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Dicer functions transcriptionally and
posttranscriptionally in a multilayer antiviral defense
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In antiviral RNA interference (RNAI), Dicer plays a primary role in
processing double-stranded RNA (dsRNA) molecules into small-
interfering RNAs (siRNAs) that guide Argonaute effectors to
posttranscriptional suppression of target viral genes. Here, we
show a distinct role for Dicer in the siRNA-independent transcrip-
tional induction of certain host genes upon viral infection in a
filamentous fungus. Previous studies have shown that the two key
players, dicer-like 2 (dc/2) and argonaute-like 2 (agl2), of antiviral
RNAi in a phytopathogenic ascomycete, Cryphonectria parasitica,
are highly transcriptionally induced upon infection with certain
RNA mycoviruses, including the positive-stranded RNA hypovirus
mutant lacking the RNAi suppressor (Cryphonectria hypovirus 1-
Ap69, CHV1-Ap69). This induction is regulated by the Spt-Ada-
Gcn5 acetyltransferase (SAGA) complex, a well-known transcrip-
tional coactivator. The present study shows that diverse host
genes, in addition to dc/2 and agl/2, were up-regulated more than
10-fold by SAGA upon infection with CHV1-Ap69. Interestingly,
DCL2, but not AGL2, was essential for SAGA-mediated global gene
up-regulation. Moreover, deletion of certain virus-induced genes
enhanced a CHV1-Ap69 symptom (growth rate) but not its accu-
mulation. Constitutive, modest levels of dc/2 expression drastically
reduced viral siRNA accumulation but were sufficient for full-scale
up-regulation of host genes, suggesting that high induction of dc/2
and siRNA production are not essential for the transcriptional up-
regulation function of DCL2. These data clearly demonstrate the
dual functionality of DCL2: as a dsRNA-specific nuclease in post-
transcriptional antiviral RNA silencing and as a key player in SAGA-
mediated host gene induction, which independently represses vi-
ral replication and alleviates virus-induced symptom expression.

RNA silencing | SAGA | antiviral defense | Cryphonectria parasitica |
fungal virus

D icer plays a pivotal role in the initiation of RNA silencing by
recognizing double-stranded RNAs (dsRNAs) and cleaving
them into small RNAs using its RNase III-like double-stranded
RNA-specific nuclease activities. Small RNAs are largely clas-
sified into two groups: small-interfering RNAs (siRNAs) and
microRNAs. These small RNAs are incorporated into the Argo-
naute (AGO) effector complex that subsequently either digests
target mRNAs with its RNase H-like activities or suppresses their
translation. This RNA silencing [also referred to as RNA in-
terference (RNAI)] pathway is conserved across eukaryotic or-
ganisms (1-4), biologically functions to protect against molecular
pathogens such as viruses and transposons, and is associated with
many physiological regulatory pathways such as development and
stress tolerance. Antiviral RNA silencing is the primary defense in
plants, insects, and lower eukaryotes (5-7); thus, deficiencies in
the key components of RNA silencing often result in enhanced
susceptibility of hosts to viruses. This enhanced susceptibility
generally involves increased viral replication, which is considered
to cause more severe symptoms (8-11). RNA silencing appears to
be regulated at various steps, for instance, transcriptional regula-
tion of the key genes (7, 12) and their posttranscriptional regu-
lation (13), although their mechanisms are not well studied. In this
context, the Cryphonectria parasitica (a phytopathogenic ascomy-
cete, chestnut blight fungus)/mycovirus provides a unique system
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for exploring the mechanisms underlying the regulation of RNA
silencing (7, 14).

Similar to many other filamentous fungi, C. parasitica has
several RNA silencing-related genes; two dicer-like (dcl), four
argonaute-like 2 (agl), and four RNA-dependent RNA poly-
merase (rdr) genes (15). Unlike higher eukaryotes, the fungus
can survive multiple simultaneous deletions of the key RNA-
silencing genes without showing a phenotypic change, indicat-
ing the dispensability of these genes in vegetative growth (16—
18). Among these, only dcl2 and agl2 are required for antiviral
RNA silencing (15, 17), which are highly induced as a result of
infection with certain RNA viruses (17, 19, 20). We have pre-
viously developed a genetic screening protocol for the identifi-
cation of factors involved in the induction pathway from the
sensing of viral infection to transcriptional up-regulation. This
screen led to the identification of the universally conserved Spt—
Ada-Gen5 acetyltransferase (SAGA) complex as a regulator of
this up-regulation (21), which interestingly requires DCL2 and
AGL2 as positive feedback players. However, DCL2 and AGL2
requirement patterns are different among viruses; a dsRNA
reovirus, mycoreovirus 1 (MyRV1, family Reoviridae) requires
only DCL2 but not AGL2, while a positive-stranded RNA hypo-
virus lacking an RNA-silencing suppressor, p29 (Cryphonectria
hypovirus 1-Ap69, CHV1-Ap69, family Hypoviridae) requires
both DCL2 and AGL2 (21).

SAGA is a general transcriptional coactivator that forms a
multiprotein complex comprising 18-20 subunits in a multimodular
organization and is responsible for two histone-modifying activities:
histone acetyltransferase (HAT) and histone deubiquitinase (DUB)
(22-25). SAGA components are shared by transcription-related
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complexes such as general transcription factors and other coac-
tivators (26). It has previously been shown that the SAGA complex
up-regulates many genes in response to abiotic stress. In the case of
the budding yeast, Saccharomyces cerevisiae, ~10% of all genes have
been reported to be under the control of SAGA (27, 28). Our
previous study showed HAT activity, but not DUB activity, to be a
major player in the SAGA-mediated induction of dc/2 upon viral
infection in C. parasitica (21). HAT activity, as a major contributor,
and DUB activity as a minor contributor, are involved in the SAGA-
mediated up-regulation of agl2 (21).

In the present paper, we provide evidence that following virus
infection, DCL2 plays an essential role, independently of AGL2,
in the SAGA-mediated up-regulation of a subset of genes in C.
parasitica, including the key RNA-silencing genes, some of which
contribute to the alleviation of RNA viral symptom induction.
These data clearly show dual functionality of DCL2 in the pre-
viously established posttranscriptional RNA silencing and in the
currently revealed global SAGA-mediated transcriptional up-
regulation, both of which contribute to antiviral defense.

Results

DCL2 Is Essential for SAGA-Mediated Gene Up-Regulation upon CHV1-
Ap69 Infection in C. parasitica. Using a genetic screening approach,
we have previously shown that sgf73, a component of the SAGA,
is essential for the high induction of antiviral RNA silencing (21).
To investigate whether the SAGA complex is involved in tran-
scriptional up-regulation of a wide range of genes following viral
infection in C. parasitica, we analyzed the global transcriptome
profiles of the CHV1-Ap69-infected Asgf73 and DKS80 (Asgf73
parental strain) strains relative to that of the virus-free DK80
strain using high-throughput cDNA sequencing (RNA-seq) (Fig.
1A4). There were 222 combined genes (or candidate genes), with
more than 10-fold altered expression [P = 0 and reads per kilobase
per million (RPKM) >30] in both virus-infected C. parasitica
strains. Specifically, in the Asgf73 strain, 144 and 43 genes
showed reduced and elevated expression, respectively, while the
transcription of these genes was not similarly altered in the virus-
infected DKS8O strain (Fig. 1B). This observation suggests that the
SAGA complex is associated with the transcriptional regulation of
these genes but that their expression is not implicated in CHV1-
Ap69 infection. Only 21 genes showed exclusively elevated ex-
pression in the CHV1-Ap69—infected DKS80 strain (but not in the
Ap69-infected Asgf73 strain) (Fig. 1B and SI Appendix, Table S1),
implying that the SAGA complex is involved in up-regulation of
these genes upon CHV1-Ap69 infection. From the results of
semiquantitative RT-PCR analysis of these 21 genes, only 8 con-
sistently showed the expected transcriptional expression pattern of
high induction upon CHV1-Ap69 infection, and this induction was
diminished by inactivation of the sgf73 gene (SI Appendix, Fig. S1
A-E). Such method-dependent differences are occasionally ob-
served (29, 30). Based on a gene annotation and protein domain
search, among these 8 genes, 6 are predicted to encode GTP
cyclohydrolase I (gtpch), adenine phosphoribosyltransferase (aprt),
uracil phosphoribosyltransferase (uprt), SKP1/BTB/POZ super-
family protein (bt), helicase (hel), and adenylate cyclase (ac),
while the other two genes encode hypothetical proteins with un-
known functions (hp! and hAp2) (Fig. 1C). Interestingly, the gipch
and aprt genes are located in very close genomic positions in a
head-to-head direction (S Appendix, Fig. S2).

Next, the transcriptional induction of these CHV1-Ap69 up-
regulated genes in the wild-type C. parasitica strain (EP155),
SAGA complex (Asgf73, Agen5, and Aubp8)-, and RNA silencing
(Adcl2 and Aagl2)-related fungal mutants was assayed by
Northern blotting. From preliminary RNA blotting analysis, we
detected the expression of uprt, gtpch, aprt, hpl, and hp2 tran-
scripts but not btb, hel, or ac transcripts in CHV1-Ap69-infected
DK80 and EP155 strains. The three undetectable genes were
excluded from further RNA blotting analyses. Expression of the
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Fig. 1. The role of the SAGA complex and DCL2 in gene transcriptional up-
regulation upon viral infection. (A) Colony morphology of the virus-free
DK80 and the CHV1-Ap69-infected DK80 and Asgf73 mutant C. parasitica
strains. The fungal strains were grown on PDA plates for 7 d and photo-
graphed. (B) Transcriptomic analysis showing the number of genes with altered
transcript expression in the DK80 and Asgf73 strains upon CHV1-Ap69
infection. Transcript levels were compared between virus-free DK80 and each
of CHV1-Ap69-infected DK80 and Asgf73. (C) List of genes with highly induced
expression in DK80 but not in Asgf73 following CHV1-Ap69 infection. Gene IDs
were obtained from the JGI Genome Portal (https:/genome.jgi.doe.gov/Crypa2/
Crypa2.home.html). (D) RNA blotting analysis of the uprt, gtpch, aprt, hp1, and
hp2 gene transcripts in the wild-type strain (EP155) and the SAGA complex
(Asgf73, Agcn5, and Aubp8)- and RNA silencing (Adcl2 and Aagl2)-related
fungal mutant strains infected with CHV1, CHV1-Ap69, and MyRV1, or virus-
free (VF). The RNA gel was stained with ethidium bromide, and 28S rRNA is
shown as a loading control (rRNA) in this and subsequent figures.

uprt, gtpch, aprt, hpl, and hp2 transcripts was highly induced in
the CHV1-Ap69-infected EP155 strain but uninduced in the wild-
type CHV1-infected EP155 strain (Fig. 1D), suggesting that CHV1-
encoded p29 suppresses the transcriptional induction of these genes
similarly to that previously observed for the suppression of dcl2
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transcriptional induction by this protein (17, 20). Upon CHV1-
Ap69 infection, the transcriptional induction of the uprt, gtpch,
aprt, hpl, and hp2 genes was largely diminished in Asgf73 and
undetectable in Agen5 mutants, but was retained at a high level
in Aubp8 mutants (Fig. 1D), indicating that transcriptional in-
duction of these genes required the histone acetyltransferase
(GCNS5) but not histone deubiquitinase (UBPS8) activity of the
SAGA complex modules. Intriguingly, the gene transcripts were
not induced in the Adcl2 mutant but remained at a high level
in the Aagl2 mutant (Fig. 1D). Similarly, upon dsRNA viral
(MyRV1) infection, transcriptional induction was detected in
wild-type EP155 and the Aagl2 mutant but not in the Adcl2
mutant (Fig. 1D). RT-PCR analysis also confirmed that the
transcriptional induction of the kel ac, btb, and uprt genes was
highly diminished in Adci2 (SI Appendix, Fig. S1F). Furthermore,
this transcriptional up-regulation was observed in fungal trans-
formants expressing inverted repeats (IR dsRNA) derived from
an endogenous gene of C. parasitica, mitogen-activated protein
kinase (CpMK1) gene (20) (SI Appendix, Fig. S3). Taken to-
gether, these observations reveal the roles of the SAGA complex
and DCL2 in C. parasitica gene transcriptional induction fol-
lowing viral infection or dsSRNA expression.

Deletion of Virus-Induced Genes Enhances CHV1-Ap69 Symptom
Expression. Since the transcriptional expression of these genes
was up-regulated by viral infection, we investigated their roles in
the host immune response. Disruption mutants of the uprt, gtpch,
aprt, hpl, hp2, btb, hel, and ac genes (SI Appendix, Fig. S4) were
generated from the parent C. parasitica DKS80 strain that sup-
ports efficient homologous recombination-based targeted dis-
ruption (31). The disruption mutants were subsequently inoculated
with CHV1-Ap69 through hyphal fusion. All virus-free disruptants
showed similar growth and phenotype as the parental strain DK80
on potato dextrose agar (PDA) plates, with the exception of the

A CHV1-Ap69

Ahp1

—

Virus free

Ahel mutant, which showed markedly slower growth and less my-
celial pigmentation (Fig. 24 and SI Appendix, Fig. SS5). Upon
CHV1-Ap69 infection, most of the disruption mutants showed a
slight-to-marked reduction in fungal growth compared with virus-
infected DKS80. In particular, Aaprt and Ahp2 exhibited the most
prominent reduction in fungal growth following CHV1-Ap69
infection (Fig. 2 A and B). Northern blotting analysis showed that
CHV1-Ap69 RNA accumulation levels in the disruption mutants
were similar to those in the DKS8O0 strain, and the dc/2 transcripts
were also highly induced (Fig. 2C). These results suggest that the
virus-induced genes have no direct antiviral role but instead are
required for enhancement of the physiological tolerance of the host
fungus against viral infection.

Previous studies in other organisms, including S. cerevisiae, have
shown SAGA-regulated genes to be responsive to abiotic stresses
(32, 33); thus, we investigated whether these virus-responsive genes
are also induced by stress conditions and therefore implicated in
abiotic stress tolerance in fungi. All of the disruptants (except Ahel)
and the wild-type EP155 strain were grown under oxidative stress
(0.05% H,0, treatment) or osmotic stress (0.5 M KCI treatment).
Under these conditions, the wild-type and all tested mutant
C. parasitica strains showed similar growth, and the transcripts of
dcl2 and these seven genes were uninduced (SI Appendix, Fig. S6),
showing that they were not responsive to these stress conditions.

High-Level Induction of dc/2 Is Nonessential for Its Transcriptional Up-
Regulation Function. Our observations show that the transcrip-
tional induction of the eight genes always occurs in accordance
with high-level dci2 transcriptional induction; thus, we questioned
whether high induction of dci2 is necessary for the transcriptional
induction of these eight genes. To address this, a dcl2 expression
construct (Pcrp:dcl2), in which a noninducible constitutive pro-
moter of the cryparin (crp) gene from C. parasitica (34) was
used to drive dcl2 cDNA expression, was used to transform the
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Fig. 2. Symptom expression and RNA accumulation of CHV1-Ap69 in the C. parasitica mutants with deletions in the genes up-regulated by viral infection. (A)
Phenotypic growth of DK80 and its disruption mutants of virus-induced genes (Auprt, Agtpch, Aaprt, Ahp1, Ahp2, Abtb, Ahel, and Aac) infected with CHV1-
Ap69. The fungal colonies were cultured on PDA plates for 5 d and photographed. See S/ Appendlix, Fig. S5 for colony morphologies of a subset of the virus-free
mutant strains. (B) Colony size of the CHV1-Ap69-infected fungal mutants shown in A. Bars represent colony diameter (n = 3). Asterisk (*) indicates a significant
difference (Student’s t test) at P < 0.1. (C) Northern blotting analysis of the CHV1-Ap69 RNA genome and dc/2 transcripts in the fungal mutants shown in A.

2276 | www.pnas.org/cgi/doi/10.1073/pnas.1812407116

Andika et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812407116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812407116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812407116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812407116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812407116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812407116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1812407116

L T

z

1\

‘
~

C. parasitica Adcl2 mutant. The fungal transformants were sub-
sequently inoculated with CHV1-Ap69 through hyphal fusion.
Virus-free EP155 and Adcl2 exhibited similar growth and pheno-
type; however, CHV1-Ap69 infection drastically hampered Adcl2
but not EP155 growth (Fig. 34). Notably, introduction of the Pcrp:
dcl2 construct recovered Adcl2 growth, following CHV1-Ap69 in-
fection, to a similar level as that seen in virus-infected EP155 (Fig.
3A4). Northern blotting detected high-level accumulation of the dcl2
transcript in CHV1-Ap69-infected EP155 but not in the virus-
infected Adcl2+Pcrpidcl2 strain (Fig. 3B), which was expected
from the cryparin promoter activity. CHV1-Ap69 RNA accumulated
to a lower level in the Adcl2+Pcrp:dcl2 than the Adcl2 strain, but not
as low as the CHV1-Ap69 RNA accumulation in EP155 (Fig. 3B).
This observation indicates partial dcl2 complementation in Adcl2+
Perp:dcl2 and confirms the significance of DCL2 induction in
strengthening antiviral defense. Strikingly, the uprt and Ap2 tran-
scripts were highly induced in the virus-infected Adcl2+Pcrp:dci2
strain, to a similar level as that seen in the virus-infected EP155
strain (Fig. 3B); thus, the high induction of the dc/2 transcript in C.
parasitica is not required for the up-regulation of these genes.

To investigate the relationship between the dcl2 expression
level and viral siRNA production, the total small RNAs in the
CHV1-Ap69-infected EP155, Adcl2, and Adcl2+Pcrp:dcl2 strains
were subjected to deep sequencing analysis. In EP155, there was a
large number of CHV1-Ap69—derived small RNAs with typical
characteristics of viral siRNA, such as a near equal proportion of
both strands, predominantly 21 nt in length, and A/U bias at the
5’-terminal nucleotide (Fig. 3 C and D and SI Appendix, Fig. S7).

Surprisingly, in the Adcl2 samples, approximately fivefold more
small RNAs were mapped to the CHV1-Ap69 genome, but they
had unusual characteristics such that they had almost entirely
positive-strand polarity with a wide-size distribution (18-30 nucle-
otides) and no preferential nucleotide at the 5’ terminus (Fig. 3 C
and D and SI Appendix, Fig. S7). Moreover, the CHV1-Ap69-
derived positive-strand small RNAs in the EP155 and Adcl2
samples differed in distribution pattern across the viral genome
(81 Appendix, Fig. S84). A similar phenomenon was observed in a
Dicer 2 mutant in the fly, Drosophila melanogaster (35). It is
therefore likely that these virus-derived small RNAs in Adcl2 are
not bona fide viral siRNAs but rather the degradation products
created by an unknown host endonuclease. The Adc/2+Pcrp:dcl2
sample also contained a high number of virus-derived small RNAs
with similar profiles to those in the Adcl2 sample; however, there
was a measurable increase in the proportion of negative-strand
virus-derived small RNAs (Fig. 3 C and D and SI Appendix, Fig.
S8B), indicating the production of a small amount of viral siRNAs
by the dcl2 complementation. This observation suggests that low-
level expression of dci2 in C. parasitica is correlated with a lower
production of viral siRNAs, also implying that high-level pro-
duction of viral siRNAs is not linked to the role of DCL2 in the
transcriptional up-regulation of host genes.

The protein sequence of DCL2 from C. parasitica contains two
helicase (DEXDc and HELICc), two ribonuclease III (RNase
IIT) (RIBOc), and one dsRNA binding motif (DSRM) (16) (Fig.
44). To examine the importance of these motifs in the tran-
scriptional up-regulation function of DCL2, five dcl2 mutant
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Fig. 3. Gene transcriptional up-regulation and viral small RNA production in the dc/2 complemented C. parasitica strain. (A) Colony morphology of the virus-
free and CHV1-Ap69-infected EP155, Adc/2, and Adcl2+Pcrp:dci2 (dc/l2 complemented). The fungal strains were grown on PDA plates for 7 d. (B) Northern
blotting analysis of the CHV1-Ap69 RNA genome and gene transcript accumulation in the fungal strains described in A. Two representative strains 1 and 2 of
Adcl2+Pcrp:dcl2 were analyzed. (C) Abundance of CHV1-Ap69-derived small RNAs. Viral small RNA reads (18-30 nucleotides) per million of the total small
RNAs are shown for EP155, Adc/2, and Adcl2+Pcrp:dcl2. (D) Size distribution of CHV1-Ap69-derived small RNAs. “+” and “—" indicate small RNAs derived from
the positive viral genomic (blue bars) or complementary (negative) strands (red bars), respectively.
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Fig. 4. Complementation using DCL2 homologs from other fungi. (A)
Schematic diagrams showing helicase (DEXDc and HELICc), ribonuclease IlI
(RIBOc), and DSRMs in DCL2 proteins from C. parasitica (ABB00357), R.
necatrix (GAP83771), and F. graminearum (XP_011321198). (B) Phenotypic
growth of C. parasitica Adcl2 expressing homologous DCL2 from C. parasitica
(+Pcrp:Cp_dcl2), and heterologous DCL2 from R. necatrix (+Pcrp:Rn_dcl2) or
from F. graminearum (+Pcrp:Fg_dcl2) infected with CHV1-Ap69. The fungal
strains were cultured on PDA plates for 7 d and photographed. (C) Northern
blotting analysis of the CHV1-Ap69 RNA genome and uprt gene transcript
accumulation in the fungal strains described in B.
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constructs were generated by introducing alanine substitutions
(3-6 amino acids) into the conserved amino acid sequences of
each of these motifs (ST Appendix, Figs. S9 and S104). The dcl2
mutants were subsequently expressed in the Adcl2 strain under the
control of the cryparin promoter, as described above. Pheno-
typic observation and Northern blotting analysis show that none
of these dcl2 mutants were able to restore Adcl2 growth or tran-
scriptional host gene induction upon CHV1-Ap69 infection (S
Appendix, Fig. S10 B-D), suggesting that these motifs are critical
for such DCL2 functions.

dcl2 Homologs from Different Fungi Are Partially Functional in C.
parasitica. Next, we investigated whether dcl2 gene homologs
from other fungi are functional in C. parasitica. Similar to C.
parasitica, Rosellinia necatrix (white root rot fungus) and Fusa-
rium graminearum (Fusarium head blight fungus) belong to the
division Ascomycota but to the orders Xylariales and Hypocreales,
respectively, whereas C. parasitica belongs to the order Dia-
porthales. The DCL2 proteins from R. necatrix and F. grami-
nearum are similarly characterized by the presence of helicase,

2278 | www.pnas.org/cgi/doi/10.1073/pnas. 1812407116

RNase III, and dsRNA binding motifs (Fig. 44), which are dis-
tantly related to C. parasitica (SI Appendix, Fig. S11). Expression
of dcl2 from R. necatrix or F. graminearum, under the control of
the cryparin promoter (Pcrp:Rn_dcl2 and Perp:Fg_dcl2), in Adcl2
was confirmed by RT-PCR (SI Appendix, Fig. S12). However, the
heterologous dcl2 expression was unable to recover fungal
growth upon CHV1-Ap69 infection (Fig. 4B) and led to virus
accumulation comparable to noncomplemented Adcl2 (Fig. 4C).
Partial complementation by the homologs from different fungi was
observed by slight increases in negative-strand virus-derived small
RNA accumulation (S Appendix, Fig. S13). Moreover, the ex-
pression of these heterologous dc/2 genes mediated only partial
induction of the uprt gene compared with that in the EP155 strain
(Fig. 4C). Thus, the combined results show that heterologous
DCL2 proteins from R. necatrix and F. graminearum were able to
partially complement C. parasitica DCL2 function.

Discussion

Dicer is known to down-regulate host and viral genes post-
transcriptionally or transcriptionally with the aid of Argonaute
via the biosynthesis of siRNAs or microRNAs. This primary
function of Dicer therefore requires RNase III-like dsRNA-
specific nuclease activity to digest dSRNA or structured single-
stranded RNA molecules. In the present study, we show clearly
that DCL2 is involved in the transcriptional up-regulation of a
number of host C. parasitica genes, which is mediated by a
general transcriptional SAGA complex. More interestingly, some
of the up-regulated host genes contribute to the alleviation of
symptom induction. An emerging picture of virus-host interac-
tions from the present study is that a Dicer serves as a multi-
faceted guardian entity to protect hosts by repressing viral
replication and mitigating symptom induction (Fig. 4).

The role for a Dicer revealed in the present study (hereafter
termed “role A”) is distinct, with respect to a few points, from
the well-established role (hereafter termed “role B”). First, role
B requires Argonaute (AGL2), while role A appears not to re-
quire AGL2. This transcriptional induction role for Dicer is
substantially different from the recently reported RNA-silencing
components-mediated gene transcriptional up-regulation. In the
flowering plant, Arabidopsis thaliana, AGO directly binds the
chromatin of regulated genes with the guidance of small RNAs
derived from them, thus requiring a small RNA-generating Dicer
(36). In D. melanogaster, Dicer 2 appears to play an Argonaute 2-
independent role, likely as a dsRNA sensor, to transcriptionally
induce the Vago (a cytokine-like molecule) gene, which con-
tributes to the inhibition of viral load in the body fat of host
insects (35). Moreover, we have previously reported the virus-
specific pathogen-associated molecular pattern (PAMP) re-
quirement of AGL2 and DCL2, as positive feedback players, for
the transcriptional induction of their genes in C. parasitica (21).
Namely, full-scale induction of the agl2 and dci2 genes by CHV1-
Ap69 requires both DCL2 and AGL2, whereas that by
MyRV1 requires only DCL2. Deletion of agl2 has been shown to
lower the induction level of dc/2 upon CHV1-Ap69 infection. The
present study clearly indicates the dispensability of AGL2 in role
A of the SAGA-governed transcriptional induction of host genes
upon infection with CHV1-Ap69 (Fig. 1D). Taken together, it can
be concluded that relatively modest, steady-state levels of the dci2
transcript are sufficient for C. parasitica host gene up-regulation
(Fig. 3B), and that CHV1-Ap69 induces sufficient, albeit not full,
levels of dcl2 in the absence of AGL2 (20).

Second, role B depends on small RNAs, while role A may be
independent of small RNAs. We failed to uncouple the two
DCL2 activities, i.e., roles A and B, by complementation analyses
with constructs carrying mutations in the conserved domains such
as RNase III (SI Appendix, Fig. S10); however, the nonessentiality
of AGL2 strongly suggests no involvement of Dicer-generated small
RNAs in transcriptional regulation. This hypothesis is supported
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by the observation that the considerable reduction in viral siRNA,
resulting from the lack of dcl2 induction, has no effect on Dicer-
associated transcriptional induction in C. parasitica (Fig. 3B). Further
support comes from the observation that a number of host genes are
under the regulation of Dicer-SAGA, suggesting global regulation
rather than small RNA-mediated sequence-specific regulation.
Third, role B is largely posttranscriptional down-regulation,
likely in a dose-dependent manner at least in C. parasitica (20);
when the expression of dcl2 is higher, C. parasitica becomes more
resistant to susceptible viruses. Role A, on the other hand, is
transcriptional up-regulation, and a relatively low level of Dicer
expression is sufficient for this activity (Fig. 3B). Fourth, while
role B is specifically involved in inhibition of viral replication,
role A is involved in mitigation of a virus-induced symptom (Fig.
2A4). Dicer deletion mutants often show enhanced host suscep-
tibility to viruses as characterized by pronounced symptoms. It is
generally accepted that this enhanced symptom induction results
from increased virus replication; thus, the present study reveals
an additional dimension to the Dicer-mediated alleviation of
virus-induced symptoms.

Viral symptom induction is a result of complex interactions
between a host and a virus and is primarily determined by their
genotypes. We have previously identified a host C. parasitica
gene encoding a possible Mg?* transporter, naml, involved in
colony morphology that contributes to the alleviation of symp-
tom induction by CHV1 strains (37). The present study also
shows several genes to be regulated by SAGA in a Dicer-
dependent manner and suggests involvement of some in the al-
leviation of symptom induction. Interestingly, many of these
genes appear to be involved in the modification or degradation
of nucleotides or RNA (Fig. 1C). Deletion of, for instance, the
hp2 (JGI Genome Portal ID 356052) or aprt (JGI Genome
Portal ID 287505) genes, resulted in a more severe phenotype as
characterized by less growth and an irregular margin compared
with the parental DK80 strain, when infected with CHV1-Ap69
(Fig. 24). These phenotypic differences from the parental strain
only appeared following infection with CHV1-Ap69 (Fig. 24 and
SI Appendix, Fig. S5); therefore, these genes are concluded to be
induced upon viral infection and to alleviate symptom induction
(reduced growth rate). Importantly, no significant difference in
CHV1-Ap69 accumulation was observed in these mutants, sug-
gesting functional roles of these genes in fungal physiology rather
than in the direct inhibition of viral replication. Although single
deletion mutants of other genes show phenotypic alteration
similar to parental DK80 following infection with CHV1-Ap69,
there remains the possibility that these genes, in concert, miti-
gate viral symptom induction.

The SAGA complex is a universally conserved transcriptional
coactivator involved in the up-regulation of many genes, and its
role in abiotic stress responses has been relatively well studied
(28, 38, 39). For instance, in S. cerevisiae, many genes are regu-
lated by SAGA in response to osmotic, heat, and oxidative stress;
and some of the responsive genes are important for the mitiga-
tion of such stress (32). However, our attempts to associate
SAGA-mediated, virus-induced gene regulation with abiotic
(osmotic and oxidative) stress responses failed (SI Appendix, Fig.
S6). Noteworthy, there may be subsets of SAGA-regulated stress-
responsive genes, whether Dicer independent or dependent, as
reported for other organisms. Our current and previous studies
show SAGA to play important roles in responses against positive
single-stranded RNA (CHV1-Ap69, lacking the p29 RNA-
silencing suppressor) and dsRNA (MyRV1) viruses, and to regulate
the transcriptional induction of the two main antiviral RNA-silencing
components, dcl2 and agl2, in C. parasitica. Another recent paper
shows SAGA to be associated with plant gene regulation upon
pathogen attack by an oomycete (Phytopthora sojae, a fungus-like
eukaryotic microorganism) (21, 40), indicating that a pathogen-
derived effector targets the SAGA pathway to benefit the in-
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fection process (40). In this regard, the activity of CHV1 p29, as an
RNA-silencing suppressor to impair the up-regulation of dcl2 and
possibly SAGA-mediated up-regulation of other host genes, is
noteworthy. Therefore, CHV1 p29 is reminiscent of the oomyce-
tous effector, although their mechanisms could be different. In-
spection of Fig. 3 revealed that a constitutive level of dcl2 is
sufficient for the up-regulation of SAGA-mediated host genes,
restoration of fungal growth impaired by CHV1-Ap69, and sup-
pression of CHV1-Ap69 replication. However, infection by the
wild-type CHV1 failed to induce transcription up-regulation of a
subset of host genes (Fig. 1D), despite the fact that CHV1 infection
induced dcl2 by 10-fold compared with virus-free EP155 (17).
These observations suggest that CHV p29 may directly block the
up-regulation of SAGA-mediated host genes (Fig. 5).

Given these observations and considerations, we propose a
model to account for the regulatory pathway (Fig. 5) in which
Dicer, in combination with SAGA, up-regulates a subset of virus-
responsive host genes, including the key RNA-silencing genes.
This up-regulation is cancelled out by the RNA-silencing sup-
pressor, p29, encoded by CHV1 (Figs. 1D and 5). Collectively,
the bilayer antiviral pathway is considered to be regulated by
DCL2 in a small RNA-dependent (RNA silencing) and AGL2-
independent manner (symptom mitigation). This may show a
parallelism to multilayer antiviral immunity mechanisms in higher
eukaryotes, for instance, RNA silencing and viral molecular pat-
tern (dsRNA)-triggered immunity in plants and insects (41-43).
Although it is possible that DCL2 serves as a dsSRNA sensor, as is
the case with two essential innate immune receptors, retinoic acid-
inducible gene I (RIG-I) and melanoma differentiation-associated
gene 5 (MDAS), in vertebrates (44) and possibly Dicer 2 in in-
vertebrates (or insects) (35), the manner by which C. parasitica
DCL2 participates in the transcriptional up-regulation pathway
remains largely elusive. Little is known about whether the global
SAGA-mediated transcriptional regulation upon viral infection
is a universal phenomenon, or whether Dicer contributes to it.
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Fig. 5. A model of the dual function of DCL2 in C. parasitica. Upon viral
infection, DCL2 has a direct antiviral role in the processing of virus-derived
dsRNA into siRNAs. DCL2 is also involved in gene transcriptional induction
mediated by the SAGA complex. The dc/2 transcript is up-regulated to fur-
ther strengthen the antiviral RNA-silencing response, while the transcript
induction of a subset of genes enhances the physiological tolerance of the
fungal host.
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Recently, pattern requirement for antiviral RNA silencing, dif-
ferent even from that in C. parasitica, was revealed for a fungus
belonging to a different family but to the same order or class (45,
46). Thus, although different functionality of Dicer can readily be
predicted in different organisms, it will be of great interest to in-
vestigate whether Dicer is involved in transcriptional gene regu-
lation in other organisms.

Materials and Methods

Viral and Fungal Strains. Three viral strains were used in the present study:
wild-type CHV1 (47); an ORF A mutant of CHV1 lacking the viral silencing
suppressor, p29, (CHV1-Ap69b) (48); and a reovirus, MyRV1 (49, 50). The
standard C. parasitica strain, EP155, and its RNA silencing-deficient deriva-
tives, Adc/2 and Aagl2 (16, 17, 31), were generous gifts from Donald L. Nuss,
University of Maryland, College Park, MD. The C. parasitica strain, DK80, a
mutant of EP155 disrupted in the cpk80 gene necessary for nonhomologous
recombination (31), was a generous gift from Bao-shan Chen, Guangxi
University, Nanning, China. CpMK1-IR transformants expressing inverted
repeats (IR dsRNA) derived from an endogenous gene of C. parasitica,
mitogen-activated protein kinase (CpMK1) gene were described previously
(20). Fungal cultures were grown at 22-27 °C on PDA plates on the benchtop
for maintenance and phenotypic observations and on PDA plates layered
with cellophane for RNA preparation.

Plasmid Constructs and Fungal Transformation. DNA fragments used for the
generation of deletion (knockout) mutants through homologous re-
combination (neomycin selection) have been described previously (37). For
the dc/2 complementation experiment, the DNA fragment corresponding to
the C. parasitica dc/l2 ORF was inserted into the Hpal site of pCPXNeo (14)
using the in-fusion cloning system (Clontech). Site-directed mutagenesis of
dcl2 was carried out using two PCR steps, as described previously (51).

Spheroplast isolation and transformation were performed as described
previously (52).

RNA Analysis. Total RNA was extracted as described previously (53). RNA
blotting was performed, as described previously, using digoxigenin (DIG)-
labeled PCR products (Roche) (54). RT-PCR was performed by the method of
Andika et al. (21). All primers used in the present study are listed in S/ Ap-
pendix, Table S2.
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Transcriptome, Differential Expression, and Small RNA Analyses. Total RNA was
used for cDNA library construction using the TruSeq RNA Sample Preparation
Kit (Ilumina). In this method, cDNA is end repaired and adenylated before
adaptor ligation, library construction, and amplification. The sequence-ready
library was subjected to paired-end sequencing of 100 nucleotide reads using
Illumina HiSEq. 2500 technology (lllumina). The cDNA library construction and
deep sequencing analysis were carried out by Macrogen Japan, Ltd.

Transcriptome analysis was performed using the CLC Genomics Work-
bench 10 software (CLC bio). Following adaptor trimming, paired-end se-
quencing reads were mapped to the reference sequences from the annotated
de novo transcriptome assembly of C. parasitica (https:/genome.jgi.doe.gov/
portal/Crypa2/Crypa2.download.ftp.html). Mapped read counts of each gene
were converted to RPKM. RPKM values were used in two-group comparisons
by Kal's Z test to determine the significantly differentially expressed genes (P <
0.05 and fold change >10 with an RPKM >30).

Small RNA cDNA library construction and sequencing were performed by
the Research Institute for Microbial Diseases of Osaka University using the
lllumina TruSeq Small RNA Library Preparation Kit and the HiSEq. 2000 system
(50-bp single-end reads). Treatment of raw data and subsequent viral-derived
small RNA analysis were performed as described previously (21) using the CLC
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