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ABSTRACT Mammalian retinoic acid-inducible gene I (RIG-I)-like receptors detect viral
double-stranded RNA (dsRNA) and 5=-triphosphorylated RNA to activate the transcription
of interferon genes and promote antiviral defense. The Caenorhabditis elegans RIG-I-like
receptor DRH-1 promotes defense through antiviral RNA interference (RNAi), but less is
known about its role in regulating transcription. Here, we describe a role for DRH-1 in
directing a transcriptional response in C. elegans called the intracellular pathogen re-
sponse (IPR), which is associated with increased pathogen resistance. The IPR includes a
set of genes induced by diverse stimuli, including intracellular infection and proteotoxic
stress. Previous work suggested that the proteotoxic stress caused by intracellular infec-
tions might be the common trigger of the IPR, but here, we demonstrate that different
stimuli act through distinct pathways. Specifically, we demonstrate that DRH-1/RIG-I is
required for inducing the IPR in response to Orsay virus infection but not in response to
other triggers like microsporidian infection or proteotoxic stress. Furthermore, DRH-1 ap-
pears to be acting independently of its known role in RNAi. Interestingly, expression of
the replication-competent Orsay virus RNA1 segment alone is sufficient to induce most
of the IPR genes in a manner dependent on RNA-dependent RNA polymerase activity
and on DRH-1. Altogether, these results suggest that DRH-1 is a pattern recognition re-
ceptor that detects viral replication products to activate the IPR stress/immune program
in C. elegans.

IMPORTANCE C. elegans lacks homologs of most mammalian pattern recognition re-
ceptors, and how nematodes detect pathogens is poorly understood. We show that
the C. elegans RIG-I homolog DRH-1 mediates the induction of the intracellular
pathogen response (IPR), a novel transcriptional defense program, in response to in-
fection by the natural C. elegans viral pathogen Orsay virus. DRH-1 appears to act as
a pattern recognition receptor to induce the IPR transcriptional defense program by
sensing the products of viral RNA-dependent RNA polymerase activity. Interestingly,
this signaling role of DRH-1 is separable from its previously known role in antiviral
RNAi. In addition, we show that there are multiple host pathways for inducing the
IPR, shedding light on the regulation of this novel transcriptional immune response.

KEYWORDS C. elegans, innate immunity, plus-strand RNA virus

Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) are an ancient family of
cytoplasmic pattern recognition receptors that detect viral double-stranded RNA

(dsRNA) and 5=-triphosphorylated RNA to trigger antiviral immune responses (1, 2). In
mammals, this family includes RIG-I and MDA5, which contain a common N-terminal
tandem caspase activation and recruitment domain (2CARD), a central DExD/H box
motif helicase domain, and a zinc-binding C-terminal domain (CTD) (3). After the
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helicase and CTD bind to viral RNAs, these receptors trigger a signaling cascade via
interaction of the CARD domain with the mitochondrial activator of virus signaling
(MAVS) protein, which ultimately results in the activation of the interferon regulatory
factor 3 (IRF3) and NF-�B transcription factors (4). These transcription factors trigger
downstream defense gene expression, including an IRF3-mediated antiviral type I
interferon response (5). Given the importance of RLRs in antiviral defense and autoim-
munity, further understanding their evolution and signaling mechanisms in different
contexts could provide new avenues for treatment of viral infections and autoimmune
diseases.

RIG-I is one of the few pattern recognition receptors conserved between mammals
and the model nematode Caenorhabditis elegans. Notably, C. elegans lacks the cyto-
plasmic pattern recognition receptors cGAS-STING and nucleotide-binding domain and
leucine-rich repeat containing gene family (NLR) proteins and also lacks canonical
Toll-like receptor/NF-�B signaling (6–9). Furthermore, C. elegans lacks obvious ho-
mologs of IRF3 and MAVS as well as interferon ligands and receptors. However, C.
elegans possesses three genes that encode RIG-I-like receptor homologs: dicer-related
helicases 1, 2, and 3 (drh-1, drh-2, and drh-3) (10, 11). Like RIG-I and MDA5, these genes
encode a helicase domain and CTD but have a divergent N-terminal domain. DRH-1 was
originally identified in C. elegans as a protein that interacts with the dsRNA-binding
protein RDE-4 and Dicer/DCR-1 to process dsRNA into small interfering RNAs (siRNAs)
(11). Subsequently, DRH-1 was found to mediate an antiviral response to several types
of viral infection in C. elegans (12–16). Functional analysis indicated that the helicase
domain from human RIG-I could replace the helicase domain in C. elegans drh-1 to
promote antiviral defense against a viral replicon and natural infection by Orsay virus
(15). Interestingly, a small deletion in the CTD of DRH-1 was shown to underlie natural
variation in C. elegans strains susceptible to infection by Orsay virus (12). Orsay virus has
a positive-sense single-stranded RNA (ssRNA) genome composed of just two segments,
the RNA1 segment, which contains an open reading frame (ORF) encoding an RNA-
dependent RNA polymerase (RDRP), and the RNA2 segment, which contains an ORF
encoding a capsid protein and an ORF implicated in viral exit (17, 18). Because C.
elegans lacks interferon signaling, characterization of the antiviral mechanism of DRH-1
has focused on its role in mediating antiviral RNA interference (RNAi). The role for
DRH-1 in triggering a transcriptional response to viral infection has been less clear (19).

Intriguingly, C. elegans responds to Orsay virus infection by upregulating the mRNA
expression of a set of genes that are also induced during infection with pathogens in
the microsporidian phylum (20–22). Like viruses, microsporidia are obligate intracellular
pathogens that are natural pathogens of the C. elegans intestine (23). However,
microsporidia are molecularly distinct, as they are eukaryotic pathogens in the fungal
kingdom. We have named the common transcriptional response to microsporidia and
Orsay virus the intracellular pathogen response (IPR), as it appears to represent a novel
stress/immune pathway including many genes upregulated in the intestine (20, 24).
The IPR is regulated by two members of the pals gene family, which is named for a
protein signature of unknown biochemical function and has a single member each in
mouse and human (24, 25). C. elegans mutants defective in the pals-22 gene constitu-
tively express IPR genes and have increased resistance to virus and microsporidian
infection, which is reversed when increased IPR gene expression is suppressed by
mutations in pals-25 (22). In addition to increased pathogen resistance, pals-22 mutants
have several other phenotypes, including increased thermotolerance dependent on
ubiquitin ligase components, increased RNAi, increased susceptibility to the extracel-
lular bacterial pathogen Pseudomonas aeruginosa, slowed development, and shortened
life span (24, 25). Thus, the activation of IPR genes is associated with a broad rewiring
of C. elegans physiology.

How are IPR genes induced? Given that they can be induced not just by infection
but also by proteotoxic stressors, like prolonged heat stress and proteasome blockade,
a simple hypothesis was that intracellular infections by microsporidia and virus were
creating proteotoxic stress that led to IPR gene induction (20). However, here, we show
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that there are additional layers of complexity in the regulation of IPR induction.
Specifically, we show that induction of IPR gene expression by viral infection requires
the DRH-1 receptor. drh-1 mutants are defective in inducing IPR genes in response to
viral infection but not in response to other IPR triggers, including microsporidian
infection and proteotoxic stress. Furthermore, we show that the activation of this
transcriptional response does not require the known DRH-1-interacting proteins RDE-4
or DCR-1 and thus appears to occur via a mechanism that is distinct from the antiviral
RNAi pathway. Finally, we use transcriptome sequencing (RNA-seq) to show that the IPR
transcriptional program can be induced by ectopic expression of the Orsay virus RNA1
segment, and this induction depends on RDRP activity and on DRH-1. Together, these
results suggest that DRH-1 acts a pattern recognition receptor in C. elegans to sense
viral replication products and activate the IPR stress/immune program.

(This article was submitted to an online preprint archive [26].)

RESULTS
The RIG-I ortholog DRH-1 is required for induction of the intracellular patho-

gen response by Orsay virus infection but not by other stressors. Infection of C.
elegans by Orsay virus or by the microsporidian species Nematocida parisii induces a
common set of genes as part of the IPR, including the gene pals-5. While the pals-5
gene is of unknown function, the pals-5p::GFP reporter provides a convenient readout
for the IPR (20). To investigate the role of DRH-1 in inducing the IPR, we examined
pals-5p::GFP expression in the background of a drh-1(ok3495) partial-deletion allele. The
ok3495 allele contains a small (583-bp) in-frame deletion in what appears to be the
helicase domain of drh-1 (12). We found that, in contrast to wild-type animals, Orsay
virus infection did not induce pals-5p::GFP reporter expression in drh-1(ok3495) mu-
tants, despite these mutants carrying a higher viral load as assessed by reverse
transcription-quantitative PCR (qRT-PCR) of the viral RNA1 genome segment (Fig. 1A to
C). Because the drh-1(ok3495) allele is only a partial deletion, we used CRISPR/Cas9
editing to generate an additional deletion allele of drh-1, in which the entire genomic
locus was removed (Fig. 1D). This complete-deletion allele, drh-1(jy110), also failed to
upregulate the IPR reporter when infected with Orsay virus (Fig. 1E) and carried a higher
viral load than wild-type (WT) worms (Fig. 1F). For simplicity, from this point onward,
the drh-1(ok3495) allele is denoted drh-1(�).

Interestingly, we found no defect in IPR reporter activation by N. parisii infection or
proteasome blockade in either of the drh-1 mutant alleles (Fig. 2A to F). Additionally, we
observed a very small difference in the N. parisii pathogen load in drh-1(�) mutants
compared to WT controls and no difference in pathogen load in drh-1(jy110) mutants
versus WT controls (Fig. 2B and D). Although the pathogen load difference in drh-1(�)
mutants is statistically significant because of the large number (n � 5,000), it may not
be biologically relevant given the small difference in the means (0.1776 versus 0.1549).
In both drh-1 deletion alleles, proteasome blockade or N. parisii infection resulted in
stronger green fluorescent protein (GFP) reporter activation than was seen in WT
controls, with the effect being stronger in the drh-1(jy110) complete-deletion back-
ground (Fig. 2A to F). We also saw robust activation by prolonged heat stress in both
drh-1 mutant alleles (Fig. 2G and H). Furthermore, the increased pals-5p::GFP expression
seen in the pals-22 mutant background was not compromised by a mutation in drh-1
(Fig. 2I), indicating that this pathway for IPR induction is not dependent on drh-1. Thus,
we found that DRH-1 is required specifically for pals-5p::GFP expression in response to
viral infection but not for the response to other triggers of pals-5p::GFP expression.

DRH-1 acts independently of known RNAi factors to induce IPR mRNA expres-
sion in response to Orsay virus infection. To obtain a broader picture of the
requirement for DRH-1 in IPR gene expression, we performed qRT-PCR analysis of a
panel of IPR genes, including those of unknown biochemical function, pals-5 and
F26F2.1; the mRNA-decapping enzyme-encoding gene eol-1; and the ubiquitin ligase
complex component skr-5 (20, 22, 24). As a negative control, we included skr-1, which
is a ubiquitin ligase complex component that is not induced upon infection (20, 22, 24).
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FIG 1 DRH-1 is required for induction of the pals-5p::GFP IPR reporter upon viral infection. (A) pals-5p::GFP IPR reporter
fluorescence after Orsay virus infection in WT versus drh-1(ok3495) backgrounds. Worms were infected with Orsay virus as L1

(Continued on next page)

Sowa et al. Journal of Virology

January 2020 Volume 94 Issue 2 e01173-19 jvi.asm.org 4

https://jvi.asm.org


We compared expression levels in Orsay virus-infected worms versus mock-infected
controls at 12 h and 24 h postinfection (hpi) in WT and drh-1(�) mutant backgrounds
(Fig. 3). We observed that at 12 hpi, there was a �10-fold induction of pals-5, F26F2.1,
and eol-1 in the Orsay virus-infected WT worms but no detectable induction in the
drh-1(�) background (Fig. 3A), despite the fact that they were carrying a much higher
viral load than their WT counterparts (Fig. 3B). We observed a similar pattern at 24 hpi,
with pals-5, F26F2.1, and eol-1 being induced �100-fold by Orsay virus infection in the
WT background, while much less induction was seen in the drh-1(�) background
despite drh-1(�) worms carrying an increased viral load (Fig. 3C and D). Although
upregulation of IPR genes was observed in all three independent experiments at both
12 and 24 hpi, the magnitude of the induction varied between trials, as did the viral
load (Fig. 3A to F). No induction of skr-1 was observed in WT or drh-1(�) worms at 12
hpi or 24 hpi (Fig. 3A and C). In contrast to the lack of IPR induction in drh-1 mutants
at 12 hpi, some induction of pals-5, F26F2.1, and eol-1 was observed in the drh-1 mutant
background at 24 hpi, raising the possibility that there could be a drh-1-independent
induction of IPR genes by Orsay virus that functions at later stages of infection or with
higher viral loads. Of note, at 24 hpi, skr-5 showed higher expression levels in the
infected drh-1 mutants than in infected WT worms (Fig. 3C and E), demonstrating that
unlike the other IPR genes assayed, skr-5 induction does not require DRH-1. Analysis of
the drh-1(jy110) full-deletion allele at 24 hpi confirmed these findings (Fig. 3E and F).
Together, these data demonstrate that DRH-1 is required to induce several IPR genes
in response to Orsay virus infection.

We next investigated whether other components of the antiviral RNAi pathway play
a role in the virus-induced activation of IPR gene expression. In addition to drh-1, the
C. elegans genome harbors two other DExD/H box RNA helicases with homology to
mammalian RLRs, drh-2 and drh-3 (10, 11). DRH-2 is not thought to have a direct role
in antiviral RNAi, but DRH-3 participates in the production of secondary siRNAs (15, 16).
Other factors involved in the production of siRNAs targeting viral transcripts include
RDE-4 and DCR-1, both of which interact directly with DRH-1, potentially as part of the
complex that binds viral dsRNAs to initiate cleavage, and RDE-1, an argonaute that
binds primary siRNAs (10, 11, 27, 28). To test the role of these genes, we infected rde-1,
rde-4, drh-2, and drh-3 mutants with Orsay virus for 12 and 24 h [infections were
performed in parallel with the WT and drh-1(�) infections described above]. qRT-PCR
analysis of a panel of IPR genes showed that none of these other antiviral RNAi mutants
had impaired upregulation of IPR gene expression in response to viral infection (Fig. 3A
and C). At both 12 and 24 hpi, IPR gene expression levels were generally higher in rde-1,
rde-4, and drh-3 mutants than in WT worms, which is consistent with the higher viral
load observed in these mutants (Fig. 3B and D). No defects in IPR activation were
observed in drh-2 mutants, and they showed viral loads comparable to those of WT
worms at both time points (Fig. 3A to D).

Because null mutations in the C. elegans Dicer homolog dcr-1 lead to sterility or
lethality (29), we used RNAi knockdown to determine whether dcr-1 was required for

FIG 1 Legend (Continued)
larvae and imaged at 24 hpi. Bar � 100 �m. (B) pals-5p::GFP IPR reporter fluorescence after Orsay virus infection in WT versus
drh-1(ok3495) backgrounds. Worms were infected with Orsay virus as L2 larvae, and reporter expression was assayed at 24 hpi;
each dot represents an individual animal. The graph shows combined results of three independent experimental replicates, with
total numbers indicated. (C) qRT-PCR analysis of Orsay viral loads of samples from panel B. The graph shows combined results
of two independent experimental replicates; each replicate is indicated as a dot, with columns representing combined means.
Error bars represent standard deviations (SD). (D) Genomic locations of jy110 and ok3495 deletions in drh-1. (E) pals-5p::GFP IPR
reporter fluorescence after Orsay virus infection in WT versus drh-1(jy110) backgrounds. Worms were infected with Orsay virus
as L2 larvae, and reporter expression was assayed at 24 hpi; each dot represents an individual animal. The graph shows
combined results of three independent experimental replicates, with total numbers indicated. (F) qRT-PCR analysis of Orsay viral
loads of samples from panel E. The graph shows combined results of three independent experimental replicates; each replicate
is indicated as a dot, with columns representing combined means. Error bars represent SD. For panels B and E, green
fluorescence and length of animals were measured for �1,000 individual animals per experimental replicate using a Copas
Biosorter instrument. Means were compared using one-way ANOVA with Bonferroni correction. NS, not significant; ****,
P � 0.0001.
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FIG 2 DRH-1 is not required for induction of the pals-5p::GFP IPR reporter upon nonviral triggers. (A and C) pals-5p::GFP reporter fluorescence during N. parisii
infection. Animals were infected with N. parisii spores as L1 larvae, and reporter expression was measured at 30 hpi. (B and D) N. parisii pathogen load assayed

(Continued on next page)
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IPR activation by Orsay virus. Worms raised on dcr-1 RNAi beginning at the L1 stage and
infected with Orsay virus at L4 showed higher levels of IPR activation at 24 hpi than
worms raised on the RNAi vector control and also carried a higher viral load (Fig. 3G to
I), indicating that DCR-1 is not required for IPR activation by Orsay virus. Altogether,
these results indicate that DRH-1, but not other canonical RNAi factors like DCR-1, is
required for mediating the induction of IPR gene expression upon viral infection.

IPR gene expression is induced in a manner dependent on DRH-1 and on the
activity of Orsay virus RNA-dependent RNA polymerase. Previous work indicated
that transgenic expression and replication of only Orsay virus RNA1, the viral genome
segment containing the RDRP, was sufficient to activate the pals-5p::GFP IPR reporter
and that this activation was lost when a mutation was introduced that ablated the
polymerase activity of the RDRP (and therefore also ablated the replication of the RNA1
segment) (30). Here, we investigated whether this effect was dependent on DRH-1.
First, we compared IPR reporter expression in transgenic animals expressing Orsay virus
wild-type RNA1 [RNA1(wt)] or Orsay virus RNA1 D601A (RDRP-defective mutant) under
the control of a heat shock promoter in a WT or drh-1 mutant background. We found
that, in agreement with previous work, heat shock-induced expression and replication
of Orsay virus RNA1(wt) in the WT background led to an increase in IPR reporter
expression, whereas ectopic expression of the RNA1 mutant [RNA1(mt)] did not (Fig.
4A). Importantly, we found that in the drh-1 mutant background, neither the RNA1(wt)
nor the RNA1(mt) construct was able to induce IPR reporter expression, indicating that
pals-5p::GFP induction by Orsay virus RNA1(wt) is dependent on DRH-1 (Fig. 4A). We
tested the specificity of the requirement for DRH-1 in activating the IPR in response to
RNA1 RDRP activity by crossing the RNA1(wt) array into the rde-1, rde-4, and drh-3
mutant backgrounds. We found that neither rde-1, rde-4, nor drh-3 was required to
induce pals-5p::GFP expression in response to heat shock-induced ORV RNA1(wt)
expression (Fig. 4B), confirming that IPR activation resulting from RNA1 RDRP activity
occurs via a pathway distinct from the canonical antiviral RNAi pathway.

We next investigated whether other IPR genes are induced by the expression of
RNA1 and whether this induction is dependent on DRH-1. We performed qRT-PCR on
animals expressing RNA1(wt) and RNA1(mt) in both WT and drh-1(�) backgrounds.
First, we found that ectopic expression of RNA1(wt) induced all IPR genes tested, and
this induction was dependent on drh-1 (Fig. 4C). Analysis of the Orsay virus RNA1
transcript levels showed that RNA1 accumulated to higher levels in the drh-1 mutants
than in the WT controls (Fig. 4D), indicating that the lack of induction was not due to
a lack of this RNA1 trigger.

The full repertoire of IPR genes can be induced by Orsay virus RNA-dependent
RNA polymerase activity, dependent on DRH-1. Given that the ectopic expression of
RNA1(wt) was sufficient to induce the expression of a subset of IPR genes (Fig. 4C), we
examined the full transcriptomic response to RNA1(wt) expression using RNA-seq and
investigated whether responses were dependent on DRH-1. To minimize the contribu-
tion of the RNAi pathway, we used the rde-1(ne219) RNAi-deficient mutant background
for all of our comparisons. Specifically, we compared the following strains and used
heat shock to induce RNA1 expression in all strains before harvesting RNA for RNA-seq
(Fig. 5A): (i) rde-1(�); RNA1(wt), (ii) rde-1(�); RNA1(mt), (iii) drh-1(�); rde-1(�); RNA1(wt),
and (iv) drh-1(�); rde-1(�); RNA1(mt). For simplicity, we refer to these strains as (i)
drh-1(�) animals expressing RNA1(wt), (ii) drh-1(�) animals expressing RNA1(mt), (iii)
drh-1(�) mutants expressing RNA1(wt), and (iv) drh-1(�) mutants expressing RNA1(mt).

FIG 2 Legend (Continued)
by N. parisii-specific FISH staining. (E and F) pals-5p::GFP IPR reporter expression in worms treated with 2.5 �M bortezomib. (G and H) pals-5p::GFP reporter
expression in worms subjected to 24 h of 28°C heat stress beginning at the L4 stage. (I) pals-5p::GFP reporter fluorescence in pals-22(jy1) single mutants,
drh-1(ok3495) single mutants, and pals-22(jy1); drh-1(ok3495) double mutants. For all panels, fluorescence and length of animals were measured for �1,000
individual worms per experimental replicate using a Copas Biosorter instrument, with each animal represented as a dot. The graph shows combined results
of three independent experimental replicates, with total numbers indicated. Means were compared using one-way ANOVA with Bonferroni correction. NS, not
significant; ****, P � 0.0001.
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FIG 3 DRH-1 acts independently of other RNAi factors to mediate IPR induction. (A) Induction of IPR genes analyzed by qRT-PCR in RNAi
pathway mutants after 12 h of Orsay virus infection. (B) qRT-PCR assay of Orsay viral loads in RNAi pathway mutants after 12 h of Orsay virus

(Continued on next page)
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First, we used qRT-PCR to measure the level of RNA1 expressed in the triplicate RNA
samples used for RNA-seq analysis of these four strains. Here, we saw that the levels of
RNA1 were much higher in animals expressing RNA1(wt) than in those expressing
RNA1(mt) (Fig. 5B), which is expected given that RNA1 is a polymerase that amplifies
the copy number of RNA1. RNA1 expression levels were slightly higher on average in
the drh-1(�) animals expressing RNA1(wt) than in drh-1(�) animals expressing
RNA1(wt) (Fig. 5B). Next, we performed RNA-seq and used multidimensional scaling
analysis on the RNA-seq results to determine which strain had the most distinct gene
expression profile. Here, we found that mRNA expression in drh-1(�) animals express-
ing RNA1(wt) diverged most dramatically from mRNA expression in the other three
strains (Fig. 5C), indicating a transcriptional response dependent on RDRP activity and
wild-type drh-1.

When we compared drh-1(�) animals expressing RNA1(wt) to drh-1(�) animals
expressing RNA1(mt), we found 194 genes significantly upregulated and 1 gene
significantly downregulated (Fig. 6A; see also Table S1 in the supplemental material). Of
these, only 26 genes were also significantly upregulated in drh-1(�) animals expressing
RNA1(wt) versus drh-1(�) animals expressing RNA1(mt) (Fig. 6A and B and Table S2).
These results indicate that the transcriptional response to RDRP activity is largely
dependent on DRH-1. Importantly, there was also a large degree of overlap between
genes induced by RDRP activity and “canonical” IPR genes, which were defined by
being induced by N. parisii infection and regulated by pals-22/25 (22). A majority of the
IPR genes induced by RNA1(wt) were drh-1 regulated (Fig. 6B and Table S2). For
example, predicted ubiquitin ligase components, like the Cullin gene cul-6, which is
required for increased thermotolerance in pals-22 mutants (24), as well as the Skp-
related protein gene skr-4 and the F-box protein gene fbxa-75, were induced by
RNA1(wt) expression in a drh-1-dependent manner (Table S2). We also compared the
genes induced by RNA1 activity with a previously reported data set of genes induced
in the rde-1 mutant background by Orsay virus infection (21) and found that the
majority of the RDRP activity-induced genes were also induced during natural Orsay
virus infection (Fig. 6A to C and Table S2). While there were genes listed as being virally
induced that were not significantly upregulated by the expression of RNA1(wt), most of
these were induced but failed to meet the significance cutoff (Table S3). Therefore, the
IPR, which is a common response to molecularly divergent pathogens like microspo-
ridia and virus, can be induced by the expression of replication-competent Orsay virus
RNA1 in a manner dependent on RDRP activity and DRH-1.

DISCUSSION

The field of innate immunity in C. elegans is only about 20 years old and thus is
relatively new compared to innate immunity research in other model hosts (31–34).
While transcriptional responses to diverse pathogens have been described in C. elegans,
the pattern recognition receptors that activate these responses have remained mostly
unclear, with the exception of a G-protein-coupled receptor required to sense ligands
induced by both wounding and fungal infection that penetrates the epidermis (32, 35).
Here, we show that one of the only pattern recognition receptors conserved between
mammals and C. elegans, DRH-1/RIG-I, appears to sense viral intermediates to trigger

FIG 3 Legend (Continued)
infection. (C) Induction of IPR genes analyzed by qRT-PCR in RNAi pathway mutants after 24 h of Orsay virus infection. (D) qRT-PCR assay of Orsay
viral loads in RNAi pathway mutants after 24 h of Orsay virus infection. (E) Induction of IPR genes by qRT-PCR in drh-1(jy110) mutants after 24
h of Orsay virus infection. (F) qRT-PCR assay of Orsay viral loads in drh-1(jy110) mutants after 24 h of Orsay virus infection. (G) Induction of IPR
genes by qRT-PCR in worms treated with RNAi against dcr-1 after 24 h of Orsay virus infection. (H) qRT-PCR assay of Orsay virus pathogen loads
in worms treated with RNAi against dcr-1 after 24 h of Orsay virus infection. (I) qRT-PCR assay of dcr-1 transcript levels in samples from panel
G. dcr-1 levels are expressed as ratios to levels in the L4440 mock-infected control. For panels A, C, E, and G, IPR gene expression is shown as
a ratio of Orsay virus-infected worms to mock-infected controls for each genotype. For panels B, D, F, and H, the Orsay viral load was assessed
by Orsay virus RNA1 transcript levels compared to levels in Orsay virus-infected WT worms. For all panels, graphs show combined results of three
independent experimental replicates, with �1,000 animals collected for RNA in each replicate. Individual replicates are indicated by a dot, with
columns representing combined means and error bars representing SD. For each transcript assessed, the mean (n � 3) for each genotype was
compared to the WT mean using unpaired one-tailed Student’s t test. *, P � 0.05; **, P � 0.01.
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the IPR transcriptional program in the intestine, which is associated with increased
defense against Orsay virus and other intracellular pathogens (22). Importantly, the role
of drh-1 in mediating the C. elegans transcriptional response to Orsay virus is separable
from its role in antiviral RNAi, as neither of the two known direct binding partners of
DRH-1, RDE-4 and DCR-1, nor other RNAi pathway components that we tested were
required for IPR activation. Because the RDRP activity from the Orsay virus RNA1

FIG 4 RDRP activity of Orsay virus RNA1 is required for DRH-1-mediated IPR activation. (A) Quantification of pals-5p::GFP reporter fluorescence after heat shock
induction of RNA1(wt) or RNA1(mt) expression in WT and drh-1(ok3495) backgrounds. The graph shows combined results of 3 independent experimental
replicates (n � 70). Means were compared using one-way ANOVA with Bonferroni correction. NS, not significant; ****, P � 0.0001. (B) Quantification of
pals-5p::GFP reporter fluorescence after heat shock induction of RNA1(wt) expression in WT, rde-1(ne219), rde-4(ne301), and drh-3(ne4253) backgrounds. The
graph shows combined results of 3 independent biological replicates for each mutant genotype (n � 60) and 5 replicates for WT worms (n � 125). Means were
compared using one-way ANOVA with Bonferroni correction. ****, P � 0.0001. (C) qRT-PCR analysis of IPR gene expression after heat shock induction of
RNA1(wt) versus RNA1(mt) in the WT and drh-1(ok3495) backgrounds. IPR gene expression is normalized to the expression in WT; RNA1(mt) animals. The graph
shows combined results of 3 independent experimental replicates, and error bars represent SD. For each transcript assessed, the mean (n � 3) for each genotype
was compared to the WT; RNA1(wt) mean using unpaired one-tailed Student’s t test. *, P � 0.05; **, P � 0.01. (D) qRT-PCR analysis of RNA1 transcript levels after
heat shock induction of RNA1(wt) and RNA1(mt) in WT and drh-1(ok3495) backgrounds. RNA1 transcript levels are compared to RNA1 levels in WT; RNA1(mt)
animals. The graph shows combined results of 3 independent experimental replicates, and error bars represent SD. The mean (n � 3) for each genotype was
compared to the WT; RNA1(mt) mean using unpaired one-tailed Student’s t test. No significant differences were found.
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segment appears to be required for activation, our results suggest that a viral replica-
tion intermediate, such as dsRNA or 5=-triphosphorylated RNA, is the ligand that binds
the DRH-1 receptor to activate the IPR (Fig. 4 to 6). This pathogen ligand-pattern
recognition receptor pair is one of the few that have been paired together so far in C.
elegans. Of note, we found that microsporidian induction of the IPR is independent of
DRH-1, indicating that there are separate receptors yet to be identified that sense
infection with these fungus-related pathogens. It is possible that microsporidia are
sensed by the proteotoxic stress that they cause during infection, although given the
large number of effectors secreted by microsporidia (36), there are likely receptors that
sense specific microsporidian ligands to trigger the IPR.

What happens downstream of DRH-1 activation to induce IPR gene expression? C.
elegans does not have clear homologs of MAVS, IRF3, and NF-�B, which activate the
transcriptional program downstream of RIG-I-like receptors in mammals (5). Therefore,
the signaling components that mediate this response in C. elegans are likely to be
different. So far, the only other host factors shown to regulate the activation of the IPR

FIG 5 Characterization of the transcriptional response to Orsay virus RNA1. (A) Schematic of sample preparation for RNA-seq. Synchronized populations of L1
larvae of all four genotypes [drh-1(�); RNA1(mt), drh-1(�); RNA1(wt), drh-1(�); RNA1(mt), and drh-1(�); RNA1(wt)] were obtained by Copas Biosorter-based
isolation of animals with the transgenic array marker myo-2p::YFP to obtain a relatively pure population of transgene-positive animals. After sorting, worms were
plated with food and incubated at 20°C for 2 days until the L4 stage. At the L4 stage, worms were subjected to a 2-h heat shock at 34°C to induce the expression
of RNA1. Worms were recovered at 20°C for 6 h and then harvested for RNA isolation. (B) qRT-PCR analysis of RNA1 transcript levels in samples used for RNA-seq.
RNA1 transcript levels are normalized to RNA1 levels in drh-1(�); RNA1(mt) worms. The graph shows combined results for all three RNA-seq replicates; bars
represent means, and error bars represent SD. The mean (n � 3) for each genotype was compared to the WT; RNA1(mt) mean using unpaired one-tailed
Student’s t test. No significant differences were found. (C) Multidimensional scaling (MDS) plot of all three RNA-seq replicates.
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FIG 6 Ectopic expression of Orsay virus RNA1 induces the IPR gene repertoire in an RDRP-dependent and DRH-1-dependent manner. (A) Heat map showing
the top (P � 0.003) differentially expressed (DE) genes in drh-1(�); RNA1(wt) versus drh-1(�); RNA1(mt) worms. * denotes pseudogenes. Columns indicate
whether the gene was also differentially expressed in drh-1(-); RNA1(wt) versus drh-1(-); RNA1(mt) worms and whether the gene was also differentially expressed
in the Orsay virus-infected rde-1 mutant data set (21). (B) Overlap between genes significantly upregulated by RNA1(wt) in the drh-1(�) background with
canonical IPR genes and between genes significantly upregulated by RNA1(wt) in the drh-1(�) background. (C) Overlap between genes significantly
upregulated by RNA1(wt) in the drh-1(�) background with canonical IPR genes and between genes significantly upregulated by Orsay virus infection as
described previously by Chen et al. (21).
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are the antagonistic paralogs PALS-22 and PALS-25, which repress and activate the IPR,
respectively (22). DRH-1 appears to act in parallel to both PALS-22 and external triggers
of the IPR, like microsporidian infection and proteotoxic stress. These findings indicate
that DRH-1 is just one of multiple inputs to the IPR (Fig. 7). While constitutive activation
of IPR gene expression in PALS-22 mutants indicates that this transcriptional program
provides antiviral defense (22), the contribution of DRH-1-mediated induction of this
program is less clear. In previous studies, it appeared that DRH-1 might have a role
independent of RNAi in antiviral defense, as the loss of both DRH-1 and RNAi factors
together led to greater susceptibility to infection than the loss of the RNAi factors alone
(12). We also observed a trend toward higher levels of accumulation of Orsay virus
RNA1 transcripts in the rde-1(�); drh-1(�) double mutant background than in the
rde-1(�) single mutant background (Fig. 5B), which would be consistent with this
model. Indeed, drh-1 does not appear to be required for antiviral siRNA biogenesis but
rather appears to regulate which regions of the viral RNA are converted into small
interfering RNAs (13). It is not currently possible to completely separate the effects of
DRH-1 activity on RNAi from its effects on IPR activation, but it is possible that some of
the viral susceptibility in drh-1 mutants that has been attributed to defects in antiviral
RNAi could instead be due to defects in IPR activation.

In mammals, a prominent output of RIG-I signaling is transcriptional upregulation of
interferon genes that encode ligands to activate interferon receptors and downstream
signaling. Because C. elegans lacks interferon orthologs, it will be interesting to deter-
mine the nature of IPR effectors and how they regulate resistance. Of note, C. elegans
has homologs of the STAT transcription factors, which act downstream of the interferon
receptor in mammals to activate interferon-stimulated genes and promote antiviral
defense (37–39). Surprisingly, the sta-1 STAT transcription factor appears to repress the
expression of viral response genes, and sta-1 mutants are resistant to infection (19). This
result highlights another difference between mammals and C. elegans in terms of the

FIG 7 Model of DRH-1-mediated IPR activation by Orsay virus. Orsay virus infection in C. elegans is
detected by DRH-1 recognition of viral replication intermediates produced by Orsay virus RNA-
dependent RNA polymerase activity. DRH-1 signals downstream to activate the transcription of the
protective IPR. In parallel, DRH-1 also participates in the production of antiviral RNAi. The IPR can also be
triggered by microsporidian infection, prolonged heat stress, proteasome blockade, and mutations in
pals-22. Unlike viral infection, these triggers do not require DRH-1.
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signaling events downstream of RIG-I recognition of viral infection. While a RIG-I
ortholog has not been reported in insects, an antiviral role for Dicer2 (which is a DExD/H
box helicase like RIG-I) has been shown in Drosophila and mosquitoes, where it is
required for NF-�B-induced transcription of an interferon analog (40, 41). Thus, there
may be related but distinct mechanisms of transcriptional induction directed by
DExD/H box helicases upon viral infection in mammals, insects, and C. elegans.

One intriguing theme in common between RIG-I/IPR signaling in C. elegans and the
RIG-I/interferon response in mammals is that defects in the proteasome are associated
with both responses. Previous work in C. elegans demonstrated that either a genetic or
pharmacological block of the proteasome will activate IPR gene expression, in a manner
independent of canonical proteostasis factors like the SKN-1/Nrf2 transcription factor
(20, 22). In humans, mutations in the proteasome, as well as gain-of-function mutations
in RIG-I-like receptors, can lead to inappropriate activation of type I interferon re-
sponses and autoimmunity (42). These defects are part of a group of diseases called
interferonopathies, which are associated with upregulation of interferon, although it is
controversial whether interferon is causal for these diseases (43, 44). Therefore, it is
possible that mammalian RIG-I triggers an interferon-independent output similar to the
IPR that promotes both immunity and damaging inflammation. In light of this idea, it
is interesting to note that constitutive activation of the IPR in pals-22 mutants is
associated with increased immunity but also fitness defects such as shortened life span
and premature aging (24). Therefore, further analysis of the regulation and outputs of
the IPR may shed light on the interplay between viral infection, immunity, and the
negative consequences of hyperactivation of immune responses.

MATERIALS AND METHODS
C. elegans strains and maintenance. C. elegans were maintained on nematode growth medium

(NGM) plates seeded with OP50 Escherichia coli as previously described (45). Worms were maintained at
20°C unless otherwise noted. See Table 1 for a list of all C. elegans strains used in this study.

CRISPR deletion of the drh-1 locus. To generate a mutant with a deletion of the entire drh-1
genomic locus, we used the CRISPR coconversion strategy (46). The following two CRISPR RNAs (crRNAs)
targeting either side of the drh-1 genomic locus were designed using Chopchop (https://chopchop.cbu
.uib.no/): GCGTCTCTCTACTAATACAC and GGTTTTGGTCATCTTGATGT. drh-1 crRNAs, dpy-10 crRNA, and

TABLE 1 C. elegans strains used in this study

Strain Genotype

ERT054 jyls8[pals-5p::GFP; myo-2p::mCherry] X
ERT712 drh-1(ok3495) IV; jyls8[pals-5p::GFP; myo-2p::mCherry] X
ERT286 pals-22(jy1) III; jyls8[pals-5p::GFP; myo-2p::mCherry] X
ERT782 pals-22(jy1) III; drh-1(ok3495) IV; jyls8[pals-5p::GFP; myo-2p::mCherry] X
N2 N2
WM27 rde-1(ne219) V
WM49 rde-4(ne301) III
RB2519 drh-1(ok3495) IV
RB1024 drh-2(ok951) IV
WM206 drh-3(ne4253) I
ERT767 virEx23[HSP::OrsayRNA1; myo-2p::YFP]
ERT768 virEx26[HSP::OrsayRNA1 D601A; myo-2p::YFP]
ERT695 jyls8[pals-5p::GFP; myo-2p::mCherry] X; virEx23[HSP::OrsayRNA1; Pmyo-2::YFP]
ERT697 jyls8[pals-5p::GFP; myo-2p::mCherry] X; virEx26[HSP::OrsayRNA1 D601A; Pmyo-2::YFP]
ERT696 drh-1(ok3495) IV; jyls8[pals-5p::GFP; myo-2p::mCherry] X; virEx23[HSP::OrsayRNA1; myo-2p::YFP]
ERT698 drh-1(ok3495) IV; jyls8[pals-5p::GFP; myo-2p::mCherry] X; virEx26[HSP::OrsayRNA1 D601A; myo-2p::YFP]
WUM51 rde-1(ne219) V; jyls8[pals-5p::GFP; myo-2p::mCherry] X; virEx23[HSP::OrsayRNA1; myo-2p::YFP]
ERT808 rde-4(ne301) III; jyls8[pals-5p::GFP; myo-2p::mCherry] X; virEx23[HSP::OrsayRNA1; myo-2p::YFP]
ERT802 drh-3(ne4253) I; jyls8[pals-5p::GFP; myo-2p::mCherry] X; virEx23[HSP::OrsayRNA1; myo-2p::YFP]
ERT765 drh-1(ok3495) IV; virEx23[HSP::OrsayRNA1; myo-2p::YFP]
ERT766 drh-1(ok3495) IV; virEx26[HSP::OrsayRNA1 D601A; myo-2p::YFP]
ERT805 rde-1(ne219) V; virEx23[HSP::OrsayRNA1; myo-2p::YFP]
ERT806 rde-1(ne219) V; virEx26[HSP::OrsayRNA1 D601A; myo-2p::YFP]
ERT803 drh-1(ok3495) IV; rde-1(ne219) V; virEx23[HSP::OrsayRNA1; myo-2p::YFP]
ERT804 drh-1(ok3495) IV; rde-1(ne219) V; virEx26[HSP::OrsayRNA1 D601A; myo-2p::YFP]
ERT780 drh-1(jy110) IV; jyls8[pals-5p::GFP; myo-2p::mCherry] X
ERT709 drh-1(jy110) IV
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trans-acting crRNA (tracrRNA) were obtained from IDT and resuspended in IDT nuclease-free duplex
buffer. CRISPR injection mix was constructed and contained 0.5 �l 100 �M dpy-10 crRNA, 0.5 �l 100 �M
drh-1 crRNAs, 2.5 �l 100 �M tracrRNA, and 3.5 �l Cas9 (QB3 MacroLab). The Cas9 mixture was then
injected into the gonad of approximately 30 young adult N2 worms. Injected worms were transferred
singly onto individual NGM OP50 plates and incubated at 20°C for 3 to 4 days. Plates with a large number
of F1 progeny showing the Dpy phenotype were identified, and �100 individual Dpy� F1 progeny were
picked onto individual plates. Once F1 progeny had laid eggs, they were lysed and genotyped for the
deletion of the drh-1 locus using primers deletion external forward (CTCGTCACCAGTGCGAAATA) and
deletion internal reverse (CCAACCGCAATTCCAACATC). The presence of the complete deletion was
confirmed with Sanger sequencing, and the allele was designated drh-1(jy110). The dpy-10 mutation was
crossed out of the drh-1(jy110) background, and drh-1(jy110) mutants were backcrossed three times to
N2 prior to use in experiments.

Orsay virus filtrate preparation. Orsay virus filtrates were prepared as previously described (17).
Briefly, infected rde-1(ne219) worms were grown on standard NGM OP50 plates until just starved, washed
off plates using M9 buffer, and disrupted with silicon beads. The homogenate was then filtered through
a 0.22-�m filter, and aliquots were flash frozen in liquid nitrogen.

Orsay virus infection. For L1 infection (Fig. 1A), adults were bleached to obtain synchronized L1
larvae, which were then mixed with a 10� concentration of OP50 E. coli and a 1:50 dilution of the Orsay
virus filtrate. Next, a 500-�l total volume of an L1-food-virus mix was plated onto 6-cm unseeded NGM
plates and dried in a laminar flow hood. Infected worms were then incubated at 20°C until collection.

For L2 infection (Fig. 1B to F), bleached L1 larvae were plated onto 6-cm NGM plates containing a
lawn of OP50 E. coli and incubated at 20°C overnight prior to infection. The Orsay virus filtrate was then
diluted in M9 buffer at a ratio of 1:50. Three hundred microliters of a 1:50 dilution of the filtrate was top
plated onto the plates, which were then dried in a laminar flow hood. Infected worms were incubated
at 20°C for 24 h prior to collection.

For L4 infection (Fig. 3), 10 �l of the Orsay virus filtrate was mixed with 300 �l of a 10� concentration
of OP50 E. coli and 190 �l M9 buffer, and 500 �l of this mixture was seeded onto 6-cm NGM plates and
dried in a laminar flow hood. L4-stage worms (bleached L1 larvae plated onto standard 6-cm OP50 plates
and incubated at 20°C for 2 days) were washed off plates using M9 buffer plus 0.1% Triton X-100 (TX-100),
counted, and replated onto plates seeded with the Orsay virus filtrate mix. Infected worms were
incubated at 20°C for the indicated amounts of time prior to collection.

pals-5p::GFP quantification. (i) pals-5p::GFP quantification by using a worm sorter. Worms were
washed off plates into microcentrifuge tubes using M9 buffer plus 0.1% TX-100 and then washed three
times with M9 buffer plus 0.1% TX-100. Worms were concentrated into 150 to 200 �l and transferred into
96-well cell culture plates. Worms were then analyzed using a Copas Biosort instrument (Union
Biometrica) to record the time of flight (TOF) and green fluorescence for each worm. The GFP signal (in
arbitrary fluorescence units) was normalized to worm size by dividing fluorescence by TOF for each worm
(Fig. 1B and E and Fig. 2).

(ii) pals-5p::GFP quantification by using ImageJ. Worms were collected and washed as described
above and then paralyzed by adding 2 �l 5 M sodium azide. Worms were then mounted onto 2% agarose
pads on glass slides, sealed with a coverslip, and imaged using a Zeiss AxioImager M1 upright
fluorescence microscope with a 10� objective. The signal was collected for differential interference
contrast (DIC), yellow fluorescent protein (YFP) (coinjection marker for the heat shock Orsay virus RNA1
expression array), GFP (pals-5p::GFP), and mCherry (pals-5p::GFP coinjection maker). Identical exposure
times were used for all images within an experiment. The GFP signal in the intestine of individual worms
was quantified using ImageJ (https://imagej.nih.gov/ij/). Mean gray values for each intestine were
normalized by subtracting the mean gray value from the image background (Fig. 3A and B).

N. parisii infection. The N. parisii ERTm1 spore filtrate was prepared as previously described (47). A
total of 1,200 bleached L1 larvae were combined with 500,000 ERTm1 spores, 150 �l of a 10�
concentration of OP50 E. coli, and M9 buffer to a total volume of 300 �l; seeded onto 6-cm NGM plates;
and dried in a laminar flow hood. ERTm1-infected worms were incubated at 25°C for 30 h prior to
collection.

N. parisii pathogen load. N. parisii pathogen load was assessed by fluorescence in situ hybridization
(FISH) staining as previously described (22). Briefly, infected worms were fixed in 4% paraformaldehyde
and then hybridized with a CalFluor610-tagged FISH probe (Biosearch) specific for N. parisii rRNA.
FISH-stained worms were analyzed using a Copas Biosort instrument (Union Biometrica) to record TOF
and red fluorescence for each individual worm. The signal was normalized to the worm size by dividing
red fluorescence (in arbitrary fluorescence units) over the TOF for each worm.

Bortezomib treatment. Bleached L1 larvae were plated onto 6-cm NGM plates containing a lawn of
OP50 E. coli and incubated at 20°C overnight. A 10 �M stock solution of bortezomib (Selleck Chemicals)
resuspended in dimethyl sulfoxide (DMSO) was mixed with M9 buffer and top plated onto plates for a
final concentration of 2.5 �M bortezomib per plate. Control plates were top plated with an equal amount
of DMSO in M9 buffer. Plates were then incubated at 20°C for 24 h prior to analysis with the Copas Biosort
instrument (Union Biometrica).

Prolonged heat stress. Bleached L1 larvae were plated onto 6-cm NGM plates containing a lawn of
OP50 E. coli and incubated at 20°C overnight. Experimental plates were then incubated at 28°C for 24 h,
while control plates remained at 20°C. Worms were analyzed after 24 h using the Copas Biosort
instrument (Union Biometrica).

qRT-PCR. Approximately 1,000 worms per sample were washed off plates, washed with M9 buffer,
and then concentrated into �50 �l. Worms were homogenized in TRI reagent (Molecular Research
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Center, Inc.) and frozen at �80°C. RNA was extracted using TRI reagent and 1-bromo-3-chloropropane
(BCP) (Molecular Research Center, Inc.) according to the manufacturer’s instructions. cDNA was prepared
from total RNA using either SuperScript Vilo (Thermo Fisher) or iScript (Bio-Rad) cDNA synthesis kits.
qRT-PCR was performed using iQ SYBR green supermix (Bio-Rad) on a CFX connect real-time system. Each
experimental replicate was measured in technical duplicate. All gene expression was normalized to snb-1
expression, which does not change upon conditions tested. For comparisons of strains containing the
Ex[HSP::RNA1] arrays, gene expression was additionally normalized to yfp expression to control for array
mosaicism and differing numbers of array-containing animals in the test populations. The Pfaffl method
was used for quantifying gene expression changes (48). For a list of qRT-PCR primers, see Table 2.

dcr-1 RNAi treatment. Cultures of the Ahringer library dcr-1 E. coli RNAi clone or the RNAi vector
control L4440 E. coli clone in the HT115 bacterial strain grown overnight were seeded onto 6-cm
NGM plates supplemented with 5 mM isopropyl-�-D-thiogalactopyranoside (IPTG) and 1 mM car-
benicillin and incubated at room temperature for 1 day. Synchronized L1 larvae obtained by
bleaching were plated onto RNAi E. coli lawns and grown for 48 h at 20°C. A total of 300 �l of a 1:50
dilution of the Orsay virus filtrate was top plated onto the plates, and plates were dried in a laminar
flow hood. Infected worms were incubated at 20°C for 24 h prior to collection.

Heat shock promoter (HSP)::RNA1 heat shock induction. Transgenic array-positive worms were
picked onto standard NGM OP50 plates and allowed to reproduce for 5 days at 20°C before
bleaching plates. Bleached L1 larvae were plated onto 6-cm NGM plates containing a lawn of OP50
E. coli and incubated at 20°C for 2 days (until the L4 stage). At the L4 stage, plates were heat shocked
at 34°C for 2 h and then allowed to recover at 20°C for 6 h prior to collection.

RNA-seq sample preparation and sequencing. Bleached L1 larvae were sorted using a Copas
Biosort instrument (Union Biometrica) to obtain a population enriched for the Ex[HSP::RNA1(wt)] or
Ex[HSP::RNA1(mt)] extrachromosomal array. Array-positive larvae were sorted onto unseeded 10-cm
NGM worm plates at a density of �2,000 worms/plate, and 1 ml of a 10� concentration of OP50 E.
coli was added after sorting was complete. Plates were incubated at 20°C for 48 h, until the L4 stage.
At the L4 stage, plates were heat shocked at 34°C for 2 h and then allowed to recover at 20°C for
6 h prior to collection. Worms were washed off plates, washed three times with M9 buffer, and then
concentrated into �50 �l. Worms were then homogenized in 1 ml TRI reagent (Molecular Research
Center, Inc.) and frozen at �80°C. RNA was extracted using TRI reagent and BCP (Molecular Research
Center, Inc.) according to the manufacturer’s instructions and additionally purified using the RNeasy
cleanup kit with on-column DNase I digestion (Qiagen). RNA quality was assessed by using a
TapeStation system. Sequencing libraries were constructed using the TruSeq stranded mRNA
method (Illumina) and sequenced using run type SR75 on an Illumina HiSeq4000 sequencer
(Illumina). RNA quality assessment and RNA-seq were conducted at the IGM Genomics Center,
University of California, San Diego, La Jolla, CA.

RNA-seq analysis. RNA-seq analysis was performed by the Center for Computational Biology and
Bioinformatics at the University of California, San Diego. Quality control of the raw fastq files was
performed using the software tool FastQC (49) v0.11.3. Sequencing reads were trimmed with

TABLE 2 qRT-PCR primers used in this study

Gene Primer Primer sequence

snb-1 snb-F1 CCGGATAAGACCATCTTGACG
snb-R1 GACGACTTCATCAACCTGAGC

pals-5 C17H1.6_F1 CATTGGAAAGCGATATTGGA
C17H1.6_R1 TCTCCAGGCACCTATCTTGTAG

eol-1 eol-1 qPCR FWD GAAGGAGGTGGCGATGTTTAT
eol-1 qPCR REV CGGCGTCGATTGTCTCTTT

F26F2.1 F26F2.1_F1 TGGAACCAGGTCAGAGACAC
F26F2.1_R1 TTGTGAGAATTTCCGCGATA

skr-5 skr-5_F1 CGAAGAGCAAGATGTCAAAATTG
skr-5_R1 AGAAGCTTGGATTGATTGGCA

skr-1 skr-1_F1 GGCAAAGGAACGCGAAATCA
skr-1_R1 TTGAGAGACGGATCACATTGC

dcr-1 dcr-1 qPCR F1 GCTAGTGATTTAGTCTCGCTCTC
dcr-1 qPCR R1 TACCCAGGCACCCAATTTC

yfp YFP qPCR_F1 TCGCCAGATACCCAGATCATA
YFP qPCR_R1 GTGTCTTGTAGTTCCCGTCATC

OrsayRNA1 GW194 ACCTCACAACTGCCATCTACA
GW195 GACGCTTCCAAGATTGGTATTGGT
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Trimmomatic (50) v0.36 and aligned to the C. elegans WBcel235 genome (51) using STAR aligner (52)
v2.5.3a. Read quantification was performed with RSEM (53) v1.3.0 and the WBcel235 v96 annotation
(54). The R BioConductor packages edgeR (55) and limma (56) were used to implement the
limma-voom method (57) for differential expression analysis. In brief, lowly expressed genes—those
not having �1 cpm in at least 1 of the samples—were filtered out, and trimmed mean of M values
(TMM) (58) normalization was then applied. The experimental design was modeled upon genotype
and treatment (�0 � genotype � treatment). The voom method was employed to model the
mean-variance relationship in the log counts per minute values, after which lmFit was used to fit
per-gene linear models and empirical Bayes moderation was applied with the eBayes function.
Significance was defined by using an adjusted P value cutoff of 0.05 after multiple-testing correction
(59) using a moderated t statistic in limma. For gene lists, WormBase version WS270 was used to
remove dead genes and update gene names.

A table of normalized gene counts for all RNA-seq replicates in this study can be found in Table S4
in the supplemental material.

Statistics. (i) Statistical analysis of Copas Biosorter fluorescence data and ImageJ fluorescence
quantification. Normalized fluorescence data from three independent experimental replicates were
combined and analyzed using one-way analysis of variance (ANOVA) with Bonferroni correction to
compare the mean of each group to those of every other group.

(ii) Statistical analysis of qRT-PCR data. For each experiment, mean expression levels were
calculated from 3 independent experimental replicates. For IPR gene expression where expression
levels for each genotype were normalized to values for uninfected controls of the same genotype,
means were compared to WT values using unpaired one-tailed Student’s t test. For viral RNA1 loads
where experimental groups were normalized to infected WT or RNA1(mt) controls, means were
compared to a value of 1 (no change) using unpaired one-tailed Student’s t test.

All statistics were performed using Prism 7.
Data availability. All RNA-seq read files are available from the NCBI GEO database (accession

number GSE138268).
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