wild-type (Lewis 190 

et al. 2020), suggesting that the interaction occurs when NRDE-3 does not bind small RNAs. 191 

Localization of unloaded NRDE-3 has been examined in the seam cells of L3 stage animals, 192 

where, like HRDE-1, it loses nuclear localization and becomes restricted to the cytoplasm (Guang 193 

et al. 2008). Therefore, we next sought to examine the localization of NRDE-3 when it is unbound 194 

to small RNA in embryos and germline. First, we aimed to deplete the preferred small RNA binding 195 

partners of NRDE-3. NRDE-3 has previously been shown to bind secondary 22G-RNAs 196 

downstream of ERGO-class 26G-RNAs, dependent on ERI-1, which is required for 26G-RNA 197 

biogenesis (Guang et al. 2008; Han et al. 2009; Seroussi et al. 2023), and RDE-3/MUT-2, which 198 

is a component of the Mutator complex and necessary for 22G-RNA production (Chen et al. 2005; 199 

Phillips et al. 2012, 2014). Therefore, we introduced an eri-1 mutant and a rde-3/mut-2 mutant 200 

into the endogenously GFP-tagged NRDE-3 background. We observed that NRDE-3 associates 201 

with somatic granules with a similar spatiotemporal pattern to SIMR-1 and ENRI-2, peaking 202 

around the 100-cell stage, although the total number of granules per embryo is lower for NRDE-203 

3 granules in the eri-1 and rde-3/mut-2 mutant backgrounds compared to SIMR granules (Fig. 204 
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2A,B). Next, to fully abolish the small RNA binding capacity of NRDE-3 and to confirm that the 205 

observed granule localization was due to the loss of small RNA loading, we introduced mutations 206 

to abolish small RNA binding into the GFP-tagged NRDE-3; specifically, residues 687H and 691K 207 

in the Mid domain were mutated to alanine, hereafter referred to as NRDE-3(HK-AA) (Ma et al. 208 

2005; Guang et al. 2008; Chen and Phillips 2024). NRDE-3(HK-AA) localizes exclusively to the 209 

cytoplasm across embryonic development and in the adult germline, accumulating in somatic 210 

granules at 100-cell stage similar to SIMR-1 and ENRI-2 (Fig. 2A). Quantification of the number 211 

of NRDE-3 granules per embryo in the NRDE-3(HK-AA) strain shows that the dynamics of NRDE-212 

3 granule appearance and disappearance are similar to that of SIMR-1, where the number of 213 

granules increases from early embryos up until about 100-cell stage and then decreases as the 214 

embryos progress to later stages of development (Fig. 2C). Overall the total number of NRDE-215 

3(HK-AA) granules quantified per embryo are similar to or modestly higher than SIMR-1 granules 216 

(Fig. 1C, Fig. 2B,C). It is also worth noting that despite the similarity in timing of NRDE-3 granule 217 

appearance and disappearance in the eri-1 and rde-3 mutants compared to the nrde-3(HK-AA) 218 

mutant, we observed a striking difference in the NRDE-3 localization in early embryos. 219 

Specifically, in eri-1 and rde-3 mutants, NRDE-3 localizes to the nucleus in early embryos while 220 

NRDE-3(HK-AA) localizes exclusively to the cytoplasm (Fig. 2A). Similarly, in the Z2 and Z3 221 

primordial germ cells of late embryos, NRDE-3 is still found in the nucleus in eri-1 and rde-3 222 

mutants. In contrast, NRDE-3 localizes exclusively to the cytoplasm in the somatic cells of late 223 

embryos of all three mutants. Regardless, these data indicate that NRDE-3 forms granules in the 224 

cytoplasm of somatic cells when not associated with a small RNA binding partner. 225 

To determine whether unloaded NRDE-3 localizes to SIMR-1 granules, we examined the 226 

localization of SIMR-1 and NRDE-3 together in the nrde-3(HK-AA) mutant and eri-1 mutant 227 

backgrounds. We found that SIMR-1 colocalizes perfectly with unloaded NRDE-3 in embryonic 228 

granules (Fig. 2D, Supplementary Fig. 2B). Further, the SIMR-1 granules in the nrde-3(HK-AA) 229 

mutant background exhibit dynamics similar to the wild-type background (Supplementary Fig. 230 

2C), indicating that nrde-3(HK-AA) does not affect the localization of SIMR-1. Interestingly, 231 

NRDE-3(HK-AA) does not form granules in germ cells and is instead present exclusively in the 232 

cytoplasm, thus it does not colocalize with the SIMR compartment of germ granules 233 

(Supplementary Fig. 2D). These results demonstrate that unloaded NRDE-3 associates with 234 

SIMR-1 and ENRI-2 in cytoplasmic granules in the somatic cells of C. elegans embryos, indicating 235 

a potential role for SIMR-1 in the NRDE-3 nuclear RNAi pathway.  236 

 237 

SIMR-1 and ENRI-2 recruits unloaded NRDE-3 to cytoplasmic granules 238 
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As previously described, unloaded NRDE-3 localizes to cytoplasmic granules in embryos 239 

and colocalizes with SIMR-1. Next, we aimed to determine whether SIMR-1 and ENRI-2 are 240 

required for the NRDE-3 granule localization. To this end, we introduced a simr-1 mutant and an 241 

enri-2 mutant into the GFP-tagged NRDE-3(HK-AA) strain and assessed NRDE-3(HK-AA) 242 

localization. Strikingly, we found that NRDE-3(HK-AA) granules disappear completely and NRDE-243 

3(HK-AA) is instead found exclusively in the cytoplasm in all cells across all embryonic stages 244 

(Fig. 3A). Similarly, in a simr-1; eri-1 double mutant, NRDE-3 granules are absent though NRDE-245 

3 remains in the nucleus in early embryos (Fig. 3A), similar to NRDE-3 expression in the eri-1 246 

single mutant (Fig. 2A). These results demonstrate that both SIMR-1 and ENRI-2 are required for 247 

the recruitment of NRDE-3 to cytoplasmic granules. 248 

In addition, to assess whether ENRI-1 plays a role in the accumulation of unloaded NRDE-249 

3 in cytoplasmic granules, we introduced an enri-1 mutant into the GFP-tagged NRDE-3(HK-AA) 250 

strain and found that NRDE-3 association with cytoplasmic granules was not disrupted 251 

(Supplementary Fig. 3A). We further examined NRDE-3(HK-AA) granule association in the enri-252 

1; enri-2 double mutant and found it to be fully cytoplasmic, indistinguishable from the enri-2 single 253 

mutant (Supplementary Fig. 3A). While we had already determined that ENRI-1::mCherry did not 254 

form visible foci in embryos; to rule out the possibility of partial redundancy between ENRI-1 and 255 

ENRI-2, we introduced an enri-2 mutant into the mCherry-tagged ENRI-1 strain but still unable to 256 

detect any distinct ENRI-1 expression (Supplementary Fig. 3B). Lastly, to determine if NRDE-3 257 

recruitment to granules could alter ENRI-1 localization, we introduced the mCherry-tagged ENRI-258 

1 into the GFP-tagged NRDE-3(HK-AA) strain, and still we could not see any granule localization 259 

for ENRI-1 (Supplementary Fig. 3C). Therefore, we conclude that ENRI-1 does not function with 260 

SIMR-1, ENRI-2, and NRDE-3 at cytoplasmic granules in embryos and we excluded ENRI-1 from 261 

further investigation. 262 

To investigate the dependence of SIMR-1 and ENRI-2 on one another, we examined 263 

ENRI-2 localization in a simr-1 mutant and SIMR-1 localization in an enri-2 mutant. We found that 264 

ENRI-2 granules are lost in the simr-1 mutant, while SIMR-1 granules are still present in the enri-265 

2 mutant, indicating that SIMR-1 functions upstream of ENRI-2 for granule assembly (Fig. 3B). 266 

Therefore, we conclude that SIMR-1 and ENRI-2, but not ENRI-1, recruit unloaded NRDE-3 to 267 

cytoplasmic granules, with SIMR-1 also acting to recruit ENRI-2.  268 

 269 

SIMR-1 does not localize to P bodies or other previously identified embryonic granules 270 

A variety of RNA-associated proteins have previously been shown to form granules in C. 271 

elegans embryos. To determine whether the SIMR-1, ENRI-2, and unloaded NRDE-3 granules 272 
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that we have observed coincide with a previously identified granule, we examined the 273 

colocalization between SIMR-1 and all other embryonic granule-associated proteins that we could 274 

identify. It is well known that Processing (P) bodies, the condensates of translationally inactive 275 

mRNAs and proteins, localize to cytoplasmic foci of soma in C. elegans embryos (Parker and 276 

Sheth 2007; Gallo et al. 2008). To examine if the SIMR-1 cytoplasmic granules are P bodies, we 277 

examined the localization of SIMR-1 and CGH-1, a core P body component, using a strain 278 

expressing GFP-tagged SIMR-1 and mCherry-tagged CGH-1 (Du et al. 2023). We found that 279 

CGH-1 does not colocalize with SIMR-1 (Supplementary Fig. 4A). CGH-1 also does not colocalize 280 

with NRDE-3 cytoplasmic granules in the eri-1 mutant (Supplementary Fig. 4B). Together, these 281 

data indicate that the cytoplasmic SIMR-1 granules found in embryos are not P bodies. 282 

 Next, we examined two proteins previously shown to colocalize with SIMR foci in the germ 283 

cells of adult animals, RSD-2 and HRDE-2 (Manage et al. 2020; Chen and Phillips 2024). RSD-2 284 

is a small RNA factor required for the response to low doses of exogenously-introduced double-285 

stranded RNA (Sakaguchi et al. 2014; Han et al. 2008; Tijsterman et al. 2004; Zhang et al. 2012) 286 

and HRDE-2 is a factor critical for RNAi inheritance that promotes correct small RNA loading into 287 

the nuclear Argonaute HRDE-1 (Chen and Phillips 2024; Spracklin et al. 2017). However, we did 288 

not observe any granule localization for RSD-2 and HRDE-2 in embryos (Supplementary Fig. 289 

4C,D). In addition, SIMR-1 cytoplasmic granules were not affected by the loss of hrde-2 290 

(Supplementary Fig. 4E). These results suggest that HRDE-2 and RSD-2 do not function together 291 

with SIMR-1, ENRI-2, and NRDE-3 in embryonic granules.  292 

 RDE-12 interacts with Argonaute proteins and RNAi-targeted mRNAs, and has also been 293 

shown to localize to cytoplasmic granules in the somatic cells of C. elegans embryos (Shirayama 294 

et al. 2014; Yang et al. 2014). We next assessed the localization of mCherry-tagged SIMR-1 295 

relative to GFP-tagged RDE-12 and found that they do not colocalize (Supplementary Fig. 4F). 296 

RSD-6 is a Tudor domain-containing RNAi factor that partially colocalizes with RDE-12 in the R2 297 

bodies in adult germ cells (Yang et al. 2014; Sakaguchi et al. 2014; Zhang et al. 2012). We 298 

examined the expression of GFP-tagged RSD-6 in embryos and, while we did observe RSD-6 at 299 

granules in somatic cells, no colocalization with mCherry-tagged SIMR-1 could be detected 300 

(Supplementary Fig. 4G). The RNAi-inheritance factor and defining member of the Z compartment 301 

of the germ granule, ZNFX-1, has also been observed in cytoplasmic granules in the somatic cells 302 

of embryos (Wan et al. 2018; Ouyang et al. 2019), however these somatic ZNFX-1 granules also 303 

fail to colocalize with SIMR-1 (Supplementary Fig. 4H). Altogether, we found that SIMR-1 fails to 304 

localize to any previously characterized embryonic granules. These results further indicate that 305 
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there are numerous granule-localized proteins in the somatic cells of embryos, such as RDE-12, 306 

RSD-6, and ZNFX-1, which may play important roles in the RNA biology of early embryos. 307 

 308 

Multiple Mutator complex proteins localize to SIMR-1 granules in embryos 309 

Mutator foci localize adjacent to SIMR foci in the adult germline (Manage et al. 2020; Chen 310 

and Phillips 2024), so we next investigated the localization of Mutator components in embryos. 311 

We first examined Mutator foci component RDE-3/MUT-2, a poly(UG) polymerase required for 312 

WAGO-class 22G-RNA production (Phillips et al. 2012; Shukla et al. 2020) and found that GFP-313 

tagged RDE-3 is prominently localized to cytoplasmic granules in embryos that colocalize with 314 

SIMR-1 (Fig. 4A). This colocalization led us to the hypothesis that SIMR-1 cytoplasmic granules 315 

are sites of WAGO-class 22G-RNA biogenesis. Therefore, we speculated that more small RNA 316 

production machinery might be localized with SIMR-1 at these cytoplasmic granules. We next 317 

examined the RNA-dependent-RNA-polymerase (RdRP) RRF-1, which synthesizes WAGO-class 318 

22G-RNAs and localizes to Mutator foci in the adult germline (Sijen et al. 2001; Gent et al. 2010; 319 

Vasale et al. 2010; Phillips et al. 2012). As we predicted, RRF-1 also colocalizes with SIMR-1 in 320 

somatic granules (Fig. 4B), and it fails to localize to somatic granules in the simr-1 mutant (Fig. 321 

4C).  322 

MUT-16 is the scaffolding protein for germline Mutator foci, thus we next investigated 323 

whether MUT-16 similarly scaffolds the cytoplasmic SIMR-1 granules in early embryos (Phillips 324 

et al. 2012). We found that MUT-16 can be observed in cytoplasmic granules in the embryonic 325 

somatic cells (Supplementary Fig. 4I), similar to what has been observed in a previous study 326 

(Ouyang et al. 2019), and both SIMR-1 and RDE-3 fail to assemble into cytoplasmic granules in 327 

the mut-16 mutant (Fig. 4D, Supplementary Fig. 4J). Notably, the germ granule association of 328 

SIMR-1 is unaffected, as SIMR-1 still localizes to germ granules at comma stage embryos and in 329 

the adult germline (Fig. 4D) (Manage et al. 2020). Together, these data indicate that MUT-16 330 

functions upstream of SIMR-1 and mediates the assembly of cytoplasmic granules in embryos. It 331 

is curious to note that, in a mut-16 mutant where SIMR-1 association with cytoplasmic granules 332 

is lost in the somatic cells, SIMR-1 instead associates with mitotic spindles (Fig. 4D). To conclude, 333 

we have shown that the SIMR granules found in the somatic cells of early embryos contain the 334 

biogenesis machinery for WAGO-class 22G-RNAs, including RDE-3 and RRF-1, and depend on 335 

the scaffolding protein MUT-16 for assembly (Fig. 4I). The differential requirement for MUT-16 on 336 

the assembly of somatic SIMR-1 granules and the SIMR compartment of germ granules highlights 337 

a key difference between these two compartments, which have some parallel functions but distinct 338 

composition. 339 
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 340 

CSR-1 and EGO-1 associate with a distinct type of granule in early embryos 341 

The Argonaute protein CSR-1 has also been previously seen at cytoplasmic granules in 342 

the soma of early embryos, a time at which CSR-1 is functioning to clear maternal-inherited 343 

mRNAs (Quarato et al. 2021; Seroussi et al. 2023; Ouyang et al. 2019). Using a GFP-tagged 344 

CSR-1 strain we constructed previously (Nguyen and Phillips 2021), we confirmed that CSR-1 345 

forms prominent cytoplasmic granules in embryos visible prior to the 4-cell stage and present 346 

through 100-cell stage embryos, but disappear by the 200-cell stage, at which point only germ 347 

granule localization is visible (Fig. 4E). Quantification of the total number of CSR-1 granules per 348 

embryo across development shows that the CSR-1 granules are more abundant than the SIMR-349 

1 and NRDE-3(HK-AA) granules and differ in the timing of their appearance and disappearance 350 

relative to SIMR-1 and NRDE-3(HK-AA) granules (Fig. 1C, 2C, 4F). Specifically, CSR-1 granules 351 

appear earlier and peak at the 28-cell stage, while SIMR-1 and NRDE-3(HK-AA) granules appear 352 

between 8- and 28-cell stages and peak at the 100-cell stage (Fig. 1C, 2C, 4F). The small RNAs 353 

bound by CSR-1 are synthesized by the RdRP, EGO-1, so we next assessed the localization of 354 

EGO-1 in early embryos. We found that EGO-1 colocalizes with CSR-1 in the somatic CSR-1 355 

granules (Fig. 4G) and neither CSR-1 nor EGO-1 fully colocalizes with SIMR-1, although we 356 

occasionally observed adjacent localization between SIMR-1 and CSR-1 (Fig. 4H, supplementary 357 

Fig. 4K). Lastly, unlike RRF-1 which requires SIMR-1 to localize to embryonic foci, EGO-1 358 

localizes to cytoplasmic granules in the absence of simr-1 (Fig. 4C). Together, our results show 359 

that the RdRPs, RRF-1 and EGO-1, localize to different cytoplasmic granules in the somatic cells 360 

of C. elegans embryos, where they colocalize with Argonaute proteins, NRDE-3 and CSR-1, 361 

respectively. Thus, we postulate that WAGO-class and CSR-class 22G-RNA biogenesis and 362 

loading are compartmentalized into cytoplasmic granules, differing from one another both spatially 363 

and temporally, in the somatic cells of early embryos (Fig. 4I).  364 

 365 

NRDE-3 switches small RNA partners during embryonic development 366 

The nuclear localization of NRDE-3 in the somatic cells of larvae depends on ERGO-1 367 

and other proteins required for the biogenesis of ERGO-class 26G-RNAs (Guang et al. 2008). 368 

Sequencing of NRDE-3-bound 22G-RNAs at the L4 to young adult transition identifies a set of 369 

endogenous targets that overlaps substantially with those of ERGO-1 (Seroussi et al. 2023). 370 

Together, these data have led to the conclusion that NRDE-3 acts downstream of ERGO-1 to 371 

transcriptionally silence ERGO-target genes. Yet our data looking at the nuclear localization of 372 

NRDE-3 in embryos, demonstrate that this model may be an incomplete picture. Specifically, in 373 
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eri-1 and rde-3 mutants where 26G-RNA or WAGO-class 22G-RNA biogenesis are abolished, 374 

respectively, NRDE-3 remains localized to the nucleus in early embryos (Fig. 2A). The small RNA 375 

binding-defective NRDE-3(HK-AA) is localized exclusively to the cytoplasm at the same time 376 

point, indicating that small RNA binding is critical for nuclear import at this stage (Fig. 2A). 377 

Accordingly, we must postulate that NRDE-3 binds another class of small RNA to promote nuclear 378 

entry in very early embryos. To investigate the identity of NRDE-3-bound small RNAs across 379 

embryonic development and to explore the role of the SIMR-1 granules in promoting NRDE-3 380 

small RNA binding, we immunoprecipitated NRDE-3 and sequenced associated small RNAs (IP-381 

sRNA seq) in early embryos (<=100-cell) and late embryos (>=300-cell) in wild-type, eri-1 mutant, 382 

simr-1 mutant, and enri-2 mutant animals (Fig. 5A).  383 

Prior to analyzing our data, we sought to better define the expected NRDE-3-bound small 384 

RNAs. We initially planned to use two previously defined ERGO-target gene lists: the first list 385 

(ERGO - Manage) is defined by small RNAs significantly depleted at least two-fold in ergo-1 386 

mutant compared to wild-type at the gravid adult stage, with at least 10 reads per million (RPM) 387 

in wild-type samples and a DESeq2 adjusted p-value of <0.05 (Manage et al. 2020); the second 388 

list (ERGO - Fischer) is defined by genes reduced by 67% in eri-7 adults or an average of 67% in 389 

ergo-1, eri-1, eri-6, and eri-7 embryos, with at least 10 RPM in wild-type (Fischer et al. 2011). 390 

However, small RNAs targeting many of these previously defined ERGO targets were not 391 

enriched by NRDE-3 in a published NRDE-3 IP-sRNA seq data on young adult animals that have 392 

begun oogenesis but do not yet have embryos (Seroussi et al. 2023) (Supplementary Fig. 5A,B). 393 

To define a more stringent NRDE-3-target gene list at the young adult stage, we chose genes 394 

with at least four-fold enrichment (log2FC ≥2) and 100 RPM (RPM ≥100) from the NRDE-3 IP-395 

sRNA seq in young adults (Seroussi et al. 2023). This new list contains 119 genes and largely 396 

overlaps with the two previously defined ERGO-target gene lists (Supplementary Fig. 5C,D). To 397 

further confirm that this newly defined gene list represents NRDE-3 targets, we analyzed 398 

published small RNA and mRNA sequencing data from wild-type and nrde-3 mutant mixed-stage 399 

embryos (before the bean stage) (Padeken et al. 2021). Compared to the Manage and Fischer 400 

ERGO-target gene lists, the NRDE-3-target gene list shows more significant small RNA depletion 401 

and a greater increase in mRNA expression in the nrde-3 mutant compared to wild-type 402 

(Supplementary Fig. 5A-C,E,F). Therefore, we use the new NRDE-3-target gene list to represent 403 

the ERGO-1 pathway-dependent, NRDE-3-target genes (referred to here as ERGO targets) in 404 

the rest of this study (Supplementary Table 4).  405 

We next examined the small RNAs bound to NRDE-3 in wild-type early embryos and late 406 

embryos, comparing our data to the published NRDE-3 IP-sRNA seq data on young adult animals 407 
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(Seroussi et al. 2023). Strikingly, we found that in early embryos, the majority of small RNAs 408 

bound by NRDE-3 are CSR-class 22G-RNAs, which become progressively less enriched as the 409 

animals develop into late embryos and then young adults (Fig. 5B-D). In contrast, enrichment for 410 

small RNAs targeting ERGO-target genes increases as C. elegans develops, and they become 411 

the majority of NRDE-3-bound small RNAs by young adulthood (Fig. 5B-D). NRDE-3 also binds 412 

to CSR-target genes in the early embryos of the eri-1 mutant, when it is observed to localize to 413 

the nucleus, indicating that the production of these NRDE-3-bound CSR-class 22G-RNAs is 414 

independent of eri-1 and that CSR-class 22G-RNAs are likely sufficient to promote nuclear entry 415 

of NRDE-3 in the early embryo (Fig. 2A, 5E). To conclude, NRDE-3 binds to CSR-class 22G-RNA 416 

in early embryos but switches to bind preferentially to ERGO-dependent 22G-RNA in late 417 

embryos and young adults, suggesting that NRDE-3 may have two separable functions at distinct 418 

developmental time points. It is also curious to note that the change in small RNA preference of 419 

NRDE-3 coincides with the appearance and disappearance of the cytoplasmic SIMR granules, 420 

suggesting a role for SIMR-1 and ENRI-2 in promoting the loading of NRDE-3 with ERGO-421 

dependent 22G-RNAs. 422 

 423 

SIMR-1 and ENRI-2 are not absolutely required to promote NRDE-3 small RNA specificity 424 

Since ERGO-dependent 22G-RNA loading was mainly observed in late embryos, we 425 

focused on NRDE-3-bound small RNAs in the eri-1 mutant, simr-1 mutant, and enri-2 mutant late 426 

embryos to determine the role of SIMR-1 granules in promoting NRDE-3 small RNA binding 427 

specificity. We first examined the levels of ERGO-dependent small RNAs in the total small RNA 428 

samples and observed depletion of small RNAs mapping to ERGO-target genes in the eri-1 429 

mutant (Fig. 5E,F). This result is consistent with previous research indicating that ERI-1 is required 430 

for ERGO-class 26G RNA production and downstream ERGO-dependent 22G-RNA production 431 

(Vasale et al. 2010; Han et al. 2009; Guang et al. 2008). ERGO-dependent small RNAs are not 432 

substantially depleted in simr-1 or enri-2 mutants, indicating that RRF-1 can still synthesize a 433 

similar amount of ERGO-dependent 22G-RNAs when the cytoplasmic SIMR granules are absent 434 

(Fig. 5F,G). Following NRDE-3 immunoprecipitation, we similarly observed a reduction in NRDE-435 

3 binding to ERGO-dependent small RNAs in the eri-1 mutant while no significant reduction in 436 

NRDE-3 binding to ERGO-dependent small RNAs was observed in either simr-1 or enri-2 mutants 437 

(Fig. 5G,H). These results indicate that SIMR-1 and ENRI-2 are not absolutely required for the 438 

production of the ERGO-dependent small RNAs during embryogenesis and the loading of these 439 

small RNAs into NRDE-3. Nonetheless, since unloaded NRDE-3 and the small RNA biogenesis 440 

machinery RRF-1 are dispersed to the cytoplasm in the simr-1 mutant (Fig. 3A, 4C), NRDE-3 may 441 
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still be able to load the ERGO-dependent 22G-RNAs synthesized by RRF-1 but perhaps with 442 

lower efficiency. 443 

 444 

NRDE-3 binds to CSR-class 22G-RNAs in germ cells and early embryos 445 

Our foregoing results show that NRDE-3 localizes to the nucleus in early embryos 446 

independent of ERGO-dependent 22G-RNAs and binds to CSR-class 22G-RNA at this 447 

developmental stage (Fig. 2A, Fig. 5B-E). Interestingly, in late embryos from eri-1 mutant and rde-448 

3 mutant, we have observed nuclear localization of NRDE-3 only in the primordial germ cells (Fig. 449 

2A), raising an intriguing hypothesis that NRDE-3 might bind to CSR-class 22G-RNAs in germ 450 

cells throughout development and inherit NRDE-3-bound CSR-class 22G-RNAs to early embryos.  451 

To test this hypothesis, we first asked whether the nuclear localization of NRDE-3 in the 452 

adult germline depends on ERI-1 and RDE-3. We found that NRDE-3 localizes to the nuclei of 453 

pachytene germ cells and oocytes in wild-type, eri-1 mutants, and rde-3 mutants, but is restricted 454 

to the cytoplasm in nrde-3(HK-AA) small RNA binding mutants, consistent with our observations 455 

of NRDE-3 localization in early embryos (Fig. 6A). Next, to confirm that NRDE-3 binds to CSR-456 

class 22G-RNAs in germ cells and early embryos, we utilized auxin-inducible degron (AID) system 457 

to deplete the RdRP EGO-1 by growing the worms on 4mM auxin plates starting at the L1 stage 458 

(Zhang et al. 2015) (supplementary Fig. 6A). Surprisingly, NRDE-3 still localizes to nuclei in both 459 

germ cells and early embryos upon EGO-1 depletion (supplementary Fig. 6B), indicating that 460 

NRDE-3 either does not exclusively bind CSR-class 22G-RNAs in the germline, or NRDE-3 has 461 

the capacity to bind other small RNAs when the CSR-class 22G-RNAs are absent. We did 462 

observe some NRDE-3 localization to cytoplasmic granules in a subset of 8-cell stage embryos 463 

following EGO-1 depletion (supplementary Fig. 6B), suggesting that a proportion of NRDE-3 might 464 

be unloaded. To further probe which small RNAs NRDE-3 binds to in the germline, we introduced 465 

a rde-3 mutation into the GFP::NRDE-3; degron::EGO-1 strain to deplete WAGO-class 22G-466 

RNAs. We observed that NRDE-3 no longer localizes to the nucleus in both germline and early 467 

embryos in the absence of both WAGO-class 22G-RNAs and CSR-class 22G-RNAs (Fig. 6B). 468 

These results, in combination with our sequencing data, indicate that NRDE-3 likely binds CSR-469 

class 22G-RNAs in the germline and early embryos but has the capacity to additionally bind 470 

WAGO-class 22G-RNAs when CSR-class 22G-RNAs are depleted. Furthermore, because 471 

somatic transcription is thought to initiate around the 4-cell stage (Seydoux and Fire 1994), the 472 

correlation of NRDE-3 localization between oocytes and early embryos suggests that NRDE-3, 473 

loaded with CSR-class 22G-RNAs, is likely inherited by the early embryo from the parental 474 

germline. 475 
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We next sought to assess the degree to which NRDE-3-bound 22G-RNAs are similar to  476 

CSR-1-bound 22G-RNAs in early embryos. First, we examined the overlap of NRDE-3-targeted 477 

genes in early embryos with CSR-1-targeted genes in embryos or young adult animals. We found 478 

that the genes targeted by NRDE-3 substantially overlap with CSR-target genes at both stages 479 

(Fig. 6C) (Quarato et al. 2021; Nguyen and Phillips 2021). Furthermore, the CSR-target genes 480 

yielding the highest abundance of CSR-1-bound small RNAs in embryos also have the highest 481 

abundance of NRDE-3-bound small RNAs (Supplementary Fig. 6C). These CSR-target genes 482 

with highly abundant CSR-bound small RNAs are highly enriched by NRDE-3 only in embryos 483 

and not in young adults (Supplementary Fig. 6C). Next, CSR-class 22G-RNAs tend to be enriched 484 

at the 3’ ends of mRNAs while WAGO-class 22G-RNAs are more evenly distributed across the 485 

gene bodies in adult animals (Ishidate et al. 2018; Singh et al. 2021). Comparing NRDE-3-bound 486 

small RNAs from early embryos to a published dataset of CSR-1-bound small RNA from mixed-487 

stage embryos, we found that both NRDE-3 and CSR-1 are heavily enriched for small RNAs 488 

derived from the 3’ ends of CSR-target genes in embryos (Fig. 6D). Interestingly, in adult animals, 489 

CSR-1-bound 22G-RNAs are still enriched for small RNA derived from the 3’ end of CSR-target 490 

genes, however there is additionally a much higher enrichment of small RNAs derived from the 491 

gene bodies compared to in embryos (Fig. 6D). It has previously been proposed that two types of 492 

CSR-class 22G-RNAs exist, those that depend on CSR-1 catalytic activity for their production and 493 

are derived primarily from target gene bodies, and those that are produced independently of CSR-494 

1 catalytic activity and are derived primarily from target 3’UTRs (Singh et al. 2021). Our data 495 

points to both NRDE-3 and CSR-1 binding only the latter, CSR-1 catalytic activity-independent, 496 

type of CSR-class 22G-RNA in early embryos. In contrast, NRDE-3 does not show enrichment 497 

for small RNAs derived from the 3’ ends of ERGO target genes in embryos, and rather the small 498 

RNAs are distributed more evenly across the gene bodies (Supplementary Fig. 6D). CSR-1 499 

utilizes its catalytic activity to slice and clear maternally-inherited mRNAs from early embryos, 500 

preferentially binding to transcripts degraded early in embryogenesis (Quarato et al. 2021). We 501 

further demonstrate that NRDE-3 similarly binds preferentially to early-degraded transcripts, 502 

suggesting it may be functioning in parallel to CSR-1 (Fig. 6E). Lastly, the expression of mRNAs 503 

targeted by CSR-1 decreases across embryonic development as CSR-1 actively slices and clears 504 

these maternal transcripts (Quarato et al. 2021). We similarly find that the mRNAs targeted by 505 

NRDE-3 in young embryos, which correspond primarily to CSR-target mRNAs, decrease in 506 

expression across development, while its targets in young adults, corresponding primarily to 507 

ERGO-target mRNAs, increase in expression across development (supplementary Fig. 6E). 508 
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Together, these data reveal that NRDE-3 binds to the same group of small RNAs as CSR-1 in 509 

early embryos, and may work hand-in-hand with CSR-1 to repress transcripts of maternal origin. 510 

To further investigate whether NRDE-3 and CSR-1 function synergistically, we examined 511 

the fertility of the csr-1::degron strain and the csr-1::degron; gfp::nrde-3(HK-AA) strain upon auxin 512 

treatment to deplete CSR-1. As expected, both strains had 100% viable progeny with ethanol 513 

control treatment (supplementary Fig. 6F). When growing on 4mM auxin plates, the number of 514 

embryos laid by the csr-1::degron; gfp::nrde-3(HK-AA) double mutant was significantly lower 515 

compared to the csr-1::degron single mutant and more of the double mutant produced no embryos 516 

(11.9%) compared to the csr-1::degron single mutant strain (7.5%), indicating a more severe 517 

sterility defect in the csr-1::degron; nrde-3(HK-AA) double mutant compared to the csr-1::degron 518 

alone (Fig. 6F, supplementary Fig. 6F). Additionally, 5.9% of the auxin-treated csr-1::degron 519 

animals produced some F1 progeny that hatched, compared to no F1 hatching for any of the 520 

auxin-treated csr-1::degron; gfp::nrde-3(HK-AA) double mutant animals (supplementary Fig. 6F). 521 

All together, these results indicate that loss of NRDE-3 enhances the fertility defects of CSR-1 522 

and suggest that NRDE-3 and CSR-1 function synergistically for early embryonic development.  523 

 NRDE-3 is a nuclear Argonaute protein that recruits histone methyltransferases to target 524 

genes to deposit histone modifications such as H3K9me3 and H3K27me3 at these loci (Guang 525 

et al. 2008; Burton et al. 2011; Mao et al. 2015). To examine whether NRDE-3 promotes 526 

deposition of H3K9me3 at CSR-target genes during embryogenesis, we analyzed the published 527 

anti-H3K9me3 ChIP-seq data of wild-type and nrde-3 mutant mixed-staged embryos (Padeken et 528 

al. 2021). In wild-type embryos, the targets of NRDE-3 in young adults, which correspond to 529 

ERGO-target genes, have high H3K9me3 levels, and are significantly decreased in the nrde-3 530 

mutant (Fig. 6G). These data are consistent with previous research demonstrating that NRDE-3 531 

deposits H3K9me3 at ERGO target genes (Burton et al. 2011). However, NRDE-3 targets in early 532 

embryos do not show H3K9me3 enrichment in wild-type and do not have a significant change in 533 

the nrde-3 mutant (Fig. 6G). The same trend is also observed in the early degraded and late 534 

degraded targets (Fig. 6G). These results indicate that the CSR targets are not H3K9 535 

trimethylated in the early embryos. However, we cannot rule out the possibility that NRDE-3 may 536 

function to deposit other histone modification targets such as H3K27me3 or inhibit RNA pol II on 537 

CSR targets to transcriptionally silence these genes in early embryos.   538 

 539 

Discussion 540 

Germ granules are phase-separated condensates that localize to the perinuclear region 541 

of germ cells. In C. elegans, the known constituents of the germ granule have expanded over the 542 
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last decades, such that germ granules now comprise multiple domains including P granules, 543 

Mutator foci, Z granules, and SIMR foci. Here we discovered that several components of SIMR 544 

foci and Mutator foci also localize to cytoplasmic granules during specific stages of 545 

embryogenesis. We propose that these granules serve as sites for the synthesis and loading of 546 

22G-RNAs into the nuclear Argonaute NRDE-3. Furthermore, we showed that NRDE-3 switches 547 

its small RNA targets during embryogenesis, coincident with the formation of SIMR granules. 548 

Together, our study reveals a new world of embryonic RNAi factor condensates and uncovers 549 

two temporally distinct roles for NRDE-3, underscoring the need for careful examination of 550 

localization and targets of RNAi pathways across development (Fig. 7A). 551 

 552 

A role for SIMR-1 as a platform for nuclear Argonaute protein loading 553 

Previously we demonstrated that SIMR-1 and HRDE-2 are required to recruit unloaded 554 

HRDE-1, the germline nuclear Argonaute protein, to germ granules and to ensure correct 22G-555 

RNA loading (Chen and Phillips 2024). Here we reveal that SIMR-1 and another HRDE-2 paralog, 556 

ENRI-2, are similarly essential to recruit unloaded NRDE-3, the somatic nuclear Argonaute 557 

protein, to embryonic SIMR granules. We speculate that SIMR-1 and ENRI-2 are similarly 558 

important for NRDE-3 22G-RNA loading; however, we did not observe a significant change in the 559 

small RNAs loaded by NRDE-3 in simr-1 or enri-2 mutant embryos. While initially surprising based 560 

on the results of similar experiments with HRDE-1 in the germline, we envision several possible 561 

explanations. First, it is possible that SIMR-1 and ENRI-2 act to bring unloaded NRDE-3 in close 562 

proximity to the ERGO-dependent 22G-RNA biogenesis machinery, but that NRDE-3 loading can 563 

still occur diffusely in the cytoplasm, albeit with lower efficiency. In addition, both the RdRP RRF-564 

1 and unloaded NRDE-3 diffusely localize to cytoplasm in the simr-1 mutant (Fig. 3A, 4C), 565 

suggesting that NRDE-3 may load the ERGO-class small RNAs synthesized in the cytoplasm in 566 

the absence of SIMR-1. Differences in NRDE-3 loading efficiency would likely not be detected by 567 

our NRDE-3 IP-small RNA sequencing experiment. Second, SIMR-1 and ENRI-2 could act to 568 

sequester unloaded NRDE-3 away from other small RNAs (i.e. CSR-class 22G-RNAs) to prevent 569 

misloading. Misloading should be detectable in our NRDE-3 IP-small RNA sequencing 570 

experiment; however, it is unclear the extent to which newly synthesized, and unloaded CSR-571 

class 22G-RNAs are even present in the cytoplasm, as the primary source for CSR-class 22G-572 

RNAs may be the maternal germline. Thus, unlike in the adult germline where HRDE-1 incorrectly 573 

loads CSR-class 22G-RNAs in the absence of HRDE-2, there may not be an equivalent source 574 

of incorrect small RNAs that NRDE-3 can bind to (i.e. correct length, 5’ nucleotide and 575 

modifications) in the embryo. To further probe these possibilities, we need to more carefully 576 
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assess the dynamics of NRDE-3 loading across embryonic development and possibly disrupt the 577 

formation of embryonic CSR granules to determine whether compartmentalization of the CSR-578 

class 22G-RNA pathway is also contributing to correct loading of NRDE-3 in the absence of SIMR-579 

1 and ENRI-2.  580 

We do not know the precise functions of SIMR-1 and ENRI-2, however we have previously 581 

proposed that SIMR-1 mediates protein-protein interactions through its extended Tudor domain 582 

(Manage et al. 2020). ENRI-2 and its paralog HRDE-2 have structural similarities to a HELICc 583 

domain, and SIMR-1, ENRI-2, and HRDE-2 have large unstructured domains (Supplementary 584 

Fig. 7A) (Lewis et al. 2020; Chen and Phillips 2024).  With the advent of protein complex prediction 585 

algorithms (Abramson et al. 2024), we sought to examine the potential physical interactions 586 

between ENRI-2 and NRDE-3, as well as their paralogs HRDE-2 and HRDE-1. In both models, 587 

the structured HELICc domain of HRDE-2 and ENRI-2 dock on the Mid domain of their respective 588 

Argonaute partners. Interestingly, the unstructured C-terminal domains of ENRI-2 and HRDE-2 589 

extend into the small RNA binding pocket of their respective nuclear Argonaute binding partners 590 

(Supplementary Fig. 7B). At this point, we do not know whether these structures are reflective of 591 

the actual geometry of the proteins in vivo, but it is tempting to speculate that the C-terminal 592 

disordered regions of the ENRI-2/HRDE-2 proteins could regulate 22G-RNA loading through 593 

interaction with the small RNA binding pocket of NRDE-3 and HRDE-1. Further study will be 594 

necessary to determine whether these interactions between disordered regions and the small 595 

RNA binding pocket are necessary for correct small RNA loading and whether that mechanism 596 

extends to other WAGO proteins. 597 

 598 

Compartmentalization of RNAi pathways 599 

Most of the studies on the organization of C. elegans RNAi factors in granules focus on 600 

the germline. Here we find that multiple proteins associated with 22G-RNA biogenesis and 601 

function, including SIMR-1, RDE-3, RRF-1, ENRI-2, and unloaded NRDE-3, are localized distinct 602 

condensates in C. elegans embryos. We speculate that these SIMR granules, which appear and 603 

then disappear during the course of embryonic development, play a functional role in the NRDE-604 

3 nuclear RNAi pathway. This idea leads to an intriguing question: what role does organization of 605 

the RNAi pathways into condensates play in the soma vs. in the germline? 606 

In germ cells, RNAi factors are visibly segregated into distinct compartments within the 607 

germ granule which assemble hierarchically (Uebel et al. 2023).  Germ granules are also 608 

intimately linked to nuclear pores, leading to a model where highly concentrated mRNAs, newly 609 

exported from and adjacent to the nuclear pore, nucleate assembly of regulatory factors into 610 
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visible granules. In fact, nuclear pores are clustered beneath germ granules in germ cells, and 611 

evidence suggests that most, if not all, nascent mRNAs are exported through pores associated 612 

with germ granules (Pitt et al. 2000; Sheth et al. 2010). In contrast, nuclear pores are distributed 613 

more evenly across the nuclear periphery in embryos and, in this work, we find that while some 614 

embryonic SIMR granules appear adjacent to the nuclear periphery, many are distributed in the 615 

cytoplasm (see Fig. 2A, for example). Thus, unlike in germ granules, there is no obvious trajectory 616 

from the nucleus that RNAs would follow to end up in embryonic SIMR granules. Further, in the 617 

germline, we have speculated that the adjacent and hierarchical assembly of germ granule 618 

compartments could be determined by the order of molecular events required for RNA silencing 619 

(Uebel et al. 2023). While we on occasion see docking between embryonic SIMR granules and 620 

CSR granules (Fig. 4H), we do not see any more complex arrangement of granule compartments 621 

in embryos similar to what we have observed in the germline. What that means regarding the 622 

functionality of embryonic SIMR granules is unclear. Another possibility worth considering is that 623 

SIMR granules are not actually required for ERGO-dependent 22G-RNA biogenesis and NRDE-624 

3 loading in embryos but rather that they reflect a concentration of the small RNA biogenesis 625 

machinery beyond the solubility limit of the cytoplasm, resulting in the demixing of some RNP 626 

complexes into visible SIMR granules (Putnam et al. 2023). By this “incidental condensate” model, 627 

ERGO-dependent 22G-RNA biogenesis and NRDE-3 loading occur just as efficiently, or perhaps 628 

more so, diffusely in the cytoplasm. 629 

Both embryonic and germ granules exhibit dynamic expression patterns, suggesting that 630 

expression and function of small RNA factors are critical at discrete developmental time points. 631 

In the germline, multiple Argonaute proteins are expressed exclusively during oogenesis (ERGO-632 

1) or spermatogenesis (ALG-3, ALG-4, CSR-1b, WAGO-10) (Billi et al. 2012; Han et al. 2009; 633 

Conine et al. 2010; Reinke et al. 2004; Nguyen and Phillips 2021; Charlesworth et al. 2021) and 634 

MUT-16 expression fluctuates across germ cell development, peaking in the mitotic region (Uebel 635 

et al. 2020). Similarly, embryonic SIMR granules appear in early embryos and disappear by late 636 

embryogenesis. Regardless as to whether SIMR granules are incidental condensates or 637 

functional sites for NRDE-3 loading, these data indicate that the levels or activities of these 638 

proteins are developmentally regulated. 639 

It is additionally curious that embryonic and germ granules share many protein 640 

components yet possess distinct differences in content and assembly requirements. For instance, 641 

several RNAi proteins, such as RRF-1 and RDE-3, are shared between Mutator foci and 642 

embryonic SIMR granules, while the paralogous ENRI-2/NRDE-3 and HRDE-2/HRDE-1 pairs are 643 

found in embryonic SIMR granules and germline SIMR foci, respectively. It is unclear why the 644 
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Mutator and SIMR components are visible as separate compartments in germ granules but are 645 

together in embryonic SIMR foci. This difference is highlighted by the requirement for MUT-16 in 646 

the assembly of embryonic SIMR granules but not germline SIMR foci (Fig. 4D) (Manage et al. 647 

2020). Further investigation into the assembly and protein components of embryonic and germ 648 

granules will be crucial for elucidating the functional differences between embryonic and germ 649 

granules and dissecting the mechanisms of 22G-RNA loading into NRDE-3.  650 

 651 

The small RNA plasticity of NRDE-3 652 

Argonautes are conventionally known to bind small RNAs with high specificity. In this 653 

study, we unveil the remarkable versatility of the nuclear Argonaute NRDE-3, demonstrating its 654 

ability to bind multiple classes of small RNAs and exhibit distinct functions throughout 655 

development. Argonaute proteins with the capacity to bind multiple types or classes of small RNAs 656 

have been observed in other organisms. For example, both siRNAs and miRNAs can be loaded 657 

into the four human Argonautes (Ago1-4) and both siRNAs and miRNAs can guide Ago2-658 

dependent target cleavage (Meister et al. 2004; Liu et al. 2004). Our discovery is somewhat 659 

different, however, in that NRDE-3 binds its two preferred classes of small RNAs, CSR-class 22G-660 

RNAs and ERGO-dependent 22G-RNAs, at distinct developmental stages, indicating that there 661 

must be a switch from one class of small RNA to the other during embryogenesis. Interestingly, 662 

a more recent study in the parasitic nematode Acaris revealed that the Acaris paralog of NRDE-663 

3, AsNRDE-3, exhibits a dramatic change in associated small RNAs during spermatogenesis, 664 

targeting repetitive sequences and transposons in early stages of spermatogenesis and mRNAs 665 

in late meiosis (Zagoskin et al. 2022). Curiously, the mRNAs targeted by AsNRDE-3 in late 666 

meiosis largely overlap with the targets of AsCSR-1, the Ascaris paralog of CSR-1, and it is 667 

proposed that AsNRDE-3 could act in concert with AsCSR-1 at the late stages of meiosis to clear 668 

spermatogenic and meiotic mRNAs from the developing spermatids (Zagoskin et al. 2022). These 669 

data further suggest that the ability of NRDE-3 to target both repetitive sequences and germline-670 

expressed genes at distinct developmental timepoints may be a conserved feature of this protein. 671 

It is currently unknown how this small RNA switching is achieved. It is possible that there is an 672 

active mechanism to unload the CSR-class 22G-RNAs and replace them with ERGO-dependent 673 

22G-RNAs, or to degrade NRDE-3 loaded with CSR-class 22G-RNAs. However, we prefer the 674 

simpler model where NRDE-3 loaded with CSR-class 22G-RNAs, initially deposited into embryo 675 

from the maternal germline, are diluted out as the animal develops. Newly synthesized NRDE-3 676 

in the embryo is loaded with ERGO-dependent 22G-RNAs to execute the small RNA “switch.” 677 

The idea that Argonaute proteins can be utilized at distinct timepoints with different small RNA 678 
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partners to create multi-functionality is intriguing, especially in the vein of rapidly clearing 679 

transcripts from a cell to engineer a new developmental program. Achieving higher resolution 680 

small RNA-Argonaute interactions with tissue- and developmental-specific staging will be crucial 681 

to fully elucidate the roles of Argonaute proteins during development in C. elegans and other 682 

organisms. 683 

In summary, this work investigating the role of SIMR granules in embryos, together with 684 

our previous study of SIMR foci in the germline (Chen and Phillips 2024), has identified a new 685 

mechanism for small RNA loading of nuclear Argonaute proteins in C. elegans. The two 686 

paralogous proteins, HRDE-2 and ENRI-2, recruit unloaded nuclear Argonautes HRDE-1 and 687 

NRDE-3 to small RNA production centers organized by SIMR-1, where loading can occur. These 688 

small RNA loading sites are essential in the germline to promote small RNA binding specificity, 689 

however they may also contribute to efficiency and specificity of small RNA loading in embryos. 690 

We further discovered an intriguing repository of cytoplasmic granules during embryogenesis that 691 

do not exhibit the same organization or hierarchical assembly as germ granules, highlighting the 692 

importance of further investigation into the relationship between RNA silencing pathways and 693 

RNA granules during embryogenesis. Lastly, we observed a striking phenomenon where the 694 

NRDE-3 nuclear Argonaute protein possesses the ability to switch small RNA binding partners, 695 

presumably altering mRNA targets and function, during development. Together, these findings 696 

reveal that the precise regulation of small RNA pathway components through diverse 697 

mechanisms, such as spatial-temporal separation and hierarchical physical interactions, is crucial 698 

for accurate gene regulation and developmental transitions in C. elegans. 699 

 700 

Materials and methods  701 

C. elegans stains 702 

 C. elegans strains were maintained at 20°C on NGM plates seeded with OP50 E. coli 703 

according to standard conditions unless otherwise stated (Brenner 1974). All strains used in this 704 

project are listed in Supplementary Table 1. 705 

 706 

CRISPR-mediated strain construction 707 

For nrde-3(cmp324[HK-AA]), enri-1(cmp328), enri-2(cmp318), and rde-3/mut-2(cmp337), 708 

we used an oligo repair template and RNA guide. For enri-1(cmp320[enri-1::mCherry::2xHA]), we 709 

used an RNA guide and PCR amplified repair template (Supplementary Table 2). For injections 710 

using a single gene-specific crRNA, the injection mix included 0.25 μg/μl Cas9 protein (IDT), 711 

100 ng/μl tracrRNA (IDT), 14 ng/μl dpy-10 crRNA, 42 ng/μl gene-specific crRNA, and 110 ng/μl of 712 
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the oligo repair template. For injections using two gene-specific crRNAs, the injection mix included 713 

0.25 μg/μl Cas9 protein (IDT), 100 ng/μl tracrRNA (IDT), 14 ng/μl dpy-10 crRNA, 21 ng/μl each 714 

gene-specific crRNA, and 110 ng/μl of each repair template.  715 

The following strains were used for injection: enri-2(cmp318) and enri-1(cmp320[enri-716 

1::mCherry::2xHA]) into wild-type N2 strain. nrde-3(cmp324[HK-AA]) and enri-1(cmp328) into 717 

JMC237: nrde-3(tor131[GFP::3xFLAG::nrde-3]) X. rde-3/mut-2(cmp337) into USC1615: ego-718 

1(cmp317[ego-1::degron]) I; ieSi38 [Psun-1::TIR1::mRuby::sun-1 3’ UTR] IV; nrde-719 

3(tor131[GFP::3xFLAG::nrde-3]) X. Following injection, F1 animals with the Rol phenotype were 720 

isolated and genotyped by PCR to identify heterozygous animals with the mutations of interest, 721 

then F2 animals were further singled out to identify homozygous mutant animals. 722 

 723 

Live imaging 724 

 Live imaging of C. elegans embryos was performed in M9 buffer. Young embryos were 725 

obtained by dissecting gravid adult C. elegans, and old embryos were obtained by manually 726 

picking embryos laid on the NGM plate. Live imaging of C. elegans adult germline was performed 727 

in M9 buffer containing sodium azide to prevent movement. Day-one-adult C. elegans were 728 

obtained by manually picking L4s and leaving L4s at 20°C for about 24 hours. Imaging was 729 

performed on a DeltaVision Elite microscope (GE Healthcare) using a 60x N.A. 1.42 oil-immersion 730 

objective. Images were pseudocolored using Adobe Photoshop.  731 

 732 

Granule number quantification 733 

Granule number quantification was performed in FIJI/ImageJ2 (version 2.9.0). At least 10 734 

embryos were imaged on a DeltaVision Elite microscope with 37 optical sections of a total 735 

22.20µm sample thickness from the bottom of the sample. Images were deconvolved to eliminate 736 

backgrounds. Z stacks were opened using the 3D object counter plugin for FIJI, and the granule 737 

counting threshold for each image was manually adjusted to obtain the least background and 738 

most granules.  739 

 740 

Western blot 741 

Synchronized adult C. elegans were harvested (∼72 h at 20 °C after L1 arrest) and 200 742 

adults were loaded per lane. Proteins were resolved on 4–12% Bis-Tris polyacrylamide gels 743 

(Thermo Fisher, NW04122BOX), transferred to nitrocellulose membranes (Thermo Fisher, 744 

LC2001), and probed with rat anti-HA-peroxidase 1:1000 (Roche 12013819001) or mouse anti-745 
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actin 1:10,000 (Abcam ab3280). Secondary HRP antibodies were purchased from Thermo Fisher. 746 

Unedited western blots are provided in the Source Data File. 747 

 748 

Small RNA library preparation and sequencing 749 

For C. elegans embryo staging and collection, synchronized arrested L1s were grown on 750 

enriched peptone plates at 17°C until the young adult stage. Adult C. elegans stage was 751 

monitored carefully under DeltaVision microscope by live imaging. For early embryo collection 752 

(<=100-cell), adult animals were washed off from plates with H2O and bleached as soon as the 753 

first animals had 1-4 eggs (around 68-70 hours depending on the strain and the incubator 754 

temperature). For late embryo collection (>=300-cell), adult animals were washed off from plates 755 

with H2O and bleached when about half of the worms had 1~6 eggs (~70-72 hours depending on 756 

the strain and the incubator temperature). After bleaching, embryos were washed twice with M9 757 

buffer, and filtered through 40µm cell strainers (Fisherbrand™ Sterile Cell Strainers, 40µm) twice 758 

to clear the residual worm body. To reach >=300-cell stage for late embryo collection, embryos 759 

were additionally incubated in M9 buffer at 20°C for 4.5 hours. Then embryos were washed once 760 

with IP buffer (50 mM Tris-Cl pH 7.5, 100 mM KCl, 2.5 mM MgCl2, 0.1% Nonidet P40 substitute) 761 

containing Protease Inhibitor (Thermo Fisher A32965). Embryos were kept on ice during washes 762 

to prevent further development. 500,000 embryos were collected for each replicate. Following 763 

washes, embryos were flash-frozen by placing tubes in a container with ethanol and dry ice. A 764 

small aliquot of embryos was examined on the Deltavision microscope to confirm the 765 

developmental stage immediately before freezing. Frozen embryos were stored at -80°C until 766 

immunoprecipitation. 767 

For immunoprecipitation followed by small RNA sequencing in embryos, ∼500,000 768 

synchronized embryos were sonicated with Fisher Sonifier 550 with a microtip (15s on, 45s off, 769 

10% power, total 2 minutes on time). After sonication, insoluble particulate was removed by 770 

centrifugation at 21,000g for 30 minutes. Immunoprecipitation was performed using anti-FLAG 771 

Affinity Matrix (Sigma Aldrich, A2220). NRDE-3-bound RNAs were isolated using TRIzol reagent 772 

(Thermo Fisher, 15596018), followed by chloroform extraction and isopropanol precipitation. 773 

Small RNAs (18 to 30-nt) were size selected on homemade 10% Urea-polyacrylamide gels from 774 

total RNA samples. Small RNAs were treated with 5’ RNA polyphosphatase (Epicenter RP8092H) 775 

and ligated to 3’ pre-adenylated adapters with Truncated T4 RNA ligase (NEB M0373L). Small 776 

RNAs were then hybridized to the reverse transcription primer, ligated to the 5’ adapter with T4 777 

RNA ligase (NEB M0204L), and reverse transcribed with Superscript III (Thermo Fisher 18080-778 

051). Small RNA libraries were amplified using Q5 High-Fidelity DNA polymerase (NEB M0491L) 779 
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and size selected on a homemade 10% polyacrylamide gel. Library concentration was determined 780 

using the Qubit 1X dsDNA HS Assay kit (Thermo Fisher Q33231) and quality was assessed using 781 

the Agilent BioAnalyzer. Libraries were sequenced on the Illumina NextSeq2000 (SE 75-bp reads) 782 

platform. Primer sequences are available in Supplementary Table2. Differentially expressed gene 783 

lists and gene lists used in this paper can be found in Supplementary Table3. Sequencing library 784 

statistics summary can be found in Supplementary Table4. 785 

 786 

Bioinformatic analysis 787 

For small RNA libraries, sequences were parsed from adapters and quality filtered using FASTX-788 

Toolkit (version 0.0.13) (Greg Hannon 2010). Filtered reads were mapped to the C. elegans 789 

genome, WS258, using Bowtie2 (version 2.5.0) (Langmead and Salzberg 2012). Mapped reads 790 

were assigned to genomic features using featureCounts which is part of the Subread package 791 

(version 2.0.1) (Liao et al. 2014). Differential expression analysis was performed using edgeR 792 

(3.40.2) (Robinson et al. 2010). To define gene lists from IP experiments, a twofold-change cutoff, 793 

an edgeR adjusted p-value of ≤0.05, and at least 10 RPM in the IP libraries were required to 794 

identify genes with significant changes in small RNA levels.  795 

 796 
Data Availability 797 

The RNA sequencing data generated in this study are available through Gene Expression 798 

Omnibus (GEO) under accession code GSE273239. Source data file is provided with this paper. 799 
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Figure Legends 1031 

Figure 1. SIMR-1 and ENRI-2 colocalize at somatic granules in embryos. 1032 

A. Summary of IP-mass spectrometry interactions detected between NRDE-3, ENRI-2, 1033 

ENRI-1, and SIMR-1 from previously published studies (Chen and Phillips, 2024, Lewis 1034 

et al., 2021). The number of replicates from which the interaction was detected relative 1035 

to the total number of replicates performed is indicated. 1036 

B. Live imaging of GFP::3xFLAG::NRDE-3 and SIMR-1::mCherry::2xHA; ENRI-1037 

2::2xTy1::GFP embryos at different stages (4-cell, 8-cell, 28-cell, 100-cell, 200-cell, and 1038 

comma). Boxes identify the location of Z2 and Z3 primordial germ cells, showing that 1039 

SIMR-1 is present in germ granules while ENRI-2 is not. At least five individual embryos 1040 

were imaged for each genotype and stage. Scale bars, 5 μm. 1041 

C. Box plot of SIMR-1::mCherry::2xHA granule number quantification at different embryonic 1042 

stages (4-cell, 8-cell, 28-cell, 100-cell, and 200-cell). At least ten individual embryos at 1043 

each stage were used for quantification. Each dot represents an individual embryo, and 1044 

all data points are shown. Bolded midline indicates median value, box indicates the first 1045 

and third quartiles, and whiskers represent the most extreme data points within 1.5 times 1046 

the interquartile range. Lines connect the mean granule number for each stage, illustrating 1047 

the change in number of SIMR-1 granules across the developmental stages of the embryo. 1048 

Two-tailed t-tests were performed to determine statistical significance and p-values were 1049 

adjusted for multiple comparisons. See Materials and Methods for a detailed description 1050 

of quantification methods. 1051 

 1052 

Figure 2. Unloaded NRDE-3 localizes to cytoplasmic granules with SIMR-1. 1053 

A. Live imaging of GFP::3xFLAG::NRDE-3 embryos in eri-1, rde-3, and nrde-3(HK-AA) 1054 

mutants at 8-cell, 100-cell, and comma stage embryos. At least five individual embryos 1055 

were imaged for each genotype and stage. Arrows point to granule localization of 1056 

NRDE-3 in the 100-cell stage. Asterisks highlights the localization of NRDE-3 to the 1057 

nucleus of the Z2 and Z3 primordial germ cells. Scale bars, 5 μm. 1058 

B. Box plot of GFP::3xFLAG::NRDE-3 granule number quantification in different mutants.  1059 

C. Box plot of GFP::3xFLAG::NRDE-3(HK-AA) granule number quantification at different 1060 

embryonic stages. Lines connect the mean granule number (red dots) for each stage, 1061 

illustrating the change in change in number of NRDE-3 granules across embryonic 1062 

development.  1063 
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D. Live imaging of SIMR-1::mCherry::2xHA; GFP::3xFLAG::NRDE-3(HK-AA) at 100-cell 1064 

stage. Arrows point to examples of colocalization between SIMR-1 and NRDE-3(HK-AA). 1065 

At least ten individual embryos were imaged. Scale bars, 5 μm. 1066 

For box plots in B and C, at least twelve individual embryos in each mutant were used for 1067 

quantification. Each dot represents an individual embryo, and all data points are shown. 1068 

Bolded midline indicates median value, box indicates the first and third quartiles, and 1069 

whiskers represent the most extreme data points within 1.5 times the interquartile range. 1070 

Two-tailed t-tests were performed to determine statistical significance and p-values were 1071 

adjusted for multiple comparisons. See Materials and Methods for a detailed description 1072 

of quantification methods. 1073 

 1074 

Figure 3. SIMR-1 recruits ENRI-2 and then NRDE-3 to cytoplasmic granules. 1075 

A. Live imaging of GFP::3xFLAG::NRDE-3(HK-AA) embryos in simr-1 and enri-2 mutants, 1076 

and GFP::3xFLAG::NRDE-3 embryos in a simr-1; eri-1 double mutant at 8-cell, 100-cell, 1077 

and comma stages. Asterisk marks the nuclear localization of NRDE-3 visible in a 1078 

primordial germ cell. At least five individual embryos were imaged for each genotype and 1079 

stage. Scale bars, 5 μm. 1080 

B. Live imaging of ENRI-2::2xTy1::GFP embryos in a simr-1 mutant and SIMR-1081 

1::GFP::3xFLAG embryos in an enri-2 mutant. At least five individual embryos were 1082 

imaged for each genotype and stage. Arrows point to examples of cytoplasmic SIMR-1 1083 

granules still visible in the enri-2 mutant. Box surrounds a primordial germ cell displaying 1084 

germ granule localization of SIMR-1. Scale bars, 5 μm. 1085 

 1086 

Figure 4. CSR and WAGO pathway proteins localize to distinct cytoplasmic granules. 1087 

A. Live imaging of SIMR-1::mCherry::2xHA; RDE-3::GFP embryo at 100-cell stage, 1088 

showing that RDE-3 colocalizes with SIMR-1. At least five individual embryos were 1089 

imaged for each genotype and stage. Arrowheads point to examples of colocalization 1090 

between SIMR-1 and RDE-3 at cytoplasmic granules. Scale bars, 5 μm. 1091 

B. Live imaging of SIMR-1::GFP::3xFLAG; HA::EGO-1::mCherry::RRF-1 at 100-cell stage 1092 

embryo, showing that RRF-1 colocalizes with SIMR-1. At least five individual embryos 1093 

were imaged for each genotype and stage. Arrowheads point to examples of 1094 

colocalization between SIMR-1 and RRF-1 at cytoplasmic granules. Scale bars, 5 μm. 1095 

C. Live imaging of mCherry::EGO-1::GFP::RRF-1 in a simr-1 mutant, showing that RRF-1 1096 

no longer associates with cytoplasmic granules, while EGO-1 remains associated with 1097 
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granules in the simr-1 mutant. At least five individual embryos were imaged. Arrowheads 1098 

point to examples of cytoplasmic EGO-1 granules in a simr-1 mutant. Scale bars, 5 μm. 1099 

D. Live imaging of SIMR-1::mCherry::2xHA embryos in a mut-16 mutant at 8-cell, 100-cell, 1100 

and comma stages. At least five individual embryos were imaged. Asterisks indicate 1101 

spindle localization of SIMR-1 in a mut-16 mutant. Box highlights germ granule 1102 

localization of SIMR-1 in a comma-stage, mut-16 mutant embryo. Scale bars, 5 μm. 1103 

E. Live imaging of GFP::3xFLAG::CSR-1 embryos at different stages (4-cell, 28-cell, 100-1104 

cell, 200-cell, and comma), shows that CSR-1 localizes to cytoplasmic granules in early 1105 

embryos and is restricted to germ granules in late embryos. At least three individual 1106 

embryos were imaged for each stage. Dotted white line marks perimeter of the embryo. 1107 

Box marks germ granule localization of CSR-1. Scale bars, 5 μM. 1108 

F. Box plot quantifying GFP::3xFLAG::CSR-1 granules at different embryonic stages. At least 1109 

ten embryos at each stage were used for quantification. Each dot represents an individual 1110 

embryo, and all data points are shown. Bolded midline indicates median value, box 1111 

indicates the first and third quartiles, and whiskers represent the most extreme data points 1112 

within 1.5 times the interquartile range. Lines connect the mean granule number (red dots) 1113 

at each stage, illustrating the change in number of CSR-1 granules across embryonic 1114 

development. Two-tailed t-tests were performed to determine statistical significance and 1115 

p-values were adjusted for multiple comparisons. See Materials and Methods for a 1116 

detailed description of quantification methods. 1117 

G. Live imaging of mCherry::EGO-1; GFP::3xFLAG::::CSR-1 embryo at 28-cell stage, 1118 

showing CSR-1 colocalization with EGO-1. At least ten individual embryos were imaged. 1119 

Arrowheads point to examples of  CSR-1 and EGO-1 colocalization at cytoplasmic 1120 

granules. Scale bars, 5 μm. 1121 

H. Live imaging of SIMR-1::mCherry::2xHA; GFP::3xFLAG::CSR-1 embryo at 28-cell stage, 1122 

showing the absence of colocalization between SIMR-1 and CSR-1 with occasional 1123 

adjacent localization. At least ten individual embryos were imaged. Arrowheads point to 1124 

examples of SIMR-1 and CSR-1 granules that do not colocalize. Insets display examples 1125 

of SIMR-1 and CSR-1 granules that are found adjacent to each other. Dotted white line 1126 

marks perimeter of embryo. Scale bars, 5 μm. 1127 

I. Model of CSR and SIMR granules in the somatic cells of C. elegans embryos. The 1128 

RdRP EGO-1, which synthesizes CSR-class 22G-RNAs, localizes to CSR granules, 1129 

where CSR-1 loading may take place. The RdRP RRF-1, along with RDE-3, ENRI-2, 1130 

and unloaded NRDE-3 localize to SIMR granules. SIMR-1 and ENRI-2 recruits unloaded 1131 
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NRDE-3 to granule where RRF-1 may synthesize ERGO-dependent 22G-RNAs for 1132 

loading into NRDE-3. After loading, NRDE-3 translocates to the nucleus and silences 1133 

genes co-transcriptionally. 1134 

 1135 

Figure 5. NRDE-3 switches small RNA targets during development. 1136 

A. Diagram of IP-sRNA seq on NRDE-3 early embryos (<=100-cell stage) and late embryos 1137 

(>=300-cell). GFP::FLAG::NRDE-3 was immunoprecipitated from embryo lysate and its 1138 

associated small RNAs were isolated for sequencing. 1139 

B. Box plots depicting log2(fold change small RNA abundance) in NRDE-3 IP compared to 1140 

input for at least two biological replicates.  1141 

C. Normalized NRDE-3-bound small RNA read distribution across a CSR-target gene (ztf-1142 

27) and an ERGO-target gene (Y37E11B.2) in early embryos, late embryos, and young 1143 

adults. One representative replicate is shown. 1144 

D. Normalized NRDE-3 IP compared to input small RNA reads in early embryos, late 1145 

embryos, and young adults. CSR-target and ERGO-target genes are indicated in blue 1146 

and red, respectively. One representative replicate is shown. Insets are pie charts 1147 

describing numbers of CSR targets, ERGO targets, and other targets that are 1148 

significantly enriched in the NRDE-3 IP. The enriched targets were defined as small 1149 

RNAs with at least 2-fold enrichment in IP compared to input, average RPM >10, and p-1150 

values ≤0.05.   1151 

E. Normalized NRDE-3 IP compared to input small RNA reads in eri-1 mutant early and 1152 

late embryos. CSR-target and ERGO-target genes are indicated in blue and red, 1153 

respectively. One representative replicate is shown. 1154 

F. Box plots depicting log2(fold change small RNA abundance) in mutants compared to 1155 

wild-type in early embryos for two or three biological replicates.  1156 

G. Normalized NRDE-3 IP compared to input small RNA reads in simr-1 mutant and enri-2 1157 

mutant late embryos. CSR-target and ERGO-target genes are indicated in blue and red, 1158 

respectively. One representative replicate is shown. 1159 

H. Box plots depicting log2(fold change of ERGO-class small RNA abundance) in NRDE-3 1160 

IP compared to input in wild-type and mutants in late embryos for two or three biological 1161 

replicates.  1162 

For box plots in B,F,H, bolded midline indicates median value, box indicates the first and 1163 

third quartiles, and whiskers represent the most extreme data points within 1.5 times the 1164 
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interquartile range, excluding outliers. Two-tailed t-tests were performed to determine 1165 

statistical significance and p-values were adjusted for multiple comparisons. 1166 

 1167 

Figure 6. NRDE-3 associates with CSR-class 22G-RNA in early embryos. 1168 

A. Live imaging of GFP::3xFLAG::NRDE-3 in one-day-adult germlines for wild-type, eri-1, 1169 

rde-3, and nrde-3(HK-AA) mutants, showing that NRDE-3 localizes to the nuclei of 1170 

oocytes in wild-type, eri-1 mutant, and rde-3 mutants, and to the cytoplasm in the nrde-1171 

3(HK-AA) mutant. At least five individual gonads were imaged for each genotype. Dotted 1172 

white line traces the proximal portion of the C. elegans gonad and outlines the individual 1173 

oocytes. Scale bars, 25 μm. 1174 

B. Live imaging of one-day-adult germlines and 8-cell embryos for degron::EGO-1; 1175 

GFP::3xFLAG::NRDE-3 in a rde-3 mutant with ethanol (top) and 4mM auxin (bottom) 1176 

treatment, showing that loss of both WAGO-class and CSR-class 22G-RNAs (rde-3 1177 

mutant and degron-mediated EGO-1 depletion) leads to cytoplasmic localization of 1178 

NRDE-3 in both oocytes and early embryos. At least five individual gonads and embryos 1179 

were imaged for each treatment condition. Dotted white line traces the proximal portion 1180 

of the C. elegans gonad and outlines the individual oocytes. Scale bars, 25 μm in adults 1181 

and 5 μm in embryos. 1182 

C. Venn diagrams indicate overlap of NRDE-3 IP enriched targets in early embryos (this 1183 

work), CSR-1 IP enriched targets in young adults (Nguyen et al., 2021), and CSR-1 IP 1184 

enriched targets in embryos (Quarato et al., 2021).  1185 

D. Density plot of small RNA enrichment on CSR targets in CSR-1 IP (dark blue), NRDE-3 1186 

IP (light blue) in embryos (top) and adults (bottom). Transcription start site (TSS) to 1187 

transcription end site (TES) were plotted using normalized small RNA reads. All 1188 

replicates are shown as individual lines.  1189 

E. Box plots depicting normalized log2(fold change of small RNA abundance in IP vs input) 1190 

in a NRDE-3 IP in early embryos and CSR IP in embryos for two or three biological 1191 

replicates. All genes list includes all genes expressed in IP or input. Early degraded 1192 

mRNAs are maternal mRNAs that show at least twofold reduction in mRNA levels in 1193 

early embryos (4 to 20 cell-stage) compared to 1-cell embryos (Quarato et al., 2021). 1194 

Late degraded mRNAs are maternal mRNAs that show stable levels of mRNAs in early 1195 

embryos and at least twofold reduction in late embryos (more than 20-cell stage) 1196 

(Quarato et al., 2021). Zygotic mRNAs are mRNAs that are not detectable in 1-cell 1197 

embryos but accumulate in early and late embryos (Quarato et al., 2021).  1198 
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F. Box plot quantifying the number of embryos laid per adult csr-1::degron or csr::degron, 1199 

gfp::nrde-3(HK-AA) animal on 4mM auxin plate. At least 65 individuals from each strain 1200 

were scored. Each dot represents an individual animal, and all data points are shown. 1201 

G. Box plot depicting log2(fold change of H3K9me3 level in IP vs input) in wild-type (grey) 1202 

and nrde-3 mutant (green) mixed-stage embryos, indicating that the H3K9me3 level of 1203 

NRDE-3 targets in early embryos are not affected in nrde-3 mutant. Anti-H3K9me3 1204 

ChIP-seq data was obtained from Padeken et al. (2021).  1205 

For box plots in E,F,G, bolded midline indicates median value, box indicates the first and 1206 

third quartiles, and whiskers represent the most extreme data points within 1.5 times the 1207 

interquartile range, excluding outliers. Two-tailed t-tests were performed to determine 1208 

statistical significance and p-values were adjusted for multiple comparisons. 1209 

 1210 

Figure 7. Model of the function of cytoplasmic granules in C. elegans development. 1211 

Model of NRDE-3, SIMR-1, and CSR-1 function during C. elegans development. In early 1212 

embryos, CSR-1 and EGO-1 localize to CSR granules and synthesize CSR 22G-RNAs 1213 

to slice and clear maternal mRNAs. NRDE-3 binds CSR 22G-RNA in the nucleus and 1214 

may transcriptionally silence germline-expressed genes. During mid-embryogenesis 1215 

(e.g. around the 100-cell stage), unloaded NRDE-3, ENRI-2, RRF-1, and RDE-3 are 1216 

recruited to SIMR granules in somatic cells by SIMR-1, where ERGO-dependent 22G-1217 

RNAs are produced and loaded to NRDE-3. In late embryos, NRDE-3 binds ERGO-1218 

dependent 22G-RNAs and silences ERGO-target genes in the nucleus. In adult C. 1219 

elegans, somatic localized NRDE-3 associates with ERGO-dependent 22G-RNAs to 1220 

transcriptionally silence ERGO-target genes, while germline localized NRDE-3 1221 

associates with CSR-class 22G-RNAs, possibly for deposition into early embryos.  1222 
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Figure 1. SIMR-1 and ENRI-2 colocalize at somatic granules in embryos.
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Figure 2. Unloaded NRDE-3 localizes to cytoplasmic granules with SIMR-1.
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Figure 3. SIMR-1 recruits ENRI-2 and then NRDE-3 to cytoplasmic granules.
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Figure 5. NRDE-3 switches small RNA targets during development.
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Figure 6. NRDE-3 associates with CSR-class 22G-RNA in early embryos.
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Figure 7. Function of cytoplasmic granules in C. elegans development.
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