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Abstract: RNAs in circulation carry sequence-specific regulatory information between cells in 

animal, plant, and host-pathogen systems. Double-stranded RNA (dsRNA) delivered into the 

extracellular space of the nematode C. elegans accumulates within the germline and reaches 

progeny. Here we provide evidence for spatial, temporal, and substrate specificity in the 

transport of dsRNA from parental circulation to progeny. Temporary loss of dsRNA transport 

resulted in the persistent accumulation of mRNA from a germline gene. The expression of this 

gene varied among siblings and even between gonad arms within one animal. Perturbing RNA 

regulation of the gene created new epigenetic states that lasted for many generations. Thus, one 

role for the transport of dsRNA into the germline in every generation is to limit heritable changes 

in gene expression. 

 
One Sentence Summary: RNA from parental circulation reduces heritable changes in gene 

expression. 

 
Main text: RNAs released into circulation can act as intercellular messages that are used for 

gene regulation in distant cells. Specific examples include secretion of exosomal small RNAs in 

response to pathogenic fungal infection in Arabidopsis (1), virus-like proteins with their coding 

mRNAs in developing Drosophila (2) and mice (3), microRNAs from adipose tissue in mice (4), 

and small RNAs from the epididymis in mice (5-8). Such extracellular RNAs have also been 
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detected in humans, but their roles in gene regulation remain unclear despite their use as a 

diagnostic tool for diseases (reviewed in (9)). Furthermore, the recent development of double-

stranded RNA (dsRNA)-based drugs (reviewed in (10-11)) that can silence genes of matching 

sequence through RNA interference (12) has heightened interest in understanding the import of 

dsRNA into cells. A conserved dsRNA-selective importer, SID-1 (13-15), is required for the 

import of extracellular dsRNA into the cytosol of any cell in the nematode C. elegans. SID-1 has 

two homologs in mammals – SIDT1 and SIDT2. Although entry of ingested dsRNA into cells 

through SIDT1 (16), which can enhance dsRNA uptake when overexpressed in vitro (17), and 

entry of viral dsRNA through SIDT2 (18) have been reported in mice, alternative roles for these 

mammalian homologs in the uptake of cholesterol have also been proposed (19).  

 Secretion of dsRNA from C. elegans tissues that express dsRNA has been inferred based 

upon the SID-1-dependent silencing of matching genes in other tissues (13, 20). Secreted dsRNA 

from neurons can silence genes of matching sequence in most somatic cells (21) and within the 

germline (22). Extracellular dsRNA delivered into parental circulation by injection or ingestion 

also enters the germline and can cause silencing of matching genes in progeny (12, 23-26). Such 

intergenerational transport of RNA is an attractive mechanism for explaining gene-specific 

effects in progeny that could occur in response to changes in somatic tissues of parents. 

However, which conditions induce transport of dsRNA into the germline, when during 

development this transport occurs, and what the regulatory consequences are for such 

intercellular transport of dsRNA are all unknown. 

Here we use oxidative damage in neurons expressing dsRNA or exposure to bacteria 

expressing dsRNA to demonstrate that dsRNA from parental circulation causes maximal 

silencing of germline gene expression during later development and in the proximal germline. 
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Entry into the parental germline and subsequent transport in progeny occurs through two 

different intergenerational routes with distinct substrate specificities. Loss of dsRNA import 

through SID-1 alters the expression of a germline gene, inducing large changes in expression that 

can persist for many generations despite the restoration of dsRNA transport in descendants. The 

expression of this gene can vary between gonad arms and perturbing its RNA regulation can 

result in either reduced or increased expression. These changes in gene expression last for many 

generations, suggesting that loss of dsRNA transport induces new heritable epigenetic states.  

Oxidative damage in neurons expressing dsRNA enhances silencing in the germline by 

neuronal dsRNA  

To modulate the secretion of dsRNA from somatic cells into parental circulation during 

development, we adapted an approach for damaging somatic cells (27). Specifically, we 

generated animals that express the mini singlet oxygen generator (miniSOG) protein in neurons 

and exposed them to blue light. While animals expressing miniSOG from a single-copy 

transgene did not show an appreciable defect when compared with wild-type animals, those 

expressing miniSOG from a multi-copy transgene were paralyzed (Fig. S1A and S1B, top) and 

had visibly damaged neurons (Fig. S1B, bottom). Using this system, we induced oxidative 

damage in the neurons of animals that expressed dsRNA under the control of a neuronal 

promoter and evaluated silencing of target genes with matching sequence expressed in other 

tissues (Fig. 1A). By exposing animals to blue light for 60 minutes at different times during 

development (Fig. S1C), we observed SID-1-dependent enhancement in the silencing of the 

hypodermal gene bli-1 in the adult stage by neuronal bli-1-dsRNA, with maximal silencing when 

oxidative damage occurred during mid-to-late larval development (Fig. S1D, light exposure from 

42 to 66 hours post L4-stage of parent; Fig. S1E, ~2-fold increase from 14.9% to 29.1% in a 
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background with enhanced RNA interference (eri-1(-)) and ~6-fold increase from ~1.6% to 

~9.8% in a wild-type background). A similar period of maximal SID-1-dependent enhancement 

of silencing was also observed when neurons expressing gfp-dsRNA were damaged and 

silencing of a two-gene operon that expresses two fluorescent proteins, mCherry::H2B and 

GFP::H2B, in the germline was measured (Fig. 1B, Fig. 1C, Fig. 1D, Fig. S1F – 48 to 60 hours 

post L4-stage of parent, sid-1(-) allele (jam80[non]) depicted in Fig. S2). While silencing of 

gfp::h2b was observed throughout the germline, silencing of the other cistron mCherry::h2b was 

often restricted to regions of the germline. Silencing of mCherry::h2b was most frequent in the 

proximal germline and was not observed in any other region without silencing in the proximal 

germline (proximal germline - 57%, distal germline - 47%, sperm - 29%, Fig. 1D), likely due to 

reduction of mCherry::h2b::gfp::h2b pre-mRNA (28). The pattern of mCherry::h2b silencing is 

similar to the spatial pattern observed for the RME-2-dependent entry of dsRNA delivered into 

the parental circulation (25) and is consistent with the pattern of mRNA degradation in the 

germline by extracellular dsRNA (29). 

These results suggest two insights into the transport of dsRNA from neurons to other 

tissues: (1) oxidative damage of neurons during particular periods in development increases the 

amount of dsRNA and/or changes the kinds of dsRNA in circulation either because of specific 

enhancement of secretion or nonspecific spillage; and (2) there is a preference for the entry of 

neuronal dsRNA into the proximal germline. These temporal and/or spatial preferences for 

silencing could be because of unknown characteristics of the exported neuronal dsRNA (e.g., 

modifications, lengths, structures, etc.) that influence import or subsequent silencing – a 

hypothesis that is also supported by the different requirements for silencing by neuronal gfp-

.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 October 6, 2021. ; https://doi.org/10.1101/2021.10.05.463267doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.05.463267
http://creativecommons.org/licenses/by-nc-nd/4.0/


dsRNA compared to other sources of gfp-dsRNA (21). Alternatively, these preferences could 

reflect universal constraints for any extracellular dsRNA in C. elegans. 

Requirements for the entry of extracellular dsRNA into the germline vary during 

development  

Another convenient method for the delivery of extracellular dsRNA into C. elegans at 

various times during larval development is the expression of dsRNA in the bacteria that worms 

ingest as food (23). To determine when ingested dsRNA can enter the germline and cause 

silencing, we exposed developing animals with a ubiquitously expressed protein (GTBP-1) 

tagged with GFP to bacteria that express gfp-dsRNA. Silencing was detectable within the 

germline from the second larval stage (L2) onwards (Fig. 1E, Fig. S3A), but exposure to ingested 

dsRNA beyond the fourth larval stage (L4) (Fig. 1F) or, alternatively, injection of dsRNA into 

the 1-day old adult germline (Fig. S3B) was required for silencing in the germline of 3-day old 

adults. The need for exposure to dsRNA during late development to observe persistent silencing 

suggests recovery of expression within the germline despite detectable silencing until the L4-

stage. Combined with the need for exposure to dsRNA after the L4 stage for silencing in progeny 

(25-26), these observations suggest that heritable RNA silencing is not effectively initiated 

during early development of the germline despite dsRNA entry and subsequent silencing. 

However, a 24-hour pulse of dsRNA exposure beginning at the L4 stage was sufficient for 

heritable silencing (Fig. S4A) (25). This early window for heritable silencing likely relies on 

entry of dsRNA into the proximal germline because (1) silencing of a somatic gene in progeny 

after parental ingestion of dsRNA required RME-2 (Fig. S4A), which is enriched in the proximal 

germline (Fig. S4B) (30); and (2) some gtbp-1::gfp animals exposed to gfp-dsRNA until the first 

day of adulthood showed selective silencing in the proximal germline (Fig. S3C).  
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Together, these results reveal three periods of germline development that can be broadly 

distinguished based on silencing in response to ingested and neuronal dsRNA: (1) from the first 

larval to the third larval stage when exposure to dsRNA does not result in maximal silencing 

within the germline in adults; (2) from the fourth larval stage to early adulthood when entry of 

dsRNA primarily occurs in the proximal germline through RME-2; and (3) later adulthood when 

entry can be independent of RME-2 (Fig. S4A) (26) and germline silencing by ingested dsRNA 

is maximal. 

Different forms of dsRNA from parental circulation require different members of the 

transport pathway in developing progeny for silencing  

 When exposing animals to dsRNA expressed in bacteria, the forms of dsRNA made and 

processed in bacteria cannot be easily controlled. Microinjection of dsRNA into the 

pseudocoelom (12, 25) provides a way to deliver particular forms of extracellular dsRNA into C. 

elegans, but can be most easily performed only using L4-staged and adult animals. We examined 

differences, if any, in the entry of in vitro transcribed dsRNA into the germline during these two 

stages as evidenced by silencing in progeny. Silencing was comparable regardless of whether 

wild-type or rme-2(-) parents were injected as L4-staged or adult animals (Fig. 2A, Fig. S4C, 

left; also reported for adults in (26)), although a weak requirement for RME-2 was discernable 

when lower concentrations of dsRNA were used (Fig. S4C, right). The difference in RME-2 

requirement between ingested dsRNA and injected dsRNA could reflect parental circulation 

accumulating different amounts of dsRNA (e.g., more upon injection than upon ingestion) and/or 

different kinds of dsRNA (e.g., because of modifications in bacteria or upon transit through the 

intestine). However, these possibilities could not be easily distinguished because sensitive 

northern blotting (31) revealed that both bacterial and in vitro transcribed dsRNA consist of a 
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complex mix of dsRNAs (Fig. S4D, Fig. S4E, Fig. S4F; consistent with (32-33)), hereafter called 

mixed dsRNA. In contrast, when synthesized gfp-dsRNA of a defined length (50 bp) with a 

fluorescent label was injected into circulation in adult animals, no entry into the germline was 

observed in the absence of RME-2 (25). We found that silencing of unc-22 in progeny by 

similarly synthesized but unlabeled 50-bp unc-22-dsRNA with a 5’-OH delivered into parental 

circulation also showed a strong requirement for RME-2 compared to mixed dsRNA (Fig. 2A). 

Further comparison between the two forms of dsRNA revealed that silencing in progeny by 50-

bp dsRNA injected into parental circulation was detectably less efficient in somatic cells (Fig. 

2B, Fig. S5A, Fig. S5B, left), even when ~14X more 50-bp dsRNA was delivered into parental 

circulation (Fig. S5B, right), and was also less efficient in the germline (Fig. 2B, Fig. S5A, Fig. 

S5C). Given that both 50-bp dsRNA and mixed dsRNA rely on the nuclear Argonaute HRDE-1 

(34) for silencing within the germline (Fig. S5A, Fig. S5C) and can silence independent of the 

nuclear Argonaute NRDE-3 (28) in somatic cells (Fig. S5A, Fig. S5C), the observed difference 

in the extent of silencing could be the result of differences in the stability and/or 

intergenerational transport of 50-bp dsRNA versus mixed dsRNA. One relevant feature shared 

by mixed dsRNA generated in bacteria or in vitro, in addition to the diversity of lengths (Fig. 

S4), is that both forms contain 5’ triphosphates. In support of the impact of 5’ phosphates on 

transport and/or silencing, addition of 5’ monophosphates to synthesized 50-bp dsRNA injected 

into parental circulation reduced the dependence on RME-2 for silencing in progeny (Fig. S4G, 

Fig. S4H). Thus, the requirements for entry into the germline and subsequent silencing vary for 

different lengths and/or chemical forms of dsRNA.  

Fluorescently labeled 50-bp dsRNA delivered into parental circulation localized within 

intestinal cells in progeny (Fig. 2C, top left), as has been observed for vitellogenin proteins (35) 
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and fluorescent dyes (36). Accumulation of fluorescently-labeled dsRNA was also detected at 

the apical membrane of the intestine, which could reflect exocytosis of dsRNA into the lumen of 

developing intestinal cells. However, separation of the fluorescent label from dsRNA catalyzed 

by cellular enzymes cannot be excluded. Therefore, to dissect differences, if any, between the 

transport of short dsRNA (synthesized 50-bp with 5’OH) and mixed dsRNA (mixture transcribed 

in vitro using ~1 kb DNA template) we injected unc-22-dsRNA into animals with mutations in 

genes that play roles in the import of dsRNA. We found that maternal SID-1 was required for 

silencing by short dsRNA in progeny (Fig. 2C, bottom, left bars), suggesting that the SID-1-

dependent entry of short dsRNA into the cytosol likely occurs in the injected parent or during 

early development in progeny. Uptake of dsRNA from the intestinal lumen requires SID-2, a 

transmembrane protein located in the apical membranes of intestinal cells (37-38). We found that 

SID-2 was not required for most silencing in progeny by short or mixed dsRNA injected into 

parental circulation (Fig. 2C, top right and bottom). Exit of dsRNA from intracellular vesicles 

requires SID-5, a transmembrane protein located in endolysosomal membranes (39). Silencing in 

wild-type animals was comparable to silencing in sid-5(-) animals (Fig. 2C, top right). However, 

when animals that lacked SID-1 were injected, SID-5 was required in progeny for silencing by 

mixed dsRNA from parental circulation (Fig. 2C, bottom, right bars; as also reported in (26)). 

Since dsRNA is expected to be present in vesicles upon entry through RME-2 in the absence of 

SID-1 (25-26), this observation suggests that SID-5 is required for the release of mixed dsRNA 

from inherited vesicles in progeny.  

In summary, extracellular dsRNA can enter the germline in parents and be transmitted to 

progeny through two routes with different substrate selectivity. One route is preferentially used 

by short dsRNA and relies on RME-2-mediated endocytosis of dsRNA into oocytes, where early 
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exit from vesicles is required for silencing in progeny as evidenced by the need for maternal 

SID-1 (Fig. 2D, blue). The other route appears to exclude short dsRNA, but allows mixed 

dsRNA entry into the cytosol in the parental germline through SID-1 and exit from inherited 

vesicles in progeny through a process that requires both zygotic SID-1 and SID-5 (Fig. 2D, grey) 

(26). 

Expression of SID-1 is consistent with a role in intergenerational transport of extracellular 

dsRNA but could be differentially regulated across cell types 

 Analysis of dsRNA transport into the germline and to progeny suggests developmental 

variation in the expression pattern of SID-1. Previous attempts at observing SID-1 localization 

relied on multi-copy transgenes (13), which can become silenced within the germline (40) and 

could produce a variety of tagged and untagged proteins (41). When using multi-copy transgenes 

to express a SID-1 fusion protein tagged at the C-terminus with DsRed or GFP (Fig. S6A) under 

the control of a promoter that drives expression within body-wall muscles, we observed 

intracellular localization of SID-1::DsRed or SID-1::GFP (Fig. S6B, top) along with rescue of 

gene silencing by ingested dsRNA in body-wall muscles (Fig. S6B, bottom). However, similar 

tagging to express SID-1 fusion proteins from either a single-copy transgene expressed in the 

germline (SID-1::DsRed) or the endogenous locus (SID-1::wrmScarlet) did not enable gene 

silencing by ingested dsRNA (Fig. S6C), suggesting that the C-terminal fusions of SID-1 were 

likely non-functional and that apparent function when using multi-copy transgenes reflects 

production of untagged variants. In support of our rationale, a recent prediction of SID-1 

structure (42) suggests that the C-terminus is sequestered, a feature that may be disrupted by the 

addition of C-terminal fluorophores, potentially leading to misfolded proteins that are degraded. 

Consistently, we found that internal tagging of the sid-1 gene using Cas9-mediated genome 
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editing to express SID-1::mCherry (Fig. 3A) resulted in a fusion protein with detectable function 

(Fig. 3B, Fig. S6D). Therefore, we analyzed fluorescence from this fusion protein expressed 

from the endogenous locus under the control of native regulatory sequences (Fig. 3C, Fig. 3D, 

Fig. S6E, Fig. S6F, Fig. S6G). Fluorescence from SID-1::mCherry progressively increased 

during development with tissue-specific enrichments in the developing embryo (Fig. 3C, left, 

Fig. S6G), becoming ubiquitous in hatched L1 larvae (Fig. 3C, middle). SID-1::mCherry was not 

easily detectable in the germline during larval development (Fig. 3C, middle and right), but was 

visible in the proximal and distal regions of the adult germline (Fig. 3D). Similarly, endogenous 

RME-2 was most abundant in the proximal oocytes of the adult germline (Fig. S4B) (30). These 

expression patterns are consistent with the entry of most dsRNA from circulation of adult parents 

into the proximal germline (25) and the activity of transport mechanisms in developing embryos 

(Fig. 2). 

 To determine if acute induction of SID-1 expression would be sufficient for the import of 

dsRNA into different cell types, we engineered the endogenous sid-1 gene to transcribe a fusion 

transcript with an aptamer-regulated ribozyme (Fig. S7A, left) that cleaves itself when not bound 

to tetracycline (Fig. S7A, right) (based on (43)). Exposing these animals to tetracycline enabled 

silencing by dsRNA in somatic tissues (hypodermis: Fig. S7B, left; body-wall muscles: Fig. S7B, 

right) but not in the germline (Fig. S7C, Fig. S7D, Fig. S7E, Fig. S7F), indicative of stabilization 

of sid-1 mRNA, production of SID-1 protein, and subsequent dsRNA import in somatic cells but 

not in the germline. Yet, similar tagging of the ubiquitously expressed gene gtbp-1::gfp results in 

detectable rescue of expression within the germline by tetracycline (Fig. S7G). A possible 

explanation for the poor rescue of SID-1 activity within the germline is that post-transcriptional 

mechanisms targeting sid-1 mRNA in the germline but not the soma interfere with tetracycline-
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dependent stabilization of the sid-1 transcript (e.g., piRNA-based regulation of sid-1 mRNA (44-

45)).  

Further improvements in tagging SID-1 protein, potentially guided by structure, and sid-1 

transcript, potentially guided by post-transcriptional regulatory interactions, could enable deeper 

analysis of dsRNA transport between cells. Nevertheless, the developmentally regulated 

expression observed for both SID-1 and RME-2 in the germline is consistent with 

intergenerational or transgenerational effects regulated by dsRNA from parental circulation after 

development of the adult germline. 

Temporary loss of SID-1 results in a large increase in mRNA from a germline gene that 

lasts for many generations 

 To understand how transport of extracellular dsRNA into the germline might be used for 

endogenous gene regulation across generations, we searched for sid-1-dependent changes in gene 

expression that could be heritable (Fig. 3, Fig. S2, Fig. S8, Fig. S9, Fig. S10). We initially 

analyzed polyA+ RNAs extracted from wild-type, sid-1(qt9), sid-1(tm2700), and sid-1(tm2700); 

tmIs1005[sid-1(+)] animals and found that comparisons between samples with similar genetic 

backgrounds did not result in a consistent list of SID-1-dependent genes (Fig. S8). Strains with 

similar genotypes (sid-1(+) or sid-1(-)) did not cluster together when using principal component 

analysis (Fig. S8A), suggesting that other differences in genetic background could obscure or 

misrepresent differences between sid-1(+) and sid-1(-) animals. To ameliorate this problem we 

used Cas9-mediated genome editing to delete the entire sid-1 coding sequence (del) or introduce 

a nonsense mutation (non) in cohorts of the same wild-type animals. When comparing polyA+ 

RNA from this wild type with that of the newly generated sid-1(jam113[del]) (Fig. 3A, Fig. 3B, 

Fig. S9A) or sid-1(jam80[non]) (Fig. 3A, Fig. 3B, Fig. 3E) animals, we found that 26 genes were 
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significantly (q < 0.05) misregulated in sid-1(jam113[del]) (Fig. S9B) and 6 in sid-

1(jam80[non]) (Fig. 3F, left), both including sid-1. However, the most upregulated gene in sid-

1(jam113[del]), F14F9.5, was likely perturbed as a consequence of disrupting regulation near 

the sid-1 locus through deletion of DNA and not because of loss of SID-1 function because this 

change was only observed in the deletion mutant sid-1(jam113[del]) and not in the newly 

generated nonsense mutant sid-1(jam80[non]) (Fig. S9D, left), despite both mutants being 

equally defective for silencing by ingested dsRNA (Fig. 3B). Nevertheless, we could detect two 

genes that were upregulated in both sid-1(jam113[del]) and sid-1(jam80[non]) animals (red in 

Fig. 3F, left, Fig. S9B): the identical loci W09B7.2/F07B7.2 (Fig. S9D, middle) and Y102A5C.36 

(Fig. S9D, right) - each expressed within the germline (Fig. S10, left) and regulated by 

endogenous small RNAs (Fig. S10, middle and right). While spliced mRNA levels measured at a 

later generation using RT-qPCR demonstrated that both transcripts were upregulated in sid-

1(jam80[non]) animals compared to wild-type animals as expected (Fig. 3G), no upregulation 

was detectable in sid-1(jam113[del]) animals (Fig. S9C), potentially because of complex effects 

caused by deleted DNA (e.g., F14F9.5 overexpression) that are independent of SID-1 function. 

To determine if changes in W09B7.2/F07B7.2 and Y102A5C.36 expression were heritable, we 

reverted the sid-1 nonsense mutation to wild-type sequence using Cas9-mediated genome 

editing. This immediately restored most silencing by ingested dsRNA, reaching wild-type levels 

of SID-1 function within two generations (Fig. S11, Fig. 3B) with concomitant recovery of sid-1 

mRNA to wild-type levels (Fig. 3G, left). In contrast, changes in both W09B7.2/F07B7.2 and 

Y102A5C.36 expression persisted (Fig. 3F, right) even after a year of passaging revertants (i.e., 

after >100 generations, Fig. 3G, middle and right). Since the change in W09B7.2/F07B7.2 
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mRNA was large (Fig. 3G, middle, ~8-fold), we focused on heritable changes in the expression 

of this gene in this study and hereafter refer to this sid-1-dependent gene (sdg) as sdg-1. 

Expression of sdg-1 can vary within an animal and perturbing its RNA regulation creates 

new epigenetic states that last for many generations 

To facilitate analysis of SDG-1 expression, we tagged both loci that express SDG-1 with 

mCherry coding sequences lacking piRNA-binding sites (mCherry∆pi) (46-47) (Fig. S12A, Fig. 

S12B), thereby preventing possible silencing of mCherry as a foreign sequence. Consistently, 

expression of SDG-1::mCherry was detectable by fluorescence microscopy and remained 

detectable for many generations (Fig. 4A, Fig. S12C). The expression of sdg-1::mCherry∆pi 

mRNA was ~16-fold higher than sdg-1 mRNA (Fig. S12D), potentially because of the additional 

introns included in mCherry∆pi (48-49) and/or other unknown factors. Fluorescence from SDG-

1::mCherry was observed in the germline of adult animals (Fig. 4A, top left), in early embryos 

(Fig. 4A, right and bottom left), and in potentially extracellular punctae near the proximal 

germline (Fig. 4A, top left and right). Intriguingly, SDG-1::mCherry dynamically entered the 

nucleus from the cytoplasm before fertilization (Fig. 4A, right, Movie S1) and before early cell 

divisions in the developing embryo (Fig. 4A, bottom left, Movie S2, Movie S3). Additional 

recent observations suggest that SDG-1 is a regulated protein that could itself play a role in 

RNA-based regulation within the germline: (1) the dynamic subcellular localization of the SDG-

1 protein in the -1 oocyte is similar to that of the essential Argonaute CSR-1b (50); (2) the SDG-

1 protein interacts with PID-2 (51) and potentially DEPS-1 (52) – two proteins with roles in 

heritable piRNA-induced silencing; and (3) loss of the germline Argonaute HRDE-1 results in 

upregulation of transcripts from a region that includes the sdg-1 gene (53). Thus, one hypothesis 

suggested by the large and persistent change in sdg-1 expression upon loss of SID-1 is that 
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extracellular dsRNA-based regulation of sdg-1 protects it from heritable epigenetic change 

initiated by other mechanisms within the germline.  

The proposed susceptibility of sdg-1 expression to heritable epigenetic change is 

supported by four lines of evidence. One, simply mating animals that express SDG-1::mCherry 

with wild-type animals resulted in heritable changes along lineages that express sdg-

1::mCherry∆pi mRNA or that express sdg-1 mRNA (Fig. 4B, Fig. S13). Two, Cas9-mediated 

genome editing of genes required for dsRNA import or subsequent silencing (Fig. 4C), but not of 

unrelated genes (Fig. S14), resulted in some isolates that showed dramatically reduced or 

increased expression (Fig. 4C). While possible mechanisms mediating increased expression are 

unclear, decreased expression could be mediated by piRNAs that target sdg-1 since expression in 

both isolates lacking DEPS-1, a protein required for piRNA-mediated silencing (54-55), showed 

increased expression (Fig. 4C). Three, isolating siblings led to lineages with distinct levels of 

sdg-1 expression in some cases (compare sibling lineages in Fig. 4B and in Fig. S14).  Four, 

many animals showed dramatic variation in SDG-1::mCherry expression between their two 

gonad arms (Fig. 4D). The two identical loci referred to as sdg-1 are part of a ~40-kb duplicated 

region (Fig. S15), which could be a contributing feature for the observed stochasticity as 

suggested by RNA silencing of multi-copy genes (41). 

While loss of SID-1 in otherwise wild-type animals led to a persistent increase in sdg-1 

mRNA in our earlier RNA-seq and RT-qPCR experiments (Fig. 3), loss of SID-1 in sdg-

1::mCherry∆pi animals led to a decrease or increase in SDG-1::mCherry in separate lineages of 

newly generated sid-1(-) isolates (Fig. 4C, e.g., compare sid-1(jam150) and sid-1(jam177)), 

potentially because of differences in the levels of sdg-1 expression before loss of SID-1. Once 

downregulated, reduced levels of SDG-1::mCherry persisted across generations after restoration 
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of dsRNA transport (Fig. 4E), just as the upregulation of untagged sdg-1 mRNA also persisted 

(Fig. 3F, Fig. 3G).   

Together, these results suggest that one or both sdg-1 loci are subject to heritable changes 

upon loss of SID-1-mediated gene regulation and that the direction of change might depend upon 

the levels of sdg-1 mRNA. Thus, one function of SID-1, and potentially dsRNA(s) that enter 

cells through SID-1, is to reduce stochastic initiation of heritable epigenetic changes in gene 

expression within the germline. 

Discussion 

We found that germline entry of dsRNA released from neurons upon oxidative damage 

and germline entry of ingested dsRNA occurs with spatiotemporal specificity. Such uptake of 

extracellular dsRNA from parental circulation and subsequent trafficking in progeny can occur 

through at least two routes that select for different forms of dsRNA. When the entry of all 

endogenous dsRNA into the cytosol is blocked, large increases or decreases in the expression of 

a germline gene can be observed in different animals that are genetically identical. These new 

expression states can persist for many generations despite restoration of dsRNA transport, 

suggesting a role for intercellular gene regulation by dsRNA in preventing heritable changes in 

gene expression. 

Oxidative damage and the physiological conditions that favor secretion of dsRNA  

The physiological conditions that promote secretion of dsRNA are not known. Our 

discovery that oxidative damage of neurons can enhance the secretion of dsRNA suggests that 

disruption of cell structures by oxidative damage (e.g., membrane integrity) or initiation of 

cellular processes that repair oxidative damage (e.g., through ejection of damaged 
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macromolecules (56)) also promote the release of dsRNA. Alternatively, damage-induced 

increase in the accumulation of dsRNA through indirect mechanisms could also explain the 

results observed. Pathologies of the central nervous system in humans, including cancer, stroke, 

multiple sclerosis, neurodegenerative disease, and brain injury, have been associated with 

extracellular RNAs detected in circulation (reviewed in (57)), although their origins and 

regulatory consequences, if any, remain unknown. The gene regulatory effects of neuronal 

dsRNA released upon oxidative damage of neurons provide convenient readouts that can be 

analyzed to understand neuronal damage and its consequences in animals.  

Specificity in the intergenerational transport of extracellular dsRNA  

The trafficking of extracellular dsRNA from parent to progeny has spatial specificity, as 

evidenced by more silencing within the proximal germline (Fig. 1), temporal specificity, as 

evidenced by the need for dsRNA beyond the fourth larval stage (Fig. 1) (25-26), and substrate 

specificity, as evidenced by the differential requirements for 50-bp dsRNA with 5’-OH versus a 

mix of longer dsRNAs with 5’ triphosphates (Fig. 2). One possible explanation for these 

constraints could be that proteins mediating dsRNA transport differ in their availability during 

development and in their affinities for different substrates. For example, SID-1, which was not 

detected in the developing larval germline but was detected in the adult germline (Fig. 3), has an 

extracellular domain that binds dsRNA (58) and could prefer dsRNA molecules with 5’ 

phosphates. Although the selectivity uncovered here could apply to all dsRNA delivered into the 

extracellular space of C. elegans from any source, the chemistry of the delivered dsRNA could 

be modified by as yet unidentified enzymes in vivo to overcome these requirements. Tracking 

labeled dsRNA with diverse chemistries from parental circulation to progeny could allow 
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correlation of differences observed in progeny silencing to differences in intergenerational 

trafficking.  

SID-1-dependent defects in gene regulation 

The germline is a major site of dsRNA import in C. elegans as evidenced by the 

expression of SID-1 in the germline (Fig. 3), heritable misregulation of germline genes in sid-1(-

) animals (Fig. 3, Fig. 4), and accumulation of fluorescently-labeled dsRNA from the 

extracellular space in the germline (25-26). As a result, sid-1(-) animals could have a defect in 

the germline that is detectable only under conditions that promote dsRNA transport (e.g., 

oxidative damage). Multiple physiological defects in the germline and soma of sid-1(-) animals 

have been reported, but have not been widely reproduced, have only been characterized within 

single generations, and have not been attributed to any specific sid-1-dependent gene(s). These 

include defects in animals exiting the dauer stage (59-60), in animals exposed to pathogenic P. 

aeruginosa (61-63), in animals exposed to odor (64), and in intestinal cells that develop in the 

presence of a multi-copy transgene (65). RNA-seq experiments in this study suggest that genetic 

background-dependent changes can obscure genuine sid-1-dependent changes (Fig. S8, Fig. S9), 

raising caution in the interpretation of putative sid-1-dependent defects. Comparing sid-1 

mutants generated using genome editing with animals in which the mutated sequence has been 

reverted to wild-type sequence in the same genetic background could provide a firmer basis for 

the identification of sid-1-dependent processes.  

Buffered RNA regulation in the germline as a guard against heritable epigenetic changes 

A role for SID-1 in preventing heritable epigenetic changes in the expression of the 

endogenous gene sdg-1 is unexpected in light of previous demonstration that the import of 

dsRNA into the germline through SID-1 can initiate heritable RNA silencing of a single-copy 
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transgene (22). This difference can be understood by considering that the regulatory context of a 

gene could dictate its response to dsRNA exposure. In support of this idea, targeting a few genes 

containing matching sequences with the same extracellular dsRNA revealed that while most 

genes recover from RNA silencing, some are susceptible to stable RNA silencing (47). 

Consistently, the expression of sdg-1 is extraordinarily susceptible to heritable epigenetic 

change, precluding typical analysis of genetic requirements through mating to mutant 

backgrounds (Fig. 4B) and necessitating Cas9-mediated genome editing (Fig. 4C).  

In general, genes expressed within the germline are likely regulated by positive feedback 

loops that continually produce factors for maintaining germline immortality and for preserving 

form and function across generations (66-67). Thus, germline genes could be particularly 

vulnerable to heritable epigenetic changes, where deviations in the expression levels of a gene 

that is regulated by or is part of such feedback loops have the potential to become permanent in 

descendants. Perturbations in sdg-1 expression by multiple methods in this study suggest that 

sdg-1 is part of a regulatory architecture that is susceptible to heritable epigenetic change. To 

buffer against such changes, levels of gene expression would need to be maintained within a 

particular range for a given regulatory context. We propose that expression of sdg-1 is 

maintained by dsRNA imported through SID-1 and downstream small RNAs, and speculate that 

one role for extracellular RNAs that enter germ cells in other systems (e.g., tRNA fragments in 

mammals (5-6, 8)) could be to similarly buffer against heritable changes in gene expression.  
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Figures and Legends: 

 

Fig. 1. Timed delivery of neuronal or ingested dsRNA suggests spatiotemporal differences 

in germline entry. (A) Schematic illustrating exposure of animals expressing a singlet oxygen 

generator (miniSOG) and gfp-dsRNA in neurons to blue light and subsequent release of dsRNA. 

Such extracellular dsRNA can enter the germline through the dsRNA importer SID-1 and silence 

gfp::h2b mRNA from a two-gene operon that expresses mCherry::h2b and gfp::h2b as part of a 

single pre-mRNA. (B, C, and D) Images of single gonad arms in adult animals with the two-gene 

operon (mex-5p::mCherry::h2b::gfp::h2b) showing fluorescence (black) of mCherry::H2B 

(magenta outline) or of GFP::H2B (green outline). Punctate autofluorescence from the intestine 

can also be seen. Numbers of animals assayed (n) and percentages of adult animals with the 

depicted expression patterns are indicated. Scale bars, 50 μm. (B) mCherry::H2B fluorescence is 

seen throughout the germline (left) and GFP::H2B fluorescence is seen in the oocytes and in the 
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distal gonad (right). (C) GFP::H2B fluorescence in sid-1(+) and sid-1(-) animals expressing 

membrane-localized miniSOG (PH::miniSOG) and gfp-dsRNA driven by a neuronal promoter 

(rgef-1p) from a multi-copy transgene (Ex, jamEx214) without (left) or with (right) exposure to 

blue light at 48 hours post L4-stage of parent. (D) mCherry::H2B fluorescence in sid-1(+) 

animals with the transgene Ex. Silencing of mCherry is enhanced in the distal gonad (third row) 

and sperm (fourth row) after exposing animals to blue light at 48 hours and 54 hours post L4-

stage of parent. Also see Supplementary Fig. S1 and Supplementary Fig. S2. (E) Silencing in the 

germline after continuous exposure of gtbp-1::gfp animals to bacteria expressing dsRNA starting 

at the L1 stage, and imaging of separate cohorts at each subsequent stage. (left) Schematic of 

assay. (right) GFP intensity (a.u.) in gtbp-1::gfp animals at indicated stages quantified in germ 

cells (larvae) or eggs in utero (adults) after exposure to control (black) or gfp-dsRNA (red). The 

numbers of animals scored at each stage (n) are depicted. (F) Schematic depicting duration of 

exposure for different cohorts of P0 and F1 animals to bacteria expressing dsRNA (left) and 

quantification of GFP intensity (a.u.) as in (E) in F1 animals on the third day of adulthood 

(right). The numbers of adult day 3 F1 animals scored (n) are depicted. Asterisks in (E) and (F) 

indicate P < 0.05 with Bonferroni correction using Mann-Whitney U test for two-sided 

comparisons between animals exposed to control or gfp-dsRNA. Also see Supplementary Fig. 

S3. 
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Fig. 2. Transport of dsRNA from parental circulation to progeny occurs through two 

routes with distinct substrate selectivity. (A) Hermaphrodite animals of indicated genotypes 

(in red) were injected in the body cavity with 50-bp unc-22-dsRNA synthesized with a 5’-OH 

(short dsRNA, left bars) or unc-22-dsRNA with a 5’-triphosphate transcribed from a ~1.1 kb 

template (mixed dsRNA, right bars). Hermaphrodite self-progeny of injected animals were 

scored for unc-22 silencing (fr. Unc-22: strong, black; weak, grey). Numbers of injected parents 

and scored progeny (P0; F1 n) are indicated. Also see Supplementary Fig. S2 and Supplementary 

Fig. S4. (B) Fluorescence images of progeny from animals with a gfp tag of the ubiquitously 

expressed gene gtbp-1 (gtbp-1::gfp) that were not injected (left), injected with 50-bp gfp-dsRNA 

(short dsRNA injection, middle), or injected with dsRNA transcribed from a ~730-bp template 

(mixed dsRNA injection, right). Complete silencing is not observed in neurons or in the 

developing vulva; brackets indicate additional regions with dim GFP fluorescence. Numbers of 

animals assayed (n) and percentages of L4-staged animals with the depicted expression patterns 

are indicated. Scale bar, 100 μm. Also see Supplementary Fig. S5. (C) Requirements for 

intergenerational transport of extracellular dsRNA. (top left) Differential Interference Contrast 
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(DIC) and fluorescence images of a developing embryo from an animal injected in the body 

cavity with 50-bp dsRNA of the same sequence as in (B) and labeled at the 5’ end of the 

antisense strand with Atto-565. Accumulation within the intestinal lumen (arrowhead), number 

of embryos imaged (n), and percentage of embryos with depicted pattern of fluorescence are 

indicated. Scale bar, 20 μm. (top right and bottom) Hermaphrodite animals of the indicated 

genotypes were injected with short dsRNA (left bars) or mixed dsRNA (right bars) and self-

progeny (top right) or cross progeny after mating with wild-type males (bottom) were analyzed 

as in (A). Cases of no observable silencing are indicated with ‘0’. (D) Schematic summarizing 

requirements for transport of dsRNA from parental circulation to developing progeny. Asterisks 

indicate P < 0.05 with Bonferroni correction using χ2 test. 
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Fig. 3. Ancestral loss of the dsRNA importer SID-1 results in the accumulation of mRNAs 

of two germline genes in wild-type descendants. (A) Schematic of modifications at the sid-1 

gene generated using Cas9-mediated genome editing. Deletion of the entire coding sequence 

(jam113[del]), a nonsense mutation (jam80[non]), its reversion to wild-type sequence 

(jam86[rev]), and insertion of mCherry sequence that lacks piRNA binding sites (46-47) 

(jam195[mCherry∆pi]) are depicted. (B) Fractions of animals of the indicated genotypes that 

show silencing in response to unc-22-dsRNA (grey) or bli-1-dsRNA (black) are plotted. Tagging 
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SID-1 with mCherry (sid-1(jam195[mCherry∆pi])) likely results in a partially functional SID-

1::mCherry fusion protein because unc-22 silencing is robust but bli-1 silencing is very weak 

(only 6 of 634 animals showed the Bli-1 defect). Numbers of animals scored (n), significant 

differences using two-tailed test with Wilson’s estimates for single proportions (asterisks, P < 

0.05 with Bonferroni correction) and 95% CI (error bars) are indicated. (C and D) Representative 

images showing fluorescence from SID-1::mCherry (black) in (C) developing embryos (left), L1-

stage (middle), L4-stage (right) or (D) adult gonad arms of sid-1(jam195[mCherry∆pi]) animals 

(top) compared to no detectable fluorescence in wild-type animals of the same stages (bottom). 

Numbers of (C) embryos of each stage, L1 animals, L4 animals, and (D) adult gonad arms 

imaged (n) are depicted and 100% of animals exhibited the depicted expression patterns. For 

animals imaged in (D), the distal germline was obstructed by the intestine in 1/10 sid-

1(jam195[mCherry∆pi]) and 5/9 wild-type animals. Scale bar for embryos in (C) and adult 

gonad arms in (D), 20 μm; scale bar for larvae in (C), 50 μm. Also see Supplementary Fig. S6. 

(E) Principal components explaining the variance between wild type (black), sid-1(jam80[non]) 

(red), and sid-1(jam86[rev]) (grey) polyA+ RNA samples. Almost all of the variance between 

samples is explained by PC 1. (F) Volcano plots of changes in the abundance of polyA+ RNA in 

sid-1(jam80[non]) (left) and sid-1(jam86[rev]) (right) animals compared with wild-type animals 

(black, q < 0.05; red, q < 0.05 and with change in the same direction in sid-1(jam80[non]) and 

sid-1(jam113[del]); see Supplementary Fig. S9). While sid-1 transcript levels in sid-

1(jam86[rev]) are comparable to that in wild type (grey), W09B7.2/F07B7.2 and Y102A5C.36 

transcript levels remain elevated in sid-1(jam86[rev]) (red). (G) Levels of spliced sid-1, 

W09B7.2/F07B7.2 and Y102A5C.36 transcripts measured using RT-qPCR. The median of three 

technical replicates is plotted for each of three biological replicates (bar indicates median) 
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assayed one year apart (year 1, dark grey; year 2, light grey). Asterisks indicate P < 0.05 with 

Bonferroni correction using two-tailed Student’s t-test. 
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Fig. 4. A SID-1-dependent gene is prone to stochastic changes in gene expression that can 

become heritable. (A) Fluorescence images of SDG-1::mCherry in adult animals. Numbers of 

animals assayed (n) and percentages of adult animals with the depicted expression patterns (top 

left) are indicated. Punctate fluorescence in the intestine likely represents autofluorescence. Scale 

bars, 50 μm (top left) or 20 μm (right and bottom left). (top left) Cytoplasmic fluorescence is 

detectable throughout the germline and in embryos. (right) Nuclear localization of SDG-

1::mCherry in the -1 oocyte was detected in confocal imaging of two animals. (bottom left) An 

embryo undergoing pronuclear fusion after fertilization showed dynamic nuclear localization 

before the first cell division (time in minutes). (B) Lineages and estimated relative sdg-1 

expression 10 generations after mating wild-type (open circle) males and sdg-1::mCherry∆pi 

(filled circle) hermaphrodites and vice versa and isolating sdg-1(+) or sdg-1::mCherry animals 
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from F1 heterozygotes (half-filled circle). Expression of sdg-1 in the F10 generation was 

measured by RT-qPCR of sdg-1 mRNA purified from pooled wild-type animals of mixed stages 

or by quantification of SDG-1::mCherry fluorescence in gonad arms of adult sdg-1::mCherry∆pi 

animals. Relative levels of sdg-1 mRNA and SDG-1::mCherry fluorescence intensity were 

converted to units of estimated relative sdg-1 expression (see Materials and methods) for 

comparison. See Supplementary Fig. S13 for raw data. (C) Fluorescence intensity measurements 

(arbitrary units, a.u.) quantified as in (B) (anterior gonad arm, light grey; posterior gonad arm, 

dark grey) in adult animals with sdg-1::mCherry∆pi (+) and additionally with mutations in 

single genes that regulate dsRNA import (sid-1 or sid-3) or RNA silencing (rde-1 or deps-1) are 

shown. Nonsense mutations (non) or deletions (del) introduced by genome editing and numbers 

of gonad arms (n) quantified for each isolate are indicated. Asterisks indicate P < 0.05 with 

Bonferroni correction using Mann-Whitney U test for two-sided comparisons between animals 

with sdg-1::mCherry∆pi (+) and animals with additional mutations. (D) Representative images 

showing asymmetric fluorescence of SDG-1::mCherry (black) with bright anterior (top) or bright 

posterior (bottom) gonad arms. Animals with at least one gonad arm brighter than the dimmest 

wild-type gonad arm in (C) and with >2-fold difference in fluorescence between both gonad 

arms were selected as having asymmetric fluorescence (anterior bright (n = 29): wild type (+) – 

17/84,  sid-1(-) – 5/122, sid-3(-) – 1/29, rde-1(-) – 2/22, deps-1(-) – 4/24, and posterior bright (n 

= 14): wild type (+) – 5/84,  sid-1(-) – 6/122, rde-1(-) – 2/22, deps-1(-) – 1/24). Mutations in 

genes required for dsRNA import or subsequent silencing resulted in fewer animals with 

asymmetric fluorescence between gonad arms (a combined proportion of 21/197 for sid-1, sid-3, 

rde-1 and deps-1 mutants versus 22/84 for wild type, P = 0.0009 using two-tailed test with 

Wilson’s estimates for single proportions). Punctate fluorescence in the intestine likely 
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represents autofluorescence. Scale bar, 50 μm. (E) Animals with sdg-1::mCherry∆pi that show 

altered fluorescence upon loss of sid-1 remain changed despite reversion of sid-1 nonsense 

mutation to wild-type sequence. Quantification of SDG-1::mCherry in adult gonad arms as in 

(B). Also see Supplementary Fig. S12 and S14. 
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