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Antiviral RNA interference (RNAi) is conserved from yeasts to mammals. Dicer
recognizes and cleaves virus-derived double-stranded RNA (dsRNA) and/or struc-
tured single-stranded RNA (ssRNA) into small-interfering RNAs, which guide
effector Argonaute to homologous viral RNAs for digestion and inhibit virus repli-
cation. Thus, Argonaute is believed to be essential for antiviral RNAi. Here, we show
Argonaute-independent, Dicer-dependent antiviral defense against dsRNA viruses using
Cryphonectria parasitica (chestnut blight fungus), which is a model filamentous ascomy-
cetous fungus and hosts a variety of viruses. The fungus has two dicer-like genes (dc/I
and dc/2) and four argonaute-like genes (aglI to agl4). We prepared a suite of single to
quadruple ag/knockout mutants with or without dec/ disruption. We tested these mutants
for antiviral activities against diverse dsRNA viruses and ssSRNA viruses. Although both
DCL2 and AGL2 worked as antiviral players against some RNA viruses, DCL2 without
argonaute was sufficient to block the replication of other RNA viruses. Overall, these
results indicate the existence of a Dicer-alone defense and different degrees of suscep-
tibility to it among RNA viruses. We discuss what determines the great difference in
susceptibility to the Dicer-only defense.

RNAi | Argonaute | Dicer | fungalvirus | chestnut blight

Antiviral RNA silencing or RNA interference (RNAI) is a small RNA-mediated defense
mechanism that has been conserved from unicellular yeasts to multicellular mammals
(1-4). Viral double-stranded RNAs (dsRNAs) or structured single-stranded RNAs
(ssRNAs) are sensed and digested by the dsRNA-specific ribonuclease Dicer into
small-interfering RNAs (siRNAs), which then serve as a guide and enhance the degradation
and translational repression of target viral RNAs by the effector ribonuclease Argonaute
(5, 6). In plants and nematodes, host-encoded RNA-dependent RNA polymerase (RDR)
is involved in the amplification cycle of siRNA production (5, 7). Therefore, deficiency
of these key genes in the RNAi antiviral pathway results in enhanced virus replication and
symptom induction (8-11). One of the important unanswered questions about antiviral
RNAI is whether Dicer activity without Argonaute effectors is functional in antiviral
defense. Although this issue has been discussed previously (12), no conclusions have been
drawn. This question can be tested only by disrupting all Argonaute genes in an organism.
In plants and animals, however, multiple knockouts of all Argonaute genes could be dif-
ficult because of the great numbers of paralogous Argonaute genes, several of which are
involved in the microRNA (miRNA) pathway crucial for development (13, 14). For
example, the model plant Arabidopsis thaliana has 10 (15), human has eight (16), the
model fly Drosophila melanogaster has five (17), and the model nematode Caenorbabditis
elegans has 27 Argonaute paralogs (18), which show pleiotropic roles.

The chestnut blight fungus, Cryphonectria parasitica, is a destructive plant pathogen as
well as a filamentous model fungus for studying virus—virus and virus—host interactions
(19, 20). This ascomycetous fungus has two dicer-like (dc/1 and dcl2), four argonaute-like
(agll to agl4), and four rdr (rdrl to rdr4) genes (10, 21, 22). By utilizing the prototype
ssRNA monopartite hypovirus Cryphonectria hypovirus 1 (CHV1) with a capsidless
nature, researchers have shown that 4c/2 and ag/2 are required for antiviral RNAi (10,
21). Unlike in plants, no rdr gene in C. parasitica is involved in antiviral RNAi, indicating
that no amplification step of siRNA is required for it (22); instead, transcription of the
key genes dcl2 and agl2 is markedly induced upon virus infection (21, 23). The mechanisms
governing these regulations are largely unknown. Another unique feature of C. parasitica
is that DCL2 plays a dual role transcriptionally and posttranscriptionally. As observed in
other organisms, DCL2 functions as one of the key RNAi genes to dice viral dsRNAs
(10, 24). In addition, DCL2 serves as a positive feedback player to transcriptionally induce
many host genes, including 4c/2 and ag/2, an action that requires the general transcriptional
coactivator SAGA (Spt-Ada-Gen5 acetyltransferase) complex (25, 26). This transcriptional
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RNA interference is the primary
antiviral defense in plants, fungi,
and invertebrates, wherein Dicer
cleaves viral dsRNA (double-
stranded RNA) into siRNAs
(small-interfering RNA), while
Argonaute as the effector digests
target viral RNA using virus-
derived guide siRNAs. However,
an interesting question remains
unanswered; Does Dicer alone
play an antiviral role in the
absence of Argonaute? This
question is difficult to answer
because disruption of all
members of the Argonaute family
would lead to lethality. Herewith
we addressed this long-standing
question by preparing a suite of
single and multiple Dicer and
Argonaute mutants of a model
filamentous host fungus,
Cryphonectria parasitica. We
demonstrated Dicer-alone
defense—the dispensability of
Argonaute in antiviral defense—
against some RNA viruses, while
Argonaute is required for full-scale
antiviral defense against others.

Author affiliations: “Institute of Plant Science and
Resources, Okayama University, Kurashiki, Okayama
710-0046, Japan

Author contributions: Y.S. and N.S. designed research;
Y.S. performed research; Y.S. contributed new reagents/
analytic tools; Y.S., H.K., and N.S. analyzed data; and Y.S.,
H.K., and N.S. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CCBY-NC-ND).

'Present Address: Institute for Plant Sciences, University
of Cologne, 50674 Cologne, Germany.

2To whom correspondence may be addressed. Email:
nsuzuki@okayama-u.ac.jp.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2322765121/-/DCSupplemental.

Published June 12, 2024.

10of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nsuzuki@okayama-u.ac.jp
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2322765121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2322765121/-/DCSupplemental
https://orcid.org/0000-0001-9220-5350
mailto:
https://orcid.org/0000-0003-0097-9856
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2322765121&domain=pdf&date_stamp=2024-6-7

regulation can be suppressed by a viral RNA silencing suppressor
(RSS), such as CHV1 p29, via an unknown mechanism (21, 25,
27). Some of the up-regulated host genes alleviate virus symptoms
without affecting virus replication, leading researchers to propose
an additional layer of host defense (symptom mitigation) (25).
We have previously shown that the highly induced RNAI state,
either by an infecting virus or transgenic expression of dsRNA,
can eliminate a preexisting heterologous dsRNA virus, Rosellinia
necatrix victorivirus 1 (RnVV1) with an undivided, encapsidated
dsRNA genome (23). Surprisingly, dc/2 but not agi2 is required
for elimination or clearance of this virus. There are two possibilities
to explain this phenomenon: 1) a¢/ genes other than 4¢/2 function
as an effector of antiviral RNAi and 2) DCL2 is sufficient for virus
interference.

In the current study, we show Dicer-dependent, Argonaute-
independent RNAi in C. parasitica against multiple RNA viruses
such as RnVV1, and the different levels of susceptibility to this
Dicer-only antiviral defense among RNA viruses. We found this
by preparing a suite of deletion mutants lacking single or multiple
agl genes with or without de/ disruption.

Results

Establishment and Phenotypes of dcl/agl Single and Multiple
Knockout C. parasitica Strains. Although the function of
C. parasitica agll, agl3, and agl4 remains unknown, all of them,

in addition to 4g/2, encode typical Argonaute domains (28)
(Fig. 14). We first prepared single and multiple ag/ disruptants,
including a triple 2¢g/ mutant (Aag/1/3/4) and a quadruple ag/
mutant (AaglQ), in C. parasitica strain DK80 with or without
the other key RNAI gene de/2 disrupted (see Table 1 for names
and genotypes of all the mutants). Strain DK80 is an EP155
(a wild-type strain) mutant that lacks a 4280 ortholog (¢pkuS80,
required for nonhomologous end-joining DNA repair) to increase
homologous recombination (HR) efficiency (29). We replaced
the coding sequence of dellagl genes with selectable marker genes
(SMGs, antibiotic resistance genes) by HR (87 Appendix, Fig. S1).
For multiple gene disruption, we utilized three SMGs and a Cre-
loxP-mediated marker recycling system, in which Cre recombinase
catalyzed JoxP site-specific recombination to remove SMGs (30)
(81 Appendix, Fig. S2). In all the generated mutants, we validated
precise target disruption by PCR and Southern blotting (Fig. 18
and ST Appendix, Fig. S3). Importantly, all the dc//agl disruptants
manifested a normal growth phenotype on potato dextrose agar
plates, similarly to the original strain DK80 (87 Appendix, Fig. S4).

DCL2 But Not Any Single AGL Efficiently Restricts RnVV1. First, we
analyzed RnVV1 accumulation, together with CHV1 accumulation
in parallel, in the single del/agl knockout DK80 mutant series,
namely Adcll, Adcl2, Aagll, Aagl2, Aagl3, and Aagl4 (Table 1 and
Fig. 2). These mutants, DK80, and EP155 were each cocultured
with respective virus donor fungal strains (Table 1 and Fig. 24). We
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Fig. 1. Disruption of Argonaute-like protein genes (ag/) with Dicer-like protein genes (dc/) in C. parasitica. (A) Four Argonaute-like proteins (AGLs) of C. parasitica
DK80, a ku80-deletion mutant of a reference strain EP155. These AGLs collectively include six typical Argonaute domains, namely Argonaute linker 1 domain
(ArgoL1), Argonaute linker 2 domain (ArgoL2), mid domain of Argonaute (ArgoMid), N-terminal domain of Argonaute (ArgoN), PAZ domain (PAZ), and Piwi domain
(Piwi) (Pfam accession: PF08699.13, PF16488.8, PF16487.8, PF16486.8, PF02170.25, and PF02171.20, respectively). (B) Single or multiple deletions of dicer-like
protein genes (dc/7 and dc/2) and/or argonaute-like protein genes (agl7, agl2, agl3, and agl4), validated by PCR. The strain names of C. parasitica mutants lacking
dcl2 are displayed in red, while those lacking ag/2 but possessing dc/2 are shown in blue in the Left panel. Other single mutants (Adc/1, Aagl1, Aagl3, and Aagl4)
are shown in the Right panel. Agarose gels were stained with ethidium bromide (EtBr). The PCR targets regions removed by HR within two dc/ and four ag/ genes
(S/ Appendix, Fig. S1). An actin homolog gene (act2, encoding centractin ortholog) was detected as a positive control of PCR templates (genomic DNA of each
fungal strain). Expected amplicon sizes from the intact genes are provided in S/ Appendix, Table S2.
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Table 1. Viral and fungal strains used in this study”

Strain Description Reference
Viral
CHV1 Nonsegmented, positive-sense RNA virus (12,734 nt) in the genus Alphahypovirus in the (31)
family Hypoviridae, from C. parasitica strain EP713
RNVV1 Nonsegmented dsRNA virus (5,329 bp) in the genus Victorivirus in the family Pseudototi- (32)
viridae, from R. necatrix strain W1029
MyRV1 Eleven-segmented dsRNA virus (732 to 4,127 bp segments) in the genus Mycoreovirus in (33)
the family Spinareoviridae, from C. parasitica strain 9B21
MyRV2 Eleven-segmented dsRNA virus® in the genus Mycoreovirus in the family Spinareoviridae, (34)
from C. parasitica strain C18
CHV1-Ap69 A CHV1 mutant lacking ORFA that encodes p69, a precursor of RSS p29 (35)
Fungal
EP155 A standard virus-free strain of C. parasitica (36)
EP155/CHV1 C. parasitica EP155 inoculated with CHV1 isolate EP713 (37)
EP155Adc/2/RnVV1 C. parasitica EP155 Adcl2 inoculated with RnVV1 isolate W1029 (32)
EP155/MyRV1 C. parasitica EP155 inoculated with MyRV1 isolate 9B21 (38)
EP155Adcl2/MyRV2 C. parasitica EP155 Adc/2 inoculated with MyRV2 isolate C18 This study
EP155/CHV1-Ap69 C. parasitica EP155 inoculated with CHV1-Ap69 (35)
DK80 cpku80 knockout strain in C. parasitica EP155 background (29)
Adcl1t dcl1 knockout strain in C. parasitica DK80 background This study
Adcl2t dcl2 knockout strain in C. parasitica DK80 background This study
Aaglt’ agl1 knockout strain in C. parasitica DK80 background This study
Aagl2" agl2 knockout strain in C. parasitica DK80 background This study
Aagl3' agl3 knockout strain in C. parasitica DK80 background This study
Aag/4T agl4 knockout strain in C. parasitica DK80 background This study
Adcl2Aagl2 dcl2 and agl2 knockout strain in C. parasitica DK80 background This study
Aagl1/3/4 agl1, agl3, and agl4 knockout strain in C. parasitica DK80 background This study
AaglQ Quadruple agl (agl1 to agl4) knockout strain in C. parasitica DK80 background This study
Adcl2AaglQ dcl2 knockout strain in C. parasitica DK80 Aag/Q background This study
Adcl2AaglQ+dcl2 dcl2 complementation strain of C. parasitica DK80 Adcl2AaglQ This study

“Viral and fungal strains used only in supplementary data are listed in S/ Appendix, Table S3.

"Knockout strains newly generated in DK80 background, different from the previously generated ones in EP155 background (10, 21).

The sequence of dsRNA3 (3,213 bp) is available in GenBank (accession: DQ902580).

detected viral RNA in the virus-free or virus-infected recipients by
northern hybridization using virus-specific complementary DNA
probes against regions inside part encoding viral RNA-dependent
RNA polymerase (RARP) (87 Appendix, Table S2). The northern
hybridization showed clear RnVVI signal only in Adc/2 and
none in EP155, DK80, Adcll, Aagll, Aagl2, Aagl3, or Aagl4,
after RnVV1-infection (Fig. 2B). Compared with EP155 and
DK80, CHV1 accumulation was clearly increased in Adc/2 and
Aagl2, but not in Adell, Aagll, Aagl3, or Aagl4 (Fig. 2C). These
CHV1 results are consistent with the previous results with the
EP155 genetic background (10, 21). Recipient strains have been
reported to carry over a minor portion of a donor’s karyons (32).
To eliminate the possibility of heterokaryon effects on RnVV1
accumulation, we next transfected DK80, Adc/2, and Aagl2 with
purified RnVV1 virions (Fig. 2D). Semiquantitative RT (semi-
qRT)-PCR using a constant amount of substrate RNA showed
that RnVV1 was accumulated comparably in DK80 and Aagl2,
while there was more in Adc/2 transfectants (Fig. 2E). Northern
hybridization also showed clear RnVV1 signal only in Adc/2, and
none in DK80 or Aag/2 in the transfectants (Fig. 2E).

Taken together, these results indicate that 4c/2 alone is respon-
sible for RnVV1 reduction, while disruption of dell, agli, agl2,
agl3, or agl4 did not allow enhanced RnVV1 replication, suggest-
ing that ag/ genes function redundantly or no ag/ genes are involved
in the anti-RnVV1 response in C. parasitica. By contrast, both
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del2 and agl2 are required for CHV1 repression, as reported pre-
viously with the C. parasitica EP155 genetic background (10, 21).

A C. parasitica Reovirus MyRV2 Is Also Strongly Silenced by
dcl2 But Not by agl2. Researchers initially assumed that the
susceptibility of RnVV1 to the Dicer-alone defense was associated
with its poor adaptability to the host fungus C. parasitica, a
nonnative host of RnVV1. RnVV1 is from another ascomycetous
phytopathogen, R. necatrix (32). Thus, we screened a collection of
viruses, which were originally isolated from C. parasitica, for those
with RnVV1-like behaviors, namely restricted by 4c/2, but not
agl2 (SI Appendix, Fig. S5). The tested C. parasitica viruses include
three hypoviruses (a capsidless monopartite ssSRNA genome)
and two mycoreoviruses (a multisegmented, monoparticulate
dsRNA genome), namely Cryphonectria hypovirus 2 (CHV2),
Cryphonectria hypovirus 3 (CHV3), Cryphonectria hypovirus
4 (CHV4), mycoreovirus 1 (MyRV1), and mycoreovirus 2
(MyRV2) (Table 1 and SI Appendix, Table S3). We used these
viruses to inoculate DK80 and its single and multiple mutants
Adcl2, Aagl2, and Adcl2Aagl? via hyphal fusion (Fig. 24). We
detected viral RNA in the recipient strains before and after the
infection by using northern hybridization with probes targeting
viral RdARP-encoding segments (S/ Appendix, Table S2). CHV?2,
CHV3, CHV4, and MyRV1 obviously accumulated in DK80 and
showed slight or no increase in Adc/2, Aagl2, and a double mutant
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Fig. 2. Viral RNA accumulation in the dcl/agl single knockout strains of C. parasitica. (A) The viral inoculation method via hyphal fusion. For the detailed procedure,
refer to the Materials and Methods section. (B and C) Detection of RnVV1 (B) or CHV1 (C) RNA in virus-free or virus-infected fungal mycelia by northern hybridization.
Each virus was inoculated via hyphal fusion. Northern hybridization was carried out with crude RNA enriched with ssRNA by lithium chloride (LiCl). In all northern
hybridization, host ribosomal RNA (rRNA) with ethidium bromide (EtBr) staining is shown as a loading control. CHV1 was detected with a probe targeting a region
lost in the major CHV1 DI RNA (39). Red arrows indicate the position of viral full-length mRNA and/or genomic RNA. (D) Viral inoculation for a heterologous virus
(RnVV1) via virion transfection. For the detailed procedure, refer to the Materials and Methods section. (F) Detection of RnVV1 RNA in virus-free or RnVV1-infected
fungal mycelia by semi-qRT-PCR and northern hybridization with LiCl-precipitated ssRNA fractions. RnVV1 was inoculated by virion transfection. Relative band
intensity values for semi-qRT-PCR are shown below the electrophoretic image. ND stands for not determined/detected.

Adel2Aagl2 (SI Appendix, Fig. S5A). In contrast, we did not detect
MyRV2 in DK80 and Aag/2, but it highly accumulated in Adcl2
and Adcl2Aagl2, similarly to RaVV1 (8] Appendix, Fig. S5B).
Thus, we subsequently investigated the possibility of Argonaute-
independent antiviral silencing using RnVV1 and MyRV2.

Argonaute-Independent, Dicer-Dependent Defense against
RnVV1 and MyRV2. To test the possible functional redundancy of
agl genes in the anti-RnVV1 and MyRV2 defense, we analyzed
the antiviral ability of a subset of single to multiple dc/2/agl
knockout C. parasitica strains and a de/2-complemented strain for
Adcl2AaglQ (Fig. 3). We inoculated each fungal strain with each
virus alone via hyphal fusion (Fig. 24). We electrophoresed total
RNA (viral and host ssRNA and dsRNA) purified from virus-free
and virus-infected strains, stained it with ethidium bromide (EtBr)
(Fig. 3 A—E, Upper), and subjected it to northern hybridization
with probes targeting a viral RARP-encoding region (Fig. 3 A-F,
Lower).

RnVV1 and MyRV2 were highly accumulated in the mutants
lacking dcl2 (Adcl2, Adcl2Aagl2, and Adcl2AaglQ) at a level
detectable by EtBr (less sensitive), which we confirmed by north-
ern hybridization (more sensitive), but not in DK80 and the other
mutants lacking only ag/ genes (Aagl2, Aagl1/3/4, and AaglQ)

40of 11 https://doi.org/10.1073/pnas.2322765121

(Fig. 3 Aand B). DCL2-dependent, AGL-independent restriction
of these two dsRNA viruses is supported by the observation that
transgenic supply of de/2 restored the virus restriction phenotype
in the Adcl2AaglQ background (Adcl2AaglQ+dcl2) (Fig. 3 Aand
B). We also performed real-time qRT-PCR and semi-qRT-PCR
in the same total RNA samples. We detected RnVV1 and MyRV2
in all the recipients after virus inoculation, but the signals were
stronger in the mutants lacking dc/2 than in DK80 and the other
mutants, which was more obvious for MyRV2 than for RnVV1
(over two orders of magnitude for RnVV1 and four orders of
magnitude for MyRV2) (87 Appendix, Fig. S6). The difference in
semi-qRT-PCR signals between DK80 and the mutants lacking
only agl genes was not associated with the presence or absence of
particular a¢/ genes (SI Appendix, Fig. S6B). We obtained similar
results by qRT-PCR, northern hybridization, and semi-qRT-PCR
using ssRNA-enriched fraction (containing virus mRNAs) in
independent experiments (S Appendix, Fig. S7). Viral symptom
observation also implied involvement or noninvolvement of dc/2
and agl, respectively, in the symptom alteration (Fig. 4 and
SI Appendix, Fig. S8). In DK80 and the mutants lacking only ag/
(Aagl2, Aagll/3/4, AaglQ, and Adcl2AaglQ+dcl2), RnVV1 and
MyRV2 induced mild or no symptoms, respectively. RnVV1 and
MyRV2 exhibited opposite symptom patterns in DK80. The
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Fig. 3. Viral RNA accumulation and dc/2/agl2 induction in the dc/2/agl single and multiple knockout strains of C. parasitica. (A-E) Detection of viruses in total RNA
extracted from the host strains. Each of RnVV1 (A), MyRV2 (B), MyRV1 (C), CHV1 (D), and CHV1-Ap69 (E) was inoculated to the fungal strains, and the respective
viruses were detected in parallel with virus-free fungal strains as negative controls. For each of (A-E), the Upper row indicates fungal total RNA (DNase-treated
total nucleic acids) with or without viral RNA detected by ethidium bromide (EtBr) staining, while the Lower row of each panel indicates the blots with viral signals
detected by northern hybridization of the total RNA. The fungal strains lacking dc/2 are indicated with red. The fungal strains lacking agl/2 but possessing dcl2 are
indicated with blue. The other fungal strains are indicated with black. Same for the following panels (Fand G). The red arrow indicates the position of the genome
or its replicative form dsRNA of nonsegmented viruses (RnVV1, CHV1, and CHV1-Ap69) or the RdRP-encoding segment of multisegmented viruses (MyRV1 and
MyRV2, the smaller viral bands are the other segments). The letter “r" indicates fungal rRNA bands as internal loading controls. “D1,” and “D2" represent an
RNAi-dependent DI RNA (39) and an RNAi-independent defective RNA of CHV1, respectively. (F and G) Detection of dc/2/agl2 mRNA by northern hybridization
with LiCl-precipitated RNA fractions. To test the induction of dc/2 and agl2 in the respective fungal strains upon virus infection, we used MyRV1 (F) or CHV1-Ap69

(G) which are known to induce dc/2 and agl2 expression in wild-type fungal strains. Host rRNA (r) is shown as a loading control.

RnVVI1-induced symptoms were not obvious in the mutants lack-
ing dcl2 (Adcl2, Adcl2Aagl2, and Adcl2AaglQ), while the other
mutants showed a slight reduction in aerial hyphae, implying the
involvement of dc/2 in symptom induction by RnVVI. In con-
trast, MyRV2 reduced the growth rate in the mutants lacking dc/2,
suggesting that dc/2 is involved in the mitigation of MyRV2-caused
symptoms.

To examine viral impacts on transcriptome and the expression
of RNAI genes, RNA-Seq analysis was performed in virus-free
and virus-infected DK80 and Adc/2. In the absence of virus,
DK80 and Adc/2 showed similar transcriptomic profiles (Fig. 5A4).
RnVV1-induced relatively small changes in the transcriptomes in
DKB80 and Adc/2 (Fig. 5 A and B). MyRV2 induced little change
in the transcriptome in DK80 but larger changes in the transcrip-
tome of Adcl2 (Fig. 5 A and B), consistently with the symptom
severity (Fig. 4). In the absence of virus, the antiviral de/ and ag/
genes, namely dc/2 and agl2, were more expressed than the others,

PNAS 2024 Vol. 121 No.25 2322765121

namely dell, agll, agl3, and agl4, (Fig. 5C). In DK80, RnVV1
up-regulated dc/2 and agl2 as well as 7dr4, but not the other
RNAi-related genes (Fig. 5 C and D). The expression of any of
the RNAi-related genes remained unaltered upon inoculation by
MyRV2 (Fig. 5D), likely due to no or little accumulation of
MyRV2 in the recipients (S Appendix, Figs. S6 and S7B).

These results collectively indicate that C. parasitica dcl2 pre-
dominantly contributes to RnVV1 and MyRV2 reduction and
likely host symptom alteration, but no g/ genes contribute to it,
even redundantly.

Different agl2 Requirement Patterns for Antiviral Responses
against the Other Viruses. To compare with RnVV1 and MyRV2,
we also tested the antiviral ability of the same C. parasitica mutants
against MyRV1 (a close relative to MyRV2), CHV1 (a model
ssRNA mycovirus), and CHV1-Ap69 (a mutant of CHV1
lacking an RSS p29) (Fig. 3 C-G). MyRV1 and CHV1 were
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Fig. 4. Viral symptoms in the dc/2/agl single and multiple knockout strains of C. parasitica. DK80 and its mutants infected by each virus or no virus (Fig. 3 A-E)
were cultured on potato dextrose agar (5.5 cm in diameter) for 5 d after a small (1 mm?) mycelial plug was placed onto the center of each plate.

highly accumulated in the RNAi-competent DK80 based on
EtBr staining of the agarose gel (Fig. 3 C-E)—considering the
band intensity of the genomic dsRNA (multisegmented MyRV1)
or replicative form dsRNA of the genomic and defective (D1
and D2) (CHV1)—unlike RnVV1 and MyRV2 (Fig. 3 A and
B). The difference in the accumulation level of MyRV1 among
DKB80 and the mutants was smaller, compared to the dramatic
difference of RnVV1 and MyRV2 accumulation in the presence or
absence of del2 (Fig. 3 A-Cand SI Appendix, Fig. S6A). Full-length
CHV1 and CHVI1-Ap69 replicative form dsRNA accumulated
more in the mutants lacking dc/2 and/or agl2 compared with
DKB80 and Aagl1/3/4 (Fig. 3 D and E and SI Appendix, Figs. S6A
and S7A). Defective interfering (DI) RNAs, which are produced
spontaneously via internal deletion, are associated with CHV1
infection. We observed two types of DI RNAs (D1 and D2) in this
study that were DCL2-dependent and -independent, respectively.
The de/2-dependent CHV1 DI RNA (39) was increased in DK80
and Aagl1/3/4 to a comparable level (“D1” in Fig. 3D), suggesting
no contribution of ag/I, agl3, and agl4 to the production of this
defective RNA. CHV1 accumulated additional defective RNA
in the mutants lacking dc/2 and/or agl2, but not in DK80 and
Aagll/3/4 (“D2” in Fig. 3D). DCL2 appeared to contribute to
lower CHV1-Ap69 in the absence AGL2 (Fig. 3E). A similar
trend was observed by qRT-PCR assay (SI Appendix, Figs. S6A

https://doi.org/10.1073/pnas.2322765121

and S7A4). These results imply that full-scale anti-CHV1-Ap69
requires both AGL2 and DCL2, and DCL2 alone functions to
reduce replicative dsSRNA of CHV1-Ap69 to some extent. Upon
infection by MyRV1 and CHV1-Ap69, DK80 and Aagl/1/3/4
induced the expression of de/2 and agl2 (Fig. 3 F and G). These
data suggest no contribution of ag/!, agl3, or agl4 to the regulation
of dcl2 and agl2, where SAGA and DCL2 play key roles (25, 26).

In DK80, MyRV1, CHVI, and CHV1-Ap69 induced strong
symptoms which were unaltered in Aagll/3/4, suggesting agll,
agl3, or agl4 have no effect on viral symptom expression (Fig. 4 and
SI Appendix, Fig. S8). CHV1 and CHV1-Ap69 severely reduced
colony growth in the mutants lacking de/2 and/or agl2 (Adcl2,
Aagl2, Adcl2Aagl2, AaglQ, Adcl2AaglQ, and Adcl2AaglQ+dcl2),
suggesting contribution of both dc/2 and agl2 to symptom mitiga-
tion. MyRV1 induced slightly differential symptoms in the mutants
lacking dc/2 compared with DK80 and the other mutants, as
observed previously in EP155 Ade/2 (23), suggesting contribution
of dcl2 to the symptom alteration.

The virus-induced transcriptomic change was bigger in DK80
and Adcl2 inoculated with MyRV1, CHV1, and CHV1-Ap69
compared with those inoculated with RnVV1 and MyRV2 (Fig. 5
A and B), consistent with the higher level of viral accumulation
and symptom induction (Fig. 4 and S/ Appendix, Fig. S8). The
degree of change in transcriptomic profiles between DK80 and
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Fig.5. Virus-induced transcriptomic changes in C. parasitica. The transcriptomes of C. parasitica strains DK80 and Adc/2, which received each virus by hyphal fusion,
were analyzed with virus-free strains as a control. There were two independent virus inoculations, representing two biological replicates of the transcriptomes.
(A) Principle component (PC) analysis of the transcriptomes. (B) The count of upregulated genes [adjusted P value (padj) < 0.05, log, fold change (log, FC) > 0]
or downregulated genes (padj < 0.05, log, FC < 0) upon virus infection among a total of 11,609 genes. (C) The heat map of the expression level of RNAi-related
genes, namely rdr (encoding host RDR polymerase), dc/, and agl (S/ Appendix, Table S4). The expression level is shown as transcripts per million (TPM) plus one
converted to the log,, scale. (D) The heat map of log, FC of the RNAi-related genes induced by each virus. *P value < 0.05 but padj = 0.05. **padj < 0.05.

Adcl2 differs depending on viruses (Fig. 54), while the number
of genes differentially expressed by MyRV1, CHVI, and
CHV1-Ap69 was comparable between DK80 and Adc/2 (Fig. 5B).
Inoculation of MyRV1 and CHV1-Ap69 as well as RnVV1
up-regulated dcl2, agl2, and as well as 7dr4, but not the other
RNAi-related genes (Fig. 5 C and D). Inoculation of CHV1 did
not significantly change the expression of any of the RNAi-related
genes (Fig. 5 Cand D), which could be explained by the function
of its p29 RSS (21, 25, 27).

Taken together, these results suggest that 1) C. parasitica agll,
agl3, and agl4 are neither induced by the tested viruses nor
involved in antiviral function against MyRV1, CHVI, and

PNAS 2024 Vol. 121 No.25 2322765121

CHV1-Ap69; 2) agl2 shows antiviral effects against the viruses
relatively highly accumulated in the RNAi-competent DK80; 3)
del2 contributes to viral reduction in both the presence and

absence of an RSS p29 in CHV1 (CHV1-Ap69).

Small RNA Analysis Provides Insights into the Dicer-Alone Anti-
RnVV1 Defense. We were interested in virus-derived small RNA
(vsRNA) accumulation in the presence or absence of ag/ genes
in C. parasitica, where the DCL2-dependent antiviral defense
operated. To this end, we analyzed vsRNA profiles in DK80,
Adel2, Aagl2, AaglQ, Adcl2AaglQ, and Adcl2AaglQ+del2,
infected by each of RnVV1, MyRV2, MyRV1, and CHV1. In
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DK80, vsRNAs of RnVV1, MyRV1, and CHV1 peaked at 20 or
21 nucleotides (nt) for ecither strand, while vsRNAs of MyRV2
were hardly detected (Fig. 6). In the mutants lacking ag/ genes
but carrying del2 gene (Aagl2, AaglQ, and Adcl2AaglQ+dcl2),
vsRNAs of RnVV1, MyRV1, and CHV1 retained a peak at 20
or 21 nt with changes in relative vsRNA abundance compared to
those in DK80, while vsRNAs of MyRV2 were still hardly detected
(Fig. 6). The poor detection of vsRNA reads of MyRV2 in the dc/2-
carrying fungal strains is likely due to no or little accumulation
of MyRV2 which is highly susceptible to the DCL2-dependent
defense (SI Appendix, Figs. S6 and S7B). Surprisingly, even in the
absence of Adcl2, positive- and negative-strand vsRNAs derived
from RnVVI clearly peaked at 23 nt (Adc/2) or 22 to 23 nt
(Adcl2AaglQ), a shift from the peak at 20 to 21 nt for DK80,
Aagl2, AaglQ, and Adcl2AaglQ+dcl2 (Fig. 6). This size class of
small RNAs may have been generated in a Dicer-independent
way, as occurs in a filamentous fungus Newurospora crassa (40), or
by DCLI. As reported eatlier for the C. parasitica EP155 strain
(25), the absence of dcl2 (Adel2, Adcl2AaglQ) resulted in high
accumulation of vsRNAs corresponding to the positive-strand
of CHV1—with a lack of sharp peaks at 20 or 21 nt—with no
or little negative-strand vsRNAs (Fig. 6). The mutants lacking
del2 (Adcl2, Adel2AaglQ) infected by MyRV2 and MyRV1 also
showed a similar accumulation pattern of vsRNAs predominantly
from the positive-strand without a clear peak at the typical vsRNA
size (Fig. 6). The relative number of MyRV2 vsRNA reads are
higher in these mutants lacking dc/2 compared to those in the
other fungal strains (Fig. 6), which was correlated with the MyRV2
accumulation level (Fig. 3B and SI Appendix, Figs. S6 and S7B).

Taken together, these findings suggest that RnVV1 vsRNAs
with a peak of 20 or 21 nt functions as virus-derived siRNA
(vsiRNA) in the C. parasitica Dicer-alone defense in the absence
of AGLs (Aagl2, AaglQ, Adcl2AaglQ+dcl2), while RnVV1-derived
sRNAs with a peak of 22 and/or 23 nt produced in dc/2-lacking
mutants (Adcl2, Adcl2AaglQ) appears to be dysfunctional in the

antiviral defense.

Discussion

This study revealed two-step antiviral RNAi in C. pamsitica:
Argonaute-independent, Dicer-mediated defense and full-scale RNAi
requiring both Argonaute and Dicer (Fig. 7). Two dsRNA viruses,
RnVV1 (a victorivirus) and MyRV2 (a mycoreovirus), were suscep-
tible to the Dicer-alone defense, while CHV1 (a ssRNA hypovirus)
and MyRV1 (a mycoreovirus) were not susceptible to it (Figs. 2 and
3). It is generally accepted that Dicer (DCL) is necessary but not
sufficient and requires Argonaute (AGL) activity as the effector for
antiviral RNAi (41). However, a Dicer-mediated, sequence-
nonspecific antiviral defense has previously been discussed in plant
systems (12), but it has not yet been demonstrated. The authors
concluded that Argonaute is necessary in the end based on several
pieces of evidence, such as the observation that ag/l/agl2 double
mutants are hypersusceptible to a plant ssRNA virus, cucumber
mosaic virus (12, 42). As mentioned in the Introduction, it is tech-
nically difficult to fully address whether the Dicer-alone defense
works for some other viruses in plants or other eukaryotes because
they have a large number of Argonaute paralogs and the Argonaute-
associated miRNA pathway is crucial for development. By contrast,
deletion mutants of fungal RNAI genes, even quadruple null mutants
of all agl genes (AaglQ), showed normal colony growth in the absence
of virus (Fig. 4 and SI Appendix, Fig. S4), which led to our findings
in this study. This observation may suggest that ag/ genes in C. par-
asitica and possibly in other ascomycetes, do not play pivotal roles in
vegetative growth and development unlike in other higher eukaryotes.

https://doi.org/10.1073/pnas.2322765121

In a model filamentous fungus, N. crassa, miRNA-like small RNAs
(milRNAs) are produced by multiple pathways (40), and one (gde-2)
of the two argonaute genes is involved in one of multiple milRNA
biogenesis pathways (43). However, single or double mutants of the
two N. crassa Argonaute genes (gde-2 and sms-2) show normal veg-
etative growth in the absence of virus infection (44).

What determines the level of susceptibility of different viruses to
the Dicer-alone defense in fungi remains elusive. The interactions
between host antiviral RNAi and viral counterattack, more concretely
del2 expression levels and viral RSS activities, may partly account for
this phenomenon, although we cannot rule out other factors. As
mentioned above, RnVV1 and MyRV2 were susceptible enough to
be restricted by the action of DCL2 alone (Fig. 3 A and B). As con-
sistent with the previous observation in strain EP155 of C. parasitica
(32), RnVV1 accumulated at a low level in DK80 in the presence of
DCL2 (81 Appendix, Figs. S6 and S7). RaVV1 up-regulated dcl2
transcript levels (Fig. 5 Cand D). MyRV2 is potentially able to induce
del2 transcription as long as it can infect host fungi stably (45), while
in DK80, MyRV2 cannot apparently establish stable infection
(81 Appendix, Figs. S6 and S7B). MyRV2 was isolated from a C. par-
asitica fungal strain coinfected by a hypovirus (CHV4-C18) with a
positive-sense RNA genome that encodes an RSS homologous to
CHV1 p29 (45, 46). MyRV2 probably needs the hypovirus for efhi-
cient suppression of antiviral RNAi and for stable maintenance in
the host under natural conditions (46), suggesting that MyRV2 does
not have a strong RSS. Similarly, RnVV1 appears to lack a strong
CHV1 p29-like RSS that can cancel dcl2 induction, given that
RnVVl-infection highly induces the de/2 transcript level (Fig. 5 C
and D). Therefore, the susceptibility of these viruses to the Dicer-alone
defense appears to be equivalent to the pronounced effects of deletion
of RNAi-related genes in RSS-lacking viruses of other host kingdoms
of host organisms (8, 47).

The stark contrast between the two sister mycoreoviruses, MyRV'1
and MyRV?2, in susceptibility to the Dicer-alone defense is of great
interest. This difference likely led to the distinct colony phenotypes
(Fig. 4), vsRNA profiles (Fig. 6), and altered gene expression (Fig. 5)
between C. parasitica mutant strains infected by the two mycoreovi-
ruses. Namely, MyRV1 affected colony morphology of all fungal
strains, while MyRV2 induced symptoms only in the dc/2-lacking
mutants (Adel2, Adel2Aagl2, and Adcl2AaglQ) (Fig. 4). Furthermore,
the number of differentially expressed genes including RNAi-related
genes is much smaller in MyRV2-infected DK80 than in MyRV1-
infected DK80 (Fig. 5). VsRNAs were produced much less in
del2-competent fungal strains infected by MyRV2 than in those
infected by MyRV1 (Fig. 6). No Dicer-alone defense against MyRV1
was discernable regardless of the presence or absence of ag/2 (Fig. 3C),
suggesting its tolerance to antiviral RNAL, despite the high 4c/2 induc-
ton (Figs. 3F and 5D). The genus Mycoreovirus accommodates
another member R. necatrix mycoreovirus 3 (MyRV3) as well as the
above two mycoreoviruses (48). One of the MyRV3-encoded pro-
teins, VP10, was identified as an RSS (49), but no homologous pro-
tein is detected in MyRV1 or MyRV2. Future comparative functional
analyses of the genomic segments homologous between MyRV1 and
MyRV2 will provide some clues.

This study provides insights into the functional roles of Argonaute
family members. Fungal Argonaute homologs (AGL) are largely
divided into two groups, the so-called quelling and meiotic silencing
by unpaired DNA (MSUD) clades, based on the phylogenetic affinity
to the two Argonaute proteins, QDE2 (quelling-defective 2) and
SMS2 (suppressor of meiotic silencing-2), of the model filamentous
fungus N. crassa (50). In N. crassa, QDE2 and SMS2 work in the
vegetative and sexual stages, respectively (51, 52), and QDE2, but
not SMS2, contributes to viral RNA reduction in the vegetative
growth condition (44). Similarly to QDE?2, all antiviral Argonaute
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MyRV2-, MyRV1-, or CHV1-derived vsRNAs. The y-axis shows normalized vsRNA read counts [reads per million (RPM) divided by 1,000, normalized to total small
RNAs in C. parasitica strain DK80 or its derivative mutants (Adc/2, Aagl2, AaglQ, Adcl2AaglQ, and Adcl2AaglQ+dcl2) infected by each virus].

proteins from various filamentous fungi belong to the same quelling
clade, as exemplified by AGL2 in C. parasitica (53). There are a few
exceptions to this with phytopathogenic fungi, including FgAGO2
(aMSUD clade member) from Fusarium graminearum (53, 54). Both
FgAGOL1 (a quelling clade member) and FgAGO?2, whose genes are

PNAS 2024 Vol. 121 No.25 2322765121

induced upon virus infection, play antiviral roles (54). The second
example is from Magnaporthe oryzae that carries three Argonaute
paralogs. MoAGO?2 and MoAGO3, which belong to the quelling
clade, exert contrasting effects: MoAGO3 contributes to viral RNA
reduction, whereas MoAGO?2 functions as a proviral factor likely by
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Fig. 7. Schematic representation of Argonaute-independent antiviral silencing.
In canonical antiviral silencing/RNAi (Left), Dicer (or DCL) dices viral dsRNA
into vsiRNAs, and then Argonaute (or AGL) incorporates the vsiRNA to slice
or translationally repress the target viral ssRNA. In this case, both Dicer and
Argonaute could contribute to the inhibition of viral replication. In contrast,
this study also suggests that infection of some viruses (RnVV1 and MyRV2) can
be suppressed in an Argonaute-independent manner (Right), by dicing of viral
replicative/genomic dsRNA to block the replication cycle of RNA viruses in the
realm Riboviria.

competing with antiviral MoAGO3 over vsiRNA binding (55).
Other functional roles of MoAGO2 remain unknown. Much simpler
antiviral RNAI appears to operate in C. parasitica, in which only
DCL2 and AGL2 are functional (10, 21, 23). Their genes (4c/2 and
agl2) are upregulated upon virus infection at the vegetative stage on
medium to a much higher extent than /1, agll, agl3, and agl4,
which were not induced by the tested viruses (Fig. 5 C and D). It
should be noted that ag/l, agl3, and agl4 are up-regulated in sexual
fruiting bodies of C. parasitica on its natural host plant (chestnut)
(21), so the antiviral contribution of these ¢/ genes in untested con-
ditions (e.g., at sexual stage) remains to be determined. The antiviral
roles of C. parasitica dcl2 and agl2 in the tested conditions appear to
require their appropriate temporal and spatial expression.
Eukaryotic antiviral RNAi has been proposed to have evolved from
the prokaryotic/archaeal Argonaute-mediated antiviral mechanism,
in which Dicer is not involved (1, 56), implying that Argonaute
precedes Dicer on an evolutionary time scale. Dicer is hypothesized
to have evolved by fusion of prokaryotic RNase III and archaeal
helicase (57). RNase I1I family proteins are structurally classified into
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5. Z.Guo,Y.Li,S.W. Ding, Small RNA-based antimicrobial immunity. Nat. Rev. Immunol. 19, 31-44
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three classes, where Dicer belongs to class III (58). Besides Dicer,
Drosha, a class II type of RNase III family protein, also plays a role
in miRNA processing (59) and serves as a direct antiviral effector,
independent of miRNA (60). Conceptionally, the second role some-
what resembles the direct antiviral effect of Dicer observed in this
study. However, Drosha exerts its antiviral activity by binding to viral
RNA and inhibiting viral RNA synthesis through viral RARP (60),
while the antiviral effect of Dicer identified in this study is likely
attributed to its dicing of viral-derived dsRNA based on the vsiRNA
production (Fig. 6). In this regard, the Dicer-alone antiviral defense
is more similar to the antiviral defense mediated by the 5'—3’ cyto-
plasmic exoribonuclease, which was first observed in the budding
yeast Saccharomyces cerevisiae (61-63) and later in various eukaryotes
such as mammals (64) and plants (65). The Dicer-alone antiviral
RNA defense we identified in this study resembles these defense
mechanisms in that the effector molecules have nuclease activities
in a sequence-nonspecific manner. The Argonaute-independent,
Dicer-dependent antiviral defense may require high levels of Dicer
accumulation induced by virus infection or dsRNA expression
(21, 23, 66), which may be functionally equivalent to the RARP-
mediated siRNA amplification circuit in plants (22).

Materials and Methods

The viral and fungal strains used in this study are listed in Table 1 and S/ Appendix,
Table S3.The fungal strains were grown on potato dextrose agar (PDA) (BD Difco)
on laboratory shelves at room temperature in natural daylight. Disruptants of
C. parasitica RNAi genes were basically prepared via HR-mediated gene replace-
ment, and validated by genomic PCR and Southern blotting (Fig. 1B and
Sl Appendix, Figs. S1-S3). Virus inoculation was conducted by conventional virion
transfection or coculturing of donor and recipient fungal strains (25, 32). RNA
isolation and subsequent analyses were performed as described earlier (25, 32).
All detailed protocols and materials are described in SI Appendix, Materials
and Methods. Any materials or related protocols mentioned in this work can be
obtained by contacting the corresponding author upon request.

Data, Materials, and Software Availability. The genome sequence and gene
annotation of C. parasitica is available in genome portal C. parasitica EP155v2.0
(https://mycocosm.jgi.doe.gov/Crypa2) organized by Joint Genome Institute
(36). Gene and viral sequences are available under the accession numbers
listed in SI Appendix, Table S2. All other data are available in the manuscript
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