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Abstract

Even though the fungal kingdom contains more than 3 million species, little is known about
the biological roles of RNA silencing in fungi. The Colletotrichum genus comprises fungal
species that are pathogenic for a wide range of crop species worldwide. To investigate the
role of RNA silencing in the ascomycete fungus Colletotrichum higginsianum, knock-out
mutants affecting genes for three RNA-dependent RNA polymerase (RDR), two Dicer-like
(DCL), and two Argonaute (AGO) proteins were generated by targeted gene replacement.
No effects were observed on vegetative growth for any mutant strain when grown on com-
plex or minimal media. However, Adc/1, Adcl1Adcl2 double mutant, and Aago7 strains
showed severe defects in conidiation and conidia morphology. Total RNA transcripts and
small RNA populations were analyzed in parental and mutant strains. The greatest effects
on both RNA populations was observed in the Adcl1, Adcl1Adcl2, and Aago1 strains, in
which a previously uncharacterized dsRNA mycovirus [termed Colletotrichum higginsia-
num non-segmented dsRNA virus 1 (ChNRV1)] was derepressed. Phylogenetic analyses
clearly showed a close relationship between ChNRV1 and members of the segmented Par-
titiviridae family, despite the non-segmented nature of the genome. Immunoprecipitation of
small RNAs associated with AGO1 showed abundant loading of 5’U-containing viral siRNA.
C. higginsianum parental and Adc/1 mutant strains cured of ChNRV1 revealed that the coni-
diation and spore morphology defects were primarily caused by ChNRV1. Based on these
results, RNA silencing involving ChDCL1 and ChAGO1 in C. higginsianum is proposed to
function as an antiviral mechanism.

Author Summary

Colletotrichum sp. comprises a diverse group of fungal pathogens that attack over 3000
plant species worldwide. Understanding the underlying mechanisms that govern fungal
development and pathogenicity may enable more effective and sustainable approaches to
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crop disease management and control. In most organisms, RNA silencing is an important
mechanism to control endogenous and exogenous RNA. RNA silencing utilizes small reg-
ulatory molecules (small RNAs) produced by proteins called Dicer (DCL), and exercise
their function though effector proteins named Argonaute (AGO). Here, we investigated
the role of RNA silencing machinery in the fungus Colletotrichum higginsianum, by gener-
ating deletions in genes encoding RNA silencing components. Severe defects were
observed in both conidiation and conidia morphology in the Adcll, Adcl1Adcl2, and Aagol
strains. Analysis of transcripts and small RNAs revealed an uncharacterized dsRNA virus
persistently infecting C. higginsianum. The virus was shown (1) to be de-repressed in the
Adcll, Adcl1Adcl2 and Aagol strains, and (2) to cause the conidiation and spore mutant
phenotypes. Our results indicate that C. higginsianum employs RNA silencing as an antivi-
ral mechanism to suppress viruses and their debilitating effects.

Introduction

RNA-mediated silencing mechanisms regulate gene expression at the transcriptional and post-
transcriptional level [1]. Although pathways have proliferated and specialized in various line-
ages, a core RNA silencing mechanism is conserved among plants, animals, fungi and other
eukaryotes [2]. Canonical RNA silencing involves highly base-paired or double-stranded RNA
(dsRNA) that is processed into 21-30-nucleotide small RNAs by the activity of one or more
ribonucleaselIl-like enzymes called Dicer or Dicer-like (DCL) [3]. Small RNAs are incorpo-
rated into an RNA-induced silencing complex (RISC) that contains a member of the Argo-
naute (AGO) protein family [4]. The small RNA programs the complex to recognize target
RNA(s) through base pair complementarity, while the AGO protein functions as an effector to
modulate the abundance or activity of the target [5,6].

The fungal kingdom comprises an enormous, diverse group of organisms. Two major fungal
RNA silencing pathways have been described: the quelling and the meiotic silencing by
unpaired DNA (MSUD) pathways [7,8]. Both appear to be effective genome defense mecha-
nisms that operate during asexual (quelling) [9,10] and sexual development (MSUD) [11].
Fungal RNA silencing pathways function in genome protection and have been proposed to be
involved in pathogenicity [12], development [13] and antiviral defense [14].

Fungal viruses, or mycoviruses, are widespread. Most characterized mycoviruses have
dsRNA genomes packaged in spherical particles (Totiviridae, Partititiviridae, Chrysoviridae) or
a (+)single stranded (ssSRNA) genome without the ability to form particles (Hypoviridae,
Endornaviridae) [15]. Both (-)ssRNA [16] and ssDNA mycoviruses [17] have also been
described. Mycoviruses do not have an extracellular phase, but rather are transmitted vertically
by spores or horizontally by hyphal anastomosis [15]. Although mycoviral infections are gener-
ally associated with cryptic (non-symptomatic) and latent (expressed under specific condi-
tions) infections, some mycoviruses cause debilitating phenotypes in their host, making
mycoviruses a potential tool for the control of fungal plant pathogens [18-20]. In other cases,
mycoviruses have coevolved mutualistically with their hosts [21,22]. Cryphonectria parasitica
is a model filamentous fungus for the study of virus-host interactions [23,24], and provided the
first example that RNA silencing functions as an antiviral defence mechanism in fungi [14]. C.
parasitica has four RNA-dependent RNA Polymerases, two Dicer, and four Argonaute genes,
but only dcl-2 and agl-2 have been shown to have roles in antiviral defense [14,25,26]. Genetic
studies have revealed that C. parasitica antiviral defense is active against members from the
Hypoviridae, Reoviridae [14,25], Partitiviridae [27], Totiviridae [28] and Megabirnaviridae
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[29] families. Indirect evidence of an RNA silencing-mycovirus interaction has also been
described in fungi with killer viruses. In Saccharomyces cerevisiae the M satellites of the dsRNA
mycovirus L-A from the Totiviridae family produce a toxin that kills uninfected neighbour
cells but renders the host immune to the toxin [30]. Strains with active RNA silencing suppress
the virus and lose the advantage provided by the virus [31]. The incompatibility between the
killer virus and the RNA silencing machinery might explain the existence of several RNA
silencing-deficient fungi [31,32].

The genus Colletotrichum is considered one of the most economically important groups of
plant pathogens, causing anthracnose disease in over 3,200 species of monocot and dicot plants
[33], with some infections leading to post-harvest losses of up to 100%. Colletotrichum higgin-
sianum infects plants of the Brassicaceae family, including Arabidopsis thaliana, and is emerg-
ing as a model for the study of plant-pathogen interactions in dicotyledonous species [34]. C.
higginsianum is a hemibiotrophic fungus that forms an intracellular hyphae during the initial
symptomless biotrophic stage before entering a destructive necrotrophic colonization phase. C.
higginsianum has a relatively small haploid genome that was recently sequenced, the ability to
be cultured axenically, and stable transformation methods that allow for the analysis of gene
function by targeted disruption [35].

The primary goal of this study was to identify and analyze the role of the RNA silencing
machinery in the fungal pathogen C. higginsianum. Knock-out mutants and high-throughput
sequencing was used to functionally characterize transcriptomes and small RNA populations
in C. higginsianum mycelia. ChAGO1 and ChDCL1 were determined to be critical for main-
taining low levels of accumulation of a novel dsRNA virus, designated as ChNRV 1. Production
of viral small RNAs was ChDCL1-dependent and loading into ChAGO1 demonstrated a strong
preference for 21-nt, 5’U sequences.

Results and Discussion
Colletotrichum higginsianum RNA silencing machinery

Genes encoding three homologs of RNA-dependent RNA Polymerase (RDR1, RDR2 and
RDR3), two homologs of Dicer (DCL1 and DCL2) and two homologs of Argonaute (AGO1
and AGO?2) were identified in the Colletotrichum higginsianum genome (Fig 1A). All three
RDRs contained an RNA-dependent RNA Polymerase domain (RdRP). Both DCLs contain an
RNA helicase domain, double-stranded RNA-binding domain (dsRBD) and two RNasellI cat-
alytic domains. Neither DCL contained a PAZ (Piwi/Argonaute/Zwille) domain, which binds
the two-nucleotide, 3’ overhangs on canonical DCL substrates [36,37]. Dicer-like proteins in
some eukaryotes lack the PAZ domain [38-40] but retain the capacity to generate small RNAs,
suggesting the possibility of other substrate recognition mechanisms (S1A Fig). Both C. higgin-
sianum AGO proteins possess conserved PAZ and PIWI domains, and a conserved MID
domain required for 5" anchoring of the guide RNA. The catalytic triad residues (Aspartic-
Aspartic-Aspartic), required for slicer activity [41], are present in the PIWI domain of both
proteins (S1B Fig). Additionally, AGO1 contains an amino-terminal RGG box, with 12 copies
of the Arginine-Glycine-Glycine motif (Fig 1A). The RGG domain functions in nucleic-acid
binding and protein-protein interactions, and is present in some other eukaryotic AGO pro-
teins [39,42,43].

The evolutionary relationships of C. higginsianum RDRs, DCLs and AGOs with those of
other fungal species from the Ascomycota clade was assessed by phylogenetic analysis of pro-
tein sequences for each family. Members of C. higginsianum RDR, DCL, and AGO families
grouped clearly with known members that function in quelling or MSUD pathways (Fig 1B
and 1D). RDR3, DCL1, and AGO1 grouped with quelling factors, while RDR1, DCL2, and
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Fig 1. RNA silencing in the ascomycete fungus Colletotrichum higginsianum. (A) Domain organization of RNA Dependent RNA polymerases
(RDR), Dicer (DCL) and Argonaute (AGO) proteins in C. higginsianum. RRM, RNA Recognition motif. dssRBD, dsRNA Binding Domain. The conserved
aspartic acid residues required for AGO catalytic activity in the PIWI domain are indicated (DDD). RGG, arginine-glycine-glycine rich domain. (B-D)
Phylogenetic analysis of RDR (B), DCL (C) and AGO (D) protein sequences. Rooted maximum likelihood neighbor joining trees were constructed by
alignment of full-length protein sequences from representative members of the Ascomycota clade (Sordariomycetes in blue, Eurotiomycetes in green,
Dothideomycetes in orange, Leotiomycetes in pink). C. higginsianum proteins are indicated with red dots. For the sake of clarity, only maximum
likelihood bootstraps values higher than 90% are shown. Two main groups are labeled, the Quelling pathway (shaded in green) and the Meiotic-
Silencing by Unpaired DNA (MSUD) pathway (shaded in purple). Accession numbers for protein sequences used in the alignment are in S1 Table.
Phylogenetic trees were generated using RAXML under the model LG+G+F of amino acid substitution. Scale bar in each panel represents 0.1 amino
acid substitutions per site. (E) Expression analysis of RDR, DCL and AGO genes in C. higginsianum mycelium. Silencing genes are grouped into the
Quelling pathway (left panel), MSUD pathway (middle panel) and Unknown pathway (right panel). Three biological replicates were used for each gene;
values were normalized to the mean of ACTIN and TUBULIN genes and the mean expression of each RNA silencing gene is represented as a relative
value compared to AGO1.

doi:10.1371/journal.ppat.1005640.9001
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AGO?2 grouped with proteins from the MSUD pathway. RDR2 was identified in a separate
group with RRP3 from Neurospora crassa and RDR4 from C. parasitica (Fig 1B), the function
of which are not clear [44]. Expression of RRP3 and RDR4 is elevated by the introduction of
dsRNA [45] or in response to viral infection [26], respectively.

Expression levels of C. higginsianum silencing genes were determined using quantitative
real time PCR (qRT-PCR). Based on the phylogenetic analysis, we hypothesized that genes in
the quelling and MSUD pathways would be expressed during asexual and sexual stages of fun-
gal development, respectively. Colletotrichum is generally recognized as an asexual genus,
although some species are able to adopt a sexual form, which are classified under the genus
name Glomerella [33]. Colletotrichum asexual morphs are generally associated with disease
symptoms, while sexual stages tend to develop in moribund or dead host tissues [33]. The C.
higginsianum strain IMI349063A used in this study has not been observed to reproduce sexu-
ally [35], thus, gene expression analysis was limited to mycelia, conidia, and germinated
conidia. RDR3, DCLI and AGOI had the highest levels of expression in mycelia (Fig 1E, left
panel), conidia, and germinated conidia (S2 Fig, left panels), which is consistent with their pre-
dicted role in the quelling pathway during vegetative growth and asexual reproduction. Con-
versely, transcripts for RDR1, DCL2 and AGO2 (MSUD pathway) were expressed at detectable
but relatively low levels in mycelia, conidia, and germinated conidia (Figs 1E and S2, middle
panels). Thus, while a role for RDR1, DCL2 and AGO2 during sexual reproduction is antici-
pated, it is possible that these genes have roles in asexual developmental phases. Transcripts for
RDR2 were expressed at intermediate levels in mycelia, but relatively high in conidia and ger-
minated conidia (Fig 1E and S2 Fig, right panels).

Loss of DCL1 or AGO1 leads to reduced conidiation and altered conidia
morphology

To identify functions of the RNA silencing components in C. higginsianum, single deletion
mutants with loss of RDR (S3 Fig), DCL (54 Fig) and AGO (S5 Fig) genes were generated by
targeted gene replacement. A double DCL1/DCL2 deletion mutant was also generated (S4 Fig).
Single-site gene disruptions were confirmed by Southern blot and RT-PCR analysis, and four
independent deletion mutants were selected for further analysis (S3 and S5 Figs). Previous
work in Mucor circinelloides [46], Magnaporthe oryzae [47], Candida albicans [48], Botrytis
cinerea [12], and Trichoderma atroviride [13] demonstrated that disruptions of DCLI ortho-
logs were sufficient to slow vegetative growth. However, in other fungi, such as C. parasitica
[14] and Saccharomyces castellii [38], comparable mutations did not affect growth. To evaluate
C. higginsianum silencing mutants, mycelial growth and morphology on conidiation
(Mathur’s), complete (PDA), and minimal (CDA) media were measured. For all single and
double mutants, colony morphology and growth were indistinguishable from that of the wild-
type strain (Figs 2A and S6). The Adcl1, Adcl2, and Adcl1Adcl2 mutants were also exposed to
oxidative stress (H,0, and Methyl Viologen), cell wall stress (Calcofluor white), salt-related
stress (NaCl, and LiCl), osmotic stress (sorbitol, and sucrose) and nutrient deprivation (carbon
and nitrogen). Growth of the Adcl1, Adcl2, and Adcl1Adcl2 mutant strains was indistinguishable
from that of the wild-type on all media (S7 Fig), suggesting that small RNA-mediated processes
are not necessary for vegetative growth under several abiotic stress conditions. These results
are in agreement with those reported for silencing mutants of the yeasts S. castellii [38] and C.
neoformans [49].

Conidiation was analyzed for all mutant strains after growth in Mathur’s media for seven
days. Compared to the control strains, conidiation was significantly reduced in the Adcll,
AdclIAdcl2, and Aagol strains by 8.8-fold, 11.6-fold, and 4-fold, respectively (Fig 2B). There
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Fig 2. Phenotype analysis of C. higginsianum RNA silencing-mutant strains. (A) Colony morphology and radial growth phenotype for the C.
higginsianum RNA silencing machinery mutants and Control strains on Mathur's medium. A representative example of colony morphology after 6
days of growth (left panel), and radial growth measurements from days 2 to 5 (right panel) (mean +/- SE). Scale bar = 1 cm (B) Conidia production in
the Control and RNA silencing mutant strains. Conidia were collected after 7 days of growth in Mathur's medium and counted with a hemocytomer.
Values plotted are from three biological replicates for each of four unique transformants; red bar indicates the mean. Strains with significantly
different conidia production from the Control strain are indicated (“a”: p = 0.05). (C) Box plots representing length (upper panel) and width (lower
panel) of conidia. Conidia were collected, observed and measured by light microscopy using a confocal microscope. At least 200 conidia were
measured for each strain. Error bars represent the first and third quartile. The horizontal line within the box represents the median value (ie. 50th

percentile). Black dots represent outliers. (D) Confocal images of conidia from the C. higginsianum Control and RNA silencing mutant strains. Scale
bar=2 pm.

doi:10.1371/journal.ppat.1005640.9g002

was no significant difference between the Adcll and Adcl1Adcl2 strains, indicating that conidia-
tion effect was due to DCL1 with little or no redundancy with DCL2. DCL genes have been
implicated in conidiation in other fungi [13,50]. In B. cinerea, at least partial redundancy of the
two DCL proteins was observed [12] where the double mutant dclIdcl2 had a stronger, negative
effect on sporulation than did the single mutants dclI and dcl2. Argonautes were also shown to
affect spore production in M. circinelloides [51], in which an ago-1 mutant strain produced
~50% fewer spores than the control strain.

Conidia produced by the Adcll, Adcl1Adcl2, and Aago]l mutants were shorter and wider
than those produced by the controls strain (Fig 2C). Most conidia from the AdclI and
Adcl1Adcl2 strains exhibited an abnormal, slightly rounded morphology (Fig 2D), and were
more variable in length and width than those control strains. Deletion mutants lacking RDR1,
RDR2, or RDR3 genes had no measurable growth or conidiation phenotypes (Fig 2B). How-
ever, it is not clear whether RDRI, RDR2 and RDR3 are not functional during growth and coni-
diation, or are functional but redundant, as combinatorial mutants were not analyzed.
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Fig 3. Transcript and small RNA reads unmapped to the C. higginsianum genome. Percentage of reads
not aligned to the C. higginsianum genome in the Control and RNA silencing mutant strains, from (A)
transcript and (B) small RNA libraries. (C) Percentage of small RNAs reads unaligned to the C. higginsianum
genome from Aago1/6His-3FLAG-AGO1 Input and IP libraries. 6H3F, 6His-3FLAG.

doi:10.1371/journal.ppat.1005640.9003

Loci not present in the C. higginsianum genome are a major source of
small RNA and transcript RNA

The deletion mutant analysis revealed that DCL1 and AGO1 both affect conidia production
and asexual spore morphology in C. higginsianum. To identify loci that are affected by RNA
silencing factors, in particular DCL1 and AGO1, transcripts and small RNA from all mutant
strains (Fig 3) were analyzed. In addition, small RNAs were analyzed after immunoprecipita-
tion (IP) of 6His-3FLAG (6H3F) epitope-tagged versions of AGO1 (6H3F-AGO1) and AGO2
(6H3F-AGO2), which were expressed in Aagol and Aago2 strains, respectively (S8 Fig). Trans-
formants containing and expressing 6H3F-AGO1 had significantly increased conidia produc-
tion relative to the original Aagol background, indicating the tagged version of AGO1
complemented the loss of AGO1 (S8B and S8D Fig).

Transcript RNA reads were de-multiplexed and aligned to the C. higginsianum genome
using Bowtie2 (S2 Table) [52]. Strikingly, 40+3% of the RNA-seq reads in Aagol, 54+5% of the
reads in Adcll, and 46+6% of the reads in Adcl1Adcl2 did not map to the C. higginsianum
genome (Fig 3A and S2 Table). Small RNA libraries were also de-multiplexed, trimmed of the
3’adaptor sequence, and aligned to the C. higginsianum genome using the aligner Bowtie (S3
Table) [53]. Here, 63£3% of the small RNA reads in Aagol, and 46+8% of AGO1-bound small
RNAs did not map to the C. higginsianum genome (Fig 3B and 3C, S3 Table).

High-throughput sequencing usually yields a proportion of reads that do not map to the tar-
get genome such as sequencing errors, sequence variants, and chimeric sequences [54]. Draft
genome sequences present further difficulties; the available C. higginsianum IMI349063A
genome sequence contains approximately 48.2 Mbp of a predicted 53.4 Mbp nuclear genome
across 10,235 contigs, where 5.2% of genes are split across multiple contigs, 4% of genes are
truncated and the assembly does not include the mitochondrial genome [35]. Further, exoge-
nous species (viral or bacterial) may be present in the target sample. Several infectious agents
have been identified from high-throughput sequencing reads that did not map reference
sequences [55-57]. Since the increase in unmapped transcript and small reads was specific to
the Adcll, Adcl1Adcl2, Aagol strains, as well as the small RNA reads from the 6F3H-AGO1 IP,
we hypothesized that the C. higginsianum silencing machinery is important for the regulation
of one or more loci of an undetermined origin.

C. higginsianum strain IMI349063A is infected with a dsRNA mycovirus

Identification of unknown RNA molecules using de novo transcriptome assembly of
RNA-seq data. To identify transcript(s) missing from the reference genome sequence we
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Fig 4. Identification of a novel dsRNA virus in C. higginsianum. (A) Genome organization and size of the
Colletotrichum higginsianum Non-segmented dsRNA Virus 1 (ChNRV1) identified by de novo transcriptome
assembly. ChNRV1 contains two ORF that are in different frames. ORF1 encodes a putative coat protein
(CP) and ORF2 a putative RNA-dependent RNA polymerase (RdRP). UTR, Untranslated region. (B)
Accumulation of ChNRV1 transcripts in the C. higginsianum wild-type strain IMI 349063A as determined by
semi-quantitative RT-PCR analysis (center lane, cDNA), using primers spanning both ORFs (S7 Table). PCR
analysis from genomic DNA (gDNA) of C. higginsianum IM| 349063A strain using the same primers pairs
determined that ChNRV1 is not integrated into the fungal genome. (C) Electrophoretic analysis of viral
dsRNA in 1% agarose gel without treatment, treated with DNase, treated with RNase in a high-salt, or treated
with RNase in a low salt buffer. Resistance to degradation by RNaseA in buffer with high salt concentration
confirmed the nature of the dsRNA molecule.

doi:10.1371/journal.ppat.1005640.g004

kb

created a de novo transcript assembly using a combined set of all reads from the four AdclI rep-
licates and the program Trinity [58]. A total of 22,237 contigs were assembled with an average
length of 509 bp per contig. From this assembly 26 non-redundant contigs were identified as
originating from the C. higginsianum mitochondrial genome. Additionally, a 4,077 bp contig
was identified as an additional copy of the large subunit rRNA gene. The mitochondrial and
rRNA transcript sequences were added to the existing C. higginsianum genome reference
sequence for subsequent whole-genome analyses (S1 Text).

Next, the unmapped RNA-seq reads from one AdclI replicate were aligned to the de novo
assembled transcriptome to identify high coverage transcripts not present in the genome
sequence. A single sequence, assembled into two contigs representing the forward and reverse
strand of the same sequence, accounted for 79% of the previously unaligned reads. A BLASTX
analysis against the nr database using the longer of these two sequences (2,835 bp versus 2,611
bp) identified two putative open reading frames (ORF) (Fig 4A). The highest-scoring align-
ment for the 5° ORF (ORF1) was ORFA, a protein of unknown function from Beauveria bassi-
ana RNA virus 1 (e-value 0.0). The best alignment for the 3> ORF (ORF2) was to the RNA-
dependent RNA polymerase of Penicillium janczewskii Beauveria bassiana-like virus 1 (e-value
0.0). The conserved domain cd01699 (RNA-dependent RNA polymerase) was also identified.

Novel RNA molecule is a double-stranded RNA virus present in the wild-type strain.
Both bioinformatic and molecular approaches were used to confirm the presence of the virus in
wild-type C. higginsianum and was thus ancestral to the generated RNA silencing mutant lines.
RNA-seq reads from the control samples were aligned to the Trinity contigs, resulting in 9x cov-
erage of both virus genome contigs. Additionally, we analyzed previously published RNA-seq
data from four developmental stages of C. higginsianum [35] for the presence of the virus and
found sequences that uniquely mapped along 95% of the viral genome. Normalized virus read
counts (per million mapped) for the O’Connell and colleagues [35] dataset were approximately
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300-times less abundant than observed in our control dataset, likely due to differences in total
RNA extraction protocols: O’Connell and colleagues used poly-A purified total RNA as the tem-
plate for library preparation, while we used rRNA-depleted RNA. RT-PCR demonstrated the
presence of a viral transcript in the wild-type strain of C. higginsianum (IMI1349063A) (Fig 4B,
Lane 2), and PCR analysis of fungal genomic DNA showed that the sequence was not integrated
into the C. higginsianum genome (Fig 4B, Lane 3). Further, the RNA molecule was determined
to be dsRNA based on resistance to DNase, resistance to RNase at high salt concentration (1 M
NacCl), and degradation by RNase at low salt concentration (Fig 4C).

RNA-ligase-mediated RACE (RLM-RACE) [59] sequencing extended the 5’ and 3’ ends of
the coding strand by 65 nt and 23 nt, respectively, resulting in a complete dSRNA molecule of
2,923 nt (Fig 4A). The additional 5’ sequence extended ORF1 to include an ATG start codon,
resulting in a 975 nt long gene, putatively encoding a 324 aa (~35 kDa) protein. The dsRNA
sequence included 5’ and 3’ untranslated regions (UTR) of 16 and 106 nt respectively. ORF1
and ORF?2 are in different frames of the plus strand: ORF1 in frame 2 (nucleotides 17 to 991)
and ORF2 in frame 1 (nucleotides 1081 to 2817), with an 89-nt spacer in between. A putative
slippery site heptamer, G GAU UUU, is present immediately upstream of the stop codon of
ORF1, suggesting that an ORF1-ORF?2 fusion protein may be produced by a -1 ribosomal
frameshift.

As a search through the de novo Trinity transcripts did not reveal any additional viral
RNAs, and the dsRNA sequence was assembled as a single fragment, we have designated the
assembled contig as Colletotrichum higginsianum non-segmented dsRNA virus 1 (ChNRV1).
The complete viral genome sequence is deposited in GenBank under the accession KM 923925,
and GenBank protein IDs for ORF1 and ORF2 are AIW81424 and AIW81425, respectively.

The identification of ChNRV1 prompted us to ask if it was present in other isolates of C.
higginsianum and the closely related species C. destructivum, collected from various geographi-
cal locations (S4 Table). RT-PCR was used to screen for the presence of ChNRV1 and only one
other C. higginsianum strain (IMI349061), which was collected from Trinidad and Tobago
along with the strain used in this study, had detectable virus (S4 Table). As this assay specifi-
cally queried for the presence of ChNRV1 sequences, these C. destructivum/higginsianum
strains could be infected with other viruses. Viral dsSRNA elements have been described previ-
ously in three Colletotrichum species, including one further characterized as a Gammapartiti-
virus [60-62]. Deeper surveys of more strains from additional locations will be needed to fully
define the range of ChNRV1.

Analysis of ChNRV1 proteins and virions. Double-stranded RNA viruses share numer-
ous structural and functional similarities [63]; many are encapsidated with the necessary capsid
proteins encoded for within their genome, along with the RARP used for replication. Therefore,
we hypothesized that ORF1 encodes a capsid protein. Using the previously solved 3D structure
of Saccharomyces cerevisiae virus L-A (ScV-L-A) (PDB ID: 1mlc) [64] to predict the putative
3D structure of ORF1 using I-TASSER [65,66]. The template modeling score (TM-score) is
reported between 0 and 1, where a TM-score greater than 0.5 indicates a strong similarity in
topology [67,68]. The TM-score for ORF1 aligned to ScV-L-A capsid protein was 0.872 indi-
cating that the two proteins have a similar topology [67]. The next highest scoring structural
analog was the capsid protein from Penicillium chrysogenum virus (PDB ID: 3j3iA) with a
TM-score of 0.594. The top model predicted by I-TASSER was downloaded and visualized
with Chimera, where the ORF1 sequence is in white and the ScV-L-A capsid sequence in cyan
(Fig 5A and S1 Movie). As ScV-L-A capsid protein sequence is ~2X longer than ORF1 (608 aa
versus 324 aa), it was expected that a large part of the ScV-L-A capsid sequence would not have
homologous regions in ORF1. Indeed, ORF1 is structurally similar to only the N-terminal 414
aa of ScV-L-A. This N-terminal region is enriched with alpha helices (56%) compared to full
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Fig 5. Characterization of viral proteins. (A) Predicted secondary structure of ChNRV1-ORF1, putative
coat protein, (white) aligned to the model of ScV-L-A capsid protein (cyan). The 10 amino acids from the N-
terminal and C-terminal ends of ChNRV1-ORF1 are in purple and orange respectively. (B) Analysis of viral
proteins by SDS-PAGE (upper panel) and dsRNA by agarose electrophoresis (lower panel) from purified
virus fractions. Four proteins bands (p110, p36, p34 and p25) and viral dsRNA accumulate in the Adcl7,
Adcl1Adcl2 and Aago1 strains. KDa, kilodaltons. (C) Distribution of ChNRV1 trypsin-digested p110, p36, p34
and p26 peptides identified by Mass Spectrometry along the capsid protein (blue boxes) and the RdRP
protein (orange boxes). Values indicate the mean normalized spectral counts and the percentage of
sequence coverage in parenthesis, p110: below diagram; p36, p34, p26: next to diagram.

doi:10.1371/journal.ppat.1005640.g005

length ScV-L-A (38%) while the C-terminal end, which is not found in ORF1, is enriched in
beta sheets (C-terminus: 86%, entire sequence: 63%) (S9 Fig). Thus ORF1 appears to contain
the conserved helix-rich core found in ScV-L-A and other totiviruses [69].
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis detected differential accumula-
tion of four proteins of approximately 110, 36, 34, and 26 KDa in the Adcl1, Adcl1Adcl2 and
Aagol strains that were visibly absent in the wild-type strain, that was accompanied by specific
accumulation of dsSRNA molecules (Fig 5B). Each protein was excised from two biological repli-
cates of Aagol and wild-type strains, digested by trypsin and subjected to mass spectrometry
(MS). Protein abundance was estimated on the basis of spectral count values [70] (S5 Table). In
all Aago1 samples, proteins encoded by ChNRV 1 were the most abundant proteins observed.
From the p110 sample, an average of 70 and 66 spectral counts matched the capsid and RARP
proteins, respectively (Figs 5C and S10A, S5 Table). The estimated size of p110 is similar to the
predicted size of a CP-RdARP fusion protein (933 aa, 103.9 KDa), suggesting that these proteins
are expressed as a single polyprotein, likely due to a ribosomal frameshift. However as the pre-
dicted m/z ratio of the trypsin products from the frameshift region exceeded the MS survey scan
m/z cut-off, these fragments were not observed. The capsid protein was the major source of spec-
tral counts in the Aagol mutant for the p36, p34, and p26 samples (870, 791, and 970, counts
respectively) (Figs 5C and S10A, S5 Table). Both p36 and p34, but not p26, had trypsin-derived
peptides that matched the capsid N-terminus (Figs 5C and S10C), suggesting that p26 is a trun-
cated form of the capsid protein. Although not visibly detectable on the gel, the capsid protein
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was detected by MS in all wild-type samples (10-33 spectral counts) (S5 Table), confirming that
ChNRV1 capsid protein is present at very low amounts in C. higginsianum wild-type.

We attempted to purify viral particles from mycelia of the AdclI, Adcl1Adcl2, and Aagol
strains, however, despite highly abundant dsRNA and capsid protein in the viral particle prepa-
ration, repeated attempts to observe ChNRV1 virions using electron microscopy were unsuc-
cessful. Most dsRNA viruses assemble their capsid by arranging 120 capsid proteins, organized
into 60 dimers, thus, dimer formation is a key step prior capsid assembly [71]. 3-sheets are
located at the dimer interface and are important for dimer stabilization in members of the Par-
titiviridae family [72,73]. The putative capsid proteins encoded by ChNRV1 and plant amalga-
maviruses are shorter in size than those from the Totiviridae and Partitiviridae families and
have fewer §3-sheets (S9 Fig). Thus ChNRV1 may not form classical virions, similar to members
of the plant Amalgamaviridae family [74-76]. Virions are an effective means of protecting the
viral dsSRNA genome from the host RNA silencing machinery, but in the absence of a viral par-
ticle, specialized structures within the cell may be used. Members of the Hypoviridae family
enclose their genome within host-derived vesicles [18,77]. Therefore, it remains to be deter-
mined if ChNRV1 capsid is functionally required for dsRNA protection. Further microscopic
analyses of C. higginsianum mycelium combined with viral-specific antibodies may reveal the
presence of ChNRV1-containing structures.

ChNRV1 belongs to a distinct group of dsRNA viruses

To determine the relationship between ChNRV1 and other mycoviruses we used a maximum-
likelihood phylogenetic analysis on the amino acid sequence of the RARP of ChNRV1 and
other mycoviruses from the Totiviridae, Partitiviridae, and Unclassified dsRNA viruses (S6
Table). We initially hypothesized that ChNRV1 is a Totiviridae based on its non-segmented
genome organization and the predicated structural similarity between ORF1 and the capsid
protein of ScV-L-A. However ChNRV1 was not placed into either the monophyletic Totiviri-
dae or the Partitiviridae groups (Fig 6A). Instead, ChNRV1 grouped in as a sister clade to the
Partitiviridae family RARPs with a number of recently described members of the family Amal-
gaviridae that primarily have monopartite genomes (Fig 6A). A set of RARP sequences from
dsRNA viruses currently unclassified is also part of this sister clade, but separate from the
Amalgaviridae members. Further supporting a relationship with Partitiviridae RARPs, an anal-
ysis within the eight conserved domains of RARP proteins of dsRNA viruses determined that
all residues specific to the Partitiviridae family RARPs are present in ChNRV1, while only 4 of
29 Totiviridae-specific residues are observed [78] (Fig 6B).

While the evolutionary relationship between ChNRV1 and existing mycovirus families is
unclear, it seems likely that ChNRV1 belongs to a distinct group of dsRNA viruses with some
similarities to both totiviruses and partitiviruses. The recent discovery of both fungal and plant
dsRNA viruses with high levels of shared sequence homology indicates these viruses are either
new members of the Amalgamaviridae family or belong to a yet to be determined family [74-
76,79-84] (Fig 6A).

ChNRV1 is a target of the C. higginsianum RNA silencing machinery

ChNRV1 transcripts and dsRNA genome are affected by AGO1 and DCL1. Since
ChNRV1 RNA and protein levels changed in specific mutant strains (Fig 5B), we hypothesized
that ChNRV1 is regulated by RNA silencing. Transcript and small RNA datasets from the
mutant and control strains were re-aligned to a reference genome, which included the C. hig-
ginsianum supercontigs along with the mtRNA, rRNA, and ChNRV1 sequences. Using this
updated reference genome resulted in an increase in RNA-seq reads mapped in comparison to
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the original genome alignments (S11A Fig). The Adcll, Adcl1Adcl2, and Aagol strains had the
largest gain in mapped reads with an average of 2.1X, 1.8X, and 1.7X more mapped reads,
respectively. RNA-seq reads mapped to the virus were >80% of the newly mapped reads in
Adcll, Adcl1Adcl2, and Aago1, but less than 3% of the remaining genotypes (S11A Fig). The
total number of reads mapped to the ChNRV1 genome was determined for all replicates and
scaled by the total number of reads in the respective library (Fig 7A). A one-way ANOVA and
Tukey post-hoc analysis evaluated the differences in scaled read counts between the mutant
and controls strains. Only the Adcll, Adcll1Adcl2, and Aagol strains had significantly differing
amounts of RN A-seq reads than the controls with 411,802 more reads in Adcl1 (95% confi-
dence interval: 294,782 to 528,823), 563,122 more reads in Adcl1Adcl2 (95% confidence inter-
val: 446,102 to 680,143) and 290,788 more reads in Aagol (95% confidence interval: 173,767 to
407,808) (Fig 7A).

Next we analyzed the number of reads that mapped to the ChNRV1 sense and antisense
strands, hypothesizing that a significant increase in virus transcription would result in a greater
amount of sense strand (mRNA). Indeed, the scaled read counts mapped to the sense strand of
the virus genome were significantly greater in the Adcll, Adcl1Adcl2, and Aagol strains relative
to the controls, with 406,981, 556,991, and 289,613 more reads, respectively (Fig 7B and 7D-
7F) (95% confidence intervals Adcll: 289,234 to 524,729; Adcl1Adcl2: 439,244 to 674,739;
Aagol: 171,866 to 407,361). Quantitative RT-PCR confirmed the RNA-seq results as a substan-
tial increase in viral mRNA levels in the Adcll, Adcl1Adcl2, and Aagol strains, while the
remaining strains had levels of CANRV1 mRNA near wild-type (S12A Fig). A significant differ-
ence was also observed in the number of reads mapped to the antisense strand of the ChNRV1
genome in Adcll and AdclIAdcl2 (Fig 7C-7F), where 4,820 and 6,130 more reads mapped,
respectively (95% confidence intervals, AdclI: 995 to 8,645; Adcll1Adcl2: 2,306 to 9,955). Anti-
sense strand reads were also increased in the Aago1 strain but did not meet the threshold of sig-
nificance. The presence of RNA-seq reads from the antisense strand of the ChNRV1 genome
serve as an indicator for the dsSRNA genome and correspond with the accumulation of viral
dsRNA elements in the Adcll, Adcl1Adcl2, and Aagol strains observed during gel electrophore-
sis (Fig 5B). Despite using RNA preparation methods not optimized for isolation of dsSRNA
species, antisense reads from the dsRNA genome would be expected to be at least partially
amplified by our library preparation protocol; Coetzee and colleagues identified the dsSRNA
“virome” of an infected vineyard by treating dsRNA at 95°C for 10 minutes, followed by frag-
mentation via the Illumina mRNA Sequencing Kit [85], which are conditions similar to those
employed in our study. A significant effect on viral RNAs was not observed in the RNA-seq
data from any of the single RDR mutants. Thus ChNRV1 is deregulated in the Adcl1,
Adcl1Adcl2, and Aagol strains relative to wild-type, resulting in the accumulation of both
dsRNAs and mRNAs (Figs 5, 7 and S12A).

Small RNAs derived from ChNRV1 are DCL1-dependent. In other organisms, induction
of an antiviral defense response is generally characterized by the production of small RNA mol-
ecules that map to the sense and/or antisense strand of the viral genome [86-88]. Thus, small
RNAs were aligned to the new reference genome, using Bowtie and allowing only perfect
matches. As with the RNA-seq data sets, all strains demonstrated an increase in the percent of
reads mapped compared to the original mapping results (S11C Fig). ChNRV1-derived small
RNAs were present in all strains analyzed (Figs 8A and S11D), along with other genomic fea-
tures including structural RNAs, protein-coding genes, repeats, transposable elements, and
non-annotated regions (Fig 8A). Aligning against the expanded genomic sequence, Aagol
gained the greatest amount of reads (29%) where >90% of these reads mapped to ChNRV 1.
While not an abundant proportion of total reads, ChNVR1-derived small RN As also repre-
sented the largest category of newly mapped reads in Ardr3, Adcll, and Adcl1Adcl2 (S11D Fig).
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Fig 8. Characterization of viral small RNAs. (A-G): Analysis of viral small RNAs from the Controls and RNA silencing mutant strains.

Significant differences between the Control and RNA silencing mutant strains are indicated where “a

" p < 0.05. (A) Summary of genomic loci

that produce small RNAs as a percentage of total reads per genotype. (B) Small RNA reads, scaled to reads per million of total reads (RPM),
mapped to the virus genome. (C) Ratio of sense to antisense small RNAs that mapped to the viral genome. (D) Distribution of viral small
RNAs by size and by strand as a percentage of total viral small RNAs by strand. Sense strand small RNAs are plotted above the x-axis and
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reads from the antisense strand are plotted below. (E) 5" nucleotide distribution of viral small RNAs. (F) Ratio of small RNAs to RNA-seq
mapped to ChNRV1. RPM counts for each small RNA replicate were divided by the average RPM counts from the RNA-seq for that
genotype. (G) Analysis of small RNA read counts along the viral genome, as a function of RNA-seq levels. Small RNA RPM counts per
nucleotide were determined by strand then divided by the average RPM counts for the RNA-seq for that genotype and strand. Graphical
representation of the virus is in the middle, with the two ORFs indicated, and genome coordinates are along the top-most edge. Sense strand
reads are plotted in blue above the genome figure and antisense reads are plotted in orange below. The scale for sense strand and
antisense strand values is shown as density heatmaps above the plot. (H-M): Analysis of the 6H3F-AGO1 input and IP fractions. Significant
differences between the Input and IP fractions are indicated where “a”: p < 0.05. (H) Summary of genomic loci that produce small RNAs
found in the input and IP fractions. Colors are the same as (A). (I) RPM counts of small RNAs in the input and IP that mapped to the virus
genome. (J) Ratio of sense to antisense of viral small RNAs. (K) Size distribution and (L) 5’ nucleotide distribution of viral small RNAs as a
percentage of total viral small RNAs. (M) Input and IP RPM counts plotted by strand at single nucleotide resolution along the virus genome.
Heatmap densities shown below the plots indicate the scale of RPM for sense and antisense strand reads.

doi:10.1371/journal.ppat.1005640.9008

ChNRV1-derived small RNAs were scaled to the total number of small RNAs per library
then evaluated using a one-way ANOVA and Tukey post-hoc analysis. Due to the significant
increase in ChNRV1 levels observed in the Aagol RNA-seq dataset, we hypothesized that viral
small RNA production may be lower in the Aago1 strains. However, a significant increase in
viral small RNAs was observed the Aagol mutant strain relative to the controls, with 234,333
more reads present in Aagol (Fig 8B) (95% confidence interval: 174,481 to 294,185). This result
indicates that AGOL is not required for production of ChNRV1-derived small RNAs, and that
in the absence of AGO1, ChNRV1 was not adequately targeted for suppression. Further, the
abundant production of small RNAs in Aagol demonstrated that DICER activity alone is insuf-
ficient for controlling viral infection, a result also observed in an agol/ago2 double mutant of
Arabidopsis thaliana where DCL4 activity alone was insufficient for controlling viral infection
[89]. We further hypothesized that without DCLI, viral small RN As would be significantly
under-represented. However, ChNRV1-derived small RNAs were significantly over-repre-
sented in AdclI relative to the controls (Fig 8B) (89,571 more reads; 95% confidence interval:
29,719 to 149,423), while levels in the AdclIAdcl2 strain were not significantly different than
the controls.

To address the unexpected results for the Adcll and Adcl1Adcl2 samples we examined the
ratio of sense to antisense small RNAs from the viral genome, hypothesizing that if the
sequences observed in these samples were true small RNAs, this ratio would remain unchanged
relative to the controls. A clear strand bias was not observed in the C. higginsianum control
strains (1.48 sense to antisense), indicating that viral small RN As originate from both sense
and antisense strands in an RNA silencing-proficient strain (Fig 8C). The ratio of sense to anti-
sense reads in all the rdr and ago mutants, as well as Adcl2 strain, was indistinguishable from
the controls. Further, while the total number of viral small RNAs significantly increased in
Aagol, the relative ratio of sense to antisense reads was maintained, indicating that DCL action
remained capable of generating viral small RNAs in the absence of AGO1. However, the aver-
age ratio of sense to antisense small RNAs in Adcll and AdclIAdcl2 strains was 3.7 and 9.5,
respectively (Fig 8C), where the higher ratios are due to an increase in the number of reads
from the sense strand (data available in Fig 8 dataset). As this ratio was only partially perturbed
in the Adcl1 strain, possibly DCL2 activity is capable of producing antisense viral small RNAs
in the absence of DCL1; the loss of both DCLs results in primarily sense strand small RNA
sequences with low representation from the antisense strand.

To further characterize the nature of ChNRV1-derived small RNAs, particularly those in
the DCL1-deficient strains, we did a routine analysis of small RNAs by size and 5’ nucleotide
preference. An initial analysis of the small RNAs by size did not reveal a pattern responsive to
the loss of DCL1 (data available in Fig 8 dataset). Thus, viral small RNAs were split by strand
and then plotted by size, reasoning that the antisense strand reads would convey the size profile
of true viral small RNAs, while the signal on the plus strand may be contaminated with viral
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mRNA degradation products. The size distribution of ChNRV1 sense strand small RNAs was
broad (20-24 nt) and largely unaffected by genotype (Figs 8D and S13A). In particularly the
size distribution by strand for the Aago2, Adcl2, and all rdr mutant strains was indistinguishable
from the controls, with peak abundance at 21 nt on the antisense strand (S13A Fig). Analysis
of antisense strand small RNAs in the Aago1 strain also demonstrates a peak at 21 nt, along
with a slight increase in abundance of longer (>23 nt) small RNAs (Fig 8D). A more pro-
nounced shift in size is observed in the two strains lacking DCL1, where 21 nt sequences are
depleted and those > 23 nt are more abundant (Fig 8D). This suggests that despite the presence
of antisense small RNAs in the Adcl! strains, there was a loss in size-specificity expected of
DICER-dependent small RNAs. A Northern blot analysis of visSRNAs from Adcl1, Adcl1Adcl2,
Aagol, and wild-type confirmed three key aspects of the sequencing analyses (S12B Fig). First,
viral small RNAs in Aagol are more abundant than in wild-type, and that there is a size speci-
ficity of ~22 nt. Secondly, the signal in the AdclI lanes was diffuse and lacked the specific accu-
mulation of visSRNAs observed in the Aago1 strains. Finally, no signal from ChNRV1 small
RNAs was detected in the AdclIAdcl2 or wild-type lanes indicating that accumulation in these
strains was demonstrably lower than observed in the Aago1 strains, and indeed, below the
threshold for detection via blot under these experimental conditions.

ChNRV1-derived small RNAs from the control strains had a preference for 5’ U, which was
negatively affected in the Adcll, Adcl1Adcl2, and Aagol strains (Fig 8E), but not in the remain-
ing RNA silencing mutants (S13B Fig). In Aago1 less than 50% of reads had a 5’U compared to
75% in the controls, suggesting that AGO1 binds to and stabilizes viral small RNAs with a 5°U.
Similarly, loss of DCLI affected the 5" nucleotide distribution of ChNRV1 small RNAs, where
only 25% of reads contained a 5’U (Fig 8E). Thus, size and nucleotide analyses indicate that in
strains with an intact AGO1 and DCL1, ChNRV1-derived small RNAs are 21-nt in length with
a5U.

To better understand viral small RNA production, particularly in the AdclI and AdclIAdcl2
strains, we measured the abundance of ChNRV1-derived small RNAs relative to the ChNRV1
RNA-seq data. Each replicate of small RNA for each genotype shown in Fig 8B was divided by
the average number of RNA-seq reads of the corresponding strain (data shown in Fig 7A). The
average ratio of small RNAs to RNA-seq in the controls was 23.33, which was not significantly
different from that of the rdr, dcl2, and ago2 mutant strains (Fig 8F). The ratio observed in
Aagol was significantly lower at 0.90 (95% confidence interval: 4.0 to 34.1), meaning that small
RNA production from ChNRV1, as a function of the RNA-seq data, was approximately 22
times lower in Aagol (Fig 8F), further indicating that the abundant levels of ChNRV 1 small
RNAs produced by DCLI are not sufficient for controlling viral RNA levels; AGO1 is also
required. As with Aagol, the small RNA to RNA-seq ratios observed in Adcll and Adcl1Adcl2
decreased to a mean of 0.28 and 0.06, respectively (95% confidence intervals: 4.6 to 34.7 and
4.8 to 34.9). Visualizing the distribution of small RNAs along the viral genome, again control-
ling for RNA-seq levels, illustrates that particular loci from both strands appeared to be hot
spots for ChNRV1-derived small RNA production in strains with a functioning DCL1 and
AGO1 (Fig 8G). Taken together, these results indicate that DCLLI is the primary producer of
viral small RNAs as the strains lacking this gene have altered size and 5" nucleotide distribu-
tions relative to RNA silencing-proficient strains. Further, AGOL1 is also a crucial member of
the antiviral defense as DCLI activity alone was inadequate for controlling ChNRV1 transcript
levels.

Small RNAs derived from ChNRV1 are loaded into AGO1. ChNRV1-derived small
RNAs were further characterized by the analysis of AGO immunoprecipitate fractions. A com-
parison of unique sequences in the 6H3F-AGO2 IP and WT/mock IP revealed a high degree of
correlation between these samples (average Pearson correlation co-efficient (p) = 0.96) that
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was not observed between 6H3F-AGO1 IP and WT/mock IP (average p = 0.67). Combined
with the nearly undetectable levels of AGO2 RNA and protein, suggested that AGO2 does not
play a major role in RNA silencing during vegetative growth. As such, we focused all further
analyses on the 6H3F-AGO1 input and IP samples only. As expected, we observed
ChNRV1-derived small RNAs in both the AGO1 input and IP fractions upon alignment to the
expanded genome sequence (Figs 8H and S11C, right panel), and these sequences represented
the majority of newly mapping reads (S11D Fig). ChNRV1-derived small RNAs were signifi-
cantly more abundant in the 6H3F-AGO1 IP than the input, where we observed 186,362 more
reads (Fig 8I) (95% confidence interval: 158,030 to 214,693). Analysis of 6H3F-AGO1-bound
small RNAs by strand revealed an average ratio of 1.3 sense to antisense (Fig 8]), indicating
that viral small RNAs loaded into AGO1 originated from both strands without a strong bias. A
size distribution analysis determined that 21 nt was the predominant size in the 6H3F-AGO1
IPs (Fig 8K), and a 5" nucleotide preference for 6H3F-AGO1-bound small RNAs was clear as
nearly 99% of viral small RNAs loaded into AGO1 had a 5°U (Fig 8L). The strong 5’ nucleotide
preference of AGOL1 further demonstrates that the sequences observed in the AdclI and
AdcllAdcl2 datasets are not likely to be functional as these small RNAs are not the preferred
substrate to be loaded into AGO1 for targeting the viral genome. 6H3F-AGO1-bound viral
small RNAs originated from both strands and were distributed across the ChNRV1 genome
(Fig 8M). Regions with the greatest signal in the 6H3F-AGO1 IP corresponded to the hotspots
observed in the controls and mutant strains proficient at silencing ChNRV1 (see Fig 8G), sug-
gesting that small RNAs from these loci were specifically being loaded into AGOL1.

Here we used RNA-seq and small RNA datasets from high-throughput sequencing to char-
acterize the antiviral role of RNA silencing machinery in C. higginsianum. Specifically, AGO1
and DCL1 were identified as crucial components as loss of either resulted in an increased accu-
mulation of viral mRNA and genomic RNAs. DICER-like genes have been implicated in the
antiviral response of other fungi. Characterization of the two DCL genes of C. parasitica
revealed that the C. higginsianum dcll homolog, dcl2, had a diminished response to infection
by either the dsRNA reovirus MyRV1-Cp9B21 or the p29 suppressor mutant of the ssRNA
hypovirus CHV1-EP713 [14]. Additionally, increased levels of viral RNAs were observed in the
Adcl2 and Adcl1Adcl2 double mutant of C. parasitica [14] and viral small RNAs were no longer
detected by Northern blot in the C. parasitica dcl2 mutant [90]. Here we show direct evidence
that AGO1 binds ChNRV1 small RNAs and the properties of AGO1-bound viral small RNAs,
~21-nt, 5’U preference, are consistent with previous reports for mycoviruses [90-92]. Argo-
naute-like proteins have also been identified as important for antiviral responses in fungi. Viral
small RNAs from Aspergillus virus 341-infected A. nidulans were only detected in an rdsA
mutant background, the C. higginsianum AGO1 homolog [91], indicating that the loss of this
gene lead to an increase in levels of viral small RNAs. Further, the C. parasitica ortholog of C.
higginsianum AGO1, AGL2, was also shown to be required for induction of an antiviral defense
in response to infection by Ap29-CHV1-EP713 hypovirus [25]. The putative role(s) of RARP
proteins during C. higginsianum antiviral response remain to be determined; recent work with
single and multiple mutants of rdr in C. parasitica indicated no contribution by RARP genes to
the antiviral response [26], and work in A. nidulans demonstrated that an RARP was not
required for silencing of transgene elements [93].

Conidiation levels are restored in ChNRV1-free Adcl/1 strains

After determining that DCL1 and AGO1 were involved in virus regulation, we hypothesized
that the defects in conidiation observed in these strains might be due to the activity of
ChNRV1 rather than endogenous regulatory activity of RNA silencing. Therefore, we used a
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Fig 9. Conidiation in C. higginsianum Adcl1 and wild-type strains with and without ChNRV1. (A)
Conidia production in the Control and Adc/7 mutant strains before cycloheximide treatment (—Cycloheximide/
+ChNRV1) and after cycloheximide treatment (+Cycloheximide/~ChNRV1). Conidia were collected after 7
days of growth in Mathur's medium and counted with a hemocytomer. Mean conidia counts are indicated by
the red dash; significantly different pairwise comparisons are indicated by shared lowercase letters (p < 0.05).
(B) RT-PCR analysis of C. higginsianum total RNA for the presence of ChNRV1, DCL1, and tubulin (control).
The presence of dsRNA was determined by gel electrophoresis of total RNA (lower panel).

doi:10.1371/journal.ppat.1005640.g009

cyclohexamide treatment to obtain a C. higginsianum wild-type strain IMI 349063A cured of
ChNRV1. DCLI deletion mutants were generated by targeted gene replacement using the C.
higginsianum wild-type cured strain as the recipient background. Gene disruptions were con-
firmed by RT-PCR analysis of DCLI, identifying two independent deletion mutants for conidia
quantification (Fig 9B). Virus-free Adcll strains produced an average of 10.7x10° conidia/ml
more than ChNRV 1-infected Adcll (95% confidence interval: 9.6x10°-11.9x10° conidia/ml),
demonstrating an 8.8X increase in conidia production (Fig 9A). Further, conidiation levels in
the Adcll strain were restored to nearly 80% of the levels observed in the cured wild-type strain.
These results indicate that virus proliferation in the AdclI strain is the major contributing fac-
tor to the severe conidiation defect observed in the ChNRV1-infected AdclI strains. Further
work to generate and characterize of virus-free strains will be used to elucidate the contribution
of RNA silencing during conidia production, particularly as work with T. atroviride strains
lacking the ChDCLI ortholog demonstrated severe deficiencies in conidia production [13]. As
well, the virus-free strain can be used as a system to query the effects of viral RNA versus viral
proteins in an RNA-silencing deficient strain to better understand the relative contribution of
each element to the conidiation phenotype observed.

Conclusions

Here we describe the antiviral role of Colletotrichum higginsianum silencing machinery against
ChNRV1, a novel dsRNA virus present in the wild-type strain (IMI 349063A). When the
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fungal silencing machinery is functional, ChNRV1 is maintained at low levels. However, loss of
either DCL1 or AGO1 leads to de-repression of ChNRV1, which consequently accumulates at
very high levels. Increase in viral accumulation is responsible for the severe conidiation defect
observed in Adcll, Adcl1Adcl2 strains, as virus-free AdclI strains show strong recovery of the
phenotype. The question remains why and how is ChNRV1 able to avoid the full impact of the
antiviral defense. Possibly ChNRV1 confers some advantage to C. higginsianum in a yet to be
studied environment, or it may act as vector a contributing to fungal genomic plasticity,
enhancing the emergence of new virulence traits through evolution.

Materials and Methods

Fungal strains, mycelial growth and conidiation

The Colletotrichum higginsianum (IMI 349063 A) wild-type strain used in this study corre-
sponds to the sequenced strain isolated from Brassica rapa (Trinidad Tobago), kindly provided
by Dr. Richard O’Connell [35]. The fungal strains deficient in the RNA silencing machinery
(Aagol, Aago2, Adcll, Adcl2, AdcllAdcl2 (Adcll/2), Ardrl, Ardr2, and Ardr3) were obtained in
this study by gene replacement. The fungal strains expressing the 6His-3FLAG-tagged AGO1
and AGO2 proteins were generated in this study by transformation of the previously generated
Aagol and Aago2 strains, respectively. Specific details related to the generation and confirma-
tion of knock-out and tagged strains can be found in S2 Text. Growth tests were performed by
culturing the fungus in Potato Dextrose Agar (PDA), Czapek dox agar (CDA), or Mathur’s
Agar (Conidiation media) [94] at 25°C in dark conditions. Growth tests under nutrient limita-
tions were performed using CDA depleted in carbon (CDA-C) or nitrogen (CDA-N) at 25°C
in dark conditions. For growth tests under osmotic stress conditions, fungal strains were grown
for 10 days in Mathur’s agar supplemented with 0.4 M NaCl, 0.2 M LiCl, 0.5 M Sorbitol, or 0.6
M Sucrose. Oxidative stress responses were analysed in Mathur’s media supplemented with 2
mM H,0,. Fungal conidiation was induced by growing the fungus on Mathur’s agar for 7 days
at 25°C and dark conditions. Conidia were collected from fungal mycelium by adding sterile
water to the surface of the mycelium. After filtration and microscopic observation, conidia
were counted with a Neubauer counting chamber.

Identification of the core components of the silencing machinery in
Ascomycetes

The search for putative homologs of the RDR, DCL and AGO proteins in Ascomycete fungi
analyzed in this work was done with BLASTP, using N. crassa protein domain sequences as
input. Identification of homologs was as follows: RDR proteins were required to have an RNA-
dependent Polymerase Domain, DCL proteins were required to have two RNAselII-domains,
and AGO proteins were required to have a PAZ and a PIWI domain. C. higginsianum gene
names were assigned based to the silencing pathway to which they belong: AGO1, DCL1 and
RDR3 for the Quelling pathway; AGO2, DCL2 and RDR1 for the MSUD pathway; and RDR2
for the Unknown pathway.

Sequence and phylogenetic analysis

The deduced amino acid sequence for each RNA silencing protein was aligned with MAFFT
[95]. Aligned sequences were imported into Molecular Evolutionary Genetics Analysis (MEGA
v6.06) [96], and trimmed to exclude positions with gaps. The best model of protein evolution
was determined using Prottest [97], based on the Akaike Information Criterion (AIC). The LG
+G+F model was determined by Prottest to be the best-fit for both fungal RNA silencing
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protein and the viral RDR alignments. A maximum likelihood (ML) phylogenetic tree was con-
structed with RAXML [98] using the appropriate model of amino acid substitution. The tree
was drawn using Dendroscope v3.2.10 [99].

Light microscopy

For conidia enumeration, a 10 pl drop of conidia suspension was placed in a Neubauer cham-
ber and covered with a cover slip. Three biological replicates from four individual transfor-
mants were counted for each genotype. Three different mm* were analyzed from each
biological replicate. For conidia measurements, pictures were taken using a Planapo x20 water
immersion objective with a Confocal Laser Scanning microscope Leica TCS SP8, and image
analysis was done with open-source Image]/Fiji v1.48 software (http://fiji.sc/Fiji). At least 200
conidia were measured for each genotype.

Purification and observation of virus particles

Viral particles were partially isolated from the Adcll, Adcl1Adcl2 and Aago1 strains following
the methods described by Dunn and colleagues [69] with minor modifications. Fungal mycelia
were grown for one month with constant agitation at (150 rpm, 25°C, dark). Approximately 70
mg of mycelia were homogenized with 6 ml of Tris buffer (0.1 M Tris-HCl, 0.15 M NaCl, 5
mM EDTA (pH 7.8). Hyphal debris was removed by centrifugation (10,000 rcf for 20 min at
4°C). The supernatant was collected and filtered through four layers of Miracloth (Calbio-
chem). To concentrate the virus particles, 0.15 M NaCl and 6% PEG6000 was added to the
solution, incubated 1 h on ice, and precipitated by low-speed centrifugation (3,600 rcf for 20
min at 4°C). The supernatant was removed and the pellet was resuspended in 100 pl 0.1 M
Tris-buffer (pH 7.8). Samples were analyzed immediately. The coat protein from viral particles
was observed by running a 5 pl aliquot of resuspended viral particles on a NUPAGE-Novex
4-12% Bis-Tris protein gel (Invitrogen) and stained with Commassie blue G-250. dsRNA from
viral particles was extracted from a 5 pl aliquot by phenol-chloroform-isoamyl alcohol, fol-
lowed by ethanol precipitation and visualized on a 1% (wt/vol) agarose gel.

Protein digestion and identification using liquid chromatography—
tandem mass spectrometry (LC-MS/MS)

The gel bands were cut, de-stained and in-gel digested as previously described [100]. Five
microliters of the digested peptides were injected to the LC-MS/MS system. The LC-MS/MS
was carried out on a LTQ-Orbitrap Velos Pro (ThermoFisher Scientific, Waltham, MA) cou-
pled with a U3000 RSLCnano HPLC (ThermoFisher Scientific, Waltham, MA). The protein
digests were first loaded onto a Cyg trap column (PepMap100, 300 um ID x 5 mm, 5 um parti-
cle size, 100 A; ThermoFisher Scientific) at a flow rate of 5 uL/min for 4 min equilibrated with
2% acetonitrile, 0.1% formic acid. Peptide separation was carried out on a C;5 column (Acclaim
PepMap RSLC, 15 cm x 75 um nanoViper, C18, 2 um, 100 A, ThermoFisher Scientific) at a
flow rate of 0.3 pL/min and the following gradient: 0-3 min, 2% B isocratic; 3-41 min, 2-45%
B; 45-47.8 min, 45-98% B. Mobile phase A, 0.1% formic acid; mobile phase B, 0.1% formic
acid in 80:20 acetonitrile:water. The Orbitrap mass analyzer was operated in positive ionization
mode using collision induced dissociation (CID) to fragment the HPLC separated peptides.
The mass range for the MS survey scan done using the FTMS was 300 to 2000 m/z with resolu-
tion set to 60,000 @ 400 m/z and the automatic gain control (AGC) target set to 1,000,000 ions
with a maximum fill time of 10 ms and 1 pscan. The 20 most intense signals in the survey scans
were selected and fragmented in the ion trap using an isolation window of 1.5 m/z, an AGC tar-
get value of 10,000 ions, a maximum fill time of 100 ms, normalized collision energy of 35 and
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activation time of 30 ms. Dynamic exclusion was performed with a repeat count of 1, exclusion
duration of 30 s, and a minimum MS ion count for triggering MS/MS set to 5,000 counts. All
MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.5.0).
Mascot was set up to search the Colletotrichum higginsianum database from http://www.
broadinstitute.org/annotation/genome/colletotrichum_group/ToolsIndex.html, (16,263
entries) including the sequence from CP, RARP and CP-RdRP assuming the digestion enzyme
trypsin. Mascot was searched with a fragment ion mass tolerance of 0.80 Da and a parent ion
tolerance of 15 PPM. Deamidated of asparagine and glutamine, oxidation of methionine and
carbamidomethyl of cysteine were specified in Mascot as variable modifications. Scaffold (ver-
sion Scaffold_4.3.4, Proteome Software Inc., Portland, OR) was used to validate MS/MS based
peptide and protein identifications. Peptide identifications were accepted if they could be estab-
lished at greater than 95.0% probability by the Peptide Prophet algorithm [101] with Scaffold
delta-mass correction. Protein identifications were accepted if they could be established at
greater than 99.0% probability and contained at least 2 identified peptides. Protein probabilities
were assigned by the Protein Prophet algorithm [102]. Proteins that contained similar peptides
and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony. Proteins sharing significant peptide evidence were grouped into
clusters.

Electron microscopy

Cells were packed in specimen carriers in 75 mM PIPES buffer (pH 6.8) containing 50 mM
sucrose, and ultra-rapidly frozen in a Bal-Tec high-pressure freezer (HPM 010, Technotrade
International). Frozen samples were substituted in 2% osmium tetroxide plus 0.1% uranyl ace-
tate in acetone for 5 days at -85°C, slowly thawed to 20°C and embedded in Spurr’s resin. Thin
sections were cut using a LeicaUCT ultramicrotome, stained in uranyl and lead salts, and
observed using a LEO 912 AB energy filter TEM (Zeiss).

The viral particles were stained with 2% (wt/vol) uranyl-acetate solution (pH 7.4) and
observed using a transmission electron microscope.

Curing experiments

Cycloheximide treatment was used to remove ChNRV1 from the wild-type C. higginsianum
strain. In order to increase the chances of obtaining single conidia free of virus, mycelial plugs
were inoculated in Mathur’s Agar supplemented with Cycloheximide at 10 ug/ml (Crescent
Chemical Company) and allowed to conidiate for 15 days at 25°C in dark conditions. Conidia
were collected by adding sterile water, then counted with a Neubauer counting chamber.
About 100 conidia were spread onto 1% agar plates containing 0.5 ug/ml cycloheximide, and
allowed to germinate at 25°C. After 3—4 days the margin of the colonies were collected and
transferred to fresh Mathur’s agar.

DNA extraction and Southern blots

Total nucleic acid from C. higginsianum was extracted using previously described methods
[103], but with a mixed alkyltri-methylammonium bromide solution (MATAB) [0.1 M Tris
HCI, pH 8.0, 1.4 M NaCl, 20 mM EDTA, 2% MATAB, 1% PEG 6000, 0.5% sodium sulfite] as
the extraction buffer. DNA was purified by chloroform-isoamyl alcohol, followed by RNase
treatment, chloroform-isoamyl alcohol, and ethanol precipitation. Ten pug of DNA was digested
to completion with the indicated restriction enzymes (S3, S4 and S5 Figs) (New England Bio-
labs), separated on a 1% (wt/vol) agarose gel, and desired fragments were visualized after
hybridized with the corresponding digoxigenin (DIG)-dUTP-labelled probe. Oligonucleotides
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used for probe preparation are listed in S7 Table. Probes were labeled with digoxigenin (DIG)-
dUTP using the Random Primed DNA Labeling Kit (Roche).

dsRNA 3’'RACE analyses

To determine the terminal sequence of the dsSRNA ChNSV1 genome, a RNA ligase mediated
RACE (RLM-RACE) protocol was followed [59]. or dsSRNA enrichment, total RNA was
extracted using Trizol reagent (Life Technologies), followed by precipitation with 2M LiCl to
remove single stranded (ss) RNA. Supernatant was collected and dsRNAs were precipitated
with 4 M LiCl. dsRNAs were fractionated by 1% (wt/vol) agarose gel electrophoresis, gel-puri-
fied (PureLink Quick Gel Extraction Kit—Life Technologies) and denatured at 95°C for 5 min.
The miRNA Cloning Linker 1 (IDT) (5'App/CTGTAGGCACCATCAAT/3'ddC/) was ligated
to the 3’end of each strand of the denatured RNA using AIR Ligase (Bioscientific) in the pres-
ence of RNAseOUT (Invitrogen). The ligated products were used as templates for cDNA syn-
thesis using Superscript III Reverse Transcriptase (Invitrogen) following the manufacturer’s
instructions but with a denaturation step of 98°C for 10 min. The resulting cDNAs were ampli-
fied with the primers ORFI-reverse/P7-modban and ORF2-forward/P7-Modban to amplify the
3’ end from each strand. A total of 12 PCR reaction products for both strands were cloned into
pCR-BluntII (Invitrogen) for sequence analysis.

Semi-quantitative (RT-PCR), quantitative real-time PCR (RT-qPCR) and
northern blot analysis

Total RNA from C. higginsianum tissue was extracted using TRIzol reagent (Life Technolo-
gies). One microgram was treated with TURBO DNase I DNA-free (Ambion) to remove geno-
mic DNA contamination. cDNA synthesis was performed using the Superscript III system
(Life Technologies) following the manufacturer’s instructions. RT-PCR analysis was performed
using 10% of the first-strand reaction and 40 cycles of amplification to guarantee the detection
of the amplicon. RT-qPCR analysis used 3% of the first strand reaction as previously described
[104,105]. Oligonucleotides used for RT-PCR and RT-qPCR analysis are listed in S7 Table.

For Northern blot analysis of viral siRNAs, 2.5 ug of Total RNA was subjected to 17% poly-
acrylamide (containing 7M Urea) electrophoresis, and transferred to a positively charged,
nylon membrane (Roche) using a semi-dry electroblotting apparatus (Biostep). Blots were pre-
hybridized in PerfectHyb Hybridization buffer (Sigma), followed by hybridization with a DIG-
labeled DNA probe corresponding to the CP (ORF1) sequence. The DIG-labeled DNA probe
was created by amplifying the coat protein sequence using oligonucleotides listed in S7 Table,
cloning the resulting amplicon into pCR4 (Life Technologies), digestion with EcoRI (NEB) and
gel purification (Life Technologies), then labeled following the manufacturer’s instructions for
the DIG DNA Labeling Kit (Roche).

RNA immunoprecipitation for high-throughput small RNA sequencing

One gram of mycelia tissue from wild-type, Aago1/6H3F-AGO1 and Aago2/6H3F-AGO2 C.
higginsianum strains was used as the starting material for AGO-immunoprecipitation
described in Carbonell et al. [104], but with the following modifications. Clarified lysates were
incubated with 4 pg/ml of Monoclonal ANTI-FLAG M2 Antibody (Sigma) for 3 h at 4°C, fol-
lowed by 100 pl of Protein-G agarose (Roche) per milliliter for 30 min at 4°C. RNAs recovered
from input (before immunoprecipitation) and IP fraction were used for preparation of small
RNA libraries as described below.
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Preparation of small RNA libraries

Small RNA libraries were prepared following the detailed protocol previously described
[105,106]. Specific modifications include using 40 ug of total RNA of C. higginsianum 4-days
old mycelia and a 2 hr incubation for the 3’ ligation reaction.

Small RNA sequencing analysis

Libraries were sequenced using the Illumina HiSeq 2000, v3 chemistry at the Genome Technol-
ogy Access Center (GTAC) (Washington University, Saint Louis, Missouri). Scripts used for
initial processing of the small RNA data are available on GitHub (https://github.com/
carringtonlab/srtools). LibParse.pl was used to remove the 3" adaptor and de-multiplex the
sequences in the raw (FASTQ) file. For all lanes of data, the following common settings were
used: -t fastq -r 50 -m 18 -e CTGTAG-E (comma-separated list of the 10-12 barcodes used to
index the individual samples during library preparation) -1 (log_file.txt) -a (failed_parsing_file.
txt). Reads less than 18 nt in length and reads containing one or more N nucleotides were dis-
carded. Remaining small RNA reads were aligned to the C. higginsianum genome (version 1
assembly; Colletotrichum Sequencing Project, Broad Institute of Harvard and MIT (http://
www.broadinstitute.org/)) using the Bowtie algorithm [53] (version 0.12.8) allowing only per-
fect matches and reporting all mappings for reads that map multiple times to the genome.
Reads that mapped and reads that did not map to the genome were quantified using the Bowtie
output files and get_parsed_mapped_unmapped_stats.pl.

RepeatMasker (version open-3.3.0 [107]) and IRF (Inverted Repeats Finder, version 3.05)
[108] were used to identify repetitive elements within the C. higginsianum genome. These fea-
tures were added to the features table in a custom SQLite3 database along with the C. higginsia-
num version 1 gene annotation available from the Colletotrichum Sequencing Project (Broad
Institute of Harvard and MIT, http://www.broadinstitute.org/).

Preparation of strand-specific RNAseq libraries

Strand-specific RNAseq libraries were produced using the same RNA samples used for prepa-
ration of small RNA libraries. Ten pg of total RNA was treated with TURBO DNase I DNA-
free (Ambion). For depletion of ribosomal RNAs, 1.5ug of DNase-treated RN A was treated
with the Yeast RiboZero Magnetic Gold Kit (Epicentre) according to manufacturer’s instruc-
tions. cDNA synthesis was performed using 70 ng of RiboZero-treated RNA as previously
described [104,109] with the following modifications. RNAs were fragmented at 94°C for 7
min, and 12 cycles were used in the linear PCR reaction. DNA adaptors 1 and 2 were annealed
to generate the Y-shape adaptors, and oligonucleotides PE-Primer-F and PE-Primer-R (series
N701-N712) were used for linear PCR and multiplexing of transcript libraries (S7 Table). DNA
amplicons were analyzed with a Bioanalyzer (DNA HS kit, Agilent) to ensure a library size of
~250 bp, quantified using the Qubit HS Assay Kit (Invitrogen) and sequenced on a HiSeq 2000
sequencer (Illumina) at GTAC (Washington University).

RNA-seq analysis
FASTAQ files of RNA-seq data were de-multiplexed using the script parseFastq.pl and then
Bowtie2 (version 2.1.0) [52] was used to align the reads to the reference genome. The indexed

bam output from bowtie2 and the script get RNAseq_mapped_unmapped_stats.pl were used
to identify the total number of reads that mapped and that did not map for each genotype.
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De novo transcriptome assembly

The program Trinity (version Trinityrnaseq_r20131110, http://trinityrnaseq.github.io/) was
used for de novo assembly of RNA-seq reads. The FASTQ files for the four AdclI replicates
were combined into one FASTQ file and used as the input for Trinity. Separately the
unmapped reads from the bowtie2 alignment for AdclI (replicate 1) were converted into
FASTQ format (bam_2_fastq.noHit.pl), and aligned to the Trinity contigs using the utility pro-
gram alignReads.pl provided with the r20131110 version of Trinity. As the C. higginsianum
genome does not contain the mitochondrial genome, a custom BLAST database was created
from the mitochondrial sequences of C. graminicola (available at http://www.broadinstitute.
org/) and C. lindemuthianum (http://www.ncbi.nlm.nih.gov/nuccore/KF953885.1). Trinity
contigs were aligned to this mitochondrial database using BLASTN. A non-redundant set of 26
contigs was concatenated together to create the C. higginsianum mitochondrial RNA feature.
To identify high-coverage contigs, the samtools idxstats command was used on the output
from alignReads.pl: coordSorted.bam. Putative gene identities were determined using BLASTX
and the nr database. In total, three additional features were added to the features table of the
SQLite3 database and the C. higginsianum genome sequence: (1) viral sequence (2,923 bp), (2)
a large subunit rRNA sequence (4,077 bp), and (3) mitochondrial RNA sequence (30,330 bp).

Small RNA and RNA-seq analyses using a modified C. higginsianum
genome sequence

A new reference genome sequence was created with the addition of the three contigs to the C. hig-
ginsianum genome sequence. RNA-seq reads were aligned to the modified genome using Bowtie2
(version 2.1.0) [52]. Mapped and unmapped reads were determined using get RNAseq_mapped_
unmapped_stats.pl. To determine the distribution of the newly mapped reads, the script reads_
mapped_2_chromNum.RNAseq.pl was used. The distribution of RNA-seq by strand mapped to
the virus sequence was determined using readsPerFeature.strand.byRep.RNAseq.pl.

Small RNAs were aligned to the new reference sequence using bowtie, with perfect matches
only allowed. An SQLite3 database was created from the parsed and aligned reads using the
scripts PopulateDB.pl and Merge.pl (https://github.com/carringtonlab/srtools). Mapped and
unmapped read counts were determined using the script get_parsed_mapped_unmapped_
stats.pl. The distribution of newly mapped reads was determined using reads_mapped_2_
chromNum.FinalGenome.pl. To determine the distribution of mapped reads by genomic fea-
ture category sizeNT_byCatID.FinalGenome.pl was used. This script also created the 5’ nucleo-
tide profile data. Small RNAs mapped by strand to the virus were identified using
readsPerFeature.strand.byRep.smRNA.pl. Size distribution of viral small RNAs by strand was
determined using the script sizeNT_byCatID.byRep.byStrand.FinalGenome.pl.

Statistical analysis and data visualization of viral small RNA and RNA-
seq

Small RNA and RNA-seq reads mapped to the virus genome were scaled using the total num-
ber of reads in each respective library. Additionally, the scaled abundance of reads mapped to
the sense strand and antisense strand were also determined. Data were analyzed in R (version
3.0.3) with a one-way ANOV A with Tukey post hoc analysis. Visualization of scaled and ratio
data were also performed in R.

For plotting small RNAs along the virus genome, first the scaled read count per nucleotide,
by strand, was determined using hitsPerNT.smRNA strand.pl. The per-nucleotide values were
then each divided by the average number of scaled RN A-seq reads mapped to that strand of
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the virus. A density map of reads along the sense and antisense strands of the virus was created
in R. The hits per nucleotide per strand from the small RNA data of the AGO1 IP similarly
plotted, but was not normalized by RNA-seq data.

Structure prediction

3D structure prediction of ORF1 of the viral genome was performed with I-Tasser (version 3)
on-line server [65]. The known structure of the Saccharomyces cerevisiae L-A virus major coat
protein (PDBID: 1mlc) [64] was used as a template. The resulting protein structures were visu-
alized using Chimera (http://www.cgl.ucsf.edu/chimera) [110].

Accession numbers

Accession numbers for the fungal protein sequences analyzed in this study are listed in S1
Table. Accession numbers for Colletotrichum destructivum/higginsianum species are listed in
S4 Table. Accession numbers for viral proteins are listed in S6 Table. The complete nucleotide
sequence of the dsRNA virus ChNRV1 was deposited at NCBI in GenBank under the accession
number KM923925. De-multiplexed fastq files of the small RNA, IP, and RNA-seq libraries,
along with a gff3 file of counts and alignments to the viral genome, are available at the Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) under the SuperSeries acces-
sion GSE62708; subseries GSE62705, GSE62706, and GSE62707.

Supporting Information

S1 Text. Sequences of rRNA and mtRNA contigs identified via de novo assembly of Adcl1
RNA-seq reads.
(DOCX)

$2 Text. Supplementary Methods.
(DOCX)

S$1 Movie. Animation of the ChNRV1 ORF1, putative coat protein, aligned to Saccharomy-
ces cerevisiae virus L-A (ScV-L-A) coat protein. ChNRV1-CP is in white and ScV-L-A-CP in
cyan. N-terminal and C-terminal ends of ChNRV1 are denoted in purple and orange respec-
tively.

(MOV)

S1 Fig. Dicer and Argonaute domains in eukaryotes. (A) Domain arrangement of Dicer
(DCL) proteins from several species. Accession numbers for DCLs of Colletotrichum higginsia-
num (ChDCL1: CH063_06582, ChDCL2: CH063_02619), Neurospora crassa (NcDCL2:
NCU06766), Schizosaccharomyces pombe (SpDCR: NP_588215), Toxoplasma gondii (TgDCR:
TGME49_267030), Chlamydomonas reinhardtii (CrDCR: XP_001692436), Homo sapiens (Hs-
DCR: Q9UPY3), and Arabidopsis thaliana (AtDCL1: Q9SP32). (B) MAFFT alignment of
amino acid residues involved in the 5" phosphate binding (MID domain) and slicer activity
(PIWI domain) in the selected AGO proteins. Position shown to interact specifically with the
5’ phosphate (MID) and Mg" coordinating residues (PIWI) are labeled with a red asterisk
[111-114]. Accession numbers for AGOs of Colletotrichum higginsianum (ChAGOL1:
CHO063_04066, ChAGO2: CH063_09722), Neurospora crassa (NcQDE2: NCU04730, NcSMS2:
NCU09434), Magnaporthe oryzae (MG1: MGG_01294), Arabidopsis thaliana (AtAGOL1:
U91995, AtAGO2: Q9SHEFE3), Drosophila melanogaster (DmAGO1: CG6671) and Homo sapi-
ens (HsAGO2: Q9UKVS).

(TIF)
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S2 Fig. Expression analysis of RDR, DCL and AGO genes in C. higginsianum in different
stages of fungal development. Gene expression in (A) Conidia and (B) Germinated Conidia
was analyzed. Silencing genes belonging to the Quelling pathway (left panel), MSUD pathway
(middle panel) and Unknown pathway (right panel) are indicated. Values represent means +/-
SE of three biological replicates normalized to ACTIN and TUBULIN genes as a relative value
to AGOI, as determined by qRT-PCR.

(TIF)

S3 Fig. Targeted gene disruption of the C. higginsianum RDRI1, RDR2, and RDR3 genes.
(A-C) Schematic diagram showing the target replacement strategy (TGR) for (A) RDRI
(CH063_02767), (B) RDR2 (CH063_05776) and (C) RDR3 (CH063_08349). Hygromycin
(HPH) resistance was used as a selectable marker. Colored arrows indicate primers used for
amplification and generation of TGR constructs (S7 Table). For D-H, one gel was used for each
gene and probe or primer set; non-contiguous lanes are separated by white space. (D-F) Inte-
gration analysis by Southern blot for (D) RDRI, (E) RDR2 and (F) RDR3. One wild-type (WT)
and four independent mutant strains were analyzed. (D) A single 7.02 kb band was observed in
Stul-digested genomic DNA of WT strains when using the 1.89 kb RDRI probe (within the
deleted region of RDR1I). A 7.05 kb unique band was detected in only the Ardrl mutant strains
when using the 2 kb HPH probe; no band observed in the WT strain. (E) A single 4.90 kb band
was observed in Sall-digested genomic DNA of WT when using the 1.90 kb RDR2 probe. A
5.38 kb unique band was detected in only the Ardr2 mutant strains when using the 2 kb HPH
probe. (F) A single 3.99 kb band was observed in Pvull-digested genomic DNA of WT when
using the 2.11 kb RDR3 probe. A 5.00 kb unique band was detected in only the Ardr3 mutant
strains when using the 2 kb HPH probe. (G-H) Confirmation of gene knock-out by semi-quan-
titative RT-PCR analysis of (G) RDR1, RDR2, and RDR3 and (H) tubulin in the corresponding
mutant and WT strains. Black arrows in (A-C) denote primers located in exon junctions
designed for specific amplification of the RNA transcripts (57 Table).

(TIF)

S4 Fig. Targeted gene disruption of the C. higginsianum DCL1 and DCL2 genes. (A-C)
Schematic diagram showing the target replacement strategy (TGR) for (A) DCL1
(CHO063_06582), (B) DCL2 (CH063_02619) and (C) both DCLI and DCL2. Hygromycin
(HPH) resistance was used as a selectable marker for single mutants (A-B). Phleomycin
(PHLE) resistance was used as a selectable marker for generation of double Adcl12Adcl2 mutant
in the single mutant Adcl2 background (hph resistance) (C). Colored arrows indicate primers
used for amplification and generation of TGR constructs (S7 Table). (D-F) Integration analysis
by Southern blot for (D) DCLI, (E) DCL2 and (F) DCLI in Adcl2 background. Four indepen-
dent mutant and wild-type (WT) strains were analyzed. (D) A single 5.34 kb band was
observed in BglII-digested genomic DNA of wild-type when using the 3kb DCL1 probe (deleted
region in Adcll mutants). A 5.44 kb unique band was detected in all the Adcll mutant strains
when using the 2kb HPH probe. (E) Two bands were observed in the Xhol-digested genomic
DNA of the wild-type strain as expected; this was due to the initially designed probe, from the
deleted region of DCL2, hybridizing across the digestion site. A single 5.58 kb band was
detected in all the Adcl2 mutant strains when using the 2 kb HPH probe. (F) A single 5.34 kb
was observed in BgllI-digested genomic DNA of wild-type when using the 3 kb DCLI probe. A
6.41 kb unique band was detected in all the Adcl1Adcl2 mutant strains when using the 2.93 kb
probe PHLE probe. Disruption of the DCL2 (CH063_02619) gene was re-confirmed using an
improved probe that hybridized to a single, unique band in wild-type. (G-I) Confirmation of
gene knock-out by expression analysis of DCLI (G), DCL2 (H), and DCL1 and DCL2 (I) in the
corresponding mutant backgrounds as determined by semi-quantitative RT-PCR. Black arrows
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in (A-C) denote primers located in exon junctions designed for specific amplification of the
corresponding RNA transcripts (S7 Table).
(TIF)

S5 Fig. Targeted gene disruption of the C. higginsianum AGO1 and AGO2 genes. (A-B)
Schematic diagram showing the target replacement strategy (TGR) for (A) AGOI
(CHO063_04066) and (B) AGO2 (CH063_09722). Hygromycin (HPH) resistance was used as a
selectable marker. Colored arrows indicate primers used for amplification and generation of
TGR constructs (S7 Table). (C-D) Integration analysis by Southern blot for (D) AGOI and (E)
AGO2. Four independent mutants and one wild-type (WT) strain were analyzed. (D) A single
7.14 kb band was observed in Sall-digested genomic DNA of wild-type when using the 2 kb
AGOI probe (deleted region in Aagol mutants). A 7.02 kb unique band was detected in all the
Aagol mutant strains when using the 2 kb HPH probe. (E) A single 4.94 kb band was observed
in Xhol-digested genomic DNA of wild-type when using the 0.8 kb AGO2 probe. A larger,
unique band was detected in all the Aago2 mutant strains when using the 2 kb HPH probe.
(E-F) Confirmation of gene knock-out by expression analysis of (G) AGOI and (F) AGO2 in
the corresponding mutant backgrounds as determined by semi-quantitative RT-PCR. Black
arrows in (A-B) denote primers located in exon junctions designed for specific amplification of
the corresponding RNA transcripts (S7 Table).

(TIF)

S6 Fig. Disruption of RNA silencing genes in C. higginsianum does not negatively affect
vegetative growth. Vegetative growth in the RDRs (A), DCLs (B) and AGOs (C) mutant strains
on PDA and CDA media. Representative images of colony morphology after six days of growth
(left panel) and measurements of radial growth from 2 to 5 days (right panel) (mean +/- SE).
Scale bar = 1 cm. PDA, Potato Dextrose Agar. CDA, Czapek Dox Agar.

(TIF)

S7 Fig. Disruption of DCL1, DCL2, or DCLIDCL2 in C. higginsianum does not negatively
affect vegetative growth under stress-related conditions. Colony morphology of AdclI, Adcl2,
Adcl1Adcl2 and wild-type (WT) under selected stress -related conditions. Cultures were grown
at 25°C and dark conditions. Scale bar = 1 cm. (A) Strains were grown for four days on
Mathur’s media alone (-) or supplemented with a stress component: 2 mM H,0,, 5 mM
Methyl Viologen (MV), 200 mg/ml Calcofluor white (CFW). (B) Strains were grown for three
days on Mathur’s media alone (-) or supplemented with an osmotic stress component: 0.4 M
NaCl, 0.2 M LiCl, 0.5 M Sorbitol and 0.6 M Sucrose. (C) Strains were grown for seven days on
CDA media without Carbon (CDA-C) or without Nitrogen (CDA-N).

(TTF)

S8 Fig. Generation and molecular analysis of C. higginsianum strains expressing tagged
versions of AGO proteins. (A) Schematic diagram of the constructs. A 6His-3FLAG (6H3F)
epitope was cloned in frame with AGOI or AGO2 and expressed under the control of its own
promoter (prom). C higginsianum Aagol and Aago2 mutant strains expressing the Hygromycin
resistance (HygR) were transformed with the corresponding tagged AGO1 and AGO?2 con-
structs harboring the Phleomycin resistance (PhleR). UTR, Untranslated region. (B) Analysis
of integration by Southern blot using the Phleomycin probe. Only those strains showing a single
hybridization pattern with HindIII-digested genomic DNA, indicative of a single copy integra-
tion event, were selected for further analysis (indicated with an asterisks). Numbers above the
blot refer to the ID of the three AGO1 and two AGO2 independent transformants selected. (C)
Colony morphology after 3 days of growth for the selected C. higginsianum Aagol/
6H3F-AGOI (three independent transformants), Aago2/6H3F-AGO2 (two independent
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transformants), and control (wild-type) strains. Scale bar = 1 cm (D) Conidia production in
controls strains (wild-type and empty vector), Aagol mutant strains, and Aagol/6H3F-AGO1
strains. Conidia were collected after 7 days of growth in Mathur’s medium and counted with a
hemocytomer. Significantly different pairwise comparisons are indicated by shared lowercase
letters (p < 0.05). (E) Immunoblots of protein extracts from Aagol/6H3F-AGO1 (upper panel)
and Aago2/6H3F-AGO2 (lower panel) with a wild-type (WT) control. (F) Immunoprecipita-
tion of C. higginsianum tagged-AGOs. Immunoblots of protein extracts from input (in) and
immunoprecipitated (IP) samples from Aago1/6H3F-AGO1 (upper panel) and Aago2/
6H3F-AGO2 (lower panel) with a wild-type (WT) control. 6H3F-AGO2 was not detected in
the IP samples, even with longer exposures (data not shown).

(TTF)

S9 Fig. Comparison of capsid proteins of ChNRV1 and the selected members from the
Totiviridae, Partitiviridae and Amalgaviridae. Capsid secondary structures o-helix and 3-
sheets are shown in pink and orange, respectively. Colletotrichum higginsianum Non-seg-
mented dsRNA virus 1 (ChNRV1), Saccharomyces cerevisiae virus L-A (ScV-L-A), Penicillium
stoloniferum virus S (PsV-S), Southern tomato virus (STV). aa, amino acids.

(TIF)

$10 Fig. ChNRV1 proteins identified using liquid chromatography—tandem mass spec-
trometry (LC-MS/MS). (A-B) Protein sequence coverage identified for ChNRV1 in samples
p110, p36, p34, and p26 in both replicates (R1 and R2) in the AagoI and wild-type (WT) sam-
ples. Highlighted in blue are the peptides matching to the capsid protein and in orange to
RdRP protein in the Aagol mutant (A) and wild-type (WT) (B) strains. (C) Extracted ion chro-
matograms (XIC) of the selected N-terminal peptide (detected at 810.78 m/z, z = 3) from p36,
p34, and p26 samples from the Aagol mutant strain. Retention time and integrated peak area
are indicated next to the peak.

(TIF)

S11 Fig. Mapping statistics versus original and new reference genome sequence. (A) Percent
of total RNA-seq reads by category: mapped to original reference genome, mapped to new
sequences, or remain unmapped. (B) Breakdown of the source of newly mapping RNA-seq
reads. (C) Percent of total small RNA reads by category: mapped to original reference genome,
mapped to new sequences, or remain unmapped. (D) Breakdown of the source of the newly
mapping small RNA reads.

(TIF)

S12 Fig. qQRT-PCR and northern blot of ChNRV1 RNAs. (A) qRT-PCR analysis of CANRVI
levels in mutant and wild-type backgrounds using primers for the RDRP sequence. Mean fold
change (2A-AACt) relative to CANRV 1 levels in wild-type (+/- standard deviation) is plotted.
Four biological replicates were averaged and ACTIN and TUBULIN genes were used for nor-
malization. (B) Small RNAs in total RN A were separated using a 17% polyacrylamide/urea gel,
followed by transfer to a membrane and probed with a DIG-labeled probe generated from the
coat protein sequence. Top panel is the ethidium bromide stain gel demonstrating equal load-
ing and intactness of RNAs greater than 30 nt for each replicate. Lower panel is the blot of
lower region of the gel. A 21 nt known sequence from the ChNRV1 coat protein sequence was
included as a control for size and probe-specificity. A diffuse signal is visible in the AdclI repli-
cates, while no signal is apparent in either AdclIAdcl2 or the WT sample. The Aagol lanes
show a band at 22 nt in each replicate.

(TTF)
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$13 Fig. Read size distribution by strand and 5’ nucleotide of viral small RNAs. (A) Read
size distribution as a percentage of total viral small RNAs by strand for Ardr1, Ardr2, Ardr3,
Aago2, and Adcl2. The distribution of the control replicates, found also in Fig 8D, is included in
each panel for reference. (B) 5" nucleotide distribution for viral small RNAs from Ardr1, Ardr2,
Ardr3, Aago2, and Adcl2. 5’ nucleotide distribution for control replicates, found also in Fig 8E,
is included for reference.

(TIF)

$14 Fig. Determination for F2dU sensitivity in C. higginsianum. (A) Growth of C. higginsia-
num conidia in the presence of 5-fluoro-2’-deoxyuridine (F2dU) at concentrations ranging
from 0.005-50 mM. Only the highest concentration of F2dU (50 uM) had a visible, negative,
effect on C. higginsianum growth. (B) Growth of C. higginsianum conidia un-transformed
(WT) and transformed with a vector containing the Hvtk and Hyg genes (pGKO2-Hyg) in the
presence of Hygromycin (150 pg/mL) and F2dU at a range of concentration not toxic for C.
higginsianum conidia (0.005-5 uM) as determined in (A). An optimal concentration of 150 pg/
mL Hygromycin and 0.5 pM of F2dU was determined to guarantee an optimal growth of
homologous recombinants (no presence Hvtk gene) and death for ectopic transformant (pres-
ence Hvtk gene). Hyg, Hygromycin. Hvtk, herpes Virus thymidine kinase.

(TTF)

S1 Table. Accession numbers used for generating the phylogenetic tree for the RDRs,
DCLs, and AGOs in the Ascomycota clade.
(DOCX)

$2 Table. Summary of sequencing data from RNA-seq libraries.
(DOCX)

S3 Table. Summary of sequencing data from small RNA libraries.
(DOCX)

S4 Table. Accession numbers and geographical accessions for the Colletotrichum destructi-
vum/higginsianum strains used in this study.
(DOCX)

S5 Table. Identification of ChANRV1 proteins in C. higginsianum Aagol and wild-type
strains following 1-D SDS-PAGE and mass spectrometry.
(DOCX)

S6 Table. Accession numbers used for generating the phylogenetic tree for the RDR from
selected mycoviruses.
(DOCX)

S7 Table. Primers used in this study.
(DOCX)

Acknowledgments

We thank Richard O’Connell for supplying the C. higginsianum IMI 349063 A strain, the Cen-
tre for Agriculture and Biosciences International (CABI; http://www.cabi.org/services/
microbial-services/culture-collection/) and the NIAS Genebank Project (http://www.gene.affrc.
go.jp/about-micro_en.php) for additional strains of Colletotrichum and Ane Sesma for the
pGKO2-DEST vector. Also, we thank Sophie Alvarez and Howard Berg for their technical
expertise, and Noah Fahlgren for editorial assistance.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005640 June 2,2016 30/36


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005640.s016
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005640.s017
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005640.s018
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005640.s019
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005640.s020
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005640.s021
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005640.s022
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005640.s023
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1005640.s024
http://www.cabi.org/services/microbial-services/culture-collection/
http://www.cabi.org/services/microbial-services/culture-collection/
http://www.gene.affrc.go.jp/about-micro_en.php
http://www.gene.affrc.go.jp/about-micro_en.php

@’PLOS | PATHOGENS

Antiviral Role of RNA Silencing in Fungi

Author Contributions

Conceived and designed the experiments: SC KBG JCC. Performed the experiments: SC KBG.
Analyzed the data: SC KBG. Wrote the paper: SC KBG JCC.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.
22.

Bologna NG, Voinnet O (2014) The Diversity, Biogenesis, and Activities of Endogenous Silencing
Small RNAs in Arabidopsis. Annu Rev Plant Biol 65: 473-503. doi: 10.1146/annurev-arplant-050213-
035728 PMID: 24579988

Ipsaro JJ, Joshua-Tor L (2015) From guide to target: molecular insights into eukaryotic RNA-interfer-
ence machinery. Nat Struct Mol Biol 22: 20-28. doi: 10.1038/nsmb.2931 PMID: 25565029

Kim VN, Han J, Siomi MC (2009) Biogenesis of small RNAs in animals. Nat Rev Mol Cell Biol 10:
126—139. doi: 10.1038/nrm2632 PMID: 19165215

Czech B, Hannon GJ (2011) Small RNA sorting: matchmaking for Argonautes. Nat Rev Genet 12:
19-31. doi: 10.1038/nrg2916 PMID: 21116305

Huntzinger E, Izaurralde E (2011) Gene silencing by microRNAs: contributions of translational repres-
sion and mRNA decay. Nat Rev Genet 12:99-110. doi: 10.1038/nrg2936 PMID: 21245828

Carthew RW, Sontheimer EJ (2009) Origins and Mechanisms of miRNAs and siRNAs. Cell 136:
642-655. doi: 10.1016/j.cell.2009.01.035 PMID: 19239886

Dang Y, Yang Q, Xue Z, Liu Y (2011) RNA Interference in Fungi: Pathways, Functions, and Applica-
tions. Eukaryot Cell 10: 1148—1155. doi: 10.1128/EC.05109-11 PMID: 21724934

LiL, Chang S-s, Liu Y (2010) RNA interference pathways in filamentous fungi. Cell Mol Life Sci 67:
3849-3863. doi: 10.1007/s00018-010-0471-y PMID: 20680389

Romano N, Macino G (1992) Quelling: transient inactivation of gene expression in Neurospora crassa
by transformation with homologous sequences. Mol Microbiol 6: 3343-3353. PMID: 1484489

Fulci V, Macino G (2007) Quelling: post-transcriptional gene silencing guided by small RNAs in Neu-
rospora crassa. Curr Opin Microbiol 10: 199—203. PMID: 17395524

Shiu PKT, Raju NB, Zickler D, Metzenberg RL (2001) Meiotic Silencing by Unpaired DNA. Cell 107:
905-916. PMID: 11779466

Weiberg A, Wang M, Lin F-M, Zhao H, Zhang Z, et al. (2013) Fungal Small RNAs Suppress Plant
Immunity by Hijacking Host RNA Interference Pathways. Science 342: 118-123. doi: 10.1126/
science.1239705 PMID: 24092744

Carreras-Villasefor N, Esquivel-Naranjo EU, Villalobos-Escobedo JM, Abreu-Goodger C, Herrera-
Estrella A (2013) The RNAi machinery regulates growth and development in the filamentous fungus
Trichoderma atroviride. Mol Microbiol 89: 96—112. doi: 10.1111/mmi.12261 PMID: 23672609

Segers GC, Zhang X, Deng F, Sun Q, Nuss DL (2007) Evidence that RNA silencing functions as an
antiviral defense mechanism in fungi. Proc Natl Acad Sci USA 104: 12902—-12906. PMID: 17646660

Ghabrial SA, Suzuki N (2009) Viruses of Plant Pathogenic Fungi. Annu Rev Phytopathol 47: 353—
384. doi: 10.1146/annurev-phyto-080508-081932 PMID: 19400634

LiuL, Xie J, Cheng J, Fu Y, Li G, et al. (2014) Fungal negative-stranded RNA virus that is related to
bornaviruses and nyaviruses. Proc Natl Acad Sci USA 111: 12205-12210. doi: 10.1073/pnas.
1401786111 PMID: 25092337

Yu X, LiB, FuY, Jiang D, Ghabrial SA, et al. (2010) A geminivirus-related DNA mycovirus that confers
hypovirulence to a plant pathogenic fungus. Proc Natl Acad Sci USA 107: 8387-8392. doi: 10.1073/
pnas.0913535107 PMID: 20404139

Nuss DL (2005) Hypovirulence: Mycoviruses at the fungal-plant interface. Nat Rev Micro 3: 632—-642.

Xie J, Jiang D (2014) New Insights into Mycoviruses and Exploration for the Biological Control of Crop
Fungal Diseases. Annu Rev Phytopathol 52: 45-68. doi: 10.1146/annurev-phyto-102313-050222
PMID: 25001452

Pearson MN, Beever RE, Boine B, Arthur K (2009) Mycoviruses of filamentous fungi and their rele-
vance to plant pathology. Mol Plant Pathol 10: 115-128. doi: 10.1111/j.1364-3703.2008.00503.x
PMID: 19161358

Roossinck MJ (2011) The good viruses: viral mutualistic symbioses. Nat Rev Micro 9: 99-108.

Marquez LM, Redman RS, Rodriguez RJ, Roossinck MJ (2007) A Virus in a Fungus in a Plant: Three-
Way Symbiosis Required for Thermal Tolerance. Science 315: 513-515. PMID: 17255511

PLOS Pathogens | DOI:10.1371/journal.ppat.1005640 June 2,2016 31/36


http://dx.doi.org/10.1146/annurev-arplant-050213-035728
http://dx.doi.org/10.1146/annurev-arplant-050213-035728
http://www.ncbi.nlm.nih.gov/pubmed/24579988
http://dx.doi.org/10.1038/nsmb.2931
http://www.ncbi.nlm.nih.gov/pubmed/25565029
http://dx.doi.org/10.1038/nrm2632
http://www.ncbi.nlm.nih.gov/pubmed/19165215
http://dx.doi.org/10.1038/nrg2916
http://www.ncbi.nlm.nih.gov/pubmed/21116305
http://dx.doi.org/10.1038/nrg2936
http://www.ncbi.nlm.nih.gov/pubmed/21245828
http://dx.doi.org/10.1016/j.cell.2009.01.035
http://www.ncbi.nlm.nih.gov/pubmed/19239886
http://dx.doi.org/10.1128/EC.05109-11
http://www.ncbi.nlm.nih.gov/pubmed/21724934
http://dx.doi.org/10.1007/s00018-010-0471-y
http://www.ncbi.nlm.nih.gov/pubmed/20680389
http://www.ncbi.nlm.nih.gov/pubmed/1484489
http://www.ncbi.nlm.nih.gov/pubmed/17395524
http://www.ncbi.nlm.nih.gov/pubmed/11779466
http://dx.doi.org/10.1126/science.1239705
http://dx.doi.org/10.1126/science.1239705
http://www.ncbi.nlm.nih.gov/pubmed/24092744
http://dx.doi.org/10.1111/mmi.12261
http://www.ncbi.nlm.nih.gov/pubmed/23672609
http://www.ncbi.nlm.nih.gov/pubmed/17646660
http://dx.doi.org/10.1146/annurev-phyto-080508-081932
http://www.ncbi.nlm.nih.gov/pubmed/19400634
http://dx.doi.org/10.1073/pnas.1401786111
http://dx.doi.org/10.1073/pnas.1401786111
http://www.ncbi.nlm.nih.gov/pubmed/25092337
http://dx.doi.org/10.1073/pnas.0913535107
http://dx.doi.org/10.1073/pnas.0913535107
http://www.ncbi.nlm.nih.gov/pubmed/20404139
http://dx.doi.org/10.1146/annurev-phyto-102313-050222
http://www.ncbi.nlm.nih.gov/pubmed/25001452
http://dx.doi.org/10.1111/j.1364-3703.2008.00503.x
http://www.ncbi.nlm.nih.gov/pubmed/19161358
http://www.ncbi.nlm.nih.gov/pubmed/17255511

@’PLOS | PATHOGENS

Antiviral Role of RNA Silencing in Fungi

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Nuss DL (2011) Mycoviruses, RNA Silencing, and Viral RNA Recombination. In: Karl Maramorosch
AJS, Frederick AM, editors. Adv Virus Res: Academic Press. pp. 25—48. doi: 10.1016/B978-0-12-
385987-7.00002-6 PMID: 21762820

Hillman BI, Suzuki N (2004) Viruses of the Chestnut Blight Fungus, Cryphonectria parasitica. Adv
Virus Res: Academic Press. pp. 423-472. PMID: 15530566

Sun Q, Choi GH, Nuss DL (2009) A single Argonaute gene is required for induction of RNA silencing
antiviral defense and promotes viral RNA recombination. Proc Natl Acad Sci USA 106: 17927—
17932. doi: 10.1073/pnas.0907552106 PMID: 19822766

Zhang D-X, Spiering MJ, Nuss DL (2014) Characterizing the Roles of Cryphonectria parasitica RNA-
Dependent RNA Polymerase-Like Genes in Antiviral Defense, Viral Recombination and Transposon
Transcript Accumulation. PLoS ONE 9: e108653. doi: 10.1371/journal.pone.0108653 PMID:
25268858

Chiba S, Lin Y-H, Kondo H, Kanematsu S, Suzuki N (2013) Effects of Defective Interfering RNA on
Symptom Induction by, and Replication of, a Novel Partitivirus from a Phytopathogenic Fungus,
Rosellinia necatrix. J Virol 87: 2330-2341. doi: 10.1128/JV1.02835-12 PMID: 23236074

Chiba S, Lin Y-H, Kondo H, Kanematsu S, Suzuki N (2013) A Novel Victorivirus from a Phytopatho-
genic Fungus, Rosellinia necatrix, |s Infectious as Particles and Targeted by RNA Silencing. J Virol
87:6727—-6738. doi: 10.1128/JVI.00557-13 PMID: 23552428

Salaipeth L, Chiba S, Eusebio-Cope A, Kanematsu S, Suzuki N (2014) Biological properties and
expression strategy of rosellinia necatrix megabirnavirus 1 analysed in an experimental host, Crypho-
nectria parasitica. J Gen Virol 95: 740-750. doi: 10.1099/vir.0.058164-0 PMID: 24259190

Schmitt MJ, Breinig F (2002) The viral killer system in yeast: from molecular biology to application.
FEMS Microbiol Rev 26: 257-276. PMID: 12165427

Drinnenberg IA, Fink GR, Bartel DP (2011) Compatibility with Killer Explains the Rise of RNAi-Defi-
cient Fungi. Science 333: 1592. doi: 10.1126/science.1209575 PMID: 21921191

Nicolas FE, Torres-Martinez S, Ruiz-Vazquez RM (2013) Loss and Retention of RNA Interference in

Fungi and Parasites. PLoS Pathog 9: e1003089. doi: 10.1371/journal.ppat.1003089 PMID:
23358725

Cannon PF, Damm U, Johnston PR, Weir BS (2012) Colletotrichum—current status and future direc-
tions. Studies in Mycology 73: 181-213. doi: 10.3114/sim0014 PMID: 23136460

O'Connell R, Herbert C, Sreenivasaprasad S, Khatib M, Esquerré-Tugayé M-T, et al. (2004) A Novel
Arabidopsis-Colletotrichum Pathosystem for the Molecular Dissection of Plant-Fungal Interactions.
Mol Plant-Microbe Interact 17: 272-282. PMID: 15000394

O'Connell RJ, Thon MR, Hacquard S, Amyotte SG, Kleemann J, et al. (2012) Lifestyle transitions in
plant pathogenic Colletotrichum fungi deciphered by genome and transcriptome analyses. Nat Genet
44:1060-1065. doi: 10.1038/ng.2372 PMID: 22885923

Ma J-B, Ye K, Patel DJ (2004) Structural basis for overhang-specific small interfering RNA recognition
by the PAZ domain. Nature 429: 318-322. PMID: 15152257

MacRae IJ, Zhou K, Li F, Repic A, Brooks AN, et al. (2006) Structural Basis for Double-Stranded RNA
Processing by Dicer. Science 311: 195-198. PMID: 16410517

Drinnenberg IA, Weinberg DE, Xie KT, Mower JP, Wolfe KH, et al. (2009) RNAi in Budding Yeast. Sci-
ence 326: 544-550. doi: 10.1126/science.1176945 PMID: 19745116

Braun L, Cannella D, Ortet P, Barakat M, Sautel CF, et al. (2010) A Complex Small RNA Repertoire Is
Generated by a Plant/Fungal-Like Machinery and Effected by a Metazoan-Like Argonaute in the Sin-
gle-Cell Human Parasite Toxoplasma gondii. PLoS Path 6: €1000920.

Casas-Mollano JA, Rohr J, Kim E-J, Balassa E, van Dijk K, et al. (2008) Diversification of the Core
RNA Interference Machinery in Chlamydomonas reinhardtii and the Role of DCL1 in Transposon
Silencing. Genetics 179: 69-81. doi: 10.1534/genetics.107.086546 PMID: 18493041

Tolia NH, Joshua-Tor L (2007) Slicer and the Argonautes. Nat Chem Biol 3: 36—43. PMID: 17173028

Durand-Dubief M, Bastin P (2003) TbAGO1, an Argonaute protein required for RNA interference, is
involved in mitosis and chromosome segregation in Trypanosoma brucei. BMC Biol 1:2. PMID:
14670085

Thandapani P, O’Connor TR, Bailey Timothy L, Richard S (2013) Defining the RGG/RG Motif. Mol
Cell 50: 613-623. doi: 10.1016/j.molcel.2013.05.021 PMID: 23746349

Freitag M, Lee DW, Kothe GO, Pratt RJ, Aramayo R, et al. (2004) DNA Methylation Is Independent of
RNA Interference in Neurospora. Science 304: 1939. PMID: 15218142

Choudhary S, Lee H-C, Maiti M, He Q, Cheng P, et al. (2007) A Double-Stranded-RNA Response Pro-
gram Important for RNA Interference Efficiency. Mol Cell Biol 27: 3995-4005. PMID: 17371837

PLOS Pathogens | DOI:10.1371/journal.ppat.1005640 June 2,2016 32/36


http://dx.doi.org/10.1016/B978-0-12-385987-7.00002-6
http://dx.doi.org/10.1016/B978-0-12-385987-7.00002-6
http://www.ncbi.nlm.nih.gov/pubmed/21762820
http://www.ncbi.nlm.nih.gov/pubmed/15530566
http://dx.doi.org/10.1073/pnas.0907552106
http://www.ncbi.nlm.nih.gov/pubmed/19822766
http://dx.doi.org/10.1371/journal.pone.0108653
http://www.ncbi.nlm.nih.gov/pubmed/25268858
http://dx.doi.org/10.1128/JVI.02835-12
http://www.ncbi.nlm.nih.gov/pubmed/23236074
http://dx.doi.org/10.1128/JVI.00557-13
http://www.ncbi.nlm.nih.gov/pubmed/23552428
http://dx.doi.org/10.1099/vir.0.058164-0
http://www.ncbi.nlm.nih.gov/pubmed/24259190
http://www.ncbi.nlm.nih.gov/pubmed/12165427
http://dx.doi.org/10.1126/science.1209575
http://www.ncbi.nlm.nih.gov/pubmed/21921191
http://dx.doi.org/10.1371/journal.ppat.1003089
http://www.ncbi.nlm.nih.gov/pubmed/23358725
http://dx.doi.org/10.3114/sim0014
http://www.ncbi.nlm.nih.gov/pubmed/23136460
http://www.ncbi.nlm.nih.gov/pubmed/15000394
http://dx.doi.org/10.1038/ng.2372
http://www.ncbi.nlm.nih.gov/pubmed/22885923
http://www.ncbi.nlm.nih.gov/pubmed/15152257
http://www.ncbi.nlm.nih.gov/pubmed/16410517
http://dx.doi.org/10.1126/science.1176945
http://www.ncbi.nlm.nih.gov/pubmed/19745116
http://dx.doi.org/10.1534/genetics.107.086546
http://www.ncbi.nlm.nih.gov/pubmed/18493041
http://www.ncbi.nlm.nih.gov/pubmed/17173028
http://www.ncbi.nlm.nih.gov/pubmed/14670085
http://dx.doi.org/10.1016/j.molcel.2013.05.021
http://www.ncbi.nlm.nih.gov/pubmed/23746349
http://www.ncbi.nlm.nih.gov/pubmed/15218142
http://www.ncbi.nlm.nih.gov/pubmed/17371837

@. PLOS | PATHOGENS Antiviral Role of RNA Silencing in Fungi

46. Nicolas FE, de Haro JP, Torres-Martinez S, Ruiz-Vazquez RM (2007) Mutants defective in a Mucor
circinelloides dicer-like gene are not compromised in siRNA silencing but display developmental
defects. Fungal Genet Biol 44: 504-516. PMID: 17074518

47. Kadotani N, Nakayashiki H, Tosa Y, Mayama S (2004) One of the Two Dicer-like Proteins in the Fila-
mentous Fungi Magnaporthe oryzae Genome Is Responsible for Hairpin RNA-triggered RNA Silenc-
ing and Related Small Interfering RNA Accumulation. J Biol Chem 279: 44467-44474. PMID:
15304480

48. Bernstein DA, Vyas VK, Weinberg DE, Drinnenberg IA, Bartel DP, et al. (2012) Candida albicans
Dicer (CaDcr1) is required for efficient ribosomal and spliceosomal RNA maturation. Proc Natl Acad
Sci USA 109: 523-528. doi: 10.1073/pnas.1118859109 PMID: 22173636

49. Janbon G, Maeng S, Yang D-H, Ko Y-J, Jung K-W, et al. (2010) Characterizing the role of RNA silenc-
ing components in Cryptococcus neoformans. Fungal Genet Biol 47: 1070-1080. doi: 10.1016/j.fgb.
2010.10.005 PMID: 21067947

50. deHaroJP, Calo S, Cervantes M, Nicolas FE, Torres-Martinez S, et al. (2009) A Single dicer Gene Is
Required for Efficient Gene Silencing Associated with Two Classes of Small Antisense RNAs in
Mucor circinelloides. Eukaryot Cell 8: 1486—1497. doi: 10.1128/EC.00191-09 PMID: 19666782

51. Cervantes M, Vila A, Nicolas FE, Moxon S, de Haro JP, et al. (2013) A Single Argonaute Gene Partici-
pates in Exogenous and Endogenous RNAi and Controls Cellular Functions in the Basal Fungus
Mucor circinelloides. PLoS ONE 8: e69283. doi: 10.1371/journal.pone.0069283 PMID: 23935973

52. Langmead B, Salzberg S (2012) Fast gapped-read alignment with Bowtie 2. Nat Methods 9: 357—
359. doi: 10.1038/nmeth.1923 PMID: 22388286

53. Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and memory-efficient alignment of
short DNA sequences to the human genome. Genome Biol 10: R25. doi: 10.1186/gb-2009-10-3-r25
PMID: 19261174

54. Koboldt DC, Ding L, Mardis ER, Wilson RK (2010) Challenges of sequencing human genomes. Brief-
ings in Bioinformatics 11: 484-498. doi: 10.1093/bib/bbg016 PMID: 20519329

55. FengH, Shuda M, Chang Y, Moore PS (2008) Clonal Integration of a Polyomavirus in Human Merkel
Cell Carcinoma. Science 319: 1096—1100. doi: 10.1126/science.1152586 PMID: 18202256

56. Tae H, Karunasena E, Bavarva JH, Mclver LJ, Garner HR (2014) Large scale comparison of non-
human sequences in human sequencing data. Genomics 104: 453. doi: 10.1016/j.ygeno.2014.08.
009 PMID: 25173571

57. Chiu CY (2013) Viral pathogen discovery. Curr Opin Microbiol 16: 468—478. doi: 10.1016/j.mib.2013.
05.001 PMID: 23725672

58. Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, et al. (2013) De novo transcript
sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analy-
sis. Nat Protocols 8: 1494-1512. doi: 10.1038/nprot.2013.084 PMID: 23845962

59. Suzuki N, Supyani S, Maruyama K, Hillman BI (2004) Complete genome sequence of Mycoreovirus-
1/Cp9B21, a member of a novel genus within the family Reoviridae, isolated from the chestnut blight
fungus Cryphonectria parasitica. J Gen Virol 85: 3437-3448. PMID: 15483262

60. ZhongJ, Chen D, Lei XH, Zhu HJ, Zhu JZ, et al. (2014) Detection and characterization of a novel
Gammapartitivirus in the phytopathogenic fungus Colletotrichum acutatum strain HNZJ0O01. Virus
Res 190: 104-109. doi: 10.1016/j.virusres.2014.05.028 PMID: 25008759

61. Liao C-Y, Chen M-Y, Chen Y-K, Wang T-C, Sheu Z-M, et al. (2012) Characterization of three Colleto-
trichum acutatum isolates from Capsicum spp. Eur J Plant Pathol 133: 599-608.

62. Figueirédo LCd, Figueirédo GSd, Giancoli ACH, Tanaka FAO, Silva LAOd, et al. (2012) Detection of
isometric, dsRNA-containing viral particles in Colletotrichum gloeosporioides isolated from cashew
tree. Trop Plant Pathol 37: 142—-145.

63. Mertens P (2004) The dsRNA viruses. Virus Res 101: 3—13. PMID: 15010213

64. Naitow H, Tang J, Canady M, Wickner RB, Johnson JE (2002) L-A virus at 3.4 A resolution reveals
particle architecture and mRNA decapping mechanism. Nat Struct Mol Biol 9: 725-728.

65. Roy A, Kucukural A, Zhang Y (2010) I-TASSER: a unified platform for automated protein structure
and function prediction. Nat Protocols 5: 725-738. doi: 10.1038/nprot.2010.5 PMID: 20360767

66. ZhangY (2008) I-TASSER server for protein 3D structure prediction. BMC Bioinformatics 9: 40. doi:
10.1186/1471-2105-9-40 PMID: 18215316

67. XuJ,Zhang (2010) How significant is a protein structure similarity with TM-score = 0.5? Bioinformat-
ics 26: 889-895. doi: 10.1093/bioinformatics/btq066 PMID: 20164152

68. Zhang', Skolnick J (2004) Scoring function for automated assessment of protein structure template
quality. Proteins: Struct Funct Bioinf 57: 702-710.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005640 June 2, 2016 33/36


http://www.ncbi.nlm.nih.gov/pubmed/17074518
http://www.ncbi.nlm.nih.gov/pubmed/15304480
http://dx.doi.org/10.1073/pnas.1118859109
http://www.ncbi.nlm.nih.gov/pubmed/22173636
http://dx.doi.org/10.1016/j.fgb.2010.10.005
http://dx.doi.org/10.1016/j.fgb.2010.10.005
http://www.ncbi.nlm.nih.gov/pubmed/21067947
http://dx.doi.org/10.1128/EC.00191-09
http://www.ncbi.nlm.nih.gov/pubmed/19666782
http://dx.doi.org/10.1371/journal.pone.0069283
http://www.ncbi.nlm.nih.gov/pubmed/23935973
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://dx.doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
http://dx.doi.org/10.1093/bib/bbq016
http://www.ncbi.nlm.nih.gov/pubmed/20519329
http://dx.doi.org/10.1126/science.1152586
http://www.ncbi.nlm.nih.gov/pubmed/18202256
http://dx.doi.org/10.1016/j.ygeno.2014.08.009
http://dx.doi.org/10.1016/j.ygeno.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25173571
http://dx.doi.org/10.1016/j.mib.2013.05.001
http://dx.doi.org/10.1016/j.mib.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23725672
http://dx.doi.org/10.1038/nprot.2013.084
http://www.ncbi.nlm.nih.gov/pubmed/23845962
http://www.ncbi.nlm.nih.gov/pubmed/15483262
http://dx.doi.org/10.1016/j.virusres.2014.05.028
http://www.ncbi.nlm.nih.gov/pubmed/25008759
http://www.ncbi.nlm.nih.gov/pubmed/15010213
http://dx.doi.org/10.1038/nprot.2010.5
http://www.ncbi.nlm.nih.gov/pubmed/20360767
http://dx.doi.org/10.1186/1471-2105-9-40
http://www.ncbi.nlm.nih.gov/pubmed/18215316
http://dx.doi.org/10.1093/bioinformatics/btq066
http://www.ncbi.nlm.nih.gov/pubmed/20164152

@’PLOS | PATHOGENS

Antiviral Role of RNA Silencing in Fungi

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Dunn SE, Li H, Cardone G, Nibert ML, Ghabrial SA, et al. (2013) Three-dimensional Structure of Vic-
torivirus HvV190S Suggests Coat Proteins in Most Totiviruses Share a Conserved Core. PLoS
Pathog 9: €1003225. doi: 10.1371/journal.ppat.1003225 PMID: 23516364

Liu H, Sadygov RG, Yates JR (2004) A Model for Random Sampling and Estimation of Relative Pro-
tein Abundance in Shotgun Proteomics. Anal Chem 76: 4193-4201. PMID: 15253663

Cheng RH, Caston JR, Wang G-j, Gu F, Smith TJ, et al. (1994) Fungal Virus Capsids, Cytoplasmic
Compartments for the Replication of Double-stranded RNA, Formed as Icosahedral Shells of Asym-
metric Gag Dimers. J Mol Biol 244: 255-258. PMID: 7966336

Tang J, Pan J, Havens WM, Ochoa WF, Guu TSY, et al. (2010) Backbone Trace of Partitivirus Capsid
Protein from Electron Cryomicroscopy and Homology Modeling. Biophys J 99: 685-694. doi: 10.
1016/j.bpj.2010.04.058 PMID: 20643089

Pan J, Dong L, Lin L, Ochoa WF, Sinkovits RS, et al. (2009) Atomic structure reveals the unique cap-
sid organization of a dsRNA virus. Proc Natl Acad Sci USA 106: 4225-4230. doi: 10.1073/pnas.
0812071106 PMID: 19246376

Sabanadzovic S, Valverde RA, Brown JK, Martin RR, Tzanetakis IE (2009) Southern tomato virus:
The link between the families Totiviridae and Partitiviridae. Virus Res 140: 130-137. doi: 10.1016/j.
virusres.2008.11.018 PMID: 19118586

Martin RR, Zhou J, Tzanetakis IE (2011) Blueberry latent virus: An amalgam of the Partitiviridae and
Totiviridae. Virus Res 155: 175-180. doi: 10.1016/j.virusres.2010.09.020 PMID: 20888379

Sabanadzovic S, Abou Ghanem-Sabanadzovic N, Valverde RA (2010) A novel monopartite dsRNA
virus from rhododendron. Arch Virol 155: 1859—1863. doi: 10.1007/s00705-010-0770-5 PMID:
20721591

Dawe AL, Nuss DL (2013) Hypovirus Molecular Biology: From Koch's Postulates to Host Self-Recog-
nition Genes that Restrict Virus Transmission. In: Said AG, editor. Adv Virus Res: Academic
Press. pp. 109-147. doi: 10.1016/B978-0-12-394315-6.00005-2 PMID: 23498905

Bruenn JA (1993) A closely related group of RNA-dependent RNA polymerases from double-stranded
RNA viruses. Nucleic Acids Res 21: 5667-5669. PMID: 8284213

Lin'Y, Zhang H, Zhao C, Liu S, Guo L (2014) The complete genome sequence of a novel mycovirus
from Alternaria longipes strain HN28. Arch Virol: 1-4.

Kotta-Loizou |, Sipkova J, Coutts RA (2015) Identification and sequence determination of a novel dou-
ble-stranded RNA mycovirus from the entomopathogenic fungus Beauveria bassiana. Arch Virol 160:
873-875. doi: 10.1007/s00705-014-2332-8 PMID: 25577168

Koloniuk |, Hrabakova L, Petrzik K (2015) Molecular characterization of a novel amalgavirus from the
entomopathogenic fungus Beauveria bassiana. Arch Virol 160: 1585-1588. doi: 10.1007/s00705-
015-2416-0 PMID: 25854690

Zhu H, Chen D, Zhong J, Zhang S, Gao B (2015) A novel mycovirus identified from the rice false smut
fungus Ustilaginoidea virens. Virus Genes 51: 159-162. doi: 10.1007/s11262-015-1212-y PMID:
26041139

Nerva L, Ciuffo M, Vallino M, Margaria P, Varese GC, et al. Multiple approaches for the detection and
characterization of viral and plasmid symbionts from a collection of marine fungi. Virus Res doi: 10.
1016/j.virusres.2015.10.028

LiuH, FuY, Xie J, Cheng J, Ghabrial S, et al. (2012) Evolutionary genomics of mycovirus-related
dsRNA viruses reveals cross-family horizontal gene transfer and evolution of diverse viral lineages.
BMC Evol Biol 12:91. doi: 10.1186/1471-2148-12-91 PMID: 22716092

Coetzee B, Freeborough M-J, Maree HJ, Celton J-M, Rees DJG, et al. (2010) Deep sequencing anal-
ysis of viruses infecting grapevines: Virome of a vineyard. Virology 400: 157—-163. doi: 10.1016/j.virol.
2010.01.023 PMID: 20172578

Donaire L, Wang Y, Gonzalez-lbeas D, Mayer KF, Aranda MA, et al. (2009) Deep-sequencing of plant
viral small RNAs reveals effective and widespread targeting of viral genomes. Virology 392: 203—
214. doi: 10.1016/j.virol.2009.07.005 PMID: 19665162

Garcia-Ruiz H, Takeda A, Chapman EJ, Sullivan CM, Fahlgren N, et al. (2010) Arabidopsis RNA-
Dependent RNA Polymerases and Dicer-Like Proteins in Antiviral Defense and Small Interfering RNA
Biogenesis during Turnip Mosaic Virus Infection. Plant Cell 22: 481-496. doi: 10.1105/tpc.109.
073056 PMID: 20190077

Ding S-W, Voinnet O (2007) Antiviral Immunity Directed by Small RNAs. Cell 130: 413—426. PMID:
17693253

Wang X-B, Jovel J, Udomporn P, Wang Y, Wu Q, et al. (2011) The 21-Nucleotide, but Not 22-Nucleo-
tide, Viral Secondary Small Interfering RNAs Direct Potent Antiviral Defense by Two Cooperative

PLOS Pathogens | DOI:10.1371/journal.ppat.1005640 June 2,2016 34/36


http://dx.doi.org/10.1371/journal.ppat.1003225
http://www.ncbi.nlm.nih.gov/pubmed/23516364
http://www.ncbi.nlm.nih.gov/pubmed/15253663
http://www.ncbi.nlm.nih.gov/pubmed/7966336
http://dx.doi.org/10.1016/j.bpj.2010.04.058
http://dx.doi.org/10.1016/j.bpj.2010.04.058
http://www.ncbi.nlm.nih.gov/pubmed/20643089
http://dx.doi.org/10.1073/pnas.0812071106
http://dx.doi.org/10.1073/pnas.0812071106
http://www.ncbi.nlm.nih.gov/pubmed/19246376
http://dx.doi.org/10.1016/j.virusres.2008.11.018
http://dx.doi.org/10.1016/j.virusres.2008.11.018
http://www.ncbi.nlm.nih.gov/pubmed/19118586
http://dx.doi.org/10.1016/j.virusres.2010.09.020
http://www.ncbi.nlm.nih.gov/pubmed/20888379
http://dx.doi.org/10.1007/s00705-010-0770-5
http://www.ncbi.nlm.nih.gov/pubmed/20721591
http://dx.doi.org/10.1016/B978-0-12-394315-6.00005-2
http://www.ncbi.nlm.nih.gov/pubmed/23498905
http://www.ncbi.nlm.nih.gov/pubmed/8284213
http://dx.doi.org/10.1007/s00705-014-2332-8
http://www.ncbi.nlm.nih.gov/pubmed/25577168
http://dx.doi.org/10.1007/s00705-015-2416-0
http://dx.doi.org/10.1007/s00705-015-2416-0
http://www.ncbi.nlm.nih.gov/pubmed/25854690
http://dx.doi.org/10.1007/s11262-015-1212-y
http://www.ncbi.nlm.nih.gov/pubmed/26041139
http://dx.doi.org/10.1016/j.virusres.2015.10.028
http://dx.doi.org/10.1016/j.virusres.2015.10.028
http://dx.doi.org/10.1186/1471-2148-12-91
http://www.ncbi.nlm.nih.gov/pubmed/22716092
http://dx.doi.org/10.1016/j.virol.2010.01.023
http://dx.doi.org/10.1016/j.virol.2010.01.023
http://www.ncbi.nlm.nih.gov/pubmed/20172578
http://dx.doi.org/10.1016/j.virol.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19665162
http://dx.doi.org/10.1105/tpc.109.073056
http://dx.doi.org/10.1105/tpc.109.073056
http://www.ncbi.nlm.nih.gov/pubmed/20190077
http://www.ncbi.nlm.nih.gov/pubmed/17693253

@’PLOS | PATHOGENS

Antiviral Role of RNA Silencing in Fungi

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

Argonautes in Arabidopsis thaliana. Plant Cell 23: 1625-1638. doi: 10.1105/tpc.110.082305 PMID:
21467580

Zhang X, Segers GC, Sun Q, Deng F, Nuss DL (2008) Characterization of Hypovirus-Derived Small
RNAs Generated in the Chestnut Blight Fungus by an Inducible DCL-2-Dependent Pathway. J Virol
82:2613-2619. doi: 10.1128/JVI1.02324-07 PMID: 18199652

Hammond TM, Andrewski MD, Roossinck MJ, Keller NP (2008) Aspergillus Mycoviruses Are Targets
and Suppressors of RNA Silencing. Eukaryot Cell 7: 350-357. PMID: 18065651

Himeno M, Magjima K, Komatsu K, Ozeki J, Hashimoto M, et al. (2010) Significantly low level of small
RNA accumulation derived from an encapsidated mycovirus with dsRNA genome. Virology 396: 69—
75. doi: 10.1016/j.virol.2009.10.008 PMID: 19878965

Hammond TM, Keller NP (2005) RNA silencing in Aspergillus nidulans is independent of RNA-depen-
dent RNA polymerases. Genetics 169: 607—617. PMID: 15545645

Mathur R, Barnett H, Lilly V (1950) Sporulation of Colletotrichum lindemuthianum in culture. Phytopa-
thology 40: 104—114.

Katoh K, Standley DM (2013) MAFFT Multiple Sequence Alignment Software Version 7: Improve-
ments in Performance and Usability. Mol Biol Evol 30: 772—780. doi: 10.1093/molbev/mst010 PMID:
23329690

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGAG: Molecular Evolutionary Genet-
ics Analysis Version 6.0. Mol Biol Evol 30: 2725-2729. doi: 10.1093/molbev/mst197 PMID:
24132122

Abascal F, Zardoya R, Posada D (2005) ProtTest: selection of best-fit models of protein evolution.
Bioinformatics 21: 2104—2105. PMID: 15647292

Stamatakis A (2006) RAXML-VI-HPC: maximum likelihood-based phylogenetic analyses with thou-
sands of taxa and mixed models. Bioinformatics 22: 2688—2690. PMID: 16928733

Huson DH, Scornavacca C (2012) Dendroscope 3: An Interactive Tool for Rooted Phylogenetic Trees
and Networks. Syst Biol 61: 1061-1067. doi: 10.1093/sysbio/sys062 PMID: 22780991

Alvarez S, Berla BM, Sheffield J, Cahoon RE, Jez JM, et al. (2009) Comprehensive analysis of the
Brassica juncea root proteome in response to cadmium exposure by complementary proteomic
approaches. Proteomics 9: 2419-2431. doi: 10.1002/pmic.200800478 PMID: 19343712

Keller A, Nesvizhskii Al, Kolker E, Aebersold R (2002) Empirical Statistical Model To Estimate the
Accuracy of Peptide Identifications Made by MS/MS and Database Search. Anal Chem 74: 5383—
5392. PMID: 12403597

Nesvizhskii Al, Keller A, Kolker E, Aebersold R (2003) A Statistical Model for Identifying Proteins by
Tandem Mass Spectrometry. Anal Chem 75: 4646—4658. PMID: 14632076

Murray MG, Thompson WF (1980) Rapid isolation of high molecular weight plant DNA. Nucleic Acids
Res 8:4321-4326. PMID: 7433111

Carbonell A, Fahigren N, Garcia-Ruiz H, Gilbert KB, Montgomery TA, et al. (2012) Functional Analysis
of Three Arabidopsis ARGONAUTES Using Slicer-Defective Mutants. Plant Cell 24: 3613-3629. doi:
10.1105/tpc.112.099945 PMID: 23023169

Carbonell A, Takeda A, Fahigren N, Johnson SC, Cuperus JT, et al. (2014) New Generation of Artifi-
cial MicroRNA and Synthetic Trans-Acting Small Interfering RNA Vectors for Efficient Gene Silencing
in Arabidopsis. Plant Physiol 165: 15—-29. doi: 10.1104/pp.113.234989 PMID: 24647477

Gilbert KB, Fahlgren N, Kasschau KD, Chapman EJ, Carrington JC, et al. (2014) Preparation of Multi-
plexed Small RNA Libraries from Plants. Bio-protocol 4(20): e1275.

Smit A, Hubley R, Green P (1996) RepeatMasker Open-3.0. Tech rep.

Warburton PE, Giordano J, Cheung F, Gelfand Y, Benson G (2004) Inverted Repeat Structure of the
Human Genome: The X-Chromosome Contains a Preponderance of Large, Highly Homologous
Inverted Repeats That Contain Testes Genes. Genome Res 14: 1861-1869. PMID: 15466286

WangL, SiY, Dedow LK, Shao Y, Liu P, et al. (2011) A low-cost library construction protocol and data
analysis pipeline for lllumina-based strand-specific multiplex RNA-seq. PloS one 6: €26426. doi: 10.
1371/journal.pone.0026426 PMID: 22039485

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, et al. (2004) UCSF Chimera—A
visualization system for exploratory research and analysis. J Comput Chem 25: 1605—-1612. PMID:
15264254

Schirle NT, MacRae IJ (2012) The Crystal Structure of Human Argonaute2. Science (New York, NY)
336: 1037—1040.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005640 June 2, 2016 35/36


http://dx.doi.org/10.1105/tpc.110.082305
http://www.ncbi.nlm.nih.gov/pubmed/21467580
http://dx.doi.org/10.1128/JVI.02324-07
http://www.ncbi.nlm.nih.gov/pubmed/18199652
http://www.ncbi.nlm.nih.gov/pubmed/18065651
http://dx.doi.org/10.1016/j.virol.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19878965
http://www.ncbi.nlm.nih.gov/pubmed/15545645
http://dx.doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
http://dx.doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://www.ncbi.nlm.nih.gov/pubmed/15647292
http://www.ncbi.nlm.nih.gov/pubmed/16928733
http://dx.doi.org/10.1093/sysbio/sys062
http://www.ncbi.nlm.nih.gov/pubmed/22780991
http://dx.doi.org/10.1002/pmic.200800478
http://www.ncbi.nlm.nih.gov/pubmed/19343712
http://www.ncbi.nlm.nih.gov/pubmed/12403597
http://www.ncbi.nlm.nih.gov/pubmed/14632076
http://www.ncbi.nlm.nih.gov/pubmed/7433111
http://dx.doi.org/10.1105/tpc.112.099945
http://www.ncbi.nlm.nih.gov/pubmed/23023169
http://dx.doi.org/10.1104/pp.113.234989
http://www.ncbi.nlm.nih.gov/pubmed/24647477
http://www.ncbi.nlm.nih.gov/pubmed/15466286
http://dx.doi.org/10.1371/journal.pone.0026426
http://dx.doi.org/10.1371/journal.pone.0026426
http://www.ncbi.nlm.nih.gov/pubmed/22039485
http://www.ncbi.nlm.nih.gov/pubmed/15264254

@. PLOS | PATHOGENS Antiviral Role of RNA Silencing in Fungi

112. Elkayam E, Kuhn C-D, Tocilj A, Haase AD, Greene EM, et al. (2012) The Structure of Human Argo-
naute-2 in Complex with miR-20a. Cell 150: 100-110. doi: 10.1016/j.cell.2012.05.017 PMID:
22682761

113. Rivas FV, Tolia NH, Song J-J, Aragon JP, Liu J, et al. (2005) Purified Argonaute2 and an siRNA form
recombinant human RISC. Nat Struct Mol Biol 12: 340-349. PMID: 15800637

114. LiuJ, Carmell MA, Rivas FV, Marsden CG, Thomson JM, et al. (2004) Argonaute2 Is the Catalytic
Engine of Mammalian RNAi. Science 305: 1437-1441. PMID: 15284456

PLOS Pathogens | DOI:10.1371/journal.ppat.1005640 June 2,2016 36/36


http://dx.doi.org/10.1016/j.cell.2012.05.017
http://www.ncbi.nlm.nih.gov/pubmed/22682761
http://www.ncbi.nlm.nih.gov/pubmed/15800637
http://www.ncbi.nlm.nih.gov/pubmed/15284456

