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Abstract:  13 

RNA-mediated interference (RNAi) is a conserved mechanism that uses small RNAs 14 

(sRNAs) to tune gene expression. In C. elegans, exposure to dsRNA induces the production of 15 

gene-specific sRNAs that are propagated to progeny not exposed to the dsRNA trigger. We 16 

present evidence that RNAi inheritance is mediated by two parallel sRNA amplification loops. 17 

The first loop, dependent on the nuclear Argonaute HRDE-1, targets nascent transcripts, and 18 

reduces but does not eliminate productive transcription at the locus. The second loop, 19 

dependent on the conserved helicase ZNFX-1, targets mature transcripts and concentrates 20 

them in perinuclear condensates (nuage). Each amplification loop generates a distinct class of 21 

sRNAs, with the ZNFX-1 loop responsible for the bulk of sRNA production on the region 22 

targeted by the trigger. By independently targeting nascent and mature transcripts, the HRDE-1 23 

and ZNFX-1 loops ensure maximum silencing in progeny not exposed to the trigger. 24 

 25 

Introduction: 26 

RNA-mediated interference (RNAi) is a wide-spread mechanism that employs small 27 

RNAs (sRNAs) to modulate gene expression. First discovered as a response to exogenously 28 

provided dsRNA in C. elegans (Fire et al., 1998), RNAi-like mechanisms have been described in a 29 
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broad range of organisms, from yeast to mammals. At the core of the RNAi machinery are RNA-30 

induced silencing complexes (RISC) consisting of ~20-base single stranded RNAs complexed with 31 

Argonaute proteins. RISC recognizes complementary RNAs via base pairing with the sRNA guide 32 

and effects silencing by reducing RNA stability and/or translation efficiency (Bartel, 2018; Billi et 33 

al., 2014; Carthew & Sontheimer, 2009). Certain RISC complexes also recognize nascent 34 

transcripts and interfere with productive transcription by stalling RNA polymerase, RNA 35 

processing and/or recruiting chromatin modifiers to the locus (Billi et al., 2014; Castel & 36 

Martienssen, 2013; Weiser & Kim, 2019). In many organisms, sRNA pathways depend on cycles 37 

that amplify the production of sRNAs to achieve maximal silencing (Billi et al., 2014; Czech & 38 

Hannon, 2016). In Drosophila, a complex “ping pong” cycle in perinuclear condensates amplifies 39 

the processing of genomically-encoded precursor transcripts containing sRNAs that target 40 

active transposable elements (piRNAs; Czech and Hannon, 2016).  In S. pombe, the nuclear 41 

RISC-like complex (RITS) recruits an RNA-dependent RNA polymerase (RdRP) to the targeted 42 

locus (Martienssen & Moazed, 2015). The RdRP uses nascent transcripts as templates for 43 

continued synthesis of sRNAs that feed back into RITS (Martienssen & Moazed, 2015). In both 44 

cases, the sRNA amplification loops depend on transcription of the locus targeted for silencing 45 

to supply the template necessary to stimulate the processing (Drosophila) or the de novo 46 

synthesis (S. pombe) of the relevant sRNAs.  47 

As in S. pombe, sRNA amplification in C. elegans involves the activity of RdRPs that 48 

synthesize new sRNAs on transcripts recognized by RISC complexes. Two sRNA amplification 49 

mechanisms have been described. A first mechanism involves “primary” sRNAs derived from 50 

genomically encoded loci (e.g. piRNAs) or from dsRNA processed by the RNA endonuclease 51 

Dicer (Billi et al., 2014). Recognition of complementary transcripts by primary sRNAs, 52 

complexed with primary Argonautes (e.g. RDE-1), leads to their cleavage by the endonuclease 53 

RDE-8 and tailing of the 5’ fragment by the poly(UG) polymerase MUT-2/RDE-3 (Shukla et al., 54 

2020; Tsai et al., 2015). The “pUG” tail recruits RdRPs that synthesize “secondary” sRNAs near 55 

the cleavage site (Shukla et al., 2020). Secondary sRNAs in turn associate with secondary 56 

Argonautes (WAGOs) to trigger the degradation of complementary transcripts in the cytoplasm 57 

by an unknown mechanism (Yigit et al., 2006). A second cycle depends on the Argonaute HRDE-58 
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1, which shuttles between the cytoplasm and nucleus (Ashe et al., 2012; Buckley et al., 2012; 59 

Shirayama et al., 2012; Sapetschnig et al., 2015). This cycle is less well understood but is 60 

thought to function similarly to RITS in S. pombe, coordinating heterochromatin deposition and 61 

sRNA synthesis by binding to nascent transcripts (Billi et al., 2014; Martienssen & Moazed, 62 

2015; Weiser and Kim, 2019). 63 

A fascinating aspect of RNAi-induced silencing in C. elegans is the ability for the silenced 64 

state to be passed on to progeny even in the absence of the initial trigger (Fire et al., 1998; 65 

Grishok et al., 2000; Alcazar et al., 2008; Lev et al., 2017; Weiser and Kim, 2019). pUGylated 66 

transcripts have been observed in the progeny of worms exposed to dsRNA, raising the 67 

possibility that a pUGylation-dependent sRNA amplification cycle may be heritable (Shukla et 68 

al., 2020, 2021). An early study examining RNAi in somatic tissues of C. elegans suggested, 69 

however, that only primary Argonautes can initiate sRNA amplification (Pak et al., 2012); 70 

secondary Argonautes, in contrast, only target cognate mRNAs for degradation (Pak et al., 71 

2012). Subsequent studies showed that production of “tertiary” sRNAs is allowed in the 72 

germline and depends on HRDE-1 and other nuclear RNAi factors (Sapetschnig et al., 2015). 73 

Unlike secondary sRNAs which map near the site of the primary sRNA trigger, tertiary sRNAs 74 

generated through the nuclear RNAi pathway map throughout the transcript possibly because 75 

they are synthesized by a nuclear RdRP that uses nascent transcripts as templates (Sapetschnig 76 

et al., 2015). Cytoplasmic factors have also been implicated in RNAi inheritance including the 77 

Argonaute WAGO-4 and the helicase ZNFX-1 (Ishidate et al., 2018; Wan et al., 2018; Xu et al., 78 

2018). Whether these factors function in the HRDE-1 cycle or a different sRNA amplification 79 

cycle was not known.  80 

In germ cells, several components of the RNAi machinery are concentrated in 81 

condensates at the nuclear periphery. Five condensate types have been described so far, 82 

including P granules (Strome & Wood, 1982), Mutator foci (Phillips et al., 2012), R2 bodies 83 

(Yang et al., 2014), Z granules (Wan et al., 2018), and SIMR foci (Manage et al., 2020). In this 84 

study, we refer to these condensates collectively as “nuage” following the convention for 85 

perinuclear condensates in Drosophila and mammalian systems (Dodson and Kennedy, 2020). 86 

Nuage condensates often overlay nucleopores and have been proposed to serve as 87 
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compartments specialized in transcript surveillance and sRNA amplification (Voronina et al., 88 

2011; Gao and Arkov, 2013; Dodson and Kennedy, 2020; Sundby et al., 2021). What specific 89 

functions these compartments play in RNAi inheritance and sRNA amplification is not known.  90 

 In this study, we examined the fate of germline mRNAs in animals exposed (by feeding) 91 

to a gene-specific dsRNA trigger. Our findings indicate that the HRDE-1 cycle, although sufficient 92 

to partially silence the locus, is not sufficient for robust inheritance of the silenced state.  A 93 

second cycle involving the Z granule component ZNFX-1 is also required in parallel. We find that 94 

ZNFX-1 is responsible for localization of targeted mRNAs to nuage, and to maintain pUGylation 95 

and sRNA amplification in progeny. Together, our findings suggest a model where nuage 96 

condensates represent privileged compartments where non-primary sRNAs are permitted to 97 

initiate new rounds of pUGylation and sRNA amplification on mature transcripts exported from 98 

the nucleus.  99 

 100 

Results: 101 

Changes in the abundance of nascent and cytoplasmic transcripts appear within hours of 102 

exposure to the dsRNA trigger  103 

To examine the consequences of RNAi-induced gene silencing, we first used fluorescent 104 

in situ hybridization (FISH) to examine changes in the level and localization of a targeted 105 

transcript. We chose mex-6 as a model transcript because 1) mex-6 is expressed in the 106 

pachytene region of the adult germline, where nuage condensates are prominent (Fig 1), 2) 107 

mex-6 is minimally targeted by endogenous sRNAs under non-RNAi conditions (Fig S1A), and 3) 108 

mex-6 is a non-essential maternal-effect gene (redundant with mex-5), whose silencing does 109 

not affect germline development or morphology (Schubert et al., 2000). 110 

The germline of adult C. elegans hermaphrodites is a syncytial tissue organized in two 111 

tubes folded into distal and proximal arms. Germ cells are arranged in order of maturation with 112 

mitotic stem cells at the distal-most end, followed by germ cells that have initiated meiosis 113 

(pachytene), and growing oocytes in the proximal arm (Fig. 1A). Like other maternal transcripts, 114 

mex-6 RNA is transcribed in nuclei in the pachytene region and accumulates in the cytoplasm 115 

shared by pachytene nuclei (rachis of the distal arm) and growing oocytes (Chi and Reinke, 116 
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2006). As expected, by FISH, we detected mex-6 transcripts diffuse in the rachis and cytoplasm 117 

of growing oocytes and concentrated in bright nuclear puncta within pachytene nuclei (but not 118 

in oocyte nuclei; Fig 1B, 1C). At high magnification, the nuclear puncta overlapped with DAPI 119 

staining and occasionally resolved into twin or triplet dots (Fig. 1C), consistent with tight pairing 120 

of replicated homologous chromosomes in pachytene nuclei (Lui & Colaiácovo, 2013). Two-121 

color RNA FISH against mex-6 and a transcript expressed from a linked locus (puf-5) revealed 122 

closely linked puncta in pachytene nuclei (Fig S1B), confirming that the nuclear puncta 123 

correspond to nascent transcripts at the mex-6 and puf-5 loci.  124 

To silence the mex-6 gene, we designed a 600bp double-stranded RNA trigger targeting 125 

the 3’ most region of the mex-6 transcript, including the 3’ UTR. The mex-6 trigger was designed 126 

to avoid overlap with the FISH probes used to visualize the mex-6 transcript (Fig S2A).  127 

Synchronized first-day adult hermaphrodites were plated onto bacteria expressing the mex-6 128 

trigger (mex-6 RNAi) or a control vector trigger ( Control RNAi). Animals were collected for FISH 129 

after 2, 4, 6, 8, and 24 hours of feeding and nuclear and cytoplasmic mex-6 FISH signals were 130 

quantified (Methods). We first detected a reduction in FISH signal in the cytoplasm of oocytes 131 

after 4 hours of treatment, culminating in > 90% decrease by 24 hours (Fig 2A, 2B), confirming 132 

the efficacy of our RNAi feeding protocol. Starting at the 6-hour time point, we also detected an 133 

increase in the intensity distribution of nuclear puncta in the pachytene region (Fig 2A, 2C, 2D). 134 

The intensity distribution remained elevated through the 8-hour time point (Fig 2C, 2D), before 135 

diminishing slightly by the 24-hour time-point (Fig 2A, 2C).  We conclude that, in the first 24 136 

hours of exposure to the dsRNA trigger, RNAi induces a transient increase in the accumulation 137 

of nascent transcripts at the locus and a steady decrease in cytoplasmic transcripts. 138 

 139 

Targeted transcripts accumulate in nuage  140 

Beginning at the 4-hour time point, we also noticed accumulation of mex-6 transcripts in 141 

micron-sized clusters in the cytoplasm of growing oocytes (Fig 2A, 2E, 2F). Colocalization with 142 

nuage markers ZNFX-1 and PRG-1 revealed that the clusters coincide with nuage (Fig 2E, S2B). 143 

At the 6 and 8-hour time points, we also detected mex-6 accumulation in nuage in the loop and 144 

pachytene region (Fig 2A). At the 24-hour time point, mex-6 accumulation in nuage in oocytes 145 
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was strongly diminished, mirroring the strong depletion of mex-6 transcripts in the cytoplasm 146 

(Fig 2A, 2B). However, mex-6 signal could still be detected in nuage in the pachytene region 147 

where the mex-6 locus is transcribed (Fig S2C).  We conclude that mex-6 transcripts accumulate 148 

in nuage throughout the RNAi response. Note that the resolution of our in situ protocol did not 149 

allow us to distinguish whether targeted RNAs localized to all or a subset of condensate types in 150 

nuage. 151 

 152 

RNAi-induced changes in nascent and cytoplasmic transcripts require rde-1 and mut-16 153 

activity 154 

To determine whether the changes observed were dependent on the RNAi machinery, 155 

we examined rde-1 and mut-16 mutants. RDE-1 is the Argonaute that recognize primary sRNAs 156 

derived from exogenous triggers (Tabara et al., 1999; Yigit et al., 2006), and MUT-16 is required 157 

for amplification of secondary sRNAs (Zhang et al., 2011).  We found that rde-1 and mut-16 158 

mutants were completely defective in the RNAi response (Fig S2D, S2E). rde-1 and mut-16 159 

animals exposed to the mex-6 trigger resembled animals exposed to the no-RNAi control trigger 160 

at both the 8 and 24-hour time points and showed none of the changes observed in wild-type 161 

animals exposed to the dsRNA trigger (Fig S2D, S2E). We conclude that changes in the level and 162 

localization of nascent and cytoplasmic transcripts depend on initiation of the RNAi response by 163 

RDE-1 and synthesis of secondary sRNAs.  164 

 165 

RNAi-induced changes in nascent and cytoplasmic transcripts are inherited in F1 and F2 166 

generations 167 

To examine inheritance of the RNAi response, we performed FISH analysis on the 168 

progeny (F1) of hermaphrodites fed the dsRNA trigger (P0).  P0 hermaphrodites at the 24-hour 169 

time point were bleached, and F1 embryos were synchronized and plated onto non-RNAi plates 170 

starting at the L1 stage. The F1s were raised to the adult stage (in the absence of the RNAi 171 

trigger) and processed for FISH.  We observed a strong reduction in mex-6 RNA throughout the 172 

germline of F1 animals compared to F1 progeny of animals exposed to control RNAi (Fig. 3A, 173 

S3A). The average intensity of nuclear signals in the pachytene region was reduced by ~50% 174 
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compared to controls (Fig 3B). Despite this strong reduction, we still detected transcripts in 175 

perinuclear dots overlapping with nuage markers in the pachytene region (Fig 3C, S3B). In 176 

contrast, little to no nuage accumulation was evident in oocytes (Fig 3A, S3C). Similar 177 

observations were made in the F2 generation (Fig S3C). These observations suggest that, 178 

despite a reduction in nascent transcripts, some mex-6 transcripts are still exported from the 179 

nucleus and allowed to accumulate at least transiently in nuage in the pachytene region in F1 180 

and F2 animals.   181 

 182 

hrde-1 is required for nascent transcripts to respond to RNAi in P0 and F1 animals 183 

 HRDE-1/WAGO-9 is a germline-specific nuclear Argonaute required for inheritance of 184 

the RNAi-induced silenced state (Ashe et al., 2012; Buckley et al., 2012; Shirayama et al., 2012).  185 

We found that hrde-1 mutants mounted a normal RNAi response in oocytes of P0 186 

hermaphrodites: we observed loss of mex-6 RNA in the cytoplasm and accumulation in nuage in 187 

hrde-1 mutants as in wild-type (Fig 4A, S4A). We observed, however, no change in the intensity 188 

distribution of nuclear puncta in the pachytene region (Fig 4A, 4B, 4C), consistent with a failure 189 

to silence the mex-6 locus. To explore this possibility further, we examined the accumulation of 190 

mex-6 transcripts in the rachis, the shared cytoplasm immediately adjacent to pachytene nuclei. 191 

In wild-type animals, mex-6 levels in the rachis declined by >90% at the 24-hour time point (Fig 192 

4D, 4E). In contrast, in hrde-1 mutants, mex-6 levels in the rachis were reduced only by ~50% at 193 

the 24-hour time point (Fig 4D, 4E). These observations suggest that hrde-1 mutants fail to 194 

interfere with the production of mex-6 transcripts in P0 hermaphrodites. We obtained similar 195 

results in a strain mutated for another component of the nuclear RNAi machinery, nrde-2 (Fig 196 

S4B).   197 

 Failure to silence the mex-6 locus was also observed in hrde-1 F1 progeny. The 198 

distribution of nuclear puncta intensity was similar in hrde-1 F1s and no-RNAi controls (Fig 4A, 199 

4C). As in wild-type, however, hrde-1 F1 progeny accumulated mex-6 transcripts in nuage in the 200 

pachytene region (Fig S4C). mex-6 RNA levels in the pachytene rachis were higher in hrde-1 F1 201 

progeny than in wild-type F1s but averaged only 50% of that observed in the no-RNAi controls 202 

(Fig S4D).  We conclude that hrde-1 is required for silencing of the locus in P0 and F1 animals 203 
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(nuclear response) but is not essential for RNA degradation in the cytoplasm and accumulation 204 

in nuage in P0 and F1 animals (cytoplasmic response).  205 

 206 

znfx-1 is required for accumulation of targeted transcripts in nuage in P0 and F1 animals 207 

 ZNFX-1 is an SF1 helicase-domain containing zinc finger protein that, like HRDE-1, is 208 

required for inheritance of the RNAi-induced silenced state (Ishidate et al., 2018; Wan et al., 209 

2018). Unlike HRDE-1, which is primarily nuclear, ZNFX-1 localizes to specific condensates in 210 

nuage called Z granules (Wan et al., 2018). We found that, in znfx-1 P0 animals, mex-6 211 

transcripts were rapidly degraded as in wild-type (Fig S5A). mex-6 transcripts, however, failed 212 

to accumulate in nuage (Fig 5A, 5B). 213 

We detected an increase in the intensity distribution of mex-6 nuclear puncta in znfx-1 214 

mutants at the 4-hour time point, earlier than in wild-type (8 hour) (Fig S5A,SB). This premature 215 

peak in nuclear signals was followed by a subsequent decrease to levels lower than the non-216 

RNAi condition by the 24-hour time point in znfx-1 mutants (Fig S5A,B).  No changes in nuclear 217 

signal were observed in znfx-1; hrde-1 double mutant animals, indicating that the nuclear 218 

response in znfx-1 mutants was dependent on hrde-1, as in wild-type (Fig S5C,S5D). We 219 

conclude that znfx-1 is required for robust recruitment of mex-6 transcripts to nuage in P0 220 

animals but is not required for RNA degradation in the cytoplasm or for engagement of the 221 

nuclear RNAi machinery in P0 animals.  Despite a failure to silence the mex-6 locus and to 222 

enrich mex-6 transcripts in nuage, znfx-1; hrde-1 P0s still showed rapid loss of cytoplasmic mex-223 

6 RNA throughout the germline, confirming that neither ZNFX-1 nor HRDE-1 is required for RNA 224 

turn over in the cytoplasm of P0 animals (Fig S5C).   225 

In znfx-1 F1 animals, we observed a partial (~50%) reduction in cytoplasmic 226 

accumulation of mex-6 transcripts in the pachytene rachis and no accumulation in nuage in the 227 

pachytene region (Fig 5C,5D,S5E). The intensity distribution of nuclear puncta was reduced as 228 

observed in wild-type F1s (Fig S5B). This reduction was dependent on hrde-1, as nuclear puncta 229 

intensities of znfx-1; hrde-1 F1s matched that of the no-RNAi controls (Fig S5C, S5D). We 230 

conclude that znfx-1 is not required for silencing of the locus in P0 and F1 animals (nuclear 231 
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response) but is required for the accumulation of targeted transcripts in nuage in P0 and F1 232 

animals (cytoplasmic response).  233 

 234 

hrde-1 and znfx-1 are required additively for maximal silencing in F1 animals 235 

Unlike in P0 animals, cytoplasmic mex-6 RNA levels in znfx-1; hrde-1 F1s were 236 

indistinguishable from no-RNAi controls, indicating that znfx-1 and hrde-1 are both required for 237 

maximal silencing in F1 animals (Fig 5C, 5D).  To examine this further, we compared mex-6 RNA 238 

levels using RT-PCR in wild-type, znfx-1, hrde-1, and znfx-1; hrde-1 double mutants F1 animals 239 

(Fig S6A). These experiments confirmed partial silencing of mex-6 transcripts in the single 240 

mutants, and complete loss of silencing in the double mutant (Fig S6A).  We obtained similar 241 

results when targeting two other germline-expressed genes by RNAi (oma-1 and puf-5) (Fig S6B, 242 

S6B). We conclude that hrde-1 and znfx-1 contribute independently to silencing in F1s and are 243 

required additively for maximal silencing.  244 

  245 

hrde-1 and znfx-1 are responsible for distinct populations of sRNAs in F1 progeny 246 

The additive phenotype of the znfx-1; hrde-1 double mutant suggested that hrde-1 and 247 

znfx-1 function in separate mechanisms to maintain nuclear and cytoplasmic silenced states. To 248 

examine this possibility further, we sequenced sRNAs in wild-type, hrde-1, znfx-1 and znfx-1; 249 

hrde-1 F1 adult progeny of mex-6 fed P0s. As expected, wild-type F1s exhibited a 23-fold 250 

increase in sRNAs mapping to the mex-6 locus compared to no-RNAi controls, with a dominant 251 

peak corresponding to the location targeted by the dsRNA trigger fed to the P0 generation (Fig 252 

6A, 6B). A similar pattern was observed in hrde-1 mutants, although the overall increase was 253 

roughly only 83% that observed in wild-type (Fig 6A, 6B). In contrast, znfx-1 mutants only 254 

showed a modest increase in sRNAs corresponding to 6% that of wild-type  (Fig 6A, 6B). 255 

Strikingly, the distribution of sRNAs in znfx-1 mutants showed no preference for the region 256 

targeted by the trigger (Fig 6B). Instead sRNAs appeared distributed throughout the mex-6 257 

locus, with a slight bias for the 5’ end of the transcript. Consistent with the complete lack of 258 

inherited RNAi response, znfx-1; hrde-1 double mutants exhibited no significant differences in 259 

sRNAs across the mex-6 locus in mex-6 RNAi vs. control RNAi conditions (Fig 6A, 6B).  These 260 
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observations suggest that hrde-1 and znfx-1 are required for the amplification of distinct pools 261 

of sRNAs across the mex-6 locus, with znfx-1 being required for the majority of sRNA 262 

generation, especially around the sequence targeted by the original trigger. We noticed that 263 

the number of sRNA reads mapping to the mex-6 locus in znfx-1 and hrde-1 single mutants 264 

added up to only 89% of the reads observed in wild-type F1s (Fig S6G; see Methods). This 265 

observation confirms that the ZNFX-1 and HRDE-1 amplification cycles function mostly 266 

independently, with possibly some synergy between the two cycles accounting for ~10% of 267 

sRNAs observed in wild-type.  268 

To determine whether znfx-1 is also required for sRNA amplification in P0 animals, we 269 

sequenced sRNAs in wild-type and znfx-1 hermaphrodites at different time points following 270 

feeding onset. We observed  ~200-fold increase in sRNA accumulation at the mex-6 locus in 271 

wild-type and znfx-1 P0 animals compared to no-RNAi conditions (Fig S6D). The increase in 272 

sRNAs levels in znfx-1 mutants were slightly lower than in wild-type (~16% reduction), 273 

suggesting that znfx-1, although not essential, contributes modestly to sRNA amplification in 274 

P0s. In contrast, in F1 progeny, znfx-1 is required for the majority of sRNA production, especially 275 

in the region corresponding to the trigger (Fig. 6A-B).   276 

 277 

znfx-1, but not hrde-1, is required for sustained accumulation of pUGylated transcripts in F1 278 

progeny 279 

sRNAs mapping to the trigger region can be derived directly by Dicer cleavage of the 280 

dsRNA trigger (1o sRNAs) or from RdRPs that use pUGylated transcripts as templates to 281 

generate 2o sRNAs (Shukla et al., 2020, 2021). To determine whether hrde-1 or znfx-1 are 282 

required for pUGylation of the mex-6 RNA, we amplified pUGylated mex-6 transcripts from RNA 283 

extracted from wild-type, hrde-1, znfx-1, and znfx-1; hrde-1 F1 animals. As expected, wild-type 284 

F1 animals exhibited abundant pUGylated mex-6 transcripts (Fig 6C). pUGylated mex-6 285 

transcripts were also observed in hrde-1 F1 animals (Fig 6C). In contrast no pUGylated mex-6 286 

transcripts were observed in znfx-1 or znfx-1; hrde-1 F1 adult animals (Fig 6C), indicating that 287 

ZNFX-1 is required for accumulation of pUGylated mRNAs in F1 adult progeny. Similar results 288 

were observed in the F1 progeny of puf-5 and oma-1 RNAi-ed P0s (Fig S6E, S6F). 289 
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To determine whether znfx-1 is also required for pUGylation in animals exposed to the 290 

dsRNA trigger, we repeated the pUGylation assays on znfx-1 P0 worms at 8 and 24 hours after 291 

RNAi exposure. We observed robust accumulation of pUGylated mex-6 transcripts, indicating 292 

that znfx-1 is not required for the initial production of pUGylated RNAs in animals exposed to 293 

the dsRNA trigger (Fig 6D). We also detected pUGylated mRNAs in znfx-1 F1 embryos (Fig 6E). 294 

We conclude that znfx-1 is not required for pUGylation in P0 animals or for transfer of 295 

pUGylated transcripts to F1 embryos. ZNFX-1, however, is required for sustained production of 296 

pUGylated RNAs in adult F1 animals.  297 

  298 

ZNFX-1 associates with pUGylated mex-6 transcripts and is required for accumulation of 299 

pUGylated RNAs in germ granules  300 

ZNFX-1 immunoprecipitates with transcripts targeted by RNAi (Wan et al., 2018). To 301 

determine whether ZNFX-1 interacts with  pUGylated transcripts, we immunoprecipitated 302 

FLAG-tagged ZNFX-1 in animals exposed to puf-5 or mex-6 RNAi triggers for 12 hours. We 303 

performed reverse transcription reactions on the immunoprecipitates using a poly(UG) specific 304 

RT primer to amplify pUGylated RNAs (Shukla et al., 2020, 2021). We found that ZNFX-1 co-305 

immunoprecipitated with mex-6 pUGylated transcripts in animals exposed to the mex-6 trigger 306 

and with puf-5 pUGylated transcripts in animals exposed to the puf-5 trigger (Fig 7A, S7A, S7B). 307 

We conclude that ZNFX-1 is in a complex with pUGylated RNAs.   308 

Animals not exposed to exogenous RNAi triggers naturally contain pUGylated 309 

transcripts, due to targeting by endogenous sRNAs (Shukla et al., 2020).  Endogenous 310 

pUGylated transcripts can be visualized by FISH using a poly(AC) probe and have been reported 311 

to accumulate in nuage (Shukla et al., 2020). Consistent with this report, we detected 312 

endogenous pUGylated transcripts in nuage in the pachytene region and in oocytes (Fig 7B, 313 

S7C, S7D). Remarkably, in znfx-1 mutant germlines, accumulation of pUGylated transcripts in 314 

nuage was strongly reduced in both the pachytene region and in oocytes (Fig 7B, S7C, S7D). We 315 

conclude that ZNFX-1 is required for accumulation (and/or possibly synthesis) of endogenous 316 

pUGylated RNAs in nuage.  317 

 318 
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Discussion: 319 

In this study, we have used fluorescent in situ hybridization, small RNA sequencing and 320 

pUGylation assays to examine the fate of mRNAs targeted for silencing by feeding RNAi. 321 

Together with prior studies (referenced below), our findings suggest the following model for 322 

silencing by an exogenous dsRNA trigger (Fig. 7C).  Primary siRNAs derived from the double-323 

stranded RNA trigger load onto the primary Argonaute RDE-1. RDE-1 recognize complementary 324 

transcripts and marks them for cleavage, pUGylation, and synthesis of secondary sRNAs by 325 

RNA-dependent RNA polymerases (Tabara et al., 1999; Sijen et al., 2001; Yigit et al., 2006; Sijen 326 

et al., 2007; Pak et al., 2007; Tsai et al., 2015; Shukla et al., 2020). Secondary sRNAs are loaded 327 

onto secondary Argonautes (HRDE-1 and other WAGOs (Yigit et al., 2006; Gu et al., 2009; Ashe 328 

et al., 2012; Buckley et al., 2012; Shirayama et al., 2012)) that, in turn, activate three parallel 329 

silencing pathways. In the first pathway, WAGOs target transcripts in the cytoplasm for rapid 330 

degradation by an unknown mechanism. In the second pathway, HRDE-1 shuttles into the 331 

nucleus to initiate “nuclear RNAi”, a silencing program that suppresses but does not eliminate 332 

transcription of the locus.  In the third pathway, WAGOs that associate with ZNFX-1 recruit a 333 

subset of targeted transcripts to germ granules and initiate a new cycle of pUGylation and sRNA 334 

amplification. Only the HRDE-1 and ZNFX-1 cycles generate “tertiary” sRNAs that feedback into 335 

their respective cycles to generate parallel, self-reinforcing sRNA amplification loops. The HRDE-336 

1 and ZNFX-1 amplification loops are transmitted to the next generation independently of each 337 

other and both are required for maximum silencing in F1 progeny. In the following sections, we 338 

summarize evidence supporting the three silencing pathways and discuss remaining open 339 

questions. 340 

 341 

Pathway 1: RDE-1 and MUT-16 dependent amplification of secondary sRNAs induces RNA 342 

degradation in the cytoplasm 343 

Under our feeding RNAi conditions, we detected a reduction in transcript levels in the 344 

cytoplasm after 4 hours of feeding, eventually reaching 95% reduction by 24 hours.  Loss of 345 

transcripts was most rapid in growing oocytes, consistent with prior reports showing that 346 

trigger RNAs enter the germline in a manner dependent on the oocyte yolk receptor RME-2 347 
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(Marré et al., 2016; Wang & Hunter, 2017). As expected (Tabara et al., 1999; Zhang et al., 2011; 348 

Phillips et al., 2012), mRNA degradation was dependent on the primary Argonaute RDE-1 and 349 

on MUT-16, a scaffolding protein required for amplification of secondary sRNAs.   350 

mRNAs targeted by miRNAs for degradation have been reported to enrich in P bodies 351 

(Liu et al., 2005; Shih et al., 2011), RNA granules in the cytoplasm that contain components of 352 

the RNA degradation machinery (Luo et al., 2018). In our feeding experiments, we observed 353 

enrichment of targeted mRNAs in clusters that overlapped with nuage components, but this 354 

enrichment did not appear linked to degradation. Most strikingly, no nuage enrichment was 355 

observed in znfx-1 mutants despite normal RNA degradation in these animals. We conclude 356 

that, unlike miRNA-induced RNA degradation, RNAi-induced RNA degradation does not require 357 

visible enrichment of RNA in cytoplasmic granules.  The robust sRNA amplification observed in 358 

znfx-1 P0 animals also suggests that secondary sRNA amplification initiated by primary sRNAs 359 

occurs in bulk cytoplasm or at a minimum does not require accumulation of targeted transcripts 360 

in granules. We cannot exclude, however, that transit through nuage or some other RNA 361 

granules, in the absence of visible accumulation, is required for secondary sRNA amplification 362 

and/or RNA degradation. The RDE-1-initiated cycle of pUGylation and sRNA amplification is 363 

sufficient to eliminate most cytoplasmic transcripts in animals exposed to the dsRNA trigger. 364 

This cycle is not self-perpetuating, however, and on its own will eventually self-extinguish 365 

leaving no memory of the RNAi response.  366 

 367 

Pathway II: HRDE-1-dependent silencing targets nascent transcripts within hours of dsRNA 368 

exposure and reduces, but does not eliminate, transcription of the targeted locus  369 

Quantification of FISH signals at the targeted locus revealed a transient increase in 370 

nascent transcripts starting at 6 hours of feeding, followed by a subsequent decrease in signal 371 

at 24 hours in P0 animals, and even lower levels in F1 animals.  This response requires the 372 

Argonaute HRDE-1, a component of the nuclear RNAi pathway. We speculate that the initial 373 

increase in FISH signal reflects stalling of RNA polymerase II and/or stalling of pre-mRNA 374 

processing causing nascent transcripts to accumulate at the locus.  Stalling of RNA polymerase 375 

has previously been implicated in nuclear RNAi (Guang et al., 2010; Liao et al., 2020). 376 
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Additionally, several lines of evidence have suggested a close connection between RNAi and 377 

splicing, including apparent co-evolution of the RNAi and splicing machineries (Tabach et al., 378 

2013), splicing factors identified as HRDE-1 interactors (Akay et al., 2017; Tyc et al., 2017), sRNA 379 

defects associated with mutations or knock down of spliceosome components (Kim et al., 2005; 380 

Newman et al., 2018), and insensitivity to nuclear RNAi of an endogenous transcript whose 381 

introns were removed by genome editing (Wan et al., 2020). It will be interesting to determine 382 

which components of the nuclear RNAi machinery in addition to HRDE-1 are required for the 383 

transient increase in nascent transcripts at the locus and whether a slow-down in RNA 384 

polymerase elongation or splicing is primarily responsible.  385 

A recent study (Yang et al., 2021) also reported a transient increase in RNA signal in the 386 

pachytene region early in the RNAi response but interpreted this observation differently.  In 387 

their analysis, using oma-1 as a gene model, they reported that the bright RNA foci overlapped 388 

with a single enlarged perinuclear nuage condensate (P granule) outside each pachytene 389 

nucleus. Although we did observe targeted transcripts in nuage (see below), they did not 390 

concentrate in just one condensate, nor did we observe enlargement of a single P granule per 391 

nucleus under live or fixed conditions (Fig. S8A-B). In our hands, the bright foci did not 392 

correspond to P granules but rather overlapped with DAPI at the nuclear periphery and often 393 

could be resolved in two or more closely apposed dots (<150nm; Figs. S1, S8C), consistent with 394 

nascent transcripts at the locus, which at this stage of germline development is present in four 395 

tightly synapsed copies. In their analyses, Yang et al. reported that the oma-1 locus and 396 

associated nascent transcripts appear as two well-separated (~0.5um) foci in the center of 397 

pachytene nuclei that eventually move to the periphery and merge near the enlarged P granule 398 

during the RNAi response. These observations were based on a new DNA/RNA hybridization 399 

protocol and contrast with several studies using standard DNA in situ methods that have 400 

demonstrated that, throughout the pachytene region, homologous chromosomes are tightly 401 

synapsed at the nuclear periphery and excluded from a central, DNA-depleted zone occupied by 402 

the nucleolus (Phillips and Dernburg, 2006; Dernburg et al., 1998; Lui & Colaiácovo, 2013; 403 

Macqueen et al., 2002; Zalevsky et al., 1999). 404 
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 At 24 hours post-feeding, we observed a decrease in the accumulation of nascent 405 

transcripts in the pachytene region, which became even more acute in F1 animals. We 406 

speculate that the decrease reflects a reduction in transcription initiation at the locus. The 407 

nuclear RNAi machinery deposits chromatin marks at the locus predicted to decrease 408 

transcription (Burkhart et al., 2011; Burton et al., 2011; Gu et al., 2012; Mao et al., 2015; 409 

Schwartz-Orbach et al., 2020). We note, however, that despite the apparent decrease in 410 

transcriptional output, we continued to observe transcripts in perinuclear nuage even in F1 411 

animals, indicating that a baseline level of transcription and export is maintained at the silenced 412 

locus. In S. pombe, transcription is also maintained at the silent locus, but export is blocked and 413 

replaced by rapid degradation of nuclear transcripts (Martienssen & Moazed, 2015). We 414 

speculate that this difference reflects a C. elegans-specific adaptation that allows mature 415 

transcripts to be used as templates for sRNA amplification in perinuclear condensates (see 416 

Pathway III).  417 

sRNA sequencing analyses suggest that the HRDE-1 cycle generates sRNAs that map 418 

throughout the locus without preference for the trigger area.  Interestingly, HRDE-1-dependent 419 

sRNAs exhibit a slight preference for the 5’ end of the transcript. A similar pattern was 420 

described previously in the context of transgenes and endogenous transcripts targeted by 421 

endogenous sRNA pathways and also was found to be dependent on the nuclear RNAi 422 

machinery (Sapetschnig et al., 2015). One hypothesis is that the 5’ bias is due to RNA-423 

dependent RNA polymerases that use nascent transcripts as templates for sRNA synthesis as 424 

described in S. pombe. Consistent with this hypothesis, the nuclear RNAi machinery has been 425 

shown to interact with pre-mRNAs at the locus, which naturally exhibit a 5’ bias (Burkhart et al., 426 

2011; Guang et al., 2010). We suggest that HRDE-1, initially loaded with secondary sRNAs 427 

templated in the cytoplasm, initiates a nuclear cycle of sRNA amplification by recruiting an 428 

RdRP to nascent transcripts.  The HRDE-1 cycle generates “tertiary” sRNAs which in turn 429 

become complexed with HRDE-1 to perpetuate the cycle.  The RNA-dependent RNA polymerase 430 

(RdRP) EGO-1 has been reported to localize within nuclei (Claycomb et al., 2009), but a specific 431 

molecular interaction between EGO-1 and HRDE-1 has not been reported. Analyses of silencing 432 

in operons, however, has provided indirect evidence for an RdRP activity in nuclei.  Operons are 433 
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loci that generate long primary transcripts that are cleaved in the nucleus into multiple 434 

transcripts by trans-splicing (Agabian, 1990).  Several studies have documented that sRNA 435 

production initiated on a specific transcript spreads to other transcripts in the same operon, 436 

implying that nascent transcripts are used as templates for sRNA production before trans-437 

splicing (Bosher et al., 1999; S. Guang et al., 2008; Ouyang et al., 2019; Sapetschnig et al., 2015). 438 

Although we favor a model where HRDE-1 and associated machinery use nascent transcripts to 439 

direct sRNA synthesis (Fig. 7C), we cannot exclude the possibility that HRDE-1-dependent sRNA 440 

amplification actually occurs outside of the nucleus. For example, HRDE-1 could deposit marks 441 

on nascent transcripts that target them for sRNA amplification after export into the cytoplasm. 442 

Investigation into the factors that support HRDE-1-dependent sRNA production is an important 443 

future goal. 444 

 445 

Pathway III: ZNFX-1 memorializes the dsRNA trigger by initiating a self-perpetuating 446 

pUGylation/sRNA amplification cycle, likely within nuage 447 

Our genetic analyses indicate that the HRDE-1 amplification cycle is not sufficient for 448 

maximum silencing in F1 progeny. A second cycle dependent on the nuage protein ZNFX-1 is 449 

also required. Unlike the HRDE-1 cycle, the ZNFX-1 cycle generates sRNAs focused primarily on 450 

the area of the transcript targeted by the original trigger. Consistent with that observation, 451 

ZNFX-1 (but not HRDE-1) is required to maintain the production of pUGylated transcripts in 452 

adult F1s. Interestingly, ZNFX-1 is NOT required for the initial production of pUGylated 453 

transcripts in P0 animals exposed to the trigger. These observations suggest that ZNFX-1 454 

becomes essential for pUGylation when the dsRNA trigger and primary sRNAs become limiting. 455 

One possibility is that ZNFX-1 extends the half-life of pUGylated mRNAs by protecting them 456 

from being targeted for degradation by secondary Argonautes. Additionally, ZNFX-1 could also 457 

function as a bridge between secondary Argonautes and the pUGylation machinery, allowing 458 

secondary Argonautes to generate new pUGylated transcripts for synthesis of “tertiary” sRNAs. 459 

Consistent with this model, ZNFX-1 has been reported to immunoprecipitate in complexes that 460 

also contain the secondary Argonautes WAGO-1 and WAGO-4 and the RNA-dependent RNA 461 

polymerase EGO-1 (Barucci et al., 2020; Ishidate et al., 2018; Wan et al., 2018) and we show 462 
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here that ZNFX-1 complexes also contain pUGylated transcripts. We suggest that tertiary sRNAs 463 

generated in the ZNFX-1 loop feedback into additional cycles of pUGylation and sRNA 464 

amplification to ensure propagation of sRNA amplification across generations.  Because this 465 

self-perpetuating cycle is initiated by secondary sRNAs that target the trigger region, the ZNFX-466 

1 cycle “memorializes” the position of the trigger. A role for ZNFX-1 in a self-propagating sRNA 467 

amplification cycle is consistent with the role proposed for Hrr1, the S. pombe ortholog of 468 

ZNFX-1, which functions in a nuclear complex with an RNA-dependent RNA polymerase to 469 

amplify sRNAs off nascent transcripts (Motamedi et al., 2004). Unlike Hrr1 which has been 470 

shown to be nuclear (Motamedi et al., 2004), ZNFX-1 is prominent in nuage (Ishidate et al., 471 

2018; Wan et al., 2018) and is required to concentrate targeted transcripts (and pUGylated 472 

RNAs) to nuage (this work). We speculate therefore that C. elegans ZNFX-1 functions outside of 473 

the nucleus on mature transcripts exported from the nucleus into nuage.  474 

It has been suggested that, in C. elegans, initiation of sRNA amplification by non-primary 475 

sRNA/Argonaute complexes is limited in vivo to prevent dangerous run-away loops (Pak et al., 476 

2012).  We speculate that enrichment of ZNFX-1 in nuage serves to place the ZNFX-1 477 

amplification loop under tight regulation by competing sRNA pathways (such as the piRNA 478 

pathway) that protect transcripts from permanent silencing (Shukla et al., 2021). Consistent 479 

with this, loss of the nuage component PRG-1 causes indefinite silencing and pUGylation of 480 

RNAi-silenced transcripts (Shukla et al., 2021). Enrichment of pUGylated transcripts in nuage 481 

may also serve to protect them from degradation in the cytoplasm. By maintaining a transcript 482 

pool in nuage, ZNFX-1 prevents self-extinction of the RNAi response that might arise as a 483 

consequence of rapid transcript turn over in the cytoplasm. ZNFX-1 homologs in mice and 484 

humans function in the primary immune response against RNA viruses and bacteria (Wang et 485 

al., 2019; Le Voyer et al., 2021; Vavassori et al., 2021). We do not yet know how these functions 486 

relate to those described here for C. elegans ZNFX-1 and described previously for S. pombe Hrr1 487 

(Motamedi et al., 2004). We speculate that a common function for ZNFX-1 homologs across 488 

eukarya may be to memorialize transcripts for long-term silencing.  489 

 490 
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The HRDE-1 and ZNFX-1-dependent amplification loops contribute mostly additively to RNAi 491 

inheritance 492 

Our findings suggest that inheritance of the silenced state by F1 progeny not exposed to 493 

the trigger involves two pathways: 1) the HRDE-1 “nuclear” sRNA amplification pathway that 494 

generates sRNAs across the locus and does not appear to involve pUGylation, and 2) the ZNFX-1 495 

“nuage” pathway that uses cycles of pUGylation and sRNA amplification to memorialize the 496 

dsRNA trigger. In contrast to RDE-1-initiated sRNA amplification and RNA degradation in P0 497 

animals exposed to the trigger, the HRDE-1 and ZNFX-1 programs are self-sustaining cycles that 498 

maintain a pool of targeted transcripts for use as templates for sRNA amplification. Our 499 

analyses suggest that both the HRDE-1 and ZNFX-1 programs are required for full silencing in F1 500 

animals. Because our analyses were restricted to feeding RNAi against three loci with similar 501 

expression patterns in the germline (mex-6, puf-5 and oma-1), it is possible that reliance on the 502 

HRDE-1 or ZNFX-1 programs will vary between different loci and in response to different 503 

silencing triggers, such as endogenous sRNAs. Consistent with this hypothesis, different genetic 504 

requirements for RNAi inheritance have been documented for oma-1 and a germline expressed 505 

gfp::H2B transgene (Kalinava et al., 2017; Lev et al., 2019).  506 

Although our genetic analyses suggest that the HRDE-1 and ZNFX-1 pathways function 507 

primarily independently of each other, two lines of evidence hint at possible cross-talk.  First, 508 

we found that the sum of mex-6 sRNAs induced by RNAi in hrde-1 and znfx-1 F1s adds up to 509 

only 89% of what is observed in wild-type. While this observation will need to be repeated in 510 

different contexts to ensure reproducibility, it raises the possibility that sRNAs produced by one 511 

amplification cycle extend sRNA production in the other cycle. Second, we observed an 512 

accelerated nuclear RNAi response in znfx-1 P0 animals compared to wild-type, suggestive of 513 

competition between the ZNFX-1 and HRDE-1 pathways. One possibility is that in the absence 514 

of ZNFX-1, more secondary sRNAs and/or RdRPs are available to fuel the nuclear pathway in the 515 

early stages of the RNAi response. Alternatively, ZNFX-1 may antagonize HRDE-1-initiated 516 

transcriptional silencing to ensure sufficient production of mature mRNAs for use in the ZNFX-1 517 

cycle.  More complex interplays involving Argonautes that participate in multiple sRNA 518 

amplification mechanisms are also possible. How the RDE-1, HRDE-1, and ZNFX-1-driven sRNA 519 

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

The copyright holder for this preprintthis version posted August 13, 2021. ; https://doi.org/10.1101/2021.08.13.456232doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.13.456232
http://creativecommons.org/licenses/by-nc-nd/4.0/


  19 

amplification mechanisms (Fig. 7C) are coordinated in cells and across generations will be an 520 

important focus for future investigations.  521 
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 539 

Methods: 540 

Strains and maintenance: 541 

All strains were cultured/maintained at 20° C on either OP50 bacteria plated on NNGM 542 

media or NA22 bacteria plated on Enriched Peptone (EP) media. The following strains were used 543 

in this study: N2 (JH1), znfx-1(gg561) II (YY996; Wan et al., 2018), hrde-1(tm1200) III (YY538; 544 

Buckely et al., 2012), znfx-1(gg561) II; hrde-1(tm1200) III (JH4054; this study), prg-545 

1(ne4523[gfp::tev::flag::prg-1]) I (WM527; Shen et al., 2018), znfx-1(gg544[3xflag::gfp::znfx-1]) 546 

(YY916; Wan et al., 2018), prg-1(ne4523) I; znfx-1(gg561) II (JH4055; this study), prg-1(ne4523) I; 547 

hrde-1(tm1200) III (JH4056; this study), prg-1(ne4523) I; znfx-1(gg561) II; hrde-1(tm1200) III 548 
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(JH4057; this study), prg-1(ne4523) I; rde-1(ne219) V (JH4058; this study), prg-1(ne4523) mut-549 

16(pk710) I (JH4059; this study), ego-1(ne4518[gfp::ego-1]) I; znfx-1(ne4355[3Xflag::tev::znfx-550 

1])II  (WM514; Ishidate et al., 2018), ego-1(ne4518[gfp::ego-1]) I (WM522; Ishidate et al., 2018), 551 

glh-1(ax3843[glh-1::eGFP]) I (JH4022; Paix et al., 2016). 552 

 553 

RNA extraction and purification: 554 

RNA extraction was performed on up to 100 uL of worms flash frozen in liquid nitrogen 555 

and stored at -80° C. First, frozen samples were resuspended in 1 mL of Trizol (ThermoFisher; 556 

Cat #: 15596026) and subjected to three freeze-thaw cycles. Samples were then shaken at 1500 557 

RPM for five minutes at RT in a benchtop shaker (Benchmark Scientific; Model #: H5000-HC). 558 

Samples were then incubated for 5 minutes at RT with no shaking. 200 uL of chloroform was 559 

then added to each tube, and the samples were then shaken by hand for 15 seconds, followed 560 

by a 2-3 minute incubation at RT. Tubes were then spun at 4° C at 12,000xg for 15 minutes. The 561 

upper aqueous phase was then removed and an equal volume of 95-100% ethanol was added 562 

and mixed. These samples were then input into the Zymo RNA Clean & Concentrator Kit 563 

columns (Zymo; Cat #: R1017) and purified according to the kit manual. On-column DNase I 564 

digestions with MgCl2 buffer (ThermoFisher; Cat # EN0521) were used for each RNA prep to 565 

remove contaminating DNA. Samples were eluted in water.  566 

 567 

Plasmid construction: 568 

RNAi plasmids were constructed using the In-Fusion® HD Cloning Kit (Takara Bio; Cat #: 569 

639650) and the L4440 vector. Primers for cloning the 3’ portion of mex-6 (600 nt), puf-5 (500 570 

nt), and oma-1 (600 nt) were designed using the Takara Bio In-Fusion Cloning online design tool 571 

and are listed in Table S1. NEB Phusion PCRs (NEB; Cat #: M0531S) were conducted from 572 

reverse transcriptase reactions generated from the SuperScript™ VILO™ cDNA Synthesis Kit 573 

(Thermofisher; Cat #: 11754050) and RNA extracted from adult animals (see RNA extraction). 574 

The L4440 plasmid was digested using XbaI and NcoI, gel purified, and added to the In-Fusion® 575 

HD Cloning reaction along with the amplified PCR products. Reactions were then transformed 576 
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into Stellar™ competent cells (Takara Bio; Cat #: 636766), and plasmids were subsequently 577 

isolated using Qiagen mini-prep kits (Qiagen; Cat #: 27104). 578 

 579 

RNAi assays: 580 

RNAi plates were made as follows: RNAi constructs were transformed into HT115 581 

bacteria, and overnight starter cultures were then grown from the HT1115 transformants in 582 

100 ug/mL ampicillin LB liquid media culture at 37° C with vigorous shaking. The starter culture 583 

was then used to inoculate a fresh LB/ampicillin culture at a ratio of 1:100 (e.g. 10 mLs starter 584 

culture into 990 mLs LB), and grown for 6 hours with vigorous shaking at 37° C. RNAi cultures 585 

were then induced with IPTG for a final concentration of 500 uM and shaken for 30 more 586 

minutes at 37° C. Cultures were then spun down and resuspended in 1/20 of the culture 587 

volume with 100 ug/mL ampicillin/500 uM IPTG LB (e.g. 50 mLs for 1000 mLs of culture) and 588 

densely plated onto NNGM agar containing 100 ug/mL carbenicillin and 1 mM IPTG. Plates were 589 

then allowed to dry, and then subsequently used for RNAi. 590 

 RNAi assays were conducted as follows: embryos were isolated from gravid mothers 591 

through bleaching and placed in M9 overnight at 20° C and 110 RPM shaking. Synchronized L1s 592 

were then plated onto NA22 bacteria grown on EP media. Worms were then collected at the 593 

adult stage approximately 60 hours after plating and washed and collected using a filter. 594 

Worms were then plated onto either control or gene-specific RNAi plates for the specified 595 

lengths of time, and then washed and collected for fixation (see FISH assays) or RNA collection 596 

(see RNA collection). 597 

 For RNAi inheritance assays, synchronized P0 L1s were plated onto NA22 plates for 598 

approximately 60 hours and were collected as adults with a filter. Worms were then put onto 599 

either control or mex-6 RNAi plates for 24 hours. After 24 hours, adult worms were collected, 600 

and embryos were isolated through bleaching. Embryos were further synchronized by shaking 601 

overnight (110 RPM) at  20° C. The worms were then plated onto NA22 plates and collected for 602 

fixation/RNA extraction ~72 hours later. For examining the F2 generation, F1 adult worms were 603 

bleached, and embryos were isolated. F2 adults were collected ~72 hours after plating 604 

synchronized L1s onto NA22 plates. 605 
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 For experiments examining late vs early F1 embryos, adult worms fed RNAi for 24 hours 606 

were isolated. Embryos extracted from bleaching mothers were considered “early embryos.” 607 

Embryos collected from the plate were considered “late embryos.” Late embryo samples were 608 

bleached to avoid any hatched L1s also being collected.   609 

 610 

FISH protocol: 611 

 For whole worm (undissected) FISH, 1000 uL of freshly prepared fixation buffer (1xPBS; 612 

3.7% formaldehyde) was added to up to 100 uL of live worms collected in an eppendorf tube. 613 

Samples were rotated at RT for 45 minutes, spun down at 3000xg in a table top centrifuge, and 614 

washed twice with 1000 uL 1xPBS. Following removal of the supernatant, 1000 uL of 75% 615 

ethanol was added to each sample, and stored at 4° C for at least 4 hours. Following ethanol 616 

permeabilization, samples were then washed once with 1000 uL of freshly prepared Stellaris® 617 

Buffer A Mixture (10% deionized formamide; 20% Stellaris® RNA FISH Wash Buffer A (Biosearch 618 

Technologies; Cat #: SMF-WA1-60); 70% RNase-free water). Following removal of the 619 

supernatant, 100 uL of freshly prepared Hybe Buffer Mixture was added (for two color in situs: 620 

85.5 uL of Stellaris® RNA FISH Hybridization Buffer (Biosearch Technologies; Cat #: SMF-HB1-621 

10); 9.5 uL deionized formamide; 2.5 uL of 5 uM probe #1 suspended in TE;  2.5 uL of 5 uM 622 

probe #2 suspended in TE) and samples were incubated at 37° C overnight. Following 623 

incubation, 1000 uL of freshly prepared Stellaris® Buffer A Mixture was added to the samples 624 

and incubated at 37° C for 30 minutes. Buffer was then removed and 1000 uL of Stellaris® 625 

Buffer A Mixture with 5 ng/mL DAPI was added, and samples were again incubated at 37° C for 626 

30 minutes. Buffer was then removed, and samples were subsequently incubated with 627 

Stellaris® RNA FISH Wash Buffer B (Biosearch Technologies; Cat #: SMF-WB1-20) as prepared 628 

through manufacturers protocol for 5 minutes at RT. Stellaris® RNA FISH Wash Buffer B was 629 

removed and samples were resuspended in Vectashield Antifade Mounting Medium with DAPI 630 

(VWR; Cat #: H-1200-10). Samples were then placed on a slide and sealed with a coverslip and 631 

nail polish.  632 

For FISH on dissected germlines, worms were first placed on poly-L-lysine coated slides 633 

in a solution of M9 with 10 mM levamisole to induce paralysis. Germlines were dissected with 634 
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needles, and coverslips were subsequently placed over slides. Slides were then immediately 635 

frozen on dry ice, and freeze-cracked, and placed immediately into -20° C methanol for fixation. 636 

Samples were washed three times in PBS+0.1%Tween20 and fixed in 4% PFA for one hour at 637 

room temperature. Samples were then washed on the slide with 500 uL of freshly prepared 638 

Stellaris® Buffer A Mixture, followed by a brief incubation with 100 uL of Stellaris® Buffer A 639 

Mixture placed directly on the slide. Excess buffer was removed and 100 uL of freshly prepared 640 

Hybe Buffer Mixture was added (for two color in situs: 85.5 uL of Stellaris® RNA FISH 641 

Hybridization Buffer (Biosearch Technologies; Cat #: SMF-HB1-10); 9.5 uL deionized formamide; 642 

2.5 uL of 5 uM probe #1 suspended in TE;  2.5 uL of 5 uM probe #2 suspended in TE) onto each 643 

slide and incubated at 37° C overnight. Following incubation, the Hybe Buffer Mixture was 644 

removed and slides were first washed with 500 uL of freshly prepared Stellaris® Buffer A 645 

Mixture and then incubated with 100 uL of Stellaris® Buffer A Mixture for 30 minutes at 37° C. 646 

Excess buffer was removed and slides were washed with 500 uL of freshly prepared Stellaris® 647 

Buffer A Mixture containing 5 ng/mL DAPI and then incubated with 100 uL of 5 ng/mL DAPI  648 

containing Stellaris® Buffer A Mixture for 30 minutes at 37° C. Following this incubation, buffer 649 

was removed, and samples were subsequently washed with 500 uL of Stellaris® RNA FISH Wash 650 

Buffer B (Biosearch Technologies; Cat #: SMF-WB1-20) as prepared through manufacturers and 651 

incubated with 100 uL of Stellaris® RNA FISH Wash Buffer B  protocol for 5 minutes at RT. 652 

Stellaris® RNA FISH Wash Buffer B was removed and Vectashield was added to each sample 653 

before sealing with a coverslip and nail polish. smFISH probes were designed using the Stellaris 654 

Probe Designer (v4.2) and were purchased with Quasar670 and Quasar570 dyes. Probe 655 

sequences are listed in Table S2. 656 

 657 

sRNA sequencing: 658 

 Small RNA libraries were prepared as follows: 5 ug of extracted total RNA was treated 659 

with 5′ polyphosphatase (20 U/ug of RNA) for 30 minutes at 37 C. RNA then was purified using 660 

the Zymo RNA Clean & Concentrator Kit columns (Zymo; Cat #: R1017). 1 ug of treated RNA was 661 

then input into the Illumina TruSeq Small RNA Library Preparation Kit (Illumina; Cat #: RS-200-662 

0012) with 11 cycles of PCR amplification. Libraries were then run on either a 6% Novex TBE gel 663 
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or a 5% Criterion TBE gel and size selected according to the Illumina protocol. Purified samples 664 

were then sequenced on the Illumina HiSeq2500 at the Johns Hopkins University School of 665 

Medicine Genetic Resources Core Facility. 666 

 667 

High-throughput sequencing analyses: 668 

5′ Illumina adapter sequences were removed using the default settings of Cutadapt 669 

(Martin, 2011), and reads with lengths longer than 30 nts or shorter than 18 nts were 670 

discarded. Libraries were then aligned to the UCSC ce10 reference genome using HISAT2 (Kim 671 

et al., 2015). For assessing the number of reads mapping to the mex-6 gene, the total number 672 

of reads aligning to mex-6 were counted and normalized to the number of singly aligned reads 673 

mapping to the genome (library size) per 1 million reads (RPM). 674 

In order to determine if the sRNAseq libraries from our different genotypes were 675 

comparable, we compared the number of miRNA mapping reads from each mutant genotype to 676 

wild-type (Fig. S9). No drastic change in miRNA mapping reads was detected, suggesting that 677 

that there is not a global change that could affect comparisons of siRNA levels between 678 

genotypes (Fig. S9). We therefore concluded that are libraries can be accurately compared. 679 

For sRNA read coverage analysis, mapped sRNA reads across the mex-6 gene were 680 

placed into 5-bp bins. The number of nucleotides per bin were normalized based on library size 681 

and averaged across two technical replicates. sRNAs present in the control RNAi condition 682 

(L4440 RNAi vector) were then subtracted from the RNAi condition. All scripts are available 683 

upon request. 684 

 685 

pUGylation assays: 686 

pUG cDNA was synthesized using the SuperScript™ III First-Strand Synthesis System 687 

(ThermoFisher; Cat # 18080051) according to the manufacturers instruction. Briefly, 1 ug of 688 

isolated total RNA was combined with 1 uL of the 2 uM pUG specific RT primer (Shukla et al., 689 

2020; Table S1), 1 uL of 10 mM dNTP mix, and filled up to 10 uL with RNAse-free water. 690 

Mixtures were then incubated at 65 C for 5 minutes then placed on ice for at least 1 minute. 10 691 

uL of the cDNA Synthesis Mix (2 uL of 10x RT buffer, 4 uL of 25 mM MgCl2, 2 uL of 0,1 M DTT, 1 692 
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uL of 40 U/uL RNaseOUTTM, 1 uL of 200 U/uL SuperScript III RT) was then added to each 693 

reaction and then incubated for 50 min at 50 C followed by 5 min at 85 C. Reactions were then 694 

chilled on ice, and 1 uL of RNase H was subsequently added. Reactions were then incubated at 695 

37 C for 20 min. cDNA was then stored at -20 C. 696 

1 uL of pUG cDNA was then input into a 20 uL GoTaq PCR reaction (Promega; Cat # 697 

M7123) with the first adapter specific primer (Shukla et al., 2020; OJPO398 in Table S1) and the 698 

first gene specific primer (“f1” primers in Table S1). The PCR reactions were diluted 1:100 and 1 699 

uL of the dilution was added to a second 20 uL GoTaq PCR reaction with the second adapter 700 

specific primer (Shukla et al., 2020; OJPO399 in Table S1) and the second gene specific primer 701 

(“f2” primers in Table S1). The reactions were then run on a 1% agarose gel and imaged with a 702 

Typhoon imager. 703 

 For pUGylation assays following the 3xFLAG::ZNFX-1 IP, 8 uL of the eluted 20 uL of RNA 704 

from the IP RNA extraction was used for the pUG cDNA synthesis (representative of 705 

approximately 40% of the IPed RNA). 5 ug of RNA was used for the IP input pUG cDNA synthesis 706 

(representative of approximately 0.25% of the input RNA). RT reactions were subsequently 707 

subjected to two rounds of PCR as described above. 708 

 709 

Immunoprecipitation: 710 

Adult worms were collected with a filter and washed in sonication buffer (20 mM Tris-711 

HCl pH 7.5, 200 mM NaCl, 2.5 mM MgCl2, 10% glycerol, 0.5% NP-40, 1 mM DTT) with 712 

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Millipore Sigma; Cat #: 11836170001; 713 

1 tablet/10 mLs). Worms were flash frozen in sonication buffer and stored at -80 C. For 714 

sonication, samples were thawed on ice, and SUPERase•In™ RNase Inhibitor (ThermoFisher; Cat 715 

#: AM2694) was added for a final concentration of 80 U/mL. Samples were sonicated with a 716 

Branson Digital Sonifier SFX 250 with a microtip (15s on, 45s off, 20% power, 3 min for total on 717 

time) and cleared by centrifugation at 4 C for 15 minutes at 18,400xg. Lysate concentration was 718 

found with the Pierce BCA assay (ThermoFisher; Cat # 23225). For the IP, Anti-FLAG M2 719 

magnetic beads (Millipore Sigma; Cat #: M8823-1ML) were prepared by vigorous vortexing. 20 720 

uL of bead slurry was washed three times in 200 uL of sonication buffer + 80 U/mL 721 
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SUPERase•In™ RNase Inhibitor, and 400 uL of 500 ug/uL lysate was added to the beads. An 722 

equivalent of 1% input lysate was used for analysis of the IP by western blot (see Western 723 

blotting). An additional equivalent of 50% of input lysate was saved for RNA extraction (see RNA 724 

extraction and purification). Samples were rotated at 4 C for 2 hours. Samples were cleared 725 

with a magnetic stand, and 4.2 uL of the supernatant (~1%) was saved for western analysis (see 726 

Western blotting). The supernatant was removed and beads were washed 5x with 500 uL of 727 

sonication buffer + 80 U/mL SUPERase•In™ RNase Inhibitor. After final wash, beads were eluted 728 

with 4 uL of 5000 ug/mL 3xFLAG pepetide (resuspendend in TBS; Millipore Sigma; Cat #: F4799-729 

4MG) + 96 uL of sonication buffer + 80 U/mL SUPERase•In™ RNase Inhibitor for 30 minutes at 4 730 

C (final FLAG peptide concentration of 200 ug/mL). Beads were placed on a magnetic stand, and 731 

1 uL of the elution was saved for western analysis (see Western blotting). Trizol was added to 732 

the rest of the elution/bead solution for RNA extraction (see RNA extraction and purification). 733 

 734 

Western blotting: 735 

For western blotting, DTT and Tris-Glyc SDS 2x sample buffer (ThermoFisher; Cat #: 736 

LC2676) were added to samples for a final concentration of 200 mM DTT and 1x Tris-Glyc SDS 737 

sample buffer. Samples were then flash frozen and stored at -80 C. Samples were then thawed 738 

and heated at 95 C for 10 minutes. Samples were run in Novex™ Tris-Glycine SDS Running 739 

Buffer (ThermoFisher; Cat #: LC2675) on a Novex™ WedgeWell™ 6%, Tris-Glycine, 1.0 mm, Mini 740 

Protein Gel, 12-well gel (ThermoFisher; Cat #: XP00062BOX) with a Spectra™ Multicolor High 741 

Range Protein Ladder (ThermoFisher; Cat #: 26625). Samples were transferred to an 742 

Immobilon-P PVDF Membrane (Sigma-Aldrich; Cat #: IPVH) and blocked in 743 

PBS/0.1%Tween20/5% Blotting-Grade Blocker (BioRad; Cat #: 1706404) for 30 minutes. The 744 

membrane was then incubated with anti-FLAG M2 primary antibody (1:500 dilution; Millipore 745 

Sigma; Cat #: MF1804) in PBS/0.1%Tween20/5% Blotting-Grade Blocker overnight. The 746 

membrane was washed three times for 5-10 minutes in PBS/0.1%Tween20 and incubated for 747 

30 minutes with the Goat Anti-Mouse IgG1 HRP-conjugated secondary antibody (1:2500 748 

dilution; JacksonImmuno; Cat #: 115-035-205) in PBS/0.1%Tween20/5% Blotting-Grade Blocker 749 

at RT. Following the secondary incubation, the membrane was washed thrice more in 750 
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PBS/0.1%Tween20 and visualized with HyGLO Quick Spray Chemiluminescent HRP Antibody 751 

Detection Reagent (Denville Scientific Inc; Cat #: E2400) and the KwikQuantTM Imager (Kindle 752 

Biosciences, LLC; Cat#: D1001). 753 

 754 

RT-qPCR Analysis: 755 

500 ng of isolated total RNA was used as input into a 10 uL reaction of the SuperScript™ 756 

VILO™ cDNA Synthesis Kit (ThermoFisher; Cat #: 11754050), and samples were incubated 757 

according to the manufactures instructions. 3 uL of a 1:20 dilution of the cDNA was used as 758 

input into each 10 uL qPCR reaction using the SsoAdvanced™ Universal SYBR® Green Supermix 759 

(BioRad; Cat #: 1725271). mex-6, puf-5, and oma-1 gene-specific primers were used in each 760 

reaction (final primer concentration of 250 nM for each primer). Parallel tbb-2 qPCR reactions 761 

were run for each sample for normalization. Reactions  were run on a QuantStudioTM 6 Flex 762 

Real-Time PCR System (ThermoFisher; Cat #: 4485691). Fold change calculations were done 763 

based on the ΔΔCt method. Briefly, mean tbb-2 Ct values were subtracted from the respective 764 

mex-6, puf-5, and oma-1 Ct values (ΔCt). Average ΔCt values from the control condition of each 765 

genotype were then subtracted from the control and gene-specific RNAi condition of the same 766 

genotype (ΔΔCt). Fold change with respective to the control condition was calculated using 2^(- 767 

ΔΔCt). All qPCR primers are listed in Table S1. 768 

 769 

Microscopy: 770 

Fluorescence confocal microscopy was performed using two microscopes: 1) an inverted 771 

Zeiss Axio Observer with CSU-W1 Sora spinning disk scan head (Yokogawa), 1X/2.8x relay lens 772 

(Yokogawa), fast piezo z-drive (Applied Scientific Instrumentation), a iXon Life 888 EMCCD 773 

camera (Andor), and a 405/488/561/637nm solid-state laser (Coherent) with a 774 

405/488/561/640 transmitting dichroic (Semrock) and 624-40/692-40/525- 30/445-45nm 775 

bandpass filter (Semrock) respectively. Slidebook v6.0 software (Intelligent Imaging 776 

Innovations) was used for image capture, and a 63X-1.4NA objective (Zeiss) was used; 2) an 777 

inverted ZEISS LSM 880-AiryScan (Carl Zeiss) equipped with a 63X objective. ZEN imaging 778 
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software (Carl Zeiss) was used for image capture, and images were subsequently processed by 779 

the ZEN Airyscan Processing method.  780 

 781 

Image analysis and quantification: 782 

 Images were processed in Fiji (https://imagej.net/software/fiji/downloads). For in situ 783 

quantification of cytoplasmic RNA level, images containing both the RNA of interest (mex-6) and 784 

a control RNA (puf-5) were processed. Regions of interest (ROIs) were drawn in single Z planes 785 

corresponding to the indicated germline area, and the ROI mean intensity was calculated for 786 

both the mex-6 and puf-5 channels. Background mean intensity values were measured in 787 

adjacent soma tissues for both channels and subtracted from the measured values in the 788 

germline. The background-subtracted mean mex-6 germline measurement was then 789 

normalized to the background-subtracted mean puf-5 germline measurement, and values were 790 

plotted. Five individual worms were used for each condition.  791 

 For in situ quantification of pachytene nuclear signal, maximum projections were taken 792 

from half of the C. elegans germline and individual ROIs were drawn around 10 rows of 793 

pachytene nuclei starting in the center of the mex-6 expression region. The maximum, mean, 794 

and median value for each ROI was measure for each channel. The median mex-6 value for 795 

each nuclei was subtracted from its respective mex-6 maximum value. The mex-6 maximum 796 

value was then normalized by dividing it by the mean puf-5 value measured for the respective 797 

ROI, and values were plotted. Three individual worms were used for each condition.  798 

 For in situ quantification of granule signal, ROIs for individual granules were drawn by 799 

masking in FIJI, and the mean mex-6 and puf-5 values was measured for each granule. 800 

Background mean intensity values were measured in adjacent soma tissues for both channels 801 

and subtracted from the measured values in the germline. The background-subtracted mean 802 

mex-6 germline measurement was then normalized to the background-subtracted mean puf-5 803 

germline measurement, and values were plotted. Five individual worms were used for each 804 

condition.  805 

 806 
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Figure 1. mex-6 RNA expression in the C. elegans germline.
A) Schematic diagrams (adapted from Gartner et al., 2008) of adult hermaphrodite gonads from a side 
or cross-sectional view. Circles indicate germline nuclei; lines indicate plasma membranes. Distal nuclei 
are in mitosis and progress through the different stages of meiosis and oogenesis as they move towards 
the proximal end of the germline. A common cytoplasm (rachis) runs through the entire germline, 
excluding the most distal (mature) oocyte which is completely cellularized.
B) Maximum projection photomicrograph of an adult C. elegans germline oriented as in A and with 
mex-6 RNA visualized by fluorescent in situ hybridization (magenta).
C) High resolution photomicrograph showing pachytene nuclei (blue, stained with DAPI) and mex-6 
RNA (magenta). Arrows point to nuclei where nascent transcripts at the mex-6 locus resolve into two or 
more closely apposed foci, as expected for tightly synapsed, replicated homologous chromosomes in 
the pachytene stage of meiosis.
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Figure S1. Related to Figure 1.
A) IGV genome browser views of sRNAseq reads across the minimally sRNA-targeted mex-6 locus 
(left) and the highly sRNA-targeted rde-11 locus (right). sRNAseq data are from wild-type adult 
hermaphrodites.
B) Maximum projection photomicrographs of pachytene nuclei showing DNA (blue, stained with DAPI), 
mex-6 RNA (magenta), and puf-5 RNA (green). Arrows point to examples where the mex-6 and puf-5 
RNA signals are adjacent. The mex-6 and puf-5 loci are located on Chromosome II less than 1 centi-
morgan apart.
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Figure 2
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Figure 2. Evolution of mex-6 RNA during a 24-hour RNAi treatment in wild-type hermaphrodites (P0 generation).
A) Maximum projection photomicrograph of germlines oriented as in Figure 1 with mex-6 RNA (magenta) at indicated times post 
onset of feeding RNAi.
B) Graph comparing mean cytoplasmic mex-6 RNA FISH signals (diplotene region) in control (red) and mex-6 (blue) RNAi condi- 
tions at the indicated time points of RNAi treatment. Each dot represents a single germline. Values (arbitrary units) were normalized 
to puf-5 RNA FISH signals visualized in same germline (Methods). Central black dot and error bars represent the mean and stan- 
dard deviation, respectively. P values were calculated using an unpaired t-test.
C) Maximum projection photomicrographs of pachytene nuclei showing mex-6 RNA (magenta) and DNA (blue, stained with DAPI) 
after 8 hours of RNAi treatment.
D) Graph comparing maximum nuclear mex-6 RNA FISH signals (pachytene region) in control (red) vs mex-6 (blue) RNAi condi- 
tions at the indicated time points of RNAi treatment. Each dot represents one nucleus. Nuclei in three worms were quantified for 
each time point and condition. Values (arbitrary units) were normalized to puf-5 RNA FISH signals visualized in same nuclei (Meth- 
ods). Central black dot and error bars represent the mean and standard deviation respectively. P values were calculated using an 
unpaired Wilcoxon test.
E) Photomicrographs of two oocytes with the germ granule marker GFP::PRG-1 in green, DNA in blue (DAPI) and mex-6 RNA in 
magenta after 4 hours of RNAi treatment.
F) Graph comparing average mex-6 RNA FISH signal in germ granules in control (red) vs mex-6 (blue) RNAi conditions at the 
indicated time points of RNAi treatment. Each dot corresponds to a granule. Five worms were quantified for each stage and condi- 
tion. Values (arbitrary units) were normalized to puf-5 RNA FISH signals visualized in same granules (Methods). Central black dot 
and error bars represent the mean and standard deviation, respectively. P values were calculated using an unpaired Wilcoxon test.
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Figure S2. Related to Figure 2.
A) Schematic representation of the mex-6 mRNA showing the smFISH probes (purple) and the dsRNA 
trigger (red). The dsRNA trigger targets the 3’ most 600 nts of the transcript.
B) Photomicrographs of oocytes showing the Z granule marker GFP::ZNFX-1 (green), DNA (blue, stained 
with DAPI), and mex-6 RNA (magenta) following 4 hours of mex-6 RNAi treatment.
C) Maximum projection photomicrographs of pachytene nuclei showing the germ granule marker 
GFP::PRG-1 (green) and mex-6 RNA (magenta) following 24 hours of either control (top) or mex-6 
(bottom) RNAi treatment.
D) Maximum projection photomicrographs of rde-1 mutant germlines showing mex-6 RNA (magenta) in 
either control (left) or mex-6 (right) RNAi conditions at 8 (top) and 24 (bottom) hours of RNAi treatment.
E) Maximum projection photomicrographs of mut-16 mutant germlines showing mex-6 RNA (magenta) in 
either control (left) or mex-6 (right) RNAi conditions at 8 (top) and 24 (bottom) hours of RNAi treatment.
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Figure 3. mex-6 RNA in adult progeny (F1 generation) of animals exposed to mex-6 dsRNA.
A) Maximum projection photomicrographs of germlines showing mex-6 RNA (magenta) in adult F1 progeny of 
animals exposed to control or mex-6 RNAi (Methods).
B) Graph comparing maximum nuclear mex-6 RNA FISH signals (pachytene region) in F1 progeny of animals 
exposed to control (red) or mex-6 (blue) RNAi. Each dot represents one nucleus. Nuclei in three worms were 
quantified for each time point and condition. Values (arbitrary units) were normalized to puf-5 RNA FISH signals 
visualized in same nuclei (Methods). Central black dot and error bars represent the mean and standard deviation 
respectively. P values were calculated using an unpaired Wilcoxon test.
C) Maximum projection photomicrographs of pachytene nuclei showing the germ granule marker GFP::PRG-1 
(green) and mex-6 RNA (magenta) in F1 progeny of animals exposed to mex-6 RNAi. See Fig. S3B for photomi- 
crographs of the control condition. Arrow points to mex-6 RNA signal at the locus and arrow heads point to mex-6 
RNA foci overlapping with perinuclear nuage. Note that the mex-6 RNA signal overlaps but is not perfectly coinci-
dent with PRG-1, a P granule marker, suggesting that mex-6 RNA may reside in a different nuage compartment.
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Figure S3. Related to Figure 3.
A) Graph comparing the mean mex-6 RNA FISH signal from the pachytene rachis in wild-type F1 progeny of P0s 
administered either control (red) or mex-6 (blue) RNAi. Each dot represents a single worm. Central black dot and error 
bars represent the mean and standard deviation, respectively. Values (arbitrary units) were normalized to puf-5 RNA 
FISH signals visualized in same region (Methods)
B) Maximum projection photomicrographs of pachytene nuclei showing the germ granule marker GFP::PRG-1
(green) in F1 progeny derived from animals exposed to control RNAi (mex-6 RNAi condition for experiment shown in 
Fig. 3B).
C) Maximum projection photomicrographs comparing germlines from F1 and F2 progeny derived from animals exposed 
to mex-6 or control RNAi conditions. 
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Figure 4. hrde-1 is required for RNAi-induced changes in nascent transcripts
A) Maximum projection photomicrographs of germlines showing mex-6 RNA (magenta) in P0 (24 hr RNAi expo- 
sure) and F1 hrde-1 mutants under control or mex-6 RNAi conditions.
B) Maximum projection photomicrographs of pachytene nuclei in P0 wild-type and hrde-1 mutant animals showing 
mex-6 RNA (magenta) and DNA (blue, stained with DAPI) following 8 hours of either control or mex-6 RNAi treat- 
ment.
C) Graph comparing maximum nuclear mex-6 RNA FISH signals (pachytene region) in P0 hrde-1 mutants following 
either control (red) or mex-6 (blue) RNAi at the indicated timepoints. Each dot represents one nucleus. Three 
worms were quantified for each stage and condition. Central black dot and error bars represent the mean and 
standard deviation, respectively. Values (arbitrary units) were normalized to puf-5 RNA FISH signals visualized in 
same nuclei (Methods). P values were calculated using an unpaired Wilcoxon test.
D) Single z-plane photomicrographs showing mex-6 RNA (magenta) and control puf-5 RNA (red) in the cytoplasm 
in the pachytene and oocyte regions comparing wild-type and hrde-1 mutants at 24 hours of RNAi treatment. mex-6 
RNA is depleted in both regions in wild-type but is only partially depleted in the pachytene region of hrde-1 mutants 
consistent with a failure to silence the locus.
E) Graph comparing mean mex-6 RNA levels in the cytoplasm of oocytes and pachytene region in wild-type and 
hrde-1 mutant at 24 hours of RNAi treatment. Each dot represents an individual animal. Values (arbitrary units) 
were normalized to puf-5 RNA FISH signals visualized in the same areas (Methods). Central black dot and error 
bars represent the mean and standard deviation, respectively. 
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A) Photomicrographs of P0 wild-type (top) and hrde-1 mutant (bottom) oocytes showing the 
germ granule marker GFP::PRG-1 (green), DNA (blue, stained with DAPI), and mex-6 RNA 
(magenta) following 4 hours of mex-6 RNAi treatment
B) Single z-plane photomicrographs of P0 wild-type and nrde-2 mutant germlines (showing 
both the pachytene region and oocytes) at 24 hours after control or mex-6 RNAi administra- 
tion. mex-6 RNA FISH is shown in magenta. puf-5 RNA FISH is shown in red (used as an in 
situ control).
C) Maximum projection photomicrographs of F1 wild-type or hrde-1 mutant pachytene nuclei 
showing the germ granule marker GFP::PRG-1 (green) and mex-6 RNA (magenta) following 
administration of either control or mex-6 RNAi in the P0 generation.
D) Graph comparing the mean mex-6 RNA FISH signal from the pachytene rachis in wild-type 
and hrde-1 mutant F1 progeny of P0s administered either control (red) or mex-6 (blue) RNAi. 
Each dot represents a single worm. Central black dot and error bars represent the mean and 
standard deviation, respectively. Values (arbitrary units) were normalized to puf-5 RNA FISH 
signals visualized in same nuclei (Methods). WT values are the same as shown in Fig. S3A.
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Figure 5. znfx-1 is required for enrichment of RNAi-targeted transcripts in germ granules.
A) Photomicrographs of oocytes in wild-type and znfx-1 mutant animals after 4 hours of RNAi treatment showing the 
germ granule marker GFP::PRG-1 (green), DNA stained with DAPI (blue), and mex-6 RNA (magenta).
B) Graph comparing the mean mex-6 RNA FISH signal in germ granules in wild-type and znfx-1 mutant animals after 
4 hours of RNAi treatment. Each dot represents an individual granule. Central black dot and error bars represent the 
mean and standard deviation, respectively. Five worms were quantified for each condition. Values (arbitrary units) 
were normalized to puf-5 RNA FISH signals visualized in the same granules (Methods).
C) Maximum projection photomicrographs of germlines showing mex-6 RNA (magenta) in F1 progeny of animals with 
the indicated RNAi treatment.
D) Graph comparing the mean mex-6 RNA FISH signal in germ granules in the pachytene region of znfx-1 and znfx-1; 
hrde-1 F1 progeny derived from animals with the indicated RNAi treatment. Each dot represents a single worm. 
Central black dot and error bars represent the mean and standard deviation, respectively. Values (arbitrary units) were 
normalized to puf-5 RNA FISH signals visualized in the germlines (Methods). P values were calculated using an 
unpaired t-test.
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Figure S5
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A) Maximum projection photomicrographs of znfx-1 mutant germlines showing mex-6 RNA at the indicated 
timepoints following either control or mex-6 RNAi.
B) Graph comparing the maximum mex-6 nuclear FISH signal in control (red) vs mex-6 (blue) RNAi at the 
indicated time points following RNAi in znfx-1 mutant animals. Each dot of the violin plot represents one 
nucleus. Nuclei in three worms were quantified for each time point and condition. Values (arbitrary units) 
were normalized to puf-5 RNA FISH signals visualized in same nuclei (Methods). Central black dot and error 
bars represent the mean and standard deviation, respectively. P values were calculated using an unpaired 
Wilcoxon test.
C) Maximum projection photomicrographs of znfx-1; hrde-1 mutant germlines showing mex-6 RNA at the 
indicated timepoints following either control or mex-6 RNAi.
D) Graph comparing the maximum mex-6 nuclear FISH signal in control (red) vs mex-6 (blue) RNAi at the 
indicated time points following RNAi in znfx-1; hrde-1 mutant. Each dot of the violin plot represents one 
nucleus. Nuclei in three worms were quantified for each time point and condition. Values (arbitrary units) 
were normalized to puf-5 RNA FISH signals visualized in same nuclei (Methods). Central black dot and error 
bars represent the mean and standard deviation, respectively. P values were calculated using an unpaired 
Wilcoxon test.
E) Maximum projection photomicrographs of F1 wild-type and znfx-1 mutant pachytene nuclei showing the 
germ granule marker GFP::PRG-1 (green) and mex-6 RNA (magenta) following administration of mex-6 
RNAi in the P0 generation.

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

The copyright holder for this preprintthis version posted August 13, 2021. ; https://doi.org/10.1101/2021.08.13.456232doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.13.456232
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 6
A

Small RNAseq

0

100

700

WT znfx 1 hrde 1 znfx 1; hrde 1

 s
R

N
A

se
q 

R
P

M
 m

ap
pi

ng
 to

 m
ex

-6

800

900 Control RNAi

mex 6 RNAi

600

B

C

D

F1 sRNA seq

1000 bp
850 bp

650 bp

500 bp

WT hrde-1znfx-1 znfx-1; hrde-1

mex-6 RNAi: - + - + - + - +

F1

m
ex-6 PC

R
gsa-1 PC

R

850 bp

650 bp

1000 bp

850 bp

650 bp

500 bp

WT znfx-1

mex-6 RNAi: - + - +

8 hr RNAi (P0)

m
ex-6 PC

R
gsa-1 PC

R

850 bp

650 bp

1000 bp
850 bp

650 bp

500 bp

WT znfx-1

mex-6 RNAi: - + - +

24 hr RNAi (P0)

m
ex-6 PC

R
gsa-1 PC

R

850 bp

650 bp

EE

- +

znfx-1

mex-6 RNAi: - + - +
LE L1Stage:

1000 bp

850 bp

650 bp

500 bp

850 bp

650 bp

1000 bp

850 bp

650 bp

500 bp

EE

- +

WT

mex-6 RNAi: - + - +
LE L1Stage:

850 bp

650 bp

E

m
ex-6 PC

R
gsa-1 PC

R
m

ex-6 PC
R

gsa-1 PC
R

100

200

300

0

100

200

300

0

100

200

300

0

100

200

300

0

F1 sRNA seq

 m
ap

pi
ng

 r
ea

ds
 

(m
ex

-6
 R

N
A

i-
 c

on
tr

ol
 R

N
A

i;
 R

P
M

)

dsRNA trigger

Figure 6. ZNFX-1 and HRDE-1 function in separate pathways contributing to RNAi inhertiance.
A) Bar graph depicting the number of sRNAseq reads (normalized per million) mapping to the mex-6 transcript in wild-type, 
znfx-1, hrde-1, and znfx-1; hrde-1 mutant F1 progeny derived from animals with the indicated RNAi treatment. Each dot 
represents a technical replicate and error bars represent standard deviation between the respective replicates.
B) Genome browser view of the sRNAseq reads mapping to the mex-6 locus in wild-type, hrde-1, znfx-1, and znfx-1; hrde-1 
mutant F1 progeny of animals treated with mex-6 RNAi. sRNA reads were binned across the mex-6 gene, and the number of 
reads in each bin under the control RNAi condition were subtracted from the number of reads in each respective bin under the 
mex-6 condition. Positioning of the dsRNA trigger administered in the P0 generation is indicated in red.
C) Gel showing PCR amplification of pUGylated mex-6 RNA from lysates derived from F1 progeny from animals of the indicat- 
ed genotype treated with control (“-“) or mex-6 (“+”) RNAi (top panel). The gsa-1 transcript has a genomically-encoded 18-nu- 
cleotide poly(UG) stretch and is used here as a positive control for pUG amplification (bottom panel; Shukla et al., 2020).
D) Gel showing PCR amplification of pUGylated mex-6 RNA from lysates derived from P0 animals of the indicated genotype 
and treated for 8 hours with control (“-“) or mex-6 (“+”) RNAi (top panel). gsa-1 is the pUG amplification control (bottom 
panels).
E) Gel showing PCR amplification of pUGylated mex-6 RNA from lysates derived from early embryos (EE), late embryos (LE), 
and first larval stage F1 progeny from animals of the indicated genotype treated with control (“-“) or mex-6 (“+”) RNAi. gsa-1 is 
the pUG amplification control (bottom panels).
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G F1 sRNAseq Figure S6. Related to Figure 6.
A-C) mex-6 (A), puf-5 (B), and oma-1 (C) RT-qPCR from RNA derived from 
wild-type, znfx-1, hrde-1, and znfx-1; hrde-1 F1 progeny of P0 worms adminis- 
tered either control, mex-6 (A), puf-5 (B), or oma-1 (C) RNAi. Respective 
RT-qPCR Ct values are normalized to tbb-2 RT-qPCR Ct values. The control 
RNAi condition for each genotype was normalized to 1 and the respective 
RNAi condition was compared to that (see Methods).
D) Bar graph depicting the fold increase in sRNAseq reads mapping to the 
mex-6 transcript in wild-type and znfx-1 mutant P0s at the indicated timepoints 
following either control (red) or mex-6 (blue) RNAi.
E-F) puf-5 (E) and oma-1 (F) specific PCRs of pUG cDNA generated from 
wild-type, znfx-1, hrde-1, and znfx-1; hrde-1 mutant F1s following either control 
(“-“) or puf-5/oma-1 (“+”; Figure S6E/S6F, respectively) RNAi in the P0 (top 
panel). gsa-1 was used as a pUG RT-PCR control (bottom panels).
G) Graph comparing mex-6 sRNA reads induced by RNAi in WT compared to 
the sum of the sRNA reads induced by RNAi in the hrde-1 and znfx-1 single 
mutants. See Methods for calculations.
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A) Gel showing PCR amplification of pUGylated mex-6 RNA from input (top panel) or FLAG immunoprecipitates (bottom panel) from animals where the znfx-1 locus
is untagged or tagged with 3xFLAG. Lysates were collected from adult worms grown for 12 hours on either mex-6 (“+”) or puf-5 (“-”) RNAi.
B) Photomicrographs of pachytene nuclei in dissected germline from wild-type or znfx-1 mutant animals showing endogenous pUGylated RNAs (magenta), control 
tbb-2 RNA (red), and DNA stained with DAPI (blue). Images marked with asterisks were enhanced for contrast for visualization purposes. See Fig. S7C for evenly 
contrasted images.
C) Model for exogenous RNAi. dsRNA is processed into primary sRNAs that load with RDE-1 to target complementary transcripts for pUGylation. pUGylated 
transcripts recruit RdRPs to generate secondary sRNAs in the cytoplasm. Secondary sRNAs bind to secondary Argonautes (“WAGOs”), which initiate three distinct 
pathways. A first pathway leads to degradation of cytoplasmic transcripts with no further sRNA amplification. On its own, this pathway is sufficient to silence gene 
expression in animals exposed to dsRNA triggers but is not sufficient to propagate the RNAi response across generations. A second pathway dependent on the 
nuclear Argonaute HRDE-1 partially silences the locus and uses nascent transcript as templates for the production of “tertiary” sRNAs. A third pathway dependent 
on the nuage helicase ZNFX-1 enriches targeted transcripts in nuage where they are pUGylated and used as templates for further “tertiary” sRNAs amplification. 
Tertiary sRNAs feedback into their respective cycles ensuring inheritance of the silenced state. Possible cross talk between the HRDE-1 and ZNFX-1 cycles is not 
shown. See Discussion for further considerations.
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Figure S7
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Figure S7. Related to Figure 7.
A) anti-FLAG western blot of FLAG immunoprecipitation experiments from untagged and 3xFLAG-tagged ZNFX-1 
lysis. “Input” represents 1% of the input sample prior to immunoprecipitation; “Sup” represents 1% of the superna- 
tant following immunoprecipitation; “IP” represents 1% of the immunoprecipitation sample following FLAG elution. 
B) puf-5-specific PCRs of pUG cDNA generated from input (left panel) or FLAG immunoprecipitations (right panel) 
of untagged or 3xFLAG-tagged ZNFX-1 lysis. Lysis was obtained from adult worms grown for 12 hours on either 
puf-5 (“+”) or mex-6 (“-”) RNAi. PCRs were generated from the same pUG cDNA used in Fig 7A.
C) Photomicrographs of pachytene nuclei from dissected wild-type and znfx-1 mutant germlines showing pUG 
RNA FISH (magenta), DNA (blue, stained with DAPI), and tbb-2 RNA (red; used as an in situ control). Same 
images as in Fig. 7B, but equally contrasted.
D) Maximum projection photomicrographs of dissected wild-type and znfx-1 mutant germlines showing pUG RNA 
FISH (magenta) and tbb-2 RNA (red, used as an in situ control). The pachytene region and oocytes are indicated 
with arrows.
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Figure S8. Related to Discussion.
A) Maximum projection photomicrographs of live-imaged pachytene nuclei showing GLH-1::GFP after 8 
hours of either control or oma-1 RNAi treatment.
B) Maximum projection photomicrographs of fixed-imaged pachytene nuclei showing GLH-1::GFP 
(green) and oma-1 RNA (magenta) after 8 hours of either control or oma-1 RNAi treatment. Note that 
the oma-1 RNA foci do NOT overlap with GLH-1::GFP foci.
C) Single Z-plane photomicrographs of fixed-imaged pachytene nuclei showing GLH-1::GFP (green), 
DNA (blue, stained with DAPI) and oma-1 RNA (magenta) after 8 hours of either control or oma-1 RNAi 
treatment. The oma-1 RNA foci overlap with DAPI and not with with GLH-1::GFP foci.
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Figure S9
A
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C

Figure S9. Related to Methods.
A) Scatter plots comparing miRNA RPMs in 
wild-type (X-axis) and mutants (Y-axis) as 
indicated under control RNAi conditions. 
Linear regression is used to fit the data. 
miRNA counts in each condition are 
averaged across two replicates.
B) Scatter plots comparing sRNA RPMs in 
the F1 progeny of control and mex-6 RNAi 
fed P0 worms for the indicated genotypes. 
Each dot corresponds to a locus in the C. 
elegans genome. The red dot corresponds 
to the mex-6 locus. Linear regression is 
calculated without mex-6 sRNA counts. 
sRNA counts in each condition were 
averaged across two replicates.
C) Linear regression statistics modeling the 
relationship between the two sRNAseq 
replicates for each genotype in both control 
and mex-6 RNAi conditions.
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Primers

Name: Sequence:
OJPO174 TGGCGGCCGCTCTAGAGAAATCAATGAAAACGATTTACCAC
OJPO175 ACGTGGCTAGCCATGGTTTGCACAATCTCTACGGAAGGAC
OJPO178 TGGCGGCCGCTCTAGATGCTGTTGCTCAATCTCTTCTG
OJPO179 ACGTGGCTAGCCATGGCAGTATCGGAGCCATTGAGAAG
OJPO201 TGGCGGCCGCTCTAGATCCGTAACATTCTATCGATGTCGCA
OJPO202 ACGTGGCTAGCCATGGTTATTCGTCGAAGACGGAATTCTTC
OJPO205 AGCCACGATTCATGCATACCA
OJPO206 AGGCACATCATGGAACCAGC
OJPO308 TTCGATGGAGGTGCATTCTCA
OJPO309 AAGCCCAAAGTCAGCAGGAG
OJPO440 TGCCACTAGGACCAACTCCT
OJPO441 ATAGGTCATCGCACCTTCCG
KV89 ACTACAACGAAGCCAACAACG
KV90 TGTCCGAACACAAAGTTGTCA
OJPO402_pUG_full_adapter GCTATGGCTGTTCTCATGGCGGCGTCGCCATATTCTACTTCACACACACACACACACA
OJPO400_gsa1_f1 GAG TTC TAC GAT CAC ATT CT
OJPO401_gsa1_f2 CAC TTG CTG GAA AGA CAA GG
OJPO398_pUG_adapt_1 GCT ATG GCT GTT CTC ATG GC
OJPO399_pUG_adapt_2 GGC GTC GCC ATA TTC TAC TT
OJPO418_mex6_f1 TGCCACACAACTTTAAGACTCG
OJPO419_mex6_f2 TCTTTGCATGACGCACGC
OJPO420_puf5_f1 GAAGCTCGTCGAAAAGATCAGC
OJPO421_puf5_f2 GCCACTTTGCACCGATCA
OJPO436_oma1_f1 CGTGATCAAATGGAGCAGCA
OJPO437_oma1_f2 CATCATGACTAATGGTCGCATTG
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Purpose: Reference:
Cloning the mex-6  RNAi construct into the L4440 vector (forward) This study
Cloning the mex-6  RNAi construct into the L4440 vector (reverse) This study
Cloning the oma-1 RNAi construct into the L4440 vector (forward) This study
Cloning the oma-1 RNAi construct into the L4440 vector (reverse) This study
Cloning the puf-5 RNAi construct into the L4440 vector (forward) This study
Cloning the puf-5  RNAi construct into the L4440 vector (reverse) This study
mex-6  qPCR This study
mex-6  qPCR This study
puf-5  qPCR This study
puf-5  qPCR This study
oma-1  qPCR This study
oma-1  qPCR This study
tbb-2  qPCR This study
tbb-2  qPCR This study
pUG RT adapter Shukla et al., 2020
gsa-1  f1 primer for pUG PCR Shukla et al., 2020
gsa-1  f2 primer for pUG PCR Shukla et al., 2020
pUG adpater 1 reverse Shukla et al., 2020
pUG adapter 2 reverse Shukla et al., 2020
mex-6  f1 primer for pUG PCR This study
mex-6  f2 primer for pUG PCR This study
puf-5 f1 primer for pUG PCR This study
puf-5  f2 primer for pUG PCR This study
oma-1 f1 primer for pUG PCR This study
oma-1  f2 primer for pUG PCR This study
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smFISH Probes

mex-6  smFISH probe setSequence Gene
1 cactattggatgttgctgtcmex-6
2 gccgttgctgaagaagacaamex-6
3 aagtggatgctgctgttgatmex-6
4 tgcatctgcgaatcgtagatmex-6
5 gcatggaagatccgtagtagmex-6
6 tgtacgttggaattggctgamex-6
7 tgtgccgaactgttgaggtgmex-6
8 ttgcatcttgatagtacggtmex-6
9 gggaacctgtccaaattgtcmex-6

10 cagtcatcatttgctgttgamex-6
11 ggctgggccatataaaagtamex-6
12 aaatatctgcggttgtccagmex-6
13 gacccaatggttgctgataamex-6
14 cattggagcagcttgttgagmex-6
15 cagcttgcattggatggaagmex-6
16 gttcagaaagcataggagtamex-6
17 atttgtggcatcatactcatmex-6
18 ctgttgaggattagtcgactmex-6
19 ccgattttctcagttgttcamex-6
20 tacgcgtggtgcttatttgamex-6
21 gagtcgacgaagtcaacggamex-6
22 tattcgcgacttgttgggagmex-6
23 tttcgatcgcgttggacagtmex-6
24 atatcttgattggctattccmex-6
25 tgggaagatcgtcatgttcamex-6
26 ggtgatcttcgagatctcatmex-6
27 tggtatcgtcgttgtgattgmex-6
28 aacgattttccttctcagcamex-6
29 gacccaatttctcaacacgamex-6
30 caacttctggtttggcgaacmex-6
31 taaagttgtgtggcagttggmex-6
32 tgcgtcatgcaaagacgagtmex-6
33 cacccaatgcacaaggattamex-6
34 gtcggaatatcagaagctctmex-6
35 gttttgtatttattgttcggmex-6
36 acgcgcaaaattcttgcacamex-6
37 catatgggcaaactccagatmex-6
38 gggtgaacaaactcgcatcgmex-6
39 tattctggaattccgtatccmex-6
40 ctcgaccatcttacgttgatmex-6
41 cttccggaatagaatcgtgtmex-6
42 gtggctgatatctagctacamex-6
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43 tttccactggtatgcatgaamex-6
44 gaccttcgttggagtcgtagmex-6
45 ccacatttcgttgcttgaggmex-6
46 gagaggcacatcatggaaccmex-6
47 ctctaaatcgcgtccagtatmex-6
48 gatggttgaaatcacctcctmex-6

puf-5 smFISH probe set
1 ttgattcttccagtactgtcpuf-5
2 cgatgaatccgaagctttcgpuf-5
3 cagtttggtgatcgctgatcpuf-5
4 ggatccgttgaaaatgctgapuf-5
5 ttggacgatgagaatgcaccpuf-5
6 cccatgaagttgaacagaggpuf-5
7 agtattggaagcgctggttcpuf-5
8 gacttggcaaatggatgtggpuf-5
9 agccagacgacacggatcacpuf-5

10 tcggtgtagacggtgtcaagpuf-5
11 aggagtcaagttcaatgggcpuf-5
12 aaatcggcaagcccaaagtcpuf-5
13 gcaaacgactcgtttccaacpuf-5
14 cgtattgttggcggtgaaatpuf-5
15 tctggacgtttccaacgaatpuf-5
16 ggcaaaagacgggttgatcgpuf-5
17 aatgtttccgctgttgtcgapuf-5
18 atcttggagagtgaggtcatpuf-5
19 gataagcgatccgttgctaapuf-5
20 ggaacttgactccagttctapuf-5
21 tgatcttctgggaaatggcgpuf-5
22 gcacaaagtgcatctcgttapuf-5
23 ctgctcagtaagtttgtcaapuf-5
24 tgcggcaaagactggtgaagpuf-5
25 ggatgatgaaatttccggcapuf-5
26 caagggttgcatgttcaacapuf-5
27 tcacacatcttgcggacgagpuf-5
28 aggcacatttcgatcaatccpuf-5
29 cacacggcaagcaaacttgtpuf-5
30 atttctggatcgacatctgcpuf-5
31 ttcatcgcgatcgagacatcpuf-5
32 actgctgatcttttcgacgapuf-5
33 gtgcaaagtggcagaaaatcpuf-5
34 aacgtggatggcgcattgatpuf-5
35 acagtttgacaactttctgcpuf-5
36 acgaagaaactccacgcactpuf-5
37 gttgtcatcgcgacacagaapuf-5
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38 tgtcttggcaaacagtcatcpuf-5
39 tgaacgagacggcaaccatapuf-5
40 agacagcttgtcgatggtttpuf-5
41 agcaatggagcttcggattapuf-5
42 aggagctgaagacgtgtgttpuf-5
43 cactgatgtcatgagtccatpuf-5
44 gaaagtcggaagcagttgcgpuf-5
45 catttccatgactccagaggpuf-5
46 tttcgatgattgtatcacggpuf-5

oma-1  smFISH probe set
1 agatgttgcgagctgtaagtoma-1
2 acaccggagatactcgatttoma-1
3 aagtaatcgggtgcagggaaoma-1
4 gttgagtggatgtgaatagtoma-1
5 ccgttaacgttcatattgatoma-1
6 atcgatcttctcgttgttttoma-1
7 gggagctctcgagatgatgcoma-1
8 ggcaaagttggaacgccagcoma-1
9 agcgtgatcgagtggtgaaaoma-1

10 gattagtttgagacaagtccoma-1
11 caaatctccaatctgggcatoma-1
12 tcaagttagcagtttgagtaoma-1
13 agcaactgctttttgatagcoma-1
14 gttggttgaatgcaatatctoma-1
15 cgcgaacttgcatcgattgaoma-1
16 gttctggggaaaactctgaaoma-1
17 gaaatggaggtgcaacctggoma-1
18 cggcgtctaggatcaaactgoma-1
19 tttctgcattcgggctaatcoma-1
20 gcagatcacagtcttgtatgoma-1
21 agtcttagattcgagccaagoma-1
22 ggcagttgtctgcgaaagaaoma-1
23 gaatgttggacgaagttcctoma-1
24 tacttattgttctgcagcggoma-1
25 tttgtcacagagtttcgtttoma-1
26 tatgggcagagtcctgtagtoma-1
27 aatgaaaaggcaccgtttccoma-1
28 tatgcgtttggtccatgatcoma-1
29 caagaagtttatcagcgcgaoma-1
30 ccaatgcatggcgttgagaaoma-1
31 tccatttgatcacgaatgtcoma-1
32 accattagtcatgatgtgctoma-1
33 aaagcgggggagctgcaatgoma-1
34 tctaaaggatgctgaatggcoma-1
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35 tggctcatctggagttgatgoma-1
36 tggtcctagtggcaatttagoma-1
37 gaccacgagtactaacaggaoma-1
38 gagacggtggataggtcatcoma-1
39 acatcgatggatccaatggcoma-1
40 atattccaagcgtctagagcoma-1
41 cgaatcgagtggactagctgoma-1
42 tttggagcggaacccaaaacoma-1
43 ttccgagcattccgaacgagoma-1
44 aaactcctccaggagtatttoma-1
45 gatccagcagatgaatatccoma-1
46 actgagatcctgagaaggcgoma-1
47 atgctgcattgagtgacgaaoma-1
48 ttgcgaaatatgcagcagcgoma-1
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