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ABSTRACT The mechanisms of RNA interference (RNAi) as a defense response
against viruses remain unclear in many plant-pathogenic fungi. In this study, we used re-
verse genetics and virus-derived small RNA profiling to investigate the contributions of
RNAi components to the antiviral response against Fusarium graminearum viruses 1 to 3
(FgV1, -2, and -3). Real-time reverse transcription-quantitative PCR (qRT-PCR) indicated
that infection of Fusarium graminearum by FgV1, -2, or -3 differentially induces the gene
expression of RNAi components in F. graminearum. Transcripts of the DICER-2 and
AGO-1 genes of F. graminearum (FgDICER-2 and FgAGO-1) accumulated at lower lev-
els following FgV1 infection than following FgV2 or FgV3 infection. We constructed
gene disruption and overexpression mutants for each of the Argonaute and dicer
genes and for two RNA-dependent RNA polymerase (RdRP) genes and generated
virus-infected strains of each mutant. Interestingly, mycelial growth was significantly
faster for the FgV1-infected FgAGO-1 overexpression mutant than for the FgV1-
infected wild type, while neither FgV2 nor FgV3 infection altered the colony mor-
phology of the gene deletion and overexpression mutants. FgV1 RNA accumulation
was significantly decreased in the FgAGO-1 overexpression mutant. Furthermore, the
levels of induction of FgAGO-1, FgDICER-2, and some of the FgRdRP genes caused by
FgV2 and FgV3 infection were similar to those caused by hairpin RNA-induced gene
silencing. Using small RNA sequencing analysis, we documented different patterns of
virus-derived small interfering RNA (vsiRNA) production in strains infected with FgV1,
-2, and -3. Our results suggest that the Argonaute protein encoded by FgAGO-1 is
required for RNAi in F. graminearum, that FgAGO-1 induction differs in response to
FgV1, -2, and -3, and that FgAGO-1 might contribute to the accumulation of vsiRNAs
in FgV1-infected F. graminearum.

IMPORTANCE To increase our understanding of how RNAi components in Fusarium
graminearum react to mycovirus infections, we characterized the role(s) of RNAi
components involved in the antiviral defense response against Fusarium graminearum
viruses (FgVs). We observed differences in the levels of induction of RNA silencing-
related genes, including FgDICER-2 and FgAGO-1, in response to infection by three
different FgVs. FgAGO-1 can efficiently induce a robust RNAi response against FgV1
infection, but FgDICER genes might be relatively redundant to FgAGO-1 with respect
to antiviral defense. However, the contribution of this gene in the response to the
other FgV infections might be small. Compared to previous studies of Cryphonectria
parasitica, which showed dicer-like protein 2 and Argonaute-like protein 2 to be im-
portant in antiviral RNA silencing, our results showed that F. graminearum developed
a more complex and robust RNA silencing system against mycoviruses and that
FgDICER-1 and FgDICER-2 and FgAGO-1 and FgAGO-2 had redundant roles in antivi-
ral RNA silencing.
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Most eukaryotic organisms have evolved diverse defense mechanisms against
pathogens, including viruses. One of the conserved host defense mechanisms is

RNA interference (RNAi). The RNAi pathway uses small, noncoding RNAs to regulate
endogenous genes and to defend against virus infection, transposons, and transgene
expression (1–3). The canonical RNAi pathway requires a set of host cellular proteins
that includes dicer, Argonaute (AGO), and RNA-dependent RNA polymerase (RdRP)
proteins (2). Dicer proteins recognize double-stranded RNA (dsRNA) molecules, includ-
ing viral dsRNAs, and cleave them to generate small interfering RNAs (siRNAs), micro-
RNAs (miRNAs), and other short dsRNAs (2, 3). One of the strands from these small RNA
(sRNA) duplexes is bound to an Argonaute protein and incorporated into a functional
RNA-induced silencing complex (RISC) that can bind cRNA sequences and specifically
cleave the target RNA (4, 5). In certain organisms, including plants, nematodes, and
fungi, RdRP is required to convert single-stranded RNA (ssRNA) into dsRNA and to
amplify the sRNA signals (4, 6).

Following the first report of RNAi-mediated posttranscriptional gene silencing
(referred to as “quelling”) in the model fungus Neurospora crassa, diverse molecular
mechanisms and quelling/RNAi components have been identified in many fungi,
including Schizosaccharomyces pombe, Mucor circinelloides, and Cryptococcus neofor-
mans (4, 7–9). Previous studies demonstrated that N. crassa has two RNA silencing
pathways, including a quelling pathway and a pathway involving meiotic silencing by
unpaired DNA (MSUD) (10, 11). The quelling pathway is accompanied by one of the
dicer-like proteins (DCL-2), an Argonaute-like protein (QDE-2), and an RdRP (QDE-1) in
the vegetative stage of N. crassa (12–14). MSUD only affects the expression of unpaired
genes during meiosis, and it requires DCL-1, an Argonaute-like protein (SMS-2), and an
RdRP (SAD-1) (4). However, detailed information regarding RNAi components related to
antiviral defense responses in N. crassa is lacking, because mycoviruses have not been
reported in this fungus (15).

The RNA silencing mechanisms associated with antiviral defense responses have
been studied in many fungi, including Cryponectria parasitica, Aspergillus nidulans, and
Rosellinia necatrix (16–19). The RNA silencing response against Cryponectria parasitica
hypovirus 1 (CHV1) strain EP713 in C. parasitica has been well analyzed and involves the
induction of dcl-2 and agl-2 transcripts and the production of hairpin RNA (hpRNA) (16,
20, 21). In addition, CHV1 encodes p29, which interferes with the upregulation of dcl-2
and agl-2 and thereby acts as an RNA silencing suppressor to counter the host’s defense
response (20, 22). Researchers recently reported that RNA silencing genes were differ-
ently upregulated in response to infection by five unrelated dsRNA mycoviruses in R.
necatrix (19). Among these viruses, infection by Rosellinia necatrix mycoreovirus 3
(RnMyRv3) or Rosellinia necatrix megabirnavirus 1 (RnMBV1) resulted in upregulation of
the expression of R. necatrix genes RnDCL-2, RnAGL-2, RnRdRP-1, and RnRdRP-2, but this
upregulation was not triggered by the expression of exogenous dsRNA (19).

Fusarium graminearum is a homothallic, ascomycetous, phytopathogenic fungus
associated with root rot and scab disease (Fusarium head blight) of small grains (23, 24).
Infection by F. graminearum is a problem in many parts of the world because, in
addition to reducing yields, the fungus causes mycotoxin contamination that is harmful
to humans and animals (24–26). F. graminearum contains genes encoding two dicers
(F. graminearum DICER-1 [FgDICER-1] and FgDICER-2), two Argonautes (FgAGO-1 and
FgAGO-2), and five RdRPs (FgRdRP-1 to -5) (27, 28). Previous studies confirmed that F.
graminearum has meiotic silencing and hpRNA-mediated gene silencing mechanisms
(28, 29). Furthermore, Chen et al. (28) reported that FgAGO-1 and FgDICER-2 proteins
play a critical role in hpRNA-mediated gene silencing and that FgDICER-2 is involved in
miRNA-like small RNA (milRNA) generation in F. graminearum. A recent study showed
that FgAGO-2 and FgDICER-1 primarily mediate a sex-specific RNAi pathway (30).
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Although the properties of sRNAs in Fusarium graminearum hypovirus 1 (FgHV1) and
FgHV2 in F. graminearum were recently analyzed by deep sequencing (31), the detailed
biological functions of RNAi components and the specific interaction between RNAi
core components and mycovirus in F. graminearum are still unknown. We previously
established a model system composed of F. graminearum strain PH-1 and four phylo-
genetically different mycoviruses, including Fusarium graminearum virus 1 (FgV1),
FgV2, FgV3, and FgV4 (32). Based on analysis of the phenotypes induced in the host
fungus by the four mycoviruses and on RNA sequencing-based genomewide transcrip-
tome data, we confirmed that infections by FgV1 to -4 differentially up- or downregu-
late numerous host genes, including some RNAi components, in F. graminearum (32).

In this study, we used a reverse genetics strategy and analysis of virus-derived-
sRNA profiles to investigate the role(s) of host genes related to the antiviral RNA
silencing response in F. graminearum. We generated gene disruption and overex-
pression (OE) mutants for individual genes encoding Argonautes, dicers, and RdRPs in
F. graminearum and compared the effects of gene disruption and overexpression
mutations on infection by three different FgVs. Our results showed that the functions
of two dicer genes, FgDICER-1 and FgDICER-2, in the response to infection by FgV1, -2,
and -3 might be partially redundant and that FgAGO-1 might have an important role(s)
in the antiviral responses associated with the RNA silencing pathway.

RESULTS
Differential levels of expression of RNAi-related genes in F. graminearum

following FgV infections. We previously used comprehensive genomewide transcrip-
tome analysis to investigate the effects of the four Fusarium mycoviruses on the
expression of F. graminearum genes responsible for RNA silencing (32). The data
suggested that the expression of RNA silencing-related genes might be virus specific
in F. graminearum. To confirm this analysis in the current study, we examined the
transcript levels of RNA silencing-related genes in F. graminearum in response to FgV
infections. Real-time reverse transcription-quantitative PCR (qRT-PCR) measurement
showed that the expression of most RNA silencing-related genes was induced by
infection but that the specific quantitative aspects of this increase in expression
depended on the specific gene and virus (FgV1, FgV2, and FgV3) (Table 1). All dicer and
Argonaute genes were upregulated by FgV2 infection, but the expression of FgDICER-1
(RefSeq accession number FGSG_09025) was only induced by FgV1 and FgV2 infection.
The altered expression patterns of FgV1-responsive genes differed from those of FgV2-
or FgV3-responsive genes. The expression levels of FgDICER-2 (RefSeq accession num-
ber FGSG_04408) and FgAGO-1 (RefSeq accession number FGSG_08752) were signifi-

TABLE 1 Levels of Fusarium graminearum RNA silencing-related gene transcript
accumulation in response to infection by Fusarium graminearum viruses 1, -2, and -3

Protein
family Gene

Mean mRNA level � SD ina:

Virus-free
PH-1

PH-1 infected with:

FgV1 FgV2 FgV3

Dicer FgDICER-1 0.90 � 0.17 5.08 � 2.71 B 2.89 � 0.7 B 0.51 � 0.15
FgDICER-2 1.07 � 0.1 0.41 � 0.06 C 42.13 � 9.9 A 17.77 � 4.61 B

Argonaute FgAGO-1 0.89 � 0.28 0.16 � 0.05 C 2.66 � 0.51 B 2.23 � 0.54 B
FgAGO-2 0.95 � 0.16 1.64 � 0.3 C 3.29 � 1.0 B 0.86 � 0.35

RdRp FgRdRP-1 1.05 � 0.08 0.42 � 0.07 B 0.31 � 0.11 B 0.44 � 0.11 B
FgRdRP-2 1.09 � 0.33 0.99 � 0.23 1.26 � 0.29 0.56 � 0.19 A
FgRdRP-3 1.06 � 0.08 0.32 � 0.07 B 27.18 � 3.85 A 27.66 � 7.46 A
FgRdRP-4 0.85 � 0.19 1.21 � 0.42 16.57 � 5.14 A 17.24 � 3.71 A
FgRdRP-5 1.01 � 0.07 0.14 � 0.04 B 11.41 � 6.37 A 7.48 � 1.81 A

amRNA levels of dicer, Argonaute, and RdRP gene transcripts in virus-infected F. graminearum PH-1 relative
to their levels in virus-free PH-1 after 120 h of incubation were measured by real-time qRT-PCR. Values are
from three independent experiments. Values in each row followed by different letters are significantly
different from the mean value for virus-free PH-1 according to Tukey’s test (P � 0.05).
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cantly increased by FgV2 and FgV3 infection but reduced by FgV1 infection. Among
RdRP genes, the FgRdRP-1 (RefSeq accession number FGSG_06504), FgRdRP-3 (RefSeq
accession number FGSG_01582), and FgRdRP-5 (RefSeq accession number FGSG_09076)
transcript levels were reduced in response to FgV1 infection. The FgRdRP-3 (RefSeq
accession number FGSG_01582), FgRdRP-4 (RefSeq accession number FGSG_04619),
and FgRdRP-5 (RefSeq accession number FGSG_09076) transcript levels were increased
by FgV2 or FgV3 infection, whereas FgRdRP-1 (RefSeq accession number FGSG_06504)
and FgRdRP-2 (RefSeq accession number FGSG_08716) were not upregulated in re-
sponse to FgV2 or FgV3 infection. These results indicate that the RNA silencing
response in F. graminearum differs depending on which of three unrelated mycoviruses
causes the infection.

Effects of FgDICER and FgAGO on phenotypic changes and viral RNA accumu-
lation in response to FgV1 infection. To identify the functions of the F. graminearum
RNA silencing gene(s) in defending against FgV infections, single gene deletion mu-
tants with deletions of DICER, AGO, and RdRP genes were generated by targeted gene
replacement. Among the five RdRP genes, we selected FgRdRP-1 and FgRdRP-4, which
are phylogenetically related to qde-1 in N. crassa. We also generated overexpression
mutants for analysis of these genes. All gene deletion and overexpression mutants were
further confirmed by Southern blotting and RT-PCR analysis, and three independent
strains of each deletion and overexpression mutant were used for the analyses (Fig. 1A).
Each fungal mutant strain was morphologically similar to the wild type (Fig. 1B), which
is consistent with previous research demonstrating that these gene deletion mutations
do not change the colony morphology of F. graminearum (28). We confirmed that the
target gene expression level in each overexpression mutant strain was mostly higher
than the virus-induced transcript level in the wild-type strain infected with FgV1, -2, or
-3, except for the expression of FgDICER-2 during FgV2 infection, which was slightly
higher than the level in the FgDICER-2 overexpression mutant (Table 2). We then used
hyphal anastomosis to individually infect all of the mutant strains with FgV1 in order to
understand the RNA silencing response to FgV1 infections.

The colony morphologies and mycelial growth rates of the FgV1-infected gene
deletion mutants and the FgV1-infected wild type (PH-1/FgV1) were similar (Fig. 1B).
The mycelial growth rates of the FgV1-infected overexpression mutants and the
FgV1-infected wild type were also similar, except that the mycelial growth rates of
the FgV1-infected FgAGO-1 overexpression mutants were much higher than those of
the FgV1-infected wild type. We examined the dsRNA and ssRNA accumulation levels
in virus-infected RNA silencing mutant strains (Fig. 1C to E). Only the FgV1-infected
FgAGO-1 overexpression mutant showed a significantly reduced level of viral dsRNA
accumulation compared to that of the FgV1-infected PH-1 strain. We also quantitated
viral sense (plus)-strand and antisense (minus)-strand ssRNA accumulation levels in
virus-infected RNA silencing gene deletion mutant strains using qRT-PCR. We observed
substantial decreases in the ssRNA accumulation levels, especially for plus-strand
ssRNA, in the FgAGO-1 OE mutant compared to the levels in the FgV1-infected wild
type (Fig. 1D and E). In contrast, the ΔFgAGO-1 mutant only allowed slightly greater
FgV1 accumulation, by ca. 1.2-fold, but this difference is within the experimental
fluctuation. Neither the ΔFgDICER-1 nor the ΔFgDICER-2 mutant showed increased FgV1
RNA accumulation, nor did overexpression of these genes directly affect the accumu-
lation of viral RNA. The FgV1 RNA accumulation levels did not differ significantly
between FgRdRP-1 and FgRdRP-4 gene deletion strains; the viral ssRNA accumulation
levels in overexpression strains, however, were slightly reduced compared to those in
the FgV1-infected PH-1 strain. As noted earlier, the FgV1-infected FgAGO-1 overexpres-
sion mutants grew faster than the FgV1-infected PH-1 strain (Fig. 1B), indicating that
low levels of viral RNA accumulation in FgAGO-1 overexpression strains might affect
mycelial growth. These results suggest that FgAGO-1 overexpression greatly affects
FgV1 RNA accumulation in F. graminearum.

As mentioned earlier, F. graminearum contains multiple dicer and Argonaute genes.
As shown by the data in Table 1, we confirmed that FgV2 infection induced all dicer and
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FIG 1 Colony morphologies and FgV1 RNA accumulation levels of the Fusarium graminearum RNA silencing mutant strains. (A) Generation of mutants in
F. graminearum. Gene deletion (top), complementation (middle), and overexpression (bottom) mutants were generated in this study. Schematic representations
of the homologous gene recombination strategies used to generate the RNA silencing-related F. graminearum mutants (left) and results of Southern blot
hybridization of the mutants (right) are shown. The ORFs of the target genes were fused with the hygromycin resistance cassette to generate complementary
strains. The promoter was replaced with the elongation factor 1� promoter (PEF1�) in the overexpression strain. All DNA probes and restriction enzymes used
for constructing each mutant strain are shown on the right, and the expected DNA sizes indicated. A 32P-labeled DNA fragment of the 5=-flanking or 3=-flanking
region of the target gene was used as a probe for Southern blot hybridization. The sizes of the DNA bands are indicated to the left of the Southern blot images.
Lanes 1, wild-type (WT) strain PH-1; lanes 2 to 4, different biological replicates of the indicated single gene deletion mutant used in this study; lane(s) n,
nonhomologous (ectopic) insertion that was not selected. (B) Colony morphologies of virus-free (left) and Fusarium graminearum virus 1 (FgV1)-infected (right)
RNA silencing gene deletion, complementation, and overexpression mutant strains. All cultures were photographed after 5 days on CM. (C) Semiquantification
of viral dsRNA accumulation levels of the wild type and different mutant strains. Shown is the viral dsRNA accumulation level of each RNA silencing mutant

(Continued on next page)
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Argonaute genes, while FgV1 infection induced FgDICER-1 and FgAGO-2 and FgV3
infection induced FgDICER-2 and FgAGO-1. Moreover, the levels of accumulation of viral
RNAs in a single gene deletion mutant might also affect the antiviral RNA silencing
response to virus infection. To determine whether there is compensation between
FgDICER-1 and FgDICER-2 and between FgAGO-1 and FgAGO-2, we generated ΔFgDICER-
1/FgDICER-2 and ΔFgAGO-1/FgAGO-2 double gene deletion mutant strains (Fig. 2).
These double deletion mutant strains also exhibited normal colony morphology (Fig.
2A). However, the FgV1-infected mutant strains showed growth retardation compared
to the growth of the FgV1-infected wild-type strain or single gene deletion mutants.
The FgV1 RNA accumulation levels increased significantly, by 2.1-fold in the ΔFgDICER-
1/FgDICER-2 strain and by 2.6-fold in the ΔFgAGO-1/FgAGO-2 strain (Fig. 2B). The FgV1
dsRNA accumulation levels also increased in the ΔFgDICER-1/FgDICER-2 and ΔFgAGO-
1/FgAGO-2 strains (Fig. 2C). Moreover, we generated ΔFgAGO-1 or -2/FgDICER-1 or -2
cross-double knockout gene deletion mutant strains to determine the redundant roles
of Argonaute and dicer genes against virus infection in F. graminearum. These FgV1-
infected cross-double deletion mutant strains showed a normal colony morphology in
comparison to that of the FgV1-infected wild type (Fig. 3A). The FgV1 RNA accumula-
tion levels were not significantly different in the ΔFgDICER-2/FgAGO-1 strain and the
FgV1-infected wild type. The ΔFgDICER-1/FgAGO-1, ΔFgDICER-1/FgAGO-2, and
ΔFgDICER-2/FgAGO-2 mutant strains showed slightly decreased levels of FgV1 accumu-
lation (Fig. 3B). These observations indicate that dicer and Argonaute genes might have
redundant role(s) in response to FgV1 infection in F. graminearum.

Involvement of FgAGO-1 in transcriptional induction of FgDICER genes in
response to FgV1 infection. The expression levels of key RNAi components, such as
the Argonaute protein QDE-2 and the dicer protein DCL-2, are elevated following the
induction of dsRNA expression in N. crassa and C. parasitica (4, 21). Moreover, similar
levels of induction of dcl-2 and agl-2 in C. parasitica were observed in response to
infection by a mutant CHV1-EP713 hypovirus that lacked p29, which is a suppressor of
RNA silencing (20, 21). Researchers have reported that agl-2 in C. parasitica is required
for the induction of dcl-2 expression in response to CHV1 infection (21). To determine
whether FgAGO-1 expression is correlated with FgDICER-2 expression, we examined the
transcript levels of FgAGO-1, FgDICER-1, and FgDICER-2 in wild-type and mutant strains.
The transcript levels of each Argonaute, dicer, and RdRP gene in the gene deletion
mutants did not differ significantly from the levels in the virus-free wild-type PH-1 strain
(data not shown). The transcript levels of FgAGO-1 and FgDICER-2 in the gene deletion

FIG 1 Legend (Continued)
relative to that of PH-1/FgV1, which was set at one as determined with ImageJ software. Values were calculated using the results from three independent
biological replicates, and error bars indicate standard deviations (SD). (D and E) Quantification of plus-strand (D) and minus-strand (E) viral RNA accumulation
at 120 h postinoculation (hpi) using real-time reverse transcription-quantitative RT-PCR (qRT-PCR). EF1� and UBH gene transcripts were used as internal controls.
Mean values (� SD) from two biological replicates and at least three replicated experiments are shown. (C to E) Mean values with different numbers of asterisks
are significantly different (P � 0.05) from each other based on Tukey’s test. KO, gene deletion (knockout) mutant; COM, complementation mutant; OE,
overexpression mutant.

TABLE 2 Target gene expression levels in virus-free overexpression strains

Protein family OE target gene Mean mRNA level � SDa

Dicer FgDICER-1 101.23 � 22.56
FgDICER-2 28.58 � 7.36

Argonaute FgAGO-1 6.20 � 0.82
FgAGO-2 1,113.71 � 572.74

RdRp FgRdRP-1 44.24 � 6.17
FgRdRP-4 21.08 � 5.08

aTarget gene expression levels in virus-free overexpression mutant strains relative to their levels in virus-free
PH-1 after 120 h of incubation were measured by real-time qRT-PCR. Values are from three independent
experiments. All values are significantly different from the mean for virus-free PH-1 according to Tukey’s
test (P � 0.05).
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mutant strains were also similar to the levels in the wild type following FgV1 infection
(Fig. 4). The significantly induced gene expression of FgDICER-1 in the FgV1-infected
strain was not accompanied by the induction of FgAGO-1. However, the transcript level
of FgDICER-1 was decreased in the FgV1-infected FgAGO-1 overexpression strains. These
data indicate that the induction or suppression of FgAGO-1 gene expression might not
directly affect the expression of FgDICER genes.

Comparison of levels of gene expression associated with FgV1-mediated gene
silencing and hpRNA-induced gene silencing. A previous report indicated that
FgAGO-1 and FgDICER-2 are important in the hpRNA-induced target gene silencing in
F. graminearum, while FgAGO-2 and FgDICER-1 participate primarily in the sex-specific
RNAi pathway (28, 30). In this study, we showed that the transcript levels of FgAGO-1
and FgDICER-2 increased in the FgV2- or FgV3-infected wild-type strain but not in the
FgV1-infected wild-type strain (Table 1). To compare the Argonaute and dicer gene

FIG 2 Analysis of the double gene deletion mutants. (A) Colony morphologies of ΔFgDICER-1/FgDICER-2 and ΔFgAGO-1/FgAGO-2
double gene deletion virus-free and virus-infected mutants. Cultures were photographed after 5 days on CM. (B) Accumulation of FgV1
RNA in double gene deletion mutants at 120 hpi according to qRT-PCR. Means with an asterisk are significantly different (P � 0.05)
from the mean of the virus-infected wild type (PH-1/FgV1) based on Tukey’s test. (C) Agarose gel (1%) analysis of the dsRNA
accumulation for PH-1/FgV1 and double gene deletion mutants. A 10-�g quantity of total RNA per sample was treated with DNaseI
and S1 nuclease. The largest band in the FgV1-infected samples represents the full-length viral dsRNA (6.6 kb); smaller bands indicate
internally deleted forms of viral dsRNA. Lane M, lambda DNA digested with HindIII.
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transcript accumulation levels resulting from FgV-induced and hpRNA-induced RNA
silencing, we generated green fluorescent protein (GFP) gene-bearing hairpin silencing
constructs in order to trigger the transcriptional GFP transgene-silencing response (Fig.
5A to C). The morphologies of the GFP-expressing strain (GFP), the GFP hairpin
RNA-expressing strain (GFP spacer and antisense strand [SA]), and the GFP-expressing
strain with a GFP hairpin RNA expression construct (GFP�SA) were similar to that of the
wild-type PH-1 strain (Fig. 5B). The wild-type strain and three independent transfor-
mants were examined to determine the gene expression levels of FgAGO-1 and
FgDICER-2. The FgAGO-1 and FgDICER-2 transcript levels were approximately 5- and
47-fold higher, respectively, in the GFP�SA strain than in the wild-type PH-1 strain (Fig.
5D). The FgAGO-1 and FgDICER-2 transcript levels were also significantly higher in the
SA transformants than in the wild type. In contrast, the FgAGO-1 and FgDICER-2
transcript levels were decreased in FgV1-infected GFP and SA single transformants and
GFP�SA double transformants compared to the levels in each virus-free mutant strain.
We also observed that the accumulation level of FgV1 or FgV2 RNA in the FgV-infected
GFP�SA double mutant was at least 60% less than the level in the FgV1- or FgV2-
infected wild type (Fig. 5E and F). These results suggested that the induction of
FgAGO-1 and FgDICER-2 negatively affected the viral RNA accumulation in F.
graminearum and that FgV1 could interfere with the host’s antiviral response by
suppressing FgAGO-1 and FgDICER-2 expression.

FIG 3 Colony morphologies and FgV1 RNA accumulation levels in cross-double gene deletion mutants of F.
graminearum. (A) Colony morphologies of ΔFgDICER-1/FgAGO-1, ΔFgDICER-2/FgAGO-1, ΔFgDICER-1/FgAGO-2, and
ΔFgDICER-2/FgAGO-2 mutants. Cultures were photographed after 5 days on CM. (B) Accumulation of FgV1 RNA in
mutant strains at 120 hpi according to qRT-PCR. Mean values with different numbers of asterisks are significantly
different (P � 0.05) from each other based on Tukey’s test.
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Unlike FgV1 infection, hairpin dsRNA production did not trigger upregulation of the
FgDICER-1 gene. The levels of transcript accumulation of FgDICER-1 did not differ
between the GFP-silenced strains and the wild type (Fig. 5G). Among the five FgRdRP
genes, the transcript levels of FgRdRP-3, FgRdRP-4, and FgRdRP-5 were significantly
increased in the hairpin dsRNA-producing strains (Fig. 5G). This result indicates that
the induction of FgDICER-1 is involved in specific FgV-mediated responses but not
in hpRNA-induced gene silencing in F. graminearum.

Effects of deletion and overexpression of RNAi-related genes on FgV2 or FgV3
infection. As shown by the results in Fig. 1 and 2, the deletion or overexpression of
specific genes involved in RNAi affected the mycelial growth phenotype and FgV1
RNA accumulation. To compare the effects of the same mutations on the other FgV
infections, we further investigated FgV2- and FgV3-infected mutants with mutations of
RNAi-related genes. The colony morphologies were similar in the FgV2-infected single
gene deletion mutants and the FgV2-infected wild type (PH-1/FgV2), i.e., colonies of
both had reduced aerial mycelia, increased pigmentation, and irregular margins (Fig.
6A). The colony morphologies were also similar in the FgV3-infected mutant strains and
the FgV3-infected wild type (PH-1/FgV3) (Fig. 6C).

The FgV2 RNA accumulation levels in mutant strains were determined using primer
sets derived specifically for FgV2 RNA segment RNA1 (Fig. 6B). When the RNA1-specific
primer set was used, the RNA1 accumulation levels in FgV2-infected ΔFgDICER-1,
ΔFgAGO-2, and ΔFgRdRP-1 mutants were similar to the level in the FgV2-infected wild
type, but the levels in FgV2-infected ΔFgDICER-2, ΔFgAGO-1, and ΔFgRdRP-4 mutants
were lower than the level in the FgV2-infected wild type. Most of the single gene
disruption mutations might not interfere directly with the antiviral response to FgV2
infection in F. graminearum. However, the overexpression of RNAi-related genes caused
reductions of FgV2 RNA1 accumulation levels compared to the level in the wild type.

Among FgV3-infected strains, the viral RNA accumulation levels were approximately
2-fold higher in the ΔFgAGO-1 or ΔFgAGO-2 mutant than in the FgV3-infected wild type,
but the accumulation levels were similar in the FgAGO-1 and FgAGO-2 overexpression
strains and the wild type (Fig. 6D). For FgDICER-2, disruption and overexpression
mutants showed increased FgV3 RNA accumulation levels compared to the levels in
the FgV3-infected wild type, while the ΔFgDICER-1 strain showed a similar viral RNA

FIG 4 Accumulation of FgDICER-1, FgDICER-2, and FgAGO-1 gene transcripts in response to FgV1 infection. The transcript levels of
FgDICER-1, FgDICER-2, and FgAGO-1 in the FgV1-infected wild type (PH-1/FgV1) and the FgV1-infected mutants were determined by
qRT-PCR. Mean values (� SD) are shown. Mean values with different numbers of asterisks are significantly different (P � 0.05) from
each other based on Tukey’s test. OE, overexpression.
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FIG 5 Functional analysis of dicer and Argonaute in hairpin RNA-induced gene silencing. (A) Diagram of transformation of plasmids used to study GFP silencing.
The pSKGen vector was under the control of the EF1 alpha promoter, and the pGFP-SA construct was under the control of the isocitrate lyase (ICL) promoter.
A HincII fragment of the �-glucuronidase (GUS) gene was used as a spacer. Segments used as probes in Southern blot hybridization analysis are indicated by
bars. GFP, transformant that only had the pSKGen construct; SA, transformant with the pSA construct. (B) Colony morphologies of virus-free GFP silencing-
related transformants and FgV1-infected mutant strains. Cultures were photographed after 5 days on CM. GFP�SA, GFP and pSA were transformed together
into the wild type. (C) GFP expression in mutant strains. Mycelia of GFP transformants and GFP-silenced transformants (GFP�SA) were observed with a
microscope at 2 days postincubation in CM. DIC, differential interference contrast. Scale bar � 20 �m. (D) Accumulation of FgDICER-2 and FgAGO-1 gene
transcripts in GFP expression or hairpin dsRNA-producing mutants. Accumulation levels of FgDICER-2 and FgAGO-1 in all virus-free and FgV1-infected mutants
relative to the levels in the virus-free wild type (PH-1), which were set to one, are shown. EF1� and UBH gene transcripts were used as the internal controls.
(E and F) Accumulation of FgV1 (E) and FgV2 (F) RNA in mutant strains. qRT-PCR was used to quantify FgV1 and FgV2 RNA1 at 120 hpi. (G) Confirmation of
accumulation of FgDICER-1 and FgRdRP1 to -5 in hairpin RNA-induced gene silencing mutants. Gene expression levels of FgDICER-1 and five FgRdRP genes were
analyzed by qRT-PCR at 120 hpi. (D to G) Mean values (� SD) from at least two biological replicates and three independent experiments are shown. Mean values
with different numbers of asterisks are significantly different (P � 0.05) from each other based on Tukey’s test.
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accumulation level. As was the case in FgV1- and FgV2-infected mutant strains, the
deletion or overexpression of FgRdRP-1 and FgRdRP-4 did not affect viral RNA accumu-
lation in FgV3-infected mutant strains.

We also transferred both viruses to double gene deletion strains. The growth
retardation was greater for the FgV2-infected than for the FgV1-infected double gene
knockout strains (Fig. 6E). The accumulation of FgV2 and FgV3 double-stranded RNAs
also increased compared to their levels in the wild type. Interestingly, FgV3 RNA
accumulation was efficiently increased by double gene deletions of FgDICER-1 and
FgDICER-2 (Fig. 6F). These results suggest that the two FgDICER and two FgAGO genes
have redundant roles in response to FgV2 or FgV3 infection in F. graminearum.

FgV1-derived small RNAs in F. graminearum. In general, the RNA silencing
mechanism in many organisms is associated with the generation of small interfering

FIG 6 Accumulation of FgV RNA in virus-infected RNA silencing gene mutant strains of F. graminearum. (A) Colony morphologies of mutant strains infected with
Fusarium graminearum virus 2 (FgV2). (B) Quantification of FgV2 RNA1 at 120 hpi using qRT-PCR. (C) Colony morphologies of mutant strains infected with FgV3.
(D) Quantification of FgV3 RNA at 120 hpi using qRT-PCR. (A and C) All cultures were photographed after 5 days on CM. (B and D) Mean values (� SD) of two
biological replicates and at least three replicated experiments are shown. EF1� and UBH gene transcripts were used as internal controls. Mean values with
different numbers of asterisks are significantly different (P � 0.05) from each other based on Tukey’s test. (E) Colony morphologies of ΔFgDICER-1/FgDICER-2
or ΔFgAGO-1/FgAGO-2 double gene deletion virus-free and virus-infected mutants. Cultures were photographed after 5 days on CM. (F) Agarose gel (1%)
analysis of dsRNA accumulation in PH-1/FgV2, PH-1/FgV3, and double gene deletion mutants. A 20-�g quantity of total RNA per sample was treated with DNaseI
and S1 nuclease. Lane M1, 1-kb ladder; lane M2, lambda DNA digested with HindIII.
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RNAs (siRNAs). Several previous studies have reported that many fungal hosts produce
virus-derived siRNAs (vsiRNAs) in response to diverse mycovirus infections (19, 20, 31,
33). These studies showed that dicer and Argonaute genes are involved in vsiRNA
production and that the vsiRNAs generated function in the RNA silencing pathway (19,
20, 33). In addition to experiments using the reverse genetics approach, we conducted
small RNA profiling to understand the RNA silencing mechanism for known mycovi-
ruses in the model host F. graminearum. We conducted high-throughput sequencing
for small RNA libraries obtained from F. graminearum PH-1 strains infected by one of
three mycoviruses (FgV1, FgV2, or FgV3). The distributions of vsiRNAs on the individual
virus genomes differed. Large numbers of vsiRNAs, ranging from approximately 40,000
to 3,900,000 reads, were obtained from the four libraries (data not shown). The vsiRNA
profiling data indicate that vsiRNA abundances and distributions differ among the
FgV1, -2, and -3 genomes even when these viruses are infecting the same fungal host.
The proportion of FgV1- or FgV2-derived siRNA within the total siRNA reads was
relatively higher than the proportion of FgV3 siRNA. The size distributions of the 18- to
24-nucleotide (nt) vsiRNA reads in strain PH-1 infected with each virus demonstrated
that 20- to 22-nt-long vsiRNAs were dominant following FgV2 and FgV3 infection but
that no length was clearly dominant following FgV1 infection (Fig. 7A). The strand
polarities of vsiRNA reads differed depending on which virus infected the fungus. The
percentage of vsiRNA reads was clearly greater for the sense strand than for the
antisense strand following FgV1 or FgV2 infection. In the case of FgV3 infection,
the percentages of vsiRNA reads were almost equal for both strands (Fig. 7B). For the
segmented virus FgV2, the percentages of vsiRNA reads differed among the segments
(Fig. 7C). Among the five segments of FgV2, the percentage on the dsRNA3 segment,
which encodes an ORF of unknown function, was relatively large.

The vsiRNAs resulting from FgV1 infection had an asymmetric distribution on both
strands. In FgV1, the numbers of vsiRNAs were highest on an internal region and were
relatively high on the 5=-terminal region of the sense strand (Fig. 8A). In FgV2, the
vsiRNAs identified appeared to be unevenly distributed among the five dsRNA seg-
ments (Fig. 8B). In the dsRNA1 segment of FgV2, the numbers of vsiRNAs were high in
the 5= and 3= regions of the sense strand and in the internal region of the antisense
strand. For dsRNA2, -4, and -5 of FgV2, peaks in numbers of vsiRNAs were scattered
throughout each segment. In FgV2, the dsRNA3 segment had many more hotspots of
vsiRNAs than the other four segments. This result indicates that dsRNA3 of FgV2 might
be preferentially recognized and targeted by RNAi components. In FgV3, the sense- and
antisense-strand vsiRNA peaks were distributed throughout the viral genome, and
some of the higher sense-strand vsiRNA peaks were located in the 5= and 3= terminal
regions (Fig. 8C). These results indicate the differences in the vsiRNA accumulation
proportion and distribution patterns along each viral genome among different myco-
viruses that showed different patterns of induction and suppression of RNA silencing-
related genes upon infection by FgV1, -2, and -3.

Based on the small RNA sequencing data, we conducted stem-loop RT-PCR to
validate the accumulation of some specific vsiRNA peaks. First, we selected two
candidate vsiRNA peaks on the sense strand of FgV1 in the 5=-terminal region and the
internal region from nt 4304 to 4323, which had the highest numbers of vsiRNAs (Fig.
8A). In addition, we assessed the vsiRNA accumulation levels in ΔFgDICER-1 and
ΔFgAGO-1 mutants to determine whether FgV1 RNA accumulation in these mutants
was related to the accumulation of specific vsiRNAs. We confirmed the presence of
vsiRNAs in the 5=-terminal and internal regions in FgV1-infected strains but not in the
virus-free wild-type strain (Fig. 9). The accumulation of vsiRNAs in the ΔFgDICER-1/
FgDICER-2 strain showed a decreased level, as expected. The vsiRNA accumulation level
was lower in the FgV1-infected ΔFgAGO-1 strain than in the FgV1-infected wild-type
strain, but not in the FgV1-infected ΔFgDICER-1 strain, although these two mutant
strains showed similar increased FgV1 RNA accumulation levels. This result suggested
that the increased accumulation level of viral RNA in the FgAGO-1 mutant was
accompanied by a significant decrease in vsiRNA levels.
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DISCUSSION

In this study, we used a reverse genetics approach to investigate the antiviral role(s)
of RNA silencing components in F. graminearum. To study the fungus’s defense
response against mycovirus infections, we used the established model system of F.
graminearum PH-1 and three unrelated viruses, FgV1, FgV2, and FgV3. Although both
FgV1 and FgV2 are hypovirulent, their genomic organizations differ. FgV3 did not cause
any phenotypic change in F. graminearum. All three virus infections, however, induced
certain RNA silencing-related genes (Table. 1). Following FgV2 and FgV3 infection, the
expression levels of FgAGO-1 and FgDICER-2 increased significantly. The expression

FIG 7 Identification of vsiRNAs by small RNA sequencing. (A) Numbers of vsiRNAs identified (y axis) based on size (number of
nucleotides; x axis). (B) Percentages of vsiRNAs located on sense and antisense strands of each virus. (C) Percentages of identified
vsiRNAs located on individual RNA segments of FgV2.
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FIG 8 Profiling of viral small interfering RNAs (vsiRNAs) on FgV1, -2, and -3 genomes. The identified vsiRNAs induced by FgV1, FgV2, or FgV3 are mapped
on the corresponding virus genome. (A to C) Distributions of vsiRNAs mapped on the FgV1, FgV2, and FgV3 genomes. FgV3 has only one RNA segment,
while FgV2 has five RNA segments. The genome organization for each virus genome is depicted. Blue and red bars indicate vsiRNAs located on the sense
strand (�) and the antisense strand (�) of the corresponding virus genome, as observed by stem-loop RT-PCR.
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levels of FgRdRP-3, FgRdRP-4, and FgRdRP-5 were also greatly increased by FgV2 and
FgV3 infection. Similar results were observed following FgHV2 infection, i.e., the
expression levels of FgAGO-1, FgDICER-2, and FgRdRP-3 were significantly upregulated
in an FgHV2-infected strain of F. graminearum (34). In C. parasitica, in addition to many
other genes, dcl-2 and agl-2 were induced by CHV1 and mycoreovirus 1 (MyRV1)
infections (16, 20). Our data indicate that FgAGO-1 and FgDICER-2 might be preferen-
tially induced following virus infection and hairpin RNA production. These results
suggest that F. graminearum has a dsRNA antiviral response similar to that in C.
parasitica.

Based on phylogenetic analysis, FgAGO-2 and FgDICER-1 are closely related to
sms-2 and dcl-1, respectively, in N. crassa (27). Previous research suggested that only
FgSMS2 (FgAGO-2) controls meiosis and the subsequent developmental pathways in
F. graminearum (35). Recently, it was reported that FgDICER-1 and FgAGO-2 mainly
mediated the sex-specific RNAi pathway in F. graminearum (30). Although we expected
that FgAGO-2 and FgDICER-1 would function in the meiotic silencing by unpaired DNA
(MSUD) pathway in F. graminearum, the present study showed that expression of
FgAGO-2 and FgDICER-1 was induced by FgV1 and FgV2 infection but not by FgV3
infection. Perhaps the induction of FgAGO-2 or FgDICER-1 by FgV1 or FgV2 infection is
related to the functional redundancy of dicers and Argonautes in F. graminearum. We
showed that the transcription level of FgDICER-1 was not changed by GFP-expressing
mutant and GFP hairpin RNA-expressing mutant strains that did not show any pheno-
typic change (Fig. 5G). In addition, the transcription level of FgDICER-1 was decreased
in the FgV1-infected FgAGO-1 OE mutant, which showed mild symptoms and low
accumulation of FgV1 RNA relative to those in FgV1-infected wild-type PH-1 train (Fig.
4). As mentioned above, among five unrelated dsRNA viruses in R. necatrix, only
infection by RnMyRv3 and RnMBV1, which affect mycelial growth and virulence in the
fungal host, caused the upregulation of RnDCL-2, RnAGL-2, RnRdRP-1, and RnRdRP-2
expression (19). These observations suggest that FgDICER-1 and FgAGO-2 can be
induced by hypovirulence-associated phenotypic changes, e.g., reductions in conidia-
tion and virulence or defects in perithecium development. Further studies are required

FIG 9 Detection of FgV1 vsiRNAs. Stem-loop RT-PCR of vsiRNAs of FgV1 in the 5=-end untranslated region
(UTR) (A) and internal region (B). A 10-ng quantity per cDNA sample was used for PCR amplification. The
numbers of PCR cycles are indicated to the right. Three independent biological replicates were used for
this experiment, and two samples from each were visualized on a 4% agarose gel.
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to clarify how dicer and Argonaute genes are transcriptionally upregulated by myco-
virus infection in F. graminearum.

Research has clearly indicated that host cellular RdRPs may function in the synthesis
of virus-derived siRNAs and in the antiviral defense response in Arabidopsis and rice (36,
37). The roles of RdRPs have also been characterized in the RNA silencing pathway in
some fungi. In N. crassa, RdRP contributes to transgene-induced silencing, meiotic
silencing, and the production of DNA damage-induced QDE-2-interacting sRNAs
(qiRNAs) (12, 38, 39). Two RdRP genes in M. circinelloides participate in different steps
of the same transgene-induced RNA silencing pathway (40). Rdp1 also has a role in
sex-induced silencing in C. neoformans (9). For some fungi, however, Rdp genes do not
seem to be required for the antiviral RNA silencing response (41). In this study, we
examined the effects of gene deletion and overexpression of FgRdRP-1 and FgRdRP-4
on the antiviral RNA silencing responses of F. graminearum. These two genes are
phylogenetically closely related to qde-1, whose function is related to quelling pathway
and dsRNA-triggered gene silencing in N. crassa (27, 42). We assumed that FgRdRP-1
and FgRdRP-4 might have functional role(s) in the antiviral RNA silencing response
because the virus-mediated transcriptional activation response is similar to the hairpin
dsRNA-induced transcriptional response in C. parasitica (21). As shown by the results in
Table 1, FgV1 infection did not induce any RdRP genes, but FgV2 and FgV3 infection
did induce FgRdRP-3, -4, and -5. However, neither the phenotype nor the viral RNA
accumulation levels were greatly altered in the FgRdRP-1 and FgRdRP-4 gene deletion
and overexpression mutants. Although neither the FgRdRP-1 nor the FgRdRP-4 gene
alone seems to have a distinct role against FgV infections, these genes might have a
role in the RNA silencing pathway. On the other hand, given that RdRP initiates or
amplifies the RNA silencing signal, there might be an alternative pathway for RNA
silencing. Researchers previously demonstrated that five C. parasitica Rdr genes do not
play a significant role in the RNA silencing antiviral defense response or in viral RNA
recombination, although the Rdr3 and Rdr4 gene expression levels were increased
following CHV1/EP713 infection (41); the researchers concluded that an antiviral RNA
silencing response in C. parasitica may be triggered by viral dsRNA or hairpin dsRNA
molecules without the participation of RdRPs if sufficient dsRNA is generated by other
means (41). Although FgRdRP-2 is required for meiotic silencing in F. graminearum (29),
the physiological and biological functions of FgRdRP genes remain largely unclear
because five predicted RdRP proteins in the F. graminearum genome may function
redundantly. We found that FgRdRP-3, -4, and -5 were induced by hairpin RNA produc-
tion, but the functions of other FgRdRP genes in the antiviral RNA silencing response
and in other cellular processes remain unclear and require further study.

In N. crassa, dcl-1 can compensate for dcl-2 in the quelling pathway when dcl-2 is
disrupted (13, 27). Although the expression levels of some genes were increased by
virus infection in the current study, most of the single gene deletion mutants did not
show alterations in colony morphology or viral RNA accumulation. We confirmed that
FgV1 and FgV2 replicated better in ΔFgDICER-1/FgDICER-2 and ΔFgAGO-1/FgAGO-2
double knockout mutants; however, there was no significant increase in the accumu-
lation of FgV1 in any of the ΔFgDICER/FgAGO cross-double knockout mutant strains
(Fig. 2 and 3). In addition, the deletion of single dicer/Argonaute genes did not
significantly affect the expression levels of the other genes (data not shown). These
results suggest that antiviral-response-related genes, such as FgDICER-1 or -2 and
FgAGO-1 or -2, might compensate for the loss of gene function in F. graminearum.
Although these genes have functional redundancy, FgAGO-1 has a major role in the
antiviral RNA silencing response against FgV1 infection.

In profiling the vsiRNAs in F. graminearum strains infected with FgV1, -2, and -3, we
observed that the abundances and the percentages of vsiRNAs on sense versus
antisense strands differed among three different viruses. Moreover, the distribution of
vsiRNAs across the viral genomes differed even among the segments of the same virus.
The formation of vsiRNA hot spots is related to secondary structures that are optimal
for dicer binding and processing and for vsiRNA stability (43, 44). Therefore, these

Yu et al. Journal of Virology

May 2018 Volume 92 Issue 9 e01756-17 jvi.asm.org 16

http://jvi.asm.org


differences might be associated with the different characteristics of each virus, such as
viral genome structures, organization, replication, and strategies for overcoming anti-
viral host defense responses. Our analysis focused on sRNAs specific to FgV1, -2, and -3,
and to look at differences in small RNA metabolism between different virus infections,
a more comprehensive analysis of viral and host small RNA profiling, including a
combined analysis of the transcripts and small RNAs, is still required. In plants, AGOs
associated with vsiRNA or virus-activated siRNAs (vasiRNAs) can directly target com-
plementary viral RNAs or host genes for degradation and, thus, confer antiviral activity
or regulate host gene expression (45, 46). Further study is required to explore aspects
of virus-host interaction for these small regulatory RNAs.

We confirmed that overexpression of FgAGO-1 reduces FgV1 accumulation. In
addition, we observed specific FgV1-derived vsiRNAs in the 5= and internal regions, and
the accumulation of these vsiRNAs was affected by FgAGO-1 deletion (Fig. 9). In contrast
to the ΔFgDICER-1 strain, ΔFgAGO-1 strains showed decreased vsiRNA levels in both
regions. These results suggest that FgAGO-1 is important for the accumulation of
vsiRNAs. The vsiRNA accumulation levels in the FgV1-infected FgAGO-1 OE and
ΔFgAGO-1 strains differed in the 5= and internal regions. This could be explained by the
specificity of the selected regions. Moreover, the vsiRNA accumulation levels in both
regions in the FgV1-infected ΔFgDICER-1 strain appeared similar to those in the
FgV1-infected wild type. In contrast, the FgV1-infected ΔFgDICER-1/FgDICER-2 strain
showed significantly decreased levels of specific vsiRNAs. These results suggest that
FgDICER-1 and FgDICER-2 have redundant roles in antiviral RNA silencing responses.
In addition, it is possible that vsiRNAs can be generated in F. graminearum via an
alternative, DICER-independent route that has not yet been demonstrated. Therefore,
FgAGO-1 might be required for the accumulation of vsiRNAs during antiviral RNA
silencing responses against FgV1 infection, but FgAGO-1 alone might not be sufficient
to defend against mycovirus infection.

FgV1 might have the ability to counter the antiviral defenses of F. graminearum.
Unlike FgV2 or FgV3 infection, FgV1 infection did not induce RNA silencing genes other
than FgDICER-1 and FgAGO-2 (Table 1). Nevertheless, significant upregulation of
FgDICER-2 and FgAGO-1 can negatively affect FgV accumulation, although this tran-
scriptional induction occurs in response to GFP silencing (Fig. 5E and F). Similarly, a
previous study reported that the inhibition of Rosellinia necatrix victorivirus 1 (RnVV1)
replication is associated with transcriptional induction of dcl2 and agl2 in C. parasitica
by the infection of CHV1-Δp69 or MyRV1 or by transgenic expression of hairpin dsRNA
(47). We also confirmed that, in an hpRNA-mediated GFP silencing mutant in which the
transcript levels of these genes were upregulated in the virus-free mutant, the tran-
script levels of FgAGO-1 and FgDICER-2 genes were reduced after FgV1 infection. It is
not clear how FgAGO-1 and FgDICER-2 are coregulated by FgV1 infection. We assume
that FgV1 has an effective strategy for avoiding the antiviral defense mechanism of the
host. One possibility is that FgV1 can suppress RNA silencing by interfering with the
antiviral function of FgAGO-1. Previous research determined that CHV1 suppresses RNA
silencing via p29, a suppressor protein that inhibits the expression of dcl-2 and agl-2 in
C. parasitica (20, 21). Additional research is needed to identify a possible suppressor(s)
of RNA silencing in FgV1.

MATERIALS AND METHODS
Fungal strains and growth conditions. Virus-free and FgV1-infected F. graminearum PH-1 isolates

were stored in 20% (vol/vol) glycerol at �80°C and were reactivated on potato dextrose agar (PDA) at
25°C with a 12-h-light/12-h-dark cycle. F. graminearum cultures used for the extraction of RNA or
genomic DNA were grown as described previously (32). Freshly grown mycelia from plates with complete
medium (CM) were added to 50 ml of CM broth, and the cultures were incubated at 25°C for 120 h on
an orbital shaker (150 rpm). After hyphae were collected by filtering through 3MM paper, they were
washed with distilled water, dried by blotting with paper towels, and frozen at �80°C. All fungal strains
used in this study are listed in Table S1 in the supplemental material.

Generation of gene deletion, complementation, and overexpression mutants. The targeted
gene deletion, complementation, and overexpression DNA constructs were generated by the double-
joint (DJ) PCR method as described previously, with modifications (48). In brief, to generate the FgDICER-1
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gene deletion mutant, the 5=- and 3=-flanking regions of the gene were amplified from F. graminearum
PH-1 using the primer pairs fgsg09025-5F/-5R and fgsg09025-3F/-3R, respectively. A Geneticin resistance
cassette (gen), which was used as a selectable marker, was amplified from vector pII99 using primer pairs
GenF/GenR (49). The three amplicons were mixed at a 1:3:1 molar ratio and fused by DJ PCR under
previously described PCR conditions (49). The final fusion construct was amplified with the nested
primers. The same strategy was used to generate the FgDICER-2, FgAGO-1, FgAGO-2, FgRdRP-1, and
FgRdRP-4 gene deletion mutants. Double gene deletion mutant strains were generated with the same
strategy, using the Geneticin resistance cassette and the hygromycin phosphotransferase (Hyg) gene
resistance cassette. We amplified the fusion constructs for the ΔFgDICER-2 and ΔFgAGO-1 mutations with
the Hyg resistance cassette by DJ PCR and used the constructs for protoplast transformation of the
fungus as described below. Conidia from the ΔFgDICER-1 and ΔFgAGO-2 strains were used to prepare
protoplasts. For complementation, the DNA fragments carrying the native promoter and located
upstream from the FgDICER-1 and FgDICER-1 open reading frames (ORFs) and from the 3=-flanking
regions were amplified with fgsg09025-5F/fgsg09025 com-5F Rv and fgsg09025 com-3F Fw/-3F Rv,
respectively. The Hyg resistance cassette was amplified with pBCATPH hph-fw/-rv primers from pBCATPH.
The hygromycin B phosphotransferase (HPH) cassette and both flanking regions were fused by DJ PCR,
and the final constructs were amplified with the nested primer set. The same strategy was used to
complement the FgDICER-2, FgAGO-1, FgAGO-2, FgRdRP-1, and FgRdRP-4 gene deletion mutants. To
generate FgDICER-1 overexpression mutants, the 5= end and 3= end of the FgDICER-1 region were
amplified by primer sets fgsg09025-5F/fgsg09025 OE-5F rv primer and fgsg09025 OE-3F fw/fgsg09025-
3R, respectively. The Gen-PEF1� construct was amplified with Gen_EF1 F/EF1 pro R primers using pSKGEN,
which contains the Geneticin resistance cassette and the elongation factor 1� promoter (PEF1�) from F.
verticillioides (50). Amplicons were joined as described above, and a final PCR product was generated
using fgsg09025 nested F/fgsg09025 OE nested rv primers. The same strategy was used to generate
FgDICER-2, FgAGO-1, FgAGO-2, FgRdRP-1, and FgRdRP-4 overexpression mutants. All final DNA constructs
were used for fungal protoplast transformation. Conidia were harvested 5 days after inoculation of CMC
medium and were added to 50 ml of YPG (1% yeast extract, 1% peptone, 2% glucose) medium for 13 h
at 25°C. Protoplasts were prepared with mycelia by treating them with NH4Cl containing 10 mg/ml of
Driselase (Sigma-Aldrich, St. Louis, MO) and incubating for 4 h at 30°C. Fungal protoplasts were treated
with polyethylene glycol (PEG) for transformation as previously described (48). Transformants were
selected on PDA supplemented with 50 �g/ml of hygromycin or Geneticin for further study. After all
transgenic strains were confirmed by Southern blotting hybridization (described below), FgV1, -2, or -3
was introduced into the virus-free transformant strains through hyphal anastomosis. Viral infection was
detected by RT-PCR using virus-specific primer pairs. All primer sets used in this study are available upon
request.

DNA extraction and Southern blot hybridization. After the fungal strains were incubated for 5
days in CM broth, mycelia were collected by filtration through Whatman 3MM filter paper (GE Healthcare,
Uppsala, Sweden). The mycelia were washed with distilled water, pressed onto paper towels to remove
the excess water, and stored at �80°C. Genomic DNA was extracted as previously described (32). For
Southern blot hybridization of PH-1 and transgenic mutants, 10 �g of genomic DNA was digested with
the appropriate enzyme. The digest was loaded on an 0.8% agarose gel and then subjected to gel
electrophoresis, capillary blotting, radiolabeling of DNA probes, and hybridization as previously de-
scribed (32). The hybridized blots were exposed to phosphoimaging screens (BAS-IP MS 2040; Fuji Photo
Film, Japan) and were visualized using a BAS-2500 image analysis system (Fuji Photo Film Co.).

Construction of GFP-silencing vectors. pSA was constructed by inserting the spacer and antisense
strand (SA) of the GFP gene into the NotI site of the pIGPAPA vector (51). The HincII fragment of the
�-glucuronidase (GUS) gene in pMDC139 was isolated to use as a spacer. The GUS spacer and GFP gene
were fused by PCR amplification and then inserted into the NotI site of the pIGPAPA vector. The
orientation of this pSA clone was confirmed by PCR analysis and sequencing. A 10-�g quantity of pSA
plasmid DNA was introduced into the pSKGen-induced GFP expression strain (Geneticin resistant) by
fungal protoplast transformation. Candidate transformants were selected by exposure to Geneticin and
hygromycin for secondary screening. All GFP expression strains and GFP-silenced strains were confirmed
by observing GFP fluorescence and by Southern blotting.

Preparation of total-RNA or ssRNA samples and cDNA synthesis for RT-PCR. For nucleic acid
extraction, frozen mycelia were pulverized using liquid nitrogen and a mortar and pestle. Total RNAs
were extracted with Iso-RNA lysis reagent (5 Prime, Hamburg, Germany). Extracted total RNA was treated
with DNase I (TaKaRa Bio, Shiga, Japan) to remove genomic DNA according to the manufacturer’s
instructions. These total-RNA samples were precipitated with ethanol and resuspended in DEPC-treated
water. Next, 5 �g of total RNA of each sample was used to synthesize first-strand cDNA with an
oligo(dT)18 primer and Moloney murine leukemia virus (MMLV) reverse transcriptase (Promega, Madison,
WI) according to the manufacturer’s protocols. All synthesized cDNAs were diluted 1:10 with nuclease-
free water for RT-PCR. To isolate the ssRNA fraction, total-RNA extracts were precipitated with LiCl to a
final concentration of 2 M. Samples were precipitated after incubation at 4°C for 2 h. ssRNA pellets were
washed in 75% ethanol and dissolved in RNase-free water. First-strand cDNA synthesis was conducted
with the GoScript reverse transcription system (Promega, Madison, WI) using virus strand-specific primers
(FsRT Fw and FsRT Rv for minus and plus strands, respectively) and oligo(dT)18 primer, using 2 �g of
ssRNA.

Viral dsRNA semiquantification. Amounts of 3 �g of total RNA from all virus-infected mutants were
loaded into 1% agarose gels for analysis of viral dsRNA accumulation. After separation on the agarose
gels, ethidium bromide-stained gels were visualized in a UV transilluminator. Gel images were measured
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using ImageJ software to determine the relative band intensities of viral dsRNA. The intensities of viral
dsRNA bands were normalized to that of 18S rRNA in the samples.

Real-time RT-PCR analysis. Real-time reverse transcription-quantitative PCR (qRT-PCR) was per-
formed with a Bio-Rad CFX384 real-time PCR system using gene-specific internal primers. Each reaction
mixture (10 �l) consisted of 25 ng of total cDNA, 5 �l of 2� iQSYBR green supermix (Bio-Rad, Hercules,
CA), and 10 pmol of each primer. The thermal profile was as follows: 3 min at 95°C and 40 cycles of 10
s at 95°C and 30 s at 60°C, with melting curve data obtained by increasing the temperature from 55 to
95°C. Two endogenous reference genes, UBH, encoding ubiquitin C-terminal hydrolase (RefSeq accession
number FGSG_01231) (52), and EF1�, encoding elongation factor 1� (RefSeq accession number
FGSG_08811) (48), were used as internal controls to normalize qRT-PCR results. Data were analyzed using
Bio-Rad CFX Manager software, version 1.6.541.1028 (Bio-Rad, Hercules, CA). RNA samples were extracted
from at least two independent, biologically replicated experiments, and each PCR product was evaluated
in at least three independent experiments, including three technical replicates.

Small RNA library preparation and deep sequencing. Total RNAs extracted from mycelia were
used for small RNA preparation. At least three individual samples for each condition were subjected to
total RNA extraction in order to minimize bias between samples. We generated four small RNA libraries,
including F. graminearum PH-1 infected by FgV1, FgV2, FgV3, and FgV4, using the TruSeq small RNA
sample prep kit version 2 (Illumina, San Diego, CA) and following the manufacturer’s instructions. To
purify small RNAs (fewer than 30 nt), polyacrylamide gel electrophoresis (PAGE) gel was used. The 3= and
5= adapters were added to the purified small RNAs, and cDNA was then synthesized by RT-PCR using
SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). A linear PCR step was used to amplify the
DNA fragments. Libraries were multiplexed using 3= PCR primers containing unique 6-nucleotide
sequences. The prepared libraries were single-end sequenced with the HiSeq 2000 system in the National
Instrumentation Center for Environmental Management (NICEM, Seoul, South Korea).

Identification of vsiRNAs by bioinformatics analysis. Adapter sequences and poor-quality se-
quences from the raw data were trimmed using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx
_toolkit/). In addition, noncoding RNAs, including tRNA, rRNA, snRNA, and snoRNA, were deleted by
using the BWA program with the following parameters (mismatch � 2, gap open � 0, and e value �

0.05) (53) against the RFAM database (http://www.sanger.ac.uk/software/Rfam). Only clean reads of small
RNA sequences were used for further analysis. To identify vsiRNAs, small RNA sequences (18 to 24 nt)
from each library were mapped on the corresponding virus genome using the BWA program.

Validation of small RNA sequencing results using stem-loop RT-PCR. To confirm the data for
vsiRNA accumulation in response to FgV1 infection, we selected vsiRNAs in the regions from nt 26 to 46
and nt 4304 to 4325 on the sense strand. The low-molecular-weight (LMW) and total-RNA samples were
used for the stem-loop RT reaction. The LMW RNA sample was prepared using the mirVana miRNA
isolation kit (Ambion, Austin, TX) according to the manufacturer’s protocol, and stem-loop pulsed RT and
PCR amplification were conducted as previously described (54, 55). In brief, 500 ng of each LMW RNA sample
was denatured at 65°C, and the pulsed RT reaction was carried out using SuperScript III reverse transcriptase
(Invitrogen, Carlsbad, CA) with the following conditions: 30 min at 16°C, followed by 60 cycles of 30 s at 30°C,
30 s at 42°C, and 1 s at 50°C, and a final incubation at 85°C for 5 min; the reaction mixture was then held at
4°C. A 10-ng quantity of the diluted RT mixture was amplified with Ex Taq polymerase (TaKaRa Bio, Shiga,
Japan) with the following PCR conditions: 5 min at 94°C, followed by 20 or 25 cycles at 94°C for 15 s and 60°C
for 1 min; the reaction mixture was then held at 4°C. FgV1 vsiRNA-specific primers for RT and primer sets for
PCR were used (primer information is available upon request). The final PCR products were visualized on a 4%
agarose gel that was stained with ethidium bromide.
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