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Abstract: Magnaporthe oryzae, the fungus that causes rice blast, is the most destructive pathogen
of rice worldwide. A number of M. oryzae mycoviruses have been identified. These include
Magnaporthe oryzae viruses 1, 2, and 3 (MoV1, MoV2, and MoV3) belonging to the genus, Victorivirus,
in the family, Totiviridae; Magnaporthe oryzae partitivirus 1 (MoPV1) in the family, Partitiviridae;
Magnaporthe oryzae chrysovirus 1 strains A and B (MoCV1-A and MoCV1-B) belonging to cluster
II of the family, Chrysoviridae; a mycovirus related to plant viruses of the family, Tombusviridae
(Magnaporthe oryzae virus A); and a (+)ssRNA mycovirus closely related to the ourmia-like viruses
(Magnaporthe oryzae ourmia-like virus 1). Among these, MoCV1-A and MoCV1-B were the first
reported mycoviruses that cause hypovirulence traits in their host fungus, such as impaired growth,
altered colony morphology, and reduced pigmentation. Recently we reported that, although
MoCV1-A infection generally confers hypovirulence to fungi, it is also a driving force behind the
development of physiological diversity, including pathogenic races. Another example of modulated
pathogenicity caused by mycovirus infection is that of Alternaria alternata chrysovirus 1 (AaCV1),
which is closely related to MoCV1-A. AaCV1 exhibits two contrasting effects: Impaired growth of the
host fungus while rendering the host hypervirulent to the plant, through increased production of the
host-specific AK-toxin. It is inferred that these mycoviruses might be epigenetic factors that cause
changes in the pathogenicity of phytopathogenic fungi.
Keywords: Mycovirus; rice blast fungus; Magnaporthe oryzae chrysovirus 1; double-stranded RNA
virus; hypovirulence

1. Introduction
Similar to animals and plants, fungi are often infected by viruses. In general, viral infections
in higher eukaryotes result in easily detectable alterations, such as disease, whereas when a simpler
eukaryote, such as a fungus acts as a host, it is often hard to recognize the effects of infection.
However, numerous viruses of yeasts and filamentous fungi have been reported to cause epigenetic
phenomena [1]. Prions, or “infectious proteins”, are also known to affect fungi [2]. Mycoviruses
(viruses that infect fungi) were originally described in diseased Agaricus bisporus mushrooms [3],
in Penicillium chrysogenum [4], and in the brewing yeast, Saccharomyces cerevisiae [5]. In fact, yeast killer
viruses have been used in fermentation production as bio-controllers. Mycoviruses that infect plant
pathogenic fungi were initially discovered in the rice blast fungus, Magnaporthe oryzae [6], and have
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since been found in many other plant pathogenic fungi. The hypovirus CHV1-EP713 that infects the
chestnut blight fungus, Cryphonectria parasitica, is a famous example of a biological control agent used
to attenuate host fungal infection [7]. Mycoviruses have also been found in the human pathogenic
fungus, Aspergillus fumigatus, since 1990 [8].
In many cases, double-stranded RNA (dsRNA) molecules are either the actual genome of the
mycovirus or its replication intermediate. Similar to animals and plants, many fungi have antiviral
capabilities, which act through RNA interference mechanisms targeting dsRNA degradation [7].
Therefore, it is of interest to investigate the relationship between mycovirus propagation and host
defence mechanisms. In recent years, there have been many reports on the interactions between fungal
viruses and RNA interference [9–11].
It is plausible that there are more than 1.5 million species of fungi and oomycetes on Earth. Many of
these organisms, including phytopathogenic fungi, cause enormous damage to agricultural crops [12].
To date, about 8000 phytopathogenic fungi have been reported in Japan alone and they are the most
common type of plant pathogen, over 10 times more frequent than viruses and bacteria [13]. In contrast,
many more viruses and bacteria infect humans than fungi. Considering that each phytopathogenic
fungus is infected with multiple mycoviruses, the number of newly identified mycoviruses will
certainly increase in the future.
To date, three distinct dsRNA viruses have been reported to infect M. oryzae, including
from the genus, Victorivirus, Magnaporthe oryzae virus 1 [14] and Magnaporthe oryzae virus 2 [15],
Magnaporthe oryzae virus 3, a mycovirus that belongs to the family, Partitiviridae (Magnaporthe oryzae
partitivirus 1) [16], and a mycovirus that belongs to cluster II of the family, Chrysoviridae
Magnaporthe oryzae chrysovirus 1 (MoCV1) [17,18]. Recently, a mycovirus related to plant viruses of the
family, Tombusviridae (Magnaporthe oryzae virus A) [19], and a mycovirus closely related to ourmia-like
viruses (Magnaporthe oryzae ourmia-like virus 1) [20] has also been reported.
In this review, we discuss MoCV1, a mycovirus that causes growth inhibition in the rice blast
fungus, M. oryzae. We focus on its molecular genetic characteristics, the influence of viral proteins on
host cells, and our methodology of investigating physiological activity using a yeast heterologous
expression system.
2. Effects of Magnaporthe Chrysovirus on the Rice Blast Fungus
The rice blast fungus, M. oryzae, is a plant pathogen that causes significant damage to rice
production annually worldwide. In Japan, the annual rice yield is almost 9 million tons, and almost
1% is typically lost to infection with rice blast [21]. We first investigated the prevalence of mycoviruses
in 58 isolates of M. oryzae collected in the Mekong Delta area of Vietnam. We screened for dsRNA
in cell extracts using a simple purification method [22] and found dsRNA elements in 11 isolates
(Figure 1) [17]. Among these, a virus with a dsRNA genome of 2.6 kbp to 3.6 kbp was nominated as
Magnaporthe oryzae chrysovirus 1 (MoCV1). The M. oryzae isolates were also infected with a partitivirus
whose three dsRNA genomic segments ranged in size from 1.8 kbp to 2.4 kbp. Some isolates were
infected with only one of these two mycoviruses while others were infected with both (Figure 2,
top left). Among the MoCV1 strains detected in Vietnam, the one that was most stably maintained in
liquid medium or on agar plates was nominated MoCV1-A. In another strain nominated MoCV1-B,
the content of dsRNA obtained from cells in liquid culture was sometimes lower than that obtained with
MoCV1-A (Figure 2) [18]. Since the hyphal morphology of rice blast fungus infected with MoCV1-B
showed remarkable white pigmentation on agar medium (Figure 2, right), melanin biosynthesis
appears to be suppressed by MoCV1-B infection. Melanin biosynthesis mutants of M. oryzae are
unable to invade rice leaves due to deficiencies in appressorium formation, and thus have greatly
reduced infectivity. Since the fungal melanin biosynthesis pathway is different from the human one,
specific compounds, such as sytalone or 1,3,6,8-tetrahydroxynaphthalene, can be used as pesticides for
controlling the rice blast fungus [23,24]. Also, no conidial formation was observed in strains infected
with MoCV1-B on PDA (Potato dextrose agar) medium [18]. Since M. oryzae propagates by spreading
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conidia in the air, we would expect that the suppression of conidial formation would limit the spread
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northern hybridisation with a cDNA probe derived from MoCV1‐A dsRNA3, showing a weak signal
for MoCV1‐B dsRNA3. Right, fungal flora of the M. oryzae isolates infected with MoCV1‐A (top),
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from the fungal cells, suggesting that dsRNA5 is not essential for viral maintenance [18]. The M. oryzae
isolate, S-0412-II 1c, was co-infected with both MoCV1 and the partitivirus whose genomic segments
were 2.4, 2.2, and 1.8 kbp in size. This MoCV1 strain was named MoCV1-A-a because its five dsRNA
genomic segments showed more than 99% identity with the counterpart dsRNAs of MoCV1-A.
Initially, the MoCV1-related viruses, MoCV1-A, MoCV1-A-a, and MoCV1-B, were discovered
in rice blast isolates from Vietnam. We then used reverse transcription-PCR and a loop-mediated
isothermal amplification method that was developed for the specific detection of these mycoviruses,
and discovered a MoCV1-related virus (MoCV1-D) in rice blast isolates from Japan [26]. MoCV1-D
has five dsRNAs as its genome and dsRNAs 1–4 showed 75%–81% identity with the corresponding
dsRNAs from MoCV1-A and MoCV1-B. Conversely MoCV1-D dsRNA5 possessed relatively low
identity (63%) and was dispensable for virus propagation, as was the case with MoCV1-B dsRNA5.
Whereas the Vietnamese MoCV1 strains were sometimes found together with a partitivirus in the same
M. oryzae isolates, MoCV1-D was found in combination with a victorivirus, MoV2, and some different
partitiviruses. Recently, a rice blast fungus isolated in Hubei, China was found to be co-infected with a
victorivirus (MoV3) and a chrysovirus that was designated MoCV1-C; however, MoCV1-C has not yet
been sequenced [27].
The family, Chrysoviridae, includes a single genus with two large distinct clusters. Cluster I contains
members of the genus, Chrysovirus, and related unclassified viruses with three genomic segments,
while cluster II comprises related, unclassified viruses with four or five genomic segments [28].
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Phylogenetic analysis revealed that MoCV1-A and MoCV1-B are members of cluster II, together with
the following viruses: Botryosphaeria dothidea chrysovirus 1 (BdCV1) [29], Penicillium janczewski
chrysoviruses 1 and 2 (PjCV1, PjCV2) [30], Aspergillus mycovirus 1816 (AmV1816) [31], Agaricus
bisporus virus 1 (AbV1) [32], Fusarium oxysporum f. sp. mycovirus 1 (FodV1) [33–35], Fusarium
graminearum mycovirus-China 9 (FgV-Ch-9) [36], Tolypocladium cylindrosporum viruses 1 and 2
(TcV1, TcV2) [37], and Alternaria alternata chrysovirus 1 (AaCV1) [38]. MoCV1-A and AaCV1 are
reported to affect fungal pathogenicity [37,39]. FgV-ch9 and Aspergillus thermomutatus chrysovirus 1
(AthCV1)
also
reported
Viruses
2018, 10, xare
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[28]. Phylogenetic analysis revealed that MoCV1‐A and MoCV1‐B are members of cluster II, together
with the following viruses: Botryosphaeria dothidea chrysovirus 1 (BdCV1) [29], Penicillium
janczewski chrysoviruses 1 and 2 (PjCV1, PjCV2) [30], Aspergillus mycovirus 1816 (AmV1816) [31],
Agaricus bisporus virus 1 (AbV1) [32], Fusarium oxysporum f. sp. mycovirus 1 (FodV1) [33–35],
Fusarium graminearum mycovirus‐China 9 (FgV‐Ch‐9) [36], Tolypocladium cylindrosporum viruses

Coomassie Blue staining of SDS‐PAGE gels revealed that the particles contained four major proteins
125 kDa, 70 kDa, 65 kDa, and 60 kDa in size [25]. Edman degradation analysis showed that the N‐
terminus of the 125 kDa protein was blocked, since no phenylthiohydantoin (PTH)‐amino acid
derivatives were observed. The protein was purified, subjected to trypsin digestion, and analyzed by
Viruses
10, 697 peptide in the chromatographic peaks was subjected to Edman degradation, and
6 ofits
14
HPLC.2018,
A tryptic
sequence matched the amino acid sequence of the protein encoded by ORF1 (the open reading frame
of dsRNA1). The 70 kDa protein was also subjected to Edman degradation and was proven to be
of dsRNA1). The 70 kDa protein was also subjected to Edman degradation and was proven to be
encoded by ORF4, although it lacked 14 amino acids in the N‐terminal region. This suggests that
encoded by ORF4, although it lacked 14 amino acids in the N-terminal region. This suggests that
these amino acids are cleaved by post translational modification. The 65 kDa protein was confirmed
these amino acids are cleaved by post translational modification. The 65 kDa protein was confirmed
to be a derivative of the 70 kDa protein following immunoblotting using an antiserum to the ORF4
to be a derivative of the 70 kDa protein following immunoblotting using an antiserum to the ORF4
protein [25].
protein [25].
The 60 kDa protein was also subjected to Edman degradation and was identified as a partially
The 60 kDa protein was also subjected to Edman degradation and was identified as a partially
degraded form of the ORF3 protein. Its N‐terminal sequence was consistent with the N‐terminus
degraded form of the ORF3 protein. Its N-terminal sequence was consistent with the N-terminus
encoded by dsRNA3, however its apparent molecular mass (Mr) was smaller than the deduced Mr
encoded by dsRNA3, however its apparent molecular mass (Mr) was smaller than the deduced
of the ORF3 protein (799 aa, 84 kDa). Mass spectrometry of tryptic peptides revealed that the C‐
Mr of the ORF3 protein (799 aa, 84 kDa). Mass spectrometry of tryptic peptides revealed that
terminus of the deduced ORF3 protein (M565 to L799) was absent from the 60 kDa protein (Figure 5).
the C-terminus of the deduced ORF3 protein (M565 to L799) was absent from the 60 kDa protein
Then, MALDI‐TOF MS (Matrix Assisted Laser Desorption/Ionization‐Time of Flight Mass
(Figure 5). Then, MALDI-TOF MS (Matrix Assisted Laser Desorption/Ionization-Time of Flight Mass
Spectrometry) was performed to determine the exact Mr of the 60 kDa protein, and a resultant ion
Spectrometry) was performed to determine the exact Mr of the 60 kDa protein, and a resultant ion
signal was observed at m/z 62,559. The Mr of the deduced amino acid sequence is 62,530 for residues
signal was observed at m/z 62,559. The Mr of the deduced amino acid sequence is 62,530 for residues
G1 to V590, and 62,658 for residues G1 to Q591. Together, the results suggest that the C‐terminal end
G1 to V590, and 62,658 for residues G1 to Q591. Together, the results suggest that the C-terminal end
of the 60 kDa protein might be located around residues M565 to Q591 of the ORF3 protein [25].
of the 60 kDa protein might be located around residues M565 to Q591 of the ORF3 protein [25].
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figure). The C‐terminus of P58 is a truncated version of the ORF3 protein missing 200 amino acids.
Mass spectrometry of tryptic peptides derived from P58 identified peptides specific to the deduced
Mass spectrometry of tryptic peptides derived from P58 identified peptides specific to the deduced
amino acid sequence of ORF3, but no peptide sequence mapped to the C terminus of the deduced
amino acid sequence of ORF3 (M565 to L799).

To investigate whether the full-size proteins are components of MoCV1-A particles, we purified
virus particles from fresh mycelia that had been grown in a fermenter for two days. The purified
isometric virus particles had buoyant densities of 1.38 g cm−3 to 1.40 g cm−3 in CsCl and diameters of
about 35 nm. Anti-ORF3 antiserum detected an 84 kDa protein corresponding to the full-size protein
encoded by ORF3, in addition to 75, 70, 66, and 60 kDa proteins. Anti-ORF4 antiserum detected an
85 kDa protein corresponding to the full-size ORF4 protein as well as a 70 kDa protein. These results
indicated that full-size ORF3 and ORF4 proteins might be components of MoCV1 particles as coat
protein 1 and coat protein 2, respectively. The smaller protein bands that were detected by the antisera
represent degraded forms of the full-size proteins (Figure 6) [25].
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in the cell-free fraction of the liquid culture medium (Figure 7) [17]. The release of mycoviral dsRNA
detected in the culture supernatant peaked at 1 μg/mL four to five weeks after inoculation of the
into the culture supernatant was also found for MoCV1-B [45]. The amount of virus-derived dsRNA
liquid medium. MoCV1‐A and MoCV1‐B viral proteins were also detected in the cell‐free culture
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in the culture
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at 1 µg/mL in
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[17,18]. supernatant
We investigated
this phenomenon
theto
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liquid medium. MoCV1-A and MoCV1-B viral proteins were also detected in the cell-free culture
supernatant [17,18]. We investigated this phenomenon in the following additional mycoviruses:
Magnaporthe oryzae virus 2 (MoV2) [46], Alternaria alternata victorivirus 1 (AaVV1) [47], Alternaria
alternata virus 1 (AaV1) [48], AaCV1, and L-A virus of Saccharomyces cerevisiae [49]. No virus-derived
dsRNA was detected in the culture supernatant with any of these viruses.
The release of viruses into the liquid culture medium used for their propagation is a well-known
phenomenon for animal viruses. Generally, viruses that infect animal cells reproduce rapidly and
then lyse the cells so that the virions are released rapidly over a few days into the extracellular
environment [50]. Conversely, MoCV1 virions are released gradually into liquid cultures in a process
caused by nitrogen and carbon starvation, which takes ca. 14 days for mini-jar cultures and four to
eight weeks for larger flask cultures. Examination of the protein composition of extracellular MoCV1-A
virions revealed that ca. 200 amino acids at the C terminus of the ORF 3 protein had been degraded.
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then lyse the cells so that the virions are released rapidly over a few days into the extracellular
proteins. Of the five putative MoCV1-A proteins, ORF1 was found to have eight conserved motifs
environment [50]. Conversely, MoCV1 virions are released gradually into liquid cultures in a process
characteristic of RdRps and is assumed to function in this role. However, based on BLAST searches,
caused by nitrogen and carbon starvation, which takes ca. 14 days for mini‐jar cultures and four to
we were unable to predict the functions of the other four putative proteins. Therefore, shuttle vectors
eight weeks for larger flask cultures. Examination of the protein composition of extracellular MoCV1‐
were constructed by ligating each of the four MoCV1-A ORF sequences of unknown function
A virions revealed that ca. 200 amino acids at the C terminus of the ORF 3 protein had been degraded.
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the ORF4-expressing cells, suggesting a reduction in pathogenic potential [45]. Expression of an
ORF4-GFP fusion protein in S. cerevisiae resulted in the formation of abnormal yeast cell aggregates.
In MoCV1-A, ORF4 expression also resulted in significant inhibition of growth at high temperatures
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In a recent investigation, we discovered that infection of the Japanese pear pathotype fungus,
Alternaria alternate, with Alternaria alternata chrysovirus 1 (AaCV1) simultaneously impaired growth
of the host fungus and increased levels of the host-specific AK-toxin [38,57]. This is another example
of a mycovirus infection causing changes in pathogenic races of the host fungus, because A. alternata
can infect some specific varieties of Japanese pear, but not others [58]. It is likely that the enhancement
of host fungal pathogenicity in some varieties, without any mutation in the avirulence genes, is one of
the strategies used by mycoviruses to survive in the agricultural ecosystem, where humans cultivate
many plant varieties with different R genes to reduce damage by plant disease. Mycoviruses may
increase survival rates by retaining the diversity of avirulence genes in their host fungi, which are
important for fungal adaptation to plants [59].
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8. Conclusions
The presence of mycoviruses infecting fungi is often detected by the appearance of morphological
changes in the fungi, such as changes in their growth on agar medium. Mycoviruses that infect plant
pathogenic fungi can also alter the pathogenicity of the host fungus sometimes, by changing the
mode of plant infection by the fungus. We found that MoCV1-A changes the pathogenicity of its host,
the rice blast fungus, M. oryzae. We observed growth inhibition in yeast cells due to heterologous
expression of the MoCV1-A ORF4 protein. The results suggest that over expression of the ORF4
protein induces a modulation in the transcription of pathogenicity-associated genes in the host fungus.
Likewise, totiviruses, partitiviruses, and chrysoviruses similar to MoCV1 are widely distributed in
nature. It is possible that these mycoviruses can function as epigenetic factors that elicit changes in
the pathogenicity of phytopathogenic fungi. These changes can be accompanied by alterations in the
fungal host’s susceptibility to fungicides [60].
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Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Ghabrial, S.A.; Castón, J.R.; Jiang, D.; Nibert, M.L.; Suzuki, N. 50-plus years of fungal viruses. Virology 2015,
479–480, 356–368. [CrossRef] [PubMed]
Wickner, R.B. [URE3] as an altered URE2 protein: Evidence for a prion analog in Saccharomyces cerevisiae.
Science 1994, 264, 566–569. [CrossRef] [PubMed]
Hollings, M. Viruses associated with a die-back disease of cultivated mushroom. Nature 1962, 196, 962–965.
[CrossRef]
Wood, H.A.; Bozarth, R.F. Properties of virus-like particles of Penicillium chrysogenum: One double-stranded
RNA molecule per particle. Virology 1972, 47, 604–609. [CrossRef]
Herring, A.J.; Bevan, E.A. Virus-like particles associated with the double-stranded RNA species found in
killer and sensitive strains of the yeast Saccharomyces cerevisiae. J. Gen. Virol. 1974, 22, 387–394. [CrossRef]
[PubMed]
Yamashita, S.; Doi, Y.; Yora, K. A polyhedral virus found in rice blast fungus, Pyricularia oryzae cavara. Ann.
Phytopathol. Soc. Jpn. 1971, 37, 356–359. [CrossRef]
Nuss, D.L. Hypovirulence: Mycoviruses at the fungal–plant interface. Nat. Rev. Microbiol. 2005, 3, 632–642.
[CrossRef]
Kotta-Loizou, I.; Coutts, R.H.A. Mycoviruses in Aspergilli: A Comprehensive Review. Front. Microbiol. 2017,
8, 1699. [CrossRef]
Dawe, A.L.; Nuss, D.L. Hypovirus molecular biology: From Koch’s postulates to host self-recognition genes
that restrict virus transmission. Adv. Virus Res. 2013, 86, 109–147. [CrossRef]
Ghabrial, S.A.; Dunn, S.E.; Li, H.; Xie, J.; Baker, T.S. Viruses of Helminthosporium (Cochlioblus) victoriae.
Adv. Virus Res. 2013, 86, 289–325. [CrossRef]
Drinnenberg, I.A.; Weinberg, D.E.; Xie, K.T.; Mower, J.P.; Wolfe, K.H.; Fink, G.R.; Bartel, D.P. RNAi in
budding yeast. Science 2009, 326, 544–550. [CrossRef] [PubMed]
Hawksworth, D.L. The fungal dimension of biodiversity: Magnitude, significance, and conservation. Mycol.
Res. 1991, 95, 641–655. [CrossRef]
Sato, T. Plant diseases and their pathogenic microbes in Japan. Microbiol. Cult. Coll. 2015, 29, 79–90.
(In Japanese)
Yokoi, T.; Yamashita, T.; Hibi, T. The nucleotide sequence and genome organization of Magnaporthe oryzae
virus 1. Arch. Virol. 2007, 152, 2265–2269. [CrossRef]
Maejima, K.; Himeno, M.; Komatsu, S.; Kakizawa, Y.; Yamaji, H.; Hamamoto, H.; Namba, S. Complete
nucleotide sequence of a new double-stranded RNA virus from the rice blast fungus. Magnaporthe oryzae.
Arch. Virol. 2007, 153, 389–391. [CrossRef] [PubMed]

Viruses 2018, 10, 697

16.
17.

18.

19.

20.

21.
22.
23.
24.

25.

26.

27.

28.
29.

30.

31.
32.

33.

34.

12 of 14

Du, Y.; He, X.; Zhou, X.; Fang, S.; Deng, Q. Complete nucleotide sequence of Magnaporthe oryzae partitivirus
1. Arch. Virol. 2016, 161, 3295–3298. [CrossRef] [PubMed]
Urayama, S.; Kato, S.; Suzuki, Y.; Aoki, N.; Le, M.T.; Arie, T.; Teraoka, T.; Fukuhara, T.; Moriyama, H.
Mycoviruses related to chrysovirus affect vegetative growth in the rice blast fungus Magnaporthe oryzae.
J. Gen. Virol. 2010, 91, 3085–3094. [CrossRef] [PubMed]
Urayama, S.; Sakoda, H.; Takai, R.; Katoh, Y.; Minh Le, T.; Fukuhara, T.; Arie, T.; Teraoka, T.; Moriyama, H.
A dsRNA mycovirus, Magnaporthe oryzae chrysovirus 1-B, suppresses vegetative growth and development
of the rice blast fungus. Virology 2014, 448, 265–273. [CrossRef]
Ai, Y.P.; Zhong, J.; Chen, C.Y.; Zhu, H.J.; Gao, B.D. A novel single-stranded RNA virus isolated from the
rice-pathogenic fungus Magnaporthe oryzae with similarity to members of the family Tombusviridae. Arch. Virol.
2016, 161, 725–729. [CrossRef]
Illana, A.; Marconi, M.; Rodríguez-Romero, J.; Xu, P.; Dalmay, T.; Wilkinson, M.D.; Ayllón, M.; Sesma, A.
Molecular characterization of a novel ssRNA ourmia-like virus from the rice blast fungus Magnaporthe oryzae.
Arch. Virol. 2017, 162, 891–895. [CrossRef]
Fujikawa, T.; Nishimura, M. Pathogenic fungi fleeing the plant’s immune system “Stealth strategy”.
Shokubutu Boeki. 2010, 64, 740–744. (In Japanese)
Okada, R.; Kiyota, E.; Moriyama, H.; Fukuhara, T.; Natsuaki, T. A simple and rapid method to purify viral
dsRNA from plant and fungal tissue. J. Gen. Plant. Pathol. 2015, 81, 103–107. [CrossRef]
Wheeler, M.H. Melanin biosynthesis in Verticillium dahliae: Dehydration and reduction reactions in cell-free
homogenates. Exp. Mycol. 1982, 6, 171–179. [CrossRef]
Hamada, T.; Asanagi, M.; Satozawa, T.; Araki, N.; Banba, S.; Higashimura, N.; Akase, T.; Hirase, K.
Action mechanism of the novel rice blast fungicide tolprocarb distinct from that of conventional melamin
biosynthesis inhibitors. J. Pestic. Sci. 2014, 39, 152–158. [CrossRef]
Urayama, S.; Ohta, T.; Onozuka, N.; Sakoda, H.; Fukuhara, T.; Arie, T.; Teraoka, T.; Moriyama, H.
Characterization of Magnaporthe oryzae chrysovirus 1 structural proteins and their expression in
Saccharomyces cerevisiae. J. Virol. 2012, 86, 8287–8295. [CrossRef] [PubMed]
Komatsu, K.; Urayama, S.; Katoh, Y.; Fuji, S.; Hase, S.; Fukuhara, T.; Arie, T.; Teraoka, T.; Moriyama, H.
Detection of Magnaporthe oryzae chrysovirus 1 in Japan and establishment of a rapid, sensitive and direct
diagnostic method based on reverse transcription loop-mediated isothermal amplification. Arch. Virol. 2016,
161, 317–326. [CrossRef] [PubMed]
Tang, L.; Hu, Y.; Liu, L.; Wu, S.; Xie, J.; Cheng, J.; Fu, Y.; Zhang, G.; Ma, J.; Wang, Y.; et al. Genomic
organization of a novel victorivirus from the rice blast fungus Magnaporthe oryzae. Arch. Virol. 2015, 160,
2907–2910. [CrossRef]
Ghabrial, S.A.; Castón, J.R.; Coutts, R.H.A.; Hillman, B.I.; Jiang, D.; Kim, D.H.; Moriyama, H. ICTV Virus
Taxonomy Profile: Chrysoviridae. J. Gen. Virol. 2018, 99, 19–20. [CrossRef]
Wang, L.; Jiang, J.; Wang, Y.; Hong, N.; Zhang, F.; Xu, W.; Wang, G. Hypovirulence of the phytopathogenic
fungus Botryosphaeria dothidea: Association with a coinfecting chrysovirus and a partitivirus. J. Virol. 2014,
88, 7517–7527. [CrossRef]
Nerva, L.; Ciuffo, M.; Vallino, M.; Margaria, P.; Varese, G.C.; Gnavi, G.; Turina, M. Multiple approaches
for the detection and characterization of viral and plasmid symbionts from a collection of marine fungi.
Virus Res. 2016, 219, 22–38. [CrossRef]
Hammond, T.M.; Andrewski, M.D.; Roossinck, M.J.; Keller, N.P. Aspergillus mycoviruses are targets and
suppressors of RNA silencing. Eukaryot. Cell. 2008, 7, 350–357. [CrossRef] [PubMed]
Van der Lende, T.R.; Duitman, E.H.; Gunnewijk, M.G.; Yu, L.; Wessels, J.G. Functional analysis of dsRNAs
(L1, L3, L5, and M2) associated with isometric 34-nm virions of Agaricus bisporus (white button mushroom).
Virology 1996, 217, 88–96. [CrossRef] [PubMed]
Lemus-Minor, C.G.; Cañizares, M.C.; García-Pedrajas, M.D.; Pérez-Artés, E. Complete genome sequence
of a novel dsRNA mycovirus isolated from the phytopathogenic fungus Fusarium oxysporum f. sp. dianthi.
Arch. Virol. 2015, 160, 2375–2379. [CrossRef] [PubMed]
Lemus-Minor, C.G.; Canizares, M.C.; García-Pedrajas, M.D.; Pérez-Artés, E. Fusarium oxysporum f. sp. dianthi
virus 1 Accumulation Is Correlated with Changes in Virulence and Other Phenotypic Traits of Its Fungal
Host. Phytopathology 2018, 108, 957–963. [CrossRef]

Viruses 2018, 10, 697

35.

36.

37.
38.

39.

40.

41.
42.

43.
44.
45.

46.

47.

48.

49.
50.

51.

52.

13 of 14

Lemus-Minor, C.G.; Cañizares, M.C.; García-Pedrajas, M.D.; Pérez-Artés, E. Horizontal and vertical
transmission of the hypovirulence-associated mycovirus Fusarium oxysporum f. sp. dianthi virus 1. Eur. J.
Plant Pathol. 2018. [CrossRef]
Darissa, O.; Willingmann, P.; Schafer, W.; Adam, G. A novel double-stranded RNA mycovirus from
Fusarium graminearum: Nucleic acid sequence and genomic structure. Arch. Virol. 2011, 156, 647–658.
[CrossRef]
Herrero, N.; Zabalgogeazcoa, I. Mycoviruses infecting the endophytic and entomopathogenic fungus
Tolypocladium cylindrosporum. Virus Res. 2011, 160, 409–413. [CrossRef]
Okada, R.; Ichinose, S.; Takeshita, K.; Syun-ichi Urayama, S.; Fukuhara, T.; Komatsu, K.; Arie, T.; Ishihara, A.;
Egusa, M.; Kodama, M.; et al. Molecular characterization of a novel mycovirus in Alternaria alternata
manifesting two-sided effects: Down-regulation of host growth and up-regulation of host plant pathogenicity.
Virology 2018, 519, 23–32. [CrossRef]
Aihara, M.; Urayama, S.I.; Le, M.T.; Katoh, Y.; Higashiura, T.; Fukuhara, T.; Arie, T.; Teraoka, T.; Komatsu, K.;
Moriyama, H. Infection by Magnaporthe oryzae chrysovirus 1 strain A triggers reduced virulence and
pathogenic race conversion of it host fungus, Magnaporthe oryzae. J. Gen. Plant Pathol. 2018, 84, 92–103.
[CrossRef]
Bormann, J.; Heinze, C.; Blum, C.; Mentges, M.; Brockmann, A.; Alder, A.; Landt, S.K.; Josephson, B.;
Indenbirken, D.; Spohn, M.; et al. Expression of a structural protein of the mycovirus FgV-ch9 negatively
affects the transcript level of a novel symptom alleviation factor and causes virus-infection like symptoms in
Fusarium graminearum. J. Virol. 2018. [CrossRef]
Ejmal, M.A.; Holland, D.J.; MacDiarmid, R.M.; Pearson, M.N. The Effect of Aspergillus thermomutatus
Chrysovirus 1 on the biology of three Aspergillus species. Viruses 2018, 10, 539. [CrossRef] [PubMed]
Coustou, V.; Deleu, C.; Saupe, S.; Begueret, J. The protein product of the het-s heterokaryon incompatibility
gene of the fungus Podospora anserina behaves as a prion analog. Proc. Natl. Acad. Sci. USA 1997, 94,
9773–9778. [CrossRef] [PubMed]
Wickner, R.B. A new prion controls fungal cell fusion incompatibility. Proc. Natl. Acad. Sci. USA 1997, 94,
10012–10014. [CrossRef] [PubMed]
Wickner, R.B.; Edskes, H.K.; Maddelein, M.L.; Taylor, K.; Moriyama, H. Prion of yeast and fungi: Proteins as
genetic material. J. Biol. Chem. 1999, 274, 555–558. [CrossRef] [PubMed]
Urayama, S.; Fukuhara, T.; Moriyama, H.; Toh, E.A.; Kawamoto, S. Heterologous expression of a
gene of Magnaporthe oryzae chrysovirus 1 strain A disrupts growth of the human pathogenic fungus
Cryptococcus neoformans. Microbiol. Immunol. 2014, 58, 294–302. [CrossRef] [PubMed]
Himeno, M.; Maejima, K.; Komatsu, K.; Ozeki, J.; Hashimoto, M.; Kagiwada, S.; Yamaji, Y.; Namba, S.
Significantly low level of small RNA accumulation derived from an encapsidated mycovirus with dsRNA
genome. Virology 2010, 396, 69–75. [CrossRef] [PubMed]
Komatsu, K.; Katayama, Y.; Omatsu, T.; Mizutani, T.; Fukuhara, T.; Kodama, M.; Arie, T.; Teraoka, T.;
Moriyama, H. Genome sequence of a novel victorivirus identified in the phytopathogenic fungus
Alternaria arborescens. Arch. Virol. 2016, 161, 1701–1704. [CrossRef]
Aoki, N.; Moriyama, H.; Kodama, M.; Arie, T.; Teraoka, T.; Fukuhara, T. A novel mycovirus associated with
four double-stranded RNAs affects host fungal growth in Alternaria alternata. Virus Res. 2009, 140, 179–187.
[CrossRef]
Icho, T.; Wickner, R.B. The double-stranded RNA genome of yeast virus L-A encodes its own putative RNA
polymerase by fusing two open reading frames. J. Biol. Chem. 1989, 264, 6716–6723.
Nagai, M.; Shimada, S.; Fujii, Y.; Moriyama, H.; Oba, M.; Katayama, Y.; Tsuchiaka, S.; Okazaki, S.; Omatsu, T.;
Furuya, T.; et al. H2 genotypes of G4P[6], G5P[7], and G9[23] porcine rotaviruses show super-short RNA
electropherotypes. Vet. Microbiol. 2015, 176, 250–256. [CrossRef]
Urayama, S.; Kimura, Y.; Katoh, Y.; Ohta, T.; Onozuka, N.; Fukuhara, T.; Arie, T.; Teraoka, T.; Komatsu, K.;
Moriyama, H. Suppressive effects of mycoviral proteins encoded by Magnaporthe oryzae chrysovirus 1 strain
A on conidial germination of the rice blast fungus. Virus Res. 2016, 223, 10–19. [CrossRef] [PubMed]
Bhatti, M.F.; Jamal, A.; Petrou, M.A.; Cairns, T.C.; Bignell, E.M.; Coutts, R.H.A. The effects of dsRNA
mycoviruses on growth and murine virulence of Aspergillus fumigatus. Fungal Genet. Biol. 2011, 48, 1071–1075.
[CrossRef] [PubMed]

Viruses 2018, 10, 697

53.
54.

55.

56.
57.

58.
59.
60.

14 of 14

Ahn, I.P.; Lee, Y.H. A viral double-stranded RNA up regulates the fungal virulence of Nectria radicicola. Mol.
Plant-Microbe Interact 2001, 14, 496–507. [CrossRef] [PubMed]
Kanhayuwa, L.; Kotta-Loizou, I.; Özkan, S.; Gunning, A.P.; Coutts, R.H.A. A novel mycovirus from Aspergillus
fumigatus contains four unique dsRNAs as its genome and is infectious as dsRNA. Proc. Natl. Acad. Sci. USA
2015, 112, 9100–9105. [CrossRef] [PubMed]
Yamada, M.; Kiyosawa, S.; Yamaguchi, T.; Hirano, T.; Kobayashi, T.; Kushibuchi, K.; Watanabe, S. Proposal
of a new method for differentiating races of Pyricularia oryzae Cavara in Japan. Ann. Phytopathol. Soc. Jpn.
1976, 42, 216–219. [CrossRef]
Kiyosawa, S. Pathogenic variations of Pyricularia oryzae and their use in genetic and breeding studies.
SABRAO J. 1976, 8, 53–67.
Fuke, K.; Takeshita, K.; Aoki, N.; Fukuhara, T.; Egusa, M.; Kodama, M.; Moriyama, H. The presence of
double-stranded RNAs in Alternaria alternata Japanese pear pathotype is associated with morphological
changes. J. Gen. Plant Pathol. 2011, 77, 248–252. [CrossRef]
Akimitsu, K.; Tsuge, T.; Kodama, M.; Yamamoto, M.; Otani, H. Alternaria host-selective toxins: Determinant
factors of plant disease. J. Gen. Plant Pathol. 2014, 80, 109–122. [CrossRef]
Asai, S.; Shirasu, K. Plant cells under siege: Plant immune system versus pathogen effectors. Curr. Opin.
Plant Biol. 2015, 28, 1–8. [CrossRef]
Niu, Y.; Yuan, Y.; Mao, J.; Yang, Z.; Cao, Q.; Zhang, T.; Wang, S.; Liu, D. Characterization of two novel
mycoviruses from Penicillium digitatum and the related fungicide resistance analysis. Sci. Rep. 2018, 8, 5513.
[CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

